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Abstract

The ability to navigate to the memorized goal locations such as food sources and nests is
critical for animals to survive in nature. It is well documented that animals can learn to use visual
cues as landmarks to infer the goal location. However, whether animals can use non-visual cues
for spatial learning and the underlying neural circuit and molecular mechanisms that support non-
visual cues-driven spatial learning (NVSL) are not fully understood. In addition to visual cues,
animals receive various non-visual inputs during navigation, such as self-motion, olfactory,
auditory, and texture cues. Here, using the high-throughput spatial learning task our lab has
developed, | show that Drosophila melanogaster can use both olfactory cues and self-movements
(i.e., egocentric cues) to learn a spatial goal. In addition, | characterize the underlying circuit
mechanisms and begin to elucidate some of its sex-specific differences and potential molecular
basis. Specifically, first, when the environment is featureless, flies can deposit odors near the goal
location and associate them with the reward at the goal location as well as using egocentric cues
to potentially gauge how far —and in which direction - they have moved from the goal location.
Such learning is enabled by mushroom bodies (MBs), an olfactory learning center known to
associate odors with reinforcers, as well as neurons that signal egocentric translational velocity
(i.e., PFN neurons), respectively. Second, when the environment is enriched with salient non-
visual landmarks, flies can significantly improve their learning performance. Interestingly, while
such improvement still requires the olfactory learning circuit, the reliance on self-motion
sensitive neurons decreases. Third, sexual dimorphism and natural variance exist in both the
performance level and the reliance on the different behavioral strategies for NVSL. Lastly,
transcriptome analysis of flies trained to perform NVSL identified multiple components of the

Toll and Imd signaling pathways whose expression in the brain correlates with high NVSL

v



performance. My research is among the pioneering efforts to demonstrate that Drosophila is
capable of combining self-generated and external olfactory markers with egocentric signals to
master a spatial goal location, showcasing the adaptability and possible molecular basis of their

spatial learning capabilities.
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1. Introduction

Studying spatial learning and memory offers an opportunity to understand the neural
basis of simple cognition. To survive in nature, animals must memorize locations of significance
(e.g. food sources and nests) and perform goal-directed navigation to these locations. Animals
receive various types of inputs during navigation, some of which can be used by animals to learn
to memorize the goal locations. Among them, visual cues are the primary and most extensively
studied ones that animals use for navigating to the goal locations. However, in addition to visual
cues, animals also receive non-visual cues during their navigation, such as self-movements (i.e.,
egocentric cues), olfactory cues, auditory cues, and mechanosensory cues. These non-visual cues
are critical for nocturnal animals or when animals must navigate in the absence of prominent
visual landmarks. However, the neural circuit and molecular mechanism that support non-visual
cues-driven spatial learning (NVSL) are relatively unexplored.

The genetically tractable organism Drosophila melanogaster presents a feasible model to
study the biological basis of spatial learning and memory. First, Drosophila is capable of
performing sophisticated computations and behaviors despite its vastly smaller brain (Lu et al.,
2022; Lyu et al., 2022; Pires et al., 2022; Seelig & Jayaraman, 2015; Westeinde et al., 2024).
Notably, a critical earlier study has shown that flies can learn to use specific visual cues on the
wall to find a safe location on the floor (Ofstad et al., 2011). Second, there exists a
comprehensive collection of tools for monitoring and manipulating different circuit components,
alongside the recent publication of a searchable EM-level connectome of the central brain
(Scheffer et al., 2020). Third, some of the cellular and molecular mechanisms of learning are
conserved between Drosophila and mammals. For example, they both use dopamine as a reward

signal and the cAMP/PKA pathway for some types of learning-induced synaptic plasticity



(Gervasi et al., 2010; Liu et al., 2012). Last and most excitingly, a series of ground-breaking
recent studies revealed that the Drosophila brain possesses different types of spatially selective
cells as well, providing a suitable starting point for identifying the circuit components and their
operation principles underlying spatial learning (Green et al., 2017; Lu et al., 2022; Lyu et al.,
2022; Matheson et al., 2022; Mussells Pires et al., 2024; Pires et al., 2022; Seelig & Jayaraman,
2015; Westeinde et al., 2024).

My dissertation work focuses on assessing if and how Drosophila performs non-visual
cues-driven spatial learning (NVSL). Specifically, | aim to 1) establish a paradigm for studying
NVSL, 2) identify the behavioral strategies, and 3) elucidate the underlying neural circuit and
some of the molecular mechanisms that support such strategies.

In this chapter, I will first introduce the background of the potential behavioral strategies
animals use for spatial learning. Next, | will review the potential neural substrates in animal
brains that may support spatial learning, including the spatially selective neurons that have been
identified by recent studies, as well as the brain center known for olfaction learning and memory
in flies. Further, 1 will introduce the molecular mechanisms that have been shown to regulate

spatial learning and memory.

1.1 Various behavioral strategies that support spatial learning

There are several navigational strategies that animals use for spatial learning: In
landmark-based spatial learning, animals can use salient landmarks to infer the location of the
goal (Buehlmann et al., 2020; Cheng et al., 1987; Kambhi et al., 2020; Morris, 1981; Ofstad et al.,
2011; Toledo et al., 2020; Wystrach et al., 2020). Visual cues are the primary inputs animals use
as landmarks for learning the spatial goal. Mammals such as fruit bats (Toledo et al., 2020), rats

(Morris, 1981), and insects such as honeybees (Cheng et al., 1987), ants (Buehlmann et al., 2020;



Kamhi et al., 2020; Wystrach et al., 2020), and fruit flies (Ofstad et al., 2011) have all been
shown to be able to memorize goal locations using visual landmarks. While studies have found
that visual landmarks can contribute to the formation of the so-called “cognitive brain maps” to
represent the spatial relation between visual landmarks and the goal location in mammalian brains
(Gould, 1986; Harten et al., 2020; Toledo et al., 2020), the existence of such maps has not been
described in insects.

In addition to visual landmarks, animals receive various non-visual cues during
navigation, such as egocentric cues, olfactory cues, auditory cues, and mechanosensory cues.
Among them, animals can use egocentric cues to perform path integration as a strategy to
memorize the goal location; path integration is a process by which animals can calculate the
direction and accumulated distance they have traveled from a reference location (Srinivasan et al.,
1996; Wittlinger et al., 2006). The accumulated distance the animal has traveled can be measured
by its internal ‘odometer’ (Srinivasan et al., 1996; Wittlinger et al., 2006). The directional cues
for the reference location can be inferred by using self-motion (e.g. angular velocity of turning),
but visual cues can serve a similar role (el Jundi et al., 2014; Giraldo et al., 2018; Seelig &
Jayaraman, 2015; Wehner & Miller, 2006). Studies have shown that mammals such as rats
(Alyan & McNaughton, 1999), mice (Alyan & Jander, 1994), bats (Aharon et al., 2017), and dogs
(Séguinot et al., 1998), and insects such as desert ants (Miller & Wehner, 1988; Pisokas et al.,
2022), bees (Frisch, 1993; Patel et al., 2022; Srinivasan et al., 1997; Srinivasan et al., 1996), dung
beetles (El Jundi et al., 2016; el Jundi et al., 2014; Yilmaz et al., 2022), and fruit flies (Behbahani
et al., 2021; Corfas et al., 2019; Giraldo et al., 2018; Kim & Dickinson, 2017) can use path
integration during navigation.

In addition to egocentric cues, olfactory cues are a major type of non-visual input that

animals receive during navigation. For example, in odor beaconing, appetitive olfactory cues can
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guide animals directly to their source location, whereas aversive odors can do the opposite.
Moreover, given that olfactory cues can convey spatial information and be assigned with different
values by association (Aso et al., 2014; Davis, 2004; Heisenberg, 2003), they have the potential to
serve as landmarks for animals to learn to indicate the location of the goal. For example, a recent
study has shown that animals on a linear treadmill can learn to use olfactory cues presented at
some distance away from the rewarded goal to predict how far they are from the reward location,
and the place representation of odor delivery port became enriched as the animals became better
at such prediction, indicating the potential of olfactory cues to serve as landmarks that contribute
to a cognitive map (Fischler-Ruiz et al., 2021). More interestingly, another study has shown that
neurons in the piriform cortex, a primary odor-processing center in the mammalian brain appear
to be capable of becoming “place selective”, further suggesting the intimate relationship between
the representation of place/space and odors in the animal brain (Poo et al., 2022).

While the use of landmarks and path integration are effective strategies for learning the
spatial goal, the neural circuit and molecular mechanisms that contribute to those strategies are

not fully understood.

1.2 The neural substrates that potentially support spatial learning
1.2.1 Spatially selective neurons in animal brain

Studies in the past decades have been focusing on finding the neural substrates in the
brain that encode various features of space/place and have found several types of such neurons. In
mammals, these cells include place cells in the hippocampus that show increased activity when
animals arrive at a specific place (O'Keefe & Dostrovsky, 1971), grid cells in the dorsal medial
entorhinal cortex with the spatial firing pattern resembling a grid that tiles a certain place (Hafting

et al., 2005; Moser et al., 2015), border cells in the entorhinal cortex which increase activity when



animals arrive at the border or wall of a place (Lever et al., 2009; Solstad et al., 2008). In addition
to these more commonly known cells, there are also several other types. For example, heading
direction cells in some brain regions such as the postsubiculum and the retrosplenial cortex show
a firing rate increase when an animal is facing a certain direction (Keshavarzi et al., 2022; Taube
et al., 1990), goal cells in the orbitofrontal cortex signal the goal location at the beginning of a
departure to the goal (Basu et al., 2021), and goal-direction and distance cells in the hippocampus
that signal the memorized direction and distance to the goal (Sarel et al., 2017).

Several recent studies have shown that flies also possess various types of spatially
selective neurons. These cells are housed in the brain structure called the central complex (CX)
(Franconville et al., 2018; Pfeiffer & Homberg, 2014; Wolff & Rubin, 2018), which consists
multiple neuropils such as ellipsoid body (EB), fan-shaped body (FB), protocerebral bridge (PB),
and noduli (NO) (Fig. 1A). The CX is a known navigational center of insect brain and the
spatially selective cells housed in the CX so far include EPG neurons (compass neurons) that
signal the allocentric heading direction (Green et al., 2017; Seelig & Jayaraman, 2015) (Fig. 1B,
C), PFN neurons that signal the egocentric translational velocity (Lu et al., 2022; Lyu et al., 2022)
(Fig. 1B, D), h delta B and PFR neurons that signal the allocentric translational velocity (Lu et
al., 2022; Lyu et al., 2022) (Fig. 1B, E), h delta C (or h delta K) neurons that signal the directional
goal (Matheson et al., 2022, 2024), FC2 neurons that signal the allocentric goal heading direction
(Pires et al., 2022), and PFL2 and PFL3 neurons that compare the difference of current heading to
the goal heading direction and generate steering commands toward the goal heading (Pires et al.,

2022; Westeinde et al., 2024).
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Figure 1: The central complex of the fly brain that houses spatially selective
neurons. A. Schematic view of the central complex in the fly brain. Modified from (Wolff &
Rubin, 2018). B. Schematic view of the heading direction, egocentric translational direction, and
allocentric translational direction. C. Schematic view of an EPG neuron. D. Schematic view of a
PFN neuron. E. Schematic view of a PFR neuron.

While these studies have revealed the striking correlation between the activities of these
spatially selective cells with various spatial features during goal-directed navigation, identifying
the causal relationship between them has just begun. In a recent landmark paper, Robinson et al.,
demonstrate the causal role of hippocampal place cells in contributing to spatial learning by
activating an ensemble of reward location-representing place cells (using holographic optogenetic
stimulation) and showing that such activation can induce several reward location-specific
behaviors (Robinson et al., 2020). Additionally, recent studies have shown that the heading
direction signaling EPG neurons in the fly brain are required for menotaxis, a peculiar tendency
of fly to keep moving — for a sustained period of time — in a constant heading relative to a

landmark (Giraldo et al., 2018; Green et al., 2019). However, the causal relation between the
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various many other spatially selective cells in animal brains and animals’ spatial learning

performance remain untested.

1.2.2 The classical conditioning center of the fly brain

In addition to the spatially selective neurons in the fly brain, the classical conditioning
center, mushroom bodies (MBs), might also support spatial learning for the following reasons.
First, some studies in ants have shown the requirement of MBs in visual place learning and
navigation (Buehlmann et al., 2020; Kamhi et al., 2020). Second, a recent study proposed a
computational model named endotaxis, a theoretical neural circuit model for forming and
retrieving spatial memory, and suggested that MBs in the fly brain have the potential to employ
such a model (Zhang et al., 2023). Most importantly, MBs are known to assign different values to
odors. During classical olfactory conditioning, coincident detection of odor, represented by the
Kenyon Cells (KCs), and unconditioned reward or punishment signal, represented by the
dopaminergic neurons (DANS), can induce long-term synaptic depression (LTD) between KCs
and mushroom body output neurons (MBONS) (Hige et al., 2015; Liu et al., 2012; Owald et al.,
2015). Such depression enables MBs to assign value to that odor, allowing MBON to act
differently in response to the odor before and after such coincident detection (or association)
(Cognigni et al., 2018; Owald et al., 2015). However, it remains to be seen whether animals can

use MB to associate with an odor that is not directly presented at the goal location.

1.3 Molecular mechanisms underlying spatial learning and memory

I have so far focused on reviewing the behavior and circuit basis for spatial learning.
Another interesting question is how spatial learning might be supported by genes (that instruct the
structure and function of the relevant circuit). Many complex animals behaviors are under genetic

regulation. For instance, reproductive behaviors such as the male-specific courtship behaviors in



flies are regulated by the fruitless gene (Demir & Dickson, 2005; Manoli et al., 2005; Ryner et al.,
1996). The differential pair-bonding behaviors of male prairie voles and meadow voles are due to
differences in the enhancer for the VV1a vasopressin receptor gene in their brains (Liu et al., 2001)
whereas aggressive behaviors have been shown to be regulated by serotonin level in the brain
(Cases et al., 1995; Popova, 2006; Saudou et al., 1994). In addition, various social behaviors are
also genetically regulated (Robinson et al., 2008): the expression level of the foraging (for) gene
in bees regulates the shift between hive work to foraging (Ben-Shahar et al., 2002). Further,
mutations in the foxp2 gene can disrupt the communication ability of many animals such as mice
(Shu et al., 2005), songbirds (Haesler et al., 2007), and humans (Groszer et al., 2008).

Aside from innate behaviors, animals’ learning and memory ability have also been shown
to be under genetic regulation. Studies have shown that a mutation in a-calcium-calmodulin-
dependent kinase 11 (CAMKII) disrupts long-term synaptic potentiation (LTP) in the
hippocampus lead to impairments in spatial learning (Matynia et al., 2002; Silva, Paylor, et al.,
1992; Silva, Stevens, et al., 1992). In addition, previous studies have found that blocking the N-
methyl-D-aspartate receptors (NMDAR) in the hippocampus impacted LTP and caused
impairment in spatial learning ability (Morris et al., 1986; Tsien et al., 1996). Moreover, some
studies have shown that the protein kinase A (PKA) level in the hippocampus regulates the
consolidation of long-term contextual fear memory and spatial memory (Abel et al., 1997;
Mizuno et al., 2002). Further, a recent study used quantitative trait loci (QTL) analysis for spatial
working memory of ~ 200 outbred mice and identified an orphan receptor, Gprl2, as a critical
regulator for spatial working memory (Hsiao et al., 2020).

Similar to mammals, learning and memory in flies are also under genetic control. Studies
in recent decades have identified several genes that are critical for learning and memory,

including dunce, rutabaga, radish, amnesiac, and turnip (Dudai et al., 1976; Livingstone et al.,
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1984; Quinn et al., 1979; Waddell & Quinn, 2001). Further, both PKA and CAMKII, are also
essential for associative learning in flies (Griffith et al., 1993; Skoulakis et al., 1993), indicating
the conservation of molecular mechanisms in regulating learning and memory across species.
However, we currently know very little about the genetic and molecular basis for spatial learning

in flies, regardless of whether the learning is driven by visual cues or non-visual cues.



2. Flies can learn a spatial goal using egocentric cues

2.1 Introduction

Much research has shown that visual cues are the primary inputs that many animals use
for learning spatial goal locations. For instance, fruit bats (Toledo et al., 2020) and rats (Morris,
1981), honeybees (Cheng et al., 1987), and ants (Buehlmann et al., 2020; Kamhi et al., 2020;
Wystrach et al., 2020) all have been found to use visual landmarks for spatial learning and
memory. Additionally, a landmark study has shown that fruit flies can also utilize visual cues to
perform visual place learning (Ofstad et al., 2011).

In addition to visual cues, flies receive many types of non-visual inputs during
navigation, such as mechanosensory cues from wind or surface texture, olfactory cues from food
sources, and self-motion cues from walking or turning. Many of these inputs contain spatial
information that flies can use for navigation. For instance, it has been shown that during
navigation, flies can use mechanosensory cues to deduce the wind direction (Okubo et al., 2020).
Moreover, recent studies suggest that flies might be capable of using egocentric cues to perform
path integration (Behbahani et al., 2021; Corfas et al., 2019; Kim & Dickinson, 2017). However,
whether flies can use egocentric cues for spatial learning in contexts other than those described in
these studies and the corresponding underlying neural substrates, have yet to be explored.
Additionally, we do not know the contributions of cues of other sensory modalities in supporting
learning in the absence of visual landmarks.

In this chapter, | will begin by describing the design of my high-throughput spatial
learning task and the parameters | used for measuring flies’ spatial learning performance. Next, I
will present the behavioral features I used for analyzing the flies’ ability to use egocentric cues as
a strategy for NVSL. Lastly, I will describe my findings about the spatially selective neurons that

support egocentric cues-driven spatial learning.
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2.2 Results

2.2.1 The design of the high-throughput non-visual cues-driven spatial
learning task

To test if flies can learn a spatial goal location without prominent visual cues, our lab
designed a high-throughput non-visual cues-driven spatial leaning (NVSL) task, where a free-
moving fly walks in a rectangular shaped “featureless” arena (aka. flat chamber) with a small
virtual circle placed at the center as the goal location (Fig. 2A). | chose to place the goal location
at the center so that there is no spatial feature (e.g., corners of the arena) directly associated with
the goal location and thus it forces the flies to solve the task by potentially using egocentric cues.
The whole task is administered in relative darkness for flies, where | used infrared (IR) light for
illumination and IR cameras to track the real-time position of flies during the task (Fig. 2B). To
reinforce the fly’s memory of the goal location, every time the fly crosses over the border from
outside of the reward circle into the center, it will receive a brief ontogenetically delivered
reward, which is based on activation of a collection of (0273-Gal4-labeled) reward neurons (Fig.
2D) that express the shifted channelrhodopsin, CsChrimson (CsC). To receive more rewards, the
fly must leave and then re-enter the reward circle, as staying inside will not trigger any. This
design requires the flies to rely on some form of spatial memory to guide them back to the reward
circle. In addition, to rule out potential non-associative biases that can be induced by repeatedly
receiving rewards during training, each experimental fly is paired with a yoked control fly. Yoked
control is a fly that receives a reward at the same time as its paired experimental fly but whose
positions have no influence over reward delivery (Fig. 2E). The entire task is 4h long with the

following temporal structure: a 15 mins pre-training period, three 1h training sessions, each
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followed by a 15 mins post-training break (Fig. 2F). Fly will not receive any rewards when it

crosses into the reward circle during the post-training sessions.

Virtual goal

© o

No light  No light

Post Il

Training 1l Training Il Post Il
60mins 60mins 15mins

Training Il
60mins

15mins

Figure 2: The spatial and temporal design of the high-throughput spatial learning
task. A. Schematic view of the featureless flat chamber with a virtual goal location designated by
a computer at the center. B. The actual setup of the high-throughput spatial learning task. C. The

schematic view of the reward rule. D. The labeling pattern of the driver 0273-Gal4 in the fly
brain. E. An example of the computer view during the training session with the accumulated
heatmap of the training 111 of experimental flies and their paired yoked control flies. F. Top: the
temporal structure of the spatial learning task and the accumulated positional heat map of the
blind flies of each training session.
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2.2.2 Flies can solve the spatial task without relying on visual cues

To test the requirement of vision for solving the spatial task | designed, I first tested
whether blind flies can learn the spatial task and found that experimental flies showed a clear
place preference near the reward location, while yoked control flies showed random place
preference (Fig. 2E, F). Next, to quantify the spatial learning performance of each experimental
fly, 1 used the spatial learning index (SLI) to represent the learning ability of a given group of
flies (see section 2.4.6.2). SLI was done by first calculating the reward indexes for both the
experimental and the yoked controls and then subtracting the latter from the former (Fig. 3A, B).
I found that the blind flies showed a significantly higher reward index than yoked control flies
(Fig. 3A), thus the SLI for these flies was positive, indicating a clear sign of spatial learning (Fig.
3C). These results suggest flies possess the ability to learn a spatial goal location without relying

on visual cues.
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Figure 3: Blind flies could learn the spatial task. A. The reward index of blind
experimental flies and their paired yoked control flies over time during training sessions. B. The
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2.2.3 Flies can use egocentric cues to learn the spatial task

2.2.3.1 Allocentric heading direction signaling EPG neurons are dispensable for NVSL

visual cues, | wanted to identify the nature of non-visual cues flies used for spatial learning.

memory, albeit a visual one (Ofstad et al., 2011), | tested whether proper activities of EPG

reward index difference between blind experimental flies and their paired yoked control flies over
time during training sessions. C. Blind flies showed the ability to learn the goal location.

After demonstrating that flies can learn the goal location without significantly relying on

Given that a previous study has shown that the ellipsoid body of the fly brain is required for place



neurons, a group of heading direction-sensitive neurons in the ellipsoid body, might be required
during NVSL and 1 did so using three methods. First, | transiently silenced the entire population
of EPG neurons (labeled by the LexA driver line R60D05, Fig. 4A) at the goal location using the
inhibitory channelrhodopsin GtACR1 (Govorunova et al., 2015). To implement this method, |
switched from using the red LED to the green (527nm) LED to deliver the opto-rewards when the
fly entered the reward circle since GtACR1 could not be activated by red light but could be
activated by the green one (Govorunova et al., 2015). While flies can see the green light, their
spatial learning performance did not change when green as opposed to red LED light was used for
delivering opto-rewards (Fig. 4B). Surprisingly, transiently inhibiting the entire population of
EPG neurons did not appear to impact flies’ spatial learning ability (Fig. 4C). The second method
I tried was to use CsChrimson (Klapoetke et al., 2014) to activate the entire population of EPG
neurons (labeled by the split Gal4 driver line SS00090, Fig. 4A) when the fly arrived at the goal
location. Since the functional EPG neurons exhibit a bump-like activity (increased Ca?* activity
in ~ one segment of a ring-like structure formed by dendrites of these neurons), activating the
whole population simultaneously should disrupt their proper function. Consistent with the
inhibition experiment, | did not observe significant impact of such manipulation on the spatial
learning performance either (Fig. 4D). Lastly, I chronically inhibited the entire population of EPG
neurons by expressing in them the inward rectifying potassium channel, Kir (Kubo et al., 1993),
and found that it still had no impact on flies’ spatial learning ability (Fig. 4E). Together, I found

that the proper activity of heading direction signaling EPG neurons are dispensable for NVSL.
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Figure 4: Allocentric heading direction signaling EPG neurons are dispensable for
NVSL. A. Top: The labeling pattern of the LexA driver R60D05 for EPG neurons. Bottom: the
labeling pattern of the split Gal4 driver SS00090 for EPG neurons. B. Flies with limited visual
input (green LED for reward delivery) did not show a difference in spatial learning performance
compared to no visual input (red LED for reward delivery). C. Transiently silencing the whole
population of EPG neurons at the goal location did not cause an impact on spatial learning
performance. D. Transiently activating the whole population of EPG neurons at the goal location
did not cause an impact on spatial learning performance. E. Chronically silencing the whole
population of EPG neurons did not cause an impact on spatial learning performance.
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2.2.3.2 Allocentric translational velocity signaling PFR neurons are dispensable for NVSL

To further confirm whether allocentric directional inputs are required for NVSL, | tested
the role of PFR neurons that signal allocentric translational velocity (Lu et al., 2022; Lyu et al.,
2022). | disrupted the proper activity of the entire population of PFR neurons (labeled by the
LexA driver R37G12 and the split Gal4 driver SS54549, Fig. 5A) by using the same three methods
I just described and found that neither transiently silencing/activating of these neurons at the goal
location nor chronically silencing them caused any impact on flies’ spatial learning performance
(Fig. 5B-D). Therefore, my results suggest allocentric translational velocity signaling PFR

neurons are dispensable for NVSL.
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Figure 5: Allocentric translational velocity signaling PFR neurons are dispensable
for NVSL. A. Top: The labeling pattern of the LexA driver R37G12 for PFR neurons. Bottom:
The labeling pattern of the split Gal4 driver SS54549 for PFR neurons. B. Transiently silencing

the whole population of PFR neurons at the goal location did not cause an impact on spatial
learning performance. C. Transiently activating the whole population of PFR neurons at the goal
location did not cause an impact on spatial learning performance. D. Chronically silencing the
whole population of PFR neurons did not cause an impact on spatial learning performance.

2.2.3.3 Egocentric translational velocity signaling PFN neurons are required for egocentric
cues-driven spatial learning

Given that some previous studies showed that flies can use egocentric cues to perform

path integration (Behbahani et al., 2021; Corfas et al., 2019; Kim & Dickinson, 2017), | then
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tested whether flies use these cues to learn the goal location in our task. The first indication that
egocentric cues might play a role came from an observation that as the flies learned, they seemed
to have made fewer contacts with the arena walls such that an increased proportion of the rewards
were collected without flies making any wall contacts (Fig. 6A). Therefore, | used the “index for
%rewards without wall contact” as a proxy to represent flies’ ability to use egocentric cues to
learn the goal location. | found that both blind flies and sighted flies with limited visual inputs
showed a positive value for the index (Fig. 6B, C), suggesting that they might rely on internal

self-motion cues to learn the task.
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Figure 6: Flies showed the potential to use egocentric cues to learn the goal location.
A. An example of the in-between reward trajectories of a fly at the beginning of training I and at
the end of training Il, which showed no wall contact event. B. Blind flies showed a learned
increase in return to the reward goal location without wall contact. C. Sighted flies showed a
learned increase in return to the reward goal location without wall contact.

To further confirm that flies might use egocentric cues for learning the goal location, |
used three methods to disrupt the proper populational activities of the PFN neurons, as these
neurons have been shown to signal egocentric translational velocity (Lu et al., 2022; Lyu et al.,
2022). 1 found that chronically silencing the entire population of dorsal PFN (PFNd, labeled by
the LexA driver line R16D01, Fig. 7A) neurons significantly decreased flies’ spatial learning

ability and lowered flies’ chance of arriving at the goal location without wall contact (Fig. 7B).
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Further, transiently silencing the entire population of dorsal PFN (PFNd) neurons or activating
the entire population of either PFNd (labeled by the split Gal4 driver SS00078, Fig. 7A) or ventral
PFEN (PFNv, labeled by the split Gal4 driver S552628, Fig. 7A) neurons all caused significant
decrease of flies’ spatial learning performance and lowered flies’ chance of receiving rewards
without wall contact (Fig. 7C-E), suggesting that the proper activity of PFN neurons is indeed
critical for NVSL. To rule out the possibility that the decrease in spatial learning index might be
due to a decrease in reward preference, | used the open-loop light preference task (Fig. 8A, see
section 2.4.5) to measure the reward preference of the flies and found that genetic manipulating
PFN neurons did not cause a consistent change in the reward preference (Fig. 8C-E). Taken

together, my results support the idea that flies use egocentric cues to learn the goal location.
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Figure 7: Egocentric translational velocity signaling PFN neurons are required for
egocentric cues-driven spatial learning. A. Top: The labeling pattern of the LexA driver
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R16D01 for PFNd neurons. Middle: The labeling pattern of the split Gal4 driver SS00078 for
PFNd neurons. Bottom: The labeling pattern of the split Gal4 driver SS52628 for PFNv neurons.
B. Chronically silencing the whole population of PFNd neurons decreased flies’ spatial learning

performance and the proportion of rewards they collected without any wall contact. C.
Transiently silencing the whole population of PFNd neurons decreased flies’ spatial learning
performance and the proportion of rewards they collected without any wall contact. D.
Transiently activating the whole population of PFNd neurons decreased flies’ spatial learning
performance and the proportion of rewards they collected without any wall contact. E.

Transiently activating the whole population of PFNv neurons decreased flies’ spatial learning

performance and the proportion of rewards they collected without any wall contact.
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Figure 8: Disrupting proper populational activities of PFN neurons did not cause a
consistent change in reward preference. A. The temporal and spatial structure of the open-loop
light preference task. B. Chronically silencing the whole population of PENd neurons decreased
flies’ light preference. C. Transiently silencing the whole population of PFNd neurons did not
affect flies’ light preference. D. Transiently activating the whole population of PENd neurons
decreased flies’ light preference. E. Transiently activating the whole population of PFNv neurons
decreased flies’ light preference.
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2.3 Discussion

In this chapter, I have described the high-throughput spatial learning task | implemented
to study spatial learning and showed flies can learn a goal location without relying on any
prominent visual landmarks. In addition, | have revealed that flies can use egocentric cues to
learn the goal location, which requires the proper populational activities of egocentric
translational velocity signaling PFN neurons, but not the heading direction signaling EPG or the

allocentric translational velocity signaling PFR neurons.

2.3.1 The potential roles of allocentric directional signals in mediating spatial
learning

It is surprising that allocentric heading direction signaling EPG neurons are dispensable
for NVSL. One possible reason is that the heading signal represented in EPG neurons’ bump
activity is unstable in darkness (Green et al., 2017; Seelig & Jayaraman, 2015), so it is not
reliable for flies to infer their relative position to the goal location. Additionally, due to its
symmetrical nature, the arena lacks a distal cue for calibrating the heading direction signal, which
perhaps further dampens the importance of the heading direction signal for NVSL. These findings
are further confirmed by the lack of a role for PFR neurons, which are downstream of h Delta B
neurons that integrate inputs from EPG and PFN neurons (Lu et al., 2022; Lyu et al., 2022).

Together, my results suggest that allocentric directional inputs are dispensable for spatial
learning in the featureless environment without visual cues, but they have the potential to support

spatial learning when the environment is enriched with distal visual landmarks.

2.3.2 The potential roles of PFN neurons in mediating spatial learning
Previous studies have shown that flies can perform egocentric path integration
(Behbahani et al., 2021; Corfas et al., 2019; Kim & Dickinson, 2017), therefore, the egocentric

translational velocity signaling PFN neurons are potentially contributing to path integration as a
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strategy that the fly uses for learning the spatial task. A recent study is in agreement with this
hypothesis by showing PFNd neurons silenced flies are less accurate at performing local search
behavior (Lu et al., 2022).

It is worth mentioning that although PFN neurons receive heading inputs from EPG
neurons, which | showed to be dispensable for learning the spatial goal in our task, the turning
inputs from noduli might be sufficient to maintain PFN neurons’ proper populational activity in
sensing egocentric inputs (Lu et al., 2022; Lyu et al., 2022). Given that PFN neurons show
activity representing both the translational direction and speed (Lu et al., 2022; Lyu et al., 2022),
it is highly possible that such information is integrated by the path integrator that acts
downstream of PFN neurons. Curiously, the known target of PFNs (h Delta B neurons and PFR
neurons) were dispensable for learning my task. One possibility is that while these prior studies
showed signaling from PFN neurons to h Delta B neurons and PFR neurons allows flies to
deduce their traveling direction in a visual cue signaled allocentric frame (i.e., moving towards
“left” as opposed to moving towards “north) from self-movements (Lu et al., 2022; Lyu et al.,
2022), meaningful allocentric cues were absent in my chambers, and perhaps under such
circumstances, PFN neurons principally signal to neurons other than these two to simply allow

flies to gauge the distance and direction they had traveled since receiving a reward.

2.4 Methods

2.4.1 Fly husbandry for the spatial learning task

Flies were raised at 25°C in molasses food. Parental flies were flipped every day to
control the egg density in each vial. Yeast paste (6g dry yeast in 10mL 0.5% propionic acid) was
added into vials when 1st instar larvae started to hatch. Only male flies at 10-14 days old were

used for spatial learning tasks. Flies were collected the first day after eclosion and transferred into
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a new vial of molasses food with 12-14 flies/vial for 6-10 days. Then flies were flipped into vials
of molasses food with 400 puM retinal for 2 days (avoid light). After that, flies were flipped into
new vials of molasses food with 400 uM Retinal under a 12 h light and 12 h dark circadian

control box for an additional 2 days.

2.4.2 Fly genotypes

To visualize the labeling pattern of 0273Gal4 (Fig. 2D), | used w; +; 0273Gal4/UAS-
mCD8GFP.

To test blind flies’ spatial learning ability, and behavioral analysis for Index for
%rewards without wall contact (Fig. 2E-F, 3A-C, 6A-B), | used norpA; UAS-CsChrimson (CsC)-
mVenus/0273Gal4 (Chr 111).

To test sighted flies’ spatial learning ability, behavioral analysis for Index for %rewards
without wall contact and open-loop light preference (Fig. 6C, 8A), | used UAS-CsC ly; +/+;
0273-Gal4/+.

To compare the spatial learning performance of flies with green and red LED as opto-
rewards (Fig. 4B), | used w; UAS-CsC/+; 0273Gal4/+.

To visualize the labeling pattern of EPG neurons (Fig. 4A), | used w; R60D05-
LexA/LexAop-GtACRL; +, and w; SS00090/otd-flp; SS00090/UAS-(FRT)-tdTomato-STOP-(FRT)-
eGFP-Kir.

To visualize the labeling pattern of PFR neurons (Fig. 5A), | used w; R37G12-
LexA/LexAop-GtACR1; +, and w; SS54549/otd-flp; SS54549/ UAS-(FRT)-tdTomato-STOP-
(FRT)-eGFP-Kir.

To visualize the labeling pattern of PFNd neurons (Fig. 7A), | used w; R16D01-
LexA/LexAop-GtACR1; +, and w; SS00078/otd-flp; SS00078/ UAS-(FRT)-tdTomato-STOP-

(FRT)-eGFP-Kir.
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To visualize the labeling pattern of PFNv neurons (Fig. 7A), | used w; $S52628/otd-flp;
$S52628/ UAS-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To chronically silence target neurons with Kir (Fig. 4E, 5D, 7B, 8B), the control group
flies were UAS-CsC; Empty-LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-
eGFP-Kir.

To chronically silence EPG neurons (Fig. 4E), | used UAS-CsC; 60D05-LexA/otd-flp;
0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To chronically silence PFR neurons (Fig. 5D), | used UAS-CsC; 37G12-LexA/otd-flp;
0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To chronically silence PFNd neurons (Fig. 7B, 8B) | used UAS-CsC; 16D01-LexA/otd-
flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To transiently silence target neurons with GtACR1 (Fig. 4C, 5B, 7C, 8C), the control
group flies were w; ctrl-lexA/lexAop-GtACR1; 0273Gal4/UAS-CsC.

To transiently silence EPG neurons (Fig. 4C), | used w; 60D05-lexA/lexAop-GtACR1;
0273Gal4/UAS-CsC.

To transiently silence PFR neurons (Fig. 5B), | used w; 37G12-lexA/lexAop-GtACR1;
0273Gal4/UAS-CsC.

To transiently silence PFNd neurons (Fig. 7C, 8C), | used w; 16D01-lexA/lexAop-
GtACR1; 0273Gal4/UAS-CsC.

To transiently activate target neurons with CsChrimson (Fig. 4D, 5C, 7D-E, 8D-E), the
control group flies were w; UAS-CsC/empty-Gal4-AD; 0273Gal4/empty-Gal4-DBD.

To transiently activate EPG neurons (Fig. 4D), | used w; UAS-CsC/SS00090;

0273Gal4/SS00090.
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To transiently activate PFR neurons (Fig. 5C), | used w; UAS-CsC/SS54549;
0273Gal4/SS54549.

To transiently activate PFNd neurons (Fig. 7D, 8D), I used w; UAS-CsC/SS00078;
0273Gal4/SS00078.

To transiently activate PFNv neurons (Fig. 7E, 8E), | used w; UAS-CsC/SS52628;

0273Gal4/SS52628.

2.4.3 Brain dissection and fluorescent imaging

Fly brains were dissected in PBS solution and then fixed in fixing solution (4%
formaldehyde in PBS) for 30 min. The fixed brains were washed in PBST (PBS + 0.3% Triton X)
3 times, 5 mins each time to remove the fixative. After washing, brains were blocked in PBST
with 3% donkey serum for 1h. Then brains were stained with primary antibody solution (mouse
anti-NC82 1:50; rabbit anti-GFP 1;1000), (for Fas2 staining, using mouse anti-Fas2 1:50) under
4°C overnight. After staining with primary antibody, brains were washed with PBST 3 times, 10
mins each time. Then brains were stained with secondary antibody (550nm donkey anti-mouse
1:500; 488nm donkey anti-rabbit 1:500) under 4°C overnight. Washing, fixation, and staining
were done in the darkness. Then the brains were transferred onto a slide and mounted with the
antifade solution. The fluorescent imaging of brains was acquired using a Zeiss LSM 700

confocal with a 20x air objective lens.

2.4.4 The spatial learning task

The task is based on optogenetic activation of a collection of reward neurons (labeled by
0273Gal4 genetic driver) expressing red-shifted channelrhodopsin, CsChrimson (CsC), as a
powerful reward. Two different arenas were used for testing flies’ ability to locate the spatial

goal: One arena, referred to as the “flat chamber,” is rectangular, with dimensions of 16mm x
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10mm x 3mm, and featureless; and the other, called the “agarose chamber,” has the same
dimensions, but includes two troughs at the ends with dimensions of 3mm x 10mm x 1mm where
strips of 1% agarose can be added as additional non-visual landmarks. The whole apparatus can
house 40 individual arenas and track the movement of 40 flies. There is a custom-designed PCB
board under the arenas with LEDs for delivering light to individual flies. SkinnerTrax was used
for real-time high-throughput fly tracking and opto-reward delivery (Stern & Yang, 2017).

Circadian-controlled 10-to-14-day-old male flies fed with 400 uM retinal food were
anesthetized and transferred into each arena of the flat/agarose chamber (one fly per arena). Then
the chambers were assembled into the tracking system. The whole tracking system was then
covered by a cardboard box to block the outside light, so that the whole system was illuminated
by infrared background light only.

The whole task is 4 hours with a temporal structure as follows: a 15-minute pre-training
period, three 1-hour training sessions, and one 15-minute post-training break for each training
session. During the training session, the computer designates a circular area at the center of the
arena (d = 2.6mm) such that each time the fly crosses over the border from outside of the circle
into the center, it will receive a brief optogenetically delivered reward (a pulse of 250 ms, 18.6
uW/mm2, 527 nm light).

To rule out the potential random place preference induced by repeated receiving rewards,
each experimental fly is paired with a yoked control fly that receives a reward at the same time
when its paired experimental fly triggers a reward, but whose movements have no influence over

reward delivery.

2.4.5 Open-loop light/reward preference task
The open-loop light preference task is designed to test the innate preference of flies for

the opto-rewards, which is performed in the flat chamber. The temporal structure of the task is as
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follows: a 30-minute pre-training period, a 2-hour training session, and one 30-minute post-
training session. During the training session, the upper half of the chamber is illuminated with a 4
mins light-on (7% light intensity) and 4 mins light-off repeated cycles. SkinnerTrax was used for

real-time high-throughput fly tracking and opto-reward delivery (Stern & Yang, 2017).

2.4.6 Data analysis
2.4.6.1 Reward index (RI)

Reward index, defined as follows, is used for assessing the flies’ ability to navigate to the
goal location:

RI # entries into rewarded circle — # entries into control circletotal

# entries into the two circles

where the control circle is a larger circle (r=6.5mm). To rule out the possibility that
instead of learning the task, the flies just use simple movement strategies (e.g., hover around the
reward circle) to gain more rewards, the prerequisites of calculating Rl are: 1) The RI will not be
calculated until the fly has reached the control circle after it receives rewards, and 2) A valid RI
requires the fly to enter the reward circle and control circle in total more than 10 times, to make

sense statistically.

2.4.6.2 Spatial learning index (SLI)
SL1 is used for comparing the spatial learning ability between different groups of flies:
SLI = Rlexperimental fly — Rlyoked control fly

measured during the last sync bucket (10 mins) of T3.

2.4.6.3 Index for %rewards without wall contact (PRWC)
PRWC measures flies' navigation to a goal using self-motion cues, defined by the
percentage of contactless rewards (rewards earned without wall contact since the last reward):

PRWC = % contactless rewardSexperimental iy — % contactless rewardsyoreq controt fly
27



measured during the last sync bucket (10 mins) of T3.

To determine wall-contact events, | calculate the shortest distance between the fly’s fitted
ellipse (defined by the real-time tracker in terms of position, major and minor axes, and rotation
angle) and the rectangular bounds of the floor, with any case of overlap between ellipse and
rectangle registered as zero. Although the simplest definition of wall contact would be any such
zero-distance point, this proves unreliable in practice due to the varying angles of projection of
the walls into the camera’s field of view: Certain walls are not visible because they are nearly
perpendicular to the FOV, which means that when the fly is walking on them, the height of its
legs places a distance between the ellipse and the floor boundary. Furthermore, the flies often
walk along the wall-floor junction, which, despite not being a wall-contact event formally, still
shows a reliance on the wall as an external cue.

To address these subtleties, a hysteresis filter was applied to the distance data, using the
lower threshold (0.7 mm) to start contact events and the higher threshold (1.0 mm) to end them.
Using this approach accounts both for the fly’s marginal elevation above the ground and its

tendency to trace the outline of the wall.

2.4.6.4 Light preference index (Light PI)
Light Pl is used for assessing the degree of preference of each fly for the opto-delivered
rewards:

Tlmeillumated side — Tlmedark side

LP] = -
Total time
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2.4.7 Statistics
2.4.7.1 Plotting software

Except for the plots for reward index over time during training sessions (Fig. 3A, B) were
generated via Matplotlib (Ari & Ustazhanov, 2014), all the other plots were generated via

GraphPad (Swift, 1997).

2.4.7.2 Statistical tests

Unpaired t-test with Welch’s correction was used for all group comparisons, whether
between experimental and control flies from the same sample, or between two separate
experimental groups.

One-sided t-tests were used when comparing a given value to a zero baseline.

Paired t-tests were used when comparing two time periods for a single group within the
same experiment.

Stars indicate for p-values are *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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3. Flies can use self-deposited scents as olfactory landmarks to
learn the spatial task

3.1 Introduction

So far, | have demonstrated that flies can use egocentric cues to solve NVSL. In this
chapter, | explore the possibility of flies using additional cues other than egocentric ones. While
the flat chamber should in principle contain no scents (that can be used by flies to infer the goal
location) as these chambers were cleaned thoroughly before each experiment, | reasoned it is
nonetheless worth assessing whether flies might deposit self-generated scents to mark the goal
location and then learn to find the goal by following such scents. | am interested in pursuing this
because first, self-deposited scents can contain spatial information. For instance, many mammals
use their scents to mark their territory (Hurst, 1987; Rosell et al., 1998; Sillero-Zubiri &
Macdonald, 1998). Insects such as some bee species can use scents deposited by conspecifics to
avoid previously visited less rewarding flowers (Giurfa & Nuafiez, 1992; Stout & Goulson, 2001;
Stout et al., 1998), and use scents around their nest to better locate the nest location (Eckel et al.,
2023; Hefetz, 1992). Ants can use trail pheromones as beacons for food and guide thousands of
conspecifics to the food source (Wilson & Pavan, 1959). Additionally, flies are known to secret
various pheromones such as sex pheromones 11-cis-vaccenyl acetate (CVA), 7-tricosene, and 9-
pentacosene (Datta et al., 2008; Ferveur & Sureau, 1996; Grillet et al., 2006; Scott, 1986; Siwicki
et al., 2005). Lastly, given that olfactory cues can be assigned with different values after
conditioning (Handler et al., 2019; Villar et al., 2022), and they can be deposited at specific
locations, they have the potential to serve as olfactory landmarks for supporting the fly to infer
the goal location.

In this chapter, | will describe my effort to demonstrate that flies could use scent marking

as a strategy for NVSL. First. I will show that the olfaction sensory system was critical for NVSL.
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Second, | will show that flies indeed deposited scents onto arena floors during NVSL. Third, |
will show that the proper functions of the olfactory learning center MBs were also critical for

NVSL.

3.2 Results

3.2.1 Flies rely on intact olfactory system to learn the spatial task

The antenna is a main sensory organ that detects olfactory inputs. To test if antenna-
sensed cues are required for NVSL, | blocked whole antennae from both sides using UV-cured
glue and found that flies showed a significant decrease in spatial learning ability when antenna-
sensed cues were blocked (Fig. 9A). | then tested which sensory inputs from antennae were
critical for NVSL by first removing the third segment of antennae. Bilateral removal of the third
segment antennae significantly decreased flies’ spatial learning ability (Fig. 9A). Since the third
segment of antennae receive both olfactory inputs from olfactory sensory neurons (OSNs) and
auditory and mechanosensory inputs from arista, | then tried to pinpoint which of these two are
the relevant input by specifically removing the arista from both antennae. | found that arista
removal did not show any impact on spatial learning ability (Fig. 9A), indicating that the auditory
cues and mechanosensory cues detected by the antennae might be dispensable for NVSL and that
detection of olfactory cues might be critical for NVSL.

To verify whether the detection of olfactory cues is required for NVSL, I next tested
Orco mutant flies (Vosshall & Hansson, 2011) and found that they showed reduced spatial
learning ability (Fig. 9B). Orco is a co-receptor in the OSNs critical for flies to detect most
odorants (Vosshall & Hansson, 2011). The role of Orco expressing OSNs in NVSL was further
tested by chronically silencing with Kir using Or83b-lexA driver, which also led to a decrease in

flies spatial learning performance (Fig. 9C). Interestingly, the impacts of Orco mutation and
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silencing Orco-expressing neurons appear smaller than third segment antenna removal. | reasoned
this might be because Orco is expressed in ~78% of total OSNs (Fig. 9A-C). To block all the
olfactory inputs, I expressed Kir in all OSNs by using Orco-QF and 1r25a-QF driver
simultaneously, which led to a large decrease in flies’ spatial learning ability (Fig. 9D). Further,
flies with blocked antennae, Orco mutated, or their OSNs silenced did not show a consistent
change in reward preference (Fig. 9E-H). Together, these collective results suggest that flies can

use olfactory cues to learn the goal location.
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Figure 9: Flies use olfactory cues to learn the goal location. A. Olfactory, but not
auditory or mechanosensory inputs sensed by antennae were required for NVSL. B. Ocro mutant
flies showed a decrease in NVSL. C. Flies with Orco-expressing neurons silenced showed a
decrease in NVSL. D. Flies with Orco and Ir25a-expressing neurons simultaneously silenced
showed a further decrease in NVSL. E. Flies with unfunctional antennae did not show a
consistent change in reward preference. F. Orco mutant flies did not show a change in reward
preference. G. Flies with Orco-expressing neurons silenced did not show reward preference
change. H. Flies with simultaneously silenced Orco and Ir25a-expressing neurons showed a
slight reward preference change.
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3.2.2 NSVL induces scents deposited on the arena floor

Given that there should be no pre-existing odors in the featureless flat chamber, |
wondered if flies were depositing scents that were then used for learning. To confirm whether
flies deposited odors in the arena, the odor samples from the center of each arena after our spatial
learning task were collected (Fig. 10A) and then sent for gas chromatography-mass spectrometry
(GC-MS) analysis for identification. GS-MS detected several interesting molecules including four
tricosene isomers, cyclotetracosane, and three pentacosene isomers that were not present in the
blank control (Fig. 10B, Table 1). It is worth noting that several isomers of both tricosene and
pentacosene are known pheromones for flies (Howard & Blomquist, 1982, 2005). These results
suggest that while the chambers were odor-free at the beginning of the experiment, they started to

accumulate odors as the flies learned the task.
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Figure 10: Flies deposited pheromones near the goal location during the spatial
learning task. A. Schematic view of collecting odor samples for GC-MS from the center of the
flat chamber using a transparent film. B. The chromatograph of GC-MS showing potential
identities of the odors that are unique for experimental and yoked control flies.
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Table 1: List of the observed compounds identified by GS-MS from the
experimental and their paired yoked control flies

Retention Compound ID | Formula Mass of the Mass of the yoked
time experimental group (Ug) control group (Ug)
19.1 Tricosene isomer | C23H46 0.28 0.13
19.2 Tricosene isomer | C23H46 3.11 1.53
19.4 Tricosene isomer | C23H46 0.20 0.10
19.5 Tricosene isomer | C23H46 0.78 0.44
20.6 Cylotetracosane | C24H48 0.18 0.09
21.9 Pentacosene C25H50 0.12 0.08
isomer

22.0 Pentacosene C25H50 0.65 0.46
isomer

22.3 Pentacosene C25H50 0.08 0.05
isomer

3.2.3 The potential behavioral strategy for olfactory cues-driven spatial
learning

How might the flies use the scents they deposited to locate the goal? One possibility is
that these scents were enriched near the goal location, thereby allowing flies to associate them
with the optical reward. To test this hypothesis, | turned to behavior analysis. First, | examined
flies’ tendency to make a sharp turn before contacting the arena walls during their departure from
the goal location (see section 3.4.7.3) and found that they showed a learned increase in such
tendency and that such tendency depended on antennal inputs (Fig. 11A, B). Second, | found that

naive flies that had never experienced reward did not show a higher preference for the goal
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location when placed in the same arena (Fig. 12A-D). These results suggest that the scents flies

deposited are not intrinsically attractive but become so due to their association with reward at or

around the goal location.
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Figure 11: Flies showed a learned increase in the tendency to make a sharp turn,
which required intact olfaction. A. Left: Schematic view of a fly making a sharp turn during
their departure from the goal location that might be induced by the deposited scents near the goal
location. Right: Flies showed an increase in the tendency to make a sharp turn during training. B.
Flies with blocked antennae showed a decrease in the tendency to make a sharp turn induced by
hypothesized scents.
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Figure 12: The deposited scents were not innately attractive for naive flies. A. Naive
flies that were put immediately in the unwashed flat chamber with previous flies’ deposited scents
did not show a difference in spatial learning performance during training. B. Naive flies that were
put immediately in the unwashed flat chamber with previous flies’ deposited scents did not show

a difference in spatial learning performance in pre-training. C. Naive flies that were put
immediately in the unwashed flat chamber with previous flies’ deposited scents did not show a
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difference in the preference at the goal location in pre-training. D. Naive flies that were put
immediately in the unwashed flat chamber with previous flies’ deposited scents did not show a
difference in walking speed in pre-training.

3.2.4 The classical conditional center in the fly brain, MBs, are required for
olfactory landmarks cues-driven spatial learning

Next, | wanted to identify the neural substrates in the fly brain that are required for
olfactory landmarks cues-driven spatial learning. To answer this question, | focused on MBs
since they are the classical olfactory conditioning center, which can potentially assign values to
olfactory landmarks for supporting spatial learning. | first tested the role of the principle neurons,
Kenyon cells (KCs) in MBs by chemically ablating them with hydroxyurea (de Belle &
Heisenberg, 1994) and found that it decreased the spatial learning index significantly (Fig. 13A-
C). However, since chemical ablation of MBKCs might affect regions other than MB, | next
selectively silenced the entire population of MBKCs by using two LexA drivers, R19B03 and
R26E07, to selectively express Kir in them. Consistent with the ablation result, these genetic
manipulations also caused a significant decrease in the spatial learning index (Fig. 14A-C).
Interestingly, transiently silencing MBKCs specifically at the goal location also caused a
significant decrease in flies’ spatial learning performance, in keeping with the notion that
olfactory cues near the goal location were assigned a positive value by MBs (Fig. 14D, E). In
addition, flies with disrupted MBKCs did not show a consistent change in reward preference (Fig.
13C, 14B-E). Together, these results indicate that flies may recruit the associative property of

MBs and scent-marking to learn a spatial goal when the environment is dark and featureless.
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Figure 13: MBs ablated flies showed a significant decrease in spatial learning
performance. A. Top: The axons of MBKCs in the brain of a control fly stained by antibody
against Fas2. Bottom: The axons of ablated MBKCs in the brain of a fly treated with
hydroxyurea stained by antibody against Fas2. B. MBs ablated flies showed a significant
decrease in spatial learning performance. C. Flies with MBs ablated did not show a change in
reward preference.
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Figure 14: MBKCs are required for olfactory landmarks cues-driven spatial
learning. A. Top: The labeling pattern of the LexA driver R19B03 for MBKCs. Bottom: The
labeling pattern of the LexA driver R26E07 for MBKCs. B. Chronically silencing MBKCs with
the LexA driver R19B03 caused a significant decrease in NVSL, but no impact on light
preference. C. Chronically silencing MBKCs with the LexA driver R26E07 caused a significant
decrease in NVSL and a decrease in light preference. D. Transiently silencing MBKCs with the
LexA driver R19B03 caused a significant decrease in NVSL, but an increase in light preference.
E. Transiently silencing MBKCs with the LexA driver R26EQ7 caused a significant decrease in
NVSL, but an increase in light preference.
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3.3 Discussion

In this chapter, | have shown that first, flies can use olfactory cues to learn the spatial
goal location. Second, when the environment is featureless, flies can learn to use self-deposited
pheromones near the goal location as landmarks to learn the goal location. Lastly, I found that the

olfactory cues-driven spatial learning requires functional MBKCs.

3.3.1 The potential roles of pheromones in serving as olfactory landmarks in
supporting spatial learning

I have shown that flies can use self-deposited scents as olfactory landmarks for learning
the spatial goal. Based on the GC-MS results of the odor samples | had collected from the center
of the arenas, the deposited scents were several fly pheromones, indicating the potential roles of
pheromones for serving as olfactory landmarks to support NVSL.

Pheromones in animals mainly serve as communication cues for conveying various
information related to reproduction (Haga et al., 2010; Kurtovic et al., 2007; Roelofs & Comeau,
1968), aggression (Chamero et al., 2007; Novotny et al., 1985; Wang & Anderson, 2010) and
aggregation (Bartelt et al., 1985; Guo et al., 2020; Lacey et al., 2004; Wertheim et al., 2005). In
flies specifically, sex pheromones play important roles in regulating mating-related behaviors.
For instance, 11-cis-vaccenyl acetate (cCVA) is a critical sex pheromone that decreases male
courtship while increases female receptivity (Datta et al., 2008; Kurtovic et al., 2007).

According to my GC-MS results, the potential pheromones deposited by fly were some
cuticular hydrocarbons including some isomers of tricosene and pantacosene. The roles of some
of those isomers have been studied in recent decades and have been shown that 7-T is the most
abundant cuticular hydrocarbon on male Drosophila melanogaster (Everaerts et al., 2010), which
inhibits male courtship while increases female receptivity (Ferveur & Sureau, 1996; Grillet et al.,

2006). The 7-T level in female flies significantly increases after mating, which leads to the

39



declined attractiveness to males (Scott, 1986). 9-T is an aggregation pheromone that flies deposit
when detecting food (Lin et al., 2015). 7-P is a pheromone presented in both male and female
flies, which increases male courtship at high concentrations (Ferveur & Sureau, 1996). In
addition, 7-P is a pheromone that can induce homosexual behavior in some Drosophila species
(Cobb & Jallon, 1990). 9-P is a pheromone that is shown to increase copulation attempts and can
serve as a conditioned stimulus in courtship conditioning (Ferveur & Sureau, 1996; Siwicki et al.,
2005).

However, so far, those pheromones have not been shown to have any role in serving as
landmarks to support flies to learn a spatial goal location. Therefore, to further confirm the
contributions of those pheromones in NVSL, future studies can focus on identifying the specific
OSN:ss responsible for their detection and then specifically silencing them to test whether the
NVSL performance is impacted. It is worth noting that flies may use a mixture of those
pheromones as olfactory landmarks during NVSL, in which case redundancy might exist in using
those pheromones as olfactory landmarks. Simultaneously silencing the OSNs that detect those

pheromones is a potential solution to solve this issue.

3.3.2 The potential role of MBs in self-deposited olfactory cues-driven spatial
learning

I have shown the presence of pheromones near the goal location in a previous odorless
environment can serve as olfactory landmarks to aid the fly in learning the goal location, and the
classical olfactory conditioning center MBs are required for this process.

Given that MBs can assign values to different olfactory cues during classical
conditioning, the potential roles of MBs in self-deposited olfactory landmark cues-driven spatial
learning are to assign positive values to the self-deposited olfactory landmarks near the goal
location, similar to appetitive conditioning (Cognigni et al., 2018), during which the self-
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deposited odor information conveyed in KCs’ axons coincides with the rewarding reinforcement
signal in DANSs, which reduces the synaptic output from KCs to the avoidance-driving MBONS
and induces approaching response to those olfactory landmarks so that they can get closer to the

goal location.

3.3.3 The potential involvement of heading direction signal in olfactory cues-
driven spatial learning

I have so far shown that flies can use olfactory landmarks cues to learn a spatial goal,
which does not require functional heading direction signaling EPG neurons. However, it is worth
noticing that a recent study has shown that flies can track odor plumes, and in their model, the
heading direction input from EPG neurons and the goal heading induced by wind direction and
odor input can be integrated in PFL3 and PFL2 neurons to generate a steering response to the
odor direction (Matheson et al., 2022). This result suggests the potential involvement of EPG
neurons in olfactory landmarks cues-driven spatial learning. One possible explanation for the lack
of role of EPG neurons in our task might be because the relative levels of the scents on the arena

floor were too low to engage EPG.

3.4 Methods

3.4.1 Fly husbandry for the spatial learning task

See 2.4.1

3.4.2 Fly genotypes
To collect the odor samples for GC-MS, and to test the impact of deposited odors on

naive flies (Fig. 10A, 12A-D), | used norpA; UAS-CsC/0273Gal4 (Chr I111).
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To manipulate the antennae of flies (whole antennae glued third segment of antennae
removed and arista removed) and to analyze the sharp turn induced by hypothesized scents (Fig.
9A, 9E, 11A-B), | used UAS-CsC; +; 0273Gal4/+.

To test the impact of Orco mutant in NVSL (Fig. 9B, F), | used w; UAS-CsC/+;
0273Gal4/0rco023130 as the control group, and w; UAS-CsC/+; 0273Gal4,
Orco023129/0rc023130 as the experimental group.

To chronically silence Orco-expressing neurons (Fig. 9C, G), | used w; UAS-CsC/+;
0273Gal4/OR83b-LexA as one control group, and w; UAS-CsC/LexAop-Kir; 0273Gal4/+ as
another control group, and w; UAS-CsC/LexAop-Kir; 0273Gal4/0r83b-LexA as the experimental
group.

To chronically silence Orco-expressing and Ir25a-expressing neurons simultaneously
(Fig. 9D, H), I used w; UAS-CsC/1r25a-QF; Orco-QF (BL-92400)/0273Gal4 as control group #1,
w; UAS-CsC/+; 0273Gal4, QUAS-Kir/+ as control group #2, w; UAS-CsC/Ir25a-QF; 0273Gal4,
QUAS-Kir/+ as control group #3, w; UAS-CsC/+; 0273Gal4, QUAS-Kir/Orco-QF as control
group #4, and w; UAS-CsC/Ir25a-QF; 0273Gal4, QUAS-Kir/Orco-QF as the experimental group.

To chemically ablate MBs (Fig. 13A-C), | used #54 WT from Cornell University
Drosophila Species Stock Center; UAS-CsC/+; 0273Gal4/+.

To visualize the labeling pattern of MBKCs drivers (Fig. 14A), | used w; R19B03-
LexA/LexAop-GtACR1; +, and w; R26EQ07-LexA/LexAop-GtACR1; +.

To chronically silence target neurons with Kir (Fig. 14B-C), the control group flies were
UAS-CsC; Empty-LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To chronically silence MBKCs (Fig. 14B-C), | used UAS-CsC; 19B03-LexA/otd-flp;
0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir, and UAS-CsC; 26E07-LexA/otd-flp;

0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.
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To transiently silence target neurons with GtACR1 (Fig. 14D-E), the control group flies
were w; ctrl-lexA/lexAop-GtACR1; 0273Gal4/UAS-CsC.
To transiently silence MBKCs (Fig. 14D, E), I used w; 19B03-lexA/lexAop-GtACR1;

0273Gal4/UAS-CsC, and w; 26E07-lexA/lexAop-GtACR1; 0273Gal4/UAS-CsC.

3.4.3 Brain dissection and fluorescent imaging

See 2.4.3.

3.4.4 Odor sample collection and GC-MS

To confirm whether flies can deposit odors in the arena, a 3.5mm in diameter transparent
film was placed in the center of each arena, which covers the goal location, during the whole
spatial learning task to collect the potential odors that were deposited by flies. 18 pieces of films
from experimental flies and 18 pieces from yoked control flies were soaked separately into 100ul
hexane for gas chromatography-mass spectrometry (GC-MS) analysis at Alera Lab
(aleralabs.com) to identify the potential odors on the films. The empty films without contacting
flies were used as the blank control. Samples were evaporated to dryness and redissolved in 100
pL of internal standard (methyl nonadecanoate dissolved in hexane at 5 pg/mL).

GC-MS was performed with 3 pL of samples with Rxi-5MS, 30m, 0.25mm id, 0.25um
film thickness column at 280 °C as inlet temperature and 300 °C as detector temperature. Helium
was used as carrier gas with a split 10:1 flow rate. The temperature program was set as 120 °C,
ramp 6 °C/min to 300°C, and hold 5 min. Mass spectrometer was in electron ionization (EI) Scan
m/z = 35-550 mode. All assignments are tentative and based on the highest probability spectral

matches.

3.4.5 The spatial learning task
See2.4.4
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3.4.6 Open-loop light/reward preference task

See 2.4.5

3.4.7 Data analysis
3.4.7.1 Reward index (RI)

See 2.4.6.1

3.4.7.2 Spatial learning index (SLI)

See 2.4.6.2

3.4.7.3 Sharp turns induced by hypothesized scents (STIS)

To evaluate flies' use of potential deposited scents near goals as landmarks, | analyze the
chance of initiating a sharp turn induced by these scents, indicating their learning to use the scents
as landmarks to infer the goal location.

STIS = chance of initiate a sharp turn at the quarter line,yperimental fiy
— chance of initiate a sharp turn at the quarter lineyokeq controt fiy
measured during the last sync bucket (10 mins) of T3.

These turns are detected when the fly's trajectory, represented by a fitted ellipse,
intersects or crosses the border from the plastic floor to the quarter lines of the area under certain
conditions. Specifically, a turn is classified as sharp if the contact with the quarter line lasts 0.75
seconds or less and the cumulative change in velocity angle exceeds 90 degrees. For calculating
velocity angle deltas for each frame i, the default procedure calculates the delta between
consecutive frames i and i + 1. Further restrictions ensure relevance and accuracy: Deltas are
calculated only if the fly's speed at frame i is at least 2 mm/s. If the speed at frame i + 1 is below
2 mm/s, the delta is calculated between frames i and i + 2. If the speed at frame i + 2 also falls
below this threshold, no delta is computed for frame i. Crucially, even if a delta is not computed
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for a frame due to low speed, the frame is not excluded from consideration. Instead, all frames
within a sequence where surrounding frames meet the speed requirement, and the cumulative
delta reaches the sharp turn threshold are included in the turn analysis.

In addition, the sharp turns are excluded if the center of the fly’s body crosses the quarter
line during the sharp turn event, and within each sync bucket, turns are not included in the

analysis if the fly contacted the boundary fewer than 10 times during the 10mins sync bucket.

3.4.7.4 Light PI

See 2.4.6.4

3.4.8 Statistics
3.4.8.1 Plotting software

All the plots were generated via GraphPad (Swift, 1997).

3.4.8.2 Statistical tests
Unpaired t-test with Welch’s correction was used for all group comparisons.
One-sided t-tests were used when comparing a given value to a zero baseline.

Stars indicate for p-values are *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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4. Flies can flexibly adjust their strategies for NVSL depending
on the richness of the spatial information in the environment

4.1 Introduction

In the last two chapters | have found that in addition to using visual landmarks, flies can
use non-visual self-generated egocentric cues and olfactory cues for learning a spatial goal
location in a “featureless” condition. In this chapter, I want to consider 1) to what extent the
presence of additional non-visual landmarks can improve learning, and 2) to what extent the
reliance of the two self-generated cues might alter as a function of landmark enrichment. These
considerations are in part inspired by previous studies that have shown that ants can flexibly
switch strategies in finding a spatial goal depending on the richness of spatial landmarks in the
environment. When the environment is enriched with visual landmarks, they primarily rely on
visual landmarks to memorize their nest location, but when the environments lack familiar visual
landmarks they can switch to primarily using path integration or even creating their own
landmarks to navigate back to their nest (Biihimann et al., 2011; Cheung et al., 2012; Heinze et
al., 2018; Kohler & Wehner, 2005; Narendra, 2007). Below I will show the results that suggest
flies indeed show a similar ability to adjust strategies as the richness of landmarks increases by

“abandoning” the use of the possibly less reliable egocentric cues.

4.2 Results

4.2.1 Flies can improve their spatial learning performance when salient
olfactory landmarks become available.

To enrich the chamber with non-visual landmarks, | added two strips of 1% agarose and
placed them at the two edges of the arena that are away from the goal location (aka. agarose
chamber, Fig. 15A). The placement of agarose was to ensure that flies can use them to infer the

goal location as opposed to using them as a goal-location signaling beacon. | found that flies
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significantly improved their spatial learning performance in the agarose chamber compared with
the featureless flat chamber (Fig. 15B), suggesting that flies can use salient non-visual external
landmarks to enhance their spatial learning ability. Since agarose could provide both
mechanosensory (texture) cues and olfactory cues to flies, | then wanted to identify which one of

them was used for enhancing their spatial learning.
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Figure 15: Flies can use salient olfactory landmarks to significantly improve their
spatial learning performance. A. Schematic view of the featureless flat chamber and the
agarose chamber. B. Flies showed significant improvement in spatial learning index in agarose
chamber compared with flat chamber.

Several pieces of data support the idea that flies were primarily using agarose areas as
olfactory landmarks. Behaviorally, | found that during their departure from the goal location, flies
showed an increased tendency to initiate their first large turn before physically contacting the
agarose border and that such tendency reduced upon disruption of the olfactory sensing neurons
(Fig. 16A-D). In addition, flies with blocked antennae and non-functional olfactory sensing
neurons showed a significant decrease in spatial learning index (Fig. 17A-C). Further, the
classical olfactory conditioning center, MBs, were required for NVSL in the agarose chamber as
well (Fig. 17D, E). And, in keeping with MBs principally acting by helping the flies in using the
olfactory landmarks, | found that flies with MBKCs silenced did not show additional spatial

learning change when their antennae were removed and similarly, antennae removed flies did not
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show spatial learning change when their MBKCs were silenced (Fig. 18). Together these results
suggest agarose areas might be treated as olfactory landmarks by flies to improve their spatial

learning performance.
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Figure 16: Flies learned to initiate a large turn before contacting the agarose area
during departure from the goal location, which requires olfactory inputs. A. Schematic view
of a fly initiating its first large turn during the departure from the goal. B. Flies showed a learned
decrease in the distance of initiating their first large turn during departure from the goal location

from Training | to Training I11. C. The third segment of antennae removed flies showed an
increase in the distance of initiating their first large turn during departure from the goal location.
D. Orco and Ir25a-expressing neurons silenced flies showed an increase in the distance of
initiating their first large turn during departure from the goal location.
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Figure 17: The olfactory leaning circuit is required for NVSL when the salient non-
visual landmarks become available. A. Flies with unfunctional antennae showed a decrease in
spatial learning performance in the agarose chamber. B. Orco mutant flies showed a decrease in

spatial learning performance in the agarose chamber. C. Orco- and Ir25a-expressing neurons
simultaneously silenced flies showed a decrease in spatial learning performance in the agarose
chamber. D. Flies with MBKCs chronically silenced showed a decrease in spatial learning
performance in the agarose chamber. E. Flies with MBKCs transiently silenced showed a
decrease in spatial learning performance in the agarose chamber.
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Figure 18: MBKCs are solely responsible for the olfactory landmark cues-driven
NVSL. A. Silencing MBKCs in the 3rd segment of antennae removed flies did not change spatial
learning performance, and similarly, removing the 3" segment of antennae of MBKCs silenced
flies did not change spatial learning performance.

4.2.2 Flies can flexibly adjust their reliance on the neural circuits for spatial
learning depending on the availability of landmarks in the environment

In Chapter 2, | showed that flies can recruit egocentric translational velocity signaling
PFN neurons and MBs for learning the goal location when the environment is featureless.
However, when the environment is enriched with salient olfactory landmarks, do flies still show
the same reliance on these neural circuits for learning the goal location? To answer this question,
| first ascertained the independent adoption of egocentric cues and olfactory landmark cues-
driven spatial learning by assessing whether flies with disabled PFN populational activities show

a further decrease in spatial learning performance upon removal of the third segment of antennae
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and vice versa. | found that flies with disrupted PFN populational activities learned less well and
their learning further decreased upon removal of antenna. Similarly, flies with disabled antenna
learned less well and their learning further decreased upon disabling PFN (Fig. 19A). These
results support the parallel use of egocentric cues and olfactory landmark cues for learning the
spatial goal in the featureless condition. Curiously, the dependence of these neural circuits
changed when the arena was enriched with additional salient landmarks (agarose). Whereas MBs
remain critical (Fig. 17D, E), the role of PFN neurons diminished significantly: flies in agarose
chamber only showed a slight decrease in spatial learning performance induced by the disruption
of PFN populational activities (Fig. 20A-D). However, PFN neurons can “gain” back their critical
role in the agarose chamber when flies’ olfactory input is blocked (Fig. 21E). These results
suggest that the use of egocentric cues for learning is context-dependent: when the environment is
featureless, they play an important role. But when the environment is enriched with salient
landmarks, they become more dispensable. Together, | have shown that flies can adjust their
behavioral strategies and corresponding neural circuits for learning the goal location regarding to

the available environmental cues.
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Spatial learning index

Figure 19: Egocentric cues and olfactory landmark cues are processed in parallel
neural circuits for learning the spatial goal in the featureless condition. A. flies with
disrupted PFN populational activities learned less well and their learning further decreased upon
the removal of antennae. Similarly, flies with disabled antennae learned less well and their
learning further decreased upon disabling PFN neurons.
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Figure 20: The roles of PFN neurons in NVSL diminish significantly when salient
olfactory landmarks become available. A. Chronically silencing the whole population of PFNd
neurons slightly decreased flies’ spatial learning performance. B. Transiently silencing the whole
population of PFNd neurons slightly decreased flies’ spatial learning performance. C. Transiently

activating the whole population of PFNd neurons slightly decreased flies’ spatial learning
performance D. Transiently activating the whole population of PFNv neurons did not change
flies’ spatial learning performance.
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Figure 21: PFN neurons can gain back their critical role in the agarose chamber
when flies’ olfactory input is blocked. A. Flies with disrupted PFN populational activities
showed a large decrease in spatial learning performance upon removal of antennae in the agarose
chamber. Similarly, flies with disabled antennae showed a large decrease in spatial learning
performance upon disabling PFN neurons in the agarose chamber.

4.3 Discussion

In this chapter, | have shown that flies can use salient external non-visual landmarks that
are away from the goal location to improve their spatial learning performance. Behaviorally, this
is manifested in their increased tendency to make a large turn away from the agarose landmarks
when they get approached as a potential behavioral strategy. In addition, | found that flies mainly
treat the agarose areas as olfactory landmarks since the olfactory learning circuits are still
required. Further, | found that egocentric cues-driven spatial learning and olfactory landmarks
cues-driven spatial learning are processed in parallel neural circuits. Lastly, | showed that while
MBKGC:s are still required, the contribution of proper populational activities of PFN neurons
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diminishes when the environment is enriched with salient olfactory landmarks, which gain back
their critical roles when flies’ olfactory input is blocked, suggesting the flexible reliance on
different neural circuits for learning the spatial goal depending on the availability of the cues in

the environment.

4.3.1 The potential role of MBs in mediating spatial learning and memory

In the last chapter, | showed that MBs are required for self-deposited olfactory landmarks
cues-driven spatial learning, and since the self-deposited scents are near the goal location, they
are potentially associated with positive values by MBs. While in this chapter | showed that MBs
are still critical for spatial learning driven by salient olfactory landmarks that are anti-correlated
with reward location, indicating that MBs may assign negative values to the salient olfactory
landmarks, and use them to indicate non-rewarded locations. In addition, a recent study showed
that the odor cues that follow the reward (as opposed to preceding or co-occurring with the
reward) become aversive and that it is mediated by two dopamine receptors DopR1 and DopR2
signaling pathways in the axon of MBKCs (Handler et al., 2019), which sheds light on the
potential of MBs in assigning a “bad” value to the otherwise non-aversive agarose odor simply
because it is anti-correlated with the reward location.

It is worth mentioning that MBs have been shown to play a role in supporting non-
olfactory cues-driven spatial learning. A study in honeybees provides support for the potential
role of MBs in weighing the landmarks based on their distance to the goal location by showing
that honeybees prefer the visual landmarks close to the goal than distal ones after place learning
(Cheng et al., 1987). In addition, some studies in ants have found that MBs are required for
learned visual navigation (Buehlmann et al., 2020; Kamhi et al., 2020), indicating the function of
MBs in assigning values to various landmarks cues for spatial learning. However, a recent study

on fly visual place learning showed that MBs are dispensable for learning a safe location that is
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associated with visual landmarks (Ofstad et al., 2011), which indicates the fly brain may recruit
different brain regions to store visual and olfactory landmark memories for spatial learning.

In our results, MBs did not have an impact on spatial learning in addition to the olfactory
landmarks driven-spatial learning, indicating that MBKCs might not process egocentric inputs
during spatial learning. However, based on the fly brain connectome data, there are mutual
connections between MBKCs and PFN neurons, indicating MBs might nonetheless be involved
in influencing egocentric cues-driven spatial learning, or act as the path integration hub that
combines egocentric inputs and external landmarks downstream of PFN and MBKCs. In
addition, recent research proposed a computational model called endotaxis and speculated that the
structure of MBs has the potential to serve as a hub to integrate location-selective information of
the olfactory landmarks in the environment and use them to calculate the shortest path to the goal
location (Zhang et al., 2023), and part of the location information might come from egocentric
cues. Therefore, further study is required to directly test the circuit relation between MBs and

PFN neurons.

4.3.2 The redundancy of spatial inputs that animals use for spatial learning

I have shown that the roles of egocentric translational velocity signaling PFN neurons
diminish when the salient external olfactory landmarks become available, which gain back their
critical role when the olfactory input is disrupted, indicating that flies can flexibly adjust their
reliance on different behavioral strategies and corresponding neural substrates for learning the
spatial goal. How such flexibility is enabled remains unclear, however. There are two scenarios.
First, PFN neurons continue to supply information to some yet-to-be-identified goal-finding
neurons but such information is simply irrelevant because MBs supply more than enough info for
directing flies to the goal. Second, perhaps the presence of prominent non-visual landmarks is

capable of suppressing the function or input of PFNs into the goal-finding neurons. To
56



disambiguate these possibilities, it might require accessing the activities of these neurons online

as animals engage in spatial learning.

4.4 Method

4.4.1 Fly husbandry for the spatial learning task

See 2.4.1.

4.4.2 Fly genotypes

To test the spatial learning performance of flies in the agarose chamber (Fig. 15B), to
manipulate the antennae of flies (whole antennae glued third segment of antennae removed and
arista removed), and to analyze the turn behaviors in the agarose chamber (Fig. 16B-C, 17A), |
used UAS-CsC; +; 0273Gal4/+.

To test the impact of Orco mutant in NVSL in the agarose chamber and their turn
behaviors (Fig. 17B), | used w; UAS-CsC/+; 0273Gal4/0rc023130 as the control group, and w;
UAS-CsC/+; 0273Gal4, Orco23129/0rc023130 as the experimental group.

To chronically silence Orco-expressing and Ir25a-expressing neurons simultaneously
(Fig. 16D, 17C), | used w; UAS-CsC/Ir25a-QF; Orco-QF (BL-92400)/0273Gal4 as control group
#1, w; UAS-CsC/+; 0273Gal4, QUAS-Kir/+ as control group #2, w; UAS-CsC/Ir25a-QF;
0273Gal4, QUAS-Kir/+ as control group #3, w; UAS-CsC/+; 0273Gal4, QUAS-Kir/Orco-QF as
control group #4, and w; UAS-CsC/Ir25a-QF; 0273Gal4, QUAS-Kir/Orco-QF as the
experimental group.

To chronically silence target neurons with Kir (Fig. 17D, 18A, 20A), the control group
flies were UAS-CsC; Empty-LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-

eGFP-Kir.
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To chronically silence MBKCs (Fig. 17D, 18A), | used UAS-CsC; 19B03-LexA/otd-flp;
0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir, and UAS-CsC; 26E07-LexA/otd-flp;
0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To chronically silence PFNd neurons with Kir (Fig. 20A), | used UAS-CsC; 16D01-
LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir.

To transiently silence target neurons with GtACR1 (Fig. 17E, 20B), the control group
flies were w; ctrl-lexA/lexAop-GtACR1; 0273Gal4/UAS-CsC.

To transiently silence MBKCs (Fig. 17E), | used w; 19B03-lexA/lexAop-GtACRL1;
0273Gal4/UAS-CsC, and w; 26E07-lexA/lexAop-GtACR1; 0273Gal4/UAS-CsC.

To simultaneously silence PFNd neurons and glue antennae (Fig. 19A, 21A), | used UAS-
CsC; Empty-LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-(FRT)-eGFP-Kir as the
control group and UAS-CsC; 16D01-LexA/otd-flp; 0273Gal4/LexAop-(FRT)-tdTomato-STOP-
(FRT)-eGFP-Kir as the experimental group.

To transiently activate target neurons with CsChrimson (Fig. 20C, D), the control group
flies were w; UAS-CsC/empty-Gal4-AD; 0273Gal4/empty-Gal4-DBD.

To transiently activate PFNd neurons (Fig. 20C), | used w; UAS-CsC/SS00078;
0273Gal4/SS00078.

To transiently activate PFNv neurons (Fig. 20D), | used w; UAS-CsC/SS52628;

0273Gal4/SS52628.

4.4.3 The spatial learning task

See2.4.4

4.4.4 Open-loop light/reward preference task

See 2.45
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4.4.5 Data analysis
4.4.5.1 Reward index (R1)

See 2.4.6.1

4.4.5.2 Spatial learning index (SLI)

See 2.4.6.2

4.45.3 Light Pl

See 2.4.6.4

4.4.5.4 Distance from the goal when fly initiate the first large turn during goal departure

I examined the distribution of distances from the goal at which flies initiate their first
significant turn after exiting the reward circle. This analysis sheds light on the flies' use of the
agarose region as an olfactory landmark that is anticorrelated with the goal location. A turn is
defined by the following conditions:

A turn begins after the fly exits the reward circle, has a speed of at least 2 mm/s, and has
a heading angle delta of > 18 degrees relative to the previous frame, and in the same direction of
the turn itself. In addition, for a turn to end, the cumulative change in heading angle must exceed
90 degrees before the fly returns to the reward circle or contacts the wall.

For each frame i, the delta in heading angle is calculated between consecutive framesi - 1
and i. Further conditions are applied to ensure the relevance and accuracy of frames used for the
calculation of heading angle deltas:

Deltas are calculated only if the fly’s speed at frame i is at least 2 mm/s, and no delta is
calculated for frame i if the eccentricity of the fitted ellipse undergoes a rapid change. More

specifically, the ratio of the major to minor axis of the ellipse is calculated at framesi- 1, i, and i
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+ 1. If the absolute value of the delta in that ratio from i -1 to i ori to i + 1 exceeds one, the frame
is skipped.

Once a turn is detected, two additional conditions are imposed; namely, the turn is
rejected if:

The path length of the turn is less than 1 mm, or the proportion of frames in the turn

where the fly’s speed is less than 2 mm/s.

4.4.6 Statistics
4.4.6.1 Plotting software

Except for the plots for reward index over time during training sessions (Fig. 16B-D)
were generated via Matplotlib (Ari & Ustazhanov, 2014), All the other plots were generated via

GraphPad (Swift, 1997).

4.4.6.2 Statistical tests
Unpaired t-test with Welch’s correction was used for all group comparisons.
One-sided t-tests were used when comparing a given value to a zero baseline.

Stars indicate for p-values are *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

4.4.6.3 Calculation of the turn-distance histograms in Fig. 16

For analyzing fly movement in relation to a reward circle, we construct histograms of the
fly’s distance from the center of the reward circle at the beginning of a large turn. Initially, each
fly distance data is binned into its own histogram. After removing those with fewer than 20 turn
counts, these individual histograms are aggregated, averaging the data across all flies within a
group. This approach guarantees that each fly's behavior is equally represented, enabling a

balanced examination of spatial patterns.
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4.4.6.4 Comparison of histogram distributions

The first method of comparison employs a bin-wise unpaired t-test, utilizing the heights
from the individual flies' histograms prior to averaging. We apply the Benjamini/Hochberg
procedure to adjust the p-values for multiple comparisons of the bins. Secondly, we compare the
distribution as a whole by conducting both an unpaired t-test and Mann-Whitney U test with a
sample comprising the mean observation for each fly (that is, averaging the source data, not the
histogram bin heights), and provided the p-values of the comparisons on the plots. For
comparisons between the histograms of the first and third training sessions within the same

group, a paired t-test is employed.
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5. Sexual dimorphism and molecular basis for NVSL

5.1 Introduction

In the past chapters, | have shown that flies can use various non-visual cues to learn a
spatial goal and revealed some of the supporting neural substrates. In this final result chapter, |
will leverage the findings | have to address the genetic basis for NVSL in Drosophila. |
approached this by employing three different approaches. First, | asked if males and females learn
differently. Second, | asked whether different wild-caught strains show differential levels of

learning. Third, | asked what genes might be differently regulated after NVSL.

5.1.1 The genetic regulation of animal behaviors

Many complex behaviors that animals exhibit are under genetic regulation. For instance,
reproductive behaviors such as the male-specific courtship behaviors in flies are regulated by the
splicing of the fruitless gene (Demir & Dickson, 2005; Manoli et al., 2005; Ryner et al., 1996).
The difference in pair bonding behaviors between male prairie voles and meadow voles are due to
differences in the enhancer for the VV1a vasopressin receptor gene in the brain (Liu et al., 2001).
In addition, various social behaviors undergoes molecular regulation (Robinson et al., 2008). For
example, the expression level of the foraging (for) gene regulates the shift between hive works to
foraging of bees (Ben-Shahar et al., 2002). Further, mutations in the foxp2 gene can disrupt the
communication ability of many animals such as mice (Shu et al., 2005), songbirds (Haesler et al.,
2007), and humans (Groszer et al., 2008). Moreover, aggressive behaviors have been shown to be
regulated by serotonin levels in the brain (Cases et al., 1995; Popova, 2006; Saudou et al., 1994).

Aside from innate behaviors, animals’ learning and memory ability has also been shown
to be under genetic regulation. Studies have shown that a mutation in a-calcium-calmodulin-

dependent kinase 11 (CAMKII) disrupts LTP in the hippocampus that leads to impairment in
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spatial learning (Matynia et al., 2002; Silva, Paylor, et al., 1992; Silva, Stevens, et al., 1992). In
addition, previous studies have found that blocking NMDAR in the hippocampus impairs LTP
and causes impairment in spatial learning ability (Morris et al., 1986; Tsien et al., 1996).
Moreover, some studies have shown that the protein kinase A (PKA) level in the hippocampus
regulates the consolidation of long-term contextual fear memory and spatial memory (Abel et al.,
1997; Mizuno et al., 2002).

Studies in recent decades have revealed molecules that support learning and memory in
flies as well. For instance, studies have shown that mutations in dunce or rutabaga gene impair
olfactory learning (Dudai et al., 1976; Livingstone et al., 1984; Waddell & Quinn, 2001).
Additionally, studies have found that the gene radish is required for anesthesia-resistant memory.
There are other two genes, amnesiac and turnip, whose mutations result in faster memory decay
but no change in learning (Quinn et al., 1979). Further, similar to mammals, both PKA and
CAMKII are essential for associative learning in flies (Griffith et al., 1993; Skoulakis et al.,
1993), indicating the conservation of some molecular mechanisms in regulating learning and
memory across species. Therefore, NVSL is potentially also under genetic control, but the
identities of these genes are still unknown.

In the opposite direction, learning has also been shown to induce gene expression
changes in animal brains. With the fast development of sequencing techniques, studies have
revealed many genes whose expressions are associated with learning and memory. For instance,
with transcriptomic analysis of the mice hippocampus after Morris water maze task, people have
shown that the mice that show better learning performance have increased expression levels of
genes that are involved in AMPA receptor signaling and long-term potentiation (Reshetnikov et
al., 2020). Thus, NVSL can potentially induce expression level changes in some genes, especially

the genes that are critical for spatial learning.
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5.1.2 Sexual dimorphism in animal behaviors

Sex-specific differences in behavior can also be considered to be under genetic control, as
many of such differences can be traced to the sex chromosomes. Many innate behaviors are
sexually dimorphic. For instance, reproductive behaviors such as parental care differ between
male and female rats: During the first exposure to pups, male rats show little parental behaviors
while female rats quickly show maternal behaviors, which are regulated by several hormones
including estrogen and oxytocin, and require the preoptic area of the hypothalamus (Kelley, 1988;
Moltz et al., 1970; Pedersen et al., 1982; Pfaff & Keiner, 1973). In addition, courtship behaviors
in Drosophila melanogaster including chasing, tapping, wing extension, and licking are male-
specific and under regulation from sexually dimorphic neural and molecular substrates regulated
by the different isoforms of the fruitless gene (Demir & Dickson, 2005; Hall, 1994; Jai et al.,
2010; Manoli et al., 2005; Ryner et al., 1996).

In addition to innate behaviors, sexual dimorphism also exists for spatial learning and
memory ability in many species: Studies in rodents have found that in some rodents such as deer
mice and meadow voles, males show range expansion during breeding season and increase their
spatial learning performance while females do not, which is potentially regulated by gonadal
steroids level (Galea et al., 1994; Galea et al., 1996; Gaulin & Fitzgerald, 1989; Williams &
Meck, 1991). Studies also showed sexual differences in the ability to use spatial cues in other
vertebrates such as fishes (Jozet-Alves et al., 2008; Sovrano et al., 2003) and birds (Vallortigara,
1996), indicating that sexual dimorphism in spatial learning and memory might be a common
phenomenon in animals. However, whether sexual dimorphisms also exist in NVSL in
Drosophila, and the behavioral strategies, neural and molecular substrates underlying such

potential dimorphism have yet to be explored.
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In this chapter, I will first describe my findings about the sexual dimorphism in the opto-
reward preference. | will also provide results about the different relationships between reward
preference and learning performance in males and females. Further, | will describe my findings
about the potential difference in using different behavioral strategies for NVSL between male and
female flies. Next, | will answer the question about whether NVSL is under genetic control by
describing my findings examining the natural variation of NVSL from 12 Drosophila
melanogaster strains collected from different places around the world. Lastly, I will answer the
question about whether NVSL can induce transcriptional changes in the brain by providing my
findings about using RNA sequencing to compare the transcriptome between experimental flies

and their paired yoked control flies after the spatial learning task.

5.2 Results

5.2.1 Males and females show different levels of preference for opto-rewards
Given that the flies’ spatial learning performance may be influenced by their differential
innate preference for the opto-rewards, | first tested whether male and female flies show
differences in their preference for the opto-rewards. Given that in the open-loop light preference
task, flies may receive strong activation away from the illuminated area as the constant light
below one half of the chamber may scatter and spill over to the other supposedly dark side, |
chose to use the closed-loop light preference task instead (see section 5.4.5), which has the same
spatial design as the open-loop task, but the light was turned on (2 pulses/s) only when the fly
entered the top side of the arena. Curiously, | found that male and female flies showed a similar
trend of decreasing their light preference as the light intensity increased. However, there were
significant sexual differences in light preference at all the light intensities (Fig. 22A). This result

suggests sexual dimorphism does exist in the opto-reward preference.
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Figure 22: Sexual dimorphism exists in the preference to opto-rewards. A. The

closed-loop light preference of male and female flies under different light intensities.

5.2.2 Males and females show opposite correlations between closed-loop
reward preference and spatial learning performance

Next, | wanted to test whether there is any specific correlation between flies’ spatial
learning performance and their opto-rewards preference. | found that the correlation between
spatial learning index and closed-loop light preference were high for both sexes, however,
surprisingly, while male flies showed a clear positive correlation between closed-loop light
preference and learning performance, female flies showed the opposite correlation (Fig. 23A).
This result again indicates that male and female flies might be motived differently by rewards for

learning the spatial goal.
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Figure 23: Sexual dimorphism exists in the correlation between reward preference
and NVSL performance. A. The closed-loop light preference and spatial learning index are
positively correlated in male and negatively correlated in female flies.

5.2.3 Males and females have different levels of peak performance in NVSL
Since | have shown that sexual dimorphism exists in innate opto-reward preference and
the relationship between reward preference and learning, it is possible that there is also a
difference in the peak learning performance between male and female flies. To answer this
guestion, | re-examined the NVSL of male and female flies under different light intensities and
compared the learning index of males learning under 7% light (peak for males) vs, females
learning under 100% light (peak for females). | found that the peak learning performances

between male and female flies were statistically different (Fig. 24A, B), and females appeared to

be superior in learning.
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Figure 24: Sexual dimorphism exists in spatial learning performance. A. The spatial
learning index of male and female flies under different light intensities. B. The peak spatial
learning index of male and female flies over all the light intensities tested.

5.2.4 Males and females preferentially rely on different strategies for NVSL
So far, | have focused on exploring the quantitative differences in reward /light
preference and in learning between the sexes, | next wanted to explore if the two sexes show
qualitative differences in NVSL as well: Whether the sexual differences in NVSL ability are
derived from different behavioral strategies male and female flies use for NVSL. To answer this
guestion, | tested if males and females are different in relying on olfactory landmarks cues for
learning the spatial goal by removing the third segment of the antennae and tested their NVSL
performance in both the featureless flat and agarose chamber. Interestingly, | found that in the flat
chamber, while there was no difference in spatial learning index between male and female flies
with functional olfactory system, male flies showed a relatively large decrease in spatial learning
performance when their third antennae were removed, but female only showed a smaller
decrease, leading to a higher spatial learning index of female than male flies (Fig. 25A). In
addition, in the agarose chamber, although both male and female flies showed a significant
decrease in spatial learning performance when their antennae were removed, again the impact

was larger in male flies, which led to a lower spatial learning index of male than female flies (Fig.
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25B). Thus, sexual dimorphism exists also in the reliance on olfactory landmarks cues to learn the
spatial goal: male flies rely more on olfactory landmarks cues than female. Given that the control
male and female flies show similar spatial learning performance, this result further suggests that

females might rely more on egocentric cues, or are better at using them than males, to learn the

goal location.
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Figure 25: Sexual dimorphism exists in the reliance of strategies for NVSL. A. The
third segment of antennae removal caused a larger decrease in NVSL in male flies compared to
female flies in the featureless flat chamber. B. The third segment of antennae removal caused a

larger decrease in NVSL in male flies compared to female flies in the agarose chamber.
5.2.5 Natural variance exists in NVSL performance
The clear sexual difference in NVSL | observed raises the interesting question about how
learning ability is under genetic/molecular control. To answer this question, | tested the NVSL

performance in flat and agarose chambers using 12 wild-type Drosophila melanogaster strains

that are collected from various places around the world from the Cornell University Drosophila
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Species Stock Center. | found that these 12 WT fly strains showed varied levels of spatial
learning abilities in flat as well as in the agarose chamber (Fig. 26A, B), indicating that the NVSL
is indeed under genetic control as these flies were raised under the same condition in the lab.
More interestingly, | found that the learning abilities of the 12 WT strains in flat vs. agarose
chambers are not correlated: For instance, strain #16 showed a small improvement in spatial
learning ability from flat chamber to agarose chamber, while strain #37 showed a significant
amount of increase in spatial learning performance from flat to agarose chamber. This result
suggests that the ability of the flies to use egocentric/self-deposited olfactory landmark cues and

salient non-visual landmark cues for spatial learning is regulated by separate genetic mechanisms.
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Figure 26: Natural variance exists in NVSL performance in flat and agarose
chambers. A. The 12 WT Drosophila melanogaster strains with different genetic backgrounds
showed various spatial learning performances in the featureless flat chamber. B. The 12 WT
Drosophila melanogaster strains with different genetic backgrounds showed various spatial
learning performance in the agarose chamber.

5.2.6 NVSL induces transcriptional changes in various genes involved in the
Toll and Imd signaling pathways

To begin to address the possible genetic/molecular factors that contribute to differential
learning ability, | took an indirect approach by trying to find which genes might be induced by

NVSL. The rationale is perhaps some of these learning-induced genes may causally contribute to
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better learning and the differential learning ability | observed in different wild-caught flies might
be because these flies have different abilities to up- or down-regulate such genes.

To do so, I collected the experimental flies and their paired yoked control flies from the
flat chamber and agarose chamber after our NVSL task. Next, RNA from heads of four
experimental groups and four yoked group flies trained in flat and agarose chambers were
extracted and sent to the Novogene company for bulk RNA sequencing. Analysis of the
sequencing results showed that for NVSL in the flat chamber, 293 genes were differentially
expressed between the experimental vs. yoked flies, with 168 of them showed up-regulation and
125 showed down-regulation (Fig. 27A, B). Interestingly, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis showed that many components in the immune-related
Toll and Imd pathways were significantly upregulated (Fig 27C, D). Specifically, the molecules
involved in immune response such as immune-induced molecule 10 (IM10) and Cecropin A2
(CeCAZ2) were significantly upregulated and the negative regulator of the Imd pathway, pirk, was
significantly down-regulated in the experimental flies, leading to further upregulation of the Toll
and Imd signaling pathways (Fig. 28A) (Kleino et al., 2008; Myllyméki et al., 2014; Uttenweiler-

Joseph et al., 1998; Valanne et al., 2011).
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Figure 27: NVSL in the flat chamber included transcriptional changes in the fly
brain. A. The heat map showing the 168 up-regulated and 125 down-regulated genes in the fly
brain between the experimental flies and their paired yoked control flies after NVSL in the flat
chamber. B. The volcano plot showing significantly up-regulated and down-regulated genes in

the fly brain between the experimental flies and their paired yoked control flies after NVSL in flat
chamber. C. The KEGG gene enrichment analysis results showing the cellular pathways that
undergo significant changes after NVSL in the flat chamber. D. The KEGG gene enrichment
analysis results showing the cellular pathways that were down-regulated after NVSL in the flat
chamber.
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Figure 28: NVSL induced upregulation of multiple molecules in the Toll and Imd
signaling pathways. A. Schematic view of the Toll and Imd signaling pathways in flies, red
indicates up-regulation while green indicates down-regulation after NVSL in the flat chamber.
In addition, transcriptome analysis of flies that learned in the agarose chamber revealed
transcriptional changes in many genes as well (Fig. 29A-D). However, those genes are quite
different from the ones had been identified in the flat chamber: Some of the genes that were
upregulated in experimental flies are involved in ribosome biogenesis and glycerophospholipid
metabolism, and some of the genes that were down-regulated in experimental flies are involved in
sucrose metabolism, biosynthesis of amino acid, and pentose phosphate pathway (Fig. 29C, D).
Together my results suggest that NVSL indeed induces transcriptional changes in the fly brain.
Moreover, | found that the genes that undergo transcriptional changes are different between the

flat chamber and the agarose chamber (Fig. 30A-D), indicating that spatial learning using

different strategies might recruit different molecular pathways.
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Figure 29: NVSL in agarose chamber included transcriptional changes in the fly
brain. A. The heat map showing the 351 up-regulated and 449 down-regulated genes in the fly
brain between the experimental flies and their paired yoked control flies after NVSL in the
agarose chamber. B. The volcano plot showing the significantly up-regulated and down-regulated
genes in the fly brain between the experimental flies and their paired yoked control flies after
NVSL in the agarose chamber. C. The KEGG gene enrichment analysis results showing the
cellular pathways that were up-regulated after NVSL in the agarose chamber. D. The KEGG gene
enrichment analysis results showing the cellular pathways that were down-regulated after NV SL
in the agarose chamber.
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Figure 30: NVSL induced transcriptional changes in different groups of genes in the
agarose chamber compared with the flat chamber. A. The heat map showing the 2280 up-
regulated and 2245 down-regulated genes in the fly brain between the flies in the agarose
chamber and the flat chamber after NVSL. B. The volcano plot showing the significantly up-
regulated and down-regulated genes in the fly brain between the flies in the agarose chamber and
the flat chamber after NVSL. C. The KEGG gene enrichment analysis results showing the cellular
pathways that were up-regulated after NVSL in the agarose chamber compared with the flat
chamber. D. The KEGG gene enrichment analysis results showing the cellular pathways that
were down-regulated after NVSL in the agarose chamber compared with the flat chamber.
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5.3 Discussion

In this chapter, I have shown that sexual dimorphism exists both in flies’ innate
preference to the opto-rewards and spatial learning performance. Female flies generally showed
lower opto-reward preference and a negative correlation between closed-loop reward preference
and spatial learning index, while male flies showed the opposite positive correlation. In addition,
although male and female flies showed similar spatial learning at 25% light intensity, females
showed a higher peak learning index than males, and females showed peak learning performance
at around 100% light intensity while male flies showed peak learning performance at around 7%
light intensity. Further, | found that sexual dimorphism exists in the reliance on the behavioral
strategies for NVSL. Male flies rely more on olfactory landmarks cues for NVSL, while female
flies rely more on egocentric cues. Further, | have shown that natural variance exists in the NVSL
performance of different Drosophila melanogaster strains, and there is no correlation between
NVSL performance in the flat chamber and the agarose chamber, indicating that different spatial
learning strategies are regulated by different genes. Lastly, using transcriptome analysis, | found
that NVSL in flat and agarose chambers induce transcriptional change of different groups of
genes, further suggesting the idea that the molecular mechanisms underlying different behavioral

strategies for NVSL are different.

5.3.1 The frequency of light activation might affect the attractiveness of the
opto-reward

| found that flies’ opto-light preference in the open-loop and closed-loop tasks were quite
different, and in the closed-loop light preference task, female flies even showed negative light
preference when the light intensity was higher than 25%. One potential reason is that since the
opto-reward is based on activating 0273-Gal4 labeled neurons, which a recent study has shown

that it includes dopaminergic, cholinergic, GABAergic, and a few glutamatergic neurons, and the
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activation of a subgroup of cholinergic or glutamatergic neurons decreases the reward-seeking
(Jovanoski et al., 2023), the frequency of opto-rewards delivery may be critical for the strength of
the reward perceived by the fly. It is possible that the frequency I used in the closed-loop light
preference task (2hz), open-loop light preference task (chronically on) and spatial learning task
(frequency various depend on flies learning performance, around 0.05-0.3hz) activate different
subgroups of neurons labeled by 0273-Gal4 differently, which induces different behavioral
preferences of the flies. Future studies will try different opto-reward delivery frequencies for
closed-loop and open-loop light preference tasks to verify the hypothesis and to further test the
sexual dimorphisms and the correlation between reward preference and spatial learning

performance.

5.3.2 0273-Gal4 labels different neurons in different sexes

| found that although the trend of the open-loop and closed-loop light preference as light
intensity increases were similar between male and female flies, female flies generally showed
lower light preference in most of the intensities and a negative correlation between light
preference and spatial learning performance. One possible explanation is that the 0273-Gal4
driver labels a group of doublesex (dsx) positive neurons named P1 neurons in males and PC1
neurons in females, which are sexually dimorphic in morphology and functions in reproductive
behaviors (Von Philipsborn et al., 2011; Zhou et al., 2014) (Fig. 31A, B). Therefore, optogenetic
activating those neurons might induce some sexual specific behaviors which might then affect the

reward preference and spatial learning performance.
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Male Female

Figure 31: Sexual dimorphic male P1 and female PC1 neurons labeled by 0273-
Gal4. A. Male P1 neurons labeled by the overlapping between 0273-Gal4 and R71G01-lexA
driver. B. Female PC1 neurons labeled by the overlapping between 0273-Gal4 and R71G01-lexA
driver.
5.3.3 Females might be better at path integration than males
I have shown that although male and female flies both use egocentric cues and olfactory
landmarks cues for NVSL, female flies relied less on olfactory cues in both flat and agarose
chamber, and the peak spatial learning ability of female was higher than male flies in the
featureless flat chamber. The potential explanation is that female flies are better in using either
egocentric path integration or using olfactory landmarks to train the path integrator during NVSL.
In keeping with this idea, it is worth mentioning that a study showed that female worker bees are

better in learning to avoid an un-cued place with electric shocks than male drones (Dinges et al.,

2013).

5.3.4 The potential molecular mechanisms underlying NVSL

The transcriptome analysis results of the NVSL in flat chamber identified several
candidate genes of interest: While the Toll and Imd signaling pathways are primarily involved in
the innate immune response (Valanne et al., 2011), some studies have shown that Toll receptors
can regulate neuronal number and brain size, as well as modulate structural plasticity in the adult

brain, indicating their potential functions in learning and memory (Li et al., 2020; Li & Hidalgo,
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2021). Additionally, studies in other animals have also revealed the potential relation between
immunity and learning ability: Studies have shown that mice with deficiency in immunity showed
decreased spatial learning ability, which can be restored by increasing T-cell activation
(Brynskikh et al., 2008; Ron-Harel et al., 2008; Yirmiya & Goshen, 2011). Moreover,
inflammatory cytokines such as IL-1 (Avital et al., 2003; Goshen et al., 2007; Yirmiya et al.,
2002), IL-6 (Bianchi et al., 1998) and TNFa (Gerber et al., 2004) have been shown to influence
learning as well. Together, it is possible that some molecules that are involved in regulating
immune responses might also have a role in modifying flies’ NVSL performance.

Different from the transcriptome analysis results of NVSL in the flat chamber, the genes
identified in the agarose chamber were mostly involved in protein synthesis and metabolism. The
potential explanation is that the molecular pathways regulating NVSL with different behavioral
strategies are different. Perhaps spatial learning in the agarose chamber is energetically more
demanding for some reasons and the higher levels of protein synthesis might be required for MBs

to modulate their synapses

5.4 Method

5.4.1 Fly husbandry for the spatial learning task

See 2.4.1.

5.4.2 Fly genotypes

To test the sexual dimorphisms in NVSL and to perform RNA bulk sequencing (Fig. 22-
25, 27, 29, 30), | used norpA; +; UAS-CsC/0273Gal4.

To measure the natural variance in NVSL, | used 12 WT Drosophila melanogaster
strains from the National Drosophila Species Stock Center at Cornell University with the

following numbers: #14021-0231.16; #14021-0231.18; #14021-0231.37; #14021-0231.45;
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#14021-0231.47; #14021-0231.51; #14021-0231.52; #14021-0231.53; #14021-0231.55; #14021-
0231.57; #14021-0231.64; #14021-0231.120 and cross them with w; UAS-CsC/cyo; 0273Gal4
flies. The last two digits of the strain numbers were used for the corresponding WT fly strains in
Fig. 26.

To image the overlapping neurons labeled by 0273-Gal4 and R71G01-lexA drivers (Fig.

31), I used UAS>STOP=>CSC/71G01-lexA; 0273Gal4/LexAop-flp.

5.4.3 The spatial learning task

See2.4.4

5.4.4 The open-loop light/reward preference task

See 2.4.5

5.4.5 The closed-loop light/reward preference task

The closed-loop light preference task is another method designed to test the preference of
flies for the opto-rewards, which is performed in the flat chamber. The temporal structure of the
task is as follows: a 15-minute pre-training period, a 2-hour training session, and a 15-minute
post-training session. During the training session, the upper half of the chamber is illuminated
with a 250ms on 250ms off switching manner gated by the presence of the fly body center in the
upper half of the chamber. SkinnerTrax was used for real-time high-throughput fly tracking and

opto-reward delivery (Stern & Yang, 2017).

5.4.6 Bulk RNA sequencing
5.4.6.1 Sample preparation

Flies from the experimental group and their paired yoked control group were collected
immediately after the spatial learning task. Then the heads of the flies were removed and soaked

in TRIzol. Next, the total RNA from fly heads (20 heads per biological replicate) was extracted
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using the RNeasy kit. The RNA samples were then sent to Novogene for library preparation and

seguencing.

5.4.6.2 The workflow for RNA sequencing by the Novogene company

The total RNA of my samples first went through quality control then constructed library,
followed by library quality control and sequencing. The raw sequencing data then went through
data quality control and was mapped to the fly reference genome. Next, the expression levels of
mapped genes were quantified, followed by differential expression analysis and gene enrichment

analysis.

5.4.7 Data analysis
5.4.7.1 Reward index (RI)

See 2.4.6.1

5.4.7.2 Spatial learning index (SLI)

See 2.4.6.2

5.4.7.3 Light PI

See 2.4.6.4

5.4.8 Statistics
5.4.8.1 Plotting software

The plots were generated by R (lhaka & Gentleman, 1996) and GraphPad (Swift, 1997).

5.4.8.2 Statistical tests
Unpaired t-test with Welch’s correction is used for all group comparisons in NVSL.
Deseq? (Love et al., 2014) was used for the RNAseq data analysis.

Stars indicated for p-values are *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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6. Conclusion

In this dissertation, | have explored different behavioral strategies and the corresponding
neural substrates that flies use to learn a spatial goal without relying on prominent visual
landmarks. Additionally, | have revealed sexual dimorphism and possible molecular control
underlying such learning. In Chapter 2, | found that flies are capable of using PFN neurons-
mediated egocentric cues as a strategy for NVSL, but neither the heading direction signaling EPG
neurons nor the allocentric translational velocity signaling PFR neurons are required. In Chapter
3, | showed that when the environment does not have pre-existing salient olfactory cues, flies can
deposit scents near the goal and learn to treat them as olfactory landmarks to augment the
egocentric cues for learning the goal location. In addition, I discovered that the classical
conditioning center in fly brain, mushroom bodies, are required for supporting this spatial
learning strategy. In Chapter 4, | found that flies can significantly improve their spatial learning
performance when the environment is enriched with salient external odor landmarks, and they can
flexibly adjust their reliance on the behavioral strategies for NVSL depending on the availably of
various spatial information in the environment. In Chapter 5, | found that sexual dimorphisms and
natural variances exist in the ability and reliance on the behavioral strategies for NVSL, and
identified that some molecular candidates that are potentially involved in regulating NVSL.
6.1 The causal relation between spatially selective cells and spatial
learning

In Chapter 2, | have shown that one type of spatially selective cells in the fly brain, PFN
neurons, which represent egocentric translational velocity, are required for NVSL. This is a direct
piece of evidence showing that neurons representing spatial information in the animal brain are

contributing to spatial learning. Studies in recent decades have identified various types of neurons
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that encode spatial information (Moser et al., 2015). However, few studies have explored at the
behavioral level whether animals truly use those neurons to learn and memorize a goal location,
partially because the tools for specifically targeting those neurons of interest in mammal are
limited. Given the high-throughput nature of our NVSL task and the specific behavior strategies |
discovered, one can perform a large-scale screening on the spatially selective neurons in the fly
brain to determine the causal relation between those spatially selective cells and spatial learning.
Several types of them are of high interest: Some recent studies have identified the FC2 neurons
that encode an internal goal heading signal and one of their postsynaptic targets, PFL3 neurons,
that can compare the fly’s current heading and its internal goal heading to generate a steering
response to keep track of the goal direction (Mussells Pires et al., 2024; Westeinde et al., 2024).
Although the internal goal signal is critical during navigation, whether the FC2 neurons and PFL3
neurons are required for NVSL is unclear.

The exploration of the causal relationship between these spatially selective cells and
spatial learning is instrumental in validating specific neural circuit models and providing

substrates for determining how spatial memory is formed and retrieved during navigation.

6.2 The potential roles of MBs in supporting NVSL

In Chapter 4, | have shown that flies can use olfactory landmarks cues for NVSL, which
requires the functional classical conditioning center, MBs, in the fly brain. A recent study
proposed a computational model, endotaxis, and hypothesized that MBs have the potential to
serve as the hub for storing spatial memory (Zhang et al., 2023). However, there is no direct
evidence supporting this hypothesis for now, and an alternative potential role of MBs in solving
our spatial learning task is to simply assign different values to the olfactory landmarks and guide

the fly to either approach or avoid these landmarks, a strategy that does not require the
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representation of the spatial relation between landmarks and the goal location in the fly brain. To
answer the question of whether MBs might process the 2-D spatial information, future studies can
build an odor-driven virtual navigation task that can simultaneously track the 2D movement,
deliver various olfactory cues to the fly, and monitor Ca** dynamic of different components of
MBs to test whether place-specific activities gated by olfactory cues can be observed in MBs.

In Chapter 4, | have shown that MBs do not play additional roles other than olfactory
cues-driven spatial learning, indicating that MBs may not be involved in egocentric cues-driven
spatial learning or path integration. However, it is possible that the olfactory landmark cues are
used for training the path integrator to help decrease the error accumulated during navigation,
which has been discovered by a study in mice (Fischler-Ruiz et al., 2021). In this case, odor
information might be routed to the path integrator independent from MBs. Future studies can first
verify the parallel circuit relationship between MBs and PFN neurons by simultaneously silencing
MBKCs and PFN neurons and looking at its impact on NVSL. In addition, to further explore the
potential unexplored impact of MBs on egocentric cues-driven spatial learning as well as the
possible role for lateral horn (LH) in learning contexts different from ours, future studies can use
the fly brain connectome to identify the candidate neurons connecting between MBs and PFN

neurons and test their involvement in NVSL in chamber designs different from ours.

6.3 The potential genetic mechanisms that support NVSL

In Chapter 5, | have shown that natural variance and sexual dimorphisms exist in NVSL,
indicating that NVSL is under genetic regulation. To further identify the potential candidate genes
that regulate NVSL, future studies can perform an unbiased large-scale mutagenesis screen using
either chemical mutagens like ethyl methane sulphonate (EMS) or insertion of P elements

(Cooley et al., 1988; Nusslein-Volhard & Wieschaus, 1980). However, such mutagenesis screens
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usually miss lots of candidate genes, since eliminating them may cause animals to be sickly or die
early. Alternatively, future studies can perform quantitative trait loci (QTL) analysis using
genome-wide sequencing of single-nucleotide polymorphisms (SNPs) among the different WT
Drosophila melanogaster strains with various genetic backgrounds to map the genetic difference
that correlate with NVSL performance or strategies (Chen et al., 2008). After having identified
interested gene candidates with SNPs that are highly correlated to NVSL, targeted manipulation
of MBs or specific spatially selective cells such as PFN neurons using RNAI or overexpression
can further reveal the potential molecular and cellular functions of those genes in regulating
NVSL.

In Chapter 5, I performed bulk RNAseq to compare the transcriptome difference between
experimental and yoked control flies after NVSL in a featureless environment or environment
with salient non-visual landmarks, to test whether NVSL can induce any transcriptome changes in
Drosophila brain. | found that some candidate genes that are up-regulated after NVSL in the
featureless environment are primarily involved in the immune Toll and Imd signaling pathways.
However, the genes that are specifically required for regulating NVSL ability may function only
in a small number of spatially selective neurons so that their expression changes after NVSL
might be masked by other genes in bulk RNA sequencing of the whole head. Therefore, to gain a
more detailed understanding of the molecular mechanisms in regulating NVSL, future studies can
try to perform bulk RNAseq specifically with dissected fly brains after NVSL or perform single-
cell RNA sequencing with the neural substrates | have identified that are required for NVSL, such

as MBKCs or PFN neurons.
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6.4 Concluding remarks

In this dissertation, | have found that flies can use egocentric cues and both self-generated
and external olfactory landmarks to learn a spatial goal location in the absence of visual
landmarks and that flies can flexibly switch their reliance on those strategies depending on the
richness of non-visual landmarks cues available in the environment. In addition, | have identified
the neural substrates that are involved in NVSL and revealed the causality between specific
spatial selective neurons and spatial learning. Lastly, | showed that natural variances and sexual
dimorphism exist in NVSL, which sheds light on the potential genetic mechanisms involved in
regulating NVSL. Together, the work in this dissertation improves the fields’ understanding of
animals’ ability to use multisensory inputs for spatial learning and sets the stage for the next sets
of important experiments where one can begin to decipher 1) how acquisition, formation, and
retrieval of spatial information during spatial learning are implemented by specific neurons as the
animals engage in learning in real-time and 2) how such cognitive processes are influenced by

genes.
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