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Functional Labeling of Individualized Post-Synaptic Neurons
using Optogenetics and trans-Tango

Allison Castaneda
ABSTRACT

Neural circuitry, or how neurons connect across brain regions to form functional
units, is the fundamental basis of all brain processing and behavior. There are several
neural circuit analysis tools available across different model organisms, but currently the
field lacks a comprehensive method that can 1) target post-synaptic neurons using a pre-
synaptic driver line, 2) assess post-synaptic neuron morphology, and 3) test behavioral
response of the post-synaptic neurons in an isolated manner. This work will present
FLIPSOT, or Functional Labeling of Individualized Post-Synaptic Neurons using
Optogenetics and trans-Tango, which is a method developed to fulfill all three of these
conditions. FLIPSOT uses a pre-synaptic driver line to drive trans-Tango, triggering heat-
shock-dependent expression of post-synaptic optogenetic receptors. When heat shocked for
a suitable duration of time, optogenetic activation or inhibition is made possible in a
randomized selection of post-synaptic cells, allowing testing and comparison of function.
Finally, imaging of each brain confirms which neurons were targeted per animal, and
analysis across trials can reveal which post-synaptic neurons are necessary and/or sufficient
for the relevant behavior.

FLIPSOT is then tested within Drosophila melanogaster to evaluate the necessity
and sufficiency of post-synaptic neurons in the Drosophila Heating Cell circuit, which is a
circuit that functions to drive warmth avoidance behavior. FLIPSOT presents a new
combinatory tool for evaluation of behavioral necessity and sufficiency of post-synaptic cells.
The tool can easily be utilized to test many different behaviors and circuits through
modification of the pre-synaptic driver line. Lastly, the success of this tool within flies paves
the way for possible future adaptation in other model organisms, including mammals.



Functional Labeling of Individualized Post-Synaptic Neurons
using Optogenetics and trans-Tango

Allison Castaneda
GENERAL AUDIENCE ABSTRACT

The human brain is made up of billions of neurons, each of which are interconnected
in various ways to allow communication. When a group of connected neurons work together
to carry out a specific function, that group is known as a neural circuit. Neural circuits are the
physical basis of brain activity, and different circuits are necessary for all bodily functions,
including breathing, movement, regulation of sleep, memory, and all senses. Disruptions in
neural circuits can be found in many brain-related diseases and disorders such as
depression, anxiety, and Alzheimer’s disease.

One example of a neural circuit is that of temperature sensation. When someone
holds a cube of ice, temperature-sensing neurons in the hand pass signals along neurons in
the spine until they reach the brain. There, the signals are carried to various brain regions to
be processed and recognized as cold, and eventually, pain. When the sensory signals of
cold and pain grow too prominent to ignore, the person may move to avoid the feeling. In
this case, the brain will send signals back down to neurons responsible for movement in the
arm, allowing the person to drop the ice cube. Avoidance of temperatures that are too warm
or cold is an evolutionary trait that is important in preventing the body from harm.

Even in a relatively simple system like temperature sensation, neural circuits can be
complex and difficult to study, especially in higher order organisms such as mammals. For
this reason, it can be beneficial to use simpler animals such as Drosophila melanogaster, or
the common fruit fly. Flies have far fewer neurons than humans, meaning their neuronal
connections are also significantly less complicated, and there are many genetic tools
available in flies that aren’t available in mammalian models such as mice. Additionally, flies
are inexpensive, easy to raise, and grow quickly, making them ideal for troubleshooting new
tools and replicating experiments. Though somewhat different in anatomy, fly brain function
is similar enough to humans and other mammals that findings can often be applied across
species. Studies in flies can also be applied in other insects, such as mosquitoes, which are
notorious for carrying deadly diseases.

Though there are several available tools in flies to study neural circuits, many tools
are better for usage in sensory neurons themselves than in the neurons that carry signals in
the brain afterward. This work presents a new tool, abbreviated as FLIPSOT, that modifies
and combines several existing genetic methods in order to help examine those higher order
neurons. FLIPSOT allows users to determine which higher order neurons are important in
leading to behavioral responses, as opposed to carrying the signal to other brain regions,
such as those associated with memory. Then, FLIPSOT is implemented in a warmth-
sensing neural circuit known as the Heating Cell (HC) circuit and used to identify the higher
order neurons needed for fly warmth avoidance.

Development of tools such as FLIPSOT helps to expand our knowledge in the fields
of neural circuits and behavior. Genetic tools can also be more easily tested in flies prior to
attempting to implement them in other organisms, such as mice. Finally, studying
temperature in flies can help create a deeper understanding of how temperature sensation
works in all animals, including humans.
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CHAPTER 1: INTRODUCTION

1.1 Neural circuits are fundamental units of brain function

Primitive brains can be found in animals as simple as the planarian, a type of
flatworm capable of responding to several types of stimuli. Despite the obvious differences
between flatworms, humans, and all of the organisms in between, their nervous systems
show some surprising similarities: sensory neurons synapse onto other neurons in the brain
using neurotransmitters, creating a chain reaction of sensory integration that culminates in a
behavioral response (Sarnat & Netsky, 1985). Systems of neurons that communicate with

each other to execute a common function are known as ‘neural circuits’ (Bear et al, 2020).

Neural circuits are imperative for all brain functions, from reflexes and breathing to
more complex processes such as learning and memory. Disruptions in neural circuitry have
been linked with mental illnesses such as depression/anxiety, neurodevelopmental
disorders, and neurogenerative disorders such as Alzheimer’s disease (McTeague et al,
2017; Sahin & Sur, 2015; Werner et al, 2019). Despite their importance, the neural circuitry
for most brain processes is not well described. Neural circuits can be difficult to study, as
they often span several regions of the brain and can feature neurons with long, thin
processes that are tricky to visualize. Studying these circuits can help to further explain
behaviors, give context to less well-known regions of the brain, and help to understand the

molecular mechanisms of the neurons that make up each circuit (Olsen & Wilson, 2008).

1.2 Drosophila is an excellent model for studying neural circuits

Drosophila melanogaster, a species of common fruit fly, is an extremely valuable
model organism for studying neural circuitry. They possess far fewer neurons than more

complex models, have a vast array of genetic manipulations available, and display a wide
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range of behaviors that can be correlated with higher order organisms (Olsen & Wilson,
2008; White, 2019). Despite their small size, flies have a large variance in neuronal cell
types and utilize similar kinds of neurotransmitters and ion channels to the ones mammals
do (Venken et al, 2011.) They are inexpensive, have a fast generation time with many
offspring, and are well-characterized, both genome and anatomy-wise (Jeibomann & Paulus,
2009). Investigating neural circuitry and behavior in Drosophila can provide important
insights into the evolution of behavior as well as brain function in higher order organisms

(White, 2019).

Studying animals with fewer neurons is advantageous because it reduces the
complexity of the brain while still allowing for an observable behavioral response. A neural
circuit by definition must span multiple brain regions in order to integrate incoming signals
and subsequently perform its designated function; therefore, the fewer neurons in the brain,
the smaller the typical circuit, and the easier it is to study and characterize. Additionally,
because the Drosophila brain is physically compact, it is possible to image and analyze the
whole adult brain at once instead of requiring slicing (White, 2019). When combined with
certain circuit visualization techniques, this allows easy visualization of connections between

neurons as well as circuit shape and morphology (Ni, 2021.)

The abundance of genetic tools available in Drosophila makes visualizing neural
circuits as well as testing their function much easier. Binary expression systems, which are
genetic systems that use a transcriptional activator paired with a specific binding site to
activate the expression of a gene, allow a high degree of manipulation of groups or even
singular neurons through use of neuron-specific promotors (Figure 1; Venken et al, 2011).
Optogenetic techniques allow control of behavior through genetic means, permitting the
assessment of the necessity and/or sufficiency of specific neurons for certain behaviors

(Klapoetke et al, 2014; Mauss et al, 2017). These tools rely on the relative ease of genetic



manipulation of Drosophila and can be implemented through genetic crosses,

recombination, and the usage of balancer chromosomes (Miller et al, 2019).

Figure 1: Drosophila binary expression systems
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Figure 1. Drosophila binary expression systems feature usage of a promoter of

choice to drive expression of a transcription factor (GAL4, QF, or LexA). Each transcription
factor can then bind to a specific corresponding sequence (UAS, QUAS, or LexAop,
respectively) to drive transcription of a reporter or other gene of interest. In this way, binary
expression systems limit expression of that gene to cells with the desired promoter, allowing

users to restrict gene expression spatially, temporally, or in numerous other ways.

The Drosophila nervous system has been used to study circuits involved with all five
senses: sight, smell, taste, touch, and hearing (Larderet et al, 2017; Couto et al, 2005; Kim
et al, 2017; Tuthill & Wilson, 2016; Boekhoff-Falk & Eberl, 2014). Locomotion and flight,
along with more complex circuits such as those associated with courtship, memory, pain,
and circadian rhythms have also been studied (Lehmann & Bartussek, 2017; Takayanagi-

Kiya and Kiya et al, 2019; Keene & Waddell, 2007; Neely et al, 2011; King & Sehgal, 2020).



However, not all of these circuits are fully understood, and there are many facets of the
nervous system left to explore. One such group of circuits that have not yet been fully
described are those involving temperature sensation. Though there are several known
temperature receptors as well as thermosensory neurons, much less is known about the
circuits involved thereafter (Hamada et al 2008; Ni et al 2013; Ni et al 2016). Investigating
these systems in Drosophila, with its relatively simple brain, gives an excellent foundation for

studying the circuits behind similar behaviors in more complex organisms.

1.3 Drosophila Heating Cells activate a neural circuit with a simple behavioral output

Temperature is an important part of survival for all animals; if it is too hot or too cold,
even humans can experience weakness, fatigue, illnesses like heat stroke, and death
(Seltenrich 2015). Rising temperatures due to climate change have been predicted to cause
overwhelmingly negative physiological and metabolic disruptions in mammals such as
livestock animals, as well as many other animals, particularly those in warmer latitudes
(Lacetera, 2019; Deutsch et al, 2008; Burraco et al, 2020). Heat failure rates in terrestrial
ectotherms have been modelled to increase by as much as several hundred percent in the
next century (Jargensen et al, 2020). As our planet increases in temperature, it is important
to study the basis of temperature sensation so that we can work to understand these

physiological effects on both people and animals.

External temperature is especially important for those animals who cannot regulate
their own internal body temperatures, like Drosophila. Flies’ small size means that their
internal body structures will quickly reach the temperature of their environment (Garrity et al,
2010). Placing flies in a vial at 40°C for 10 minutes begins to incapacitate the animals and
causes death shortly afterward (Neely et al, 2011). Thus, it is vital for them to be able to

avoid noxious temperatures. There are also more sophisticated behaviors that rely on
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temperature, such as mating and food preference (Miwa et al, 2018; Brankatschk et al,
2018). Females respond to courtship at much lower rates as temperature increases,
eventually stopping altogether at 36°C, and may choose different places to lay eggs
depending on temperature (Miwa et al, 2018; Dillon et al, 2009). This makes temperature
extremely important for both reproduction and individual fithess of the species, even when it

is not a temperature that is fatal to the animal.

The impact of temperature on Drosophila evolution can be inferred by their
extraordinarily sensitive evasive response to non-optimal temperatures. Wild type flies highly
prefer 25°C (about room temperature) over higher or lower temperatures, even ones
differing by just a few degrees (Dillon et al, 2009). Flies will quickly avoid unfavorable
temperatures in a process termed thermotaxis (Garrity et al, 2010). In order to produce such
a rapid behavioral output, flies use several different types of thermosensory neurons to
sense non-optimal temperatures. When these neurons activate, they trigger the activation of
their respective neural circuits, which ultimately can lead to avoidance behavior (Hamada et
al, 2008; Ni et al, 2013; Ni et al, 2016). Thus, thermosensory avoidance circuits are an
example of relatively simple circuits with a sensory input that leads eventually to a motor
output, i.e. moving away from the aversive temperature. This avoidance can also be

integrated to create a memory and learned response (Putz & Heisenberg, 2002).

The Drosophila Heating Cell circuit is one such example of a thermosensory
avoidance circuit. Heating cells, or HCs, are located in the arista of the fly, which is a thin,
hair-like structure that protrudes from the third segment of the antenna. In order to sense
warm temperatures, HCs express a thermosensory receptor called GR28b(D). GR28b(D) is
a member of the gustatory receptor family; it has been demonstrated as thermosensitive to
temperatures starting at about 26°C (Ni et al, 2013). GR28b(D) is one of several

thermoreceptors that have been described in Drosophila, a category that also contains



transient receptor potential (TRP) channels such as TRPA1 and ionotropic receptors (IRs)
such as IR21a (Hamada et al, 2008; Ni et al, 2016). GR28b(D) itself has been described as
a nonspecific cation channel, and it confers temperature sensitivity to other neurons when
ectopically expressed, proving its sufficiency as a thermosensor (Ni et al, 2013; Mishra et al,
2018). GR28b(D) is also necessary for rapid negative thermotaxis (Ni et al, 2013). Thus,
once GR28b(D) is activated by warm temperatures, it drives activation of the HCs which

then triggers the HC neural circuit.

The HCs have long, thin processes that allow them to travel, or project, from the
arista into the brain (Figure 2). There, they converge on a region called the Posterior
Antennal Lobe (PAL) in a specific glomerulus called VP2 (VP, ventroposterior; Gallio et al,
2011). The second-order neurons of the circuit, or the neurons that are post-synaptic to the
HCs, consist of local interneurons (which connect to other areas in the antennal lobe) as
well as far-reaching projection neurons (PNs). These PNs project and carry information to

other regions of the brain.

Figure 2: Drosophila Heating Cells project from the arista to the brain
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Figure 2. The three Heating Cells (HCs) located at the base of each arista project to

the VP2 glomerulus, which is located in the medial posterior region of the antennal lobe.



Several HC PNs that project from the antennal lobe to other brain regions have been
previously described; they will be referred to here as antennal lobe tracts (ALTs) based on
their relative morphology and positioning in the brain. Frank et al depicted warm-responsive
neurons that follow three general tracts: a medial tract (mALT) that curves up through the
mushroom body and lateral horn, then back down the lateral side of the brain; a lateral tract
(IALT) with neurons that curve outwards and upwards toward the lateral horn, sometimes
with a sharp bend back downwards toward the posterior lateral protocerebrum (PLP); and a
transverse mediolateral tract (mIALT) that starts upwards along the medial path before
cutting diagonally outwards toward the lateral horn. The mushroom body and lateral horn
are both regions of the brain that are known for sensory processing, while the PLP is a less
well-known region that can thus be inferred as important in temperature processing. The
described medial tract PNs were shown to be necessary for rapid avoidance of 30°C;
however, whether the neurons were sufficient for this behavior was not tested. Additionally,
although the driver line for the behavioral experiments was tested for synaptic connection to
the HCs, the behavioral response was not tested for reliance on the HCs nor GR28b(D)

(Frank et al, 2015).

Liu et al describe two warm-responsive PN types: one PN type which follows a
similar path as Frank et al’'s medial tract, arcing up and around through the mushroom body
and lateral horn before curving back down laterally toward the PLP, and a more lateral PN
type that curves outward through the PLP and up toward the lateral horn. The neurons’
responses to warmth were eliminated after removal of the arista, but interestingly, they
continued to respond to warmth even in a Gr28b.d mutant background, a process explained
by potential disinhibition by the cool-responsive circuits (Liu et al, 2015). However,

behavioral responses were not tested in this study, and since the initial search for PNs was



done through screening driver lines, it is highly possible that there are additional warm

responsive PNs not described here.

Marin et al took a different approach to identify several thermosensory PNs, using
electron microscopy data to find neurons that project from the VP2 to other areas of the
brain. They were able to reconstruct at least 13 different PNs, some of which also receive
input from other VP areas, and many of which are similar in morphology to those described
by either Frank et al or Liu et al. One notable exception is a mediolateral transverse neuron
(tALT) that follows a path to the lateral horn similar to Frank et al’s transverse tract;
however, instead of cutting straight across to the lateral horn, there is a recognizable bend
in the middle. They also define a new small brain region, called the lateral accessory calyx
(IACA), which is a part of the mushroom body that receives input from several
thermosensory PNs (Marin et al, 2020). This study thoroughly described the morphology of

many VP2 PNs, but did not experimentally assess PN function, behaviorally or otherwise.

Despite the studies that have been done to investigate the HC PNs, more work will
need to be done to firmly assess which PNs are necessary and/or sufficient for behavior
driven by HC activation. From there, further advances can be made in determining the next
neurons important for driving the behavioral circuit, both third-order and beyond. Studying
circuits like the HC circuit in Drosophila can help us to understand temperature responses in
similar ectotherms such as mosquitoes, who also rely on temperature in order to seek hosts
for blood feeding (Wang et al, 2009; Corfas & Vosshall, 2015). Additionally, Drosophila
serves as a simpler, more genetically tractable model for elucidating temperature circuits,
and these circuits can then be used as a basis to study those in higher order organisms

such as mammals.



1.4 Current neural circuit analysis tools

The many tools currently available to help examine neural circuits can be broadly
divided into two categories: those that allow visualization of circuit morphology and/or
synaptic connections, and those that allow functional analysis of the neurons. Though all of
these tools are useful in different ways, each of them has different strengths as well as
limitations to their usage. Additionally, there are certain desirable capabilities that the current
available tools lack, such as the ability to concurrently assess morphology and function.
Below is a general discussion of some of these tools; PA-GFP, GRASP, TRACT, trans-
Tango, BAcTrace, and electron microscopy are tools that are typically used to assess
morphology and/or synaptic connections, while calcium imaging, paired recording, and

thermo/optogenetics are tools that are used to assess function.

Photoactivatable GFP (PA-GFP) is a green fluorescent protein variant that increases
in fluorescence after exposure to both irradiation and excitation. This method was first tested
in cell lines, but has later seen use in several models, including Drosophila and mice
(Patterson & Lippincott-Schwartz, 2002; Frank et al, 2015; Peter et al, 2013). This method is
useful in visualization of post-synaptic neuron morphology by expressing PA-GFP in all
neurons, then targeting certain pre-synaptic terminals in order to photoconvert the GFP.
Neurons with post-synaptic terminals in the same region will also experience
photoconversion, and the GFP will diffuse along the length of the cell, hence allowing
visualization (Venken et al, 2011). This method is useful in that the photoconversion can be
very specifically targeted to a certain area. However, it has drawbacks in that it is relatively
invasive. It also does not truly confirm synaptic connections, as cells are photoconverted

based on proximity rather than activity, function, or ligand binding.

GRASP, or GFP Reconstitution Across Synaptic Partners, is a system that involves

expressing paired fragments of GFP the membrane of different neurons. When cells are
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close enough for the complementary fragments to unite, such as at the synapse, GFP will
fluoresce and allow visualization of those areas. GRASP was a tool initially created in
Caenorhabditis elegans, but it has since been used successfully in Drosophila as well as in
mice (Feinberg et al, 2008; Shearin et al, 2018). Different variants of GRASP have also
been developed, such as t-GRASP, which pairs its split GAL4 fragments with proteins that
localize them specifically to either the pre- or post-synaptic membrane. This allows for a
more confident assessment of synaptic connections (Shearin et al, 2018). GRASP is an
excellent tool for validation of synapses and can even predict the directionality of a synapse
if variants such as t-GRASP are used, though the tool is limited in that it requires a driver for

both the pre- and post-synaptic neuron in order to enable expression of the GFP fragments.

TRACT (transsynaptic control of transcription) and trans-Tango are two methods that
use pre-synaptic drivers to express reporters in post-synaptic neurons. They do this through
usage of multiple fusion proteins, one of which is an exogenous ligand that is selectively
localized to pre-synapses. The fusion protein receptor for the ligand is expressed in all
neurons and is localized to post-synapses. When expression of the ligand is driven in a pre-
synaptic neuron, the ligand will bind only to receptors expressed on cells that are post-
synaptic to the original neuron. The receptor binding triggers a cleavage event, freeing an
attached transcription factor that can then translocate to the nucleus and activate reporter
expression. These two methods differ in several ways. Firstly, the exogenous fusion proteins
and receptors are different; TRACT relies on the mouse CD19 antibody and its receptor, as
well as parts of the Drosophila Notch pathway, while frans-Tango uses human glucagon and
its receptor. The portions of the fusion proteins used to localize the ligand and receptor to
the pre- and post-synapse respectively are also different between the systems. Finally,
trans-Tango utilizes GAL4-UAS as the primary driver expression system and the Q system

as a means to express the reporter, while TRACT uses LexA-LexAop as its primary system
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and a modified GAL4 to express the reporter (Huang et al, 2017; Talay et al, 2017). Despite
the relative similarities between the two methods, trans-Tango has seen much more usage
than TRACT; the trans-Tango study has roughly five times the amount of citations as the
TRACT study on PubMed (98:20 at the time of this writing) and has been used to study a
wide range of circuit types (Ni 2021). This is more likely due to the compatibility of trans-
Tango with GAL4 than to an issue with the TRACT system as a whole, as there is a large
abundance of pre-existing GAL4 driver lines compared to that of LexA, so the likelihood of
finding a GAL4 driver for a primary neuron of interest is much higher (del Valle Rodriguez et
al, 2012). However, both TRACT and frans-Tango are useful tools for confirming
anterograde synaptic signaling, and while neither include a functional component on their
own, the reporter in the post-synaptic cell could easily be replaced with a genetic component

that allows for functional assessment.

In contrast to anterograde tracers such as TRACT and trans-Tango, BAcTrace
(which stands for botulinum activated tracer) is used for retrograde tracing, or post-synaptic
to pre-synaptic. The tool is based on a botulinum toxin mechanism that allows the fusion
protein, which is initially expressed on the outside of the post-synaptic cell, to cross to the
pre-synapse. There, it binds to another fusion protein, which is a receptor that is made
available on the inside of the synaptic vesicle during vesicular neurotransmitter release.
Then, the vesicle is reabsorbed into the pre-synaptic cell, and the transcription factor
originally attached to the receptor is released by a cytosolic protein and translocates to the
nucleus to activate reporter expression. Besides acting in the opposite direction from the
other trans-synaptic tracers, BAcTrace also differs in that it requires a separate, non-
overlapping driver line for expression of the ligand (GAL4) and the receptor (LexA) instead
of just the ligand (Cachero et al, 2020). This is due to the toxicity of the receptor when

expressed in all neurons, but unfortunately it also limits the tool in that discovery and

11



verification of synaptic connections can only occur if both a specific post-synaptic driver as
well as a less specific pre-synaptic driver exist. This also may lead to confirmation bias on
the part of the experimenter, since choice of pre-synaptic driver may accidentally exclude
other possible pre-synaptic neurons. Additionally, as with TRACT, availability of LexA lines
is more limited compared to GAL4. BAcTrace is a useful method for confirming pre-synaptic
connections, but it does not inherently include a functional component and may be best

used alongside another method for validation.

Electron microscopy (EM) can be used for neural circuit analysis by taking partial or
entire volumes of the brain, then analyzing the processes of neurons to find visible
indicators of synaptic activity. The first full adult fly brain EM volume was completed in 2018
and has been pivotal in broad connectomics studies (Zheng et al, 2018; Marin et al, 2020).
Other partial volumes of the fly brain also exist and have been used to study circuits and
synaptic connections (Scheffer et al, 2020). However, the low number of volumes available
makes comparative analysis either difficult or impossible depending on the brain region of
interest, and analysis is specialized and time consuming. EM analysis is useful for discovery
of synaptic connections and comparison to genetic tracing methods, but it cannot confirm

functional connectivity, nor does it currently account for variation between animals.

Paired recording and calcium imaging are two methods that are often used for
functional analysis of neurons. Paired physiological recording does not necessarily require a
driver line and allows a side-by-side comparison of the change in membrane voltage of two
neurons, which can help elucidate information about the synapse as well as about functional
response to a stimulus. (Bykhovskaia & Vasin et al, 2017). However, in vivo paired recording
in the brain is extremely challenging due to the small size of Drosophila neurons, so it is
often not as feasible as other methods. Calcium imaging involves the usage of fluorescent

calcium indicators to measure the amount of calcium influx into the neuron, thereby
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measuring neuronal activity. Synaptic or circuit activity can be assessed through expression
of the calcium indicator using a driver line that labels multiple cells in the circuit (Vajente,
2020). Calcium imaging is a good method for both confirmation of synaptic activity and
functional assessment of neurons, but it is not as useful for investigation of morphology.
However, pairing of calcium imaging with other trans-synaptic tracing techniques such as
trans-Tango allows the assessment of morphology, synaptic connection, and neuronal

activation in tandem (Guo et al, 2018; Snell et al, 2022).

Optogenetics and thermogenetics are techniques that involve using driver lines (the
“genetic” component) to target expression of a receptor that can be activated by light or
temperature, respectively. This allows external activation of the neuron, after which any
potential behavioral changes can be assessed (Mauss et al, 2017; Mishra et al, 2018).
Neurons can then be visualized after the fact, since these receptors are typically tagged with
fluorescent reporters. These techniques can also be used in combination with calcium
imaging as a source of stimulation for a circuit or group of neurons. Optogenetics is more
widely used and has been utilized in several different models including mice, but its ability to
assess mouse behavior is hindered by the need for an intracranial implant to deliver light
(Moulin et al, 2021). Drosophila are much more conducive to optogenetic behavioral
manipulation, as their smaller size and relatively thin cuticle allows light to penetrate the
brain without invasive surgery. Since opto- and thermogenetics require driver lines, they are
not very useful for initial screens of synaptic connections, but they can be used for
confirmation of connections as well as for functional assessment of different parts of a

circuit.

The above tools have allowed for many discoveries in the field of neural circuit
analysis in both Drosophila and other models. However, many methods require specific

driver lines, intricate experimental methods, or are limited in what they are able to help
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assess. Creating new combinations of existing tools, such as the addition of calcium
imaging to frans-Tango, can help to fill these gaps and further facilitate the study of neural

circuits (Snell et al, 2022).

1.5 Developing a tool to allow behavioral assessment of post-synaptic neurons

The HC neural circuit still has several associated unanswered questions. There are
not yet proper candidates for which PNs are necessary or sufficient to drive avoidance
behavior, and information is not yet available about third-order neurons of the circuit and
beyond. In order to “crack” the warmth avoidance circuit driven by the HCs, it is imperative
to deduce the necessary and/or sufficient PNs, after which necessary and/or sufficient third-
order neurons, etc. can be studied and defined. Eventually, tracing far enough along the
circuit will lead to motor output neurons, at which point the full warmth avoidance circuit

would be completed.

Though many useful tools exist for neural circuit tracing and functional analysis,
there is not yet an existing tool that allows for both behavioral analysis of post-synaptic
neurons as well as assessment of pre-synaptic connection. Additionally, many tools require
driver lines, which are sometimes limited in availability and can bias the resultant outcome.
Sensory neurons lend themselves more easily to creation of new driver lines due to the
prominence of receptors that can be used as markers as well as distinctive locations outside
the brain, but PNs tend to have more complicated, less unique brain paths as well as less
distinctive expression of possible markers. Thus, isolating possible promoters to create PN
driver lines from is difficult, and though many studies screen randomized collections of driver
lines to find drivers specific to PN expression, this method often yields lines with additional

expression in unrelated neurons or lines that do not illuminate all of the PNs at once (Liu et
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al, 2015; Frank et al, 2015). Using a trans-synaptic tool like trans-Tango negates the need
for PN-specific driver lines, but the current iterations of trans-Tango do not involve a

behavioral component.

The second chapter of this work describes the conceptualization and creation of a
tool called FLIPSOT, or Functional Labelling of Individualized Post-Synaptic Neurons using
Optogenetics and trans-Tango. FLIPSOT is a frans-Tango and optogenetics based tool that
allows usage of a pre-synaptic driver line to target and assess behavioral function of post-
synaptic neurons. It also includes a randomization component, which is important for
ensuring that functional assessment of post-synaptic neurons can be isolated and
compared. Finally, it includes a fluorescent reporter as well as a control reporter for
visualization of morphology. The third chapter of this work goes on to describe the usage of
FLIPSOT to evaluate which HC PNs are necessary or sufficient to drive warmth avoidance
behavior. The HC PNs are characterized and described, and the necessary or sufficient PNs

are elucidated through single-fly behavioral experiments followed by imaging.

Drosophila is an optimal model for implementing new tools such as FLIPSOT
because of the extensive genetic resources and knowledge already available. Using tools
like FLIPSOT to explore the neural circuitry of temperature sensation will help to deepen
understanding of sensory systems as well as behavior and fly neural anatomy. Finally, tools
that are created and tested in Drosophila first can be more easily implemented in other

model systems, aiding the research community as a whole.
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CHAPTER 2: DEVELOPING FLIPSOT

2.1 Introduction

The neural circuitry of temperature sensation in Drosophila, particularly where it
involves third-order neurons and beyond, is not well described. Even second-order PNs are
surrounded by uncertainty as to their exact function within their circuits (Marin et al, 2020).
Sensory neurons, such as those that sense temperature, are typically the most well-
characterized neurons in their respective circuits due to unique receptors that can be used
as markers, as well as spatial positioning toward the outside of the brain, head, or even on
the body. However, neurons post-synaptic to the sensory neurons are much more difficult to
target due to less obvious markers, complex inner brain circuitry, and high degrees of
similarity in morphology between neurons that are part of different circuits altogether (Marin

et al, 2020).

While there are currently tools available to help describe morphology of post-synaptic
neurons using a pre-synaptic driver, none exist that work to assess the behavioral necessity
or sufficiency of these neurons (Talay et al, 2017; Huang et al, 2017). This work aims to

establish a method that will allow the possibility of such testing.

2.2 Establishment of FLIPSOT components

The first task in creation of the FLIPSOT tool was to decide on a method of targeting
the post-synaptic neurons. Two tools, TRACT and trans-Tango, were available for usage
and could be modified to suit our needs. In the end, trans-Tango was selected for use due to
its reliance on GAL4 driver systems compared to TRACT’s reliance on LexA. GAL4 is a far

more common driver, and many GAL4 lines exist for isolated expression in small sets of pre-
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synaptic neurons. However, TRACT was and still is a viable alternative, and could

potentially be used to extend the system in the future (see Discussion).

trans-Tango requires expression of several different genetic components in neurons
of interest (Figure 3). The first component is the trans-Tango ligand, which is a fusion protein
under GAL4-UAS control. It consists of a human glucagon protein, the extracellular domain
of human ICAM1 for length, and parts of Neurexin1, a Drosophila protein that functions to
localize the entire ligand to the pre-synaptic membrane. Usage of primarily human proteins
helps ensure that the system will not have off-target effects within the cell. All of these parts
combine to create a ligand which can be expressed specifically in pre-synaptic neurons,
localizes to the pre-synaptic membrane, and bridges across the synapse. The second
component of the system is the frans-Tango receptor. This fusion protein contains the
human glucagon receptor (a GPCR, G-protein coupled receptor) linked by a tobacco etch
virus (TEV) cut site to the transcription factor QF. Though this component is expressed in all
neurons, the receptor will only be bound and activated in neurons that are post-synaptic to
those that express the frans-Tango ligand. The third system component, a protease, is also
expressed in all neurons. It consists of a TEV protease linked to human beta-arrestin2,
which is a protein recruited upon activation of GPCRs such as the human glucagon
receptor. Once recruited, the TEV protease will cut at the TEV cut site, releasing the QF
transcription factor from the frans-Tango receptor. Finally, the system requires a fluorescent
reporter under QUAS control, which will be expressed once QF is free to translocate to the
post-synaptic nucleus. A separate pre-synaptic reporter under UAS control marks pre-
synaptic neurons for comparison (Talay et al, 2017). In sum, the system includes a ligand
expressed using a GAL4 driver in pre-synaptic cells, which will then bind to its receptor only
in post-synaptic neurons. Binding of the receptor recruits the protease, which allows

transcription factor QF to move to the nucleus and activate reporter expression in post-
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synaptic neurons. Thus, the frans-Tango system can be easily activated using pre-synaptic

drivers to reveal post-synaptic neuronal morphology.

Figure 3: The trans-Tango system

pre-synaptic post-synaptic
GAL4 allows expression of trans-Tango receptor binding allows
trans-Tango ligand reporter expression
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Figure 3. GAL4 expressed using a pre-synaptic promoter binds to UAS and drives
expression of the trans-Tango ligand (dark blue). The ligand translocates to the pre-synaptic
membrane, where it binds to the frans-Tango receptor (purple). Receptor binding recruits
the presence of a protease, which cleaves at the TEV cut site and frees the QF transcription

factor to move to the nucleus and activate reporter transcription.

Our interest in the trans-Tango system stemmed from the fact that its post-synaptic
reporter is under simple QUAS control. Though the Q system is not as widely used as GAL4
or LexA, it is becoming more common as a method for expression alongside either of the
latter systems (del Valle Rodriguez, 2012). More interestingly, in this case it represented an
opportunity to add a behavioral component to the trans-Tango system, as using trans-

Tango-driven QF-QUAS to control a method of behavioral manipulation would thereby
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restrict that method to the post-synaptic neurons. The next goal was thus to decide on a
method of manipulating behavior. To achieve the target of determining necessity and
sufficiency of post-synaptic neurons, two different methods were required: a way to inhibit
the neurons (to evaluate necessity) and a way to activate the neurons (to evaluate

sufficiency).

CsChrimson is a robust, well-tested, and widely used optogenetic activator in
Drosophila. It is a channelrhodopsin, which is a class of light-activated ion channels, and
was derived from the algae Chloromonas subdivisa. CsChrimson responds to red light and
allows an influx of positive ions when activated, causing strong depolarization and thus
activation of the neuron (Klapoetke et al, 2014). Since its conception, its establishing paper
has garnered over five hundred citations on PubMed, and there are multiple fly stocks
including CsChrimson that are publicly available. Thus, we decided to build upon

CsChrimson as our activator.

Choosing a method of inhibition was slightly more difficult, as it had to fulfill several
criteria: 1) it could not interfere with the function of CsChrimson, and vice versa, 2) it needed
to either be activated separately from CsChrimson or potentially overridden by CsChrimson,
and 3) it had to drive a robust response. We considered Halorhodopsin, which is a different
optogenetic channel that drives neuronal inhibition; however, it responds to yellow light,
which overlaps more closely in spectra to CsChrimson’s activation range than is desirable
(Inada et al, 2011). Ultimately, two different potential methods of inhibition were
investigated: inwardly rectifying potassium channels (Kir) and GtACR2 (Guillardia theta

anion-conducting channelrhodopsin 2).

Kir channels are channels that, when overexpressed, allow an increased amount of
potassium to leave the neuron. This causes hyperpolarization of the membrane, which

makes it increasingly hard to cause an action potential, and so overexpression of Kir is
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commonly used as a genetic method of neuronal inactivation (Hodge 2009). GtACR2 is from
a family of Channelrhodopsins that allows negative chloride ions into the cell instead of
positive ions, causing the cell to hyperpolarize and inhibiting the neuron. GtACR2 was
chosen over a similar channel, GtACR1, because GtACR2 is activated by blue light and as
such does not have an activation spectrum that overlaps as much with CsChrimson (Meloni

et al, 2020).

We theorized that the strong activation caused by CsChrimson may be enough to
overcome the hyperpolarization caused by Kir. To assess the possibility of using Kir along
with CsChrimson in this manner, we expressed both in Gr66a positive neurons; Gr66a is a
bitter sensing receptor that drives aversion to bitter tastes (Dweck & Carlson, 2020). Driving
CsChrimson in Gr66a+ neurons alone typically causes flies to display a strong aversive
response to red light (Aso et al, 2014). However, larvae expressing CsChrimson along with
Kir in Gr66a+ neurons neglected to show a statistically significant aversive response to light
compared to larvae raised without dietary all-trans-retinal (ATR), which is required for
optogenetic receptor function (Figure 4). This suggested that unfortunately the

depolarization of Kir+ prevented optogenetic activation by CsChrimson.
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Figure 4: CsChrimson does not negate the effects of Kir inhibition
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Figure 4. Gr66a-GAL4 was used to drive expression of both CsChrimson and Kir in
larvae. Larvae that were raised with (+) or without (-) dietary retinal were evaluated for
avoidance responses such as turns and stops when presented with short periods of red

light. Mann-Whitney test, n=10.

Therefore, we turned to GtACR2. GtACR2 was a relatively new optogenetic tool in
flies during the development of this system, with the first studies in Drosophila adults only
being completed a few years prior to FLIPSOT conception (Mohammad et al, 2017). We
tested GtACR2’s inactivation capabilities in comparison with Kir by expressing either one in
the Heating Cells (HCs) and found that GtACR2 inhibited warmth avoidance at similar rates

to Kir (Figure 5).
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Figure 5: GtACR2 and Kir drive comparable avoidance responses
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Figure 5. HC-GAL4 was used to drive expression of either Kir or GtACR2. Flies were
examined for warmth avoidance under ambient room or blue light. GtACR2-expressing flies
under blue light displayed a defect in warmth avoidance similar to those expressing Kir;
GtACR2-expressing flies under room light were indistinguishable from wild type. n=5-15,
data represent means + SEM, Kruskal-Wallis followed by Dunn’s multiple comparisons test;

letters denote statistically significant groups of p<0.05.
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To test the possibility of using both CsChrimson and GtACR2 together in the same
fly line, we expressed both receptors in the HCs and examined either single fly optogenetic
avoidance behavior or single fly warmth avoidance behavior, respectively. Flies of the same
genotype with an absence of dietary ATR were used as a control. HC>GtACR2/CsChrimson
flies displayed an aversion to red light as well as an absence of aversion to warmth in blue
light, suggesting that both CsChrimson and GtACR2 were able to be activated in isolation
and without strongly interfering with one another (Figure 6B-C). Though there was a
statistical difference in room light avoidance between the ATR- and ATR+ flies (Figure 6A),
both groups still displayed satisfactory warmth avoidance, so this did not have an overall
effect on experimental outcome. Therefore, we confirmed that GtACR2 fulfilled the

requirements as an inhibitor for our system.
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Figure 6: Single-fly behavior of HC>GtACR2/CsChrimson
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Figure 6. HC-GAL4 was used to drive UAS-GtACR2;UAS-CsChrimson. Flies were
examined for warmth avoidance in ambient room light and blue light, and for red light

avoidance at room temperature.

(A) Preference to room temperature of HC>GtACR2/CsChrimson that were raised with (+) or
without (-) dietary retinal (ATR) under ambient room light. n = 30, data represent means +

SEM, Mann-Whitney test, ** p < 0.01.

(B) Preference to room temperature of HC>GtACR2/CsChrimson that were raised with (+) or
without (-) dietary retinal (ATR) under blue light. n = 30, data represent means + SEM,

Mann-Whitney test, **** p < 0.0001.

(C) Preference to dark of HC>GtACR2/CsChrimson that were raised with (+) or without (-)
dietary retinal (ATR) under red light. n = 30, data represent means + SEM, Mann-Whitney

test, **** p < 0.0001.
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The last component necessary to add to the system was one of randomization.
Because activation or inhibition of all post-synaptic neurons would only recapitulate the
response of the original pre-synaptic neuron, it was necessary to isolate the expression to a
limited group of post-synaptic neurons at once. Ideally, expression would be randomized per
single fly so that the functions of each post-synaptic neuron could be compared by
examining behavior and receptor expression across multiple animals. One method of
randomization that has been used previously in neuronal circuit tracing studies is called
MARCM, or mosaic analysis with a repressible cell marker (Marin et al, 2002). However,
MARCM requires expression of genetic components on multiple chromosomes, which is
difficult in tandem with trans-Tango, which already requires substantial genetics.
Additionally, a fundamental part of MARCM function is the usage of GAL8O0 to repress
GAL4, which in the scope of MARCM is part of the mechanism that blocks expression of a
gene or mutation of interest in some cells. However, usage of GAL80 along with frans-
Tango would repress the GAL4 needed to activate expression of the frans-Tango ligand,

making MARCM overall unusable for our system.

Instead, we turned to a different tool called FLP Out, which relies on usage of the
FLP recombinase. FLP targets specific sites in DNA (FRT sites), and when two FRT sites
are placed on either side of a stop sequence, the genes encoded afterward will not be
transcribed until FLP recombines the stop sequence out (aka it “flips out”). FLP can be heat
induced by placing it downstream of a heat shock (hs) promoter, and shortening the length
of the heat shock will reduce the amount of cells expressing FLP (Golic & Lindquist, 1989).
Thus, with a heat shock of the right length of time, stop sequences will be flipped out of a
small, randomized amount of cells, allowing expression of a gene of interest only in the cells

with FLP expression (Figure 7).
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Figure 7: Heat shock driving FLP Out
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Figure 7. FLP Out involves the placement of two FRT sites (purple triangles) on
either side of a stop sequence. This FRT-stop-FRT cassette can be placed anywhere after a
promoter to stop transcription at the stop sequence. In the presence of hs>FLP, heat shock
of the animal drives expression of FLP recombinase, which flips out the stop sequence and

allows downstream gene transcription.

We tested the efficacy of FLP Out by driving UAS-FRT-stop-FRT-GFP in the HCs
along with hs>FLP. The HCs are located in the arista and only number three on each side,
making them an easy model in which to attempt the system. Heat shock for two hours at
35°C resulted in GFP expression in approximately two-thirds of HCs, demonstrating the
viability of the tool in randomizing expression in a small number of neurons (Figure 8).
Varied numbers of HCs were targeted per animal, and results did not differ between sexes
(data not shown). Based on this experiment as well as the relative ease of adding an FRT-
stop-FRT cassette prior to other genes, we chose heat shock driving FLP Out as our

randomization method.
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Figure 8: Using heat shock to drive FLP Out randomizes gene expression

HC>FRT-stop-FRT-GFP

35°C Heatshock

Figure 8. Heat shock randomly removes the “FRT-stop” cassette in HCs. Among 61
aristae observed, 10 had zero HCs (A), 8 had one HC (B), 23 had two HCs (C), and 20 had

three HCs (D). Scale bars: 10 ym.

2.3 Creating FLIPSOT flies

Once the components for the system were chosen, a DNA vector was
created containing the sequence QUAS-FRT-stop-FRT-GtACR2-T2A-CsChrimson.mCherry,
where T2A is a site that pauses and restarts translation in order to allow the creation of two

separate proteins from one promoter (Lee et al, 2018). Additional constructs were created
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including either QUAS-FRT-stop-FRT-CsChrimson.mCherry or QUAS-FRT-stop-FRT-
GtACR2.EYFP. After vector injection, each line was examined for reporter expression in
projection neurons through combination with hs>FLP along with Ir21a-QF. IR21a is
expressed in three cool-responsive cells known as the dorsal organ cool cells (DOCCs, Ni et
al, 2016), and since the cells are visible in whole larval heads, they are simple and quick to
visualize. The CsChrimson.mCherry and GtACR2.EYFP variants positively identified
DOCCs (Figure 9A/C); however, the GtACR2-T2A-CsChrimson.mCherry variant lacked
signal entirely (data not shown). Though insertion sequences were verified by PCR, it is
unclear why the joint CsChrimson and GtACR2 construct did not display reporter
expression. However, since the CsChrimson.mCherry and GtACR.EYFP variants both had
reporter expression, we decided to move onward with usage of the two behavioral

components in separate fly lines.

We then continued to use Ir271a-QF to test the ratio of cells with reporter expression
in our fly lines at different heat shock timepoints. Using /Ir27a-QF to drive QUAS-FRT-stop-
FRT-CsChrimson.mCherry or QUAS-FRT-stop-FRT-GtACR2.EYFP established that a 30
minute heat shock at 35°C was sufficient to drive reporter expression in approximately fifty

percent of cells (Figure 9B/D).
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Figure 9: Effect of genotype and heat shock length on “FRT-stop” cassette removal
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Figure 9. Ir21a-QF was used to drive either QUAS-FRT-stop-FRT-GtACR2.EYFP
(A-B) or QUAS-FRT-stop-FRT-CsChrimson.mCherry (C-D) in the presence of hs>FLP.
Dorsal organ ganglion (DOG) containing the DOCCs were imaged in 2" instar larvae and

DOCCs were quantified.

29



(A) After heat shock, each DOG may contain zero, one (upper), two (middle), or three

(lower) GtACR2.YFP-positive DOCCs.

(B) The percentage of GtACR2.YFP-positive DOCCs in each DOG after incubating larvae at
35°C for the indicated periods. n = 6-62; data represent means + SEM; Kruskal-Wallis test
followed by Dunn’s multiple comparisons test; letters denote statistically distinct groups, p <

0.05.

(C) After heat shock, each DOG may contain zero, one (upper), two (middle), or three

(lower) CsChrimson.mCherry-positive DOCCs.

(D) The percentage of CsChrimson.mCherry-positive DOCCs in each DOG after incubating
larvae at 35°C for the indicated periods. n = 6-80; data represent means = SEM; Kruskal-
Wallis test followed by Dunn’s multiple comparisons test; letters denote statistically distinct

groups, p < 0.05.

After generation and validation of the QUAS-FRT-stop-FRT-CsChrimson.mCherry
and QUAS-FRT-stop-FRT-GtACRZ2.EYFP fly lines, both were crossed to an additional
QUAS-driven reporter (QUAS-GFP and QUAS-mtd. Tomato, respectively) to serve as an
internal control. To complete the FLIPSOT tool, these flies only need to be crossed with flies

containing hs>FLP, UAS-trans-Tango, and a GAL4 driver of interest.

The full FLIPSOT system includes hs>FLP, which allows heat shock-dependent
generation of FLP recombinase; frans-Tango, which allows targeting of the post-synaptic
neurons; FRT-stop cassettes, which will be “flipped out” in randomized post-synaptic
neurons due to variance in FLP expression; an internal reporter, which will allow
visualization of all post-synaptic neurons; and a channelrhodopsin tagged with a separate

reporter, which will allow optogenetic activation or inhibition of targeted post-synaptic
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neurons as well as visualization of the same (Figure 10). Since this system uses
optogenetics and trans-Tango along with FLP Out to label individualized populations of post-
synaptic neurons per fly, we called it FLIPSOT: functional labelling of individualized post-
synaptic neurons using optogenetics and trans-Tango. To indicate the difference between
the two variants, FLIPSOTa (for activation) will refer to the version including CsChrimson,

and FLIPSOTi (for inhibition) will refer to the version including GtACR2.
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Figure 10: The FLIPSOT system
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Figure 10. Full schematic of the FLIPSOT system.

(A) FLIPSOT components.

(B) FLIPSOT begins with the trans-Tango system. GAL4, driven by a promoter of choice,
allows the expression of the trans-Tango ligand. When the trans-Tango ligand binds to its

receptors only on post-synaptic cells, a protease is recruited to cleave off QF and allow its
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translocation to the nucleus. In cells unaffected by heat shock, QF will only drive reporter

transcription due to the stop sequence prior to the channelrhodopsin (ChR).

(C) In cells affected by heat shock, FLP recombinase will be expressed and will flip out the
stop sequence prior to the channelrhodopsin, allowing the ChR (either GtACR2 or

Cs.Chrimson) and its fluorescent reporter to be expressed.

2.4 Methods
Fly lines

The wild-type control used for all behavioral assays was w'''8, UAS-GtACR2 (Mauss
et al, 2017) was previously described and was a kind gift from the Gaudry Lab. HC-GAL4
(Gallio et al, 2011), UAS-CsChrimson (BDSC 55135 & 55136, Klapoetke et al, 2014),
Gr66a-GAL4 (Dunipace et al, 2001), UAS-Kir (BDSC 6596), hs-FLP (BDSC 6938, Golic et
al, 1989), UAS-FRT-stop-FRT-GFP (BDSC 30032, Hong et al, 2009), QUAS-GFP & QUAS-
RFP (BDSC 30002 & 30004, Riabinina et al, 2016), and UAS-trans-Tango (BDSC 77123 &

77124, Talay et al, 2017) were previously described.

To create the QUAS-FRT-stop-FRT-CsChrimson-mCherry, QUAS-FRT-stop-FRT-
GtACR2.EYFP, and QUAS-FRT-stop-FRT-GtACR2-T2A-Chrimson.mCherry lines, the FRT-
stop-FRT sequence (addgene 64716) was cloned into the pQUAST-attB (DGRC_1438)
vector. Then, either the CsChrimson.mCherry (addgene 111547) sequence or the
GtACR2.EYFP (addgene 67877) sequence was cloned into the vector, respectively; the T2A
sequence was added using a PCR primer overhang during one of the DNA isolation steps.
The final plasmids were each injected by Rainbow Transgenic Flies, Inc. into fly line R8622,

which features an attP site on the third chromosome.
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Ir21a-QF was created by replacing the synaptobrevin promoter in a Nsyb-QF vector
with an Ir21a promoter prior to the QF2w sequence (Ni et al 2016; addgene 46116). The
final plasmid was injected by Rainbow Transgenic Flies, Inc. using the attP2 site on the third

chromosome.

Heat shock

Heat shock was performed at first to second instar with larvae in regular food vials.
Vials were then submerged in a water bath set to 35°C for the time described per each

experiment.

Behavioral assays

All flies were maintained at about a 12:12 hour light:dark cycle and crossed at
23.5°C. Two days before behavioral experiments, flies were placed on food containing 40
MM all-trans retinal (ATR, Sigma-Aldrich) and moved to 24-hour dark conditions until testing.

Control experiment flies were tested at 2-10 days old.

Single fly two-choice warmth avoidance assays were set up using a sheet protector
taped over top of two contiguous metal plates, with one plate warmed on a heat source to
31°C and the other at room temperature (25°C). Flies were placed under a small plastic
cover and allowed to acclimate for 15-25 seconds before starting the experiment; all
experiments were started with flies on the 25°C side of the assay. The position of the fly was
recorded every 5 seconds for 1 minute. Flies that did not move for more than 30 seconds
were discarded. For control experiments, a centered desk lamp (22lux) was used as
ambient lighting. For blue light optogenetic experiments, a blue light source (20Klux) was
built using similar specifications to a previously described red light source (Tyrrell et al,
2021), though modified to use a triple blue LED light instead (470nm, Luxeon Star LEDs SP-

03-B3).
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Preference index to room temperature was calculated using the formula:

(# of times in 25°C - # of times in 31°C)
total # of times

Single fly red light optogenetic assays were conducted at 25°C, and the base of the
experiment consisted of a sheet protector overlaid on a black background. Flies were placed
on the sheet protector under a small plastic cover, with two quadrants of the cover blocked
from light with opaque, black electrical tape. Flies were given 10 seconds to acclimate, and
all experiments started with flies in one of the visible quadrants; flies that did not move for
more than 30 seconds were discarded. The red light source (32Klux) was previously
described; larval red light optogenetic assays were also conducted as described (Tyrrell et

al, 2021).

Preference index to dark quadrants was calculated using the formula:

(# of times in dark - # of times in red light)
total # of times

Imaging

Samples were either fixed for 30 minutes in 4% paraformaldehyde in PBS, then

mounted (aristae), or simply mounted (larval heads) in a solution of 90% glycerol in PBS.

Statistical Analysis

Statistical analysis details of each experiment can be found in the figure legends.
Statistical comparisons were performed by either the Mann-Whitney test (for two samples)
or the Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Data were plotted
using bar graphs representing mean + SEM with the inclusion of scatterplots representing

individual data points. Analysis was performed using GraphPad Prism 9.
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2.5 Discussion & Conclusions

Various components were tested, optimized, and combined in order to create the full
FLIPSOT system. trans-Tango was chosen over TRACT due to its higher driver line
versatility. CsChrimson and GtACR2 were chosen as methods of optogenetic activation and
inhibition, respectively, due to driving robust changes in behavioral response as well as their
capability to work together within the same organism. Finally, heat shock driving FLP Out
was chosen as a way to randomize expression due to its relative genetic simplicity, potential

for fine-tuning, and ability to integrate with the other parts of the system.

Though TRACT was not chosen as a base for this system, it would serve as a valid
alternative if a situation arises where only a LexA driver could be used, or if frans-Tango
failed to be compatible with the other components. TRACT could also be used to extend the
system’s usage to third order neurons by using a LexA driver to drive TRACT in pre-synaptic
neurons, allowing the TRACT-generated GAL4 in post-synaptic neurons to subsequently
drive expression of UAS-trans-Tango. In this case, the trans-Tango ligand would be
expressed in post-synaptic neurons, thereby binding to the trans-Tango receptor in third-
order neurons and allowing optogenetic stimulation and reporter expression in those third-
order neurons instead. This would thus potentially allow visualization as well as behavioral

manipulation of previously unknown third-order neurons.

The heat shock duration was set in place to allow FLIPSOT expression in some, but
not all post-synaptic neurons. We chose a duration that resulted in expression in about fifty
percent of cells, which we believed would maximize the trade-off between providing
adequate comparisons between animals while still allowing enough expression to heighten
the chance of a behavioral response. However, heat shock timing could be increased or

decreased depending on the goal of the experiment.
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The reasons for the failure of the QUAS-FRT-stop-FRT-GtACR2-T2A-Chrimson-
mCherry flies to display mCherry expression are unclear. Though the DNA sequences,
including the T2A sequence, were validated using PCR, there is still a possibility that there
was an error concerning the T2A function. It is possible in this case that GtACR2 is
expressing but not Chrimson.mCherry, but that is difficult to determine due to a lack of a
GtACR2-specific reporter. The issue may also have resulted from interactions at that
specific insertion site, though we tried to minimize that possibility by inserting the sequence
at the same site as in the QUAS-FRT-stop-FRT-CsChrimson.mCherry and QUAS-FRT-stop-
FRT-GtACR2.EYFP lines. Unfortunately, this specific line did not function as planned;
however, it may still be possible to combine the FLIPSOTa and FLIPSOTi variants into one

tool in the future with further investigation.

This chapter describes the testing and optimization of potential FLIPSOT
components as well as the creation and validation of fly lines for both FLIPSOTa and
FLIPSOTi. Chapter 3 will demonstrate the implementation of FLIPSOT within a
thermosensory circuit as well as validate the possibility of its usage to evaluate necessity

and sufficiency of post-synaptic neurons.
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CHAPTER 3: USING FLIPSOT TO FIND NECESSARY AND SUFFICIENT HEATING

CELL PROJECTION NEURONS

3.1 Introduction

Temperature response in flies is characterized by aversion to both coolness and
warmth. As ectotherms, avoiding suboptimal external temperatures is crucial to the survival
and fitness of the species. The Heating Cells (HCs) are a set of thermosensory neurons that
drive an innocuous warmth avoidance circuit; they express the thermosensor GR28b(D) and
are located in the arista. The HC axons extend from the arista to a small region in the
antennal lobe of the brain called the VP2, from which projection neurons (PNs) receive the
signal and direct it toward other brain regions for sensory integration and processing. Some
previous studies have analyzed the HC PNs, but there is not a clear consensus on which of

these PNs are necessary or sufficient in driving the avoidance behavior.

Here, we use FLIPSOTi and FLIPSOTa to evaluate the necessity and sufficiency of
the HC PNs in warmth avoidance behavior, respectively. Behavioral controls are used to
establish a threshold to use for dividing the FLIPSOT flies into groups (affected behavioral
response vs null). frans-Tango is used to identify typical HC PN morphology. Finally,
FLIPSOTi and FLIPSOTa flies are tested for behavioral response, and targeted neurons are

examined to identify PNs necessary or sufficient for warmth avoidance behavior.

3.2 Establishing experimental controls

In order to determine which FLIPSOT flies are displaying optogenetically modified

behaviors, a cutoff or threshold must be established for whether to designate a trial as
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displaying modified behavior or as behaving “normally” (similarly to wild type). To do this, we
ran several behavioral assays using either positive or negative control flies. Negative control
flies included wild type, the HC-GAL4 control, UAS controls, and HC>GtACR2 or
HC>CsChrimson without dietary ATR. These flies were expected to behave relatively
similarly across the three experimental conditions. Positive control flies included
HC>GtACR2 and HC>CsChrimson with dietary ATR, which allowed for optogenetic activity;
based on previous experiments, these flies were expected to fail to avoid warmth

(HC>GtACRZ2) or avoid red light (HC>CsChrimson) respectively.

A warmth avoidance assay under ambient room light was used as a control condition
to discern whether or not flies’ innate warmth avoidance behavior was still intact (Figure
11A). Flies of all genotypes avoided warmth with no significant difference between groups
(Figure 11B), indicating that FLIPSOT flies should also have no issues avoiding warmth
under regular light conditions. A similar warmth avoidance assay under blue light was
carried out to set the threshold for FLIPSOTi flies (Figure 11A). All genotypes except the
ATR+ HC>GtACR2 avoided warmth, while HC>GtACR2 neglected to avoid warmth and had
a preference index close to zero (Figure 11C). It should be noted that the ATR+
HC>CsChrimson flies displayed a slightly lower preference to room temperature than
expected,; this disruption in behavior could be due genetic background or to blue light very
weakly activating CsChrimson (and causing flies to try to avoid the blue light instead of the
warmth). However, since this group was not significantly different from the wild type and was
also significantly different from the ATR+ HC>GIACR?2 flies, we still counted this group as
displaying proper avoidance. Finally, a red light assay with two opaque quarters of the fly
arena was used to assess flies’ avoidance of red light (Figure 11A). All genotypes except
ATR+ HC>CsChrimson displayed neither a preference to dark nor to red light;

HC>CsChrimson flies highly preferred the dark (Figure 11D).
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Figure 11: Single fly temperature/optogenetic avoidance behavior
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Figure 11. Flies of various genotypes (wild type, GAL4/UAS controls, HC>GtACR?2,
or HC>CsChrimson) were examined for behavioral response to warmth under ambient room

or blue light, or to red light.

(A) Schematic of single fly behavioral preference assays. Flies were given one
minute to choose between temperatures (room and blue light assays) or between darkness

and red light. Traces shown are typical of wild type flies.

(B) Preference to room temperature (vs 31°C) under ambient room light. All
genotypes and ATR conditions were non-significant. n=30, data represent means + SEM,

Kruskal-Wallis followed by Dunn’s multiple comparisons test.

(C) Preference to room temperature (vs 31°C) under blue light. n=30, data represent
means * SEM, Kruskal-Wallis followed by Dunn’s multiple comparisons test, letters denote

statistically significant groups of p<0.05.

(D) Preference to dark (vs red light). n=30, data represent means + SEM, Kruskal-
Wallis followed by Dunn’s multiple comparisons test, letters denote statistically significant

groups of p<0.0005.

Thresholds for FLIPSOTi and FLIPSOTa experiments were set by pooling the data
from flies whose genotypes failed to avoid warmth (ATR+ HC>GtACR2 and ATR+
HC>GtACR2/CsChrimson) or from those who avoided red light (ATR+ HC>CsChrimson and
ATR+ HC>GtACR2/CsChrimson), respectively (Figures 6B-C, 11C-D). We averaged the
means and used + 1 standard deviation in order to set a threshold that was permissive
enough not to exclude too many positive flies but restrictive enough to omit most false

positives.
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We tested wild type flies in the ambient room light assay to examine whether or not
there were behavioral differences between the sexes and found none (Figure 12A);
therefore, for our future assays, we combined males and females together. To ensure our
behavioral assays were not influenced by external cues, we tested a version of the ambient
room light assay where the warm and room temperature sides were flipped from our typical
assay, and we found no significant difference between the two (Figure 12B). We also tested
our assay with both sides at room temperature and found that flies did not prefer either side
(Figure 12B), indicating that our assay is not influenced by external cues. Finally, the
FLIPSOT system requires a relatively quick turnaround between behavioral experiments
and dissection in order to limit any interim changes due to aging, which greatly affects trans-
Tango expression (Talay et al, 2017). This limits the amount of time available for behavioral
data analysis between the two segments of the experiment, so all behavior was evaluated
manually. We compared our manually analyzed HC>CsChrimson trials, which theoretically
is more difficult to assess due to half of the arena being opaque, with that of a set of trials
analyzed by computational software (TrackMate) and found that the preference indices were
indistinguishable from those analyzed manually (Figure 12D; data reproduced with

permission from Huda et al 2022 — see Appendix B).
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Figure 12: Verification of behavioral assay conditions
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Figure 12. Pl is not affected by fly gender, dietary retinal (ATR), whether 31°C is on

the left or right, or analysis method.

(A) PI of the indicated genders that were raised with (+) or without (-) dietary retinal
(ATR). n = 14-28; data represent means + s.e.m; Kruskal-Wallis test followed by Dunn’s

multiple comparisons test.
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(B) PI from tests that 31°C was on the left, on the right or both sides were 25°C. n =
15; data represent means + s.e.m; Kruskal-Wallis test followed by Dunn’s multiple

comparisons test; **** p < 0.0001.

(C) TrackMate trajectories of HC-Gal4;UAS-CsChrimson (HC>CsChrimson) flies with
or without dietary retinal (ATR) in the red light avoidance assay. Figure reproduced from

Huda et al, 2022 — see Appendix B.

(D) Preference to dark vs red light of HC>CsChrimson flies with or without ATR,
analyzed either manually or via TrackMate. n=15-30; data represent means + SEM, Kruskal-
Wallis followed by Dunns’ multiple comparisons test, letters denote statistically significant

groups of p < 0.005.

Next, we turned to the assessment of frans-Tango within our system. We used HC-
GALA4 to drive trans-Tango and discovered several similar PN tracts to those previously
reported: a medial tract that curves upward and outward along the midline (mALT),
reminiscent of the one described by Frank et al and several neurons identified by Marin et
al; a lateral tract (IALT), which resembles both the one discovered by Frank et al as well as
one from Liu et al; and a mediolateral tract (mIALT), which again was similar to one
described by Frank et al. There was also a transverse mediolateral tract with a waving bend
in it (tALT) that has only been described by Marin et al’s electron microscopy findings, and
thus has not yet been functionally analyzed (Frank et al, 2015; Liu et al, 2015; Marin et al,
2020). Using Gr28b(D)-GAL4 to drive expression of trans-Tango revealed the same four
tracts, validating the results of our HC-GAL4 driver line. We will thus refer to the four tracts
as mALT (medial antennal lobe tract), IALT (lateral), mIALT (mediolateral), and tALT

(transverse).
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Figure 13: Heating Cell projection neurons
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Figure 13. HC>GAL4 and Gr28b(D)-GAL4 were used to drive frans-Tango.

(A) Representative HC>frans-Tango images. Scale bar = 50um. GFP (green)
indicates pre-synaptic cells and RFP (magenta) indicates post-synaptic cells. Four main PN
tracts are visible (blue arrows): a medial tract, a lateral tract, and two mediolateral tracts.
One of the mediolateral tracts is typically wavier/bended in morphology and shares a similar
brain depth as the lateral tract; the other mediolateral tract is in a similar slice as the medial

tract and can vary in morphology (see right side compared to left).

(B) Representative Gr28b(D)>trans-Tango images. Scale bar = 50um. GFP (green)
indicates pre-synaptic cells and RFP (magenta) indicates post-synaptic cells. The four main

tracts visible in HC>trans-Tango images are captured here as well (blue arrows).

Once there was adequate information gathered about the morphology of the neurons
as well as for how to set the threshold for behavior, we next asked whether one arista alone
was sufficient to drive warmth avoidance behavior. This is important as it changes the
method of analysis for both FLIPSOTa and FLIPSOTi; it is necessary to know whether
activation or inhibition is needed in both sides of a PN pair to affect behavior, or if one side
alone is sufficient to cause changes. One or both aristae were removed from wild type flies
before exposing them to the two-choice warmth avoidance assay; only double arista
ablation significantly reduced avoidance, not singular (Figure 14A). We also removed single
aristae from HC>trans-Tango flies and found singular arista removal was enough to
eliminate PN reporter expression (Figure 14B). For FLIPSOTi, these data implied that both
neurons in a pair of necessary PN tracts need to be inhibited in order to cause a defect in
warmth avoidance. For FLIPSOTa, on the other hand, only one half of a pair of PNs need to

be activated in order to drive warmth avoidance.
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Figure 14: Effects of arista ablation on warmth avoidance and PNs
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Figure 14. Aristae were removed from wild type or HC>trans-Tango flies.

(A) One, both, or neither arista were removed from wild type flies. Flies were then
allowed to choose between room temperature and 31°C in ambient room light. n=30, data
represent means * s.e.m; Kruskal-Wallis test followed by Dunn’s multiple comparisons test;

letters denote statistically significant groups of p<0.0001.

(B) Representative image; one arista was removed from HC>trans-Tango flies,
which correlated with lack of signal in one half of PNs. Scale bar = 50um. GFP - pre-

synaptic; RFP (magenta) - post-synaptic.
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We used flies of several genotypes to set the stage for usage of FLIPSOT in the HC
neural circuit. We ensured that our behavioral assays were scientifically sound through
multiple control experiments. A threshold for dividing FLIPSOT flies into behavioral groups
was set based on optogenetic control data. The morphology of the HC PNs was confirmed
using multiple driver lines. Finally, we confirmed that expression in the HC circuit on one
side of the brain is sufficient to drive warmth avoidance, which has important implications for

analyzing FLIPSOT data.

3.3 Using FLIPSOT to determine necessity and sufficiency

Once the necessary controls were established, it was finally possible to use
FLIPSOT to assess necessity and sufficiency. We began with HC>FLIPSOTi, which would
make use of frans-Tango to allow randomized inhibition in post-synaptic cells to the HCs,

and started by developing an experimental workflow for the tool (Figure 15).
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Figure 15: FLIPSOTi experimental workflow
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Figure 15. HC>FLIPSOTi flies were heat shocked post-eclosion at 35°C for 30
minutes. After 7-8 days at 18°C, dietary ATR was added to the food, and warmth avoidance
assays in blue and room (control) light were run two days later. Finally, brains were
dissected, stained, and imaged. Flies were allowed to age for about ten days total between

eclosion and the final dissection.

When we first began running FLIPSOTi experiments, we started with the flies aged
to three weeks at the time of dissection as recommended by Talay et al (2017). However,
we quickly found out that for reasons unknown, our FLIPSOTi construct yielded extremely
leaky expression at that time point (data not shown). We thus chose a shorter timepoint of
about 10 days between eclosion and dissection with much cleaner results. Though leaky
expression is an issue with both FLIPSOT and trans-Tango itself, steps such as moderation
of fly age can be taken to minimize extraneous signal. We included an ambient room light
assay as a control to assess warmth avoidance without GtACR2 inactivation; if flies failed to

avoid warmth correctly in room light, they were discarded.

FLIPSOTi was then tested in the HC PNs. hs>FLP, HC>trans-Tango>FRT-stop-

FRT-GtACR.EYFP/mtdTomato flies were first separated based on behavioral response;
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those with a Pl that fell within one standard deviation of other non-warmth avoiding
genotypes (HC>GtACRZ2 and HC>GtACRZ2/CsChrimson) or had a negative preference to
room temperature were counted as having a defect in warmth avoidance (Figure 16A).
Brains were then dissected, stained, and analyzed to compare PNs between samples.
Examples of expression variance between flies are shown in Figure 16B-C. Overall

summary of PNs targeted by FLIPSOTi is shown in Figure 16D-E.

Figure 16. HC>FLIPSOTi indicates necessary PNs for warmth avoidance
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Figure 16. hs>FLP, HC>trans-Tango>FRT-stop-FRT-GtACR.EYFP/mtdTomato

warmth-avoiding flies are used to determine necessary PNs for the behavior.

(A) ATR+ HC>FLIPSOTi flies (the above genotype) chose between 25°C and 31°C
in ambient room or blue light. Flies were separated based on behavioral phenotype in blue
light using the threshold established from control experiments (HC>GtACR2); HC>FLIPSOTi

flies shown are those that fell within the designated threshold and thus were determined to
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have a defect in warmth avoidance. n = 31; data represent means + SEM; Kruskal-Wallis
test followed by Dunn’s multiple comparisons test; letters denote statistically distinct groups,

p < 0.05.

(B-C) Representative images of GtACR2.EYFP-positive HC PNs in flies that failed to
avoid 31°C. HA-tagged mtdTomato (magenta) — control stain (all PNs); EYFP (green) — PNs
with FLIPSOTi inhibition. Cyan arrows indicate GtACR2.EYFP-positive PNs; orange arrows
indicate GtACR2.EYFP-negative PNs. Cyan double arrows indicate GtACR2.EYFP-weak
PNs, or circumstances in which the EYFP staining is much weaker than the HA staining;
these are considered GtACR2.EYFP-negative. Scale bars = 50um. Left lower panels include
illustrations of corresponding PNs. (B) Three PNs express GtACR2.EYFP (both mALTs and
the right IALT). (C) Five PNs express GtACR2.EYFP (both mALTs and IALTs along with the

left tALT).

(D-E) The mALTSs are necessary to drive warmth avoidance behavior.
GtACR2.EYFP-positive PNs were analyzed from 30 flies failing to avoid 31°C under blue
light, all of which expressed EYFP in both mALT PNs. All other PN pairs lacked EYFP

expression on both sides in at least one animal. (E) I, IALT; t, tALT; ml, mIALT; m, mALT.

All HC>FLIPSOTi flies with a defect in warmth avoidance showed expression in both
mALTSs (the most medial of the PN groups), indicating that the mALTs are necessary for
warmth avoidance behavior. No other pair of PNs had expression present in all flies, and all
other pairs lacked expression on both sides in at least one animal per pair. Additionally,
there were multiple animals where the mALTs were the only complete PN pair showing

expression. Since FLIPSOTi requires inhibition in both sides of the brain in order to cause a
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defect in warmth avoidance, we concluded that the mALTs are the only VP2 PNs necessary

for warmth avoidance of 31°C.

HC>FLIPSOTa experiments required a similar process to FLIPSOTi with only a few
small changes. We found that the three-week aging time recommended by Talay et al
(2017) resulted in good signal without too much leaky expression; dissecting at earlier
timepoints yielded samples that were too weak to see (data not shown), consistent with the
original frans-Tango experiments. Though this experiment required red light avoidance
instead of warmth avoidance, we still tested flies’ innate warmth avoidance in room light as a

control; flies that failed to avoid 31°C were discarded.

Figure 17: FLIPSOTa experimental workflow
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Figure 17. HC>FLIPSOTa flies were heat shocked post-eclosion at 35°C for 30
minutes. After ~19 days at 18°C, dietary ATR was added to the food, and red light
avoidance assays plus warmth avoidance control assays were run two days later. Finally,
brains were dissected, stained, and imaged. Flies were allowed to age for about three

weeks total between eclosion and the final dissection.
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FLIPSOTa was then tested in the HC PNs. hs>FLP, HC>trans-Tango>FRT-stop-
FRT-CsChrimson.mCherry/GFP flies were first separated based on behavioral response;
those with a PI that fell within one standard deviation of other red light avoiding genotypes
(HC>CsChrimson and HC>GtACRZ2/CsChrimson) were counted as exhibiting red light
avoidance (Figure 18A). Brains were then dissected, stained, and analyzed to compare PNs
between samples. Examples of expression variance between flies are shown in Figure 18B-

C. Overall summary of PNs targeted by FLIPSOTa is shown in Figure 18D-E.

Figure 18. HC>FLIPSOTa indicates sufficient PNs for warmth avoidance
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Figure 18. hs>FLP, HC>trans-Tango>FRT-stop-FRT-CsChrimson.mCherry/GFP red

light-avoiding flies are used to determine sufficient PNs for warmth avoidance behavior.

(A) ATR+ HC>FLIPSOTa flies (the above genotype) chose between 25°C and 31°C
in ambient room light, or between dark and red light. Flies were separated based on
behavioral phenotype in red light using the threshold established from control experiments
(HC>CsChrimson); HC>FLIPSOTa flies shown are those that fell above the designated

threshold and thus had CsChrimson activation in cells sufficient for warmth avoidance.
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n=29; data represent means * SEM; Kruskal-Wallis test followed by Dunn’s multiple

comparisons test; letters denote statistically distinct groups, p < 0.05.

(B-C) Representative images of CsChrimson-positive HC PNs in flies that avoided
red light. GFP (green) — control stain (all PNs); mCherry (magenta) — PNs with FLIPSOTa
activation. Cyan arrows indicate CsChrimson.mCherry-positive PNs; orange arrows indicate
CsChrimson.mCherry-negative PNs. Cyan double arrows indicate CsChrimson.mCherry-
weak PNs, or circumstances in which the mCherry staining is much weaker than the GFP
staining; these are considered CsChrimson.mCherry-negative. Scale bars = 50um. Left
lower panels include illustrations of corresponding PNs. (B) Six PNs express
CsChrimson.mCherry (both IALTS, mIALTs, and tALTs). (C) Five PNs express

CsChrimson.mCherry (both mIALTs and tALTs along with the right mALT).

(D-E) The tALTs are sufficient to drive warmth avoidance behavior.
CsChrimson.mCherry-positive PNs were analyzed from 29 flies that avoided red light, all of
which contained at least one mCherry-positive tALT PN. All other PN pairs lacked mCherry

expression on both sides in at least one animal. (E) I, IALT; t, tALT; ml, mIALT; m, mALT.

All HC>FLIPSOTa flies that avoided red light showed expression in at least one
tALT, or the mediolateral, bended/wavy PN group, indicating that the tALTs are sufficient for
warmth avoidance behavior. No other pair of PNs had expression present in all flies, and all
other pairs lacked expression on both sides at least once per pair. FLIPSOTa requires
activation in one side of the HC circuit in order to drive avoidance of red light, and since the
tALT was the only PN pair that consistently expressed mCherry on at least one side, we

concluded that the tALTs are sufficient to drive warmth avoidance behavior.
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We did notice a significant difference in the room light warmth avoidance between
HC>FLIPSOTa flies and our controls (Figure 18A). We theorized that this was due to the
older age of the HC>FLIPSOTa flies, since our control flies were run at 2-7 days post
eclosion instead of three weeks. To test this, we ran wild type flies at both 10 days and 3
weeks in order to compare them with our FLIPSOTi and FLIPSOTa flies, respectively; we
found that at the appropriate ages, there was no significant difference between

FLIPSOTI/FLIPSOTa flies and the wild type (Figure 19).

Figure 19. Age of flies affects thermal preference
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Figure 19. HC>FLIPSOTi (A) and HC>FLIPSOTa (B) flies were compared to wild
type flies of 10 days and 21 days old, respectively. Flies were allowed to choose between
room temperature and 31°C. n=15-31; data represent means + SEM; Mann-Whitney test

compared to wild type. * p < 0.05; ** p < 0.01.
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3.4 Methods
Drosophila strains

The wild-type control used for all behavioral assays was w'''8, UAS-GtACR2 (Mauss
et al, 2017) was previously described and was a kind gift from the Gaudry Lab. HC-GAL4
(Gallio et al, 2011), Gr28b.d-GAL4 (Thorne & Amrein, 2008), UAS-CsChrimson (BDSC
55135 & 55136, Klapoetke et al, 2014), hs-FLP (BDSC 6938, Golic et al, 1989), QUAS-GFP
& QUAS-RFP (BDSC 30002 & 30004, Riabinina et al, 2016), and UAS-trans-Tango (BDSC

77123 & 77124, Talay et al, 2017) were previously described.
Heat shock

Heat shock was performed 1-3 days post-eclosure. Flies were placed in an empty
vial with a flug pressed into the bottom for added protection. Vials were then submerged in a
water bath set to 35°C for 30 minutes, and flies were returned to regular food immediately

post heat shock.
Single-fly two-choice behavior assays

All flies were maintained at about a 12:12 hour light:dark cycle and crossed at
23.5°C. For flies containing hs-FLP, heat shock was performed. Flies were then placed at
either 18°C if involved in trans-Tango-containing experiments or at 23.5°C if not. Two days
before behavioral experiments, flies were placed on food containing 40 uM all-trans retinal
(ATR, Sigma-Aldrich) and moved to 24-hour dark conditions until testing. Control experiment
flies were tested at 2-10 days old. Flies containing trans-Tango were tested at 10 days to 3

weeks old, depending on the genotype.
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Warmth avoidance assays were set up using a sheet protector taped over top of two
contiguous metal plates, with one plate warmed on a heat source to 31°C and the other at
room temperature (25°C). Flies were placed under a small plastic cover and allowed to
acclimate for 15-25 seconds before starting the experiment; all experiments were started
with flies on the 25°C side of the assay. The position of the fly was recorded every 5
seconds for 1 minute. Flies that did not move for more than 30 seconds were discarded. For
control experiments, a centered desk lamp (22lux) was used as ambient lighting. For blue
light optogenetic experiments, a blue light source (20Klux) was built using similar
specifications to a previously described red light source (Tyrrell et al, 2021), though modified

to use a triple blue LED light instead (470nm, Luxeon Star LEDs SP-03-B3).

Preference index to room temperature was calculated using the formula:

(# of times in 25°C - # of times in 31°C)
total # of times

Red light optogenetic assays were conducted at 25°C, and the base of the
experiment consisted of a sheet protector overlaid on a black background. Flies were placed
on the sheet protector under a small plastic cover, with two quadrants of the cover blocked
from light with opaque, black electrical tape. Flies were given 10 seconds to acclimate, and
all experiments started with flies in one of the visible quadrants; flies that did not move for
more than 30 seconds were discarded. The red light source (32Klux) was previously
described (Tyrrell et al, 2021). Assessment and analysis using TrackMate was carried out as

previously described (Huda et al, 2022).

Preference index to dark quadrants was calculated using the formula:

(# of times in dark - # of times in red light)
total # of times
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Dissection and Immunostaining

Brains were dissected using forceps (FST 11413-11) in 1X PBS with methodology

similar to a tutorial video (B{& IMAGE, 2019), then transferred to PBS on ice immediately

after dissection. Fixation, blocking, and immunostaining were carried out as previously
described (Kang et al, 2012) with the following changes in timing: fixation was lengthened to
30 minutes; samples were placed in the primary antibody solution for 3 nights, washed
overnight, placed in the secondary antibody solution overnight, and washed overnight once
more. Samples were mounted using Vectashield Mounting Medium and imaged using a
Nikon A1 Confocal Microscope. Primary antibodies used were rabbit anti-dsRed (1:200,
Takara Bio), rabbit anti-GFP (1:500, Invitrogen), mouse anti-GFP (1:500, Sigma-Aldrich),
and mouse anti-HA (1:200, Invitrogen). Secondary antibodies were all diluted to 1:250 and
included goat anti-rabbit Cy3 (Jackson Immuno), goat anti-rabbit Alexa Fluor 488 (Jackson
Immuno), goat anti-mouse CF488A (Sigma-Aldrich), and goat anti-mouse TRITC

(Invitrogen).

For relevant experiments, aristae were removed with forceps, during which flies were
anesthetized by CO.. Flies were then allowed to reawaken and aged for either behavior or
brain dissection, depending on the genotype. No antibodies were used in brains for the
arista ablation experiments; samples were dissected, fixed, and mounted (arista ablation

brains).
Statistical Analysis

Statistical analysis details of each experiment can be found in the figure legends.
Statistical comparisons were performed by either the Mann-Whitney test (for two samples or

comparison to wild type) or the Kruskal-Wallis test followed by Dunn’s multiple comparisons
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test. Data were plotted using bar graphs representing mean = SEM along with scatterplots

representing individual data points. Analysis was performed using GraphPad Prism 9.

3.5 Discussion & Conclusions

FLIPSOT was used to investigate the necessity and sufficiency of HC PNs. Based on
preliminary experiments, thresholds were set to identify optogenetically modified behavior,
and HC PN morphology was described. FLIPSOTi was then used to inhibit randomized HC
PNs, and analysis of visible PNs from flies that failed to avoid warmth suggested that the
mMALT was necessary for warmth avoidance behavior. This is consistent with findings from
Frank et al (2015). Similarly, FLIPSOTa was used to activate randomized HC PNs, and
analysis of visible PNs from flies that avoided red light suggested that the tALT was

sufficient to drive warmth avoidance behavior.

The finding that the necessary and sufficient PNs for behavior differed was a
surprising one, as necessity and sufficiency of neurons are generally expected to overlap.
However, the Drosophila temperature sensation system has known mechanisms of
feedback between neurons (Liu et al, 2015); it is feasible to suggest that the separation of
necessity and sufficiency of these PNs is related to feedback mechanisms between the
warm and cool sensing systems. This could help better attune the fly when experiencing

different levels of thermoreceptor activation on either side of the brain.

It is possible that the results here were confounded by presence of indirect signal in
the interneurons; interneurons are unfortunately very difficult to distinguish in FLIPSOT
images in the antennal lobe due to overlap in signal. If FLIPSOT activation of interneurons
were to activate another path that either drives or inhibits warmth sensation, that could

contradict the results presented here. However, it is unlikely in this case that we would
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achieve such high percentages of specific FLIPSOT-positive PNs. Most local interneurons
are predicted to be weakly inhibitory due to the neurotransmitters used and the low number
of synapses compared to sensory neurons (Horne et al, 2018; Wilson & Laurent, 2005).
Thus, it is increasingly unlikely that local interneurons would be used to activate a pathway
sufficient for avoidance. It cannot be discounted in this case that interneurons could be
inhibiting the PNs necessary for avoidance during FLIPSOTi experiments. However, due to
the randomization aspect of FLIPSOT, the probability of simultaneously targeting the same
PNs (the mALTSs) in every trial along with enough correct local interneurons to achieve

strong inhibition is statistically unlikely.

FLIPSOTa requires expression in only one side of the organism to drive avoidance.
Though we found that the tALTs were sufficient here due to their presence in one hundred
percent of flies with avoidance behavior, there were other ALTs that were seen at high
frequencies on at least one side (though not in all flies). Additional validation of the
sufficiency of the tALTs, either through expansion of trials or alternative experimentation,

would provide further support to these results.

Overall, this chapter demonstrates the choice and optimization of FLIPSOT
components, the setup required in order to use FLIPSOT within the HC neural circuit
system, and finally the usage of FLIPSOT to identify necessary and sufficient HC PNs for

warmth avoidance.
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CHAPTER 4: GENERAL DISCUSSION

4.1 General findings

FLIPSOT, or functional labeling of individualized post-synaptic neurons using
optogenetics and trans-Tango, is a tool created to assess the necessity and sufficiency of
post-synaptic neurons using a pre-synaptic driver. It accomplishes this through usage of 1)
trans-Tango, which allows targeting of post-synaptic neurons; 2) heat shock driving FLP
Out, which randomizes the post-synaptic neurons targeted, and 3) the optogenetic receptors
GtACR2 and CsChrimson, which allow behavioral inhibition (FLIPSOTi) or activation
(FLIPSOTa) in turn. Each of these tools were tested and optimized, both separately and in

combination, in order to determine an optimal experimental design.

FLIPSOT was then tested within the HC neurons to examine necessary or sufficient
PNs. Two experimental workflows were created: one for FLIPSOTi and one for FLIPSOTa.
Additionally, preliminary experiments were done in order to set a threshold for dividing
behavior into affected vs non-affected groups, as well as to determine that FLIPSOTa
requires expression in one side while FLIPSOTi requires both. Finally, we determined that
the medial tract (mALT) is necessary for warmth avoidance behavior, while the wavy/bended

tract (tALT) is sufficient to drive warmth avoidance behavior.

4.2 Strengths and weaknesses of FLIPSOT

A key feature of FLIPSOT is that it is easily modified to work in any circuit that
features an assessable behavioral output. This versatility is based on its reliance on the
GALA4 driver system, for which most experiments in Drosophila already make heavy use of;
implementation in a new system only requires crossing of the FLIPSOTi or FLIPSOTa

QUAS lines with the right GAL4 line, along with UAS-trans-Tango and hs>FLP. It is
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therefore inexpensive to generate the flies needed for many behavioral trials.
Experimentally, FLIPSOT only requires a validated behavioral assay along with brain
dissection and confocal imaging, all of which are common techniques in labs investigating
neural circuits and thus should be relatively easy to execute. Finally, for experiments that
require larval behavior, a new tfrans-Tango variant for larvae was recently established that

could easily be switched in instead of the original frans-Tango (Sorkag et al 2022).

Compared to other neural circuit analysis tools, FLIPSOT combines investigation of
post-synaptic morphology with functional analysis, for which there are very few tools
possible. FLIPSOT is a reliable indicator of synaptic connection due to its inclusion of trans-
Tango, and its ability to test behavior helps reconfirm that connection. Using FLIPSOT also
bypasses the need to screen multiple driver lines to find post-synaptic drivers, which often
either don’t express in all neurons of interest or express in extraneous neurons. Though
methods such as GRASP can be used to confirm whether a driver line labels post-synaptic
neurons of interest, it can be difficult to distinguish if all post-synaptic neurons are correctly
labeled with absolute certainty due to morphological similarities between neurons of similar
types (such as PNs) that have different functions. FLIPSOT solves this problem by providing
a direct link to the pre-synaptic neuron while simultaneously assessing post-synaptic

function.

Though FLIPSOT was originally designed to include both activation and inhibition in
one tool, we eventually ended up with two variants, FLIPSOTi and FLIPSOTa. This turned
out to have the unexpected benefit of separating necessity and sufficiency, which was not
only relevant for our system but could also be important for other users. Though necessity
and sufficiency could theoretically still be discerned separately within the combination
FLIPSOT system, it may require many more trials due to overlap in PNs with FLIPSOT

expression between animals. Separation of necessity and sufficiency may not be needed if
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necessary and sufficient neurons are one and the same, but since users likely will not know
whether or not this is the case pre-FLIPSOT experimentation, it may be best to use

FLIPSOTi and FLIPSOTa separately in most situations.

Though FLIPSOT has many strengths as a tool, there are also some weaknesses
and areas of potential improvement. The most prominent of these is the presence of false
positives, or leaky expression. False positives have been associated with the original trans-
Tango tool (Talay et al, 2017) and may also be correlated with leaky expression of FLP
recombinase, or with the stop sequence used between FRT sites. Further testing and
experimentation can be done to fine tune and reduce the leaky expression seen in
FLIPSOT, including but not limited to adjusting heat shock parameters and reducing the

rearing temperature further (which could reduce leakiness of hs>FLP).

FLIPSOT randomizes expression in all post-synaptic neurons of a pre-synaptic
driver, which can potentially confound results through activation of unexpected or less
visible pathways (i.e. local interneurons). Additionally, FLIPSOT requires a relatively clean
pre-synaptic driver line; if the pre-synaptic driver line includes extraneous expression, the
post-synaptic neuron morphology will be much harder to determine, and there may be
difficulties in determining which of the neurons are necessary or sufficient for the behavior

due to overlap in signal.

Finally, FLIPSOT requires robust behavior in order to establish a behavioral
threshold, which may be limiting for experiments with more nuanced results. Similarly,
because FLIPSOT relies on trans-Tango, it is likely that optimal imaging results will require
aging flies for three weeks before testing behavior and dissecting them. This may have
negative effects on behavioral phenotype due to reduced health as flies age; in certain
assays this may cause issues such as reducing their locomotion. We found that ensuring

flies were on fresh food (with ATR added) no longer than 2-3 days before behavioral assays
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helped to maintain locomotor activity and allowed proper ability to choose between dark and
light in our FLIPSOTa assay. If behavioral effects due to aging are severe, experimentation
may be done to find the age that best balances behavioral assay viability with post-synaptic
neuronal imaging. FLIPSOT flies must also be raised at 18°C in order to provide the best
imaging results, which could potentially affect behavior due to the slowing of physiological
processes. However, raising flies at 23.5°C until eclosion may help avoid negative effects of

cooler temperature on early development and did not negatively impact our imaging results.

4.3 Future directions

There are many future directions that can be taken with FLIPSOT as a tool. Besides
fine-tuning FLIPSOT to reduce its leaky expression, one of the easiest potential
modifications is replacing trans-Tango with the newer, larval variant of trans-Tango (Sorkag¢
et al 2022) and testing a larval behavior with it. This would greatly expand the repertoire of
available behavior. While the larval version in theory should work just as well as the adult

FLIPSOT tool, as it only requires an alternate cross, compatibility has not yet been tested.

FLIPSOTa and FLIPSOTi have yet to be combined into one complete FLIPSOT tool
capable of both activation and inhibition. While this separation has been useful, as
discussed earlier in this chapter, there may still be circumstances where users require both
activation and inhibition in the same animal. Further examination of our QUAS-FRT-stop-
FRT-GtACR2-T2A-CsChrimson.mCherry line is needed to indicate how to proceed; it is

possible that insertion into a different site in the genome may fix the issue.

Now that FLIPSOT has been used to successfully identify second order neurons, it is
possible to add TRACT into the system to allow visualization and testing of third order

neurons as well (see Chapter 2 discussion). This would represent a strong advance in
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neural circuit analysis, as the third order neurons in many systems are still currently
unknown. Another possible addition into the existing FLIPSOT system is the calcium
indicator gCAMP, which would be placed after the channelrhodopsin and a T2A sequence in
the QUAS line. This would allow an additional indication of neuronal activation or inhibition
during optogenetic stimulation, which would assist in comparison of FLIPSOT-positive cells

with non-positive ones as well as help to pinpoint cell bodies for further analysis.

With regards to temperature sensation, the HC circuit second order neurons have
now been tested for function in behavior. This paves the way for experiments to discover
third-order neurons and eventually to map the whole circuit, as well as for experiments using

FLIPSOT in other temperature-sensing neurons.

Finally, FLIPSOT as a system opens up possibilities for use in other model
organisms in the future. FLIPSOT could be used in mammalian models to help deduce
functional parts of neural circuits involved in states such as thermal stress, addiction, or
depression or anxiety-like behaviors. Deducing functional neurons in these circuits can
provide important knowledge about how these circuits may work in human patients;
identifying new functional neurons may also allow for investigation of molecules or receptors

that could serve as potential therapeutic targets.

4.4 Conclusion

FLIPSOT is a tool that can aid in neural circuit tracing and analysis for circuits related
to many behaviors. It uses a combination of genetic tools to allow individualized labelling as
well as functional analysis of post-synaptic neurons. Though there are some drawbacks to
the tool, there are many strengths, especially considering that it is the first tool to combine

behavioral and morphological analysis without requiring usage of a post-synaptic driver line.
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Implications for this study go beyond Drosophila, as many tools developed in
Drosophila or other simpler models such as C. elegans have gone on to be used in
mammalian or mosquito models. Studying simple neural circuits helps us to understand
more complicated ones. Similarly, implementing tools in simpler animals helps users to
eventually create versions for more complicated ones. Though frans-Tango has not yet
been implemented in mammalian models such as mice, once it has been properly modified,

FLIPSOT is a tool that could easily be replicated in other organisms soon after.
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APPENDIX A

Below is the manuscript in submission for the paper detailing the creation and investigation
of FLIPSOT.

Functional labeling of individualized postsynaptic neurons using optogenetics and
trans-Tango

Allison N. Castaneda, Ainul Huda, lona B.M. Whitaker, Julianne E. Reilly, Grace S. Shelby,
Hua Bai, Lina Ni

Title

Functional labeling of individualized postsynaptic neurons using optogenetics and trans-
Tango

Summary

A population of neurons interconnected by synapses constitutes a neural circuit, which
performs specific functions upon activation. It is essential to identify both anatomical and
functional entities of neural circuits to comprehend the components and processes necessary
for healthy brain function and the changes that characterize brain disorders. To date, few
methods are available to study these two aspects of a neural circuit simultaneously. In this
study, we developed FLIPSOT, or functional labeling of individualized postsynaptic neurons
using optogenetics and trans-Tango. FLIPSOT uses (1) trans-Tango accessing postsynaptic
neurons genetically, (2) optogenetic approaches activating (FLIPSOTa) or inhibiting
(FLIPSOTi) postsynaptic neurons in a random and sparse manner, and (3) fluorescence
markers tagged with optogenetic genes visualizing these neurons. Therefore, FLIPSOT
allows using a presynaptic driver to identify the behavioral function of individual postsynaptic
neurons. It is readily applied to identify functions of individual postsynaptic neurons in many
other fruit fly neural circuits and has the potential to be adapted for use in mammalian circuits.

Keywords

FLIPSOT, optogenetics, GtACR, CsChrimson, FLP/FRT, trans-Tango, Drosophila,
thermotaxis, heating cells, projection neurons

77



Introduction

A population of neurons that are interconnected by synapses constitutes a neural circuit,
which performs specific functions upon activation’. Neural circuits are the fundamental
framework for all brain activities, such as processing perception and cognition and
coordinating behavior. Impairments in neural circuits can lead to a wide range of
neurodegenerative and psychiatric disorders®*. Therefore, it is essential to identify both
anatomical and functional entities of neural circuits to comprehend the components and
processes necessary for healthy brain function and the changes that characterize brain
disorders.

Drosophila melanogaster is an attractive model to study the circuit basis of animal
behavior because of its relatively small nervous system, sophisticated and robust behaviors,
and extensive collections of genetic reagents to label and manipulate various classes of
neurons®. Multiple techniques have been developed to investigate Drosophila neural circuits,
including serial-section electron microscopy (EM)®8, paired-recording®'®, photoactivatable
GFP (PA-GFP)'"'7 and calcium imaging®'®. Each method has its own advantage. EM and
PA-GFP can indicate synaptic connections and identify the morphology of potential
postsynaptic neurons. Calcium imaging and paired recording provide information on functional
connections between neurons. However, none of these techniques simultaneously track the
synaptic connections and evaluate the functional relevance of individual neurons in a circuit.

GFP Reconstitution Across Synaptic Partners (GRASP) is a well-established genetic
transsynaptic tool labeling synapses based on the proximity of pre- and postsynaptic plasma
membranes. GRASP allows for visualization of synaptic connection and activity between two
neurons by light microscopy but requires driver lines of both pre- and postsynaptic neurons'-
27, Recently, new genetic transsynaptic tools, including trans-Tango?®, TRACT
(TRAnsneuronal Control of Transcription)?®, and BAcTrace (Botulinum-Activated Tracer)®,
have been developed. Unlike GRASP, these methods rely on only one driver to label and
provide genetic access to synaptic partners. Among them, frans-Tango is the most widely
used tool for labeling synaptic partners in various Drosophila neural circuits®'. The design of
trans-Tango is based on the Tango assay, which converts transient interaction between G
protein-coupled receptors (GPCRs) and their ligands to a more stable readout?®22, The GAL4
drives the expression of the frans-Tango ligand in presynaptic neurons, which binds to and
activates the trans-Tango receptor (a GPCR) on postsynaptic membranes. The activated
trans-Tango receptor, in turn, recruits B-arrestin2 linked to a protease. The protease releases
QF from the trans-Tango receptor. QF then translocates to nuclei and expresses a reporter to
visualize postsynaptic neurons. While optogenetic and calcium imaging techniques have been
combined with trans-Tango to investigate the functional connectivity between pre- and
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postsynaptic neurons®-%, these approaches cannot determine the behavioral importance of
individual postsynaptic neurons.

Heating cells (HCs) are peripheral warm receptors located in the arista and are
activated at about 25°C%*, They guide animals to avoid warm temperature rapidly when
exposed to a steep gradient®” %40, HCs project their axonal termini to VP2, a glomerulus of
the antennal lobe (AL) in the brain*'42, The postsynaptic neurons of HCs consist of projection
neurons (PNs) and local interneurons (LNs). PNs are the output cells of the AL. EM tracing
has identified four tracts of projection neurons (PNs) from VP2: a medial AL tract (mALT), a
mediolateral AL tract (mIALT), a transversal AL tract (tALT), and a lateral AL tract (IALT)*.
The mALT comprises at least 14 PNs, while IALT includes five PNs, and mIALT and tALT
each contains one PN*3. Based on the similarity in morphology between the EM data and
studies using PA-GFP, driver lines, or dye injected by the electrophysiological pipettes, the
function of some PNs has been identified. One or more mALT PNs respond to warm and cool
temperatures and are necessary for rapid warm and cool avoidance behavior'’#3. A single
mIALT PN also responds to both warm and cold, while one IALT PN responds exclusively to
warm*44_ The tALT is a novel tract with unknown functions*3. Due to the lack of direct genetic
access to postsynaptic neurons by a presynaptic driver, it is challenging to comprehensively
understand the behavioral importance of each PN in response to temperature changes.

In this study, the HC-controlled circuit was used as a model to develop this tool. Single-
fly thermotactic and optogenetic assays were set up to define the behavioral function of HCs
and their circuit. Optogenetic genes tagged with fluorescence markers were inserted
downstream of an FRT-stop-FRT cassette to modulate neuronal activity in a random and
sparse manner. Then, we combined UAS-trans-Tango, hs-FLP, QUAS-mtdTomato-HA, and
QUAS-FRT-stop-FRT-GtACR2.EYFP (FLIPSOTi) to identify HC PNs necessary for rapid
warm avoidance. Similarly, UAS-trans-Tango, hs-FLP, QUAS-mCD8-GFP, and QUAS-FRT-
stop-FRT-CsChrimson.mCherry were combined to create FLIPSOTa to determine HC PNs
sufficient for avoidance. FLIPSOT is readily applied to identify functions of individual
postsynaptic neurons in many other fruit fly neural circuits and has the potential to be adapted
for use in mammalian circuits.

Results

The design of FLIPSOT

To generate a genetic tool that uses a presynaptic driver to label and manipulate postsynaptic
neurons randomly and sparsely, we incorporate the following genetic components in FLIPSOT
(Figure 1A). The trans-Tango allows for the genetic access of postsynaptic neurons by a
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presynaptic driver?®. The QUAS-reporter, controlled by trans-Tango, enables the visualization
of postsynaptic neurons (Figure 1B). Optogenetic tools were used to manipulate the activity
of postsynaptic neurons. Two versions of FLIPSOT have been created: FLIPSOTa, which
activates postsynaptic neurons and contains QUAS-FRT-stop-FRT-CsChrimson.mCherry,
and FLIPSOTi, which inhibits the activation of postsynaptic neurons and has QUAS-FRT-stop-
FRT-GtACR2.EYFP. Both CsChrimson* and GtACR28 are channelrhodopsins (ChRs).
CsChrimson is activated by red light to depolarize cells. GtACR2 is activated by blue light to
hyperpolarize cells. Fluorescence markers (mCherry and EYFP) are tagged to ChRs to
visualize postsynaptic neurons expressing ChRs. ChRs are downstream of a QUAS sequence
to enable trans-Tango to control the expression of postsynaptic ChRs. An FRT-stop-FRT
cassette is inserted between QUAS and ChRs*°. The stop sequence blocks ChR expression
without a FLP recombinase®. When heat shock is applied, FLP removes the stop sequence
in some, but not all, postsynaptic neurons, allowing random and sparse postsynaptic neurons
to express ChRs and the tagged fluorescence markers (Figure 1C).

Single-fly thermotactic and optogenetic assays

Single-fly behavioral assays are required to use FLIPSOT to analyze the behavioral roles of
individual postsynaptic neurons. In this study, we used rapid warm avoidance as a model to
test FLIPSOT®! (Figure 2A). Briefly, a single fly was acclimated under a transparent cover (2
mm (height) X 58 mm (width) X 83 mm (length)) for 15-25 seconds. Then, it was allowed to
choose between 25°C and 31°C for one minute. The preference index (Pl) was calculated. All
tested genotypes with intact aristae avoided 31°C (Figure 2B). Neither fly genders nor the
exchange of temperature sides affected warm avoidance (Figure S1). Importantly, wild-type
flies with both aristae ablated did not exhibit a preference between 25 and 31°C, while flies
with single aristae ablated avoided 31°C, indicating one arista is sufficient to drive warm
avoidance (Figure 2B).

Then, we set up single-fly optogenetic assays to test whether GtACR2 and
CsChrimson could suppress and activate the neural circuit controlling rapid warm avoidance,
respectively. Either GTACR2 or CsChrimson was expressed in HCs by HC-Gal4. A blue light
was used to replace the regular ambient room light to activate GtACR2 (Figure 2C). Similarly,
a single fly was acclimated for 15-25 seconds before being given a choice between 25 and
31°C for one minute under blue light. Flies expressing GtACR2 in HCs failed to avoid 31°C,
suggesting HCs are necessary for rapid warm avoidance (Figure 2D).

A red light was used to activate CsChrimson (Figure 2E). In this assay, flies were not
exposed to different temperatures. The cover was created with two opposing transparent
quadrants and two light-impermeable quadrants. The red light illuminated the cover from
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above. When flies passed the transparent quadrants, CsChrimson was activated by red light.
The fly was given one min to choose between dark and red-light quadrants. Control flies did
not show a preference between dark and red-light quadrants. However, flies expressing
CsChrimson in HCs significantly preferred dark quadrants, demonstrating that activation of
HCs is sufficient to drive avoidance of red light (Figure 2F).

HCs connect to four tracts of PNs

Next, we used HC-Gal4 to drive trans-Tango and label postsynaptic neurons of HCs.
Projections of HC-Gal4-positive neurons in the brain were observed in the VP2 glomerulus of
the antennal lobe (AL), the subesophageal zone (SEZ), and the fan-shaped body (FB) (Figure
3A). Besides local interneurons (LNs) in the AL and SEZ, four tracts of PNs from the AL were
observed: mALT, mIALT, tALT, and IALT. These PNs were arborated in the mushroom body
(MB), lateral horn (LH), and posterior lateral protocerebrum (PLP). Postsynaptic neurons were
also observed in the superior medial protocerebrum (SMP). GR28B(D) is the warm sensor in
HCs®¥. Flies using Gr28b.d-Gal4 to drive trans-Tango exhibited similar patterns of pre- and
postsynaptic neurons (Figure S2).

The ablation of one arista diminished the projections of HC-Gal4 positive neurons in
VP2 but did not affect those in the SEZ and FB (Figure 3B). In the AL, the mtdTomato
expression was decreased significantly on the side the arista was removed, and PNs were
not detectable. However, the postsynaptic labeling in the SEZ and SMP was not affected.
These findings suggested that HCs project to VP2 and synaptically connect to PNs and LNs
in the AL. Since PNs send information to higher-level brain regions, along with the behavioral
analysis of flies with one arista ablated (Figure 2B), we concluded that single-side PNs are
sufficient for guiding warm avoidance behavior.

Random and sparse labeling

We created two transgenic fly lines: QUAS-FRT-stop-FRT-GtACR2.EYFP for FLIPSOTi and
QUAS-FRT-stop-FRT-CsChrimson.mCherry for FLIPSOTa to modulate the activity of
individual postsynaptic neurons. GtACR2 and CsChrimson were cloned downstream of QUAS
to allow trans-Tango to control their expression. To achieve the modulation in a random and
sparse fashion, we inserted an FRT-stop-FRT cassette between QUAS and optogenetic
genes. Fluorescence tags, EYFP and mCherry, were added at the C termini of optogenetic
genes to enable the visualization of the neurons expressing GtACR2 and CsChrimson,
respectively.
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We used Ir21a-QF2w to drive QUAS-FRT-stop-FRT-GtACR2.EYFP and QUAS-FRT-
stop-FRT-CsChrimson.mCherry and expressed FLP using a heat shock promoter. Ir21a-
QF2w labels three neurons in each dorsal organ ganglion in fly larvae (Figure S3). Heat shock
allowed for FLP expression. In Ir21a-QF2w positive cells, the stop sequence was removed,
and GtACR2.EYFP or CsChrimson.mCherry was expressed (Figure 4A, C). Since FLP was
inadequate to trigger recombination in all cells, each dorsal organ ganglion (DOG) might have
zero, one, two, or three cells expressing EYFP or mCherry (Figure 4A, C). The expression
ratio of fluorescence markers and heat shock duration were correlated. Elongation of heat
shock increased the expression ratio (Figure 4B, D). Heat shock also randomly removed the
stop sequence between two FRT sites in adult HCs (Figure S4). These results suggested that
managing heat shock duration enables the random and sparse expression of GACR2.EYFP
or CsChrimson.mCherry. In the following experiments, we applied 30 min heat shock to
achieve the sparse expression of GACR2.EYFP and CsChrimson.mCherry.

Necessary and sufficient PNs for rapid warm avoidance

Finally, we combined UAS-trans-Tango, hs-FLP, QUAS-mtdTomato-HA, and QUAS-FRT-
stop-FRT-GtACR2.EYFP to generate FLIPSOTi. Similarly, UAS-trans-Tango, hs-FLP, QUAS-
mCD8-GFP, and QUAS-FRT-stop-FRT-GtACR2.EYFP were combined to create FLIPSOTa.
FLIPSOTi and FLIPSOTa were designed to determine individual postsynaptic neurons that
were necessary and sufficient, respectively, to transduce information for the behaviors
controlled by presynaptic neurons.

HCs are necessary and sufficient to guide rapid warm avoidance4%5!, We first used
HC-Gal4 to express FLIPSOTi to identify individual PNs necessary for rapid warm avoidance
(Figure 5A). Newly eclosed flies were exposed to 35°C for 30 min and then kept at 18°C for
about ten days. ATR was supplemented with food two days before behavioral tests. Single-
fly rapid warm avoidance assays were conducted under regular ambient room light and blue
light. Flies that had normal avoidance in room light and diminished avoidance in blue light
were collected (Figure 5B and S5A). Fly brains were dissected, and PNs expressing
GtACR2.EYFP were identified. In FLIPSOTi, QUAS-mtdTomato-HA was used as a control to
visualize postsynaptic neurons. Four tracts of PNs were observed on each side (magenta). In
Figure 5C, the mALT was the only tract expressing GtACR2.EYFP (green) in the left brain,
while both mALT and IALT expressed GtACR2.EYFP in the right brain. In Figure 5D, the left
mIALT did not express GtACR2.EYFP. In the right brain, all four tracts were visible by EYFP.
However, EYFP signals in the mIALT and tALT were faint compared to mtdTomato, and thus
the mIALT and tALT were considered to lack GtACR2.EYFP. We analyzed 29 brains, all of
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which expressed the mALT on both sides (Figure 5E), suggesting mALT from VP2 is
necessary to transduce information for rapid warm avoidance.

Then, we crossed HC-Gal4 with FLIPSOTa to identify the individual PNs sufficient for
rapid warm avoidance (Figure 6A). In this case, we gave flies 21 days to develop trans-Tango.
The single-fly rapid warm avoidance assay was conducted to select flies with normal warm
avoidance. A slight but significant decrease preference observed in HC>FLIPSOTa was due
to the fly age (Figure S5B). Then, the red light avoidance assay was performed, and flies with
strong red light avoidance were collected (Figure 6B). In FLIPSOTa, QUAS-mCD8-GFP
served as a control to visualize postsynaptic neurons. Four tracts of PNs were observed on
each side (green). In Figure 6C, the left mIALT did not express CsChrimson.mCherry
(magenta), while the right mIALT only showed faint CsChrimson.mCherry. In Figure 6D, the
left MIALT was absent of CsChrimson.mCherry, and the IALT had faint CsChrimson.mCherry.
In the right brain, all four tracts expressed CsChrimson.mCherry. We analyzed 29 brains of
HC>FLIPSOTa, all of which had at least one tALT expressing CsChrimson.mCherry (Figure
6E), indicating that the tALT is sufficient for driving rapid warm avoidance.

Discussion

FLIPSOT relies on a presynaptic driver to identify the behavioral function of individual
postsynaptic neurons. FLIPSOT uses (1) trans-Tango accessing postsynaptic neurons
genetically, (2) optogenetic approaches activating (FLIPSOTa) or inhibiting (FLIPSOTi)
postsynaptic neurons in a random and sparse manner, and (3) fluorescence markers tagged
with optogenetic genes visualizing these neurons. As long as a single-fly behavioral assay is
available to reflect the function of presynaptic neurons, FLIPSOT is readily applied to identify
functions of individual postsynaptic neurons in many other fruit fly neural circuits. It also has
the potential to be adapted for use in mammalian circuits.

Many methods depend on the similarity in morphology to identify postsynaptic
drivers®?4344  However, the same neuron may have different morphologies in different flies,
even between two sides of a single brain. For example, two mIALTs in Figure 3A exhibit
different morphologies. Moreover, when the neurons are packed heavily, and multiple neurons
have similar morphologies, relying on morphology to determine postsynaptic drivers becomes
impracticable, and validation of direct synaptic interaction is not trivial. Therefore, this
approach is challenging to investigate the function of postsynaptic neurons comprehensively.
FLIPSOT adopts trans-Tango, which provides genetic access to postsynaptic neurons using
a presynaptic driver. Importantly, HC>trans-Tango labels all four tracts of HCs postsynaptic
neurons identified by EM tracing®® (Figure 3A). Among these four tracts, FLIPSOTi
demonstrates that the mALT is necessary to drive rapid warm avoidance (Figure 5), consistent

83



with a previous report'. The tALT is a novel PN with unknown functions**. FLIPSOTa
suggests that activation of the tALT is sufficient to drive avoidance (Figure 6). Easy and
comprehensive access to postsynaptic neurons makes it possible to use FLIPSOT
investigating the function of individual postsynaptic neurons.

In FLIPSOT, frans-Tango controls an optogenetic tool and a reporter. This reporter
labels all postsynaptic neurons and thus serves as an internal control to determine the
neurons expressing optogenetic genes. Even though both reporters and fluorescence
markers can be observed under confocal microscopy, we suggest using
immunohistochemistry to enhance their signals and limit some false-positive noise.

FLIPSOT causes leaky expression of optogenetic genes and their tagged
fluorescence markers. Even without heat shock, the AL is strongly fluorescent. In some brains,
PNs also have fluorescence signals. This leaky expression makes FLIPSOT unable to
differentiate LNs. Moreover, the strong expression of optogenetic genes in the AL may have
indirect impacts on behavior and weaken the argument of the behavioral function of PNs.
Since the arboration of PNs in the AL and their target regions is a critical criterion for identifying
different PNs in the same tract, the leaky expression limits our ability to distinguish different
PNs.

The leaky expression can be from trans-Tango®®. A new version of trans-Tango with
less background noise is needed, and adoption of this new version in FLIPSOT might reduce
the leaky expression. The second source of leaky expression is trace amounts of FLP.
Although the leaky expression is not observed in larval Ir21a-QF2w positive cells (Figure 4A,
C), the long period for developing trans-Tango (10-21 days) may accumulate FLP, resulting
in its expression sufficient to remove the stop sequence from the FRT-stop-FRT cassette in
some cells. Raising flies in lower temperatures may limit the FLP amount. Moreover, the leaky
expression may be because the stop sequence from the FRT-stop-FRT cassette is skipped,
and thus downstream optogenetic tools and their tagged fluorescence markers are
transcribed, which can be resolved using an alternative or additional stop sequence.

In the future, besides solving the leaky problem, we will generate a new FLIPSOT
variant expressing both inhibitory and activatable optogenetic tools to test necessity and
sufficiency in the same flies. Expression of both GtACR2 and CsChrimson in HCs leads to
inhibition of HCs by blue light and activation of HCs in red light (Figure S6). Moreover, the
combination of a genetic calcium indicator and optogenetic tools may help understand the
physiological responses of the individual postsynaptic neurons in response to environmental
stimuli.

84



Materials and Methods:

Drosophila strains

The wild-type control used for all behavioral assays was w''’®. UAS-GtACR2*", HC-Gal4*,
Gr28b.d-Gal4%?, UAS-CsChrimson®® (RRID:BDSC 55135 and 55136), hs-FLP®
(RRID:BDSC_6938), UAS-FRT-stop-FRT-GFP* (RRID:BDSC_30032), QUAS-mCD8-GFP®%®
(RRID:BDSC 30002), QUAS-mtdTomato-HA>® (RRID:BDSC_30004), QUAS-GCaMP3
(RRID:BDSC _65684), and UAS-trans-Tango®® (RRID:BDSC 77123 and 77124) were
previously described.

To create the QUAS-FRT-stop-FRT-CsChrimson.mCherry and QUAS-FRT-stop-FRT-
GtACR2.EYFP lines, the FRT-stop-FRT sequence*® (Addgene plasmid #64716) was cloned
into the pQUAST-aftB (RRID:DGRC_1438) vector. Then, either the CsChrimson.mCherry*®
(Addgene plasmid #111547) sequence or the GtACR2.EYFP*® (Addgene plasmid #67877)
sequence was cloned into the vector. The final constructs were integrated into attP2%¢
(RRID:DGRC_8622).

Ir21a-QF2w was created by removing the synaptobrevin promoter and subcloning the
Ir21a promoter region into pattB-synaptobrevin-QF2w-hsp70°"-°¢ (Addgene plasmid #46116).
The construct was also integrated into attP40% (RRID:DGRC_8622).

Single-fly rapid warm avoidance assay and optogenetic assay

Flies were maintained at about a 12:12 hour light:dark cycle at 22°C (or 18°C for frans-Tango
development). All behavioral experiments were performed between 2 pm to 10 pm. Two days
before behavioral experiments, flies were placed in the dark on food supplemented 40 uM
ATR (Sigma-Aldrich).

The rapid warm avoidance assay was performed in a behavioral room, in which the
temperature was set at 25°C. Two steel plates were used to set up the temperature gradience.
One steel plate was placed on top of a hot plate, and the other one was lifted up to align with
the first steel plate. A sheet protector was taped on top. The hot plate temperature was
adjusted so that the surface of the steel plate was about 31°C. A single fly was placed under
a plastic cover (2 mm (height) X 58 mm (width) X 83 mm (length)) and allowed to acclimate
for 15-25 seconds. Flies were moved to 25°C to start the behavior. The position of the fly was
recorded every five seconds for one minute. Flies that did not move for over 30 seconds were
discarded. A desk lamp (room light) (~22 lux) was used to illuminate the rapid warm avoidance
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assay. A blue light source (~20 klux) was built®® to activate GtACR2. The preference index
(PI) was calculated using the following formula:

Pl = (time point number in 25°C ) — (time point number in 31°C)

total time point number

Red light optogenetic assays were conducted at 25°C. The base of the experiment
was a sheet protector overlaid on a black background. Flies were placed on the sheet
protector under a plastic cover with two opposing transparent quadrants and two light-
impermeable quadrants. The red light illuminated the cover from the top. Flies were given ten
seconds to acclimate, and all experiments started with flies in one of the visible quadrants.
Flies that did not move for more than 30 seconds were discarded. The red light source (32
klux) was previously described®. The preference index (Pl) was calculated using the following
formula:

Pl = (time point number in the "dark") — (time point number in red light )

total time point number
Brain dissection and immunostaining

Brains were dissected using forceps (FST 11413-11) in 1X PBS and then transferred to PBS
on ice. Immunohistochemistry was performed as previously described with some
modifications®. Brains were fixed in 1XPBS with 4% paraformaldehyde for 30 min. After
washing three times (5 min each) in PBST (1XPBS with 0.5% Triton-100), antigen retrieval
was performed by incubating brains in 1TXPBS with 0.1% SDS and 20% H-O- for 30 min. Next,
brains were washed three times in PBST (5 min each), blocked in 10% NGS for one hour, and
incubated in the primary antibody solution for three days. After washing overnight in PBST,
brains were transferred to the secondary antibody solution overnight and then washed in
PBST overnight. Samples were mounted using Vectashield Mounting Medium
(VECTASHIELD) and imaged using a Nikon A1 Confocal Microscope. Primary antibodies
used were rabbit anti-dsRed (1:200, Takara Bio), rabbit anti-GFP (1:500, Invitrogen), mouse
anti-GFP (1:500, Sigma-Aldrich), and mouse anti-HA (1:200, Invitrogen). Secondary
antibodies included goat anti-rabbit Cy3 (1:250, Jackson Immuno), goat anti-rabbit Alexa
Fluor 488 (1:250, Jackson Immuno), goat anti-mouse CF488A (1:250, Sigma-Aldrich), and
goat anti-mouse TRITC (1:250, Invitrogen).

Statistical Analysis

Statistical details of experiments were mentioned in the figure legends. The normality of
distributions was assessed by the Shapiro-Wilk W test (p < 0.05 rejected normal distribution).
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Statistical comparisons were performed by the Mann-Whitney test or Kruskal-Wallis test. Data
analysis was conducted using GraphPad Prism 9.
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Figure 1. Schematic design of FLIPSOT.

(A) Genetic components in FLIPSOT include a trans-Tango ligand, trans-Tango receptor
bound to QF, protease, FLP, fluorescence reporter, and optogenetic tool (ChR) tagged with
a fluorescence marker. The trans-Tango ligand is downstream of a UAS sequence, a
binding site of the transcription activator GAL4. Both the frans-Tango receptor and protease
are pan-neuronally expressed. When the ligand binds to the receptor on synaptically
connected neurons, the protease is recruited to release the transcription activator QF from
the trans-Tango receptor in postsynaptic neurons. The reporter is downstream of a QUAS
sequence, a binding site of QF. Heat shock permits the expression of FLP. The optogenetic
gene is under the control of QUAS and an FRT-stop-FRT cassette, so both QF and FLP
must translocate to nuclei to allow its expression, which is visualized by a tagged
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fluorescence protein.

(B,C) A presynaptic GAL4 drives the expression of the trans-Tango ligand in presynaptic
neurons. The ligand binds to the trans-Tango receptor on synaptically connected neurons
and releases QF. QF translocates to nuclei to express the reporter. Although QF binds to
the QUAS sequence upstream of the optogenetic gene, the optogenetic gene will not be
expressed (B) until heat shock allows the expression of FLP, which removes the stop
sequence from the FRT-stop-FRT cassette randomly to permit its expression (C).

This figure was created with BioRender.com
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Figure 2. Single-fly thermotactic and optogenetic assays.

(A) Setup for the single-fly two-choice thermotactic assay under ambient light condition.
Flies were given one minute to choose between 25 and 31°C (created with BioRender.com).
(B) PI of the indicated genotypes that were raised with (+) or without (-) dietary retinal (ATR).
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n = 30-45; data represent means + SEM; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test; letters denote statistically distinct groups, p < 0.05. Genotypes:
HC>GtACR?2 is HC-Gal4;UAS-GtACR.EYFP; HC>CsChrimson is HC-Gal4;UAS-
CsChrimson.mCherry.

(C) Setup for the single-fly two-choice thermotactic assay under blue light condition. Flies
were given one minute to choose between 25 and 31°C (created with BioRender.com).

(D) PI of the indicated genotypes that were raised with (+) or without (-) dietary retinal
(ATR). n = 30-45; data represent means = SEM; Kruskal-Wallis test followed by Dunn’s
multiple comparisons test; letters denote statistically distinct groups, p < 0.05.

(E) Setup for the single-fly optogenetic assay under red light condition. Flies were given one
minute to choose between the dark and light environment (created with BioRender.com).
(F) PI of the indicated genotypes that were raised with (+) or without (-) dietary retinal (ATR).
n = 30-45; data represent means £+ SEM; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test; letters denote statistically distinct groups, p < 0.05.

See also Figure S1.

Figure 3. HCs connect to four tracts of PNs.

(A) In flies bearing trans-Tango components, driving ligands and GFP expressing in VP2
(black arrows) of the AL by HC-Gal4 results in mtdTomato expression (magenta) in
postsynaptic LNs and PNs (cyan arrows). Scale bar: 50 um. Left lower panel: illustration of
PNs; right upper panel: left PNs; right lower panel: right PNs.

(B) The ablation of the left arista results in the absence of the left PNs while leaving the right
PNs (cyan arrows) unaffected. Left lower panel: illustration of PNs; right upper panel: left
PNs; right lower panel: right PNs.

See also Figure S2.
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Figure 4. Heat shock removes the stop sequence from the FRT-stop-FRT cassette
randomly.

(A) After heat shock, each DOG may contain zero, one (upper), two (middle), or three
(lower) GtACR2.YFP-positive Ir21a-QF2w-labeled neurons. Ir21a>FRT-stop-FRT-
GtACR2.EYFP is Ir21a-QF2w,QUAS-FRT-stop-FRT-GtACR2.EYFP. Scale bar: 10 pym.
(B) The percentage of GtACR2.YFP-positive Ir21a-QF2w-labeled neurons in each DOG
after incubating larvae at 35°C for the indicated periods. n = 6-62; data represent means *
SEM; Kruskal-Wallis test followed by Dunn’s multiple comparisons test; letters denote
statistically distinct groups, p < 0.05.

(C) After heat shock, each DOG may contain zero, one (upper), two (middle), or three
(lower) CsChrimson.mCherry-positive Ir21a-QF2w-labeled neurons. Ir21a>FRT-stop-FRT-
CsChrimson.mCherry is Ir21a-QF 2w, QUAS-FRT-stop-FRT-CsChrimson.mCherry. Scale
bar: 10 um.

(D) The percentage of CsChrimson.mCherry-positive Ir21a-QF2w-labeled neurons in each
DOG after incubating larvae at 35°C for the indicated periods. n = 6-80; data represent
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means * SEM; Kruskal-Wallis test followed by Dunn’s multiple comparisons test; letters
denote statistically distinct groups, p < 0.05.
See also Figures S3 and S4.
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Figure 5. Identify PNs necessary to drive rapid warm avoidance.

(A) Schematic representation of identifying PNs necessary for the avoidance behavior.
FLISOTiis hs-FLP,UAS-trans-Tango, QUAS-FRT-stop-FRT-GtACR2.EYFP,QUAS-
mtdTomato. The pre-synaptic driver is HC-Gal4 (created with BioRender.com).

(B) PI of the indicated genotypes to avoid 31°C under ambient room (left) or blue (right)
light. Flies were raised with dietary retinal (ATR) in the dark for two days before
experiments. n = 31-45; data represent means + SEM; Kruskal-Wallis test followed by
Dunn’s multiple comparisons test; letters denote statistically distinct groups, p < 0.05.
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(C,D) GtACR2.EYFP-positive HC PNs in flies not avoiding 31°C under blue light. Left upper
panels: immunohistochemistry. Magenta: HA antibody to show all postsynaptic neurons of
HCs, green: YFP antibody to indicate GtACR2.EYFP-positive postsynaptic neurons of HCs;
cyan arrow: GtACR2.EYFP-positive PN, orange arrowhead: GtACR2.EYFP-negative PN;
cyan double arrow: GtACR2.EYFP-weak PN; if the EYFP staining is much weaker than the
HA staining, the PN is considered to lack GtACR2.EYFP. Scale bar: 50 um. Left lower
panels: illustration of PNs. White: GtACR2.EYFP-positive PN, magenta: GtACR2.EYFP-
negative PN. Right three upper panels: left PNs; right three lower panels: right PNs. (C)
Three PN tracts express GtACR2.EYFP (both mALTs and the right IALT). (D) Five PNs
express GtACR2.EYFP (left: mALT, tALT, and IALT; right: mALT and IALT).

(E) The mALT PNs are necessary for rapid warm avoidance. We analyzed 29 brains, all of
which expressed GtACR2.EYFP-positive mALT at both sides.

See also Figure S5.
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Figure 6. Identify PNs sufficient to drive avoidance.
(A) Schematic representation of identifying PNs sufficient for the avoidance behavior.
FLISOTa is hs-FLP,UAS-trans-Tango, QUAS-FRT-stop-FRT-CsChrimson.mCherry, QUAS-
mCD8-GFP. The pre-synaptic driver is HC-Gal4 (created with BioRender.com).
(B) PI of the indicated genotypes to avoid 31°C (left) or red light (right). Flies were raised
with dietary retinal (ATR) in the dark for two days before experiments. n = 29-45; data
represent means + SEM; Kruskal-Wallis test followed by Dunn’s multiple comparisons test;
letters denote statistically distinct groups, p < 0.05.
(C,D) CsChrimson.mCherry-positive HC PNs in flies avoiding red light. Left upper panels:
immunohistochemistry. Green: GFP antibody to show all postsynaptic neurons of HCs,
magenta: mCherry antibody to indicate CsChrimson.mCherry-positive postsynaptic neurons
of HCs; cyan arrow: CsChrimson.mCherry-positive PN, orange arrowhead:
CsChrimson.mCherry-negative PN, cyan double arrow: CsChrimson.mCherry-weak PN; if
the mCherry staining is much weaker than the GFP staining, the PN is considered to lack
CsChrimson.mCherry. Scale bar: 50 um. Left lower panels: illustration of PNs. White:
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CsChrimson.mCherry-positive PN, green: CsChrimson.mCherry-negative PN. Right three
upper panels: left PNs; right three lower panels: right PNs. (C) Six PNs express
CsChrimson.mCherry (both mALTSs, tALTs, and IALT). (D) Six PNs express
CsChrimson.mCherry (left: mALT and tALT; right: mALT, mIALT, tALT, and IALT).

(E) The tALT is sufficient for the avoidance behavior. We analyzed 29 brains of
HC>FLIPSOTa, all of which had at least one tALT expressing CsChrimson.mCherry.

See also Figure S5.
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Figure S1. Pl is not affected by fly gender, dietary retinal (ATR), or whether 31°C is on the
left or right.

(A) PI of the indicated genders that were raised with (+) or without (-) dietary retinal (ATR).
n = 14-28; data represent means + SEM; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test.

(B) PIfrom tests that 31°C was on the left, on the right or both sides were 25°C. n = 15;
data represent means + SEM; Kruskal-Wallis test followed by Dunn’s multiple comparisons
test; ****, p < 0.0001.
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Figure S2. Gr28b.d-Gal4 drives trans-Tango to label postsynaptic neurons of HCs.

(A) In flies bearing trans-Tango components, driving ligands and GFP expressing in VP2
(black arrow) of the AL by Gr28b.d-Gal4 results in mtdTomato expression (magenta) in
postsynaptic LNs and PNs (cyan arrow). Scale bar: 50 pym.

(B) Illustration of PNs.

(C) Left PNs.

(D) Right PNs.

Figure S3. Ir21a-QF2w labels three neurons in each DOG. Genotype: Ir21a-QF2w/QUAS-
GCaMP3. Scale bar: 10 uym.
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HC>FRT-stop-FRT-GFP

35°C Heatshock

Figure S4. Heat shock removes the stop sequence from the FRT-stop-FRT cassette in HCs
randomly. Among 61 aristae observed, ten had zero HCs (A), eight had one HC (B), 23 had
two HCs (C), and 20 had three HCs (D). Scale bar: 10 ym.
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Figure S5. The rapid warm avoidance of old flies.

(A) PI of the indicated genotypes and ages. n = 15-34; data represent means + SEM; Mann-
Whitney test comparing to wt (2-7d) or the indicated group; **, p < 0.01; ns, not significant.
(B) PI of the indicated genotypes and ages. n = 17-34; data represent means + SEM; Mann-
Whitney test comparing to wt (2-7d) or the indicated group; *, p < 0.05; **, p < 0.01; ns, not
significant.
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Figure S6. Single-fly thermotactic and optogenetic assays of HC>GtACRZ2/CsChrimson.
(A) Pl of HC>GtACR2/CsChrimson that were raised with (+) or without (-) dietary retinal
(ATR) under ambient room light condition. n = 30; data represent means + SEM; Mann-
Whitney test; **, p < 0.01. HC>GtACR2/CsChrimson is HC-Gal4,UAS-GtACR2.EYFP/UAS-
CsChrimson.mVenus.

(B) Pl of HC>GtACR2/CsChrimson that were raised with (+) or without (-) dietary retinal
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(ATR) under blue light condition. n = 30; data represent means + SEM; Mann-Whitney test;
= p < 0.0001.

(C) Pl of HC>GtACRZ2/CsChrimson that were raised with (+) or without (-) dietary retinal
(ATR) under red light condition. n = 30; data represent means + SEM; Mann-Whitney test;
= p < 0.0001.
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APPENDIX B

Below is the article “Responses of different Drosophila species to temperature changes”,
reproduced from
https://journals.biologists.com/jeb/article/225/11/ieb243708/275567/Responses-of-different-
Drosophila-species-to. Data relevant to this dissertation can be found in Fig. 2I-J.

Responses of different Drosophila species to temperature changes

Ainul Huda, Alisa A. Omelchenko, Thomas J. Vaden, Allison N. Castaneda, Lina Ni

ABSTRACT

Temperature is a critical environmental variable that affects the distribution, survival and
reproduction of most animals. Although temperature receptors have been identified in many
animals, how these receptors respond to temperature is still unclear. Here, we describe an
automated tracking method for studying the thermotactic behaviors of Drosophila larvae and
adults. We built optimal experimental setups to capture behavioral recordings and analyzed
them using free software, Fiji and TrackMate, which do not require programming knowledge.
Then, we applied the adult thermotactic two-choice assay to examine the movement and
temperature preferences of nine Drosophila species. The ability or inclination to move varied
among these species and at different temperatures. Distinct species preferred various
ranges of temperatures. Wild-type D. melanogaster flies avoided the warmer temperature in
the warm avoidance assay and the cooler temperature in the cool avoidance assay.
Conversely, D. bipectinata and D. yakuba did not avoid warm or cool temperatures in the
respective assays, and D. biarmipes and D. mojavensis did not avoid the warm temperature
in the warm avoidance assay. These results demonstrate that Drosophila species have
different mobilities and temperature preferences, which will benefit further research in
exploring molecular mechanisms of temperature responsiveness.

Keywords:
Drosophila, Thermosensation, Thermotaxis, Two-choice assay, Optogenetics, TrackMate
INTRODUCTION

Temperature affects all aspects of physiology, from the rate of chemical reactions and the
activity of biomolecules to the distribution of living organisms (Dell et al., 2011; Sengupta
and Garrity, 2013; Franks and Hoffmann, 2012). Temperature variation is particularly
influential for small animals, such as insects, which depend on ambient temperatures to set
their body temperatures (Garrity et al., 2010; Dillon et al., 2010). Many insect vectors of
disease, including mosquitoes, respond to the temperature of their warm-blooded hosts and
use it to guide blood-feeding behaviors (Brown, 1951; Howlett, 1910; Corfas and Vosshall,
2015; Greppi et al., 2015, 2020).

Fruit flies are an excellent insect model system for studying thermosensation. In
many Drosophila melanogaster thermosensory systems, a small number of thermosensory
neurons control robust behaviors (Ni et al., 2013; Hamada et al., 2008; Klein et al.,
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2015; Budelli et al., 2019; Gallio et al., 2011). These sensory neurons contain evolutionarily
conserved thermal molecules across Drosophila species and insect vectors of disease,
including mosquitoes (Corfas and Vosshall, 2015; Greppi et al., 2020). Adult D.
melanogaster flies possess several thermosensory systems to control innocuous
thermotactic behaviors (Barbagallo and Garrity, 2015). TRPA1, a transient receptor potential
cation channel, acts as an internal warm sensor in the brain, guiding flies to slowly avoid
warm temperatures when they are exposed to a shallow temperature gradient (Hamada et
al., 2008). Aristal heating and cooling neurons guide rapid warm and cool avoidance on
steep temperature gradients. A gustatory receptor GR28B(D) is the warm receptor in aristal
heating cells (HCs), and three members of the ionotropic receptor (IR) family (IR25a, IR93a
and IR21a) form the cool receptor in aristal cooling cells (CCs) (Ni et al., 2013; Budelli et al.,
2019). However, the molecular mechanisms underlying how these thermoreceptors respond
to temperature are still unclear.

The genomes of more than 20 Drosophila species, besides D. melanogaster, have been
sequenced (Celniker et al., 2002; Hoskins et al., 2007; Hu et al., 2013; Clark et al.,

2007; Stark et al., 2007; Chen et al., 2014). These sequenced species span a wide range of
global distributions with diverse temperatures (Powell, 1997). To adapt to their specific
ecosystems, they may possess thermoreceptors that have evolved distinct temperature
responsiveness through amino acid changes at a few residues. Thus, we expect that

these Drosophila species offer opportunities to understand how thermoreceptors respond to
temperature changes.

This study used thermotactic behaviors to understand the thermal preference of

various Drosophila species. Drosophila thermotactic behaviors depend on locomotion — the
ability of an animal to move. Therefore, we first describe an automated tracking method that
utilizes an open-source Fiji plugin, TrackMate, to track the movement of larvae and adult
flies. We built optimal experimental setups that allow for easy processing and reproducible
analysis of the behavioral recordings. We also provide examples of how to analyze non-
optimal recordings. TrackMate extracts the X and Y positions of an animal on each frame.
This information allows the generation of animal trajectories, calculation of moving speeds
and distances, and determination of preference indices in two-choice assays. This method
can be used to analyze free-motion behaviors, two-choice thermotaxis and optogenetic
assays in larvae and adult flies. Then, we used the adult thermotactic two-choice assay to
examine the temperature preferences of different Drosophila species. We tested 801 flies,
including four genotypes of D. melanogaster and eight other Drosophila species. We find
that starting temperature and sex affect preference indices, and several species exhibit
preferences similar to those of D. melanogaster thermoreceptor mutants. In summary, this
study provides an automated tracking method to analyze Drosophila larval and adult
movement. Results from various species can benefit the research pertaining to molecular
mechanisms of temperature responsiveness.

MATERIALS AND METHODS
Drosophila strains

y',w* was used as the wild-type control for the larval behavioral assays in Fig. 1D—

G. w'""® was used as the wild-type control for the adult behavioral assays in Figs 2—

5. Canton-S (CS) and D. mojavensis were kind gifts from Dr Michael Dickinson. Other fly
species were obtained from the National Drosophila Species Stock Center: D.
ananassae (14024-0371.11), D. biarmipes (14023-0361.03), D. bipectinata (14024-
0381.21), D. erecta (14021-0224.05), D. ficusphila (14025-0441.01), D. simulans (14021-
0251.011) and D. yakuba (14021-0261.48). The following flies were previously
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described: UAS-CsChrimson (Klapoetke et al., 2014), Ir93a" (Knecht et al., 2016), Ir93a-
Gal4 (Sanchez-Alcafiz et al., 2018), Gr28b™? (Ni et al., 2013) and HC-Gal4 (Gallio et al.,
2011).

Fig. 1.
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Using TrackMate to analyze larval behaviors. (A,B) Setup for the single-larva two-choice
thermotactic (A) and optogenetic assay (B). The setup for the free-motion assay is similar to
that for the optogenetic assay but performed in ambient light. (C) Preprocessing of images
of the single-larva behavioral assay. Top: the image sequence was imported into Fiji and
cropped. Middle: the background was subtracted. Bottom: brightness and threshold were
adjusted. White circles show the larva. (D) wt (y',w*) and Ir93a" trajectories in the free-
motion assay. (E) wt (y',w*) and /Ir93a" moving speed in the free-motion assay. n=15; data
represent means (black) +s.e.m. (light gray). (F) Moving distances of indicated genotypes
and conditions. n=15-30; data represent meansts.e.m; **P<0.01, ****P<0.0001, Welch's
test for the free-motion assay and Mann—Whitney test for the two-choice assay.

(G) wt (y',w*) and Ir93a trajectories in the two-choice assay. (H) Preference indices (PI) of
the indicated genotypes. n=30; data represent meansts.e.m; *P<0.05, Mann—Whitney test.
(I) The locomotion of an Ir21a-Gal4;UAS-CsChrimson (Ir21a>CsChrimson) larva with all-
trans retinal (ATR, dietary retinal) in the optogenetic assay. Top: the video was converted to
grayscale and cropped by Fiji. Bottom: the recording was preprocessed by Fiji and analyzed
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by TrackMate. White circles show the larva. (J) The relative speed

of Ir21a>CsChrimson larvae with or without ATR. Relative speed is defined as the moving
speed during red light on divided by the moving speed during red light off. n=15; data
represent meansts.e.m; **P<0.01, Mann—-Whitney test. (K-M) Using TrackMate to analyze
non-optimal recordings. (K) A previous setup of the single-larva optogenetic assay, in which
light glare and other background noise signals are detected. (L) Locomotion of

an Ir21a>CsChrimson larva with ATR. Top: the video was converted to grayscale and
cropped by Fiji. Bottom: the recording was preprocessed by Fiji and analyzed by TrackMate.
White circles show the larva. Yellow circles show an unavoidable background noise signal.
The trajectory is shown in rainbow colors. (M) The relative speed

of Ir21a>CsChrimson larvae with or without ATR. n=3; data represent meansts.e.m;
*P<0.05, Welch's test.
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Using TrackMate to analyze adult behaviors. (A,B) Setup for the single-fly two-choice
thermotactic (A) and optogenetic assay (B). The setup for the free-motion assay is similar to
that for the two-choice assay but is performed on a single plate with a unique temperature
(25°C). (C) Preprocessing of images of the single-fly behavioral assay. Left: the image
sequence was imported into Fiji and cropped. Right: the background was subtracted, and
brightness and threshold were adjusted. (D) wt (w''"®) and Gr28b"? trajectories in the free-
motion assay. (E) wt (w'""®) and Gr28bM2 moving speed in the free-motion assay. n=15; data
represent means (black) £s.e.m (light gray). (F) Moving distances of the indicated genotypes
and conditions. n=15; data represent meanszts.e.m; *P<0.05, **P<0.01, Welch's test for the
free-motion assay and Mann-Whitney test for the two-choice assay. (G) wt (w'"®)

and Gr28b"® trajectories in the two-choice assay. (H) Pl of the indicated genotypes. n=7—-11;
data represent meansts.e.m; **P<0.01, Mann-Whitney test. (1) Trajectories of HC-
Gal4;UAS-CsChrimson (HC>CsChrimson) flies with or without dietary retinal (ATR) in the
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optogenetic assay. (J) Avoidance indices (Al) of HC>CsChrimson flies with or without
ATR. n=15; data represent meansts.e.m; ****P<0.0001, Mann—-Whitney test.
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Drosophila species have diverse mobilities. Four genotypes

(w''"8, CS, Ir93a™ and Gr28bM®) of D. melanogaster, as well as D. ananassae, D.
biarmipes, D. bipectinata, D. erecta, D. ficusphila, D. mojavensis, D. simulans and D.
yakuba were tested. The dashed line shows the threshold moving distance, 47.95 mm. Data
represent meansts.e.m. **P<0.01, ***P<0.001 and ****P<0.0001, comparing moving
distances of the corresponding genotype/species in the warm avoidance assay, Mann—
Whitney test, except Welch's test for Gr28bME. *P<0.05, #*P<0.001 and ¥***P<0.0001,
comparing moving distances of w''’®in the warm avoidance assay, Mann-Whitney
test. $P<0.05, $8P<0.01, $8P<0.001 and $8P<0.0001, comparing moving distances

of w'"8 in the cool avoidance assay, Mann—Whitney test.
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Both starting temperature and sex affect w’’’® PI. Pls of indicated groups in warm (A)
and cool (B) avoidance assays. Data represent meansts.e.m. *P<0.05, **P<0.01 and
****P<0.0001, Mann—Whitney test, except Welch's test for the comparison of males starting
at 31°C and females starting at 31°C in A and the comparison of females starting at 25°C
and females starting at 11°C in B.

Fig. 5.
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Drosophila species have distinct temperature preferences. (A,B) Pl of males (A) and
females (B) of the indicated D. melanogaster genotypes and Drosophila species in the warm
avoidance assay. (C,D) Pl of males (C) and females (D) of the indicated D.

melanogaster genotypes and Drosophila species in the cool avoidance assay. Data
represent meansts.e.m. *P<0.05, **P<0.01, ***P<0.01 and ****P<0.0001, comparing PI with
the corresponding w’’®, Mann—Whitney test, except Welch's test for the comparison

of w'"® and Gr28bM8 and w'’"® and D. yakuba in B.

Larval behavioral assays

Flies were maintained at 25°C under a 12 h:12 h light:dark cycle. All larval experiments were
performed between 15:00 h and 18:00 h. Larvae were collected as described previously,
with some modifications (Tyrrell et al., 2021). Vials containing 20—45 males and females
were allowed 4-8 h to lay eggs and larvae were collected on day 4 using 10 ml of a 20% w/v
sucrose solution. Male and female larvae were not separated. Larvae were thoroughly
washed 3 times with distilled water, plated on a 60 mm tissue culture dish (Corning) with
about 13 ml of 3% room temperature (about 20°C) agar gel, and given 5-10 min to recover
from the washing process and acclimate to the agar.

For the free-motion assay, a steel plate was placed on a hot plate and its surface
temperature was adjusted to 18+1°C. A sheet of matte black poster paper was placed on
top of the steel plates. A plastic sheet protector was placed on the poster paper to prevent
warping from moisture. A 3% agar gel (~254x241 mm) was placed on the plastic sheet and
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evenly positioned in the release zone. For the two-choice assay, two steel plates on different
hot plates were separated by ~1.6 mm (the release zone). The surface temperature was
18+1°C on one side of the gel and 25+1°C on the other. The release zone was labeled at
the top and bottom of the gel. The temperature was monitored before each trial using a
surface temperature probe (80PK-3A, Fluke) and a thermometer (Fisherbrand Traceable
Big-Digit Type K Thermometer). A wild-type control was run at the beginning of the daily
experiments. Water was gently sprayed between trials to moisten the agar surface. A larva
was placed at the release zone and given 2 min to wander. The experiment was conducted
in dim ambient light (<10 Ix) and a HERO8 GoPro camera was hung above the gel

(~267 mm) to record the motion of the larva for each trial.

Larval optogenetic assays were recorded by a Sony HDR-CX405 camcorder with the
internal infrared filter removed and an 830 nm long-pass filter (FSQ-RG830, Newport)
installed. A 3% agar gel was cut to a ~76x127 mm size and a sheet of matte black poster
paper was placed under the gel to reduce background noise signals. An infrared light
(4331910725, Univivi) was used to visualize the larvae. Two red-light sources (Tyrrell et al.,
2021) were attached 254 mm above the gel at a 45 deg angle on both sides of the gel such
that the light intensity was even throughout the gel (~3 kix) and no glare was created. A third
red-light source was placed in a box outside the experimental setup but within view of the
camera to serve as an indicator to record when red lights were on or off. Larvae were
collected and prepared for the assay as detailed above except that they were kept on food
containing 40 ymol I"! all-trans retinal (ATR, Sigma-Aldrich) in the dark for 72 h before
testing. An individual larva was placed on the agar gel and given 30 s to acclimate. For the
recording, the larva was given 30 s to wander followed by three cycles of 5 s red light on and
15 s red light off.

Adult behavioral assays

Flies were raised at 25°C under a 12 h:12 h light:dark cycle and were 2—7 days old when
tested. All experiments were performed between 08:00 h and 12:00 h. Fly species for which
sex was difficult to distinguish via the naked eye were placed on a cold plate and viewed
under a microscope to observe and assign their sex 24 h before the experiments. The two-
choice thermotactic assays included the warm avoidance assay and the cool avoidance
assay. For the warm avoidance assay, two steel plates on different hot plates were aligned
so that the steel plate boundaries were brought together. Hot plate temperatures were
adjusted allowing the surface of the steel plates to be 251 and 31+1°C, respectively. For
the cool avoidance assay, the right-side hot plate was replaced with a glass dish filled with
ice. To hold the temperature, more ice was placed on top of the steel plate. The left plate
temperature was set to 251£1°C and the right plate to 11+1°C. For the free-motion assay, a
steel plate was placed on a hot plate, and its surface temperature was adjusted to 25+1°C.
The plates were sprayed with distilled water, and a plastic sheet protector was placed on
top. Excess moisture was removed via a Kimwipe. A piece of white paper was placed on top
of the plastic sheet protector to reduce background noise signals. A clear plastic cover was
coated with SigmaCote to prevent the fly from walking on the plastic cover; it was placed on
top of the white paper. The cover was positioned so that it was divided evenly by the steel
plate boundary, creating the experimental chamber. Temperature was monitored before
each trial using a surface temperature probe (80PK-3A, Fluke) and a thermometer
(Fisherbrand Traceable Big-Digit Type K Thermometer). A wild-type control test was run at
the beginning of every data collection session. For the experiment, a fly of known sex was
placed under the plastic cover and a Styrofoam box was placed above the plastic cover to
shield the experimental area and allow the experiment to be conducted in dim ambient light
(<10 Ix). The flies were given 2 min to acclimate on the 25+1°C side under the clear plastic
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cover. The cover was then moved towards the 31+1 or 11£1°C side so that the experimental
area was divided evenly by the steel plate boundary. If the fly remained on the 25+1°C side
during this process, the starting temperature was 25°C; if the fly moved to the 31£1°C or
11+1°C side, the starting temperature was 31 or 11°C, respectively. A HERO8 GoPro was
positioned at the top of the box (~203 mm in height). The motion of the fly was recorded by
taking a time-lapse photo every second for 120 s.

For the adult optogenetic assays, half of the clear plastic cover was covered with an infrared
filter (LEE Filters 100100 mm Infra Red #87 Infrared Polyester Filter). A sheet of matte
black poster paper was put under the cover to reduce noise from the background. An
infrared light (4331910725, Univivi) was used to visualize the flies. A red-light source (Tyrrell
et al., 2021) was attached ~457 mm above the experimental surface with a light intensity of
about 2.5 kIx. Assays were recorded by a Sony HDR-CX405 camcorder with the internal
infrared filter removed and an 830 nm long-pass filter (FSQ-RG830, Newport) installed. Flies
of 1-3 days old were collected and kept in the dark for 40—48 h on food supplemented with
40 ymol I"* ATR (Sigma-Aldrich). A single fly of known sex was pipetted under the plastic
cover and given 30 s to acclimate. The light source was turned on and the motion of the fly
was recorded for 60 s.

Preprocessing photos for adult behavioral assays

The individual photos for each trial were combined into a single file using Fiji and converted
to 8-bit grayscale images (File>Import>Image Sequence function; boxes of Convert to 8-bit
Grayscale and Sort names were numerically selected) (Schindelin et al., 2012). For the two-
choice and optogenetic assays, the Rotate feature (Image>Transform>Rotate) was used to
rotate images until the steel plate dividing line was vertical. A black line was drawn along the
steel plate boundary using the draw function (Edit>Draw) and applied to all images. Then,
for all assays (including free-motion behaviors and two-choice thermotaxis), the Crop feature
(Image>Crop) was used to cut away all areas except the experimental area. Next,
backgrounds were subtracted from all images (Process>Subtract Background; set rolling
ball radius to 20.0 pixels; the light background box was selected). The brightness/contrast
was adjusted to enhance the difference between the dark fly and the white background
(Image>Adjust>Brightness/Contrast). Finally, the threshold was set to the automatically
suggested setting (Image>Adjust>Threshold; Default and B&W settings were chosen, and
the Don't reset range box was selected). In the Convert Stack to Binary box, the method
was set to default, background was set to light, and the box corresponding to calculate
threshold for each image was selected. The preprocessed image was then saved as a TIFF
file (File>Save as>TIFF) for analysis.

Preprocessing videos for larval behavioral assays

Videos were converted to .avi and the resolution was decreased to 760x480 pixels by Any
Video Converter 9 (AnvSoft). They were then uncompressed by Adobe Media Encoder or
FFmpeg (ffmpeg -i input_file_name.avi -an -vcodec rawvideo -y output_file_name.avi).

Videos were imported to Fiji and converted to 8-bit grayscale (File>Import>AVI; the Convert
to Grayscale box was selected). For the two-choice assays, the Rotate feature
(Image>Transform>Rotate) was used to rotate images to make the marker line (release
zone) vertical. Along the release zone, white lines were drawn at the top and bottom of the
larval motion zone; these lines must not pass the larval moving path and should be applied
to the first image only (Edit>Draw). Then, an area that was slightly larger than the larval
motion zone that included the top and bottom white lines was selected and the Crop feature
(Image>Crop) was applied for all images. Next, the background was subtracted from all
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images (Process>Subtract Background; rolling ball radius of 50.0 pixels). Finally, the
brightness/contrast was adjusted to enhance the difference between the white larva and the
black background (Image>Adjust>Brightness/Contrast; set Maximum to the left and applied;
then set Contrast to the right and applied). The preprocessed image was saved as an .avi
file (File>Save as>AVI) for analysis.

TrackMate analysis

TrackMate, in Fiji, was used to analyze the speed, distance and preference/avoidance
indices (Tinevez et al., 2017). Preprocessed tif files or .avi files were opened using Fiji and
TrackMate was run. In the LoG Detector box, we suggested adjusting the Estimated blob
diameter, Threshold, and Median filter. For adult flies, we set the Estimated blob diameter to
27.0-40.0 pixels, Threshold to 1.0-2.5, and selected Median filter. For larvae, we set the
Estimated blob diameter to about 10.0 pixels, Threshold to 1.0, and deselected the Median
filter. In the Set filters on spots box, filters could be used to remove aberrant regions of
interest (ROI) by choosing the X and Y region for ROI as well as the Quality of the ROI
found. Alternatively, aberrant ROI can be removed manually from the All Spots statistics file.
In the Simple LAP tracker box, we suggested adjusting the Linking max distance, the Gap-
closing distance, and the Gap-closing max frame gap. For adult flies, we set the Linking max
distance and the Gap-closing distance to the maximum X and Y pixel length of the image
and the Gap-closing max frame gap to 2. For larvae, we set the Linking max distance and
the Gap-closing distance to 25 pixels and the Gap-closing max frame gap to 2. In the Select
an action box, Export all spots statistics was selected and then Execute was clicked. The Al
Spots statistics file was cross-referenced with the spot detection file in Fiji, which was used
to ensure that only one spot was marked for each frame, and that erroneous duplicates
and/or aberrant ROls were deleted. Then, the All Spots statistics file was saved as a .csv
file.

The moving distance from frame n to the next frame was calculated through the following
formula:

¥ ¥

A Distance = 1.|',."'II (Xni1 —x5)" + Wug1 —¥a)"-
(1)

In the larval free-motion and two-choice assays, one pixel equaled about 0.493 mm. In the
adult free-motion and two-choice assays, one pixel equaled about 0.060 mm.

The moving speed from frame n to the next frame was calculated through the following
formula:

A Distance
Speed = ;
ame

(2)

The preference index (PI) or avoidance index (Al) was calculated by using the X position.
The PI for the two-choice assay was calculated based on the time the animal spent in each
temperature zone using the following formulas. For adults:

(time in 25°C) — (time in 31°C or 11°C)

Pl = -
Total time

3)
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For larvae:
(time in 18°C) — (time in 25°C)

Pl = :
Total time

(4)

The Al for the adult optogenetic assay was calculated based on the time a fly spent under
the infrared filter (in the ‘dark’) or in red light using the following formula:

(time in the 'dark’) — (time in red light)

Al = :
Total time

S

Speed, distance and PI could be calculated using Excel. A Python script was developed to
accelerate this process.

Statistical analysis

Statistical details of experiments are detailed in the figure legends. The normality of
distributions was assessed by the Shapiro—Wilk W test (P<0.05 rejected normal distribution)
and statistical comparisons of normally distributed data were performed by Welch's t-test.
For data that did not conform to a normal distribution, statistical comparisons were
performed by the Mann—Whitney test. Data analysis was performed using GraphPad Prism
9 and the pseudo-F analysis was performed in R.

RESULTS
Using TrackMate to analyze larval behaviors

We first used TrackMate to track larval movement and analyzed the larval two-choice
thermotactic assay. Larvae were allowed to move on a 3% agar gel. As TrackMate
recognizes particles (ROI) based on their intensity, background noise signals may be
recognized and mistakenly tracked as ROI. To diminish the background noise signals and
increase contrast, a sheet of black matte poster paper was placed under the gel, and the
ambient light was dimmed to under 10 Ix. A GoPro camera was placed above the gel to
record larval movement for 2 min. For the two-choice assay, a larva was released between
plates held at two temperatures and recorded (Fig. 1A). The 2 min video was imported into
Fiji and preprocessed, including cropping, subtracting the background, and adjusting
brightness and threshold (Fig. 1C). For the two-choice assay, a line was drawn to separate
different temperatures. This line must be white and must not pass through the moving path
of the larva (Fig. 1G). TrackMate was then used to track larval movement and generate its
trajectory (Fig. 1D,G). TrackMate also extracted X and Y positions of the larva on each
frame to calculate its moving speed and distance (Fig. 1E,F). In the two-choice assay, we
analyzed the X position of the line and the X position of the larva on each frame. This
information allowed us to calculate the time the larva spent in each temperature zone and
the PI (Fig. 1H).

We validated this method using y’,w* (wt) and Ir93a" larvae. IR93a is a subunit of the cool
and warm receptors in dorsal organ temperature-responsive cells (Knecht et al.,

2016; Hernandez-Nunez et al., 2021). Ir93a" larvae moved significantly more than wt larvae
(Fig. 1D,F,G; Movie 1). Regarding the PI, wt larvae preferred 18°C, consistent with previous
reports (Fig. 1G,H; Movie 1) (Kwon et al., 2008, 2010; Shen et al., 2011). The /r93a" larvae
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had no preference between 18 and 25°C, suggesting that IR93a is required for choosing the
optimal temperature between these two (Fig. 1G,H; Movie 1).

Movie 1. https://movie.biologists.com/video/10.1242/jeb.243708/video-1

Representative trajectories of Drosophila adult and larval behaviors. The following
behaviors are included: the wt (y', w) and Ir93a™ single-larva free-motion and two-choice
thermotactic assays, wt (w'’"®) and Gr28b™8 single-fly free-motion and two-choice
thermotactic assays, and HC>CsChrimson single-fly optogenetic assays (without and with
dietary ATR)

An optogenetic assay was also analyzed by TrackMate. The optogenetic tool used in this
study was the red light-shifted channel rhodopsin CsChrimson. When bound to all-trans
retinal (ATR), CsChrimson is activated by red light to depolarize cells (Klapoetke et al.,
2014). The larval optogenetic assay must be performed under infrared conditions while
avoiding light glare. Red-light intensity should be even across the region over which the
larva travels (Fig. 1B). The recording procedure and analysis method were similar to the
free-motion assay. Larvae expressing CsChrimson in dorsal organ cool cells (DOCCs)
showed aversive behaviors under red light with dietary ATR, such as pausing during the run,
which led to a decrease in moving speed (Fig. 11,J) (Tyrrell et al., 2021). These aversive
behaviors reflected the cool avoidance driven by DOCCs and were not observed in the
group without ATR (Fig. 11,J).

The TrackMate-based automated tracking method provides an option if behavioral
recordings are available and computer-based analysis is required. The analysis process
may take longer when the recordings contain strong background noise signals. Fig. 1K
shows an optogenetic setup that was previously used in the lab (Tyrrell et al., 2021). The
light source was placed under an agar plate so that the light source and light glare were
recorded (Fig. 1K). After the recordings had been converted to grayscale, the larva was
detected, but a significant amount of background noise was also shown (the upper panel

of Fig. 1L; the new setup had a cleaner background, as shown in the upper panel of Fig. 1I).
We proposed cropping the video and using the smallest possible region for analysis. Fiji
parameters, such as background, brightness and contrast, must be adjusted to diminish
background noise signals. In most cases, not all background noise signals could be avoided
(yellow circles in Fig. 1L). TrackMate parameters, including LoG detector, filters on spots,
simple LAP tracker and filters on tracks, also had to be optimized to detect the larva in most
frames (>99%) and maximally decrease noise signals. Finally, the All Spots statistics.csv file
was carefully checked to ensure that all ROl were related to the larva and were not noise
signals. On some frames, the larva was not detected or was counted more than once, so
multiple tracks were generated. A colorful track means it is composed of multiple tracks
(Fig. 1L). Although taking longer to process and analyze, these non-optimal recordings
showed similar results to the optimal recordings, i.e. that DOCC expression of CsChrimson
drove aversive behaviors (Fig. 1M).

Using TrackMate to analyze adult behaviors

We next used TrackMate to analyze adult behaviors. We maximally diminished the
background noise signals by performing the assay on a piece of white paper (Fig. 2A). In
our setup, the fly was covered by a transparent cover that only allowed it to walk, not fly. A
Styrofoam box was placed over that to cover the experimental region and create a
featureless environment with dim ambient light of under 10 Ix. A GoPro camera was installed
on the ceiling of the Styrofoam box to take time-lapse pictures (1 picture per second) for 2
min. These pictures were then imported into Fiji as an image sequence and preprocessed,
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including cropping, subtracting the background, and adjusting brightness and threshold

(Fig. 2C). Next, TrackMate was run to track the fly's movement, extract its X and Y positions,
and generate its trajectory (Fig. 2D,G). Moving speed and distance were then calculated
(Fig. 2E,F). We found that the warm receptor mutant, Gr28b™, moved significantly more
than w''"® (wt) flies (Fig. 2D,F; Movie 1).

When TrackMate was used to analyze an adult two-choice assay, a black line was drawn to
separate the two temperatures and used as a reference to calculate the PI (Fig. 2G).

While wt flies avoided 31°C and preferred 25°C, Gr28b™? did not show a preference
between 25 and 31°C (Fig. 2G,H). This result is consistent with previous reports (Ni et al.,
2013; Simdes et al., 2021; Budelli et al., 2019). Moreover, Gr28b™8 also moved more

than wt flies in this condition (Fig. 2F,G; Movie 1).

We also used this method to analyze the two-choice optogenetic assay. In this assay, a red-
light source was placed ~457 mm above the experimental surface. Half of the transparent
cover was covered by an infrared filter to create the ‘dark’ environment (Fig. 2B). Of note,
the red light could not be directly above the cover because it caused light glares. The
recording procedure and analysis method were similar to those for the larval optogenetic
assay. HCs in aristae drive warm avoidance (Gallio et al., 2011; Budelli et al., 2019; Ni et al.,
2013). Flies expressing CsChrimson in HCs avoided red light with dietary ATR

(Fig. 21,dJ; Movie 1). Without ATR, HCs were not activated and did not guide flies to avoid the
red light. This hypothesis was validated by the observation that flies raised without ATR
often traveled from the ‘dark’ zone to the red-light zone (Fig. 2I, left; Movie 1).

Drosophila species have diverse mobilities in adults

Next, we used the adult thermotactic two-choice assay to examine the temperature
responses of different Drosophila species. We used two setups: the warm avoidance assay
required flies to choose between 25 and 31°C, while the cool avoidance assay required flies
to choose between 25 and 11°C. We tested 801 flies, including four genotypes of D.
melanogaster (as controls), D. ananassae, D. biarmipes, D. bipectinata, D. erecta, D.
ficusphila, D. mojavensis, D. simulans and D. yakuba. To determine their temperature
preferences using thermotactic behaviors, we first excluded species that did not move or
moved minimally. The behavioral recordings for each fly were analyzed using Fiji, their
positions were extracted by TrackMate, and moving distances were calculated. We grouped
moving distances by pseudo-F statistics and identified 10 clusters. Flies in the cluster with
the shortest moving distances moved from 6.45 mm (107.584 pixels) to 47.90 mm (799.243
pixels). Independent visual analysis by four researchers agreed that flies in this cluster had
limited mobility. Flies in other clusters explored both temperature zones adequately

(Movie 2). Thereby, we set 47.95 mm (800 pixels) as the threshold (the dashed line

in Fig. 3). Flies were omitted from PI analysis if their moving distances were shorter than
47.95 mm.

Movie 2. https://movie.biologists.com/video/10.1242/jeb.243708/video-2

Set the threshold value for moving distances. Example trajectories from flies with moving
distances of about 250 pixels, 450 pixels, 650 pixels, 850 pixels, and 1050 pixels.
Trajectories are shown in red.

Most fly species moved significantly more in the warm avoidance assay than in the cool
avoidance assay, including w''’® D. melanogaster, D. ananassae, D. biarmipes, D.
bipectinata, D. erecta, D. mojavensis, D. simulans and D. yakuba (Fig. 3). These data
suggest that flies are more active in warm environments.
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Moreover, fly species had diverse mobilities. In the warm avoidance assay, D. erecta moved
the least and D. mojavensis moved the most. The average moving distance of D. erecta was
about 1/15 that of D. mojavensis. In the cool avoidance assay, D. erecta still moved the
least, but the most active flies were D. melanogaster Ir93a", whose average moving
distance was over 31 times that of D. erecta (Fig. 3). Of note, in the warm avoidance assay,
moving distances from more than half of the D. ananassae and D. erecta flies did not reach
the threshold (Fig. 3) and were not further analyzed. Similarly, in the cool avoidance assay,
less than half of the D. ananassae, D. erecta and D. simulans flies reached the threshold
(Fig. 3); thus, their Pls were also not calculated.

Starting temperature and sex affect Pl

To understand the effects of starting temperature and sex on Pl, we examined the
temperature preference of male and female wild-type w'’"® D. melanogaster under different
conditions. A positive Pl shows a preference for 25°C, while a negative Pl indicates a
preference for 31 or 11°C; a Pl near zero suggests no preference.

We divided w’’"® data obtained from the warm avoidance assay into four groups: males
starting at 25°C, females starting at 25°C, males starting at 31°C and females starting at
31°C. As shown in Fig. 4A, males and females had similar Pls when they started at the
same temperature. When flies started at different temperatures, the Pls showed a significant
difference. Flies starting at 25°C preferred 25°C, while flies starting at 31°C had no
preference. These data suggest that starting temperature, but not sex, affects Pl in the
warm avoidance assay.

In the cool avoidance assay, we also divided w'’"® data into four groups: males starting at
25°C, females starting at 25°C, males starting at 11°C and females starting at 11°C

(Fig. 4B). When flies started at 25°C, males had a stronger preference for 25°C than female
flies did. This difference was not observed if they started at 11°C. Moreover, males starting
at 25°C strongly preferred 25°C, and males starting at 11°C had no preference between 25
and 11°C. For females, flies starting at 25°C had a higher PI than those starting at 11°C, but
these two groups were not significantly different. Therefore, in the cool avoidance assay,
both starting temperature and sex affected PI. To understand the temperature preference of
each fly species, males and females were separated and only flies starting at 25°C were
analyzed.

Drosophila biarmipes, D. bipectinata, D. mojavensis and D. yakuba do not avoid warm
temperatures

Finally, we calculated Pls of different fly species. As mentioned above, only flies starting at
25°C were used. We tested four D. melanogaster genotypes: two wild-types, w'’"® and CS;

a cool receptor mutant, /r93aM; and a warm receptor mutant, Gr28b™ (Knecht et al.,

2016; Budelli et al., 2019; Ni et al., 2013). In the warm avoidance assay, both male and
female w’'’® and CS strongly preferred 25°C (Fig. 5A,B). The Pl of Gr28b™8 was significantly
lower than that of w’"’®, consistent with previous reports (Ni et al., 2013; Simdes et al.,

2021; Budelli et al., 2019) (Fig. 5A,B). Drosophila biarmipes, D. bipectinata and D.

yakuba had similar Pls to Gr28bM, suggesting that they do not have a preference between
25 and 31°C (Fig. 5A,B). Drosophila mojavensis flies had negative Pls, indicating they prefer
31°C (Fig. 5A,B).

Drosophila bipectinata and D. yakuba do not avoid cool temperatures

In the cool avoidance assay, male w'’"® and CS strongly preferred 25°C (Fig. 5C). As
reported previously (Enjin et al., 2016; Budelli et al., 2019), cool receptor
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mutant /r93a™ males had a lower PI than w'’"® males (Fig. 5C). The Pls of D.

ficusphila and D. yakuba males were close to 0, indicating they have no preference between
25 and 11°C (Fig. 5C). Drosophila bipectinata males had a negative PI, suggesting they
prefer 11°C (Fig. 5C).

Regarding female flies, w''’® and CS also preferred 25°C (Fig. 5D).

Unexpectedly, Ir93a" females had a similar Pl to w'’"® females. Drosophila

bipectinata and D. yakuba females, like their male counterparts, had Pls close to 0,
indicating they have no preference between 25 and 11°C (Fig. 5D). In contrast, D.
ficusphila females behaved differently from their males: Drosophila ficusphila males had no
preference between 25 and 11°C, but the females had a strong preference for 25°C. These
data further suggest that sex affects PI, at least in the cool avoidance assay.

DISCUSSION

In this paper, we first described an automated tracking method to analyze

various Drosophila larval and adult behaviors, including free-motion behaviors, two-choice
thermotaxis and optogenetic assays. Then, we used adult thermotactic two-choice assays to
examine thermal preferences of different Drosophila species. We tested 801 flies, including
four genotypes of D. melanogaster and eight other Drosophila species. Distinct fly species
showed different temperature preferences from wild-type D. melanogaster. Wild-type D.
melanogaster flies avoided the higher temperature of 31°C in the warm avoidance assay
and the cooler temperature of 11°C in the cool avoidance assay. However, D.

bipectinata and D. yakuba did not avoid either warm or cool temperatures in the respective
assays, and D. biarmipes and D. mojavensis did not avoid the warm temperature in the
warm avoidance assay. Our results also indicate that starting temperature and sex affect PI.

Drosophila melanogaster exhibit sophisticated behaviors that are widely used in studies of
development, synaptic transmission, sensory physiology, and learning and memory. Many
of these behaviors depend on locomotion. Locomotion analysis of larvae and adult flies is
essential to gather insight into how modification of genetic components affects animal
behaviors and changes their responses to stimuli. Thus, examination of their movement has
become an integral part of such studies, leading to the development of tracking systems to
provide a quantitative description of their behaviors (Bellen et al., 2010). Several tracking
systems have been developed to track the locomotion of larvae and adult flies (Werkhoven
et al., 2019; Branson et al., 2009; Valente et al., 2007; Straw and Dickinson, 2009; Colomb
et al., 2012). However, many methods require programming skills and/or commercial
software to set up or run the tracking systems, which often are obstacles for the researchers
adopting these methods. Other methods only track larvae or adult movement, require
specific experimental setups for data collection, or are challenging to analyze non-optimal
recordings. Therefore, an automated tracking tool is required to analyze the locomotion of
both larvae and adult flies. This tracking tool must be compatible with various file formats
and non-optimal recordings. Ideally, this tool employs free software that does not require
programming knowledge so that most laboratories can readily adopt it. We describe such a
tool in this study. The Fiji plugin TrackMate is a free and open-source software. It accepts
different file formats. Moreover, TrackMate can assess behavioral recordings from larvae
and adult flies, even if the recordings include a lot of background noise. TrackMate extracts
the X and Y positions of an animal on each frame. This position information is used to
generate trajectories, calculate moving distances and speeds, and determine PIs in two-
choice assays.

Clean backgrounds facilitate the analysis. TrackMate detects ROI — flies or larvae — based
on their intensity. It cannot distinguish ROI from background noise signals if they have
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similar sizes and/or intensities. Thereby, noise signals cause aberrant trajectories and
require researchers to adjust TrackMate parameters to avoid these signals and check the Al
Spots statistics.csv file to delete information relating to noise signals in the file. We provide
easy ways to obtain clean backgrounds — a piece of white paper or matte black poster paper
can significantly decrease background noise signals.

TrackMate can analyze data recorded in image sequences and videos. In this study, we
used time-lapse images to record adult free-motion and two-choice behaviors and videos to
record larval behaviors and adult optogenetic assays. Thereby, analysis approaches for
both recording methods are presented. Most videos contained 24-30 frames s™"; their high
temporal resolution resolved more behavioral details. When calculating moving distance and
PI, high temporal resolution may not be necessary. In this case, time-lapse images become
a better choice because they contain fewer data and take a shorter time to analyze.
However, the time-lapse image resolution of the GoPro cannot distinguish the larva from the
background; thus, videos were used for larval assays instead. When performing the larval
optogenetic assay, we found it easier to track the larva under infrared conditions. Of note,
regular cameras do not work under infrared conditions; the internal infrared filter needs to be
removed and replaced by an 830 nm long-pass filter.

Based on trajectories, researchers can observe whether an animal runs or turns.
Unfortunately, TrackMate cannot be used to analyze more complex behaviors, such as
larval head sweeping or wing and leg movements in adult flies. We set a relatively large blob
diameter to make TrackMate recognize the adult fly or larva as a single ROI. If using a
smaller blob diameter, TrackMate often detects the animal as multiple ROI. However, the
localization of each ROl is not defined; in other words, TrackMate cannot be used to
recognize different parts of an animal, such as the head or tail. Therefore, it is challenging to
use TrackMate to analyze more complex behaviors.

Two-choice assays are widely used to evaluate animal responses to environmental stimuli,
such as light, odor, tastant, humidity and temperature. Many labs apply T-mazes to perform
two-choice assays in adult flies, where researchers depend on the final position of animals
to determine their preference (Sayeed and Benzer, 1996). However, it is challenging for T-
maze-based two-choice assays to simultaneously assess the animals' ability to move, which
is crucial for many behaviors. This issue can be solved by performing two-choice assays in a
Petri dish, or a similar surface, as in our system (Figs 1A and 2A). By using this type of
setup, researchers can constantly track animal responses to ensure that the differences in
preference are not due to defects in locomotion. This study describes an automated tracking
approach that allows researchers to quantify animal locomotion without programming
knowledge. Moreover, we provide easy ways to obtain clean backgrounds for tracking and
analysis. Finally, we adapted commercial equipment for thermotactic two-choice assays to
increase reproducibility.

When using the adult thermotactic two-choice assay to examine the thermal preferences of
different Drosophila species, we found that most fly species moved significantly more in
warm environments than in cool environments. But this is not true for the cool receptor
mutant /r93a" and the warm receptor mutant Gr28b™8 (Knecht et al., 2016; Budelli et al.,
2019; Ni et al., 2013). In these two mutants, moving distances were similar in the two
assays. Moreover, these two mutants moved significantly more than wild-type D.
melanogaster w'''® (Fig. 3). The reasons for these phenomena are unknown. One possibility
is that these mutants per se move more. This possibility can be tested by measuring their
moving distances in environments with unique temperatures. Gr28b™® supports this
possibility as it moved more than w'’’® at 25°C (Fig. 2F). Interestingly, Gr28b™2 moving
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speed did not show an obvious decrease over time, while w’'"® speed did (Fig. 2E). An
alternative possibility is that /r93a™ and Gr28bM2 moved more only when they were allowed
to explore different temperature zones. In this case, temperature receptors help animals to
not only choose an optimal temperature but also save energy. Further studies are needed to
test these possibilities.

According to the w''"® data, starting temperature affects PI. The only pair that was not
significantly different was females starting at 25 and 11°C in the cool avoidance assay. Even
in this case, the PI of the former group was higher than that of the latter group (Fig. 4B). The
Pl is determined by the amount of time an animal spends in each temperature zone. If an
animal starts at 25°C, it may know where the 25°C zone is and, thus, can quickly return to i,
even if it travels to the opposite side. However, if a fly starts at 31 or 11°C, it may not realize
there is a 25°C zone or where the zone is. As a result, as time spent in unfavorable
temperatures increases, the Pl decreases. Moreover, sex also affects Pl. For example, in
the cool avoidance assay, w''® males had a stronger preference for 25°C than their female
counterparts when they started at 25°C (Fig. 4B). In addition, D. ficusphila males had no
preference between 25 and 11°C, but females had a strong preference for 25°C (Fig. 5C,D).

GR28BD is the warm receptor that guides animals to rapidly avoid the high temperature in
the two-choice warm avoidance assay (Ni et al., 2013; Simoes et al., 2021; Budelli et al.,
2019). As expected, Gr28bM? had defects in the warm avoidance assay but not in the cool
avoidance assay (Fig. 5). IR93a is a component of the cool receptor, and its mutant has
been reported to be deficient in avoiding both warm and cool temperatures in the respective
assays (Enjin et al., 2016; Budelli et al., 2019; Knecht et al., 2016). In the warm avoidance
assay, Ir93a" flies had a lower, but not significantly different, PI than that

of w'""® (Fig. 5A,B). The difference may be because we only analyzed flies starting at 25°C.
In the cool avoidance assay, the PI of Ir93a" males was significantly lower than that

of w''"® males (Fig. 5C), which is consistent with previous studies. However, Ir93a"' females
had a similar PI to that of w'’’® females (Fig. 5D). We suspect that this is due to the lower PI
of w'""® females (Fig. 4B) or the lower temperature in our cool zone than in the previous
study (Budelli et al., 2019). IR25a is another cool receptor component, and its mutant does
not have defects in avoiding 10°C zones (Enijin et al., 2016). Further studies on the functions
of the cool receptor are needed.

Compared with D. melanogaster, D. biarmipes, D. bipectinata, D. mojavensis and D.
yakuba showed different temperature preferences in the warm avoidance assay, and D.
bipectinata and D. yakuba showed different preferences in the cool avoidance assay. To our
knowledge, this is the first study to compare aristal thermoreceptor-controlled thermotaxis
among different Drosophila species. Warm and/or cool receptors from these species may
offer opportunities for understanding mechanisms enabling thermoreceptors to respond to
different temperatures.

In summary, in this study we developed an automated tracking method to analyze

various Drosophila larval and adult behaviors and identified the species exhibiting different
temperature preferences from those of D. melanogaster. In the future, the temperature
preferences of other fly species should be analyzed, and thermosensory organs, neurons
and molecular receptors should be compared among different fly species to understand the
mechanisms underlying temperature preference.
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