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ABSTRACT OF THE DISSERTATION

Serotonergic modulation of visual neurons in Drosophila melanogaster
by
Maureen McGuirk Sampson
Doctor of Philosophy in Molecular Toxicology
University of California, Los Angeles, 2020

Professor David Krantz, Chair

Sensory systems rely on neuromodulators, such as serotonin, to provide flexibility for information
processing in the face of a highly variable stimulus space. Serotonergic neurons broadly innervate
the optic ganglia of Drosophila melanogaster, a widely used model for studying vision. The role
for serotonergic signaling in the Drosophila optic lobe and the mechanisms by which serotonin
regulates visual neurons remain unclear. Here we map the expression patterns of serotonin
receptors in the visual system, focusing on a subset of cells with processes in the first optic
ganglion, the lamina, and show that serotonin can modulate visual responses. Serotonin
receptors are expressed in several types of columnar cells in the lamina including 5-HT2B in
lamina monopolar cell L2, required for the initial steps of visual processing, and both 5-HT1A and
5-HT1B in T1 cells, whose function is unknown. Subcellular mapping with GFP-tagged 5-HT2B
and 5-HT1A constructs indicates that these receptors localize to layer M2 of the medulla, proximal
to serotonergic boutons, suggesting that the medulla is the primary site of serotonergic regulation
for these neurons. Serotonin increases intracellular calcium in L2 terminals in layer M2 and alters
the kinetics of visually induced calcium transients in L2 neurons following dark flashes. These

effects were not observed in flies without functional 5-HT2B, which displayed severe differences



in the amplitude and kinetics of their calcium response to both dark and light flashes. While we
did not detect serotonin receptor expression in L1 neurons, they also undergo serotonin-induced
calcium changes, presumably via cell non-autonomous signaling pathways. We provide the first
functional data showing a role for serotonergic neuromodulation of neurons required for initiating
visual processing in Drosophila. These findings demonstrate that tracing the molecular
mechanisms of serotonergic modulation require a combination of receptor mapping to individual
cells and subcellular compartments with complementary functional assays. We have identified a
testable model system for these studies and developed new tools for studying the serotonin

transporter.
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Introduction: Basic Principles of Serotonin Biology and Neuromodulation
Serotonin Neuromodulation

Serotonin is a phylogenetically ancient signaling molecule that is used for cell-to-cell
communication in animals. In the brain, chemical neurotransmitters such as serotonin encode
information passed between neurons. Neurotransmitters activate receptors on postsynaptic
neurons before being removed from the extracellular space by presynaptic reuptake
transporters, metabolism, or diffusion. Serotonin receptors induce second messenger cascades
that alter the biophysical properties of individual neurons within a circuit, ultimately adjusting
circuit computations and output to best meet the animal’s changing needs [1-5]. The molecular
mechanisms underlying serotonin signaling are critical for understanding the role of serotonin in
health and disease.

Serotonin binds to a large class of diverse receptors. There are 14 genetically distinct
serotonin receptors in mammals, 13 of which are G-Protein Coupled Receptors (GPCRS) [6-
10]. GPCRs induce different intracellular signaling cascades by coupling to specific G-protein o
subunit families: Ggs, Gag, and Gei[11, 12]. The second messenger cascades associated with
each G, subtype are distinct, but target overlapping second messengers and ions. These
include cAMP and Ca?*, which both broadly modulate cell “state” by influencing voltage-
dependent channels, kinases, phospholipases, and transcription factors [11, 12]. In general, the
effects of GPCR signaling are thought to be slower and more enduring than those of ligand-
gated ion channels, but do not typically induce neuron depolarization events. For this reason,
neurotransmitters that activate GPCRs are often called neuromodulators.

Serotonin receptors can traffic to different compartments of a neuron, such as the cell
body, dendrites or axons. Acute increases in local Ca?* will lead to different outcomes in
different subcellular compartments. For example, local increases in axonal Ca?* could increase

SNARE activity and modulate vesicle fusion, possibly leading to more neurotransmitter release
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onto post-synaptic circuitry. In contrast, increases in dendritic Ca?* will modulate the neurons
response to pre-synaptic inputs.

The flexibility and diversity of the serotonin system is such that there is not a common
cellular response to serotonin. Serotonin signaling is enriched by the heterogeneous expression
of many different serotonin receptor subtypes with differing affinities, kinetics, and signaling
cascades. In some cases, serotonin receptors can heterodimerize with other GPCRs, leading to
bias in signaling cascades, and adding another layer of flexibility [13, 14]. However, there exists
a relatively limited number of second messenger cascades associated with GPCRs and the
flexibility of the brain is only achieved by combinatorial signaling from many different
modulators. Thus, the intracellular physiology—or “state”—of a given neuron is a dynamic
compilation of input from many GPCRs and cross-talk between signaling cascades. Upon
serotonin receptor activation, intracellular cascade components interact with the existing
proteome and physiological conditions of the cell, leading to diverse outcomes. Thus, serotonin
receptor effectors interact with current cell “state” and serotonin input to the same cell could
lead to different effects when intracellular and extracellular conditions change.

The term neuromodulation is typically used to describe signaling that activates GPCRs
and occurs outside of a typical synapse. Neuromodulator GPCR activation is not thought to
induce large changes in membrane potentials that lead to depolarization. Rather,
neuromodulators change the cell “state” and influence how neurons respond to and propagate
to synaptic input. Neuromodulators typically target many cells across a circuit, leading to
emergent modulation features that are challenging to predict.

Serotonin modulation targets cells within larger networks and the effect of serotonin
signaling on an individual cell is not controlled exclusively by the expression of serotonin
receptors. In many cases, serotonin can modulate cell activity by non-cell autonomous means.

For example, a neuron lacking serotonin receptors may be synaptically or electrically coupled to



other cells expressing serotonin receptors. Through these mechanisms, the effects of serotonin
modulation potentially travel across multiple synapses and can affect entire circuits.
Neuromodulators shape the relationship between components (e.g., synaptic strength) and can
therefore “reconfigure” circuits [2] so that quantifying synaptic connections, such as has been
done in EM-based connectome projects [15-20], does not comprehensively describe the range

of possible circuit activities.

Serotonergic Neurons

Extracellular serotonin concentrations are controlled by neurons that release and re-
uptake serotonin from the extracellular space. These neurons synthesize serotonin from the
amino acid tryptophan, which is hydrolyzed by the rate-limiting enzyme tryptophan hydroxylase
(TRH or TPH) and then decarboxylated by L-amino-acid decarboxylase (AADC). Serotonin is
transported from the cytoplasm into vesicles by the vesicular monoamine transporter (VMAT).
When these vesicles fuse with the cell membrane serotonin is released into the extracellular
space. Serotonin molecules can then diffuse away from the serotonergic neuron to signal to
other cells or be transported back into the neuron by the serotonin transporter (SERT). When
serotonin signaling occurs outside of a typical synapse and relies on diffusion of serotonin away
from the presynaptic release site it is called volume transmission. Serotonin signaling can also
occur at “hard-wired,” synaptic connections between neurons, but this is less common in the
mammalian brain [21-23].

Serotonergic neurons use autoreceptors to sense extracellular serotonin concentrations
and inform their regulation of serotonin synthesis, release and re-uptake. The serotonin
transporter (SERT) is a membrane-bound transporter protein that relies on the Na*/CI
concentration gradients to drive serotonin re-uptake. Importantly, SERT activity mediates the

magnitude and duration of serotonin signal in the extracellular space. In general, short-term



increases in SERT activity decrease serotonin signaling at post-synaptic receptors, whereas
decreases in SERT activity increase the maximal concentration and endurance of serotonin in
the extracellular space. Because serotonin signaling can occur outside of a typical synapse and
often depends on diffusion to post-synaptic neurons, SERT-controlled concentration gradients

are important variables in serotonin signaling.

SERT in human health

Serotonin has demonstrated tractability as a target for the treatment of mood disorders. The
most commonly prescribed drugs for depression are serotonin-selective reuptake inhibitors
(SSRIs) [24], which inhibit the serotonin transporter (SERT). A significant unanswered question
in this field is why major depressive disorder requires weeks to months of SSRI treatment [25],
despite almost immediate action at the protein target. Further complicating this line of
questioning, premenstrual dysphoric disorder patients are largely responsive to the same SSRIs
within days [26-28] and some studies have reported temporary increases in anxiety immediately
after beginning SSRI treatment [29, 30]. In rodent models of depression, some behavior
paradigms are immediately responsive to SSRIs (e.g., forced-swim), while others require
chronic SSRI treatment (e.g., chronic defeat [31]). Together, these data demonstrate that
changes in serotonin signaling over longer or shorter timeframes differentially modulates

behavior circuits.

Contributions of this work to field of serotonin biology

Serotonin is a neuromodulator [1-5] in many sensory systems [32-43]. In Drosophila
melanogaster, serotonin neurons densely innervate all neuropils of the visual system [44-48],
yet the role of serotonin signaling is unknown. The Drosophila visual system provides a powerful

genetic model to study the mechanisms underlying visual circuit activity as well as their



regulation [49, 50]. Significant progress has been made in mapping hard-wired, synaptic
circuitry within the Drosophila visual system, enabling the generation of a ‘connectome’ atlas of
visual-processing neurons and their associated circuits [15-20]. In contrast, little work has
examined the integration of neuromodulatory signaling in these circuits.

The Drosophila eye has rich cell diversity [51, 52] and the discrete flow of visual
information from photoreceptors to downstream circuits has enabled the characterization of
many cells’ stereotyped responses to visual stimuli for functional studies [53-56]. | therefore
leveraged these well-described neurons to investigate how serotonin receptor activation
modulates individual neurons within the context of the larger computational circuitry of the fly
visual system.

Five serotonin receptors have been identified in Drosophila melanogaster, all of which
are metabotropic GPCRs. In Chapter 1, | mapped novel targets of serotonin modulation in the
Drosophila visual system and identified neuromodulation sites in prominent visual processing
pathways. Calcium imaging demonstrated a response to bath applied serotonin (Chapter 1) and
this enhanced the response to visual stimuli (Chapter 2). In Chapter 2, | closely examined the
role of 5-HT2B in L2 neurons and its response to visual inputs. In Chapter 3, | mapped
connections between visual neurons (GRASP) and identified serotonergic autoreceptors in the
optic lobe. Finally, Chapter 4 describes molecular genetic tools | have generated for the study of
the serotonin transporter, SERT. The findings, experimental framework, and new tools
described here will be useful for future studies of serotonin biology in flies and other model

systems.



Chapter 1: Serotonin Receptors in the Drosophila Optic Lobe

Introduction

Serotonin acts a neuromodulator [1-5] in a variety of networks including the sensory
systems required for olfaction, hearing, and vision [32-43]. The visual system of Drosophila
melanogaster provides a powerful genetic model to study the mechanisms underlying visual
circuit activity as well as their regulation [49, 50]. In Drosophila, visual processing begins in the
lamina where intrinsic monopolar neurons receive direct input from photoreceptors [20].
Significant progress has been made in mapping the synaptic connectivity and function of visual
processing neurons in the lamina and medulla, including those required for motion detection
[15-20, 57]. Despite a nearly complete map of the synaptic connections in the fly visual system,
there is little information about non-synaptic neuromodulatory pathways.

Standard methods for connectivity mapping such as serial EM or GRASP are not
possible for most neuromodulatory pathways as signaling often occurs outside of a typical
synapse. The presence neuromodulators throughout the visual system is well documented [50,
58] and additional studies have shown that aminergic neuromodulators signal to visual
information processing neurons in flies and other insects [50, 59-64]. Octopamine, the
invertebrate equivalent of noradrenaline, is present in processes innervating the medulla and
lobula in Drosophila, where it regulates state-dependent modulation of visual interneurons [60,
64] including the saliency of objects during flight [61]. Serotonergic neurons also innervate the
optic ganglia [45, 65-69] and previous studies indicate that serotonin has an impact on both
cellular activity and visual behavior in insects [62, 63, 70, 71]. Although there is evidence that
serotonin modulates the insect visual system, the molecular mechanisms responsible for these
effects and the potential contributions of specific subtypes of serotonin receptors are unknown.

Serotonin receptor signaling occurs via diverse secondary messenger cascades [7, 9]

and receptors can induce both immediate and long-term changes in cell physiology. Serotonin
6



receptors may act individually or combinatorally within a single cell [13, 72] or circuit [73] and

can have different functions in different cellular compartments. For this reason, it is important to
map serotonin receptors to specific cell types and functionally assay the role of these receptors.
In Chapter 1, | focus on mapping serotonin receptors to individual cells in the visual system and

test for an acute functional response to serotonin using calcium and voltage sensors.

Results
Serotonin receptors in the optic lobe

Five genes encoding serotonin receptors have been identified in the Drosophila genome:
5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B and 5-HT7 [74-78]. To identify specific optic lobe neurons
expressing each receptor, we expressed the marker mCD8::GFP under the control of a recently
characterized panel of T2A-GAL4 insertions in Minos-Mediated Integration Cassettes (MiMICs)
located in serotonin receptor gene introns [79]. The GAL4 sequence was inserted into receptor-
encoding genes where it acts as an artificial exon and is expected to “mimic” the endogenous
gene expression patterns [80]. Ribosome skipping via T2A allows GAL4 to be expressed as a
separate protein, rather than a fusion protein with the serotonin receptor, in cases where the
MiMIC site is 5’ of the first exon [79, 81].

We observed distinct expression patterns for each receptor including projections into the
optic lobes neuropils: the lamina (la), medulla (me), lobula (lo) and lobula plate (Ip) (Fig 1A-F).
We initially focused on receptor subtypes expressed in the lamina because of the ease of
identifying cells based on their morphology [51] as well as prominent role of this structure in the
earliest stages of visual processing [52, 53, 82]. Receptors 5-HT1A, 5-HT1B and 5-HT2B
showed robust labeling of dense projections in the lamina neuropil (Fig 1B, C, E, arrows).
Neuronal cell bodies in the lamina cortex are limited to the 5 subtypes of lamina monopolar cells

(L1-5) [51, 52]. We did not detect GFP expression representing cells expressing either 5-HT1A



or 5-HT1B in cell bodies in the lamina cortex (Fig 1B-C). However, we observed somata in the
medulla cortex, where cell bodies of neurons that project into both the lamina and medulla—T1,
C2, and C3—are located (Fig 1B-C). 5-HT2B driven expression was prominent in the lamina
and medulla neuropils as well as in cell bodies in the lamina cortex, suggesting that it might be
expressed in one or more subtypes of lamina monopolar cells, the only neurons with cell bodies
in this area (Fig 1E). We also observed prominent expression of 5-HT7 in cell bodies within the
lamina cortex and extending into the neuropil also consistent with expression in at least one
subtype of lamina monopolar cell (Fig 1F). For 5-HT1B and 5-HT2A, additional pleomorphic
labeling was observed in the lamina cortex (arrowheads in Fig 1C-D) in a pattern that appeared
similar to that of optic lobe glia [83]. Based on their location and morphology these cells are
likely either fenestrated or pseudocartridge glia [83].

As shown previously, immunolabeling for serotonin can be observed within the neuropil
of all optic ganglia (Fig 1G) [44-48]. We also observed a cluster of 8-10 cell bodies in the cortical
layer of the accessory medulla (Fig 1G-H). These cell bodies correspond to cluster LP2 (or
Cb1), previously shown to project into the medulla [44-48]. Serotonergic boutons in medulla
appeared to be organized in layers corresponding to those previously defined [51]. This
included strong labeling at the junction between M1 and M2, as well as additional labeling in M4
and the inner medulla (iM) as previously reported [45, 47, 84, 85]. Many of the neuronal
processes from cells expressing serotonin receptor MiMIC-T2A-GAL4 driven GFP showed close
apposition to serotonergic boutons. For example, terminals from 5-HT 1B-expressing cells in the
outer medulla were surrounded by a honeycomb pattern of serotonergic immunolabeling (Fig

1H?).



Fig 1. Serotonin receptors and serotonergic projections in the optic lobe. Serotonin
receptor MiMIC-GAL4 lines were crossed to UAS-mCD8::GFP to identify patterns of expression
in the optic lobe. (A) A schematic of the optic lobe neuropils including the lamina (la), medulla
(me), lobula (lo) and lobula plate (Ip) with the neuropil in brown and the cortex containing
neuronal cell bodies in beige. (B-F) GFP-labeled cells representing the 5-HT1A (B), 5-HT1B
(C), 5-HT2A (D), 5-HT2B (E), and 5-HT7 (F). MiMIC-GAL4 lines were visible in all optic lobe
neuropils including the lamina neuropil (arrows, B, C, E). The arrowheads in (C, D) mark
pleomorphic 5-HT1B and 5-HT2A labeling in the lamina cortex, possibly representing glial
expression. (G) Anti-serotonin labeled boutons were observed throughout the optic lobe,
including medulla layer M2 (asterisk) and the indicated LP2 cluster of cells. (G-G”). Serotonin
receptor 5-HT1B>GFP was in proximity to serotonin immunoreactive boutons in M2 and co-
labeled at least one serotonergic cell in LP2 (arrowhead). (H-H”) In a frontal view, serotonin
boutons surround each column containing 5-HT1B>GFP projections in the medulla. N=6-13
brains per condition. Scale bars are 20 uym.
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Distinct lamina neurons express different serotonin receptors

To identify the cell types that express each serotonin receptor, we used the receptor
MiMIC-T2A-GAL4 lines described above in combination with the sparse labeling technique
MultiColor FIpOut 1 (MCFO) [86]. Importantly, in contrast to most neurons in the central brain,
the stereotyped position and morphology of all neurons in the lamina as well as their
organization into repetitive arrays allow them to be unambiguously identified on the basis on
their shape and location alone. Although MCFO can be used for lineage tracing [86], we
induced MCFO in adult flies, when visual system neurons are post-mitotic, and under these
conditions MCFO labeling does not represent clonal events.

Using 5-HT1A and 5-HT1B MiMIC-T2A-GAL4 lines with MCFO we observed a subtype
of cells with a soma in the medulla cortex, a long basket-like projection in the lamina, and a
smaller projection in the medulla (Fig 2A-B). This morphology is identical to that of T1 cells and
distinct from other cell types in the lamina (Fig 2C) [51]. T1 cells were identified in 23 of 31
brains (71%) for 5-HT1A and in 10 of 11 brains (91%) for 5-HT1B. On average, we observed
thirteen MCFO-labeled T1 cells per individual optic lobe for 5-HT1A and nine T1 cells per optic
lobe for 5-HT1B. These data are consistent with the results of recently published studies that
used TAPIN-Seq or FACS-SMART-Seq to analyze expression in T1 as well as other cells in the
visual system [58, 87] (see Fig 7 for comparison).

We found that 5-HT1A>MCFO labeled lamina wide-field neurons (Lawf) in 14 of 31
brains (Fig 2D). In some cases, the proximity of other 5-HT1A+ processes made it difficult to
determine the precise number of Lawf neurons per brain. It also remains unclear whether
labeled cells represent Lawf1 [51] (shown in Fig 2C) or Lawf2, which was identified more
recently and is not shown in 2C [54, 88].

Using the 5-HT2B MiMIC-T2A-GAL4 driver with MCFO, we observed labeled cells with a

soma in the lamina cortex, dense projections extending into the lamina neuropil, and a single
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bushy terminal in the medulla (Fig 2E), a morphology identical to lamina monopolar neuron L2
and no other lamina cell types (Fig 2C) [51]. We observed L2 cells in 9 of 9 (100%)
5-HT2B>MCFO brains, observing an average of eleven L2 neurons per optic lobe. A previous
TAPIN-Seq study [58] reported a high probability of 5-HT2B expression in L2 cells, consistent
with these findings.

For 5-HT7>MCFO, we observed lamina monopolar cells in 7 of 13 brains (54%) (Fig 2F),
with an average of 20 cells per optic lobe. Over 99% of the lamina monopolar cells labeled with
5-HT7>MCFO lacked the dense processes in the neuropil that are characteristic of L1-L3, and
also lacked the vertically oriented collaterals in the inner (proximal) lamina seen in L4 neurons
(Fig 2C, F). We therefore suggest that 5-HT7 is expressed in the one remaining subtype, L5
cells, which was also reported in recent study [58]. Consistent with our observations using
5-HT2A MiMIC-T2A-GAL4>GFP, all (18/18, 100%) 5-HT2A>MFCO brains labeled cells with a
morphology and location possibly consistent with the fenestrated or pseudocartridge glia in the
lamina cortex (Fig 2G, see Fig 3) [83].

As noted above, in some cases, multiple cells of each subtype were labeled in each
brain. However, we also detected less frequent events for other columnar cells in the lamina.
These include observations of multiple centrifugal C2 cells in 3 of 31 5-HT1A>MCFO brains (Fig
2H) consistent with two previous reports of 5-HT1A in C2 [58, 87]. We also observed a single
lamina monopolar cell with arborizations in the lamina neuropil similar to L1-L3 in one
5-HT7>MCFO brain, compared to 152 presumptive L5 cells counted in the thirteen

5-HT7>MCFO brains.

Medulla neurons, glia and serotonergic neurons express serotonin receptors
The results of other more comprehensive studies of RNA expression in visual system

neurons prompted us to look beyond our primary focus of lamina neurons [58, 87]. In addition to
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the columnar neurons that express serotonin receptors and extend projections into the lamina
[51], we have tentatively identified cells with projections that are either confined to the medulla,
or include both medulla and lobula complex, and may also express serotonin receptors
Although further work will be needed for more precise identification, their morphology strongly
suggest that they represent subtypes of distal medulla (Dm) amacrine neurons, medulla intrinsic
(Mi) neurons, and transmedullary Y neurons (TmY). Dm neurons have cell bodies in the medulla
cortex but, unlike other medullar neurons, project into the distal medulla [51].

For 5-HT1B, we observed a single Dm-like cell (Fig 2I). Using 5-HT7>MCFO we
observed medulla intrinsic cells, which are confined to the medulla, that are morphologically
similar to Mi1 labeled in 6 of 13 brains (Fig 2J). TmY cell bodies are located in the medulla
cortex and send projections through the medulla; their processes terminate in both the lobula
and lobula plate, thus uniquely identifying this cell class [51]. We observed potential TmY3 cells
labeled in five 5-HT1A>MCFO brains (Fig 2K) and four 5-HT7>MCFO brains (Fig 2L). We
observed TmY cells labeled in all 18 5-HT2A>MCFO brains, with an average of 18 TmY cells
per optic lobe (Fig 2M). We anticipate that these data may be useful for comparisons with
genomic studies of the optic lobe [58] and generate hypotheses about the potential serotonergic

regulation of these cells.
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Fig 2. Lamina neurons including T1 and L2 express serotonin receptors. (A-B, D-M)
Serotonin receptor MiMIC-GAL4 lines were crossed to UAS-MCFO-1 to sparsely label individual
cells in the lamina. Cells are indicated by an arrowhead. 5-HT1A (A,) and 5-HT1B (B) MCFO
crosses revealed cells with morphologies identical to T1 neurons. (C) A diagram showing lamina
neurons adapted from [51] highlights L1 (blue), L2 (green), L5 (orange), T1 (purple), C2 (pink),
and Lawf (dark purple) cells. (D) 5-HT1A>MCFO also labeled Lawf-like cells. (E)
5-HT2B>MCFO labeled cells are morphologically identical to L2 neurons. (F) 5-HT7>MCFO-1
labeled neurons most likely representing L5 lamina monopolar cells. (G) 5-HT2A>MCFO-1 cells
in the lamina cortex with a location and morphology consistent with glia. (H) 5-HT1A>MCFO
labeled cells with morphology similar to C2 cells. (I) 5-HT1B>MCFO labeled a distal medulla
neuron (Dm). (J) 5-HT7>MCFO a medulla intrinsic neuron that resembled Mi1. (K-M) 5-HT1A,
5-HT7 and 5-HT2A>MCFO labeled TmY cells. Scale bars are 20 ym and N=10-31 brains
imaged per receptor subtype. Cell types shown were observed in a subset of brains: 22/31 (A),
10/11 (B), 14/31, 14/31 (D), 10/10 (E), 7/13 (F), 18/18 (G), 3/31 (H), 1/11 (1), 7/13 (J), 5/31 (K),
4/13 (L), 18/18 (M).
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For 5-HT2A MCFO, we observed irregularly shaped cells in the distal lamina cortex (Fig
3A). Anti-repo labeled nuclei showed close proximity to many 5-HT2A labeled cells (Fig 3B), but
one-to-one matching was not possible due to irregular cell morphology. Therefore, further
experiments are necessary to identify the specific cell type expressing 5-HT2A in the lamina
cortex. A previous microarray study of glia suggested that 5-HT1A and 5-HT7 are enriched in
repo-GAL4 specified glia, while 5-HT1B was enriched in surface glia (personal communication,
Roland Bainton, UCSF, and [89]). Additionally, a previous study [58] reported expression of 5-

HT7 in three types of lamina glia—epithelial glia, proximal satellite glia and marginal glia.
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Fig 3. 5-HT2A labeling in lamina cortex may represent glial cells. (A) Sparse labeling with
5-HT2A-GAL4>MCFO V5 (green) and HA (magenta) marked unidentified cells confined the
distal lamina cortex. (B) 5-HT2A-T2A-GAL4>UAS-mCD8::GFP (green) labeled cells in the
lamina cortex in close proximity to nuclei labeled with repo antibody (magenta) N=18 brains for
(A) and N=4 brains for (B). Scale bars are 20 um.

NCad
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L2 neurons express 5-HT2B and T1 neurons express 5-HT1A and 5HT1B

Comprehensive genomic studies of optic lobe neurons were recently reported [58, 87].
Before embarking on functional studies of specific neurons in the lamina, we sought to confirm
the expression of serotonin receptors independently of both previous studies [58, 87] and the
data we obtained using MiMIC-T2A-GAL4 lines. To this end, we used a separate set of split-
GAL4 [54] or LexA drivers previously shown to be specific for particular cell types and focused
on a small subset of lamina neurons: T1, L1 and L2. Drivers representing each cell were used to
express GFP, and the GFP-labeled cells were isolated via Fluorescence Activated Cell Sorting
(FACS). RNA was then extracted from T1, L1 and L2 FACS isolates as well as the unlabeled
cells. To probe for serotonin receptor expression in each cell type, we used both RT-qPCR and
RNA-Seq. Consistent with our MCFO data, RT-qPCR from GFP-labeled T1 isolates (N=6)
showed enrichment of both 5-HT1A and 5-HT 1B transcripts, but no other serotonin receptors
(Fig 4A and Table 1). Using RNA-Seq, we compared the relative abundance for each receptor
by calculating Transcripts Per Million (TPMs). We found that 5-HT1A (182+43 TPMzstdev) and
5-HT1B (278125 TPMzstdev) were more abundant than other serotonin receptors (range
0.1£0.1 to 2.5+4 TPMzstdev) in T1 samples (N=3, Fig 4B and Table 2).

Using RT-gPCR, L2 isolates showed consistent enrichment for 5-HT2B, but not 5-HT1A
or 5-HT1B transcripts (Fig 4C and Table 1) and higher TPMs for 5-HT2B (130£75 TPMztstdev)
compared to other serotonin receptors (range 616 to 31+9 TPMtstdev) (Fig 4D and Table 2). In
addition, 5-HT7 was amplified by RT-qPCR in 3/5 L2 samples and 5-HT2A in 1/5 L2 samples
(Fig 4C and Table 1). By contrast, using RNA-Seq we did not detect high abundance of either
5-HT2A or 5-HT7 transcripts in L2 neuron isolates. It is possible that the amplification of 5-HT2A
in a single L2 sample was a result of contamination as this was not observed in the other four

RT-gPCR samples nor any of the RNA-Seq samples. Although we cannot rule out the presence
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of 5-HT2A or 5-HT7 in L2 based on the results of RT-qPCR, our data and those of others [58]
suggest that 5-HT2B may be the only serotonin receptor abundantly expressed in L2 cells.

We did not observe evidence of any serotonin receptor expression in L1 neurons using
the serotonin receptor MiMIC-T2A-GAL4 lines to drive MCFO. In agreement with this
observation, RT-gPCR from isolated L1 cells showed virtually no receptor expression, apart
from one sample weakly enriched for 5-HT1B (Fig 4E and Table 1). In sum, MCFO sparse
labeling in combination with RT-qPCR and RNA-Seq showed that T1 neurons express 5-HT1A
and 5-HT1B, and L2 neurons express 5-HT2B, whereas L1 neurons do not express any
serotonin receptor subtypes that are detectable using these methods (Fig 4).

Our data complement a recent computational genomics study that reported a high
probability of expression for 5-HT2B in L2, 5-HT1A and 5-HT1B in T1, and a low likelihood of
any serotonin receptor expression in L1 neurons [58]. This study did not report a high probability
of either 5-HT2A or 5-HT7 expression in L2 neurons, perhaps consistent with our observation

that 5-HT7 and 5-HT2A may be present either at low levels or within a subset of cells.
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Fig 4. L2 neurons express 5-HT2B and T1 neurons express both 5-HT1A and 5-HT1B
serotonin receptors. (A) RT-qPCR performed on cDNA from isolated T1 neurons expressing
GFP showed enrichment for serotonin receptors 5-HT1A and 5-HT 1B relative to other GFP-
negative cells from the optic lobe. (B) T1 RNA-Seq transcript abundance (color low to high, blue
to yellow) Transcripts Per Kilobase Million (TPMs) revealed enriched 5-HT1A and 5-HT1B
compared to other serotonin receptors. (C) FACS isolates from L2 cells showed enrichment of
5-HT2B and 5-HT7 in RT-gPCR. (D) L2 RNA-Seq showed higher 5-HT2B TPMs in two of three
samples. (E) L1 RT-qPCR enrichment was not detectable for any serotonin receptors. RT-qPCR
error bars represent meantSEM. N=3-6 biological replicates pooled from 18-40 brains per
replicate.
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5-HT2B and 5-HT1A receptors localize to M2

Both T1 and L2 neurons have dense projections in the lamina neuropil and arborize in
layer 2 (M2) of the medulla neuropil. Serotonin neurons directly innervate M1 and M2 of the
medulla neuropil raising the possibility that serotonergic signaling might occur at this site. If so,
we reasoned that the serotonin receptors expressed in L2 and T1 might localize to M1 and/or
M2. To test this possibility, we took advantage of a 5-HT1A allele that had been tagged at the C-
terminus with GFP [90]. The tag was inserted into the endogenous 5-HT1A gene, such that,
similar to MiMIC-T2A-GAL4 lines [79, 80], the receptor::GFP fusion protein product is putatively
expressed at the same level and in the same cells as the endogenous protein [90]. In
5-HT1A::GFP flies, we observed enrichment of the tagged protein in layer M2 of the medulla
relative to other subcellular sites (Fig 5A-A”). This signal could be derived from 5-HT1A::GFP in
T1 cells or other columnar neurons expressing 5-HT1A. We also observed anti-serotonin
immunoreactivity that co-labeled with 5-HT1A::GFP in the medulla (Fig 5B, arrows), suggesting
that 5-HT1A acts as both an autoreceptor in serotonergic projection neurons innervating the
medulla and as a hetereoreceptor in columnar neurons that project into in the medulla.

Since we were unable to obtain an endogenously tagged allele of 5-HT2B, we relied on
expression of a UAS-5-HT2B::GFP transgene [91] under the control of L2 split-GAL4 to
investigate its subcellular localization (Fig 5C). 5-HT2B::GFP was enriched in terminals within
M2 of the medulla as compared to the lamina neuropil (Fig 5C-C”), and showed additional
punctate labeling in L2 cell bodies (Fig 5C’, arrowhead). As a control, we expressed UAS-
mCD8::GFP using the same L2 split-GAL4 driver. In contrast to 5-HT2B::GFP, labeling with
5-HT2B mCD8::GFP was most prominent in the cell body and proximal processes with
progressively weaker labeling through the lamina and medulla neuropil and no enrichment in
layer M2 (Fig 5D”). These data suggest that both 5-HT2B and 5-HT 1A preferentially localize to

the arborizations of L2 and T1 in the medulla rather than the lamina neuropil. Serotonergic
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boutons also localize near these arborizations in M1/M2 but are not found in the lamina neuropil
near the arborizations of either neuron (see Fig 1G). Although serotonergic boutons are also
found in the lamina cortex near the somata of L2 and T1 neurons, we are not aware of any
evidence in support of direct signaling to neuronal somata in Drosophila. We therefore conclude
that serotonergic signaling to L2 and T1 via 5-HT2B and 5-HT1A most likely occurs in the
medulla. However, since other receptors are expressed in both cell types, we cannot rule out
the possibility that serotonergic signaling also occurs at other locations, and perhaps via

neurohumoral mechanisms rather than release from proximal serotonergic boutons.
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Fig 5. Serotonin receptors 5-HT1A and 5-HT2B are enriched in layer M2 of the medulla.
(A-A”) 5-HT1A::GFP localized to layer M2 of the medulla, adjacent to some of the boutons in
the medulla neuropil immunogenic for serotonin. Neuropil (anti-N-Cadherin, blue) and serotonin
(magenta) labeling provide anatomical context for the lamina (la) and medulla (me). The region
specified by the dotted lines in (A’) is enlarged in (A”). (B-B”) In some cases, serotonin
immunoreactive boutons appear to be co-labeled rather than adjacent to 5-HT1A::GFP (arrow)
possibly representing projections from serotonergic neurons in the central brain. (C-C”)
Subcellular localization of 5-HT2B was visualized by expressing the fusion construct UAS-5-
HT2B::sfGFP in L2 neurons specified by L2-split-Gal4. L2>5-HT2B::sfGFP labeling is stronger
in the L2 terminals in medulla layer 2 (M2) compared to L2 projections in the lamina (la).
Punctate GFP signal is observed in the L2 cell bodies (arrowhead). The region specified by the
dotted lines in (C’) is enlarged in (C”). (D-D”’) For comparison, membrane-directed UAS-
mCD8::GFP was expressed in L2 neurons. L2>mCD8::GFP signal is similar in the medulla and
lamina compartments. Strong GFP signal was observed in the cell bodies (arrowhead). The
area within the dotted lines in (D’) is enlarged in (D”). Scale bars are 20 ym in A-A’, B-B”, C-C’
and D-D’. Scale bars are 10 ym in A” and 8 um in both C” and D”. Biological replicates are
N=6 for 5-HT1A::GFP (A-B), N=15 for L2>5-HT2B::GFP (C-C”), and N=10 for L2>mCD8::GFP
(D-D”).
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Serotonin increases calcium levels in L2 and L1 neurons

The data presented here and by others [58, 87] strongly suggest that L2 and other cells
in the visual system express serotonin receptors but do not address their function. To address
the potential effects of serotonin on L2 neurons, we bath applied serotonin to the optic lobe and
used live imaging to monitor cellular activity. The data for receptor expression in L2 was
strongest for 5-HT2B receptors, which couple with Gg11 to increase intracellular calcium in vitro
[78, 92]. We therefore used the genetically encoded calcium indicator GCaMP6f [93] to follow
changes in L2 activity that might be induced by serotonin. We again employed the L2 split-GAL4
driver used for transcriptional analysis (Fig 4) to specifically express GCaMP6f in L2 neurons
(Fig 6A). Since we observed enrichment of 5-HT2B::sfGFP in L2 terminals in M2, we focused
our recordings of calcium signaling on these sites. For each experiment, we first recorded a
baseline while perfusing the tissue with saline; the perfusion solution was then switched to
either saline containing 100 uM serotonin or saline alone. We included tetrodotoxin (TTX) in the
perfusion solution to reduce inputs to L2 neurons and also to reduce muscle activity driven by
action potentials in motor neurons in the head. TTX has been used by others to study the
effects of serotonin in Drosophila, and represents a standard method to reduce cell-non
autonomous neuronal inputs [94-96].

We consistently observed a large increase in GCaMP6f fluorescence in L2 terminals
following serotonin application (Fig 6B). This increase continued throughout the time course of
recording, peaking at 1.73 AF/F £ 0.77 SEM (compared to saline control -0.03 AF/F + 0.05 SEM
at the same timepoint; p=0.0095 by two-tailed Wilcoxon rank sum test). Thus, serotonin leads to
an accumulation of cytosolic calcium in L2 cells, consistent with the predicted outcome of
activating Gy11 coupled 5-HT2B receptors [78, 92]. However, since local neurons in the optic

lobe use graded electrical signaling, rather than action potentials, and may be insensitive to
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TTX, we did not block all synaptic inputs to L2 neurons in these experiments, and we cannot

rule out cell non-autonomous effects of serotonin on L2 neurons.

27



Fig 6. Bath application of serotonin leads to increased calcium in L2 and L1 neurons, but
not T1 neurons. (A-C) GCaMP6f was paired with L2, L1 and T1 split-GAL4 drivers to monitor
responses to 100 uM serotonin (colored traces) or saline controls (gray traces). (A) The
experimental setup is shown in the top panel, along with a sample image of L2 terminals
(bottom panel) as imaged in the medulla (gray). For bath application experiments (B, C, E, F),
the perfusion change occurs approximately 105 s into the trace as shown. In L2 terminals (B),
serotonin application led to a significant increase in GCaMP6f signal indicating increased
calcium levels as compared to saline controls (p=00095). L1 terminals (C) showed a similar
increase in calcium following a switch to serotonin (p=0.02). (D) RT-gPCR from cell isolates
revealed enrichment of the gap junction protein ShakB in L2 and L1, but not T1 neurons. (E) T1
cells expressing GCaMP6f showed no significant change in calcium following serotonin
application (p>0.05). (F) T1 cells expressing the voltage sensor ArcLight similarly displayed no
significant change following serotonin application (p>0.05). (G) RNA-Seq of L2 neurons showed
high transcript abundance for SHakB (innexin 8, Inx8) compared to the innexin other gap
junction channels. For (B, C, E, F) N=4-8 individual flies; the dark trace is an average of all
traces and the shaded region is 1 SD; saline vs. serotonin comparisons are two-tailed Wilcoxon
rank sum tests. For (D and G), N=3 individual isolates for each cell type. Bars in (D) represent
the mean+SEM.
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Since we did not detect serotonin receptors in L1 neurons, we did not expect serotonin
to measurably change intracellular calcium levels in these cells. However, with GCaMP6f
expressed in L1 cells using a cell-specific driver, we regularly observed a robust increase in
baseline fluorescence following serotonin exposure (Fig 6C). Although the increase in GCaMP6f
signal did not reach the same response amplitude as observed in L2 neurons, the time course
was similar: the signal persisted throughout the recording and peaked at 0.98 AF/F £+ 0.34 SEM
(compared to saline control at 0.07 AF/F + 0.09 SEM; p=0.02 by two-tailed Wilcoxon rank sum
test). A direct action of serotonin on L1 is unlikely since we did not detect endogenous serotonin
receptors (see Fig 4). The possibility of action potential driven inputs is also low since TTX was
included in the perfusion solution. Other possible mechanisms include graded inputs from
neurons unaffected by TTX or coupling between L1 and L2 [82]. In support of previous data
showing electrical coupling between L1 and L2, we find that transcripts for the gap junction
protein Shaking-B (ShakB or Inx8) are enriched in L1 and L2 neurons, but not T1 neurons,
using RT-qPCR (Fig 6D) and RNA-Seq (Fig 6G).

We next examined whether serotonin could affect the activity of T1 cells. Both 5-HT1A
and 5-HT1B receptors, expressed in T1 neurons, are expected to couple with G; proteins and
negatively regulate adenylyl cyclase [76, 92]. Due to the generally inhibitory function of these
receptors, we hypothesized that serotonin would dampen activity in T1 neurons, possibly
manifested as a decrease in cytosolic calcium or membrane potential [97]. Using the T1 split-
GALA4 driver [54] to express either GCaMP6f or the voltage sensor Arclight [98], we did not
observe a significant change in fluorescence during perfusion with serotonin (Fig 6E, 6F; p>0.1).
Thus, further experiments will be needed to determine the effects of serotonin on T1 neurons.
These negative data are nonetheless important for the current study, since the absence of a
GCaMPé6f response in T1 neurons indicates that the response observed in L1 and L2 is not an

artifact or a generalized phenomenon common to all cells in the lamina.
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Discussion

Serotonergic modulation occurs by activation of multiple receptors and associated
second messenger cascades [7, 9]. Understanding how serotonergic signaling tunes circuit
activity requires functional experiments to determine the effects on specific cells in addition to
mapping the cellular and subcellular cites of individual receptors. Previous studies have mapped
the expression pattern of multiple receptor subtypes to specific cells within the visual system
[58, 87]. To develop the fly visual system as a new molecular-genetic model to study
serotonergic neuromodulation we have confirmed the expression of the five Drosophila
serotonin receptors in a subset of experimentally tractable cells in the lamina and used live
imaging to determine their potential function. To our knowledge, these represent the first
functional data for serotonergic neuromodulation of the Drosophila visual system with the
exception of a single report in 1995 [62]. We also present the first data on the subcellular
localization of serotonin receptors in the visual system. In addition, our data mapping the cellular
expression pattern of the receptors are complementary to two previous transcriptomic analyses
[58, 87] since we have used a different experimental approach.

We focused primarily on the lamina to identify a subset of cells that might express
serotonin receptors. Our goal was to identify cells that could be used for functional studies and
the function of several lamina neurons have been previously characterized [53-56]. In addition,
the lamina contains a relatively small number of neurons, allowing identification based on
morphology alone [51]. MiMIC-T2A-GAL4 drivers [79] are useful for replicating the endogenous
expression patterns and provided a convenient method to screen for cells that express each
receptor (Fig 1-3). To validate receptor expression before performing functional studies we used
a combination of MiMIC-based reporter lines, RNA-Seq and RT-qPCR. All of these techniques
indicated that 5-HT2B is expressed in L2 lamina monopolar neurons, which are involved in
motion [82, 99] and contrast vision [56]. The idea that L2 cells express 5-HT2B is further
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supported by data from a previous report that mapped neurotransmitter receptor transcripts to
cells throughout the visual system [58]. Although our RT-qPCR findings support the possibility
that L2 neurons might also express 5-HT7, neither we nor others detect an enrichment of 5-HT7
using RNA-Seq [58].

We observed consistent expression of 5-HT1A and 5-HT1B in T1 neurons, whose
function remains poorly understood [54]. We did not detect expression of any serotonin
receptors in the L1 subclass of lamina monopolar neurons, which acts in parallel to L2 for visual
processing. Our data on T1 and L1 are consistent with recent transcriptional studies of these
and other cells in the visual system [58, 87]. Konstantinides et al. used FACS-SMART-Seq
(GSE103772) and found 5-HT1A and 5-HT1B in T1 cells, 5-HT7 in Mi1 cells, and 5-HT1A in C2
cells. Davis et al. used TAPIN-seq [58] and also reported 5-HT2B in L2 cells, 5-HT1A in C2
cells, and 5-HT7 in L5 cells, consistent with the sparse labeling experiments shown here in Fig
2. In Fig 7 we directly compare serotonin receptor expression reported for each cell type in the
current study, Davis et al. [58], and Konstantinides et al. [87].

Differences in the methods used to isolate target cell populations, extract RNA, and
create DNA libraries can impact sequencing results. For example, Davis et al. used TAPIN-seq
to purify nuclei, subjecting tissue homogenates to two rounds of immunoprecipitation to isolate
tagged nuclei before preparing RNA, a process which may lead to non-specific binding.
Conversely, our use of FACS can lead to contamination by other cell types due to incomplete
dissociation of GFP-tagged cells or due to non-specific labeling by the driver lines. Additionally,
differences in cDNA library construction, including different approaches for poly-A mRNA
enrichment, can significantly affect the results obtained in different studies. In contrast to Davis
et al. we did not detect expression of serotonin receptors in photoreceptor cells or in lamina
monopolar neuron L3 using MiMIC-T2A-GAL4>UAS-MCFO. These inconsistencies could be

due to biological variability in levels of gene expression or infidelity in the MiMIC-based
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approach, which may not perfectly reflect endogenous expression due to disruption of the
genetic locus. Further studies may reconcile these differences; meanwhile we suggest that
using multiple, overlapping methods may be important to fully evaluate complex patterns of

gene expression.
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Fig 7. Data sets reporting evidence of serotonin receptor expression in optic lobe
neurons. The current study includes MiMIC-T2A-GAL4>MCFO for identification based on
morphology (green), and FACS-SMART-seq of cells specified by L2-split-GAL4 or T1-lexA
(blue). Davis et al. 2020 employed TAPIN-Seq and reported probability of expressions
(GSE116969, Table 7B) for each cell type. Serotonin receptor expression with a p>0.75 are
visualized (purple). Konstantinides et al. 2018 used FACS-SMART-Seq for T1, Mi1, C2 and C3
(GSE103772). Serotonin receptors with counts greater than 1,000 in at least two replicates are
represented (orange).
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We also reported serotonin receptor expression in lamina glia (Fig 3) [100, 101]. The
presence of serotonin receptors in glia immediately adjacent to the basement membrane of the
retina raises the possibility that they could regulate photoreceptors cells and perhaps contribute
to the indirect regulation of photoreceptor activity [62]. An earlier study also described
serotonergic modulation of potassium channels in photoreceptors [62]. However, since the ex
vivo preparations used for these experiments may have included other cells or cell fragments it
is difficult to determine whether serotonin was acting on receptors expressed in the
photoreceptors themselves versus inputs from other cells that regulate photoreceptor activity
[20, 62, 102].

Serotonin signaling occurs via G-protein coupled receptors, which can induce immediate
or long-term changes in cell physiology. We examined acute responses to serotonin receptor
activation by bath applying serotonin onto optic lobe tissue. Consistent with the predicted
coupling of 5-HT2B to Gq, we found that L2 neurons respond with a robust increase in calcium
measured by GCaMP6f fluorescence (Fig 6B). The simplest explanation for these effects is that
5-HT2B regulates L2 in a cell autonomous manner. However, it remains possible that 5-HT2B
expressed in other cells could contribute to the effects we observe. Specific knockdown of
5-HT2B in L2 neurons will be required to address this important issue, but available 5-HT2B
RNAI lines have been ineffective in our hands, and additional genetic tools will be needed. We
also do not know how either 5-HT2A or 5-HT7 might contribute to the regulation of L2 (Fig 4C).
These limitations aside, our data indicate that 5-HT2B plays a role in regulating one of the cells
required for most visual processing in the fly and open new avenues of investigation to
understand the underlying cellular mechanisms of serotonergic signaling and their effects on
circuit output.

In L1 neurons, which do not express serotonin receptors, we unexpectedly observed a

large calcium response to serotonin similar to that of L2 neurons (Fig 6C). These data suggest
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that L1 cells are indirectly regulated by input from other cells, but further studies will be needed
to determine the underlying mechanism. The most likely explanation would be indirect activation
of L1 neurons by input from cells that express serotonin receptors either in the optic lobes or
perhaps the central brain. For instance, it is possible that the gap junctions that couple L1 and
L2 neurons could play a role in the indirect serotonergic regulation of L1 [82]. Alternatively,
inputs from neighboring columnar neurons or from wide field neurons that innervate multiple
layers of the medulla may play a role. We note that GABAergic C2 neurons [103] express
5-HT1A (Fig 2) and are known to synapse onto L1 in M1 [16]. Likewise, L5 neurons express the
5-HT7 receptor (Fig 2) and reciprocally synapse with L1 neurons in M1 and M5 [16]. Since we
used TTX to block sodium channel-based action potentials, inputs to L1 responsible for indirect
serotonergic responses are more likely to be based on graded potentials, which have been well
documented in the insect brain including photoreceptor cells and other optic lobe neurons [104-
106]. Regardless of the underlying mechanism, our data underscore the potential importance of
an indirect pathway for serotonergic neuromodulation in this circuit.

In T1 neurons, we were unable to detect any acute changes in baseline calcium or
voltage in response to serotonin application (Fig 6E-F) and other probes (e.g., for cAMP) may
be necessary to detect the acute response of T1 to serotonin. However, it is also possible that
activation of 5-HT1 receptors does not induce any acute physiological response, and that more
chronic indices will necessary to detect the potential effects of serotonin on T1 neurons.

Our neuroanatomical data suggest that serotonergic modulation of L2 (and perhaps T1)
cells by 5-HT2B and (perhaps 5-HT1A) occurs in layers M1 and M2 of the medulla.
Photoreceptors R1-6 synapse onto the dendrites of monopolar cells in the lamina neuropil while
the nerve terminals of photoreceptors R7 and R8 and the lamina monopolar neurons synapse
onto downstream cells in the medulla neuropil. Multiple neuroanatomical experiments, including

data presented here, show that serotonergic boutons are distributed within several layers of the
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medulla neuropil including M1, M2, M4 and the inner medulla [45, 47, 84, 85]. By contrast, they
are absent from the lamina neuropil. Our observation that molecularly tagged versions of
5-HT2B in L2 neurons and 5-HT1A in T1 neurons are enriched in the medulla neuropil,
underscores the likelihood that the medulla rather than the lamina is the most relevant site for
serotonergic regulation of these cells. The lamina cortex, which contains the somata of L2 and
other monopolar cells is also innervated by serotonergic processes, offering another potential
pathway by which serotonin could regulate L2 neurons. However, to our knowledge there is no
data in flies in support of the aminergic innervation of cells bodies rather than the neuropil. It is
conceivable, however, that serotonin release in the lamina cortex could somehow indirectly
regulate L2, perhaps via glia in the lamina cortex that appear to express serotonin receptors
(see Fig 3).

We found that both L1 and L2 neurons respond to serotonin with an increase in
intracellular serotonin. This suggests that serotonin could modulate visual integration of
ON/OFF computations. Additionally, these data suggest a molecular-mechanism for previous
observations made in larger insects including serotonin-induced changes field recordings in
blowfly representing the output of lamina neurons [70]. Further examination of the serotonin
system in the Drosophila optic lobe in combination with visual stimulation can be used to test
additional hypotheses related to insect vision.

Changes in calcium levels at the nerve terminal suggests that serotonin might regulate
inputs to L2 nerve terminals, or perhaps regulate neurotransmitter release, with increased
calcium levels possibly driving an increase in neurotransmitter release onto postsynaptic
neurons. Dissecting these potential mechanisms will require analysis of neurons downstream of
L2, but these too, may undergo direct or indirect serotonergic regulation independent of the
effects of serotonin on L2 neurons [17, 107, 108]. Studies in mammals have already begun to

dissect the contributions of serotonergic tuning in multiple cells within individual circuits
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including the visual system [32, 109-112]. The way in which this information is integrated
remains poorly understood. The interactions between receptors expressed on L2 and other
neurons in the fly visual system provide a new framework to dissect the mechanism by which

multiplexed serotonergic inputs combine to regulate circuit function.

Conclusion

The diversity of serotonin receptors has made it challenging to understand the network
level mechanisms by which the modulator serotonin exerts its influence. In this study we
identified several cells in the Drosophila optic lobe that express specific serotonin receptor
subtypes. We also demonstrate that subsets of neurons involved in the initial steps of visual
processing are regulated by serotonin through both cell autonomous and non-autonomous
mechanisms. In L2 neurons, serotonin signaling via 5-HT2B can regulate baseline calcium
changes. We have established a new platform to study the cellular mechanisms by which

serotonin and other modulators regulate sensory circuits.

Methods
Fly Husbandry and Genetic Lines

Flies were maintained on a standard cornmeal and molasses-based agar media with a
12:12 hour light/dark cycle at room temperature (22-25°C). All fly strains used in this study are
listed in Table 3. Serotonin receptor MiMIC-T2A-GAL4 lines described in [79] were a gift from
Herman Dierick (Baylor College of Medicine), and include 5-HT1A-T2A-GAL4M01468 5. HT1A-
T2A-GAL4MO™40 5 HT1A-T2A-GAL4M04464 5 HT1B-T2A-GAL4M05213 5. HT2A-T2A-GAL4 M0459
5-HT2A-GAL4M0329 ' 5_HT2B-T2A-GAL4M6500 5 HT2B-T2A-GAL4MS208 5. HT2B-GAL4M7403,
and 5-HT7-GAL4 M215 | 1 and T1 split-GAL4 lines [54], as well as unpublished LexA lines for

L1 and T1, were provided by Aljoscha Nern (HHMI/Janelia Research Campus). L. Zipursky
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generously provided L2-split-GAL4 and L2-LexA (RRID:BDSC_52510). Yi Rao (Peking
University) generously shared 5-HT2B-KO-GAL4 Sl (5-HT2B mutant) [91], 5-HT1A::sfGFP [90],
and UAS-5-HT2B::sfGFP [91].

Reporter lines include: UAS-mCD8::GFP (RRID:BDSC _5137), UAS-MCFO-1
(RRID:BDSC_64085), UAS-GCaMP6f (RRID:BDSC_42747), UAS-ArcLight
(RRID:BDSC_51056), UAS-DenMark, UAS-Syt.eGFP (RRID:BDSC_33064 and

RRID:BDSC_33065), and LexAop-mCD8::GFP (RRID:BDSC_32229).

Immunohistochemistry and Imaging

Flies were dissected 5-10 days after eclosion, and equal numbers of males and females
were used for all experiments unless otherwise noted. Brains were dissected in ice-cold PBS
(Alfa Aesar, Cat#J62036, Tewksbury, MA), then fixed in 4% paraformaldehyde (FisherScientific,
Cat#50-980-493, Waltham, MA) in PBS with 0.3% Triton X-100 (Millipore Sigma, Cat#X100,
Burlington, MA) (PBST) for one hour at room temperature. After fixation, brains were washed
three times with PBST for 10 minutes, then blocked for 30 minutes in PBST containing 0.5%
normal goat serum (NGS) (Cayman Chemical, Cat#10006577, Ann Arbor, MA) PBST.
Antibodies were diluted in 0.5% NGS/PBST. Primary antibodies were incubated with the tissue
overnight at 4°C. The next day, the brains were washed three times with PBST for 10 minutes,
then incubated with secondary antibodies for 2 hours in the dark at room temperature. Brains
were washed three times with PBST for 10 minutes before mounting.

For frontal mounting, brains were washed with 60% and 80% glycerol (Millipore Sigma,
Cat#G5516) and mounted in Fluoromount-G (SouthernBiotech, Cat#0100-01, Birmingham, AL).
For dorsal-ventral mounting, brains were fixed in 2% PFA/PBST overnight. The next day, brains
were washed three times with PBST. Brains were dehydrated with a series of 10 min ethanol

baths of increasing concentrations (30%, 50%, 75%, 95%, 100%, 100%, and 100%). Brains
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were then transferred to 100% xylene before mounting in DPX (FisherScientific, Cat#50-980-
370).

Serotonin immunolabeling was performed with 1:25 rat anti-serotonin (Millipore Sigma,
Cat#MAB352, RRID:AB_11213564), 1:1000 rabbit anti-serotonin (ImmunoStar, Cat#20080,
Hudson, WI ,RRID:AB_572263) or 1:1000 goat anti-serotonin (ImmunoStar, Cat#20079,
RRID:AB_572262). Where noted, GFP was labeled with 1:250 mouse anti-GFP (Sigma-Aldrich,
Cat#G6539, RRID:AB_259941; or, ThermoFisher, Waltham, MA, Cat#A-11120,
RRID:AB_221568). Secondary antibodies were used at 1:400 and include: Donkey anti-mouse
Alexa Fluor 488, Donkey anti-Rabbit Alexa Fluor 594 or Alexa Fluor Donkey anti-rat 647
(Jackson ImmunoResearch Laboratories, Westgrove, PA, Cat#715-545-151, # 711-585-152, #
712-605-153) or Alexa Fluor 555 (Life Technologies, ThermoFisher, Cat#A-21428).

MultiColor FIpOut (MCFO-1) sparse labeling was induced by heat activation at 37°C for
10-15 minutes at least 2 days prior to dissection as described [86]. Primary antibodies included
1:300 rabbit anti-HA (Cell Signaling Technology, Cat#3724, Danvers, MA, RRID:AB_1549585),
1:150 rat anti-FLAG (Novus, Littleton, CA, Cat#NBP1-06712, RRID:AB_1625982), and 1:400
mouse anti-V5::Dylight-550 (Bio-Rad, Hercules, CA, Cat#MCA1360D550GA,
RRID:AB_2687576). Secondary antibodies used for MCFO are listed above.

Imaging was performed with a Zeiss LSM 880 Confocal with Airyscan (Zeiss,
Oberkochen, Germany) using a 40x water or 63x oil immersion objective. Post-hoc processing

of images was done with Fiji [113] or Adobe Photoshop (Adobe, San Jose, CA) .

FACs and RNA Extraction
L2 and L1 neurons were labeled using split-GAL4 drivers combined with UAS-
mCD8::GFP (RRID:BDSC_5137). For RNA-Seq in Fig 4, N=3 T1-LexA samples were tested.

For RT-gPCR in Fig 4, we included N=3 T1-split-GLA4 samples and N=3 T1-LexA samples.
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Brains were dissected on the day of eclosion and optic lobes were dissociated according to
previously published methods [114]. The dissociated optic lobe cells were separated by
fluorescence-activated cell sorting (FACS) into GFP-positive and GFP-negative isolates using a
BD FACS Aria Il high-speed cell sorter in collaboration with the UCLA Jonsson Comprehensive
Cancer Center (JCCC) and Center for AIDS Research Flow Cytometry Core Facility
(http://cyto.mednet.ucla.edu/home.html). For FACS, each experiment was performed with 18-40
brains, and yielded between 1,700-7,800 GFP* cells. RNA was extracted from isolated cells with
ARCTURUS® PicoPure® RNA Isolation Kit (ThermoFisher, KIT0204) or RNeasy Plus Micro Kit

(QIAGEN, 74034).

RT-qPCR

RNA extracted from FACS isolates was reverse transcribed using SuperScript IlI
(Invitrogen, ThermoFisher, Cat#18080093). RT-gPCR was performed for receptor cDNA using
validated primers (Table 4) and SYBR Green Power PCR Mix (Applied Biosystems,
ThermoFisher) on an iQ5 real-time qPCR detection system (Bio-Rad). Primers were designed

using Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or were from the DGRC

FlyPrimerBank [115]; oligonucleotides were obtained from Integrated DNA Technologies
(Coralville, lowa). Primer pairs were validated to amplify a single product, verified by a single
melting temperature and single band on an electrophoresis gel. The efficiency for each primer
pair was between 85-115%. Comparisons between GFP* and GFP-samples were calculated as
enrichment (i.e., fold change) using the comparative CT method [116]. A zero value was
imputed for samples with no amplification (i.e., no CT value). Raw CT values are shown in

Table 1.
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RNA-Seq

RNA-Seq was performed using a SMART-Seq protocol adapted from [114, 117, 118].
Libraries were constructed using the SMART-seq v4 Ultra Low-input RNA sequencing kit with
Nextera XT (Takara Bio). Paired-end sequencing was conducted by the UCLA genomic core

facility (https://www.semel.ucla.edu/ungc/services). After demultiplexing, we obtained between

39-270 (average 105) million reads per sample. Quality control was performed on base qualities
and nucleotide composition of sequences. Alignment to the Drosophila melanogaster genome
(BDGP6) was performed using the STAR spliced read aligner [119] with default parameters.
Additional QC was performed after the alignment to examine the following: level of mismatch
rate, mapping rate to the whole genome, repeats, chromosomes, and key transcriptomic regions
(exons, introns, UTRs, genes). Between 75-85% of the reads mapped uniquely to the fly
genome. Total counts of read fragments aligned to candidate gene regions within the reference
gene annotation were derived using HTSeq program and used as a basis for the quantification
of gene expression. Only uniquely mapped reads were used for subsequent analyses. Following
alignment and read quantification, we performed quality control using a variety of indices,
including consistency of replicates and average gene coverage. For Fig 4 and Fig 6G, L2
samples were run in two separate sequencing runs and we did not perform corrections for any

potential batch effects. Data is shown as Transcripts Per Million (TPMs).

Live Cell Imaging

Calcium imaging was performed as previously described [120]. Briefly, flies were
anesthetized at 4°C and placed into a chemically etched metal shim within a larger custom-built
fly holder. The fly holder was based on a previously described design (Weir and Dickinson,
2015). The head capsule and the thorax were glued to the metal shim using UV-curable glue

(www.esslinger.com). The legs, proboscis and antennae were immobilized using beeswax
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applied with a heated metal probe (Waxelectric-1, Renfert). The head capsule was immersed in
insect saline (103 mM NaCl, 3 mM KCI, 1.5mM CaCl2, 4 mM MgCI2, 26 mM NaHCO3, 1 mM
NaH2PO4, 10 mM trehalose, 10 mM glucose, 5 mM TES, 2 mM sucrose) [121]. A small window
on the right rear head capsule was opened using sharp forceps (Dumont, #5SF). Muscles and
fat covering the optic lobe were cleared before placing the fly under the 2-photon microscope
(VIVO, 3i: Intelligent Imaging Innovations, Denver, CO). Neurons expressing GCaMP6f were
imaged at 920-nm using a Ti:Sapphire Laser (Chameleon Vision, Coherent). Images were
acquired at 10-20 frames/s for Fig 6 live imaging. Only female flies were used for live imaging
experiments.

A custom-built gravity perfusion system was used for bath application of either serotonin
or saline control to the fly’'s exposed optic lobe for Fig 6. For Fig 6, the tissue was first perfused
with insect saline containing 1um tetrodotoxin citrate (TTX) (Alomone Labs, Jerusalem, Israel,
Cat#T-550) for at least 5 minutes at 2 mL/min, prior to each recording. TTX remained present
throughout the experiment. To examine the effects of serotonin on calcium levels, baseline
GCaMP&6f fluorescence was recorded for one minute before switching to the second input
containing either 100 uM serotonin hydrochloride (Sigma Aldrich, Cat# H9523) or saline alone
for an additional five minutes of recording. Due to perfusion tubing length and dead volume, the
perfusion switch took approximately 1 min 45 s to reach the tissue. Fig 6 does not show the first

minute of the recording, so the solution switch will occur around 45 s on the x axis.

Analysis

Calcium imaging data were analyzed with Matlab R2017a (Mathworks, Natick, MA). Post
hoc, recordings were corrected for movement of the brain within the imaging plane using a
custom algorithm [122]. Regions of interest (ROIs) were found semi-automatically: first, the

median intensity of all pixels across all image frames was found; this value was used as a
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threshold and all pixels with mean intensity below the threshold, typically within the image
background, were discarded. The 1-D time series of intensity for each remaining pixel was then
extracted. K-means clustering was used to identify pixels with similar activity over the course of
the experiment: three clusters were identified and the cluster with the highest number of pixels
was retained. This reliably identified the pixels within active neurons in the imaging data and
aided in identifying preparations with out-of-plane movement, which were discarded. We plotted
AF/F, defined as (F+-Fo)/Fo, where F:is the mean fluorescence across all individual terminal
ROls at the indicated time and Fyis the mean of 30 seconds baseline recording. Approximately
half of the bath application recordings showed oscillations in activity due to slow, periodic
movement of the brain at around 0.04 Hz; we applied a second-order notch filter at this

frequency with a bandwidth of 0.005 Hz to remove these oscillations.

Replicates

Each biological replicate (N) represents one fly, except for RT-gPCR and RNA-Seq (Fig
4) where each biological replicate was pooled from 18+ flies. RT-gPCR experiments include 3
technical replicates, which are averaged to represent a single biological replicate. Animals from
at least 3 crosses were used for each experiment. Data for each experiment was collected over
2-6 months in at least 3 experiments. No outliers were removed from any data set. Live imaging

recordings with too much movement were excluded and not analyzed.

Data Availability

The RNA-Seq data (raw and processed files) are available on the Gene Expression

Omnibus (GSE154085).
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Tables

Table 1. RT-qPCR Threshold Cycle (CT) measurements and calculated enrichment for FACS-
isolated T1, L2, and L1 samples as shown in Fig 4. Enrichment (i.e., fold change) was

calculated for cDNA from GFP-labeled cell isolates relative to pooled, unlabeled optic lobe cell
isolates using the comparative CT method.

Target T1 - Sample 1 (T1-split-GAL4) T1 - Sample 2 (T1-split-GAL4) T1 - Sample 3 (T1-split-GAL4)
GFP+ Ave CT|GFP- Ave CT| Enrichment [GFP+ Ave CT|GFP- Ave CT| Enrichment [GFP+ Ave C Enrichment |
RP49 397 32.6 432 37.5 38.1
HT1A 40.3 6.1 7.29 433 7 171 394 5.64
HT1B 4 6.1 3.65 449 9 6.48 2 2.73
HT2A D 6.9 D D D
HT2B D 8.2 D 44 1 D
SHTY D 1 QC Failure D
Target T1 - Sample 4 (T1-LexA) T1 - Sample 5 (T1-LexA) T1 - Sample 6 (T1-LexA)
T GFP-’I‘-7A(\)/e CT] éA\:/e CT Enrichm_en_t__(i,FP-l-7AC e CT] GFP: Age CT| Enrichment GFP-!-Q ve CT] Enrichment |
HT1A 39.4 3 516 39.9 36.7 6.7Q 39 6.74
HT1B 387 6.6 5.04 397 36 4.80 39 714
HT2A 69 A
HT2B 00 291
SHT7 7.3 36.2
Target ample 1 L2 - Sample 2
GFP+ Ave CTIGFP- Ave CT| Enrichment |GFP+ Ave CT|GFP- Ave CT| Enrichment |GFP+ A Enrichment |
RP49 437 1.2 9 35.1 4 32.8
HT1A 2.7 382 459 36.0 0.152
HT1B D 1.0 377 457 36.6 0.262
HT2A 49.8 9.1 57.8 D ND 469
HT2B 48.7 3.8 3.12 58 2.4 5.49 458 38.7 1.07
SHT7 D 2.9 448 40.0 213 ND 377
Target ample 4 L2 - Sample 5
GFP+ Ave CT Ave CT| Enrichment |GFP+ Ave CT|GFP- Ave CT| Enrichment
P492 401 4.1 384 34.3
HT1A ND 5.9 D 2
HT1B 452 6.4 0.151 1
HT2A D D D D
HT2B 44.8 7.7 0.495 D 433
SHTY 416 6.7 2.266 5 40.8 0.99
Target L1 - Sample 2
75 GFP+ Ave CT Ave CT!| Enrichment |GFP+ A4¥_e CT _G_FP: Ave CT Enrichrn_e_n_LQ_FPLAge CTl = Enrichment |
HT1A ND 7.5
HT1B D D 7 7.1 1416
HT2A D D D D D
HT2B D D 436 D 40.6
SHTY 451
Target - L1 - Sample 2 - -
GFP+ Ave CTi Enrichment |GFP+ Ave CT] - | Enrichment [GFP+ Ave CT| Enrichment |
RP49 457 438 33.3 421
B 421 8.44 382 34.3 957 452 0.147
L2 - Sample 2
Target | eFps Ave CT [ Enrichment |GEP+ Ave CTIGEP- [Enrichment |GEP* Ave CT] Enrichment |
RP49 409 409 32.4 40.3
B 36.1 13.0 36.1 333 527 395 498
Target T1 - Sample 2
| Enrichment [GFP+ Ave CT|GFP- Ave CT| Enrichment |GFP+ Ave CTl Enrichment |
RP49 38.3 394 31.8 394
B 435 0.0181 448 317 0.0226 449 0.0181
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Table 2 . RNA-Seq Serotonin Receptor TPMs, averages and standard deviations.

5-HT1A | 5-HT1B | 5-HT2A | 5-HT2B | 5-HT7

T1 165 271 0.028 0.024 0.034
T1 231 305 7.53 0.000 0.000
T1 150 257 0.000 0.082 0.000
Average 182 278 2.52 0.035 0.011

STDEV 43.1 24.8 4.34 0.042 0.019

5-HT1A | 5-HT1B | 5-HT2A | 5-HT2B | 5-HT7

L2 0.006 40.9 13.3 190 8.96
L2 38.3 22.5 1.13 45.9 34.2
L2 10.4 28.3 2.99 158 3.90
Average 16.2 30.5 5.80 131 15.7

STDEV 19.8 9.40 6.55 75.6 16.2

Table 3. Fly strains used in this study.

Fly Line Source
5-HT1A-T2A-GAL4 MI01468 | H. Dierick (Baylor)
5-HT1A-T2A-GAL4 MI01140 | H. Dierick (Baylor)
5-HT1A-T2A-GAL4 MI04464 | H. Dierick (Baylor)
5-HT1B-T2A-GAL4 MI05213 | H. Dierick (Baylor)
5-HT2A-T2A-GAL4 MI0459 H. Dierick (Baylor)
5-HT2A-GAL4 MI03299 H. Dierick (Baylor)
5-HT2B-T2A-GAL4 MI5208 H. Dierick (Baylor)
5-HT7-GAL4 MI00215 H. Dierick (Baylor)
T1-spGAL4 A. Nern (Janelia)
L2-spGAL4 L. Zipursky (UCLA)
L1-spGAL4 A. Nern (Janelia)
T1-LexA A. Nern (Janelia)
UAS-mCD8::GFP RRID:BDSC_5137
UAS-MCFO-1 RRID:BDSC_64085
UAS-GCaMP6f RRID:BDSC_42747
UAS-ArcLight RRID:BDSC_51056
5-HT1A::GFP Y. Rao (Peking U.)
UAS-5-HT2B::GFP Y. Rao (Peking U.)
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Table 4. RT-gPCR primer sequences and mRNA (cDNA) target information.

Fly Line Source
5-HT1A-T2A-GAL4 MI01468 [H. Dierick (Baylor)
5-HT1A-T2A-GAL4 MI01140 |H. Dierick (Baylor)

H

H
5-HT1A-T2A-GAL4 MI04464 |H. Dierick (Baylor)
5-HT1B-T2A-GAL4 MI05213 [H. Dierick (Baylor)
5-HT2A-T2A-GAL4 MI0459 |H. Dierick (Baylor)
5-HT2A-GAL4 MI03299 H. Dierick (Baylor)
5-HT2B-T2A-GAL4 MI5208 [H. Dierick (Baylor)
5-HT7-GAL4 MI00215 H. Dierick (Baylor)
T1-spGAL4 A. Nern (Janelia)
L2-spGAL4 L. Zipursky (UCLA)
L1-spGAL4 A. Nern (Janelia)
T1-LexA A. Nern (Janelia)
UAS-mCD8::GFP RRID:BDSC_5137
UAS-MCFO-1 RRID:BDSC_64085
UAS-GCaMP6f RRID:BDSC_42747
UAS-ArcLight RRID:BDSC_51056
5-HT1A::GFP Y. Rao (Peking U.)
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Chapter 2: The Role of 5-HT2B in Drosophila Visual Processing in the Lamina

Introduction

Sensory systems rely on neuromodulators, such as serotonin, to add flexibility and
dynamic range to information processing circuits. In the mammalian visual cortex, serotonin
regulates the balance of excitation and inhibition [32], cellular plasticity [109, 123-125], and
response gain [34, 126]. In some cases, the contribution of individual receptor subtypes is
known; for example, in the mammalian retina, serotonin signaling reduces GABAergic amacrine
cell input to retinal ganglion cells (RGCs) via 5-HT1A [112] and can modulate the response of
RGCs to visual stimuli [127]. However, for most sensory circuits, the manner in which serotonin
receptor activation is integrated to regulate information processing remains poorly understood.

The Drosophila melanogaster visual system is a tractable genetic model to study visual
neuron activity and the regulation of visual circuits [49, 50]. In Drosophila light-sensitive
photoreceptors signal to intrinsic monopolar neurons in the lamina neuropil [20]. Lamina
monopolar cells L1 and L2 are first-order interneurons that feed into pathways discriminating
light “ON” (i.e., increase in luminance) and light “OFF” (i.e., decrease in luminance) stimuli
respectively [53, 82]. L1 and L2 neurons respond to changes in luminance in a physiologically
identical manner [128-130], while downstream neurons in the medulla transform this information
to discriminate ON versus OFF stimuli [53]. Further processing occurs in the lobula and lobula
plate to mediate higher-order computations for both motion and contrast detection [53, 56, 131].

Serotonergic neurons innervate the optic ganglia [45, 65-69] and we (Chapter 1) and
others [58, 87] have shown that serotonin receptors are expressed in many cells throughout the
visual system. Previous studies indicate that serotonin has an impact on both cellular activity
and visual behavior in insects [62, 63, 70, 71]. In the blowfly, serotonin altered
electrophysiological field recordings representing the combined output of lamina neurons [70]. In

the honeybee, single cell recordings in motion-sensitive lobula neurons showed that serotonin
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signaling reduces background activity, directional selectivity, and the amplitude of field
potentials evoked by moving stripes [63]. In the house fly, serotonin and other neurotransmitters
regulate rhythmic size changes in L1 and L2 terminals in the medulla [132] and in Drosophila,
serotonin was shown to modulate the voltage dependence of potassium channels in
photoreceptors [62]. Despite extensive evidence that serotonin modulates the insect visual
system, the molecular mechanisms responsible for these effects and the potential contributions
of specific subtypes of serotonin receptors remain unclear.

The cellular effects of serotonin signaling are highly complex and the precise effects of
serotonin receptor activation in specific cells are difficult if not impossible to predict and
necessitate the use of functional assays to complement expression studies. Although previous
studies suggest that serotonin affects visual processing, and two recent studies have reported
serotonin receptor expression in visual neurons [58, 87], to our knowledge there is no
information on the functional effect(s) of any serotonin receptor in any cell within the insect
visual system. In this work, we show how a specific serotonin receptor, 5-HT2B, regulates visual
responses in L2 lamina monopolar cells, which are critical for the initiation of visual information
processing. Expansion of the approach demonstrated here to other receptors and cells may be
used to generate a comprehensive picture of serotonergic neuromodulation within a well-

defined sensory circuit.

Results

To explore the possibility that serotonergic neuromodulation plays a role in visual
processing, we tested whether exogenous serotonin alters visually induced calcium transients in
L2 neurons. We used GCaMP6f to record and compare calcium transients in flies receiving
saline or serotonin perfusion. Previous studies using voltage indicators found that L2 neurons

depolarize in response to dark flashes and hyperpolarize in response to light flashes [129].
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Similarly, calcium-indicator recordings showed that intracellular calcium increased in the dark
and decreased in the light in [128]. Brief light or dark flashes induce bi-phasic calcium transients
[129] that enable analysis of calcium kinetics. For this reason, we used brief dark or light flashes
to test whether serotonin might alter the magnitude or kinetics of visually induced calcium
transients in L2 terminals. Flies were suspended over an LED arena (see Ch 1 Fig 6A) and
either a light or dark flash of the entire LED screen (100 ms) was presented at 5 s intervals.
Between each flash, the screen showed an intermediate brightness level, indicated as grey in
Fig 1A. One-minute “epochs” consisting of 12 flashes of randomly shuffled polarity were
presented six times for each trial (Fig 1A). The first 60 s epoch was recorded in saline alone,
followed by a switch to either saline with 100 uM serotonin or saline alone during epoch 2 (Fig
1A). Unlike the experiments shown in Ch 1 Fig 6, we did not include TTX in the perfusion
solutions because we did not want to affect neuronal communication in any way that might
interfere with the response to visual stimuli. Performing additional further experiments in the
absence of TTX was also important to rule out the possibility TTX was responsible for the
effects seen in Ch 1 Fig 6.

Dark flashes induced a large increase in calcium that returned to baseline within ~1
second as previously described [129] (Fig 1B). The amplitude of the dark flash induced calcium
transients increased over the time course of the experiment for animals receiving either
serotonin or saline (Fig 1B). To compare differences between the serotonin and saline control
groups and the potential effects of serotonin over the time course of the experiment, we
quantified three calcium transient variables: amplitude (1C), the time required for decay from the
peak to a subsequent minimum (1C’), and the slope of the decay (1C”). To facilitate the direct
comparison of results obtained during perfusion with saline alone versus saline followed by

serotonin, we first calculated the average for each variable prior to serotonin exposure
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measured during epoch-1. We then subtracted the epoch 1 baseline from each epoch,
effectively setting the initial value of each plot to 0 for epoch 1 in Fig 1C-C”.

Fig 1C shows the change in calcium transient amplitude, calculated as the difference
between the pre-stimulus AF/F and the peak AF/F, relative to epoch 1. We did not detect a
difference between the serotonin and saline groups. Fig 1C’ quantifies the decay time from peak
amplitude, calculated as the time (s) between the peak AF/F and the subsequent minimum
AF/F, relative to epoch 1. We detected a modest but statistically significant (p=0.0036 by
Repeated Measures ANOVA) increase in the decay time of the dark flash response in animals
perfused with serotonin versus saline alone. In Fig 1C” we quantify the change in the slope of
the decay relative to epoch 1; we did not detect a difference in slope between flies treated with
serotonin versus saline (Fig 1C”).

Light flashes induced a transient decrease in GCaMP6f fluorescence, followed by a
secondary sustained rebound (Fig 1D) as previously reported [129]. To analyze calcium
transients induced by light flashes, we quantified three variables: the magnitude of the initial
calcium decrease relative to the pre-stimulus baseline (Fig 1E), the time from minimal to
maximal AF/F (Fig 1E’), and the slope of this rebound (Fig 1E”). Baseline values obtained for
the response to light flashes in epoch 1 were subtracted from each epoch to set the initial value
of each variable to 0 for epoch 1 in the plots in Fig 1E-E”. We did not observe any significant
differences between saline and serotonin groups when calculating the magnitude of the initial
downward deflection (Fig 1E), the time from minimal to maximal AF/F (Fig 1E’) or the slope of
the rebound (Fig 1E”). In sum, serotonin drove a robust increase in intracellular calcium levels of
L2 neurons in wildtype flies, regardless of the presence (Ch 1 Fig 6) or absence (Fig 1) of TTX.
We also detected a modest, but statistically significant effect of serotonin on the kinetics, but not
the amplitude, of the GCaMP6f response of L2 to a dark flash (Fig 1C’). We did not detect any

effect of serotonin on the response of L2 to a light flash in 5-HT2B +/+ flies.
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Fig 1. Serotonin mediates L2 neuron visually induced calcium transient kinetics. L2-split-
GAL4 was crossed to UAS-GCaMP6f to monitor calcium transients following 100-ms light or
dark flashes. The optic lobe was initially perfused with saline alone during a 60 s baseline
recording designated as “epoch 1”. The solution was then switched to either saline with
serotonin or saline control after 105 s, with the switch occurring during epoch 2. (A) A sample
recording with serotonin perfusion following the initial baseline is shown in the upper panel.
Light or dark stimuli (A, middle panel) were flashed at random every 5 s for 6 min. To visualize
changes in the response to light and dark flashes in L2, data from each 60 s epoch was binned
(see epochs 1-6 in A, lower panel). (B) Response to dark flashes. Color coded traces
representing each 60 s epoch are shown for flies receiving saline (left panel, cyan to blue) or
serotonin perfusion (right panel, yellow to red). In both groups, L2 terminals responded to a dark
flash with a strong increase in GCaMP6f fluorescence before returning to baseline. (C-C”)
Analysis of dark flash response from panel B. For plotting each variable shown in C, the
average value for the epoch 1 baseline was subtracted; epoch 1 is therefore always set to 0 in
panel C-C”. (C) The change in the amplitude of the calcium transient (the difference between
pre-stimulus AF/F and maximum AF/F) relative to epoch 1 is shown in (C) and did not differ
between flies exposed to saline versus serotonin. (C’) The change in the time (s) to reach a
minimum AF/F following the maximum AF/F relative to epoch 1 is shown in (C’) and was
significantly longer (p<0.01**) in serotonin-perfused flies compared to saline controls. (C”) The
change in the slope of the decay from maximum AF/F to minimum AF/F relative to epoch 1 was
not different between the saline and serotonin groups. (D) Response to light flashes. When a
light flash was presented in control experiments, L2 cells responded with a decrease in GCaMP
signal followed by a large sustained rebound. Color coded traces representing each 60 s epoch
for saline (left panel, cyan to blue) and serotonin (right panel, yellow to red) are shown. (E-E”)
Analysis of light flash response from panel D. For plotting each variable shown in E, the average
value for the epoch 1 baseline was subtracted; epoch 1 is therefore always set to 0 in panel E-
E” as in panel C-C”. (E) The change in the amplitude of the initial decrease in calcium (the
difference between pre-stimulus AF/F and the subsequent minimum AF/F) relative to epoch 1 is
shown in (E) and was not different between the saline and serotonin groups. (E’) The change in
the time to reach a maximum AF/F (time, s) relative to epoch 1 and (E”) the change in the slope
of the rebound relative to epoch 1 was not significantly differ between serotonin versus saline
controls. Recordings in B-E represent, N=14 and N=20 individual flies perfused with serotonin or
saline respectively. Shaded areas show mean +/- SEM. Comparisons are two-way repeated
measures ANOVA (brackets show interactions between time and genotype) and Sidak’s
multiple comparisons tests, p<0.05 *, p<0.01**, p<0.001***, p<0.0001****,
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Effects of a 5-HT2B receptor mutant

Since 5-HT2B is expressed in L2 neurons and is predicted to use calcium as a second
messenger we hypothesized that it would mediate the response of L2 neurons to serotonin. In
flies expressing wild type 5-HT2B we observed a robust serotonin-mediated increase in basal
intracellular calcium (Ch 1 Fig 6, with TTX in the perfusion solution and Fig 1, without TTX in the
perfusion solution). We next examined whether loss of 5-HT2B would blunt the gradual increase
in basal calcium we observed in flies exposed to serotonin (Fig 2B). As a negative control for
experiments using the 5-HT2B homozygous mutants (-/-) we used heterozygous siblings (+/-) in
which one wild type allele of 5-HT2B was present (Fig 2B). Similar to 5-HT2B +/+ flies (Fig 2A),
5-HT2B heterozygous controls perfused with serotonin showed a gradual increase in basal
calcium levels over the six-minute time course of the experiment (Fig 2B). In contrast, in the
5-HT2B -/- mutant, the basal calcium signal was nearly flat over the time course of the
experiment (p=0.0024 by two-tailed Wilcoxon rank sum test). To more specifically reduce the
expression of 5-HT2B in L2, we also tested available RNAi transgenes directed against 5-HT2B
but did not detect a significant effect (data not shown). We therefore cannot rule out indirect cell
non-autonomous effects from 5-HT2B expression in other cell types. However, the simplest
explanation for the observed results is that activation of 5-HT2B in L2 neurons generates a
gradual increase in cytosolic calcium.

We next examined whether loss of 5-HT2B would alter the calcium transients in L2
neuron terminals following light or dark flashes. We hypothesized that loss of 5-HT2B would
block any changes in the kinetics of the calcium response seen with serotonin perfusion (see
Fig 1C’). We also reasoned that a mutation in the serotonergic signaling pathway might provide
a “sensitized genetic background” to enhance the detection of serotonin’s functional effects. As
a negative control, we used heterozygous siblings (5-HT2B +/-). We again graphed averages for

each epoch after subtraction of the average for epoch-1. For dark flashes, we plotted the
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change in amplitude of the increase from pre-stimulus AF/F to the maximum AF/F relative to
epoch 1 (Fig 2D), the change in the time between the peak AF/F and the subsequent minimum
AF/F relative to epoch 1 (Fig 2D’), and the change in slope of the decay relative to epoch 1 (Fig
2D”). As we observed in 5-HT2B +/+ flies (see Fig 1C’), perfusion of 5-HT2B +/- heterozygous
controls with serotonin led to a gradual reduction in the time required for L2 terminals to reach a
minimum after responding to a dark flash (Fig 2D’). In striking contrast, in 5-HT2B -/-
homozygous loss of function flies, the time between the peak and the subsequent minimum (Fig
2D’), and the slope of the decay (Fig 2D”) remained unchanged over the course of the
experiment and continuous perfusion with serotonin. In sum, the 5-HT2B mutation ablated the
serotonin-dependent change in the kinetics of the L2 response to dark flashes. The effects on
amplitude (Fig 2D) were not statistically significant between the 5-HT2B -/- mutant and
heterozygous controls.

To compare how 5-HT2B +/- and 5-HT2B -/- flies responded to light flashes, we
calculated the change in the amplitude of the initial downward deflection from the pre-stimulus
baseline relative to epoch 1 (Fig 2F), the change in the time from minimal to maximal AF/F
relative to epoch 1 (Fig 2F’) and the change in the slope of the rebound relative to epoch 1 (Fig
2F”). The 5-HT2B +/- heterozygotes preparations showed a progressive increase in the
magnitude of the initial downward deflection (Fig 2F); strikingly, this progression was absent in
5-HT2B -/- mutants and the difference between the time course of the heterozygotes and
homozygotes was highly significant (p<0.0001) (Fig 2F). Similarly, the change in both the time
required for AF/F to progress from a post-stimulus minimum to secondary maximum (Fig 2F’)
and the slope of the rebound relative to epoch 1 were significantly different (Fig 2F”). Together,
the differences between 5HT2B +/- and 5-HT2B -/- in the response to a dark flash (Fig 2D-D”)

and these data strongly suggest that 5-HT2B mediates the effects of serotonin on the response
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of L2 neurons to at least one type of visual stimulus, although we cannot yet conclude whether

this occurred in a cell-autonomous manner.
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Fig 2. 5-HT2B mediates L2 neuron response serotonin. (A) L2-split-GAL4>GCaMP6f was
used to monitor intracellular calcium in L2 terminals. The optic lobe was initially perfused with
saline alone and was then switched to either saline with serotonin or saline control after 105 s.
Serotonin perfusion (in the absence of TTX) induced an increase in baseline calcium in 5-HT2B
+/+ lines receiving serotonin compared to saline controls. (B) Mutant 5-HT2B-“KO”-GAL4 flies
(5-HT2B -/-) were combined with UAS-GCaMP6f to monitor calcium changes in L2 terminals.
Homozygous (5-HT2B -/-) and heterozygous (5-HT2B +/-) flies both received serotonin
perfusion. The serotonin-mediated baseline increase was seen in 5-HT2B +/- flies, as in wild
type flies, but was not observed in 5-HT2B -/- flies. (C-F) Homozygous (5-HT2B -/-) and
heterozygous (5-HT2B +/-) 5-HT2B- “KO” -GAL4 flies expressing UAS-GCaMP6f were used to
record calcium transients following brief light or dark flashes. The preparation was initially
perfused with saline alone during a 60 s baseline recording designated as epoch 1 and the
solution was then switched to saline with serotonin after 105 s, with the switch occurring in
epoch 2. (C) Response to dark flashes. Traces representing each 60 s epoch (yellow to red) are
shown for 5-HT2B +/- (left) and 5-HT2B -/- (right). All preparations received serotonin perfusion.
In both groups, dark flashes induced a strong, transient increase in GCaMP6f fluorescence that
returned to baseline. Dark-flash calcium transient amplitude increased over the course of the
experiment for 5-HT2B +/- flies, but this was not seen in 5-HT2B -/- flies. (D-D”) Analysis of
dark-flash data from panel C. For plotting each variable shown in D-D”, the average value for
epoch 1 was subtracted; epoch 1 is therefore always set to 0. (D) The change in the amplitude
of the maximum calcium transient (the difference between pre-stimulus AF/F and maximum
AF/F) relative to epoch 1 is shown. (D’) The change in the time to reach a minimum AF/F
following the maximum AF/F of the calcium transient relative to epoch 1 was significantly
decreased in 5-HT2B +/- flies compared to 5-HT2B -/- flies in which this period was essentially
unchanged over the time course of the experiment. (D”) The change in the slope of the decay
relative to epoch 1 was significantly decreased in 5-HT2B +/- flies compared to 5-HT2B -/- flies;
it appeared essentially unchanged for 5-HT2B -/- flies over the course of the experiment. (E)
Response to light flashes. When a light flash was presented, L2 cells responded with a
decrease in the GCaMP6f signal followed by a large sustained rebound. Responses for 5-HT2B
+/- (left) and 5-HT2B -/- (right) flies are shown. (F-F”) Analysis of light flash data from panel E.
For plotting each variable shown in F-F”, the average value for the epoch 1 baseline was
subtracted; epoch 1 is therefore always set to 0 as in panels D-D”. (F) The change in the
amplitude of the light flash induced a calcium decrease (calculated as the difference between
the pre-stimulus AF/F and minimum AF/F) relative to epoch 1 that was significantly enhanced
over the course of the experiment in 5-HT2B +/- flies relative to 5-HT2B -/- flies. (F’) The change
in the time to reach a maximum relative to epoch 1 was significantly decreased in 5-HT2B -/-
flies compared to the response of 5-HT2B +/- flies which appeared unchanged. (F”’) The change
in the rebound slope relative to epoch 1 increased significantly in 5-HT2B +/- flies relative to
5-HT2B -/- flies. For (A), N=14 serotonin and N=20 saline exposed flies were tested. For (B-F),
N=13 5-HT2B +/- and N=15 5-HT2B -/- flies, all receiving serotonin, were tested. Shaded areas
show mean +/- SEM. Comparisons in (D, F) are two-way repeated measures ANOVA (brackets
show interactions between time and genotype) and Sidak’s multiple comparisons tests, p<0.05
*, p<0.01**, p<0.001***, p<0.0001****,
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Discussion

Serotonin modulation occurs by activation of multiple receptors and associated second
messenger cascades [7, 9]. Understanding how serotonergic signaling tunes circuit activity
requires functional experiments to determine the effects on specific cells as well as mapping the
cellular and subcellular cites of individual receptors. To develop the fly visual system as a new
molecular genetic model to study serotonergic neuromodulation we have mapped the
expression of the five Drosophila serotonin receptors in a subset of experimentally tractable
cells in the lamina (Ch 1) and used live imaging to determine their potential function (Fig 1-2).
To our knowledge, these represent the first functional data for serotonergic neuromodulation of
the Drosophila visual system with the exception of a single report in 1995 [62].

We demonstrated that L2 lamina monopolar cells express 5-HT2B using a combination
of MiMIC-based reporter lines, RT-PCR and RNA-Seq in Chapter 1. All of these techniques
indicated that 5-HT2B is expressed in L2 neurons, which are involved in motion [82, 99] and
contrast vision [56]. Our data are consistent with a recent transcriptional study of optic lobe
neurons, which also reported high probability of 5-HT2B in L2 cells [58].

In Chapter 1, we found that L2 neurons respond with a robust increase in calcium
measured by GCaMP6f fluorescence (Ch 1 Fig 6) in the presence of TTX. In this work, we
performed a similar experiment in the absence of TTX and also observed an increase in basal
intracellular calcium (Fig 1A). We also found that the serotonin-induced increase in basal
calcium was dramatically reduced in 5-HT2B -/- flies (Fig 2B). The simplest explanation for
these effects is that 5-HT2B regulates L2 in a cell autonomous manner. However, it remains
possible that 5-HT2B expressed in other cells could contribute to the effects we observe.
Specific knockdown of 5-HT2B in L2 neurons will be required to address this important issue,
but available 5-HT2B RNAI lines have been ineffective in our hands, and additional genetic tools
will be needed. We also do not know how either 5-HT2A or 5-HT7 might contribute to the
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regulation of L2 (Ch 1 Fig 4). These limitations aside, our data indicate that 5-HT2B plays a role
in regulating one of the cells required for most visual processing in the fly and open new
avenues of investigation to understand the underlying cellular mechanisms of serotonergic
signaling and their effects on circuit output.

In Drosophila, L1 and L2 neurons detect changes in luminance and together are
necessary for the full complement of motion vision. Both neurons receive synaptic input from
photoreceptors, and respond to luminance changes with graded potentials, depolarizing in dark
conditions and hyperpolarizing in light [128-130]. These two neurons feed forward into parallel
pathways to enable further visual processing such as motion and contrast detection [53, 55, 56].
The modulation of visually induced calcium transients in L2 following serotonin application (Fig
1-2) suggests a role for serotonin in potentiating the response of L2-dependent visual
processing pathways [129]. Our data also suggest a molecular-mechanism for previous
observations made in larger insects including serotonin-induced changes field recordings in
blowfly representing the output of L1 and L2 [70] and honeybee motion detection in the lobula
[63]. Further examination of the serotonin system in the Drosophila optic lobe using the same
approaches we employed here can be used to test additional hypotheses related to insect
vision.

We detected serotonin-mediated differences in the kinetics of L2 neurons’ response to
visual stimuli in wild type flies, but also measured differences in amplitude when comparing
5-HT2B mutants to heterozygous controls. Without inducible knock-down/out experiments, it is
not possible to rule out developmental effects of the 5-HT2B mutant on the L2 neurons. The
effects of serotonin on calcium signaling in L2 cells were more apparent in the 5-HT2B mutant
than wild type flies (Fig 1-2). In particular, we were able to detect serotonin-mediated
differences in the kinetics of L2 neurons’ response to visual stimuli in wild type flies, but also

detected differences in amplitude when comparing 5-HT2B mutants to heterozygous controls.

59



Without inducible knock-down/out experiments, it is not yet possible to rule out developmental
effects of the 5-HT2B mutant on the activity of L2 neurons. Regardless, we suggest that
mutation of 5-HT2B generated a useful sensitized genetic background to uncover effects of
serotonin that were not detectable in wild type flies.

We speculate that endogenous serotonergic release and activation of 5-HT2B blunted
the effects of bath-applied serotonin, making it difficult to detect changes in amplitude due to
saturation. A saturation point for neuromodulatory input is critical for circuit stability as has been
described previously [2, 133, 134]. In the absence of 5-HT2B, neither endogenous nor
exogenous serotonin would have an effect, thus increasing our ability to detect the full spectrum
of serotonin’s actions. Similarly, the effects of serotonin on pathways mediated by other
receptors in the visual system may only become detectable using additional receptor mutants.
More generally we suggest that our data underscore the power of a genetically sensitized
background to fully understand the mechanisms underlying the aminergic regulation of circuit
function. This approach is well developed in the fly compared to mammalian systems and we
suggest that it can significantly enhance future analyses of serotonergic neuromodulation.

While the precise function of serotonin signaling in L2 neurons or elsewhere in the fly
visual system remains unknown, it may allow neurons to adapt to changes in visual stimuli. We
observed stimulus repetition adaptation [102] in flies with endogenous serotonin signaling, but
this was completely absent in 5-HT2B mutants even with serotonin perfusion. Likewise, we are
struck by the similarities between the changes we observe during perfusion with serotonin and

the graded responses of lamina neurons to stimuli of increasing contrast [129].

Conclusion
The diversity of serotonin receptors has made it challenging to understand the network

level mechanisms by which this modulator exerts its influence. In L2 neurons, serotonin
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signaling via 5-HT2B can regulate baseline calcium changes as well as the amplitude and
kinetics of visually induced calcium transients. We have established a new platform to study the

cellular mechanisms by which serotonin and other modulators regulate sensory circuits.

Methods
Fly Husbandry and Genetic Lines

Flies were maintained on a standard cornmeal and molasses-based agar media with a
12:12 hour light/dark cycle at room temperature (22-25°C). All fly strains used in this study are
listed in Table 1. L. Zipursky generously provided L2-split-GAL4. Yi Rao (Peking University)
generously shared 5-HT2B-KO-GAL4 SlI (5-HT2B mutant) [91]. UAS-GCaMP6f
(RRID:BDSC_42747) was obtained from Bloomington Drosophila Stock Center at Indiana

University (Bloomington, IN, USA).

Live Cell Imaging

Calcium imaging was performed as previously described [120]. Briefly, flies were
anesthetized at 4°C and placed into a chemically etched metal shim within a larger custom-built
fly holder. The fly holder was based on a previously described design (Weir and Dickinson,
2015). The head capsule and the thorax were glued to the metal shim using UV-curable glue
(www.esslinger.com). The legs, proboscis and antennae were immobilized using beeswax
applied with a heated metal probe (Waxelectric-1, Renfert). The head capsule was immersed in
insect saline (103 mM NacCl, 3 mM KClI, 1.5mM CaCl2, 4 mM MgClI2, 26 mM NaHCO3, 1 mM
NaH2PO4, 10 mM trehalose, 10 mM glucose, 5 mM TES, 2 mM sucrose) [121]. A small window
on the right rear head capsule was opened using sharp forceps (Dumont, #5SF). Muscles and
fat covering the optic lobe were cleared before placing the fly under the 2-photon microscope

(VIVO, 3i: Intelligent Imaging Innovations, Denver, CO). Neurons expressing GCaMP6f were
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imaged at 920-nm using a Ti:Sapphire Laser (Chameleon Vision, Coherent). Images were
acquired at 25-30 frames/s for Fig 1-2 live imaging. Only female flies were used for live imaging
experiments.

For precise control of perfusion solutions, we used a programmable valve controller (VC-
6, Warner Instruments, Hamden, CT). During the first minute, and prior to imaging, the tissue
was perfused with saline for a baseline recording. At the end of the first minute, a valve
controller (VC-6, Warner Instruments, Hamden, CT) activated by a TTL signal switched the
perfusion to either saline with 100 uM serotonin or saline alone; imaging then continued for an
additional five minutes, for a total of one baseline set and five post-switch sets of visual stimuli.
The perfusion switch took approximately 45 s to reach the tissue using the programmable valve

system.

Visual Stimulus

Visual stimuli were shown using an arena composed of 48 eight by eight-pixel LED
panels, at 470 nm (Adafruit, NY, NY). The panels were assembled into a curved display that
extends 216° along the azimuth and £35° in elevation. Each pixel subtended an angle of 2.2° on
the retina at the equatorial axis. To prevent spurious excitation of the imaging photomultiplier
tubes, three layers of blue filter (Rosco no. 59 Indigo) were placed over the LED display.

Each stimulus consisted of a brief increment (light flash) or decrement (dark flash) of the
entire display for 100 ms, before returning to a mid-intensity brightness for 4.9 s. Images were
acquired at 25-30 frames/s for Fig 1-2 visual stimulation experiments. Stimuli were presented in
sets of six bright and six dark flashes randomly shuffled for each minute of the experiment.

Responses were then pooled for each minute.
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Analysis

Calcium imaging data were analyzed with Matlab R2017a (Mathworks, Natick, MA). Post
hoc, recordings were corrected for movement of the brain within the imaging plane using a
custom algorithm [122]. Regions of interest (ROIs) were found semi-automatically: first, the
median intensity of all pixels across all image frames was found; this value was used as a
threshold and all pixels with mean intensity below the threshold, typically within the image
background, were discarded. The 1-D time series of intensity for each remaining pixel was then
extracted. K-means clustering was used to identify pixels with similar activity over the course of
the experiment: three clusters were identified and the cluster with the highest number of pixels
was retained. This reliably identified the pixels within active neurons in the imaging data and
aided in identifying preparations with out-of-plane movement, which were discarded.

For visual response experiments (Figs 1-2), pixels within the remaining cluster were
automatically divided into groups corresponding to individual L2 terminals using a watershed
transform. The mean intensity within each ROl was found for each image frame to produce a
single time-series for the entire experiment, and the time-series for all terminal ROIs within an
individual animal were then averaged. For Fig 2, ROls of L2 terminals were first identified
automatically, as above, then manually selected individually according to layer position because
the 5-HT2B GAL4 Sl mutant line labeled other cells in addition to L2 neurons.

Approximately half of the bath application recordings showed oscillations in activity due
to slow, periodic movement of the brain at around 0.04 Hz; we applied a second-order notch
filter at this frequency with a bandwidth of 0.005 Hz to remove these oscillations. For the visual
stimulus experiments (Fig 1-2), we plotted AF/F, defined as (F+-Fo)/Fo, where Fiis the mean
fluorescence across all individual terminal ROls at the indicated time and Fois the mean of 30
seconds of non-consecutive baseline activity between stimulus presentations during epoch 1 at

the beginning of the experiment and prior to the change in perfusion (Fig 1A). For the stimulus
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response plots (Fig 1B, 1D, 2C, 2E), we found the average AF/F time-series within each epoch
for each fly after subtracting the average pre-stimulus baseline activity level (0.5 s preceding
each flash stimulus) from each time-series, so that all responses started aligned at 0 AF/F. For
further analysis (Fig 1C, 1E, 2D, 2F, left), we found the changes in response amplitude across
epochs, defined for the dark stimulus presentation (top) as the difference between the pre-
stimulus baseline and the maximum AF/F value that occurred up to 1.75 s after cessation of the
0.1 s flash, and for the light stimulus (bottom) as the minimum AF/F value that occurred in the
same period of time. For each epoch, we subtracted the value of the responses during epoch 1
at the beginning of the experiment and prior to the change in perfusion, in order to find the
change in amplitude relative to epoch 1. We followed a similar procedure for the analysis of
peak-peak time (Fig 1C, 1E, 2D, 2F, middle), defined as the length of time between the
minimum and maximum [JF/F values that occurred within 1.75 s after cessation of the 0.1 s
flash. The slope of the transient decay was also calculated (Fig 1C, 1E, 2D, 2F, right).

For the visual experiments we examined the baseline changes in fluorescence (Fig 2A-
B) after removing responses to the visual stimuli using a series of second-order notch filters at

0.19-0.21 Hz and 0.38-0.42 Hz.

Statistical Tests

For Fig 1 (C, E) and Fig 2 (D, E) comparisons are two-way repeated measure ANOVA
(brackets show interactions between time and genotype) and Sidak’s multiple comparisons
tests, p<0.05 *, p<0.01**, p<0.001***, p<0.0001****. These tests were performed using
Graphpad Prism Software (San Diego, CA). Differences in baseline calcium shown in Fig 2A-B

were calculated by two-tailed Wilcoxon rank sum tests in Matlab R2017a.
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Replicates

Each biological replicate (N) represents one fly. Animals from at least 3 crosses were
used for each experiment. Data for each experiment was collected over 2-6 months in at least 3
experiments. No outliers were removed from any data set. Live imaging recordings with too

much movement were excluded and not analyzed.

Tables

Table 1. Animal strains used in this study.

Fly Line Source
L2-sp-GAL4 L. Zipursky (UCLA)
5-HT2B-GKO-GAL4 Y. Rao (Peking U.)
UAS-GCaMP6f RRID:BDSC_42747
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Chapter 3: The Serotonin System in Drosophila Optic Lobe

Introduction

Serotonergic neurons broadly innervate the optic ganglia of Drosophila and other
insects, including the majors neuropils: lamina, medulla, lobula, and lobula plate [45, 65-69]. In
Chapter 1, we found that L2 neurons express 5-HT2B and T1 neurons express both 5-HT1A
and 5-HT1B (Ch 1 Fig 4). Subcellular mapping with 5-HT2B::GFP and 5-HT1A::GFP showed
enrichment in layer M2 of the medulla (Ch 1, Fig 5). Serotonin neurons also project to M2, which
may serve as a hub for serotonergic modulation in the visual system.

Ultrastructural studies in the fly visual system have established a connectome for many
neurons in the lamina and medulla including L1, L2 and T1 neurons [15-20, 57]. However, the
ultrastructure of serotonergic processes in the optic lobe of Drosophila is not known. In both
mammals and insects, serotonin can be released extrasynaptically through volume transmission
[135, 136] or through synaptic sites [21-23, 66, 137]. Synapses compartmentalize rapid cell-to-
cell exchange of chemical messengers between neurons. The synaptic cleft confined space
enables rapid changes in neurotransmitter concentrations, controlled by neurotransmitter
release, reuptake and metabolism. The synapse also physically limits the communication to
specific pre- and post-synaptic partners.

Neurotransmission outside of a synaptic cleft, referred to as volume transmission, allows
for neurotransmitter diffusion away from the release site, enabling activation of receptors on
many distant neurons. In both synaptic and volume transmission, concentration gradients play a
large role in determining the intensity of the signal received by post-synaptic neurons. Serotonin
neurons receive input from other cells to influence serotonin release and concentration
gradients, but they also rely on their own activity to regulate extracellular levels of serotonin.

Serotonergic neurons modulate extracellular serotonin in part by serotonin re-uptake via
the serotonin transporter (SERT), which controls the intensity and duration of the serotonin
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signal. Concentration gradients are also mediated by serotonin release, which is partially
regulated by feedback from receptors. Autoreceptors detect extracellular neurotransmitter
concentrations and provide negative feedback to regulate release. In mammals, serotonergic
neurons express 5-HT1A and 5-HT1B as pre-synaptic autoreceptors. Previous work has shown
that mammalian 5-HT1A is localized to somatodendritic compartment, while 5-HT 1B localized in
pre-terminal axons [138, 139].

In Drosophila, a previous study sequenced serotonergic neurons and found elevated 5-
HT1A, 5-HT1B and 5-HT7 transcripts [140] and another study reported co-labeling between 5-
HT1B-GAL4 and serotonin-immunoreactive cell bodies in the subesophageal ganglion [141].
Consistent with these findings, we report additional evidence that 5-HT1A, 5-HT1B and 5-HT7
are expressed by serotonergic neurons and we speculate that these receptors function as
autoreceptors. Drosophila provide a tractable model for molecular and genetic studies. This
model system, combined with the tools developed in Chapter 4, will be useful to examine the

role of autoreceptors in serotonin system function in health, disease, and therapeutic response.

Results
Serotonergic neurons likely signal through volume transmission in the optic lobe

Our previous findings suggested that M2 may be a hub for serotonergic modulation of L2
and T1 neurons, which both express serotonin receptors and arborize in M2.To further explore
the nature of these neurons in the medulla, we co-expressed the dendritic marker DenMark
[142] and the synaptic marker synaptotagmin:eGFP (syt.eGFP) in these cells. In both T1 and
L2, we detected strong labeling with both syt.eGFP and DenMark in M2, underscoring the ability
of the projections of L2 and T1 to both transmit and receive chemical signals here (Fig 1). For
serotonergic neurons, we observed Denmark labeling in all regions where anti-serotonin

immunoreactive boutons were present, including M2 in the medulla (Fig 1).
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Fig 1. Pre- and post-synaptic labeling with DenMark and syt.eGFP. L2, T1 and SerT-GAL4
lines were crossed with UAS-DenMark, UAS-syt.eGFP to label dendrites and presynaptic
boutons, respectively. (A-A”’) L2-split-GAL4 and (B-B”’) T1-split-GAL4 specified neurons show
overlapping syt.eGFP (green) and DenMark (magenta) labeled compartments in the medulla.
(C-C”’) SerT-GAL4 (BSC 38764) was used to express DenMark (magenta). Serotonin
immunoreactivity is shown in green. N=3-4 brains per condition. Scale bars are 25 ym (A-C)
and 10 ym for all other panels.
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When we bath applied serotonin onto the optic lobe we observed increased intracellular
calcium in L2 arborizations in M2 (Ch 1 Fig 4). For this reason, we thought it was possible that
serotonergic neurons might have direct synaptic contact with L2 in this region. We used
sybGRASP to identify potential synaptic connections between serotonergic projections and the
arborizations of L2 and T1 in M2 [143]. As a positive control to validate the use of sypGRASP in
detecting interactions within M2, we examined previously established ultrastructural connectivity
of L2 onto T1 neurons in the medulla [17, 18] and obtained a robust signal (Fig 2). With SERT-
specified neurons presynaptic to L2, T1 or L1 neurons we did not detect any reconstituted GFP
in the medulla (Fig 2) and only occasional GFP puncta in the lamina cortex (3 out of 7 brains,
see Fig 2).

Although it remains possible that serotonergic synapses onto L1, L2 or T1 neurons were
present but undetectable, this seems unlikely since we observed a robust signal in parallel
experiments in which the post-synaptic component of GFP was expressed in serotonergic cells
(see Fig 2). Together, these data suggest that most signaling from serotonergic neurons onto L2
and T1 neurons is likely to occur through a non-synaptic mechanism, similar to the extensive
use of volume transmission in the mammalian brain [144, 145] as reported for most other

aminergic synapses in mammalian systems [136, 144-146].
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Fig 2. Serotonergic neurons do not show sybGRASP signal with postsynaptic T1, L2 or
L1 neurons in the medulla. SypGRASP was used to probe whether serotonergic neurons
make synaptic contacts onto L2, T1 or L1 neurons. (A-A’) SypGRASP was observed with L2
split-GAL4 presynaptic to T1-LexA in M2. The dashed inset in (A) is shown in (A’). (B-E) A
SERT-GAL4 driver was used to express the pre-synaptic portion of GFP in serotonergic
neurons and LexA drivers were used to express the postsynaptic portion of GFP in L2 (B-C) L1
(D) or T1 (E) as indicated. No sypGRASP signal was detected in the medulla when serotonin
neurons were presynaptic to L2 (B) however, occasional sparse GFP puncta (arrowhead) were
visible in the lamina (C). When SERT-GAL4 neurons were presynaptic to L1 (D) or T1 (E)
neurons, we did not detect a sypGRASP signal in either the lamina or medulla. All tissue was
labeled with primary antibodies to both 5-HT (magenta) and GFP (green). N=7-10 brains. Scale
bars are 15 um (A, B, D-E); 5 ym (A” and C-C”).
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5-HT1A, 5-HT1B and 5-HT7 are expressed in Drosophila serotonergic neurons

The visual system does not contain any serotonergic cell bodies, rather projections from
neurons with cell bodies in the accessory medulla and central brain innervate the optic lobes.
Immunolabeling for serotonergic boutons can be observed within all optic ganglia neuropil as
well as the lamina cortex (Ch 1 Fig 1) [44-48]. Sparse labeling with 5-HT1B-T2A-GAL4 >MCFO
co-labeled with serotonin immunolabeled boutons in the inner medulla (iM), medulla layer 4
(M4), and lobula (lo) (Fig 3). We speculate that these processes are serotonergic and expresses
5-HT1B as an autoreceptor, consistent with the fact that 5-HT1B>GFP co-labeled with
serotonin-immunoreactive cells in serotonergic cluster LP2 (arrowhead in Ch 1 Fig 1G).
Furthermore, we observed co-localization of 5-HT1B-MiMIC-T2A-GAL4 and 5-HT1A-MiMIC-
T2A-GAL4>GFP with several anti-serotonin immunolabeled cell bodies in the central brain as
shown in Fig 3 and Fig 4. Although we did not comprehensively map all putative serotonin
autoreceptors in the central brain, we used serotonin cell mapping described in [44, 45, 47, 48]
to identify 5-HT 1B+ cell clusters as LP2 (Cb1), PLP (LP1), and PMP, (Fig 3) and 5-HT1A+

serotonergic clusters as PLP (LP1), SEL, AMP and PMP (Fig 4).
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Fig 3. Serotonin receptor 5-HT1B co-labels with serotonin immunoreactive sites in optic
lobe and cell bodies in the central brains. Anti-serotonin immunolabeling (magenta) was
used to identify serotonergic cells and projections in (A-F). (A-A”) Serotonin receptor MiMIC-
T2A-GAL4 lines were crossed to UAS-MCFO-1 to label individual cells. Using 5-HT 1B-MiMIC-
T2A-GAL4>MCFO (green), we observed co-labeling between MCFO-labeled cells and
serotonergic boutons (magenta) processes in the inner medulla (iM), medulla layer 4 (M4), and
lobula (lo). (B) A schematic of the fly brain with dashed lines showing the approximate
anatomical locations for (A-A”). (C-C”) Anti-serotonin immunolabeling (magenta) co-labeled with
5-HT1B-MiMIC-T2A-GAL4>UAS-mCD8::GFP labeled cell bodies in the central brain. 5-HT1B-
labeled kenyon cells (KC) are labeled for anatomical reference in (C”). (D) The approximate
anatomical location for images in (C-C”) are shown in the boundaries of the dashed line.
Serotonin co-labeling was performed in N=6 brains for 5-HT1B>MCFO (A-A") and N=5 for 5-
HT1B>GFP (C-C”). Scale bars are 20 ym.

5-HT 5-HT1B
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Fig 4. Serotonin receptor 5-HT1A co-labels with serotonin immunoreactive sites in optic
lobe and cell bodies in the central brain. (A) Schematic of the optic lobe neuropils—lamina
(la), medulla (me), lobula (lo) and lobula plate (Ip)—and serotonergic PLP cells. (B-B”) 5-HT1A-
MiMIC-T2A-GAL4 driving UAS-mCD8::GFP (green) was co-stained with anti-serotonin
immunolabeling (magenta) to map potential autoreceptors to specific cell clusters in the central
brain. PLP neurons co-labeling for 5-HT1A labeling and anti-serotonin immunolabeling are
indicated by the arrowhead. (C-E) Anterior to posterior images taken in the same brain show
several serotonergic cell clusters expressing 5-HT1A (labeled at arrowheads). 5-HT1A-labeled
mushroom body (MB) and kenyon cells (KC) are labeled for anatomical reference in (C and E).
(F) A cartoon of the fly brain with dashed lines to indicate the approximate anatomical location
for (C-E). Scale bars are 20 um and N=6.
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In MCFO experiments, we observed 5-HT1A and 5-HT7 labeled projections into the
lamina cortex (Fig 5A-B) and in some cases these co-labeled with anti-serotonin (Fig 5C-D). We
also observed co-labeling between 5-HT7-labeled projections and anti-serotonin in the medulla,
lobula, and lobula plate neuropils (Fig 5E-E”). We have not yet identified that serotonergic cell
body that expressed 5-HT7. In Ch 1 Fig 5 we observed co-labeling between 5-HT1A::GFP
constructs and anti-serotonin signal in the medulla, suggesting that 5-HT1A traffics to serotonin
release sites. While we have not pursued functional studies of presynaptic serotonergic neurons
in this report, the integration of imaging studies in both serotonergic neurons and post-synaptic
neurons represents a future goal to assess the interplay between auto- and post-synaptic

receptors in visual circuits.
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Fig 5. Serotonin Autoreceptors are expressed throughout the Optic Lobe. (A-D) Serotonin
receptor MiMIC-GAL4 lines were crossed to UAS-MCFO-1 to label individual cells. Anti-
serotonin labeling (magenta) was used to identify serotonergic cells. (A) A 5-HT1A>MCFO
labeled central brain neuron innervates the lamina cortex and the most distal area of the laminar
neuropil (B) Similarly, 5-HT7>MCFO labeled projections could be seen in the lamina. (C) The
5-HT1A>MCFO projection (green) into the lamina co-stains with anti-serotonin (magenta). (D-
E) 5-HT7>MCFO processes (green) co-labeled with anti-serotonin (magenta) in the lamina (la)
and iM, M4, lo (lobula), and lobula plate (Ip). Scale bars are 20 ym. N=13 5-HT7>MCFO and
N=31 5-HT1A>MCFO brains were imaged per receptor subtype. Projections into the lamina
from the central brain were observed N=6 for 5-HT1A>MCFO (A) and N=3 for 5-HT7>MCFO
(B). Co-localization with anti-serotonin was observed in N=3 (C), N=3 (D-E).

S-HI/
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Discussion

Serotonin neurons innervate layer M2 of the medulla, where they converge with
arborizations of L2 and T1 neurons. L2 and T1 neurons are both pre- and post-synaptic in M2
suggesting that both receive and transmit information here (Fig 1). L2 and T1 form reciprocal
synapses in M2 [17] (Fig 2) and also express serotonin receptors. Previous studies have
established a connectome for many neurons in the fly visual system including L1, L2 and T1
neurons [15-20, 57]. By contrast the ultrastructure of serotonergic processes in the optic lobe
are not known, but EM studies in other insects have revealed sites likely to represent both
synaptic and non-synaptic release [66, 147]. Using GRASP, we found that serotonergic
signaling to L2 and T1 in the medulla is likely to occur extrasynaptically (Fig 2). In both
mammals and insects, serotonin can be released extrasynaptically through volume transmission
[135, 136] or through synaptic sites [21-23, 66, 137]. The majority of mammalian aminergic
release sites lack an identifiable synaptic partner, and even synaptic release can lead to
spillover and extrasynaptic release.

Serotonergic release sites appear to lack synaptic partners in the lamina of the blowfly
Calliphora [147] and our data using sypGRASP to test whether serotonergic neurons synapse
on L2, T1, and L1 was negative (Fig 2). It is possible that ultrastructural studies will prove more
fruitful, but in the absence of true synaptic connections we anticipate that new methods may be
needed to unambiguously determine the relationship of aminergic boutons to potential targets in
the visual system and other sites in the fly CNS.

In this work we found additional evidence that 5-HT1A, 5-HT1B and 5-HT7 may be
expressed by serotonergic neurons that innervate the optic lobes (Fig 3-5). Previous work by
the Seghal lab showed co-labeling between 5-HT1B-GAL4 and serotonin-immunoreactive cell
bodies in the subesophageal ganglion [141], which is consistent with our findings. Another study

by the Kravitz lab sequenced serotonin neurons specified by TRH-GAL4 and found elevated 5-
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HT1A, 5-HT1B and 5-HT7 transcripts [140]. Subcellular mapping with 5-HT1A::GFP showed co-
localization with serotonin-immunoreactive sites and suggests that 5-HT1A is localized to the
serotonin release sites in the medulla, providing further evidence that 5-HT1A might function as
an autoreceptor (Ch 1 Fig 5). Serotonin autoreceptors are a critical regulators of the serotonin
system and it is increasingly evident that 5-HT1A may play a role in psychological illness and

treatment.

Conclusions

Together, these experiments suggest that M2 is a potential hub for serotonin volume
transmission targeting L2 and T1 arborizations. It is possible that serotonin also modulates
cross talk between these neurons, which form reciprocal synapses in M2. Lastly, we found
autoreceptors in serotonergic processes innervating the optic lobe and observed that 5-
HT1A::GFP traffics to the outer medulla, including M2. This suggests that negative feedback
through 5-HT1A and other serotonin receptors may also occur at this neuromodulatory “hub” in

the medulla.

Methods
Fly Husbandry and Genetic Lines

Flies were maintained on a standard cornmeal and molasses-based agar media with a
12:12 hour light/dark cycle at room temperature (22-25°C). All fly strains used in this study are
listed in Table 1. Serotonin receptor MiMIC-T2A-GAL4 lines described in [79] were a gift from
Herman Dierick (Baylor College of Medicine), and include 5-HT1A-T2A-GAL4M01468 ' 5.HT1A-
T2A-GAL4MOM40 5. HT1A-T2A-GAL4M04464 ' 5 HT1B-T2A-GAL4M5213  gand 5-HT7-GAL4 MI00215,

L1 and T1 split-GAL4 lines [54], as well as unpublished LexA lines for L1 and T1, were provided
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by Aljoscha Nern (HHMI/Janelia Research Campus). L. Zipursky generously provided L2-split-
GAL4 and L2-LexA (RRID:BDSC_52510).

SERT-GAL4 (RRID:BDSC_38764) was obtained from Bloomington Drosophila Stock
Center at Indiana University (Bloomington, IN, USA). Reporter lines include: UAS-MCFO-1
(RRID:BDSC_64085), UAS-DenMark, UAS-Syt.eGFP (RRID:BDSC_33064 and
RRID:BDSC_33065) and UAS-nSyb::GFP1-10, LexAop-CD4:GFP11 (RRID:BDSC_64314;

provided by Larry Zipursky (UCLA)).

Immunohistochemistry and Imaging

Flies were dissected 5-10 days after eclosion, and equal numbers of males and females
were used for all experiments unless otherwise noted. Brains were dissected in ice-cold PBS
(Alfa Aesar, Cat#J62036, Tewksbury, MA), then fixed in 4% paraformaldehyde (FisherScientific,
Cat#50-980-493, Waltham, MA) in PBS with 0.3% Triton X-100 (Millipore Sigma, Cat#X100,
Burlington, MA) (PBST) for one hour at room temperature. After fixation, brains were washed
three times with PBST for 10 minutes, then blocked for 30 minutes in PBST containing 0.5%
normal goat serum (NGS) (Cayman Chemical, Cat#10006577, Ann Arbor, MA) PBST.
Antibodies were diluted in 0.5% NGS/PBST. Primary antibodies were incubated with the tissue
overnight at 4°C. The next day, the brains were washed three times with PBST for 10 minutes,
then incubated with secondary antibodies for 2 hours in the dark at room temperature. Brains
were washed three times with PBST for 10 minutes before mounting in Fluoromount-G
(SouthernBiotech, Cat#0100-01, Birmingham, AL).

Serotonin immunolabeling was performed with 1:25 rat anti-serotonin (Millipore Sigma,
Cat#MAB352, RRID:AB_11213564), 1:1000 rabbit anti-serotonin (ImmunoStar, Cat#20080,
Hudson, WI ,RRID:AB_572263) or 1:1000 goat anti-serotonin (ImmunoStar, Cat#20079,

RRID:AB_572262). GFP was labeled with 1:250 mouse anti-GFP (Sigma-Aldrich, Cat#G6539,
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RRID:AB_259941; or, ThermoFisher, Waltham, MA, Cat#A-11120, RRID:AB_221568).
Secondary antibodies were used at 1:400 and include: Donkey anti-mouse Alexa Fluor 488,
Donkey anti-Rabbit Alexa Fluor 594 or Alexa Fluor Donkey anti-rat 647 (Jackson
ImmunoResearch Laboratories, Westgrove, PA, Cat#715-545-151, # 711-585-152, # 712-605-
153) or Alexa Fluor 555 (Life Technologies, ThermoFisher, Cat#A-21428).

N-Synaptobrevin GFP Reconstitution Across Synaptic Partners (sybGRASP) flies [143]
were dissected, fixed and immunolabeled as described above, without KCI induction. The tissue
was labeled with mouse antiserum specific to reconstituted GFP (1:250; Sigma-Aldrich,
Cat#G6539, RRID:AB_259941) [148] and anti-serotonin (antibodies listed above).

Imaging was performed with a Zeiss LSM 880 Confocal with Airyscan (Zeiss,
Oberkochen, Germany) using a 40x water or 63x oil immersion objective. Post-hoc processing

of images was done with Fiji [113] or Adobe Photoshop (Adobe, San Jose, CA).

Tables

Table 1. Animal strains used in this study.

Fly Line Source
L2-sp-GAL4 L. Zipursky (UCLA)
L2-LexA RRID:BDSC_52510
L1-sp-GAL4 A. Nern (Janelia)
L1-LexA A. Nern (Janelia)
T1-sp-GAL4 A. Nern (Janelia)
T1-LexA A. Nern (Janelia)
5-HT1B-T2A-GAL4 MI05213 H. Dierick (Baylor)
5-HT1A-T2A-GAL4 MI01468 H. Dierick (Baylor)
5-HT7-GAL4 MI00215 H. Dierick (Baylor)
SERT-Gal4 (P(GMR50H05-GAL4)attP2) RRID:BDSC_38764
(sybGRASP) UAS-nSyb::GFP1-10, LexAop-CD4:GFP11 | RRID:BDSC_64314
UAS-mCD8::GFP RRID:BDSC_5137
UAS-MCFO-1 RRID:BDSC_64085
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Chapter 4: Tools for Studying SERT in Drosophila

Introduction

The serotonin transporter (SERT) localizes to the plasma membrane of serotonergic
neurons where it transports serotonin from the extracellular space. Serotonin selective reuptake
inhibitors (SSRIs) are commonly prescribed antidepressants that inhibit SERT. SERT inhibition
decreases serotonin clearance from the extracellular space and subsequently increases
serotonergic signaling. Serotonin regulates a wide variety of physiological processes beyond
mood and anxiety, and changes in SERT function can have an enormous influence on brain
function and behavior. Here we develop tools to study the molecular mechanisms by which
SERT activity alters circuits and behaviors that are regulated by serotonin.

Drosophila melanogaster is a genetically tractable model organism that provides a flexible
platform for generating transgenes and mutants to study gene function. We leveraged this
system to develop new tools to study how SERT activity regulates serotonin biology. We first
developed an epitope-tagged Drosophila SERT (HA-dSERT) for localization studies because
there is not a commercial antibody available for dSERT. We also used several molecular
genetic approaches to humanize dSERT. Lastly, we tested how a loss of function mutation of
dSERT (SERT16) affects sleep behavior in flies. This behavioral paradigm will be used to
characterize other transgenic dSERT lines we developed in this study.

In mice, several mMSERT mutants [149-151] have been developed and used to study SERT
function [152, 153]. Surprisingly, the only published dSERT mutations are a hypomorph that
decreases its expression by 46.5% [154] and a dominant-negative insertion [46], both of which
reduce but do not eliminate SERT function. SERT mutants have been used to model SSRI
therapies [149, 152, 153], but have major caveats that limit data interpretation. SERT knockout
animals do not re-capitulate SSRI treatment because SERT is not completely non-functional
during drug treatment. A null SERT mutant represents an extreme state that likely does not

likely reflect the biology of SSRI treatment. Additionally, there may be developmental or
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adaptive effects in constitutive knockouts that are not relevant to SSRI therapeutic state. Lastly,
SERT loss of function animals are unable to model drug pharmacokinetics and
pharmacodynamics including off-target effects. These limitations are critical for data
interpretation; however, gene knockout animals continue to be a gold standard for
demonstrating gene and protein function through rescue experiments.

Many studies in Drosophila have used SSRIs such as fluoxetine [141, 155-157], but there
are important differences in the pharmacodynamics of dSERT and hSERT [158-162]. A
humanized version of dSERT with a higher affinity to psychotropic drugs will be important for the
modeling human therapies using dSERT. For this reason, we sought to develop a way to
conduct drug studies in Drosophila and used several strategies to “humanize” dSERT to enable
studies using drugs in the Drosophila model system. To this end, we induced the point mutation
M1671 [163] and designed human-Drosophila chimeras that replaced large portions of ASERT
with the homologous hSERT sequence

To establish a behavior paradigm to test the newly developed “humanized” SERT transgenic
lines, we collaborated with Henrike Scholz (University of Cologne, Germany) to obtain two
unpublished SERT mutants that were generated by p-transposon excision. The imprecise
excision mutants are protein nulls according to western blot using a dSERT antibody generated
in the Scholz lab [164]. Serotoninergic modulation targets most circuits in the brain, which
means that altering the serotonin system will affect many behaviors. We identified sleep

behavior as a reproducible behavioral paradigm to asses changes in SERT function.

Results
The Krantz lab previously generated an HA-dSERT construct that transports serotonin in
S2 cell culture [165]. In the current work, this construct was used to generate a fly expressing

HA-dSERT by inserting the sequence into the MiMIC site [80] by recombinase-mediated
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cassette exchange (RMCE). This approach generated a fly that expresses a combination of
both endogenous dSERT and HA-dSERT from the endogenous dSERT locus. Antibodies
targeting HA (green) and serotonin (red) show co-labeling in both cell bodies and projections
when the construct was inserted in the forward direction (HA-dSERT-FWD) (Fig 1). In some
cases, RMCE of the HA-dSERT insertion occurred in an inverted orientation and these flies are

used as a negative control (HA-dSERT-REV) in Fig 1.
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Fig 1. Epitope-tagged dSERT expressed in vivo. (A-D) Flies expressing MiMIC-HA-dSERT
were stained for anti-HA and anti-serotonin (red, 5-HT). (A) Co-labeling was observed in optic
lobe (OL) and central brain (CB) processes and cell bodies, as shown for serotonergic cluster
LP2, when the construct was inserted in the forward (FWD) orientation. (B). When the construct
was inserted in reverse (REV), very little anti-HA staining was observed and it did not correlate
with anti-serotonin labeling. (C) For HA-dSERT-FWD, co-labeling was seen throughout the
central brain including projections in the ellipsoid body (EB). (D) In some regions, such as the
mushroom bodies (MB), projections showed anti-HA staining, but not anti-serotonin staining. All
scale bars are 20 ym.

86



HA-SERT-FWD

" HA-SERT-REV

HA-SERT-FWD

HA-SERT-FWD




Human SERT (hSERT) and Drosophila SERT (dSERT) are 53% homologous by amino
acid sequence [166]. The transport kinetics for serotonin re-uptake are similar for dSERT and
hSERT with Kms of 490 and 463 nM respectively [160]. However, although dSERT is inhibited
by SSRIs, it is less sensitive than hSERT, with fluoxetine K of 3 nM for hSERT and 73 nM for
dSERT expressed in heterologous mammalian cells [160]. To elicit a more robust response to
SSRI treatment, we first “humanized” dSERT by insertion of a single point mutation M1671 (Fig
2). Amino acid 167 is located in transmembrane domain three in dSERT. The corresponding
isoleucine amino acid (lle-172) is conserved in mammals, whereas insects have a methionine
(Met-167). Previously, mammalian lle-172 was replaced with methionine (hSERT 1172M) and
was shown to dramatically reduce fluoxetine and citalopram inhibition of serotonin transport in
vitro [163].

We generated the M1671 point mutant using CRISPR-cas9 homologous repair. Guide
RNAs targeted cas9 to cut in the SERT locus in an intronic region (Table 1). The donor repair
vector consisted homologous R- and L-arm sequences flanking a loxP-DsRed-loxP construct.
Dsred was expressed in photoreceptors and enabled visual identification of successful
insertions. The M1671 mutation was introduced into the R-arm sequence using a mutagenesis
primer (Table 1).

In addition to the point mutant, we also generated a chimeric SERT (dSERT-Chi1) that
includes cytosolic N- and C-termini of dSERT flanking the twelve hSERT transmembrane
domains: dSERT'"3-hSERT"#8-dSERT®®7-522 (Fig 2). The hSERT domains included in this
chimera contain the serotonin and SSRI binding sites. Chimeras containing both dSERT and
hSERT for in vitro structure function experiments have been created previously [161, 162], and
we added a HA tag to a cytosolic region for easy visualization of this chimeric protein in fly.
When the HA-dSERT-Chi1 construct was inserted into the MiMIC site using RMCE, we found

that the HA-Chi1-SERT staining was limited to cell bodies, suggested the chimera failed to
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traffic (Fig 3). For HA-dSERT-Chi1 we replaced the transmembrane region of the dSERT
protein with the hSERT amino acid sequence. As a next step, we collaborated with Thomas
Stockner (Med Uni, Vienna) to design 4 additional chimeras using different boundaries for the

hSERT replacement (Fig 2).
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Fig 2. Serotonin transporter amino acid sequences from Drosophila (ASERT, NP_523846.2)
and homo sapiens (hSERT, NP_001036.1) are aligned with sequences of the constructs
designed to “humanize” dSERT. A single point mutation in was made in dSERT to generate
dSERTM1671 (highlighted in red). For dSERT Chimeras 1-5, N-terminal and C-terminal regions
are Drosophila sequences and potential drug-binding regions in the transmembrane domains
were replaced with hSERT sequences. Sequences were aligned using CLUSTAL Omega (1.2.4)
multiple sequence alignment. Amino acids highlighted in grey represent dSERT. Alignment data
can be accessed here: https://www.ebi.ac.uk/Tools/services/rest/clustalo/result/clustalo-
120200502-174931-0094-36718259-p2m/aln-clustal num.

dSERT  ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

hSERT METTPLNSQKQLSACEDGEDCQENGVLOKVVPTPGDKVESG——————— QISNGYSAVPSP 53

dSERTM167I ~  ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERTChil ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERTChi2 = ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERTChi3 = ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERTChi4  ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERTChi5 ——————————- MDRSGSSDFAGAAATTGRSNPAPWSDDKESPNNEDDSNEDDGDHTTP-A 48

dSERT KVTDPLAPKLANNERILVVSVTERTRETWGQKAEFLLAVIGFAVDLGNVWREFPYICYQNG 108
hSERT GAGDDTRHSIPATTTTLVAELHQGERETWGKKVDEFLLSVIGYAVDLGNVWREPYICYQONG 113
dSERTM1671I KVIDPLAPKLANNERILVVSVTERTRETWGQKAEFLLAVIGFAVDLGNVWREPYICYQNG 108
dSERTChil KVTDPLAPKLANNERILVVSVTERTRETWGKKVDFLLSVIGYAVDLGNVWRFPYICYQNG 108
dSERTChi2 KVIDPLAPKLANNERILVVSVTERTRETWGKKVDFLLSVIGYAVDLGNVWREFPYICYQNG 108
dSERTChi3 KVIDPLAPKLANNERILVVELHQGERETWGKKVDFLLSVIGYAVDLGNVWREFPYICYQNG 108
dSERTChi4 KVTDPLAPKLANNERILVVELHQGERETWGKKVDEFLLSVIGYAVDLGNVWREFPYICYQNG 108
dSERTChi5 KVIDPLAPKLANNERILVVSVTERTRETWGKKVDFLLSVIGYAVDLGNVWREFPYICYQNG 108
dSERT GGAFLVPYCLFLIFGGLPLFYMELALGQFHRCGCLSIWKRICPALKGVGYAICLIDIYMG 168
hSERT GGAFLLPYTIMAIFGGIPLEFYMELALGQYHRNGCISIWRKICPIFKGIGYAICIIAFYIA 173
dSERTM1671I GGAFLVPYCLFLIFGGLPLFYMELALGQFHRCGCLSIWKRICPALKGVGYAICLIDIYIG 168
dSERTChil GGAFLLPYTIMAIFGGIPLFYMELALGQYHRNGCIIWRKICPIFKGIGYAICIIAFYIA 168
dSERTChi2 GGAFLLPYTIMAIFGGIPLEFYMELALGQYHRNGCISIWRKICPIFKGIGYAICIIAFYIA 168
dSERTChi3 GGAFLLPYTIMAIFGGIPLEFYMELALGQYHRNGCISIWRKICPIFKGIGYAICIIAFYIA 168
dSERTChi4 GGAFLLPYTIMAIFGGIPLFYMELALGQYHRNGCISIWRKICPIFKGIGYAICIIAFYIA 168
dSERTChi5 GGAFLLPYTIMAIFGGIPLEFYMELALGQYHRNGCISIWRKICPIFKGIGYAICIIAFYIA 168
dSERT MYYNTIIGWAVYYLFASFTSKLPWTSCDNPWNTENCMQVTSEN---FTELATSPAKEFFE 225
hSERT SYYNTIMAWALYYLISSEFTDQLPWTSCKNSWNTGNCTNYEFSEDNITWTLHSTSPAEEFYT 233
dSERTM1671I MYYNTIIGWAVYYLFASFTSKLPWTSCDNPWNTENCMQVTSEN-——-FTELATSPAKEFFE 225
dSERTChil SYYNTIMAWALYYLISSFTDQLPWISCKNSWNTGNCTINYFSEDNITWTLHSTSPAEEFYT 228
dSERTChi2 SYYNTIMAWALYYLISSFTDQLPWTSCKNSWNTGNCTNYEFSEDNITWTLHSTSPAEEFYT 228
dSERTChi3 SYYNTIMAWALYYLISSEFTDQLPWTSCKNSWNTGNCTNYEFSEDNITWTLHSTSPAEEFYT 228
dSERTChi4 SYYNTIMAWALYYLISSEFTDQLPWISCKNSWNTGNCTINYFSEDNITWTLHSTSPAEEFYT 228
dSERTChi5 SYYNTIMAWALYYLISSFTDQLPWTSCKNSWNTGNCTNYEFSEDNITWTLHSTSPAEEFYT 228
dSERT RKVLESYKGNGLDFMGPVKPTLALCVFGVEVLVYFSLWKGVRSAGKVVWVTALAPYVVLI 285
hSERT RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 293
dSERTM1671I RKVLESYKGNGLDFMGPVKPTLALCVEFGVEVLVYFSLWKGVRSAGKVVWVTALAPYVVLI 285
dSERTChil RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 288
dSERTChi2 RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 288
dSERTChi3 RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 288
dSERTChi4 RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 288
dSERTChi5 RHVLQIHRSKGLODLGGISWQLALCIMLIFTVIYFSIWKGVKTSGKVVWVTATFPYIILS 288
dSERT ILLVRGVSLPGADEGIKYYLTPEWHKLKNSKVWIDAASQIFFSLGPGFGTLLALSSYNKF 345
hSERT VLLVRGATLPGAWRGVLFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKF 353
dSERTM1671I ILLVRGVSLPGADEGIKYYLTPEWHKLKNSKVWIDAASQIFFSLGPGFGTLLALSSYNKF 345
dSERTChil VLLVRGATLPGAWRGVLEFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKE 348
dSERTChi2 VLLVRGATLPGAWRGVLEFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKF 348
dSERTChi3 VLLVRGATLPGAWRGVLEFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKF 348
dSERTChi4 VLLVRGATLPGAWRGVLEFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKE 348
dSERTChi5 VLLVRGATLPGAWRGVLEFYLKPNWQKLLETGVWIDAAAQIFFSLGPGFGVLLAFASYNKF 348
dSERT NNNCYRDALITSSINCLTSFLAGEFVIFSVLGYMAYVQKTSIDKVG-LEGPGLVFIVYPEA 404
hSERT NNNCYQDALVTSVVNCMTSFVSGFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 413
dSERTM1671I NNNCYRDALITSSINCLTSFLAGFVIFSVLGYMAYVQKTSIDKVG-LEGPGLVFIVYPEA 404
dSERTChil NNNCYQDALVTSVVNCMTSFVSGEFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 408
dSERTChi2 NNNCYQDALVTSVVNCMTSFVSGFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 408
dSERTChi3 NNNCYQDALVTSVVNCMTSFVSGFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 408
dSERTChi4 NNNCYQDALVTSVVNCMTSFVSGEFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 408
dSERTChi5 NNNCYQDALVTSVVNCMTISFVSGFVIFTVLGYMAEMRNEDVSEVAKDAGPSLLFITYAEA 408
dSERT IATMSGSVEFWSIIFFLMLITLGLDSTFGGLEAMITALCDEYPRVIGRRRELFVLLLLAFI 464
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IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC
IATMSGSVFWSIIFFLMLITLGLDSTFGGLEAMITALCDEYPRVIGRRRELFVLLLLAFT
IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC
IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC
IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC
IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC
IANMPASTFFAIIFFLMLITLGLDSTFAGLEGVITAVLDEFPHVWAKRRERFVLAVVITC

FLCALPTMTYGGVVLVNFLNVYGPGLAILEFVVFVEAAGVFWEYGVDREF SSDVEQMLGSKP
FFGSLVTLTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEFYGITQFCRDVKEMLGE SP
FLCALPTMTYGGVVLVNFLNVYGPGLAILFVVFVEAAGVFWEFYGVDREFSSDVEQMLGSKP
FFGSLVILTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEYGITQFCRDVKEMLGE SP
FFGSLVTLTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEFYGITQFCRDVKEMLGE SP
FFGSLVTLTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEFYGITQFCRDVKEMLGE SP
FFGSLVILTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEYGITQFCRDVKEMLGE SP
FFGSLVTLTFGGAYVVKLLEEYATGPAVLTVALIEAVAVSWEFYGITQFCRDVKEMLGE SP

GLFWRICWTYISPVFLLTIFIFSIMGYKEMLGEEYYYPDWSYQVGWAVTCSSVLCIPMYI
GWEWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI
GLEFWRICWIYISPVFLLTIFIFSIMGYKEMLGEEYYYPDWSYQVGWAVTCSSVLCIPMYI
GWFWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI
GWEWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI
GWEWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI
GWFWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI
GWEWRICWVAISPLFLLFIICSFLMSPPQLRLEFQYNYPYWSIILGYCIGTSSFICIPTYI

IYKFFFASKGGCRQRLQESFQPED—-———-NCGSVVPGQQGTSV 622
AYRLII-TPGTFKERIIKSITPET-———PTEIPCGDIRLNAV 630
IYKFFFASKGGCRQRLQESFQPED—-—-—-NCGSVVPGQQGTSV 622
AYKFFFASKGGCRQRLOESFQPED-—---NCGSVVPGQQGTSV 626
AYRLII-TPGTFKERIIKSITPET-—-——-PTESVVPGQQGTSV 625
AYRLII-TPGTFKERIIKSITPET-—-——-PTEIPCGGQQGTSV 625
AYRLII-TPGTFKERIIKSITPET-—---PTESVVPGQQGTSV 625
AYRLII-TPGTFKERIIKSITPET-———-PTEIPCGGQQGTSV 625
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Fig 3. Chimeric dSERT expressed in vivo. (A-D) Flies expressing MiMIC-HA-dSERT-Chi1 or
MiMIC-HA-dSERT were stained for anti-HA and anti-serotonin (red, 5-HT). (A) The chimera
showed very little anti-HA labeling in projections, including the fan-shaped body (FB). (B) In
contrast, MiMIC-HA-dSERT-FWD shows strong anti-HA labeling that co-stains with anti-
serotonin. (C-D) Both lines show co-labeling in the cell bodies. All scale bars are 20 ym.
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Serotonin regulates many diverse behaviors in flies including courtship and mating [167],
sleep and circadian rhythm [141, 168, 169], memory [170], feeding [47, 171], and aggression
[172, 173]. For this reason, we expected that constitutive SERT mutants would influence many
behaviors and we considered many paradigms to test the M1671 and chimeric dSERT flies. We
found a robust and reproducible behavior phenotype using sleep. The SERT16 imprecise
excision line was generated from the parent line previously backcrossed to the Scholz lab
W1118 line. In these experiments, we compare SERT16 (-/-), W1118 (+/+), and a heterozygous
cross (+/-) of both lines. Overall, the SERT16 flies slept more than control flies in both the day
and night (Fig 4). The SERT16 flies had an average of 56 min of sleep per hour for ZT 13-24,
near the ceiling of possible sleep behavior, compared to 39 min in W1118 flies. The SERT +/-
flies exhibited sleep behavior that was not significantly different from W1118, suggesting that
either partial loss of SERT was not sufficient to drive a change in this behavior or SERT function

was not significantly reduced in the heterozygous line.
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Fig 4. Flies lacking SERT sleep more than wild-type controls. Flies were tracked with
activity monitors and sleep was classified as 5-minute intervals of inactivity. The SERT16
mutant (SERT -/-) is compared to W1118 controls (SERT +/+) and a heterozygous cross (SERT
+/-). (A) The 24-hour activity tracking data was binned into 1-hour intervals and the resulting
trace is shown. (B) Total sleep (ZT 1-24). (C) Total night sleep (ZT 13-24). N=32 flies per
genotype, data was collected and averaged over 3 consecutive days. Error is SEM across the
daily average. Comparisons in (B-C) are one-way ANOVA tukey’s multiple comparisons tests,
p-value in (B) is 0.0079 and (C) is 0.0001.
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Discussion

The focus of Chapter 4 was to develop new tools for studying SERT function in
Drosophila. We used two genetic approaches to manipulate the SERT locus: RMCE at the
SERT MiMIC site and CRISPR-cas9 homologous repair. Insertion of constructs, such as HA-
dSERT, in the MiMIC site result in expression of both endogenous SERT and HA-dSERT, due
to exon skipping of the insertion. It is also possible to insert mutant SERT cDNA in the MiMIC
site to create a dominant-negative system, similar to the SERTPN developed by the Scholz lab
[46]. We also inserted HA-dSERT-Chi1 into the MiMIC site to evaluate whether chimeric SERT
would traffic similarly to HA-dSERT (Fig 1). We found that HA-dSERT-Chi1 did not traffic
outside of the cell bodies (Fig 3), possibly due improper folding at the first and last
transmembrane domains. For this reason, we designed four additional chimeras with slightly
different boundaries in these regions.

In the future work, humanized dSERT constructs (Fig 2) should be expressed in S2 cells
for kinetic and pharmacodynamic validation experiments. Specifically, transport assays using
tritium-labeled serotonin to measure Vmax and Kn, for serotonin uptake should be performed. It is
possible that the HA tag interferes with SERT structure and function, however a previous study
has included HA epitopes in their chimeras and reported no interference with serotonin transport
[162]. We should also compare pharmacodynamic response to SSRI inhibition by measuring the
IC50 of the chimeric dSERTs, dSERT, and hSERT expressed in S2 cells. The SSRIs fluoxetine
and sertraline are good candidates for testing. Sertraline is the most potent inhibitor of hSERT
and it has become one of the most prescribed SSRIs. Fluoxetine is the most well studied SSRI
and remains a first-line treatment for anxiety and depression.

Serotonin has been implicated in sleep behavior in Drosophila, which exhibit diurnal
sleep patterns. Increasing serotonin by feeding of the serotonin-precursor 5-HTP was

associated with increases in total sleep [169]. Activation of specific serotonergic neurons that
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innervate the mushroom bodies also result in increased total sleep [174]. Loss of serotonin
signaling, such as by genetic knock-out or RNAi knockdown of the synthetic enzyme TRH, led
to decreases in total sleep [91, 174]. Our experiments similarly found that constitutive loss of
SERT function increased total sleep (Fig 4), which is consistent with observations in SERT
knock-out mice [175].

Activation of specific serotonin receptors including 5-HT1A in the mushroom bodies
[169] or 5-HT2B in the dorsal fan-shaped body [91] promotes sleep behavior. In contrast, loss of
5-HT7 function by knock-down or pharmacological antagonist leads to more fragmented sleep
and may be important for maintaining sleep architecture, rather than total sleep. In the future,
we will combine the SERT16 mutant with receptor knockouts to determine which receptor is

responsible for the sleep defects we observe.

Conclusions

We developed new tools for studying serotonin and SERT biology in Drosophila. We
generated a fly expressing epitope-tagged SERT for subcellular mapping. To enable studies of
serotonergic drugs that target SERT, we humanized dSERT by point mutation M1671 and
various dSERT-hSERT-dSERT chimeras. This work is ongoing and these constructs will need
to be evaluated pharmacologically and behaviorally. We identified sleep as a potential behavior

to screen the humanized dSERTSs described here.
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Methods

Generation of MiMIC-HA-dSERT flies

Epitope-tagged SERT cDNA was previously generated and the constructed was cloned out of
pMT(HA-dSERT) [165] and into the MiMIC RMCE vector: pBS-KS-attB1-2-PT-SA-SD-1.
Bestgene service (Chino Hills, USA) was used to inject the RMCE vector into the SERT MiMIC
MI02578 (BSC 36004) fly line. HA-dSERT-FWD images are from lines 2 and 4. HA-dSERT-REV

images are line 3.

Generation of dASERT-M167I flies

The M1671 point mutant was generated using CRISPR-cas9 homologous repair. Primers
for amplifying the homology arms, gRNAs and mutagenesis primers are listed in Table 1. Guide
RNAs targeted an intronic region of SERT and were designed using

http://cistrome.org/crispr/tool. Homology arms were approximately 1000 bp and were amplified

using gDNA isolated from Vas-Cas9-3xP3-GFP (lll) flies. The donor vector consisted
homologous R- and L-arm sequences flanking a loxP-DsRed-loxP construct, which was
previously generated by Piero Sanfilippo in the lab of L. Zipursky. The homology arms, DsRed
construct and pHD were assembled using Gibson Assembly NEB HiFi DNA Assembly Cloning
Kit (NEB, Cat# E5520S). The Gibson assembled vector was transformed into XL10 Gold
Ultracompetent cells (Agilent Technologies, Cat #200315). The M1671 mutation was introduced
into the R-arm sequence in the assembled donor vector using QuikChange XL Site-Directed
Mutagenesis Kit (Agilent Technologies, Cat# 200516). Bestgene initially performed injection of
the donor vector and gRNA into vas-Cas9 (lll) embryos but this was not successful. The

insertion was successful using vas-Cas9 (X) embryos.
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Generation of pMT(HA-dSERT-Chi) and HA-SERT-Chi1 flies
The dSERT chimeras were cloned from the HA-dSERT plasmid [165] and hSERT cDNA

(https://www.addgene.org/15483/). All final constructs are inserted into pMT/V5-HisA

(https://www.addgene.org/browse/sequence vdb/3645/) for testing in S2 cells. The first

chimera, HA-dSERT-Chi1, has been used to generate transgenic fly with the epitope tagged
chimeric construct inserted into the MiMIC site using the same approach as for MiMIC-HA-

dSERT. Images show HA-dSERT-Chi1 Line 4.

Immunohistochemistry and Imaging

Flies were dissected 5-10 days after eclosion, and equal numbers of males and females
were used for all experiments unless otherwise noted. Brains were dissected in ice-cold PBS
(Alfa Aesar, Cat#J62036, Tewksbury, MA), then fixed in 4% paraformaldehyde (FisherScientific,
Cat#50-980-493, Waltham, MA) in PBS with 0.3% Triton X-100 (Millipore Sigma, Cat#X100,
Burlington, MA) (PBST) for one hour at room temperature. After fixation, brains were washed
three times with PBST for 10 minutes, then blocked for 30 minutes in PBST containing 0.5%
normal goat serum (NGS) (Cayman Chemical, Cat#10006577, Ann Arbor, MA) PBST.
Antibodies were diluted in 0.5% NGS/PBST. Primary antibodies were incubated with the tissue
overnight at 4°C. Primary antibodies were 1:25 rat anti-serotonin (Millipore Sigma,
Cat#MAB352, RRID:AB_11213564) and 1:300 rabbit anti-HA (Cell Signaling Technology,
Cat#3724, Danvers, MA, RRID:AB_1549585). The next day, the brains were washed three
times with PBST for 10 minutes, then incubated with secondary antibodies for 2 hours in the
dark at room temperature. Secondary antibodies were diluted 1:400 and include: Donkey anti-

rat 488 (Thermofisher, Cat# A-21209) and Donkey anti-rabbit 594 (Thermofisher, Cat# A-
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21207). Brains were washed three times with PBST for 10 minutes before mounting in
Fluoromount-G (SouthernBiotech, Cat#0100-01, Birmingham, AL).

Imaging was performed with a Zeiss LSM 880 Confocal with Airyscan (Zeiss, Oberkochen,
Germany) using a 63x oil immersion objective. Post-hoc processing of images was done with

Fiji [113] or Adobe Photoshop (Adobe, San Jose, CA).

Sleep

Sleep was measured as previously described [176, 177]. On the day of eclosion, flies were
transported to the Donlea lab for habituation lasting at least 3 days. Females flies 3-7 day old
were loaded into 65 mm-long glass tubes for activity monitoring (Trikinetics Inc; Waltham MA,
USA). Flies habituated in the activity monitors overnight before data collection began. Data was
collected for 3 consecutive 24-hour periods. Inactive periods of at least 5 minutes were
classified as sleep. Trikinetics activity data was analyzed using custom Visual Basic scripts
[176] in Microsoft Excel and was graphed using Graphpad Prism Software (San Diego, CA). In
the experiment shown, N=32 flies per genotype, data was collected and averaged over 3
consecutive days. Comparisons in (Fig 4 B-C) are one-way ANOVA tukey’s multiple

comparisons tests.
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Tables

Table 1. Primers used in this study.

Primer

Sequence

F_SERT sg1_chr2_24407700

TTCGAGGACCCTTAAACTTCCTCT

R_SERT sg1_chr2_ 24407700

AAACAGAGGAAGTTTAAGGGTCCT

F1_SERT Larm

tggggtgtcgcccttcgectgaagcaggtggegcagegtggcecctgcgaaaag

R1_SERT Larm

cgttagggatgccaactcgtatgttaaatgctcagtaaggacccttaaacttcctctgCg

F1_lox-3xP3DsRed-lox

gagttggcatccctaacgceg

R1_lox-3xP3DsRed-lox

ataacttcgcaagttaacaacaacaattg

F1_SERT_Rarm

cgaagttatcaattgttgttgttaactigaatgcgctccaaacttgcaggcgtgggc

R1_SERT_Rarm

tcgcccttgaactcgatigacggaagagcecggtgctgtccagtcccaggg

F_M1671 Mutagenesis

TGCCTAATCGACATTTATATTGGCATGTACTACAACACG

R_M1671 Mutagenesis

CGTGTTGTAGTACATGCCAATATAAATGTCGATTAGGCA

Table 2. Animal strains used in this study.

Fly Line

Source

MiMIC-HA-dSERT-FWD (Line 2 or 4)

Generated in this study

MiMIC-HA-dSERT-REV (Line 3)

Generated in this study

MiMIC-HA-dSERT-Chi1 (Line 4)

Generated in this study

W1118; SERT16 H. Scholz
W1118; SERT10 H. Scholz
W1118 H. Scholz
SerT MiMIC MI02578 BSC 36004

Vas-Cas9-3xP3-GFP (llI)

Supplied by Bestgene

Vas-Cas9-3xP3-GFP (x)

Supplied by Bestgene
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Conclusions and Future Directions

This study contributes to our understanding of serotonergic modulation in the Drosophila
visual system and established a model for future studies of serotonergic signaling. Serotonin is
involved in many complex processes that are mediated through concentration gradients controlled
by release sites, SERT, and flow of cerebral fluid, as well as many receptors with differential
expression, dimerization, and serotonin binding affinities. The remarkable flexibility of the
serotonin system is such that there will not be a single common cellular response to serotonin in
post-synaptic neurons. We demonstrated that tracing the molecular mechanisms of serotonergic
modulation will require a combination of receptor mapping to individual cells and subcellular

compartments with complementary functional assays.

Serotonin is implicated in the treatment of mood and anxiety disorders, but these
processes are currently challenging to model in the fly. To address this, we developed several
approaches to humanize dSERT, which will enable improved SSRI studies in flies. Bypassing the
pharmacological differences between invertebrates and mammals will enable us to employ the
genetic tools available in Drosophila to ask questions relevant to the mammalian serotonin
system. Specifically, we would like to evaluate the post-synaptic response to SSRI treatment over
time to compare immediate vs. long-term transcriptomic changes in single cells types in adult

Drosophila.

In this work, we focused on mapping serotonin receptor expression. However, it is
increasingly recognized that serotonin neurons can release other neuromodulatory compounds,
such as peptides. In the next stages of this research, it will be important to examine how other
modulatory systems overlay the connectome and serotonin receptor mapping described here.
Overall, this work informs our understanding of basic principles of neuromodulation and the

integration of neuromodulatory signaling in sensory processing.
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