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Abstract

Depression is a common mental illness. However, current treatment options are extremely variable from person to person.
The main neurochemical target of interest for common selective serotonin reuptake inhibitors (SSRIs) is the serotonin transporter
(SERT) on serotonin neurons. SSRIs bind to SERT and cause extracellular serotonin concentrations to increase. However, it is not
clear if all antidepressants share this mechanism of action. Further, it is not understood how different genetic polymorphisms to the
gene that encodes SERT affect its structure and function, which impacts antidepressant activity. Currently, it is difficult to study
depression because of a lack of biological models and accurate analytical techniques that measure real-time serotonin changes.
Fast-scan cyclic voltammetry (FSCV) is a common electrochemical technique that measures neurotransmitters in brain tissue with
rapid temporal resolution, however it possesses unique issues with serotonin because it polymerizes onto electrodes and ruins
accurate measurements. Also, Drosophila melanogaster, the fruit fly, has not been previously investigated to explore serotonin
changes with antidepressants. Thus, this dissertation aims to improve fast-scan cyclic voltammetry (FSCV) detection of serotonin to

understand different antidepressant and genetic effects in Drosophila brain tissue.

In this thesis, Chapter 1 introduces the current literature surrounding depression, current treatments, real-time
electrochemical serotonin measurement technigues, and Drosophila melanogaster. Chapter 2 explores different FSCV waveforms to
understand electrode fouling to serotonin and its major metabolite, 5- hydroxindoleacetic acid, to improve real-time serotonin
detection. Chapter 3 uses these new technigques and compares serotonin concentration and reuptake changes with common SSRIs:
fluoxetine, escitalopram, paroxetine, and citalopram, to understand their individual mechanisms of action. Chapter 4 explores
changes in serotonin with ketamine compared to SSRIs to determine differences in their serotonin mechanisms, as well as
downstream effects with feeding and locomotion behaviors. Finally, Chapter 5 covers initial data from different genetic mutations to
SERT compared to data collected in Chapters 3-4. Two Drosophila SERT mutant lines were used with specific point mutations or
partial gene knock-outs, and FSCV and optogenetics will be used in the future to compare serotonin release and reuptake changes

for SSRIs and micro-dose ketamine therapies.

Overall, my dissertation improves analytical detection of serotonin in brain tissue with FSCV, and applies these techniques to
understand biological differences between several antidepressant drugs. We show that serotonin release and reuptake changes are
unique for different antidepressants and cause dose-dependent behavior changes. This work benefits others in analytical chemistry
and neurochemistry who will use these techniques and models to explore new antidepressant therapies or other neurotransmitters,

like dopamine and glutamate, to help design and implement successful treatments for those who suffer from depression.
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1.1 Serotonin and Depression

1.1.1 Serotonin neurobiology and neurochemistry

Serotonin is a monoamine neurotransmitter that regulates many physiological functions and neurological behaviors, such as
sleep, mood, and appetite,’=® and is also phylogenetically conserved in several species including fruit flies, mice, and humans.
Historically, serotonin was first discovered in blood serum more than 70 years ago.® More than 95% of serotonin in the human body
is located in enterochromaffin cells in the digestive system, however, most serotonin research focuses on its role in neurobiology in
the brain.?* Serotonin is synthesized from the diet-derived amino acid tryptophan, and Figure 1A shows the biosynthesis pathway
from tryptophan to serotonin. The initial and rate determining step is the conversion of tryptophan to 5-hydroxy-tryptophan (5-HTP) by
tryptophan hydroxylase (Trh)®> Amino acid decarboxylase then converts 5-HTP into serotonin (5-hydroxytryptophan or 5-HT).
Serotonin also acts as a precursor to melatonin, which is important for sleep regulation with circadian rhythms (Fig. 1B).24® Similar to
other monoamine neurotransmitters, monoamine oxidase controls serotonin concentrations in the brain by converting serotonin to 5-
hydroxyindole acetic acid (5-HIAA, Fig. 1C).” 5-HIAA is approximately 1000x more concentrated than serotonin in brain tissue in

mammals.
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Figure 1. Serotonin formation and byproduct synthesis. A. Serotonin is derived from the amino acid tryptophan by the enzyme
tryptophan hydroxylase, which produces 5-hydroxytryptophan (5-HTP). Amino acid decarboxylase then removes a carboxyl group
from 5-HTP to form serotonin. B. Serotonin is a precursor to the monoamine neurotransmitter melatonin. Serotonin N-
acetlytransferase and hydroxyindole o-methyltransferase are used to convert serotonin to N-acetylserotonin and then melatonin,
respectively. C. The metabolic byproduct of serotonin is 5-hydroxyindoleacetic acid (5-HIAA), and it is catalyzed by monoamine
oxidase.

When serotonin is released from the digestive system into the blood stream, it is be taken up by platelets where it plays a role
in aggregation and vasodilation with clotting and wound healing.*® Tryptophan in the blood travels to the brain where it concentrates
in the dorsal raphe nuclei (DRN) of the brain stem, which is illustrated in Figure 2.*° Primarily, serotonin cell bodies radiate from the
DRN and other raphe nuclei to the substantia nigra (S), hypothalamus (Hyp), nucleus accumbens (ACN), and medial prefrontal
cortex (MPFC). Some serotonin neurons also branch into the thalamus (Tha) and caudate putamen (Cpu).?° These diverse signaling
pathways allow serotonin to regulate different behaviors like sleep, mood, memory, and appetite.?36° Serotonin neural circuitry is
also similar to dopamine circuitry, and these neurons are found together in several brain regions including the substantia nigra (SN)

and CPu.®° In serotonin neurons, serotonin is synthesized from tryptophan intracellularly and is stored in vesicles that are loaded by
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the vesicular monoamine transporter (VMAT).® For serotonin release, different SNARE complex proteins like SCAMP2,
synaptotagmin, synaptobrevin, SNAP-25, and others dock and fuse serotonin vesicles to the intracellular surface that are then

emptied into the synaptic cleft between neurons through exocytosis.***

Human brain serotonergic system

Tha

mPFC

ACN

DRN

Figure 2. Schematic shows pathways of serotonin neurons in the human brain. The dorsal raphe nuclei (DRN) are located in the
brain stem and contain the majority of the serotonin neurons. Axons are colored in red. The axons radiate and branch from the DRN
as illustrated. For identification, Hyp = hypothalamus, ACN = nucleus accumubens, mPFC = medial prefrontal cortex, CPu = caudate
putamen, Tha = thalamus, and SN = substantia nigra. Serotonin neuron pathways also overlap with dopamine neurons in the ACN,
CPu, and SN. Figure created in BioRender.

In order to regulate serotonin exocytosis in presynaptic neurons, the serotonin transporter (SERT) uses a negative feedback
loop to reuptake extracellular serotonin back into the neuron to stop serotonin release, which is shown in Figure 3.1212 SERT is
classified as a neurotransmitter sodium symporter transport protein, and shares 50% sequence identity to the norepinephrine
transporter (NET) and dopamine transporter (DAT).*12 These transporters contain 12 transmembrane helices and rely on the active
transport of sodium with an Na+/K+ pump and adenosine triphosphatase to break down ATP.*!2 This allows serotonin and sodium to
translocate into the neuron, and potassium to be translocated out. After reuptake, excess serotonin is either re-packaged into
vesicles for release again or destroyed by lysosomes.# Ultimately, this process regulates serotonin exocytosis, and SERT’s

dysfunction is theorized to affect mood and cause depression.
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Presynaptic
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Postsynaptic
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Figure 3. Overview of the molecular mechanisms of 5-HT reuptake in the brain. SERT is found in presynaptic neurons, whereas 5-
HT receptors are G-protein coupled receptors that are located on pre- and postsynaptic neurons. In the absence of SSRIs, 5-HT
binds to SERT and is recycled to the interior of the presynaptic neuron where it can be repackaged into a vesicle for exocytosis or
degraded. Figure created in BioRender.

There are seven classes of serotonin receptors in mammals that regulate serotonin neuron activation and inhibition in the
brain that are classified in Table 1.12'* With the seven receptor classes, all are G-protein coupled receptors (GPCRs), except 5-HT-3
receptors, which are ligand-gated ion channel receptors. The GPCR serotonin receptors are also illustrated in Figure 3.1?* These
receptors act as either autoreceptors or heteroreceptors. Autoreceptors are located on presynaptic neurons and attenuate serotonin
release with a negative feedback loop, while heteroreceptors are on post-synaptic neurons and regulate serotonin or other
neurotransmitters pre-synaptically or through postsynaptic feedback.>?%° In addition to mammals, Drosophila melanogaster, the fruit
fly, also possess SERT and serotonin receptors. dSERT contains 51% sequence homology to human SERT (hSERT) and serotonin
1A, 1B, 2A, and 2B receptors that are similar to mammails in structure and function.'®-!® Since SERT and serotonin receptors control

serotonin signaling in the brain, their dysfunction causes depression, anxiety, and aggression that are not well understood.*1°
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Table 1. Serotonin (5-HT) receptor classification, types, and action in humans

Sub-receptor

Family Receptor type Action
class

5-HT1 A B,D,EF GPCR Inhibitory

5-HT2 A B, C GPCR Excitatory
Ligand-gated

5-HT3 - Excitatory
ion channel

5-HT4 - GPCR Excitatory

5-HT5 A B GPCR Inhibitory

5-HT6 - GPCR Excitatory

5-HT7 - GPCR Excitatory

1.1.2 Depression

Depression is a common mental illness that affects hundreds of millions of people in the world; 1/16 adults in the United
States currently have or have had depression.>?° Depression causes overwhelming feelings of sadness and loss of interest that
manifest in a range of symptoms with adverse changes to sleep, appetite, and energy. Thoughts of suicide are also common.
Historically, depression was not described in the Diagnostic and Statistical Manual of Mental Disorders (DSM) until the 1950s.22 At
that time, antidepressant treatments were not regulated or well understood, so arbitrary drugs were commonly prescribed, like
tranquilizers, tricyclic amines, anti-tuberculosis therapies, and thalidomide.?? The latter of which was discontinued in the 1960s
because of severe birth defects in children from pregnant women who took the drug for anxiety. From autopsies of suicide patients,
scientists found that their dorsal raphe nuclei were smaller compared to patients that had no committed suicide, and the
hippocampus had atrophied.?* This phenomenon led researchers to develop the monoamine hypothesis of depression that suggests

low concentrations of serotonin in the brain create depression symptoms.2°

The monoamine hypothesis stimulated early research to create antidepressants that change serotonin concentrations in the
brain.2%22 Tricyclic amines (TCAs) were first introduced in the 1950s,%%?2 and decades later, it was discovered that they block
serotonin and norepinephrine reuptake and increases their concentrations in the brain to alleviate depression symptoms.?® However,

TCAs cause extremely variable side effects, including heart issues that cause death with high doses.?*?* Likewise, monoamine
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oxidase inhibitors (MAQIs) were also introduced in the 1950s by accident to treat tuberculosis and inhibited the breakdown of
serotonin by monoamine oxidase.?° However, these drugs also cause extremely dangerous side effects and require a strict diet.?® In
the early 1970s, scientists at Eli Lilly designed a new antidepressant that would increase serotonin in the brain by targeting serotonin
neurons.?22?® This led to the discovery of fluoxetine hydrochloride (Prozac), and through two decades of clinical trials, they found that
Prozac inhibited SERT to block serotonin reuptake, which was later classified as a selective serotonin reuptake inhibitor (SSRI).20:2°
Still, the exact mechanism of action for Prozac is not currently understood. Other similar drugs were developed soon after, since
Prozac showed less severe side effects compared to TCAs and MAOIs, but positive effects were still variable from person to

person.?

1.1.3 SSRI antidepressants

Fluoxetine hydrochloride (Prozac) was the first SSRI antidepressant marketed in North America in 1986. Created by Eli Lilly,
Prozac underwent 16 years of clinical trials to understand its side effects in depressed patients.?® Through radioligand binding assays
of [®H]-5-HT, several initial studies determined that fluoxetine binds to SERT to inhibit serotonin reuptake.?® Shaskan and Snyder
determined Michaelis-Menten kinetics for serotonin and several other antidepressants?>?® Prozac had less severe side effects
compared to TCAs and MAOIs, but showed extremely variable efficacies between patients.?%?® After fluoxetine (Prozac), the second
generation of SSRIs were introduced in the 1990s and early 2000s and include paroxetine (Paxil), and sertraline (Zoloft), citalopram
(Celexa), escitalopram (Lexapro), and fluvoxamine (Luvox), which all bind to SERT and inhibit serotonin reuptake and are illustrated

in Figure 4 A-G.?” However, similar to Prozac, these drugs were still variable from person to person.?
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Figure 4. SSRI antidepressants have different chemical structures that cause differences in binding to SERT. A. Serotonin is an
indolamine monoamine neurotransmitter whose precursor is the amino acid tryptophan. B. Fluoxetine (Prozac) is a racemic mixture
of (S) and (R)-fluoxetine. Fluoxetine shares a similar chemical structure to diphenhydramine (Benadryl) and is very different
compared to the other SSRIs. C. Paroxetine (Paxil) contains a benzodioxole group on a piperdine ring that bears substitutes at the 3
and 4 positions for a (3S,4R)-diastereomer. D. Sertraline (Zoloft) is a tetraline that is substituted at positions 1 and 4 by methylamino
and (3S,4S)-dichlorophenyl groups. E. (S)-citalopram is the S-enantiomer of citalopram and is exclusively produced as the
escitalopram (Lexapro). F. (R)-citalopram is the (R)-enantiomer of citalopram. Citalopram (Celexa) is a racemic mixture of the (S) and
(R)-enantiomers. G. Fluvoxamine (Luvox) is also unique compared to other SSRIs. It is a 2-aminoethyl oxime ether of aralkylketones.

All SSRIs block reuptake of serotonin, but it is not understood if they share the same downstream mechanisms of action.?%
Each SSRI possesses vastly different chemical structures that do not share many specific chemical motifs, which are shown in
Figure 4. Besides benzene ring structures, SSRIs usually contain halogen groups like fluoride and chloride that create electrostatic
interactions to specific amino acids on SERT.?% Several previous molecular modeling and docking simulations found that SSRIs
bind to SERT with different affinities because of their different structures.?33%3! Historically, dSERT was also used in these molecular
modeling studies until the structure of human SERT (hSERT) was discovered in 2016.3%32 Several of these studies found that drugs
like paroxetine (Fig. 4C) and escitalopram (4E) bind to SERT with higher affinity because their ring structures more closely resemble
the indole ring structure in serotonin (4A).122831 |nterestingly, fluoxetine has a very different chemical structure compared to other
SSRIs, and historically, diphenhydramine (Benadryl) was used a precursor when it was initially designed.?® It has the lowest binding
affinity to SERT and requires higher doses compared to the others.® In addition to binding affinity, SERT possesses two binding

sites, a primary site and an allosteric site.12?8 Each SSRI binds to SERT’s primary site, but only some bind to its allosteric site, which
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affects reuptake inhibition differently. After an SSRI binds to SERT, it also activates different downstream pathways that could

increase or decrease serotonin release or SERT expression on the cell surface.!?

1.1.4 Genetic effects with depression and SSRIs

Although SSRIs bind to SERT with different affinities and may elicit different downstream effects that impact serotonin
reuptake and release, another hypothesis focuses on different genetic effects with SERT and 5-HT receptors mutations that result in
variable SSRI efficacies in different individuals.'33436 |n 1991, the gene that encodes SERT was identified for the first time and this
discovery launched new research into how its genetic mutations affect different antidepressant responses and correlate to illnesses
like depression.t32437 Figure 5 shows the organization of the human SERT gene and the locations of its common polymorphisms.38
Figure 5A-C shows the gene map for human SERT with exons (coding regions) colored in blue.*® Additionally, alternative splicing
sites upstream near the promoter region or alternate polyadenylation sites downstream can impact how and what parts of the gene
are transcribed through recombination.® In the promoter region, the SHTTLPR mutation is labeled in Figure 5A.%® The 5SHTTLPR
allele mutations are composed of either a “short” allele, known as an “S” allele of 14 repeated elements or a “long, L” allele of 16
repeated elements (each 20-23 base pairs).>* The S and L 5SHTTLPR variants differentially modulate transcriptional activity of the
SERT promoter, which changes the amount of SERT mRNA and protein expressed (Fig. 5C). This mutation directly affects the
amount of serotonin reuptake in the brain.'®* The S allele is also associated with lower SERT expression, and the homozygous SS
phenotype is implicated in anxiety and depression-related behaviors.*®* Additionally, a variable number of tandem repeats (VNTR) in
the coding region of the gene can possess 9, 10, or 12 copies of 16 to 17-base pair repeats in this domain, which is another common
mutation.?® The longer 12 copies in the VNTR are correlated with upregulated SERT expression than the 9 and 10 copies.*® Along
with these mutations, other common single nucleotide polymorphisms (SNPs) have also been explored. Since mice and Drosophila
do not have an ortholog for the short and long promoter polymorphisms, mutations can be created by inserting a neo cassette (Fig.

5B) or premature stop codon (5C) to understand these changes to SERT expression.
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Figure 5. Different alterations in SERT gene expression result in changed transcription levels. A. In humans, either a short or long
allele for the 5-HTTLPR results in either lower or higher transcription levels respectively. Since rodents and Drosophila do not carry
an orthologue of this polymorphism, knockout of the SERT can be achieved by (B) replacing exon 2 with a neo cassette or by (C)
inducing a premature stop codon in exon 3 results in the absence of a functional SERT protein. Taken from Houwing, D. J.; Buwalda,
B.; Van Der Zee, E. A.; De Boer, S. F.; Olivier, J. D. A. The Serotonin Transporter and Early Life Stress: Translational Perspectives.
Front. Cell. Neurosci. 2017, 11 (April), 1-16. https://doi.org/10.3389/fncel.2017.00117.

SERT is comprised of 630 amino acids that forms a 12-transmembrane spanning protein, which is illustrated in Figure 5C. A
single nucleotide polymorphism (SNPs) is a substitution of a single nucleotide at a specific position on gene, which can produce a
mutation when the gene is transcribed and translated. These SNPs are categorized as either synonymous or hon-synonymous.
Synonymous SNPs are nucleotide codons that code for the same amino acid, while non-synonymous SNPs do not code for the
same amino acid and will alter SERT’s shape and function when it is translated. When SERT’s structure is altered from these
mutations, it changes the S1 and S2 binding sites that SSRIs bind to, which will change how they inhibit serotonin reuptake.
Molecular modeling and docking simulation studies show that several charged amino acids, including Tyr95, Asp 98, Ser 336, and
Ser 438 are important with binding SSRIs to the S1 and S2 binding sites.?3%3! Mutations from SNPs in these regions could change
how the SSRIs bind and affect serotonin reuptake, which will probably impact the efficacies of these drugs.'®* However, real-time

characterization of serotonin reuptake and concentration changes have not been characterized with any of these SERT mutations.
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1.1.5 Treatment resistant depression and micro-dosing ketamine

Depression is used as an umbrella term to include serval types of depression, including major depressive disorder (MDD),
bipolar depression, postpartum depression, and seasonal affective disorder.?? Usually, when a patient is diagnosed with depression,
he or she may enter into talk therapy and/or start taking an antidepressant, such as an SSRI.22% |f the patient does not respond to
these treatments over time, this iliness progresses into treatment resistant depression.*%#! It is difficult to diagnose treatment
resistant depression because of variable responses to antidepressants from person to person.*® Generally, a depressed patient can
start one SSRI antidepressant, and if they do not see positive responses after several weeks, their medical professional will either
prescribe higher doses of the same medication, or prescribe another SSRI.#° In fact, about one-third of people with MDD and ~50%
of people who take SSRIs go into remission for depression after unsuccessfully trying two SSRIs.*® People with treatment resistant
depression fail to positively respond to at least two antidepressants, and are marked as high risk for suicide.*° Although treatment
resistant depression is difficult to diagnose and alleviate, new experimental drug therapies with ketamine suggest that future
antidepressants may rely on other neurotransmitter systems besides serotonin, like glutamate, which enables new research to

understand different antidepressant responses.*%4!

In the 1960s, ketamine was first introduced as a safer anesthetic to phencyclidine (PCP).#*42 Today, ketamine is considered
an essential medicine and is commonly used as an anesthetic for humans and animals in surgery.***3 It has also been used to treat
severe pain after surgeries or with different chronic illnesses.** Although ketamine is considered harmless, it is classified as a
Schedule 11l drug because of its abuse potential and diverse psychoactive effects, since sub-anesthetic doses cause transient,
dissociative effects that are similar to schizophrenia.*! In neuroscience, ketamine is known as a “dirty” drug because it binds to a
variety of neurotransmitter receptors and transporters in the brain, including serotonin and dopamine.?4144 Formally, though, it is
classified as a noncompetitive N-methyl-D-aspartate (NMDA) antagonist, which is part of the glutamatergic system.?41-43 |n the last
three decades, several groups have explored the extent to which ketamine or other NMDA antagonists function as antidepressants at

sub-anesthetic doses for patients that suffer with MDD and treatment resistant depression that do not respond to SSRIs.*

In 1990, Trullas and Skolnick were the first to suggest NMDA antagonists could be used as antidepressants.*® They
hypothesized a link between depression and the glutamatergic system since stress can cause depression symptoms and pro-longed
depression can disrupt long-term potentiation in the hippocampus, which is usually regulated by NMDA receptor activation.*%> Thus,
they reasoned that NMDA antagonists could inhibit this disruption and act as antidepressants.** In the 2000s, early clinical trials

showed sub-anesthetic doses of ketamine alleviated depression symptoms when given intravenously.*4%4” However, these positive
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results for clinical ketamine use were not taken seriously until they were replicated in 2013 in larger, placebo-controlled trials.*-4
Interestingly, patients showed rapid-onset positive effects with ketamine within 2 hours that were persistent for up to 7 days, which is
remarkably different than positive effects reported with conventional SSRIs that take many weeks.*® Since this discovery, several
studies over the last decade have tried to elucidate ketamine’s downstream cellular signaling cascades to understand the differences
in action mechanisms between ketamine and SSRI antidepressants, and how other new antidepressants can similarly target the

glutamatergic system, which shows prolonged effects.*

A drug’s efficacy is usually determined by its dose-response dependency to a specific molecular target (i.e., SSRIs to the
serotonin transporter).4+484% Ketamine shows the highest antagonism affinity to NMDA receptors (~2 uM),* however it also has high
affinity for AMPA receptors, which also bind glutamate and elicit faster excitatory transmission responses compared to NMDA
receptors.*4? Additionally, ketamine also shows weak agonism to y, 8, and k opioid receptors, and one recent study suggested p-
opiate receptor antagonism could prolong ketamine’s antidepressant responses.*%? Ketamine’s effect on the opiate system also
validates it's use as a safer treatment for opioid addiction.** Ketamine also affects other neurotransmitter systems, like dopamine and
serotonin because it shows antagonism to the D, dopamine receptor and 5-HT1a 24 2c Serotonin receptors.?%4! It has also been found
to inhibit dopamine, serotonin, and norepinephrine reuptake with their respective transporters.**#4 Some initial studies found that after
ketamine binds to one of these targets, different signaling cascades could be initiated, which are illustrated in Figure 6.4* Regardless
of the exact cascade (i.e., AKT/ERK, MAPK, HOMER/ SHANK, or RAS/ RAF) the major downstream effects are similar.*?
Specifically, these cascades result in rapid translation of brain-derived neurotrophic factor (BDNF) that causes dendritic spine density
formation in the crucial cortical region and prefrontal cortex to increase,?%4+5° which is thought to alleviate symptoms in MDD by
returning plasticity in these regions.** These cascades can also lead to cytoskeletal reconfiguration and neurogenesis, which could

also help patients with MDD and treatment resistant depression.*
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Figure 6. Shared antidepressant mechanisms in three different neurotransmitter systems. Opioid, glutamatergic and serotonergic
receptors are linked to intracellular signaling cascades that target shared neurobiological mechanisms of network reconfiguration.
Notably, rapid-acting antidepressant effects occurring within days to 1 week have, so far, only been shown for glutamatergic and
serotonergic drugs. Abbreviations: NMDA, N-methyl-D-aspartate receptor; AMPA, a-amino-3- hydroxy-5-methyl-4-isoxazolepropionic
acid receptor; 5-HT1/2A, serotonin-1A receptor, serotonin-2A receptor; 5-HT2C, serotonin-2C receptor; PI3K, phosphoinositide 3-
kinase; GSK3b, glycogen synthase kinase 3 beta; AKT, protein kinase B; ERK, extracellular signal-regulated kinase; MAPK,
mitogen-activated protein kinase; mTORC1, mammalian target of rapamycin complex 1; HOMER, homer protein homolog 1; SHANK,
SH3 and multiple ankyrin repeat domain 3; RAS/RAF, GTPase protein coupling calcium influx to forms of synaptic plasticity; BDNF,
brain-derived neurotrophic factor; d, delta; k, kappa; m, mu; CREB, cyclic adenosine. Taken from Kraus, C.; Wasserman, D.; Henter,
I. D.; Acevedo-Diaz, E.; Kadriu, B.; Zarate, C. A. The Influence of Ketamine on Drug Discovery in Depression. Drug Discov. Today
2019, 24 (10), 2033-2043. https://doi.org/10.1016/j.drudis.2019.07.007.

Although this research elucidates some intercellular processes for ketamine’s mechanism of action, more research is needed to
clarify how different genetic effects impact dynamic glutamate changes, as well as ketamine’s effects on the serotonin and dopamine
transporters and their receptors.2%444751 Specifically, real-time measurements of serotonin, dopamine, and glutamate need to
explored with these long-term ketamine experiments and genetic effects.**°! Additionally, another current issue is that new ketamine
delivery systems may need to be considered because mainstream intravenous ketamine use will be difficult to employ in non-clinical
situations.*! However, there are new biotech companies, like Bexson Biomedical, that have prototyped a small pod-shaped device,
similar to an insulin pump, that can deliver buffered, sub-anesthetic doses of ketamine into the abdomen over long periods of
time.5252 Bexson Biomedical has received special authorization from the FDA to fast-track their device, which can be used for opioid

treatment, after painful surgeries, and for treatment resistant depression.*1°2°3 Here, my thesis work explores the effects of ketamine

Dunham | 19


https://doi.org/10.1016/j.drudis.2019.07.007

on serotonin in a model system, and compares it to SSRIs to understand their effects on concentration and reuptake dynamics in the

brain and with different genetic effects.14451

1.2 Electrochemical Methods for Serotonin Detection

1.2.1 Electrochemical detection of neurotransmitters

Neurotransmission is the chemical exchange of information between neurons.>>" As previously stated, neurotransmitters,
such as serotonin, are packaged into vesicles in neurons and released through exocytosis.***® Neurotransmitter release occurs
quickly, in sub-second time intervals, and the distance between two neurons is approximately 20-100 nm.>-¢ Therefore, fast
techniques are required to monitor real-time neurotransmitter changes.*>=*" Additionally, these techniques must be sensitive to detect
low concentrations (0.1-1 uM) of neurotransmitters and selective for specific neurotransmitters, such as serotonin detection over
dopamine, in areas of the brain where their pathways overlap.5*-°¢ Fortunately, there are several electrochemical and analytical
techniques available to measure real-time serotonin release in brain tissue, but each has their own advantages and

disadvantages.>>>’

1.2.2 Common sampling and electrochemical methods

In the 1960s, Ralph Adams was the first to theorize that small, electroactive biogenic amines could be easily oxidized and
reduced when electrochemical potentials were applied to an electrode, and showed in a fundamental experiment that a carbon paste
electrode could detect neurotransmitters in rat brain tissue. However, through the 1970s, the most common technique used to label
and quantify neurotransmitters on and near neurons was radioimmunoassays.*® However, this technique lacked real-time
measurement and was difficult to apply in vivo. Over the past five decades, sampling and electrochemical techniques have
significantly improved in order to quantitatively measure real-time, dynamic, neurochemical fluctuations that can be correlated with
pharmacology, behavior, and disease in real-time. Figure 7 shows a few of these techniques, including microdialysis, cyclic

voltammetry, and amperometry.
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Figure 7. Common sampling and electrochemical techniques to measure neurotransmitters in brain tissue. Microdialysis is a
common sampling where a probe collects fluid from tissue that is analyzed and identified with a separation instrument. A.
Microdialysis probe inserted into mouse brain tissue collects fluid that is analyzed for neurotransmitter composition with HPLC.
Figure created in BioRender. B. Cyclic voltammogram of 100 uM dopamine at a glassy carbon electrode. Scan rate is 100 mV/s and
scan range is -0.2 V to 0.6 V. Voltages are measured vs. a Ag/AgCl reference electrode. Taken from Venton, B. J.; Cao, Q.
Fundamentals of Fast-Scan Cyclic Voltammetry for Dopamine Detection. Analyst 2020. https://doi.org/10.1039/c9an01586h. C.
Amperometric recording of catecholamine content from a PC12 cell measured with a carbon fiber microelectrode (CFME). The bar
on top indicates the period of superfusion with high K* saline. A single current peak, corresponding to the release of the contents of
one single vesicle, is shown on an extended time scale. The integral of the current peak corresponds with the charge (Q) transferred
during the event, which is a measure for the amount of neurotransmitter secreted. Taken from Westerink, R. H. S. Exocytosis: Using
Amperometry to Study Presynaptic Mechanisms of Neurotoxicity. Neurotoxicology 2004, 25 (3), 461-470.
https://doi.org/10.1016/j.neuro.2003.10.006.

Microdialysis is a common sampling and collection technique where a 200-400 um probe is placed into tissue to collect fluid
that is analyzed for specific neurotransmitters with a separation instrument, such as LC-MS or HPLC (Figure 7A).555%-¢1 The shaft of
the probe contains an inlet tube and outlet tube with a semipermeable membrane. This membrane allows small molecules, like
neurotransmitters, to pass through the inlet, while large biomolecules, like proteins, are blocked.*>%! Microdialysis allows ample
collection of multiple neurotransmitters at one time that are easily identifiable and quantifiable with a separation instrument.*

However, it has several limitations with temporal and spatial resolution.®® With temporal resolution, the microdialysis probe collects
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fluid on the order of minutes, so fast, real-time measurements cannot correlate with pharmacology, behavior, or disease.>®
Additionally, the 200-400 um probe can cause tissue damage by breaking blood vessels, which causes immune responses that
confound measurements in vivo.>® However, over the last decade, the Kennedy group has tried to fix these issues by microfabricating
smaller microdialysis probes that are about ~45 um in diameter.>°5! Although this research improves spatial resolution, microdialysis

does not have the capabilities to measure dynamic neurotransmitter changes in real-time.

With electrochemistry, some of the most common techniques used to measure neurotransmitters are cyclic voltammetry and
amperometry.5455586263 Cyclic voltammetry (CV) is commonly used in research and industry settings.®? With CV, a sweeping voltage
potential is applied with a potentiostat to a three-electrode system (working, counter, and reference) in a sample solution.®?¢ The
current response from the sample is measured at the working electrode and plotted against applied voltage to create a cyclic
voltammogram, where the anodic current response is usually located on the forward scan and the cathodic response is located on
the reverse scan.®? These cyclic voltammograms act as fingerprints for each neurotransmitter, which is illustrated in Figure 7B.
Although CV can detect neurotransmitters, it applies the ramp potentials with 1-100 mV/s scan rates, which requires tens of seconds
to several minutes to complete a cycle.®* CV is more well-suited to measure reactive oxygen species or oxygen changes in biological
samples that do not require millisecond temporal resolution.®? In industry, it is also used to measure drug quality for pharmaceuticals

or phenolics and antioxidants for food and wine.®?

Another common electrochemical technique, constant-potential amperometry (or amperometry), applies a constant potential
to an electrode that is able to oxidize or reduce an analyte of interest (i.e. to detect dopamine a voltage of 0.6 V is applied to an
electrode), which is illustrated in Figure 7C.44%5%8.65 The currents generated are mass transport limited,*® and if the potential is
constant throughout an experiment, no charging currents are generated.*®® Instead, direct integration from the currents detected can
be used to calculate the amount of analyte present with Faraday’s law (Fig. 7C).%8® Further, amperometry measures redox reactions
in real-time, and is only limited by the data acquisition rate.>®54 Thus, amperometry has been used to measure the neurotransmitter
contents of a cell or a synaptic vesicle.®>%” Even though amperometry shows incredible real-time neurotransmitter detection, it cannot
distinguish between neurotransmitters that have the same oxidation potential,>® and if a high potential is applied, many
neurotransmitters can oxidize at that one potential.53%45¢ Because of these issues with cyclic voltammetry and amperometry, fast-
scan cyclic voltammetry is often used because it combines the selectivity of CV with the fast, real-time measurements of

amperometry.®4%6
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1.2.3 Fast-scan cyclic voltammetry

Fast-scan cyclic voltammetry (FSCV) is a popular electrochemical technique that applies a linear ramp potential, known as a
waveform, with high scan rates of 100-1000 V/s.5"¢4¢ These faster scan rates allow real-time neurotransmitter electrochemical
detection with millisecond temporal resolution. Potentials are ramped positively to oxidize neurotransmitters and then negatively to
reduce them. For example, the popular FSCV dopamine waveform (-0.4 V, 1.3V, -0.4 V, 400 V/s) starts at -0.4 V and ramps to 1.3V
and back to -0.4 V at a scan rate of 400 V/s and frequency of 10 Hz, where a single waveform cycle is applied every 9.8 ms, which is
shown in Figure 8A.5¢ FSCV is 1000x faster than conventional CV.54% In Figure 8A-E, an example neurotransmitter, dopamine,
adsorbs onto an electrode surface where it oxidizes and then reduces as a waveform is applied. Dopamine then desorbs and returns
to the bulk solution around the electrode. FSCYV is a differential technique because when a voltage is applied to an electrode, a
double layer (also known as Helmholz layer) of ions covers the electrode surface and creates a capacitance on the electrode.®® This
causes a background current that is stable throughout an FSCV measurement, and is subtracted to produce a cyclic voltammogram
used to identify dopamine, which is illustrated in Figure 8B and 8C.% Dopamine can be identified by its oxidation and reduction
potentials at approximately 0.6 V and -0.2 V, respectively (Fig. 8C). Figure 8D and 8E also show FSCV data plotted in a false color
plot in 3-dimensions: potential, time, and current detected.®® Additionally in Figure 8E, above the color plot is an i vs. t plot, which
shows the current detected over time and is commonly used to compare changes to the half max decay (tso) to determine reuptake

changes of neurotransmitters when specific drugs are applied.5¢7071
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Figure 8. FSCV of dopamine. A. Applied potential waveform using -0.4 V holding potential, +1.3 V switching potential, 400 V/s, and
10 Hz repetition rate. B. Example CVs with background (PBS pH 7.4) (black) and buffer with 1 uM dopamine (red). Dashed boxes
emphasize the difference between them. C. Background-subtracted CV of 1 uM dopamine. D. Three-dimensional current-potential-
time plot and (E) conventional false color plot with anodic peak current-time trace of 5 s bolus injection of 1 uM dopamine. Taken
from Puthongkham, P.; Venton, B. J. Recent Advances in Fast-Scan Cyclic Voltammetry. Analyst 2020.
https://doi.org/10.1039/c9an01925a.

FSCV is often coupled to carbon fiber microelectrodes (CFMES) that are inserted into brain tissue to detect real-time
neurotransmitter changes. CFMEs have a diameter of approximately 7 uM and a smooth surface composed of T-650 graphitic
carbon that contains both basal and edge plan carbon, which is illustrated in Figure 9.572 CFs are a decent electrode material
because they show high biocompatibility and the small diameter limits tissue destruction during in vivo experiments. Although CFMEs
are commonly used with FSCV, they possess issues with electrode fouling from neurotransmitters like serotonin and tissue because
of their smooth surface.®%%872 Other carbon electrode materials, like carbon nanotubes (CNTs) and carbon nanospikes (CNSs)
contain more edge-plane sites that improve neurotransmitter adsorption, which increases sensitivity.®® CNTs and CNSs also improve
electrode fouling because of their rougher surface area.®® Although other carbon electrode materials like CNTs and CNSs increase
sensitivity and decrease electrode fouling, they are difficult to mass produce, while CFMEs are cheap and are easily mass

produced.%8 2
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Figure 9. SEM images of a cylindrical carbon fiber microelectrode (CFME) sealed in glass capillary at (A) 1000x and (B) 25000x
magnification. Taken from Puthongkham, P.; Venton, B. J. Recent Advances in Fast-Scan Cyclic Voltammetry. Analyst 2020.
https://doi.org/10.1039/c9an01925a.

Although FSCYV is an advantageous electrochemistry technique, it possesses limitations. Because FSCV is a differential
technique, it can only identify dynamic changes in neurotransmitters and cannot detect basal concentrations. Additionally, most
FSCV studies focus on improving dopamine detection to understand neurological diseases affected by dopamine dysregulation, like
Parkinson’s disease.1%57:66.69.73 Other neurotransmitters, like serotonin, have unique issues that hinder successful FSCV detection
and biological applications with CFME fouling. This has limited research on neurological diseases and ilinesses affected by serotonin

such as depression.” "

1.2.4 Issues with serotonin FSCV detection

Wightman'’s lab was the first to detect serotonin with FSCV in Jackson et al. 1995.7* Before this, most previous studies
focused on dopamine detection. Initially, FSCV serotonin detection was more difficult because when serotonin oxidizes, it forms
radicals that dimerize and polymerize onto CFMESs that build up overtime to form films.”’#"6 These films passivate the electrode and
make it difficult for serotonin to adsorb onto the electrode surface.” This causes the current detected to decrease, which is known as
electrode fouling. Additionally, neurotransmitters require more time to adsorb onto the electrode because of these films, which ruins
kinetic determination. In order to combat these issues, Jackson et al. optimized a new FSCV waveform for serotonin detection that
scans from 0.2 Vto 1.0 V to -0.1 V and back to 0.2 V with a fast scan rate of 1000 V/s (known as the Jackson waveform) to “outrun”
polymerized film formation, which is illustrated in Figure 10A.”* The Jackson waveform limits electrode fouling over short
measurement, however long-term fouling with serotonin and its downstream metabolite, 5-HIAA, are still significant issue with this

waveform.”
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Figure 10. Traditional methods used to detect serotonin with FSCV. A. Traditional serotonin “Jackson” waveform that scans from a
holding potential of 0.2 V to a 1.0 V switching potential to -0.1 V back to 0.2 V at 1000 V/s. The 1000 V/s scan rate was optimized to
limit electrode fouling to serotonin’s oxidation byproducts, but electrodes still foul with long-term measurements. B. Nafion is a
negatively charged polymer that shields serotonin oxidation byproducts from polymerizing onto CFMEs, which fouls the electrode.
Nafion also increases sensitivity to positively charged neurotransmitters, but does not improve selectivity between serotonin and
dopamine. Thick layers of Nafion also slow down adsorption, which ruins accurate kinetic determination.

In Hashemi et al. 2009, the Wightman lab improved serotonin electrode fouling by Nafion-coating carbon fiber disk
electrodes.” Nafion is a negatively charged, sulfonated polymer that coats the electrode and shields it from negatively charged
radicals and is depicted in Figure 10B.%8 It also shields polymerized serotonin from adsorbing to the electrode surface because it
cannot diffuse through the polymer network.®® Only small biomolecules, like neurotransmitters, pass through. Additionally, the
negative charge repels the negatively charged 5-HIAA, which also eliminates electrode fouling.”®® The negative charge also attracts
positively charged neurotransmitters, like serotonin and dopamine, to the surface of the electrode, which increases sensitivity.”58
Although Nafion eliminates electrode fouling to serotonin and 5-HIAA, it does not improve selectivity for serotonin over dopamine.
However, the authors did find that the Jackson waveform was selective for serotonin over dopamine, and could not detect
concentrations = 10 yM dopamine, which is above physiological concentrations.” In addition to these sensitivity issues, thick layers of
Nafion cause diffusion rates to be 400x slower than bare carbon fibers, which limits accurate kinetic information.® 477 Still, the FSCV
Jackson waveform with Nafion-coated CFMEs allowed new research to understand depression and antidepressant mechanisms in
mammals. However, Drosophila melanogaster may be a better model to detect serotonin with bare CFMEs because they do not
possess the monoamine oxidase-A (MAOI-A) enzyme that catalyzes the breakdown of serotonin into 5-HIAA,”® which limits electrode

measurements over long-term experiments.”
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1.2.5 Previous FSCV and electrochemical serotonin research in mammals

Previously, several groups have used FSCV and amperometry to determine serotonin kinetic changes with SSRIs and other
drugs in mammals.”#48%-83 Historically, Shaskan and Snyder were the first to suggest two reuptake mechanisms for serotonin with
antidepressants, slow and fast, in their work with radioligand-binding assays in the 1970s.2>2684 They coined these mechanisms
“Uptake 1,” which is high affinity and low efficiency uptake and “Uptake 2,” which is low affinity and high efficiency uptake.?® The
Daws group further elaborated on this research with amperometry and found with pharmacology experiments that Uptake 1 primarily
relied on SERT, while Uptake 2 relied on other neurotransmitter transporters like the dopamine transporter (DAT) and norepinephrine
transporter (NET).8* Although this work is helpful for determining serotonin kinetics, it has not been successfully investigated with
SERT genetic mutations or newer ketamine therapies for treatment resistant depression, which would be easier to investigate in
Drosophila melanogaster because of its short life cycle and easily accessible genome. In Bowman et al., the Daws group also tried
to investigate dynamic serotonin changes to ketamine with SERT KO mice, however, serotonin reuptake did not significantly change

in the SERT KO mice in their controls, which implies compensation by other neurotransmitter systems and confounds the study.**

Using FSCV, the Hashemi group also demonstrated citalopram and escitalopram increase extracellular serotonin in mice in
vivo by dramatically slowing reuptake of serotonin.?®8! They also showed that fluoxetine increases serotonin concentrations and
reuptake, but requires higher concentrations because of its lower affinity to SERT.8¢ They further elaborated on Daws’ work with
serotonin kinetics and proposed hybrid clearance of serotonin with SSRIs, like escitalopram, that show initial fast uptake that then
slows.?% From this work, the Hashemi lab also created an online modeling software, known as the Analysis Kid, that uses raw FSCV
color plots and i versus t plots to determine serotonin kinetic changes to different pharmacological and genetic applications.®’
However, like the Daws group, this work has not been investigated in SERT genetic mutants and newer ketamine therapies, which is

difficult to accomplish with mice and rat models.

In addition to serotonin kinetics, Wightman’s group also used FSCV to explore serotonin vesicular transport and exocytosis in
mammals.” "4 |n Kile et al., they compared the role of synapsins in dopamine versus serotonin release with triple knock-out (TKO)
mice that lacked all three synapsin genes.® They found no differences in serotonin release with the TKO mice versus control, but
dopamine release doubled in the mutant. Their work found through pharmacology experiments that synapsins differentially regulate
dopamine and serotonin release. They suggested dopamine neurons probably rely on synapsins for dopamine release, however
serotonin release seems to be independent of synapsin activity. Instead, they suggest serotonin release may rely on primed

serotonin storage in dense core vesicles.®°! In addition to this research in mice, Drosophila melanogaster also contain synapsin
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genes that could be easily mutated to understand the effects of dopamine or serotonin with other more current antidepressant

treatments.8%-?

The Hashemi lab also showed serotonin can co-release with histamine,®® an important neurotransmitter that causes
vasodilation and inflammation for immune responses.®*-% Their work also suggests that serotonin release is unique compared to
other neurotransmitters, and contributes to the cytokine hypothesis for depression,?°:%-°° which states that over-active immune
responses from serotonin and histamine signaling can cause depression.?%%-% Although these studies help explain fundamentals on
serotonin signaling and release, more exocytosis proteins, such as SCAMP-2 and syntaxin-1A, can also be explored with genetics
manipulations to discern their effects on serotonin changes, since these proteins have been implicated in previous SSRI mechanism
research.111289% Because these genetic manipulations are tedious and time-consuming to make in mammals, Drosophila

melanogaster, may be a better model to explore these genetic manipulations and effects with depression.

1.3 Drosophila melanogaster

1.3.1 D. melanogaster as a model organism

Drosophila melanogaster, commonly known as the fruit fly, is a small invertebrate in the order Diptera and family
Drosophilidae that subsists on the decaying matter of rotten fruit.1°° Similar to humans, Drosophila first originated in Sub-Saharan
Africa and migrated to Europe some 15,000 years ago.'%1% Eventually, humans also helped fruit flies colonize the Americas in the
last few hundred years through the trade of fruit.1%° Although they are considered a nuisance pest in everyday life, Drosophila has
been continuously used in scientific experiments for more than 100 years.1%°-1%3 |n 1910, Thomas Hunt Morgan’s lab at Columbia
University was the first to confirm the chromosome theory of inheritance with fruit flies.100191103 Since then, Drosophila has been
cultivated and continuously used in thousands of labs throughout the world.1%1%* Compared to mammalian models, fruit flies are
easily cultivated and maintained in a lab setting and live in small conical tubes with a plug of food media that contains cornmeal,
yeast, and agar.1%%1%! Flies have proven to be a steadfast model that have been used to understand different genetic effects, immune
responses, and molecular signaling cascades.%01%4-108 Although genome sequencing and genetic editing techniques have enhanced
the creation of mammal models in the last few decades, Drosophila has many beneficial characteristics that expedite this process

and allow genetic experiments to be performed faster than other models. 10101
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A major advantage for using Drosophila is their short life cycle, which allows for the fast generation of a large number of
progenies to use in multiple genetic experiments.8190:1%° With Drosophila, a fertilized egg develops into an adult in only 9-10 days at
room temperature (25°C), which is illustrated in Figure 11.851%° After fertilization, embryogenesis is completed within 24 hours and is
followed by three larval stages that are termed first, second, and third instar with a molting event in between each stage
transition.'%1%° The first two instars each last approximately 1 day, while the third instar requires 2 days.'® So, 5 days after
fertilization, larval development is complete and a fly goes through metamorphosis by producing a hard, chitin-based pupal
case.100109 A fly will remain in the pupal case for 4-5 days where the larval tissue will break down and adult features and structures
will develop.10919 An adult fly will emerge from the pupal case in a process called eclosion and become sexually mature within 12

hours, which allows the fruit fly life cycle to rapidly repeat itself.1%
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Figure 11. Drosophila melanogaster life cycle. From clockwise, Drosophila develops in about 10 days and moves through the
embryo and three larval stages in 6 days. It then produces a hard, chitin pupal case and spends 4 days in the pupal stage. Around
day 10, the adult will emerge from the pupal case in a process called eclosion. Adult fruit flies become sexually mature within 12
hours of eclosion, causing the life cycle to repeat. Figure created in BioRender.

In addition to their short life cycle, fruit flies are also advantageous because of their small, compact genome that is easily
accessible with gene editing techniques, which is described in Figure 12.19110.111 Drosophila was the second organism to have its
genome sequenced, after C. elegans, and is commonly used to verify novel whole genome sequencing techniques.1°®1°! Their entire
genome is estimated to be only ~180 Mb, with ~120 Mb being euchromatin that includes approximately 13,900 protein-coding
genes.'® Drosophila only possess 4 chromosome pairs with the first chromosomes used for sex determination.'® Unlike mammals, a
Y chromosome is not solely used for male sex determination. Instead, each fly has a copy of an X chromosome, and two X
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chromosomes (XX) result in a female fly, while one copy of an X chromosome (XO) results in a male fly. The sex chromosomes are
usually highly compact and transcriptionally silent with DNA and are not usually used for gene editing experiments.100110111 The
remaining chromosomes are autosomes.'® Chromosomes 2 and 3 are the largest and their left (L) and right (R) arms are termed 2L,
2R, 3L, and 3R, respectively, while chromosome 4 is referred to as the “dot chromosome” and is small in size.1%° With genetic
techniques, most mutations are introduced on chromosome 2 and 3 because of their large size.'® Because of their small, compact
genome, it is relatively easy to introduce genetic material into flies with common techniques like transposable elements or
CRISPR/Cas9.104110.111 Additionally, Drosophila is also advantageous because of the public databases and centers that allow
scientists to easily share mutant fly lines to other labs around the world.% FlyBase is a database that catalogues genetic mutations
created by different labs and allows users to BLAST DNA or RNA sequences, browse specific mutations mapped out on the fly
genome, and quick search for a specific fly line used in a publication.10195:112-114 |t 3|so directly links to fly stock centers where you
can directly purchase these flies. The two largest fly centers are the Bloomington Drosophila Stock Center (BDSC) at the University

of Indiana and the Vienna Drosophila Resource Center (VDRC).100.105.113,114

Drosophila Genome

Sex chromosomes Autosomes
2L 3L
4 §8
2R 3R
X X

I .
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Figure 12. Drosophila melanogaster genome with labeled chromosomes. The Drosophila genome is estimated to be 180 Mb with
approximately 13,900 protein-coding genes. Drosophila possesses only 4 chromosomes. The first are sex chromosomes, where XX
results in the female phenotype, while XY results in the male phenotype. Chromosome 2 and 3 are the largest autosomes, and most
gene editing techniques mutate genes on these chromosomes. Chromosome 4 is referred to as the “dot” chromosome, and is not
commonly used in gene editing experiments. Figure created in BioRender.
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1.3.2 D. melanogaster genetic tools

Creating mutations with genetic tools is essential to understand gene function.8-190104111 \With Drosophila, the dependable and
reliable method to create genetic mutations is with transposable elements.100.104111.115 A transposon, or transposable element, is a
DNA sequence that can change its position within a genome.!*® First engineered in the late 1980s and early 1990s, transposable
elements allow for insertional mutagenesis of a gene.'>1¢ The P-transposon element, commonly known as a P-element, is the most
widely used vehicle to insert genes in Drosophila because it transposes at high rates, depends on exogenous transposase, inserts in
heterochromatic and euchromatic regions, and transposes near promoter regions.'%41® Usually, a p-element with the transgene of
choice is inserted into a vector, such as a plasmid, and is inserted into a fertilized fly egg, which is then screened with PCR for the
gene of interest as the fly ages.?%%1%4111 Transposons act as insert mutations, stop codons, nonsense mutations, or can be used to
make RNAIi knockdown mutations that disrupt a gene to understand its function.04105113.117 \Whole genome disruption projects have
been spearheaded in several labs throughout the United States using transposons, including at Baylor University and Harvard
Medical School.104105112.113.118 Transposons have also been used to create genetic markers, such as dominant visible characteristics,
like curly wings and stubbly hair on chromosome 2 and 3, respectively.1%%1%4 Further, they were also initially used to drive UAS/Gal4
production to turn on and off transgenes in progeny flies.1%%116 Transposons are still frequently used today, however, CRISPR/Cas9

is starting to also be used to mutate the Drosophila’s genome.1°

CRISPR/Cas9, short for clustered regularly interspaced short palindromic repeat system, is a newer genetic engineering
technique that is able to find and insert or delete genes in a system with a guide RNA that is illustrated in Figure 13.11011° Usually,
CRISPR acts as an immunological defense system against invading viruses and plasmids in many bacterial species.'® The most
studied CRISPR/Cas9 system in bacteria is from Streptococcus pyogenes, where the Cas9 endonuclease is targeted to a sequence
from the invading pathogen by a guide crRNA, or CRISPR RNA.'° The guide crRNA provides better specificity to the endonuclease
by pairing with a 20 nucleotide complimentary sequence within the DNA. A trans-acting crRNA, or tracrRNA, also forms a complex
with the crRNA and incorporates into the Cas9 complex.!'® However, this process has been simplified with the fusion of the crRNA
and tracrRNA into a 100 nucleotide synthetic single guide RNA (sgRNA), which now only requires Cas 9 and the sgRNA to be
expressed.!? With CRISPR/Cas9, the Cas9/sgRNA complex acts as a pair of scissors that can cut into DNA and cause single or
double strand breaks. Single cuts result in short deletions (1-100 nt) or insertions (1-20 nt), while double breaks cause longer
deletions (many kb) that are repaired by non-homologous end joining or homologous recombination.1%11® With homologous repair,
the desired DNA template can be inserted after a double break and is used to edit the genome in a myriad of ways.*° Specifically

with Drosophila, CRISPR/Cas9 has been successfully used to edit its genome since 2013.110.114.119-121 CRISPR/Cas9 is used in
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several ways, such as creating new UAS/GAL4 and RNAI lines, tagging genes with green fluorescent protein (GFP), or upregulating
or downregulating transcription of a gene.1%113114 For example, Deng et al. 2019 used CRISPR/Cas9 to develop numerous knockout
and knockin fly lines that targeted Drosophila’s chemoconnectome, which is its entire set of genes that affect neurotransmitters,
neuromodulators, neuropeptides, and their receptors and transporters.* CRISPR/Cas9 is also used to design more accurate
depression models that genetically alter SERT or the glutamatergic system to understand genetic effects with SSRIs and ketamine,

which could be accomplished more quickly in Drosophila compared to mammals.17+41:85.100.122
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Figure 13. CRISPR/Cas9 gene editing tool used to create mutations in Drosophila melanogaster. CRISPR usually acts as an
immunological defense system in bacteria. The Cas9 endonuclease targets a sequence with a guide crRNA, or CRISPR RNA. A
tans-acting crRNA, or tracrRNA, also forms a complex with the crRNA and incorporates into the Cas9 complex.'° However, the
crRNA and tracrRNA have been fused into one synthetic single guide RNA (sgRNA) for simplicity, which now only requires Cas 9
and the sgRNA to be expressed. The Cas9/sgRNA complex acts like a pair of scissors and can cut single or double stranded breaks
into DNA. Single cuts result in short deletions (1-100 nt) or insertions (1-20 nt), while double breaks cause longer deletions (kb) that
are repaired by non-homologous end joining or homologous recombination.1%1% With homologous repair, a DNA template can be
inserted. CRISPR/Cas9 can be used to create new UAS/GAL4 and RNAI lines, or green fluorescent protein (GFP) markers. Figure
created in BioRender.

In Brand and Perrimon 1993, they took the P-element insertional mutagenesis technique and used it to create a gene
expression system that allows users to express any gene of interest in any tissue within the fly, which they termed the Gal4/UAS
system that is shown in Figure 14,8%100104111116 |n the study, they cloned the yeast transcription factor, Gal4, into a P-element vector
and showed that a defined promoter could be placed in the genome upstream of the Gal4 and act as an enhancer trap to express
Gal4.199118 T drive this gene expression, they created an accompanying P-element vector that contained the upstream activating

sequence (UAS) that binds the Gal4 protein.1%11® The UAS sequences are connected to a promoter that allow for insertion in any
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gene of interest.85100116 Since its inception, the GAL4/UAS system has been improved by introducing landing sites, such as attB and
attP that help place the UAS into the correct location in the genome. The GAL4/UAS system has become widely used by Drosophila
scientists because of its great versatility, and large collections of publicly available stocks have been created that target different
tissues and developmental stages.8>194105114 Additionally, reporter genes, like GFP, have been integrated into the system to label

specific cells and tissue to understand Drosophila’s neurobiology and immune system,8%106.114.123.124
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Figure 14. UAS/Gal4 system in Drosophila melanogaster. The Gal4/UAS system allows for the specific expression of a transgene in
cells that express Gal4 from the tissue specific promoter in the Gal4 gene. Figure created in BioRender.

With the GAL4/UAS system and CRISPR/Cas9 editing technology, whole libraries of fly strains have been created that use RNA
interference (RNAI) to target and knockdown a gene of interest to understand its function using Drosophila.®>1%12> RNAi is a cellular
mechanism that degrades messenger RNA transcripts with a double stranded RNA (dsRNA).100.117:126 Although this mechanism was
original found in C. elegans, Drosophila was mainly used to perform mechanistic studies to understand RNAI, which is conserved
throughout different eukaryotic organisms.'*"12¢ In the RNAI biochemical pathway, once exogenous dsRNA is introduced, a complex

forms that consists of Dicer-2 and R2D2, which cuts the duplex RNAs into short 21-nt long fragments.!'” After, a series of proteins
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stabilize the complex, which then unwinds the duplex and then cleaves and ejects the passenger RNA strand. Following, the full
RNA-induced silencer complex (RISC) is formed, which identifies sequence-homologous endogenous RNAs through homology-
seeking activity that leads to their cleavage and degradation. Because of Drosophila’s small, easily accessible genome, whole
genome-wide screens with transgenic libraries have been introduced to understand the loss of function of a majority of its protein-
coding genes.?>117.126 The Drosophila Transgenic RNAI Project (TRiP) at Harvard Medical School is the largest creator of these
transgenic lines that have been made to use the GAL4/UAS system.!%® Some of these lines include SERT and serotonin receptor
RNAI knockdowns, which have not been fully investigated to understand how serotonin changes in real-time or how their loss of

function will affect the action of different antidepressants.*®

1.3.3 D. melanogaster as a model for neuroscience research

Drosophila melanogaster is a simple, controllable model in neuroscience research that can be used to understand changes in
behavior, brain development, and neurological diseases more easily than mammals.® Although Drosophila are invertebrates, they
share the same assortment of neurotransmitters (i.e., dopamine, serotonin, histamine, glutamate, GABA, and acetylcholine) and
major neurological systems, like the optical and olfactory systems.&12-130 Additionally, Drosophila is easier to genetically manipulate

to understand changes in neurotransmitters or neural circuitry, which can be used for various experimental applications.8:100.102

Figure 15 shows brain structures in Drosophila larvae and adults. Figure 15 A shows a third-instar larva, and its ventral nerve
cord (VNC) dissected out inset. The larval central nervous system contains ~2000 neurons and is organized into the VNC and
protocerebrum with motor neurons that radiate from the center of the larva to its lateral edges.>12"131.132 Figure 15B also shows
serotonin and dopamine neuron location in a larva VNC with GFP expression from a Ddc-Gal4 driver.®> Immunohistochemistry
staining also depicts where serotonin neurons (red) and serotonin neuron GFP expression overlap,*? which appears yellow.
Serotonin and dopamine neurons both innervate the optic lobes, but in the VNC, serotonin neurons cluster along the midline while
dopamine neurons cluster lateral to the midline and by the outermost edges of the larva’s body near motor neurons that help the
larva crawl.'®>12".13% Compared to larvae, the Drosophila adult’s brain is larger in size (Fig 15C) and contains more than 100,000
neurons.® 1% Figure 15D depicts a 3D construct of the adult fly brain, which has 41 anatomical regions and 58 interregional tracts,
and figure 15E illustrates some of these major anatomical regions.**® Much like mammalian brains, Drosophila uses
neurotransmitters to communicate chemical information between neurons, which varies from region to region.®® Drosophila possess

~ 280 dopamine neurons located in 18 clusters in the adult brain that have been implicated in movement, sleep, learning, and male
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courtship behaviors, and are located in the mushroom body (Fig. 15D, brown).8 Likewise, there are 10 major clusters of serotonin
neurons that mediate depression behaviors, memory, and aggression that radiate from the mushroom body to the central complex
(Fig. 15D, green) and to the olfactory and optical systems.8130.132135 ynlike mammals, however, Drosophila do not possess
epinephrine or norepinephrine, and instead use the neurotransmitters octopamine and tyramine, respectively, which serve similar
“fight or flight” functions seen in mammals.109121.136-138 gpecifically, octopamine is known to regulate aggression and locomotion.® In
addition to similar brain structures that use the same neurotransmitters, 75% of human disease genes are orthogonal to genes in fruit

flies, which have been used to understand the genetic and molecular basis of several neurological diseases.?>1%
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Figure 15. Drosophila melanogaster neural circuitry and brain structures in larvae and adults. A. Drosophila 3™ instar larva with
dissected out ventral nerve cord (VNC) tissue. B. Ddc-GAL4 drives GFP expression (green) in dopamine and serotonin neurons in
VNC. Immunohistochemistry shows serotonin neurons with red antibodies, and the overlap makes them appear yellow. C. Adult
Drosophila head. D. 3D imaging of the adult brain. E. Anatomical regions in the adult brain. Dark brown = mushroom body; blue =
antennal lobe; green = central complex; red = medulla; orange = lobula. Taken from Shin, M.; Copeland, J. M.; Venton, B. J.
Drosophila as a Model System for Neurotransmitter Measurements. ACS Chem. Neurosci. 2018, 9 (8), 1872-1883.
https://doi.org/10.1021/acschemneuro.7b00456 and Rein, K.; Zdckler, M.; Mader, M. T.; Griibel, C.; Heisenberg, M. The Drosophila
Standard Brain. Curr. Biol. 2002, 12 (3), 227-231. https://doi.org/10.1016/S0960-9822(02)00656-5. Parts of figure created in
BioRender.

In the 1970s, Drosophila was initially found to have similar circadian rhythms compared to humans that are responsible for sleep-

wake cycles.*>*° Their sleep behaviors led to the discovery of a period gene that is responsible for regulating sleep through an
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autoregulatory feedback loop, and its dysfunction led to different insomnia phenotypes and other sleep disorders.13%140 |t took 20
years for the period gene to be discovered in mammals, but the core molecular mechanisms that control the “core clock” in circadian
rhythms was found to be phylogenetically conserved across invertebrates and vertebrates.*® This initial work in circadian rhythms
was a touchstone for neurological disease research in Drosophila, which expanded over the past few decades to include
neurodegenerative diseases, like Parkinson’s and Alzheimer’s disease,?>141-145 as well as addiction and mental illnesses like
depression. 127132135146 For Parkinson’s disease, Drosophila has been instrumental in elucidating it's genetic (i.e., parkin, pink1,
LRRK2 genes) and environmental causes, and locomotion changes over time are easily tractable with this model when dopamine
neurons are lost.10141-144.147 Additionally, flies have also been used to understand amyloid-B toxicity and tau accumulation in
Alzheimer’s disease!*® and to isolate genes of interest in addiction.*® Drosophila is a beneficial model to understand compulsive
drug seeking behavior through substance abuse and dependance, especially with alcohol.** Further, Drosophila has also been
developed into a model to understand genetic causes of depression, specifically with SERT and serotonin receptor
mutants.1%146.148.149 Wjith depression, Drosophila shows changes in feeding and locomotion behaviors similar with

mammals, 1127146148150 gnd they have also been used in neuropharmacology drug screenings to understand genetic effects to

different antidepressant treatments. 3213

Historically, dSERT and dDAT (dopamine transporter) were used in substrate binding or molecular modeling and docking
simulation studies to understand the binding affinities of SSRIs and other psychoactive drugs until the structure of hSERT was
determined with x-ray crystallography in 2016.161932122.151 preyijous studies from the Barker and Blakely labs found that dSERT and
human SERT (hSERT) show 51% sequence identity and similar structures with active sites.'6-18122.152 They also explored
hSERT/dSERT chimeras where they used site-specific mutagenesis to understand genetic differences to citalopram.® Additionally,
the Krantz group also created genetic screens to test neuropsychiatric drugs that target monoamine neurotransmitters with this
model.*>® Specifically, they were able to introduce a mutation in the Drosophila vesicular monoamine transporter (dVMAT) to perform
suppressor screens with ~1000 known drugs to understand their effects on larval locomotion.®® In addition to these examples, a
majority of Drosophila neuroscience research focuses on understanding genetic effects with behavioral assays, like locomotion or

feeding, but real-time characterizations of serotonin changes and antidepressants effects have not been explored in this

model 146,148,154,155
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1.3.4 D. melanogaster locomotion and feeding behavioral assays in larvae and adults

Initially, Drosophila was first used to understand changes in behavior with alcohol addiction.**21% Specifically, when alcohol
vapors were applied to adult flies, it was found that they exhibited similar locomotion changes to humans where low doses caused
activation and disinhibition, while higher doses caused sedation and loss of righting reflex.*** Since then, Drosophila has been used
to understand locomotion changes with different genetic mutations and drugs in both larvae and adults.'#%5:1%¢ Qriginally, the
cheapest and easiest method used to measure fly locomotion was with a Petri dish above graph paper, where a scientist would count
how many squares a larva or adult crossed in a specific amount of time.*>” Another popular locomotion test is a climbing assay for
adults, where a tube is inverted and the time required for a fly to climb to the top is recorded to understand changes in its
physiological motor function with neurodegenerative diseases or depression.'#4146 With larvae, their main locomotion behaviors
include forward and backward crawling, body turns, head sweeps, hunching, burrowing, and rolling (escape).**® Besides monitoring
these crawling movements, another popular locomotion test for larvae includes counting their body wall contractions (BWCs) with a
microscope and Petri dish.1%5156.158 Although these tests are cheap and easy to carry out, human measurements can lead to error
and bias, so over the past 20 years, real-time tracking of Drosophila with video recording technology has been developed to study

locomotion changes in adults and larvae.*®®

Historically, Rothenfluh and Heberlein were the first to use video recording technology in the early 2000s to compare adult fly
locomotion with drugs of abuse, including ethanol and cocaine.*®® Since then, there locomotion tracking video technology has
become common in Drosophila labs.146:148:15% Usually, a camera is able to record a larva or adult fly in a 100 ms time frame over a 20-
30 s period.*®® The animal’s movements are stitched together, and computer software is able to draw its movements around an
“arena,” which is usually a Petri dish. Although these techniques seem rudimentary, they eliminate human error, and computer
software also analyzes large replicates of flies for genetic screens or drug assays very easily.1*31%° However, over the past few years,
new real-time locomotion tracking systems have also been developed that investigate neural circuitry in locomotion using virtual

reality experiences in fruit flies. 16161

The newest fruit fly locomotion-tracking systems use virtual reality to simulate visual or olfactory conditioning that elicit moving
behaviors, which is linked to specific neurotransmitters or neural circuits using genetic tools.60162.163 ith virtual reality experiments,
opotogenetics is frequently used to provoke a certain behavior with light in fruit flies.8137:164.165 ysing the GAL4/UAS system, a
genetically-encoded, light-sensitive cation channel (CsChrimson) are targeted to a tissue-specific driver for a neurotransmitter, neural

circuit, or anatomical region (i.e. Trh-Gal4 targets tryptophan hydroxylase in serotonin neurons).*®:7°:166 With CsChrimson, a red light
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(617 nm) activates the cation channel in a tissue from the Gal4 driver.85% With these techniques, there are several locomotion-
tracking systems currently available.'%%1¢! In Flores-Valle and Seelig, they developed the locomotion-tracking virtual reality system
with an arena surrounding a rotating ball.*® A camera is focused on a tethered fly, pinned to the rotating ball, and the surrounding
arena enables visual cues and optogenetic light stimulations. This system allows for experiments that investigate guided memory and
learning through place memory, and the arena also allows for direct imaging of specific neurons or neuronal circuits in vivo,160:167-169
Although this ball locomotion-tracking system is exquisite, it only records adult fruit fly movements. Tadres and Louis created the
PiVR system, which is a closed-loop, tracking platform that monitors the locomotion changes for fruit fly larvae or adults.*®* The PiVR
system uses a Raspberry Pi computer connected to a hand-made platform made of cheap materials (<$500), including acrylic sheets
and infrared and red lights used for optogenetics, which are illustrated in Figure 16.16* A camera records the animal’s movement in
the arena, and the PiVR software creates different stimulations with virtual reality patterns in the arena to elicit behavior changes in
the animal.®! In addition to being inexpensive, the PiVR system also allows for odor diffusion, which can be utilized for memory,
reward, or aversion behavior experiments.1°0:161.162170 Although both of these virtual reality, locomotion-tracking systems enable
better behavioral data collection, they have not been used yet to understand different genetic or antidepressant effects with

depression.
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Figure 16. Virtual realities created by PiVR. (A) Picture of the standard PiVR setup. The animal is placed on the light diffuser and
illuminated from below using infrared LEDs and recorded from above. The Raspberry Pi computer and the LED controller are
attached to the touch screen, which permits the user to interface with the PiVR setup. (B) Screenshot of the GUI while running a
virtual reality experiment. The GUI has been designed to be intuitive and easy to use while presenting all important experimental
parameters that can be modified. (C) Virtual realities are created by updating the intensity of a homogeneous light background based
on the current position of a tracked animal mapped onto a predefined landscape shown at the center. (Center) Predefined virtual
gradient with a Gaussian geometry. (Left) Trajectory of an unconstrained animal moving in the physical arena. (Right) The graph
indicates the time course of the light intensity experienced by the animal during the trajectory displayed in the left panel. Depending
on the position of the animal in the virtual-light gradient, the LEDs are turned off (t = 1) or turned on at an intermediate (t = 2) or
maximum intensity (t = 3). GUI, graphical user interface; LED, light-emitting diode; PiVR, Raspberry Pi Virtual Reality. Taken from
Tadres, D.; Louis, M. PiVR: An Affordable and Versatile Closed-Loop Platform to Study Unrestrained Sensorimotor Behavior. PLoS
Biol. 2020, 18 (7), 1-25. https://doi.org/10.1371/journal.pbio.3000712.

With Drosophila, depression has been found to affect locomotion behaviors with serotonin receptor and dSERT genetic
mutations, as well as antidepressants.14¢148.1% |n Majeed et al., they compared BWC changes in serotonin receptor RNAI
knockdowns and serotonin biosynthesis-inhibited larvae compared to a control.**®> They found that serotonin 2A and 2B receptors
play a modulatory role in the larvae sensory motor circuit. They also fed larve different drugs, including fluoxetine, which inhibited
locomotion compared to the control.?*® In Hidalgo et al., they also investigated larvae locomotion changes for a new dSERT mutant
and antidepressant, 4-methylthioamphetamine (4-MTA), where the larva’s movements were tracked with a camera across a Petri
dish when an aversive odor, benzaldehyde (Bz), was applied to one side of the arena.*® Normally, a larva will crawl away from the

Bz odor. Although they found the dSERT mutants did not show different aversion behaviors compared to the wild type (wt) group,
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mutants that were fed 4-MTA did not show similar aversion behaviors compared to the control. Both works show that antidepressant
treatments affect locomotion behaviors in larvae.'#8% |n addition to larvae, Ries et al. were able to investigate climbing behavior
changes in adult fruit flies with serotonin receptor 1A and 1B RNAIi knockdowns. They used a novel induced vibrational stress model
to replicate depression in adult flies, and performed climbing assays to show their motivation to move. Interestingly, they found that
the 5-HT1A RNAIi knockdown did not seek sugar relief after climbing, which showed a change in motivation from depression
symptoms.1#¢ Although these studies showed locomotion changes with dSERT and serotonin receptor mutation, as well as

antidepressants, new real-time locomotion tracking systems like the walking tethered fly ball or PiVR have not been explored.160161

Drosophila are also used to understand changes in feeding behavior,1%5:163171-173 pPrevyjously, the most common method to
measure changes in Drosophila feeding was to manually count mouth hook movements (MHMs) with a larva under a microscope.*®
In Majeed et al., they counted MHMSs with receptor 5-HT 1A, 1B, and 7 RNAI knockdowns, and found that the receptor 5-HT 1A and
1B knockdowns exhibited decreased mouth hook movements compared to a control.*>®> Although this work shows a correlation
between feeding behavior and serotonin receptor mutations, manually counting MHMs can introduce human error and bias. To
circumvent this issue, several labs have pioneered a consumption-excretion dye tracer method that analytically measures the
amount of food fruit flies consume and excrete with common Ultraviolet-Visible (UV-Visible) spectrophotometers.*’*27" In Shell et al.,
they used common food dyes, like FD&C Blue No. 1, to stain food media that adult fruit flies consume, which is shown in Figure
17.174 After a period of time, the flies can be collected and homogenized with a centrifuge to make a tissue aggregate that expels the
dye tracer. Upon eating colored food, the fly’'s stomach tissue will become the color of the dye tracer.’4-17® Additionally, special
feeding tubes can be used to collect the waste the flies excrete.}’**’” The consumed and excreted food dye are analytically
measured with a UV-Vis, and the concentration of food consumed is calculated from a calibration curve.’*1’" Although the con-ex
measurement method eliminates human bias and error, it is a relatively new technique that has not been used to measure
differences with genetics or antidepressants for depression in Drosophila. Still, the method is slowly becoming more mainstream, and

new dye tracers with more colors have been created.1’>17®
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Feeding Drosophila Microcentrifuge
dye tracer

Figure 17. Schematic diagram of consumption method to quantify food intake in Drosophila. Food media is mixed with 10% v/w
FD&C Blue No. 1, which turns food blue in color. Adult fruit flies consume the food for a specific period of time (i.e. 24 hours), and the
dye makes their abdomens appear blue. Dye tracer is expelled from adult flies by creating a tissue homogenate with a
microcentrifuge. Dye tracer is quantified by measuring absorbance of sample at 630 nm and comparing the sample’s absorbance to
a calibration curve. Figure created in BioRender.

1.3.5 Previous real-time serotonin electrochemical research with D. melanogaster

With depression research in fruit flies, very few researchers have used electrochemical techniques to understand how serotonin
changes in real-time, or its impact on behavioral changes. Initially, separation technigues, like CE, HPLC, or MS were primarily used
to identify neurotransmitters and their concentrations in Drosophila tissue homogonates of both larvae and adults.”® For example, in
Denno et al., they found that serotonin content in Drosophila brain tissue was not significantly different between the life stages (larva,
pupa, and adult) or by sex.1% Over the past 10 years, however, there has been an influx of researchers who use real-time
electrochemical techniques to understand serotonin changes. In Majeed et al., they recorded excitatory postsynaptic potentials using
amperometry to understand how muscle fibers were affected with different 5-HT receptor RNAIi knockdowns. They found that 5-HT-
2A and 2B play a modulatory role in the larvae sensory motor circuit, and that fluoxetine, slows locomotion compared to a control.**®
Additionally, the Campusano group also explored how bioamine neurotransmitters (serotonin, dopamine, and octopamine) were
affected with a novel dSERT mutant with fluoxetine using chronoamperometry.4® The dSERT mutant displayed increased body
movements and that fluoxetine increased biogenic amine reuptake.*® The Venton lab has mainly focused on using FSCV to
measure real-time serotonin changes in Drosophila larvae, but changes with different antidepressant and genetic effects, as well as

behavioral effects, have not been explored.”0:71:109.164

With FSCV, the Venton lab has pioneered real-time serotonin characterization in Drosophila using optogenetics to stimulate its
release.*®:70.71.79.164 However, most of this work focused on method development. In Borue and Venton 2009, they used

Channelrhodopsin-2 (ChR2), a form of optogenetics that is activated with blue light, to stimulate serotonin release and the FSCV
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Jackson waveform to measure it (Figure 18A).”* They also explored how serotonin detection was affected with different stimulation
parameters (stim. length and number) and before and after drugs like PCPA were applied. Additionally, in Borue and Venton 2010,
they further characterized serotonin release and vesicle re-packaging by applying different drugs (cocaine and PCPA) with repeated
optogenetic stimulations.’”® Here, they found that the releasable pool of serotonin takes between 2-5 minutes to replenish itself with
repeated stimulations. Further, in Xiao et al., they continued to investigate how serotonin FSCV detection was affected with different
pulsed stimulations, varied frequencies, and ChR2 optogenetic stimulations. Here, they also compared how serotonin concentration
and reuptake were affected with 100 uM fluoxetine, which is illustrated in Figure 18B-C. Ultimately, they used this information to
compare serotonin and dopamine kinetics and found that serotonin’s Vmax was 0.54 + 0.07 puM/s and K, was 0.61 + 0.04 uM, while
dopamine’s Vimax was 0.12 + 0.03 puM/s and K, was 1.6 = 0.3 pM. Although these works pioneered method development to explore
how real-time serotonin changes with FSCV in a single Drosophila larva, they have not been applied to understand different

antidepressant effects with SSRIs or micro-dosing ketamine, or genetic mutations to SERT and 5-HT receptors.

A) Serotonin FSCV detection B) Serotonin reuptake comparison  C) i vs. t plot 100 uM fluoxetine
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Figure 18. Real-time FSCV serotonin detection and changes with fluoxetine in Drosophila larvae VNC tissue. A. Serotonin is
detected using the FSCV Jackson waveform at a CFME inserted into VNC tissue. A 2-second optogenetic stimulation (ChR2) was
applied. FSCV can be used to determine serotonin concentrations when compared to a post-calibration factor. B. SSRIs, like
fluoxetine, inhibit serotonin reuptake. Here, 100 uM fluoxetine slows serotonin clearance significantly compared to pre-drug after 15
minutes (***p < 0.001, paired t test, n = 15). C. An i-vs t plot shows how serotonin concentrations change before and after 100 uM
fluoxetine was applied (2 second stim). Current slightly increases, which is proportional to concentration, and reuptake is slower.
Taken from Borue, X.; Cooper, S.; Hirsh, J.; Condron, B.; Venton, B. J. Quantitative Evaluation of Serotonin Release and Clearance
in Drosophila. J. Neurosci. Methods 2009, 179 (2), 300-308. https://doi.org/10.1016/|.jneumeth.2009.02.013 and Xiao, N.; Privman,
E.; Venton, B. J. Optogenetic Control of Serotonin and Dopamine Release in Drosophila Larvae. ACS Chem. Neurosci. 2014, 5 (8),
666—673. https://doi.org/10.1021/cn500044b.
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1.4 Overview of Dissertation

Depression is a common mental illness. However, current treatment options are extremely variable from person to person.

The main neurochemical target of interest for common selective serotonin reuptake inhibitors (SSRIs) is the serotonin transporter

(SERT) on serotonin neurons. SSRIs bind to SERT to inhibit a negative feedback loop that causes extracellular serotonin

concentrations to increase. However, it is not clear if all antidepressants share this mechanism of action. Further, it is not understood

how different genetic polymorphisms to the gene that encodes SERT affect its structure and function, which impacts antidepressant

activity. Currently, it is difficult to study depression because of a lack of biological models that replicate SERT genetic differences and

accurate analytical techniques that measure real-time serotonin changes in vivo. This dissertation aims to improve fast-scan cyclic
voltammetry (FSCV) detection of serotonin and use new analytical techniques to understand different antidepressant and genetic

effects on serotonin in Drosophila brain tissue.

In Chapter 2, | explore different FSCV waveforms to understand electrode fouling to serotonin and its major metabolite, 5-
hydroxindoleacetic acid (5-HIAA), to improve real-time serotonin detection. In previous FSCV research, modified Dopamine
waveforms with extended switching potentials (= 1.3 V) and extended holds (= 1 ms) increased dopamine sensitivity and reduced
electrode fouling. However, the Jackson waveform, that is used for serotonin detection, has not been revisited in more than 25 years
to reduce electrode fouling to serotonin. In this chapter, | analyze repeated measurement and long-term electrode fouling to serotonin
and 5-HIAA with four waveforms: the Jackson waveform (0.2 V, 1.0 V, -0.1 V, 0.2 V, 1000 V/s), the dopamine waveform (-0.4 V, 1.3
V, -0.4 V, 400 v/s), the extended serotonin waveform (0.2 V, 1.3V, -0.1V, 0.2 V, 1000 V/s), and the extended hold serotonin
waveform (0.2 V, 1.3V (1 ms), -0.1V, 0.2 V, 1000 V/s). Electrode sensitivity and selectivity for serotonin and dopamine will also be
compared with each waveform. | find that extending the switching potential to 1.3 V decreases electrode fouling by 50% for both
analytes. However, the dopamine waveform eliminates electrode fouling because of its negative holding potential and 1.3 V switching
potential. Additionally, all extended switching potential waveforms increase serotonin and dopamine sensitivity, but the Jackson
waveform is the most selective for serotonin. | also characterize serotonin detection in vitro in fruit fly larvae VNC tissue and find that
electrodes do not foul with repeated optogenetic stimulations, which shows that Drosophila melanogaster may be a beneficial model
to measure serotonin. This work provides a tool-box of serotonin waveforms that can be used to measure serotonin in different

experiments where high sensitivity or selectivity may be needed, or no electrode fouling.
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Chapter 3 uses FSCV with the new extended serotonin waveform (ESW) and optogenetics to compare serotonin
concentration and reuptake changes with four common SSRIs: fluoxetine, escitalopram, paroxetine, and citalopram. The goal of the
study is to understand individual mechanisms of SSRI in Drosophila larvae. SSRIs are assumed to have the same mechanism of
action, where they bind to SERT to inhibit serotonin reuptake. However, many do not share the same chemical structural motifs, and
they are known to bind to SERT with different affinities. In this chapter, we investigate real-time serotonin concentration and reuptake
changes after applying various doses (0.1-100 uM) of SSRIs to Drosophila larvae VNC tissue. | find that fluoxetine increases
reuptake from 1-100 uM, but serotonin concentrations only increase at 100 uM. Thus, fluoxetine occupies dSERT and slows
clearance, but does not affect concentration. Escitalopram and paroxetine increase serotonin concentrations at all doses, but
escitalopram increases reuptake more. Citalopram shows lower concentration changes and faster reuptake profiles compared to
escitalopram, so the racemic mixture of citalopram does not change reuptake as much as the S-isomer. | also construct dose
response curves to compare dSERT affinities and paroxetine shows the highest affinity and fluoxetine the lowest. These data
demonstrate SSRI mechanisms are complex, with separate effects on reuptake or release. | also compare our data to previous
FSCV data collected in mammals and find that serotonin changes are similar in both models. This work establishes how
antidepressants affect serotonin in real-time, which is useful for future studies that will investigate pharmacological effects of SSRIs

with different genetic mutations in Drosophila

Chapter 4 explores changes in real-time serotonin dynamics with ketamine compared to SSRIs to determine differences in
serotonin regulation that may contribute to their different mechanisms of action. Ketamine is considered an essential drug for
anesthesia, and the FDA approved micro-dosing ketamine for treatment resistant depression in 2019. Formally, ketamine is
classified as an NMDA antagonist, but it has unclear effects on the serotonergic system. It is hot understood how serotonin changes
in real-time with ketamine versus common SSRIs, or how real-time locomotion and feeding behaviors change with these treatments.
In this chapter, | measure and characterize serotonin changes with FSCV, and track real-time locomotion and feeding behaviors in
Drosophila larvae with Raspberry Pi Virtual Reality (PiVR) and Ultraviolet-Visible (UV-Vis) Spectroscopy. | fed larvae various doses
(1 — 100 mM) of antidepressants (fluoxetine (Prozac), escitalopram (Lexapro), paroxetine (Paxil), and ketamine) for 24 hours, and
find that ketamine does not affect serotonin concentrations or release at low doses. However, it does increases serotonin release at
mid-doses and inhibits serotonin reuptake at higher, anesthetic doses. Additionally, all SSRIs affect serotonin reuptake, but yield
different concentration changes because of their different SERT affinities that are similar to our previous bath-applications. There are
also dose-dependent effects were low doses of escitalopram and fluoxetine inhibited SERT, but did not affect serotonin

concentrations. | also show that low doses of ketamine, escitalopram, and fluoxetine significantly increase feeding and locomotion
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behaviors. These data suggest ketamine’s mechanism of action is complex and different from SSRI antidepressants. Specifically,
ketamine does not rely on serotonin at micro-doses or SERT inhibition. Additionally, the locomotion and feeding behavior changes
with ketamine, escitalopram, and fluoxetine suggest different downstream effects with glutamate, 5-HT receptors, or SERT, since
their profiles are so different. Future studies should also investigate real-time, multiplexed changes in glutamate and serotonin for
these antidepressants. However, this work shows that Drosophila is a good model system to study complex mechanisms of different

types of antidepressants.

Chapter 5 explores future directions of this research with different genetic mutations to SERT compared to control data
collected in Chapters 2-3. Two Drosophila SERT mutant lines will be investigated with specific point mutations or whole gene knock-
outs created with CRISPR-Cas9. FSCV and optogenetics will be also be used to compare serotonin release and reuptake changes
for SSRIs and ketamine. Additionally, novel in vivo Drosophila adult experiments will be explored to multiplex serotonin FSCV
detection with glutamate genetic sensors to understand how they change using 5-HT-1A and 1B RNAi knockdowns with micro-

dosing ketamine treatments.

In summary, my dissertation improves analytical detection of serotonin in vitro in brain tissue with FSCV, and applies these

techniques to understand biological differences between several antidepressant drugs and individual genetic effects. | show that

serotonin release and reuptake changes are unique for different antidepressant drugs and with genetic mutations. This work benefits

others in analytical chemistry and neurochemistry who will use these techniques and models to explore new antidepressant therapies

or other neurotransmitters, like dopamine and glutamate, to help design and implement successful treatments for depression.
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Chapter 2

Improving serotonin fast-scan cyclic voltammetry detection:

new waveforms to reduce electrode fouling
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Abstract

Serotonin is a neuromodulator implicated in depression that is often measured in real-time by fast-scan cyclic voltammetry
(FSCV). A specialized “Jackson” waveform (JW, 0.2, 1.0 V, -0.1 V, 0.2 V, 1000 V/s) was developed to reduce serotonin fouling, but
the 1.0 V switching potential limits sensitivity and electrodes still foul. The goal of this study was to test the effects of extending the
FSCV switching potential to increase serotonin sensitivity and decrease fouling. We compared the Jackson waveform, the dopamine
waveform (DA, -0.4 V, 1.3V, 400 V/s), and two new waveforms: the extended serotonin waveform (ESW, 0.2, 1.3, -0.1, 0.2, 1000
V/s) and extended hold serotonin waveform (EHSW, 0.2, 1.3 (hold 1 ms), -0.1, 0.2, 400 V/s). The EHSW was the most sensitive
(LOD = 0.6 nM), and the JW the least sensitive (LOD = 2.4 nM). With the Jackson waveform, electrode fouling was significant with
repeated injections of serotonin or exposure to its metabolite, 5-hydroxyindoleacetic acid (5-HIAA). Using the extended waveforms,
electrodes fouled 50% less than with the Jackson waveform for both analytes. No electrode fouling was observed with the dopamine
waveform because of the negative holding potential. The Jackson waveform was the most selective for serotonin over dopamine
(800x), and the ESW was also highly selective. All waveforms were useful for measuring serotonin with optogenetic stimulation in
Drosophila larvae. These results provide new FSCV waveforms to measure dynamic serotonin changes with different experimental

requirements, like high sensitivity (EHSW), high selectivity (ESW, JW), or eliminating electrode fouling (DA).
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2.1 Introduction

Serotonin is a major neuromodulator in the brain that is important for mental health by regulating sleep, mood, and appetite.!?
The serotonergic system is one of the main targets of antidepressants that treat depression and anxiety disorders, but their efficacies
vary in individuals.®> Serotonin concentrations in the extracellular space are tightly regulated by serotonin receptors and serotonin
transporters (SERT).>® Therefore, fast analytical techniques are needed to monitor real-time serotonin changes in the brain.
Electrochemical techniques are commonly used to study neurotransmitters in vivo in order to understand their effects on specific
behaviors and dysfunction in neurological diseases.}?%® In particular, fast-scan cyclic voltammetry (FSCV) at carbon-fiber
microelectrodes (CFMES) applies linear ramp potentials at fast scan rates for high sensitivity and rapid temporal resolution detection
of neurotransmitter concentration changes.®%12 FSCV has revealed the dynamic co-release of serotonin and histamine in mammals?3
and the mechanism of selective serotonin reuptake inhibitors (SSRIs) to increase serotonin concentrations.'*1¢ In addition, FSCV has
been used to measure rapid release and uptake of serotonin in Drosophila larval ventral nerve cords.'’-°* However, serotonin remains
difficult to study with FSCV because it's oxidative byproducts foul CFMEs during long-term experiments.?%-23

Serotonin and its major downstream metabolite, 5-hydroxyindoleacetic acid (5-HIAA), produce highly reactive radicals during
oxidation that polymerize to form films on the surface of the CFME.?22® These films hinder electron transfer and cause electrode fouling,
which decreases sensitivity and limits accurate measurements in vivo.?! The standard FSCV waveform for serotonin, termed the
“Jackson” waveform, was proposed to ameliorate these issues and sweeps from 0.2 V to 1.0 V to -0.1 to 0.2 V at 1000 V/s.?° The
Jackson waveform was originally applied to beveled disk electrodes, however, the Hashemi group showed the Jackson waveform can
also be applied to cylindrical CFMEs.?* The Jackson waveform is highly selective for serotonin compared to dopamine, but electrodes
still foul with repeated measurements and long exposure to 5-HIAA.2?* Surface coatings such as Nafion are commonly used to mitigate
this fouling,?* however they slow electrode responses.?® A new FSCV waveform that prevents electrode fouling while maintaining high
sensitivity and selectivity would be beneficial for studying real-time serotonin release.

Modified FSCV waveforms have been investigated for several neurotransmitters to understand how waveform parameters affect
CFME sensitivity and fouling.8242%-28 The Wightman group extended the switching potential of the dopamine waveform from 1.0 V to
1.3 V to increase sensitivity,?” and later demonstrated higher switching potentials (21.3 V) broke carbon-carbon bonds on the surface
of the fiber,?® also increasing surface oxide groups.2113° The higher switching potential also renews the surface to remove impurities.?
Likewise, Keithley et al. designed “sawhorse” waveforms with an extended hold at 1.3 V and observed greater CFME sensitivity using

higher scan rates (21000 V/s).?® Modified sawhorse and extended switching potential waveforms also improved adenosine and
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histamine detection.?*3! Although extending the switching potential enhanced detection of these neurotransmitters, the Jackson
waveform has not been revisited in 25 years to improve serotonin detection.?°

The goal of this study was to develop practical new waveforms for serotonin detection to reduce electrode fouling and increase
sensitivity. We hypothesized that extending the switching potential would decrease fouling by renewing the CFME surface, and that
holding at a higher switching potential would enhance these effects.?®° We designed new serotonin waveforms to extend the Jackson
waveform to 1.3 V with varied scan rates, and tested sawhorse waveforms to hold at 1.3 V. The traditional dopamine waveform was
also tested. Electrodes fouled the most using the Jackson waveform with repeated serotonin measurements and long exposure to 5-
HIAA, while electrodes using the dopamine waveform did not foul. The extended waveforms with 1.3 V switching potentials had
decreased electrode fouling compared to the Jackson waveform and had the highest electrode sensitivity. Waveforms were
characterized in vitro with optogenetic stimulation in fruit fly larvae and all were useful for stable serotonin detection. Overall, our study

develops extended waveforms for serotonin detection that provide high sensitivity and low electrode fouling for measurements in vivo.
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2.2 Experimental Methods

2.2.1 Chemicals

Serotonin hydrochloride was purchased from Sigma Aldrich (St. Louis, MO). Dopamine hydrochloride and 5-
hydroxyindoleacetic acid were purchased from Acros Organics (Morris Plains, NH). A 1 mM stock solution of each chemical was
prepared in 0.1 M HCIO4. Final working solutions were prepared by diluting a stock in phosphate buffer saline (PBS) (131.25 mM NaCl,

3.00 mM KCI, 10 mM NaH;PO4, 1.2 mM MgClz, 2.0 mM NazSO4, and 1.2 mM CacCl, with the final pH adjusted to 7.4 with 1 M NaOH).

2.2.2 Microelectrode Preparation

CFMEs were prepared as previously described.?* A T-650 carbon fiber (Cytec Engineering Materials, West Patterson, NJ) with
7 um diameter was aspirated into a standard 1.28 mm inner diameter x 0.68 mm outer diameter glass capillary tube (A-M Systems,
Sequim, WA) with a vacuum pump. A capillary was then pulled by a vertical puller (Narishige, Tokyo, Japan) to make two electrodes.
The exposed fiber was cut to 25-75 ym. The CFME was epoxied by dipping the tip of the fiber into a solution of 14% m-
phenylenediamine hardener (Acros Organics, Morris Plains, NH) in Epon Resin 828 (Miller-Stephenson, Danbury, CT) at 80-85 °C for

30-40 seconds. The CFMEs were cured at 100 °C overnight and 150 °C for at least 8 hours.

2.2.3 Electrochemical Instrumentation

Initial flow cell fouling experiments were performed using a two-electrode system with a CFME working electrode backfilled with
1 M KCI.171824.29 Al potential measurements are reported versus a chloridized Ag/AgCl wire reference electrode, and experiments were
performed in a grounded Faraday cage. Before experiments, electrode tips were soaked in isopropy! alcohol for a minimum of 10
minutes to clean the surface. Electrodes were connected to a ChemClamp potentiostat and headstage (Dagan, Minneapolis, MN).
Data were collected with HDCV Analysis software (Department of Chemistry, University of North Carolina at Chapel Hill). Figure 1
shows background charging currents for each waveform tested and describes background subtraction procedures. The flow-injection
system consists of a six-port loop injector with an air actuator (Valco Instruments, Houston, TX). PBS buffer and test solutions were
flowed at 2 mL/min using a syringe pump (Harvard Apparatus, Holliston, MA) through a flow cell with the CFME tip inserted in solution.
Analyte was flowed by the electrode for 5 seconds. D. melanogaster in vitro experiments were performed using the same two-electrode
system, except electrodes were connected to a WaveNeuro system (Pine Research, Durham, NC). CFMEs were precalibrated and

post calibrated in vitro using a flow injection analysis to flow 1 M serotonin solution by the electrode to determine the current response
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(Figure 2). The concentration of serotonin was determined in vitro using this calibration factor, since the measured oxidation peak

current is linear with the serotonin concentration.32
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Figure 1. Fast-scan cyclic voltammetry (FSCV) background (BG) charging currents. FSCV cyclic voltammograms on the left column
show BG charging currents (dotted line) for each waveform (no analyte) along with BG charging current with 1 pM serotonin
(colored). The right column shows BG subtracted cyclic voltammograms for 1uM serotonin with each waveform. When a potential is
applied to the CFME, the double layer charges like a capacitor and produces a background (BG) charging current.!! The charging
currents are proportional to the size (surface area) of the CFME and scan rate applied. CFMEs that are 25-75 ym in length usually
produce BG currents between 200-800 nA. Larger background currents are observed for the Jackson waveform and ESW with 1000
V/s scan rates. The potential is applied for 10 minutes to allow the BG current to equilibrate before the experiment is run. Ten scans
before the serotonin injection were averaged for background currents to subtract, and 5 CVs from when serotonin were injected were
averaged for the analyte.
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Figure 2. Drosophila melanogaster in vitro CFME 1 pM serotonin precalibration and post calibration responses. Figure S2A-D shows
example precalibration and post calibration cyclic voltammogram responses with each waveform to 1 puM serotonin flow cell injection.
CFMEs foul 20-50% after inserting and removing the electrodes into larval ventral nerve cord tissue. Electrode fouling can be caused
by entropy-driven unfolding and adsorption of proteins to the charged electrode surface.®® Although CFMEs foul from tissue
exposure, serotonin detection was stable for each waveform (Fig 7A-D, Fig. S5). On average, CFMEs fouled 40 + 6% with the
Jackson waveform, 43 + 5% with the Dopamine waveform, ESW 38 + 4%, and the EHSW 36 + 3% (n = 4).

2.2.4 Waveform Parameters

The traditional serotonin “Jackson” waveform (JW) proposed in Jackson et al., scans from 0.2 V to a switching potential of 1.0
V to -0.1 V back to the holding potential of 0.2 V at 1000 V/s (Fig. 3).2° The traditional dopamine waveform (DA) was tested that scans
from -0.4 V to 1.3 V at 400 V/s. The extended serotonin waveform (ESW) extends the Jackson waveform to a switching potential at
1.3Vv(0.2V,13V,-0.1V, 0.2V, 1000 V/s). A sawhorse waveform, known as the extended hold serotonin waveform (EHSW) was
similar to the ESW but the switching potential was held for 1 ms at 1.3V (0.2 V, 1.3V (1 ms), -0.1V, 0.2 V, 400 V/s). A frequency of

10 Hz was used for all waveforms. A 2 KHz low-pass filter was applied for 400 V/s scan rates, and 10 kHz filter for 1000 V/s scan rates.

2.2.5 Drosophila melanogaster Experiments

Methods were previously described in Privman et al. 2015.% Virgin females with UAS-CsChrimson (Stockline #55136,
Bloomington Drosophila Stock Center, Bloomington, IN) were crossed with tph-Gal4 (Serotonin driver line), a gift from Dr. Jay Hirsh
(University of Virginia, Biology Department) and resulting heterozygous larvae were shielded from light and raised on standard food
mixed 250:1 with 100 mM all-trans retinal (Sigma-Aldrich). The ventral nerve cords (VNCs) of third instar “wandering” larvae were
dissected out in PBS buffer kept on ice. A VNC was placed on an uncoated Petri dish dorsal side down, and a small slice of the lateral
optic lobe was removed using the tip of a 22-gauge hypodermic needle. The electrode was implanted from the lateral edge of the tissue
into the dorsal medial protocerebrum. Dissection and electrode insertion were conducted under low light conditions. The electrode was
allowed to equilibrate in the tissue for 10 minutes in the dark prior to data collection.
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Optogenetic release of serotonin was stimulated by activating CsChrimson ion channels with red light from a 617 nm fiber-
coupled high-power LED with a 200 um core optical cable (ThorLabs, Newton, NJ, USA).? The fiber was centered above the VNC
using a micromanipulator and the light was modulated with transistor—transistor logic (TTL) inputs to a T-cube LED controller (ThorLabs),
which was connected to the FSCV breakout box. TTL input was driven by electrical pulses controlled by the WaveNeuro system and
HDCV software, which were used to control frequency, pulse width, and number of pulses. For in vitro experiments, 120 biphasic
pulses were delivered at 60 Hz and pulse width of 4 ms. Stimulations were repeated every 5 minutes to allow the releasable pool of

serotonin to replenish itself.’

2.2.6 Serotonin Imaging in Larvae Ventral Nerve Cords

Drosophila were bred to yield a tph-Gal4/CyO; UAS-mCD8-GFP cross, a gift from Dr. Jeffery Copeland (Eastern Mennonite
University, Biology Department). Third instar larvae were collected and dissected as stated above but raised in normal light conditions.32
For imaging preparation, several VNCs were collected and placed in a Petri dish with cold PBS on ice. VNCs were preserved by
removing PBS and pipetting 2-3 mL of 4% paraformaldehyde in PBS solution (Alfa Aesar, Ward Hill, MA). The petri dishes were covered
in Parafiim (Bemis, Neenah, WI) and gently rocked for 20 minutes on a Nutating Mixer (VWR International, Radnor, PA).
Paraformaldehyde was removed and 2 mL PBS was applied for 20 minutes as an initial wash, followed by two 5-minute wash steps.
A glass slide was prepared by placing preserved specimens dorsal side up in a 60 pL aliquot of Vectashield (Vector Laboratories,
Burlingame, CA). A Zeiss AxioZoom macroscope (Carl Zeiss Microscopy, Germany) was used to image GFP expression with Image J

software (National Institutes of Health).

2.2.7 Statistics

Data are the mean + the standard error of the mean (SEM) for n number of electrodes. Statistics were performed in GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA). For One-Way ANOVA, Two-Way ANOVA, and Tukey’s post-hoc test, significance was
determined at 95% confidence level.

For sensitivity and selectivity determination, the limit of detection (LOD) for serotonin and dopamine were calculated from the
lowest concentrations tested: 100 nM serotonin (all waveforms), 100 nM dopamine (DA and EHSW), 1 uM dopamine (ESW), and 10
UM dopamine (JW). LOD is calculated by a ratio method, as the ratio of the measured S/N to the tested concentration is equal to the
LOD divided by 3. Noise was determined by calculating the standard deviation (SD) of the baseline current from 0-3 s in the i vs t trace
(n = 30).
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2.3 Results and Discussion

2.3.1 Waveform Characteristics

We designed and tested new serotonin waveforms by varying the switching potential, holding potential, and scan rate to
determine their sensitivity, selectivity, and electrode fouling behaviors. Figure 3 shows the main waveforms tested and Table 1
summarizes waveform parameters. The Jackson waveform was compared to the traditional dopamine waveform that uses a negative
holding potential and extended switching potential. The extended serotonin waveform (ESW) extends the Jackson waveform to 1.3 V,
but uses the same 1000 V/s scan rate. The extended hold serotonin waveform (EHSW) is a sawhorse waveform that extends the
applied switching potential at 1.3 V for 1 ms with a slower scan rate at 400 V/s. A 1 ms hold was chosen because holds 21 ms do not
produce higher or different current responses, but a 1 ms hold oxidizes the surface more than a 0.5 ms hold.3* Our hypothesis is that
extending the switching potential will decrease fouling and increase sensitivity for serotonin by continuously regenerating the carbon

fiber surface.?® In addition to the main waveforms, scan rate was also varied for the ESW and EHSW (Figure 7).

A. Jackson Waveform B. Dopamine Waveform
—— 100 ms 1.3V
1.0V
o2v/ \'%0VE [} 400 Vs
-0.1V -0.4V
—22ms 8.5_n;s

C. Extended Serotonin Waveform D. Extended Hold Serotonin Waveform

1.3V 1.3V 1ms
1000 V/s 400 Vis
0.2V L 0.2V o
0.1V 01V
—28ms 8.5 ms

Figure 3. Waveforms tested. A. Traditional serotonin “Jackson” waveform with a 1.0 V switching potential and 1000 V/s scan rate. B.
Traditional dopamine waveform with a -0.4 V holding potential, extended 1.3 V switching potential, and 400 V/s scan rate. C.
Extended serotonin waveform (ESW) with 1.3 V switching potential and 1000 V/s scan rate. D. Extended hold serotonin waveform
(EHSW) with a 1 ms hold at 1.3 V and 400 V/s scan rate. All waveforms were repeated at 10 Hz.
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Table 1. Summary of waveform parameters.

Switching  Holding  Scan
Waveform Potential Potential Rate

V) (V) (V/s)

Jackson 1.0 0.2 1000
Dopamine 1.3 -0.4 400
ESW 1.3 0.2 1000
EHSW 1.3 (1 ms) 0.2 400

Figure 4 shows example false color plots and cyclic voltammograms (CVs) for each waveform. The Jackson waveform (Fig.
4A) uses a high scan rate that shifts the oxidation peak to approximately 0.9 V. The characteristic reduction peak at 0.0 V is difficult
to see on the CV because of the fast scan rate and potential that sweeps to only -0.1 V. However, the reduction peak is observed on
the false color plot. The serotonin CV for the dopamine waveform shows full oxidation and reduction peaks at 0.6 V and 0.0 V,
respectively (Fig. 4B). The serotonin CV for the ESW is similar to the Jackson waveform; however, the oxidation peak is fully
observed because of the extension to 1.3 V (Fig. 4C). The cyclic voltammogram for the EHSW (Fig. 4D) is similar to the dopamine
waveform and shows similar oxidation and reduction peaks. The reduction peak is easier to identify than the Jackson waveform and

ESW because of the slower scan rate (400 V/s).

C. Extended Serotonin D. Extended Hold
Waveform Serotonin Waveform
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Figure 4. Example false color plots (above) and cyclic voltammograms (CV, below) for all waveforms for 1 uM serotonin injection in a
flow cell. Color plots show oxidation (green) and reduction (blue) for serotonin. A. The Jackson waveform displays a shifted oxidation
peak in the CV, and the reduction peak is harder to see because of the -0.1 V negative potential. Both oxidation and reduction peaks
are observed in the color plot. B. The dopamine waveform shows a complete CV with fully resolved oxidation and reduction peaks at
approximately 0.6 V and 0.0 V, respectively. C. The extended serotonin waveform (ESW) extends the switching potential to 1.3 V
with 1000 V/s scan rate and thus, the CV is similar to the Jackson waveform, except its oxidation peak is fully resolved. D. The

extended hold serotonin waveform (EHSW) applies a 1 ms hold at 1.3 V (400 V/s) and the CV shows fully resolved oxidation and
reduction peaks similar to the dopamine waveform.
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2.3.2 Repeated serotonin measurement fouling
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Figure 5. Serotonin and 5-hydroxyindoleacetic acid oxidation scheme. Serotonin undergoes irreversible oxidation after it reaches its
quinone form.?>%* The negatively charged serotonin radical is delocalized over the indole ring structure. Dimerization and extension
occur on the alpha carbons located next to serotonin’s carbonyl group. 5-hydroxyindole acetic acid (5-HIAA) undergoes a similar
irreversible oxidation reaction. 5-HIAA has an identical structure to serotonin, except the ethylamine group is replaced with a negative
carboxyl group at physiological pH.

Serotonin undergoes irreversible oxidation and produces a series of radicals that dimerize and extend to form a polymer (Figure
5).2-2 This serotonin polymer electropolymerizes to the carbon fiber and forms films that hinder electron transfer. To test electrode
fouling, 25 repeated serotonin injections were made for 5 seconds every 30 seconds using flow injection analysis. A CFME fouls if the
current decreases from the initial current of the first injection. Figure 6A-D shows cyclic voltammograms for the initial (black) and 25th
injections (colored) for each waveform. Electrodes using the Jackson waveform (Fig. 6A) fouled the most, with a 39 + 3% average
current decrease after 25 injections (n = 6). No fouling was observed with electrodes using the dopamine waveform (Fig. 6B) and
current decreased only 5 + 2% . Electrode fouling was similar for the ESW (Fig. 6C) and EHSW (Fig. 6D) with 19 + 2% and 18 + 4%

current decrease, respectively. Fig. 6E compares electrode fouling for the repeated injections among waveforms. There were signficant

overall effects of waveform applied (Two-Way ANOVA, Fs20 = 26.75, p = 0.0001, n = 6) and injection number (F(4,480) = 66.34, p =
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0.0001) with significant interaction between the groups (Fg24s80 = 11.51, p = 0.0001). Tukey’s post-hoc test revealed significant
differences in electrode fouling with the Jackson waveform compared to the dopamine waveform, ESW, and EHSW (all p = 0.0001).
However, no differences in electrode fouling were observed between the other waveforms (p > 0.05). To test the effect of scan rate on
electrode fouling, the ESW and EHSW were tested at 400 and 1000 V/s (Fig. 7). No differences were observed with scan rate for the
EHSW. However, electrodes using the ESW fouled more at 400 V/s (39 + 2%) compared to 1000 V/s (19 + 2%), so 1000 V/s was

chosen as the optimal scan rate.
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Figure 6. Repeated serotonin measurement electrode fouling was determined by injecting 1 uM serotonin for 5 seconds every 30
seconds repeated 25 times in a flow cell. Cyclic voltammograms show initial (1%, black) and final (25™, color) injections for each
waveform. A. The current for the 25" CV is significantly reduced with the Jackson waveform. B. Electrode current responses using
the dopamine waveform were stable. Electrodes using the C.ESW and D. EHSW had slight decreases in current for the 25™ injection.
E. Comparison of all waveforms for fouling with repeated injections of 1 pM serotonin. Plot shows normalized current (to the first
injection) with standard error of the mean (SEM) error bars. There were significant main effects of waveform (Two-Way ANOVA,
F@z20= 26.75, p = 0.0001, n = 6) and injection number (F(4,480) = 66.34, p = 0.0001) on current detected. Electrode fouling with the
Jackson waveform was significantly different compared to electrodes using the dopamine waveform, ESW, and EHSW (Tukey’s
post-hoc, p = 0.0001). No differences in fouling were observed between the other waveforms (p > 0.05).
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Figure 7. Extended serotonin waveforms scan rate comparison. The extended serotonin (ESW) and extended hold serotonin (EHSW)
waveforms were initially tested at 400 and 1000 V/s. The ESW at 400 V/s exhibited similar cyclic voltammograms to the dopamine
waveform and EHSW at 400 V/s with oxidation peaks at 0.6 V and reduction peaks at 0.0 to 0.2 V. There was a significant effect of
injection number versus normalized current detected comparing the four waveforms (One-way ANOVA, p = 0.0001, n = 6). ESW
electrode fouling is significantly different at 400 V/s compared to 1000 V/s with a 39 + 2% decrease and 19 * 2%, respectively (Tukey’s
post-hoc, p = 0.0001). No significant differences in electrode fouling were observed between the ESW 1000 V/s, EHSW 400 V/s, and
the EHSW 1000 V/s. The EHSW at 400 and 1000 V/s displayed similar electrode fouling behaviors and suggest extending the switching
potential for prolonged periods of time (=1 ms) compensates for using a slower scan rate.

2.3.3 Fouling after long exposure to 5-hydroxyindoleacetic acid

In mammals, the majority of serotonin in cerebral spinal fluid and blood quickly metabolizes to 5-hydroxyindoleacetaldehyde by
monoamine oxidase-A and further oxidizes to 5-hydroxyindoleacetic acid (5-HIAA), which is present in mammalian tissue at
concentrations 1000-fold greater than serotonin.?* 5-HIAA fouls CFMESs through a similar oxidation scheme to serotonin and produces
a radical intermediate that dimerizes and electropolymerizes to the CFME (Fig. 5). To determine electrode fouling effects with long 5-
HIAA exposure, the current response to a 1 puM 5-HIAA injection was recorded, the CFME was soaked in 5-HIAA for 1 hour with a
waveform applied, and then the current response to 5-HIAA was analyzed again. Control experiments were similar, but the electrode
was soaked in PBS for an hour with a waveform applied. CFMEs were additionally soaked in 1 pM serotonin for 1 hour to compare
fouling behaviors to highly concentrated serotonin for an extended period of time (Fig. 9).

Figure 8A-D shows cyclic voltammograms for the initial and final injections of 5-HIAA for each waveform. In Fig. 8A, electrodes
using the Jackson waveform show dramatically reduced currents after the waveform is applied for 1 hour in 5-HIAA. In comparison,
using the dopamine waveform, currents are higher after 1 hour of soaking in 5-HIAA (Fig. 8B). For electrodes using the ESW (Fig. 8C)
and EHSW (Fig. 8D), currents decreased around a third. Fig. 8E shows a comparison of currents 1 hour after soaking in PBS (control)
or 5-HIAA with the different waveforms applied. There were significant effects of waveform (Two-Way ANOVA, F@32e = 38.16, p =

0.0001, n = 6 for 5-HIAA, n = 3 for PBS) and soaking in either 5-HIAA and PBS (F,2s) = 26.47, p = 0.0001) on current response with

Dunham | 68



significant interaction between the groups (F28) = 14.79, p = 0.0001). Electrodes using the Jackson waveform fouled the most in 5-
HIAA with a 65 * 4% decrease, and current responses were significantly different compared to the control (Fig. 8E, Tukey’s post-hoc,
p = 0.0001). The ESW and EHSW had similar electrode fouling, with 34 + 3% and 28 + 4% current decrease, respectively. However,
only EHSW current responses are significantly different in 5-HIAA and PBS (p = 0.01). No electrode fouling was observed with the
dopamine waveform, and the final currents were higher than the initial currents (145 + 11%, p > 0.05), which indicates that the CFME
is activated by the waveform. Long exposure to 1 uM serotonin showed similar trends to 5-HIAA even though electrodes fouled severely
(Fig. 9). CFMEs using the Jackson waveform fouled the most (85 £ 1%) compared with the ESW (65+ 4%) and EHSW (63 3%), while

electrodes showed remarkably less fouling with the dopamine waveform (22 + 1%).
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Figure 8. Electrode fouling after long exposure to 5-HIAA. A 1 uM 5-HIAA injection was recorded and the CFME was soaked in 1 pM
5-HIAA for 1 hour with the waveform continuously applied. A final 5-HIAA injection was performed to determine electrode fouling. The
control was soaking in PBS for 1 hour between 5-HIAA injections. A. Example data using the Jackson waveform shows substantial
fouling. B. No fouling was observed with the dopamine waveform in 5-HIAA, and final current values were higher than initial currents.
Electrodes using the C. ESW waveform and D. EHSW fouled moderately. E. Bar graph compares responses for electrodes soaked in
5-HIAA and PBS. There were significant overall effects of waveform (Two-Way ANOVA, F2¢ = 38.16, p = 0.0001) and soaking in 5-
HIAA (n = 6) or PBS (n = 3) (Fa28 = 26.47, p = 0.0001). Electrode fouling was significantly different for the Jackson waveform (F(7,2s) =
36.82, Tukey’s post-hoc, p = 0.0001) and EHSW (p = 0.01), but not the dopamine waveform (p = 0.1) or ESW (p = 0.055).
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Figure 9. Fouling after long exposure to serotonin. To determine electrode fouling effects with long serotonin exposure, the current
response to a 1 uM serotonin injection was recorded, the CFME was soaked in serotonin for 1 hour with a waveform applied, and
then the current response to serotonin was analyzed again and compared to the PBS control (Fig. 4E). Long exposure to serotonin
causes CFMEs to foul with all waveforms. There were significant effects of waveform (Two-Way ANOVA, F 36 = 60.50 , p = 0.0001,
n = 6 for 5-HIAA, n = 3 for PBS, n = 3 5-HT) and soaking in either 5-HT and PBS (F,35)= 84.36, p = 0.0001) on current response
with significant interaction between the groups (Fe,36 = 9.77, p = 0.0001). CFMESs using the Jackson waveform fouled the most with
85 + 1% current decrease, and responses were significantly different from the PBS control (Fig S4A, Tukey’s post-hoc, p = 0.0001).
However, using the Jackson waveform, CFME fouling with serotonin and 5-HIAA is not significantly different (Fig S4B). Electrodes
using the ESW (65 + 4%) and EHSW (63 + 3%) fouled similarly and less than the Jackson waveform. Current responses were
significantly different in serotonin compared to the control and 5-HIAA (both p = 0.0001). However, serotonin electrode fouling
responses were not significantly different using the Jackson waveform, ESW, and EHSW (p = 0.5). Electrodes using the dopamine
waveform also fouled with a 22 + 1% decrease in current, and serotonin responses were significantly different than the control (p =
0.001). Though, serotonin electrode fouling with the dopamine waveform was remarkably less and significantly different compared to
the Jackson waveform (p = 0.00001), ESW (p = 0.001), and EHSW (p = 0.001). The 1 hour exposure to 1 uM serotonin purposefully
fouls electrodes, and may not replicate stimulated responses in vivo where it is only subjected to high concentrations over a short
period of time, like in our optogenetic experiments. In Abdalla et al. 2017, they estimated the basal concentration of serotonin in mice
brain tissue in vivo was approximately 60 nM.3°

For both serotonin and 5-HIAA fouling experiments, extending the switching potential to 1.3 V decreased electrode fouling by
removing electropolymerized films.?® In Jackson et al., they proposed using a high scan rate of 1000 V/s to “outrun” serotonin fouling
film formation.?° We observed less electrode fouling using the ESW at 1000 V/s than 400 V/s, but the sawhorse waveform shows no
differences with scan rate (Fig. 7). The extended hold at 1.3 V allows more time for the carbon surface to regenerate, so fouling was
similar regardless of scan rate.?® Although electrode fouling was still observed with the new serotonin waveforms, fouling was half that
observed using the traditional Jackson waveform for both analytes.

Using the dopamine waveform, electrodes did not foul with repeated serotonin injections or long exposure to 5-HIAA. The
holding potential at -0.4 V is applied for over 90% of a waveform cycle and helps attract the positively charged amine group to the
electrode.'?” However, during serotonin oxidation, the highly reactive radical is delocalized over the indole ring structure.?2® This
delocalization of the radical gives it a partial negative charge, which could reduce adsorption with a negative holding potential. Likely,

serotonin dimers are still produced, but if they polymerize onto the carbon fiber, the higher switching potential regenerates the surface
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by continuously breaking carbon-carbon bonds.?® Similarly, 5-HIAA and its radical possess a negatively charged carboxyl group at
physiological pH, which is also repelled by the negative holding potential. In Figure 8E, the dopamine waveform produced higher
current responses after 1 hour because the extended switching potential increases surface oxide groups, increasing the current.?® The
waveforms that use a positive holding potential at 0.2 V attract serotonin radicals and 5-HIAA onto the fiber and produce worse
electrode fouling (Fig. 6E and Fig. 8E). Although extending the switching potential reduces electrode fouling, a negative holding

potential is critical to eliminate it.

2.3.4 Waveform sensitivity and selectivity determination

After understanding electrode fouling behaviors, we investigated CFME responses with serotonin and dopamine for each
waveform to determine sensitivity and selectivity. Figure 10 shows example cyclic voltammograms for 100 nM serotonin and dopamine
with each waveform and Table 2 gives the average results. Each electrode was used to investigate current responses for both analytes,
so responses could be compared (n = 6). Electrodes using all waveforms detected 100 nM serotonin; however, 100 nM dopamine was
only detected with electrodes using the dopamine waveform (Fig. 10B) and EHSW (10D) and not with the Jackson waveform (10A) or
ESW (10C). Current responses for serotonin were highest using the EHSW, followed by the ESW, dopamine waveform, and Jackson

waveform.

A. Jackson Waveform B. Dopamine Waveform
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Figure 10. Example current responses for 100 nM serotonin and dopamine (Table 2 shows averaged results from 6 electrodes). A.
When using the Jackson waveform, the electrode detected 100 nM serotonin, but not 100 nM dopamine. B. Both dopamine and
serotonin were detected at 100 nM with the dopamine waveform, and the cyclic voltammograms has higher currents for serotonin. C.
Using the ESW, the CFME detected 100 nM serotonin, but not 100 nM dopamine. D. With the EHSW, the electrode detected both
100 nM serotonin and dopamine, and the currents for both analytes were the highest compared to the other waveforms.

Table 2 shows the limit of detection (LOD) for serotonin (5-HT) and dopamine (DA). The limit of detection (LOD) for both
analytes was calculated from the lowest concentrations detected, and the LOD for serotonin was lower than dopamine for all waveforms.

CFMEs using the Jackson waveform produced the highest LOD for serotonin at 2.4 £ 1.0 nM (n = 6), while the LOD was lowest for the
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EHSW (0.6 £ 0.2 nM). Electrodes using the ESW and EHSW were the most sensitive for serotonin, with LODs in the hundreds of
picomolar range. Interestingly, with the traditional “dopamine” waveform, CFMEs were 6-times more sensitive for serotonin than
dopamine (Fig. 5B). With the Jackson waveform, electrodes showed the greatest selectivity for serotonin, with an 800-fold higher LOD,
while electrodes using ESW also had a 200-fold higher LOD for serotonin. With the dopamine waveform and EHSW, electrodes were
not highly selective and produced much lower ratios (closer to 1) implying more equal sensitivity to both analytes. The LOD for
dopamine with the Jackson waveform is higher than physiological concentrations typically measured in vivo, so electrodes should not

detect it during experiments.*?

Table 2. Serotonin and Dopamine limit of detection and selectivity ratio

Average Average Ratio
Waveform LOD LOD [DA]

5-HT (n"M) DA (nM)  [5-HT]

Jackson 24+1.0 2000 + 600 833
Dopamine 15+£03 9.4+£0.2 6.3

ESW 0.8+0.2 189 +5 236

EHSW 0.6+0.2 14+0.2 2.3
n=6 electrodes each

Extending the switching potential increases CFME sensitivity for both serotonin and dopamine by increasing adsorption through
increased oxide groups.?”?° However, this decreases chemical selectivity. Electrodes using the Jackson waveform showed the greatest
selectivity, followed by the ESW. In Jackson et al., the -0.1 V potential was designed to allow part of the reduction peak to be observed
in the cyclic voltammogram.?® This limited potential sweep also favors serotonin detection because it reduces around 0.0 V, while
dopamine reduces at -0.2 V. When the potential is swept only to -0.1 V, the oxidized dopamine-o-quinone product is not recycled back
to dopamine in order to be detected again on the next scan.

Interestingly, with the EHSW, electrodes did not show enhanced selectivity because of their prolonged exposure to the extended
switching potential. Electrodes using this sawhorse waveform were the most sensitive to both serotonin and dopamine, however
applying 1.3 V for 1 ms or longer compromises selectivity for sensitivity by increasing adsorption.?”?° Keithley et al. examined sawhorse
waveforms for dopamine detection and held at the switching potential for 0.55 ms.?® Their LOD of 0.9 nM for dopamine is similar to our

EHSW LOD for dopamine at 1.4 + 0.2 nM and LOD for serotonin at 0.6 = 0.2 nM.
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2.3.5 Characterization of optogenetically-stimulated serotonin release using various waveforms in Drosophila ventral nerve cords

Previous work in the Venton lab has shown real-time serotonin and dopamine FSCV detection in larvae and adult Drosophila
melanogaster (fruit flies).1-1°32 Here, each waveform was investigated for biological applications by detecting serotonin release in
isolated fruit fly larvae ventral nerve cords (VNCs). Stimulations were performed with optogenetics by inserting a genetically-encoded,
light-sensitive cation channel (CsChrimson)®? in cells expressing tryptophan hydroxylase (tph).3? Tryptophan hydroxylase is the rate-
determining enzymatic step that converts tryptophan to serotonin. CsChrimson is a form of Channelrhodopsin that responds to red
light, causing exocytosis when activated. A short flash of red light onto the larval VNC causes release of only serotonin without
interference from dopamine.*

Figure 11A shows a confocal image of serotonin neurons in a 5-day old, third-instar larva. Neurons are visualized with GFP
expression with a tph-Gal4/CyO; UAS-mCD8-GFP cross. Serotonin cell bodies are located on either side of the midline, although
projections fill the neuropil. The CFME was inserted to the side of the midline for optimal serotonin detection and the waveform applied
continuously during the experiment (Fig. 11B). The fiber optic cable was positioned above the VNC to deliver red light (617 nm)

stimulations, which were 2 seconds long and delivered every 5 minutes to allow the releasable pool of serotonin to replenish itself.*’

tph-Gal4/CyO; UAS-mCD8-GFP

\

Figure 11. Serotonin neuron imaging and CFME placement in Drosophila larvae ventral nerve cords (VNC). A. A tph-Gal4/CyO;
UAS-mCDB8-GFP cross shows GFP expression of serotonin neuron clusters in the larva VNC. B. Image shows optimal CFME
placement in the neuropil of the VNC to detect the highest concentrations of serotonin.

Figure 12A-D shows example false color plots, i vs t plots, and serotonin cyclic voltammograms (inset) for the initial (colored)
and final (6", black) optogenetic stimulations for each waveform. The false color plots and cyclic voltammograms for each waveform
are similar to their corresponding examples in Figure 4A-D. The i vs t plots show stable electrode current responses when stimulations
are repeated every 5 minutes, regardless of the waveform used. There was no significant effect of waveform on current stability for
repeated injections in Drosophila (Fig. 13, One-Way ANOVA, Fz20) = 1.747, p = 0.1897, n = 4). Ambient levels of serotonin did not foul

electrodes and stable serotonin detection was achieved because the 5 minute wait period between stimulations allows the releasable

pool to replenish itself.)” Monoamine oxidase-A, which catalyzes the breakdown of serotonin to 5-HIAA, has not been identified in
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Drosophila.® Instead, serotonin undergoes sugar-conjugated acetylation reactions and is recycled into the larva’s body and chitin in

the adult’s exoskeleton. Thus, fouling during in vitro detection may not be as much of a prevalent problem in this model organism

compared to mammals.?! Future experiments should compare the waveforms in more complex in vivo mammalian models to determine

stability where 5-HIAA fouling is more prevalent.?* Although detection was stable, a comparison of pre and post-calibrated electrodes

show CFMEs foul 20-50% due to protein adsorption onto the CFME from inserting and removing it into the VNC tissue (Fig. 2).3¢

A. Jackson Waveform B. Dopamine Waveform
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Figure 12. Optogenetic stimulation of serotonin in Drosophila with different waveforms. Repeated stimulations were performed by
shining a red light on the ventral nerve cord for 2 seconds every 5 minutes. False color plots show serotonin release on the first
stimulation. Current responses were compared for the first and final (6™ stimulations. Electrodes using the (A) Jackson waveform,
(B) dopamine waveform, (C) ESW, and (D) EHSW all produced stable measurements (n = 4).
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Figure 13. Optogenetic stimulation waveform stability. A 5 minute wait period was applied between stimulations and six stimulations
were applied. Electrode response stability was determined by comparing normalized currents for the 1st (solid) and 6th stimulations (n
= 4). The Jackson waveform (green) had an average first stimulation stability of 95.4 + 1.1%. The dopamine waveform (purple) at 104
+ 3%, the ESW (red) 94.3 £ 1.7%, the EHSW (blue) 98.1 + 1.9%. All waveforms remained above 90% stable after six repeated
stimulations.

2.3.6 Comparison of serotonin waveforms and future applications

Our results show electrodes foul severely when the Jackson waveform is used to detect repeated serotonin measurements or
when 5-HIAA is present. However, the Jackson waveform is highly selective for serotonin and does not detect physiological
concentrations of dopamine.!! The Jackson waveform is best suited for complex in vivo experiments where serotonin is detected with
the possible interference of dopamine; for example, in regions like the striatum where interference needs to be avoided.! With the
Jackson waveform, Nafion-coated electrodes are required to mitigate serotonin and 5-HIAA fouling.?* Nafion is a cation-exchange
polymer that shields serotonin and 5-HIAA from electropolymerizing to the surface of the fiber. Although it reduces electrode fouling,
thick Nafion layers decrease response times in vivo, so caution is necessary when determining kinetic information during these
experiments.?®

Our work also shows that changing the applied FSCV waveform reduces electrode fouling without applied polymer coatings.

With the extended serotonin waveform (ESW), electrodes had comparable selectivity to the Jackson waveform with reduced fouling
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and higher sensitivity. The ESW could be applied in vivo without Nafion if selectivity and faster responses are required. Nafion coatings
may not be stable with a 1.3 V switching potential because of surface regeneration.?® With the extended hold serotonin waveform
(EHSW), electrode responses were not as selective, but were the most sensitive for both serotonin and dopamine. The EHSW would
be beneficial for optogenetic experiments where either serotonin or dopamine was specifically stimulated, especially if high sensitivity
was necessary.

A major finding in this work is that there is no electrode fouling for serotonin with the dopamine waveform. Further, with the
dopamine waveform, electrodes were more sensitive for serotonin than dopamine, but they were not highly selective. The dopamine
waveform’s anti-fouling nature is due to its extended switching potential, which renews the carbon electrode surface, and negative
holding potential, which reduces adsorption of serotonin and its oxidation products. In Moran et al., a unique waveform (-0.6 V to 1.4
V and back, 400 V/s) was used to detect both serotonin and dopamine in a single cyclic voltammogram, with machine learning to
distinguish the compounds.*” Serotonin and dopamine are usually identified by their different reduction peaks (0.0 V and -0.2 V,
respectively), but these can shift in vivo from tissue fouling and protein adsorption.36* While the sensitivity of CFMEs with the dopamine
waveform has been investigated previously,?”?° it should be recognized that the CFME is more sensitive to serotonin with this waveform
and that small concentrations of serotonin will easily interfere with dopamine measurements. Ultimately, using the dopamine waveform
is beneficial because it produces high sensitivity and causes less electrode fouling, and it is useful in experiments where selectivity is
not a problem. For example, the dopamine waveform is useful for detecting serotonin in optogenetic experiments, where the channel
is genetically targeted to one cell type, so selectivity is not an issue.!’2

Overall, this work shows many waveforms can be applied to CFMESs to detect serotonin. Electrodes using the Jackson waveform
are the most selective for serotonin, but electrodes using the ESW show higher sensitivity than the Jackson waveform while maintaining
high selectivity. With the EHSW and dopamine waveform, electrodes also have excellent sensitivity. All extended waveforms show
less (ESW, EHSW) or no (DA) electrode fouling. Each waveform can be applied to Drosophila for stable serotonin detection; however,

future in vivo applications of each waveform should be based on the properties desired for an experiment.
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2.4 Conclusions

Overall, this work evaluated different FSCV waveforms for serotonin detection and detailed different advantages and
disadvantages for each waveform. Detection using the Jackson waveform is the most selective for serotonin but fouling is the most
problematic. The ESW shows higher electrode sensitivity while maintaining high selectivity. With the EHSW and dopamine waveform,
electrodes have excellent sensitivity. All extended waveforms show reduced electrode fouling compared to the Jackson waveform, and
the dopamine waveform shows no electrode fouling with serotonin or 5-HIAA. Each waveform can be applied to CFMEs for stable
serotonin detection in Drosophila; however, future in vivo applications should be based on experimental designs. For example, the
dopamine waveform can be used in experiments where fouling is an issue if the analyte being detected is known to be serotonin, so
selectivity is not a concern. The ESW is a better choice for experiments requiring selectivity between dopamine and serotonin, and
will limit fouling. All waveforms should be further investigated in mammalian models, but this work developed a toolkit of serotonin
waveforms that can be tuned to the requirements of an individual experiment, and will facilitate a better understanding of the role of

serotonin in ilinesses such as depression.
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Chapter 3

SSRI antidepressants differentially modulate serotonin reuptake and release in Drosophila

Dunham | 80



Abstract

Selective serotonin reuptake inhibitor (SSRI) antidepressants are commonly prescribed treatments for depression, but their
effects on serotonin reuptake and release are not well understood. Drosophila melanogaster, the fruit fly, expresses the serotonin
transporter (ASERT), the major target of SSRIs, but real-time serotonin changes after SSRIs have not been characterized in this model.
The goal of this study was to characterize effects of SSRIs on serotonin concentration and reuptake in Drosophila larvae. We applied
various doses (0.1 — 100 pM) of fluoxetine (Prozac), escitalopram (Lexapro), citalopram (Celexa), and paroxetine (Paxil), to ventral
nerve cord (VNC) tissue and measured optogenetically-stimulated serotonin release with fast-scan cyclic voltammetry (FSCV).
Fluoxetine increased reuptake from 1-100 uM, but serotonin concentration only increased at 100 uM. Thus, fluoxetine occupies dSERT
and slows clearance, but does not affect concentration. Escitalopram and paroxetine increased serotonin concentrations at all doses,
but escitalopram increased reuptake more. Citalopram showed lower concentration changes and faster reuptake profiles compared to
escitalopram, so the racemic mixture of citalopram does not change reuptake as much as the S-isomer. Dose response curves were
constructed to compare dSERT affinities and paroxetine showed the highest affinity and fluoxetine the lowest. These data demonstrate
SSRI mechanisms are complex, with separate effects on reuptake or release. Further, dynamic serotonin changes in Drosophila are
similar to previous studies in mammals. This work establishes how antidepressants affect serotonin in real-time, which is useful for

future studies that will investigate pharmacological effects of SSRIs with different genetic mutations in Drosophila.
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3.1 Introduction

Drosophila melanogaster, the fruit fly, is a versatile model organism that is useful to study the genetic basis of diseases, including
illnesses like depression.* Drosophila show many depressive behaviors, including learned helplessness and changes to locomotion
and feeding,®® and the Krantz group created genetic screens to test neuropsychiatric drugs that target monoamine neurotransmitters
with this model.> Although fruit flies possess simpler neural circuitry than mammals, they use the same neurotransmitters, like serotonin,
that are implicated in depression.>?® Flies have all the major components of the serotonergic system, including the serotonin transporter
(dSERT), which is targeted by selective serotonin reuptake inhibitor (SSRI) antidepressants.®-1° SERT reuptakes serotonin back into
the presynaptic neuron as part of a negative feedback loop, and SSRIs bind to SERT to inhibit this mechanism.%!!12 Behavioral
research reveals that the serotonin system controls depressive behaviors in flies,”® since mutations to serotonin receptors and
serotonin biosynthesis pathways directly affect larval locomotion and feeding.” The Campusano group found a new dSERT mutant that
displayed increased body movements, and that fluoxetine increased biogenic amine reuptake in that mutant.2 While behavioral studies
show the downstream effects of genetic mutations, Drosophila could also be a good model system to study how neurotransmitters
regulate depression and change during administration of SSRIs. However, there is little basic research on the real-time effects of
SSRIs on serotonin changes in Drosophila.

SSRIs are the most commonly prescribed antidepressants; however, their efficacies vary greatly in individuals. One major issue
is that many SSRI antidepressants possess different chemical structures and binding affinities to SERT.#%3-1¢ Prozac (fluoxetine),
Lexapro (escitalopram), Celexa (citalopram), and Paxil (paroxetine) are common SSRIs that do not share chemical structural motifs
(Figure 1), and molecular modeling and docking simulation studies show they have different binding affinities to SERT.!1131516
Historically, the x-ray crystal structure of human SERT (hSERT) was not collected until 2016,'” and dSERT was used before that to
understand the binding affinities and activities of these drugs. Thus, dSERT is a good model to understand hSERT.!11819 and
pharmaceutical screens of SSRIs in Drosophila would be beneficial for future studies of how mutations in SERT affect
neurotransmission.

To monitor neurotransmitters in real-time in vitro, electrochemical detection using fast-scan cyclic voltammetry (FSCV) at carbon
fiber microelectrodes (CFMES) has been used to measure fast neurotransmitter release and reuptake changes.?°-22 With FSCV, the
potential is linearly ramped positively to directly oxidize and then negatively to then reduce electroactive neurotransmitters.?-23 Unique
potential waveforms such as the Jackson waveform or extended serotonin waveform (ESW) are more selective for serotonin detection

over dopamine.?®2* Previously, FSCV and other electrochemical techniques have been used to understand serotonin dynamics in
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mammals.?>-2’ The Hashemi group demonstrated citalopram and escitalopram increase extracellular serotonin,?®2° and Wightman’s
group found that serotonin was stored in dense core vesicles.?® The Daws group also found serotonin reuptake did not significantly
change in SERT KO mice,?’ which implies compensation by other neurotransmitter systems. Our group has adapted FSCV to measure
neurotransmitter dynamics in Drosophila.}%-32 Serotonin release is stimulated using optogenetics, as the UAS/Gal4 system is used to
express CsChrimson with a tryptophan hydroxylase (trh-Gal4) driver that localizes it in serotonin neurons.?°3 This stimulation protocol
selectively releases only serotonin and is used to study serotonin changes in Drosophila to understand how concentration and reuptake
are affected by SSRIs in vitro.

The goal of this study is to explore how SSRIs work at dSERT to change serotonin in real-time, so that Drosophila can be used
as a model organism to study these antidepressants with simple pharmacological assays. We hypothesized that the concentration of
serotonin and the rate of reuptake would vary due to the unique structures of each drug and their affinities for ASERT. At low doses
(<1 uM), escitalopram and paroxetine were the only drugs that increased serotonin concentration. Escitalopram showed the largest
change in reuptake, followed by fluoxetine, citalopram, and paroxetine. These results indicate that stereochemistry for escitalopram
and citalopram contribute to their activity. Additionally, fluoxetine affects serotonin reuptake without changes in concentration, while
paroxetine elicits large changes in serotonin concentration without noticeable changes in reuptake. Our results show serotonin
concentration and reuptake changes are different with each SSRI and suggest unique mechanisms of action that need to be explored
in the future. With this knowledge of how different SSRIs act at dSERT to change serotonin, Drosophila can be used to study how

genetic mutations affect SSRI efficacy and behavior.
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Figure 1. Chemical structures of serotonin and common selective serotonin reuptake inhibitor (SSRI) antidepressants. A. Serotonin
has an indole ring structure. B. Fluoxetine (Prozac) is a racemic mixture of (S) and (R)-fluoxetine. It possesses a very different ring
structure than serotonin and other SSRI antidepressants. C. Paroxetine (Paxil) contains a benzodioxole group on a piperdine ring
that bears substitutes at the 3 and 4 positions for a (3S,4R)-diastereomer. D. (S)-Citalopram is the (S)-enantiomer of citalopram and
is exclusively produced as escitalopram (Lexapro). E. (R)-Citalopram is the (R)-enantiomer of citalopram. Citalopram (Celexa) is a
racemic mixture of the (S) and (R)-enantiomers.

3.2 Experimental Methods

3.2.1 Chemicals

Serotonin hydrochloride (CAS Number: 153-98-0), fluoxetine hydrochloride (56296-78-7), escitalopram oxalate (219861-08-2),
paroxetine hydrochloride (110429-35-1), citalopram hydrobromide (59729-32-7), and all-trans retinal (116-31-4) were purchased from
Sigma Aldrich (St Louis, MO). For pre- and post-calibrations, a 1 mM stock solution of serotonin was prepared in 0.1 M HCIO.. A final
working solution of 1 uM serotonin was prepared by diluting the stock in phosphate buffer saline (PBS, 131.25 mM NacCl, 3.00 mM KCl,
10 mM NaH:PO4, 1.2 mM MgCl;, 2.0 mM Na,SO4, and 1.2 mM CaCl, with the final pH adjusted to 7.4 with 1 M NaOH).?° A 1 mM stock
solution of SSRI antidepressant was prepared in PBS and made fresh daily. Drugs were then diluted to 4x the final dose, and a syringe
was used to slowly add 1 mL of the SSRI dropwise to 3 mL of PBS for in vitro optogenetic experiments to make a final solution bathing

the larval VNC in the desired dose.
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3.2.2 Microelectrode Preparation

CFMEs were prepared as previously described.2%34 Briefly, a T-650 carbon fiber (Cytec Engineering Materials, West Patterson,
NJ) with a 7 um diameter was aspirated into a standard 1.28 mm inner diameter x 0.69 mm outer diameter glass capillary tube (A-M
Systems, Sequim, WA) with a vacuum pump. A capillary was then pulled by a Flaming Brown micropipette horizontal puller (Sutter
Instrument, Novato, CA) to make two electrodes. Fibers were cut to 25-75 um and epoxied by dipping the tip of the electrode into a
solution of 14% m-phenylenediamine hardener (108-45-2, Acros Organics, Morris Plains, NH) in Epon Resin 828 (25068-38-6, Miller
Stephenson, Danbury, CT) at 80-85 °C for 35 seconds. The CFMEs were cured at 100 °C overnight and 150 °C for at least 4 hours

the next day.

3.2.3 Electrochemical Instrumentation

Electrochemical experiments were performed using a two-electrode system with a CFME working electrode backfilled with 1 M
KCI.20303335 Al potential measurements are reported versus a chloridized Ag/AgCl wire reference electrode. Experiments were
conducted in a covered, grounded Faraday cage to block out light. Before experiments, electrode tips were soaked in isopropyl alcohol
for at least 10 minutes to clean the surface. The extended serotonin waveform (ESW, 0.2 V, 1.3V, -0.1 V, 0.2 V, 1000 V/s) was
continuously applied to electrodes using a WaveNeuro system (Pine Research, Durham, NC).% Data were collected with HDCV
Analysis software (Department of Chemistry, University of North Carolina at Chapel Hill). A flow-injection system with a six-port loop
injector and air actuator (Valco Instruments, Houston, TX) was used to pre- and post-calibrate CFMEs for in vitro experiments. PBS
buffer was flowed at 2 mL/min using a syringe pump (Harvard Apparatus, Holliston, MA) through a flow cell with the CFME tip inserted
in solution. For calibration, 1 [JM serotonin was injected for 5 seconds to determine current response. The concentration of serotonin

released during in vitro experiments was determined using this calibration factor.

3.2.4 Tissue Preparation for in vitro Experiments
Methods were previously described in Dunham and Venton 2020.2° UAS-CsChrimson (Stockline BL#55136, Bloomington
Drosophila Stock Center, Bloomington, IN) virgin females were crossed with trh-Gal4 (BL#38389) flies and resulting heterozygous

larvae were kept in the dark and raised on standard food mixed 250:1 with 100 mM all-trans retinal.?’° The ventral nerve cords (VNCSs)
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of third instar “wandering” larvae were dissected in PBS kept on ice. A VNC was placed in an uncoated Petri dish dorsal side down
containing 3 mL of room temperature PBS. A small slice of the lateral optic lobe was removed using the tip of a 22-gauge hypodermic
needle. A CFME was implanted from the lateral edge of the tissue into the dorsal medial protocerebrum using a micromanipulator.
Dissection and electrode insertion were performed under low light conditions to reserve the pools of releasable serotonin.3® CFMEs
were allowed to equilibrate for 10 minutes in tissue in the dark prior to data collection. Institutional ethical approval was not required
for this study. Randomization procedures were not applied for allocation of different treatments. No exclusion criteria for samples were

predetermined. No blinding was performed during data analysis.

3.2.5 Optogenetic Serotonin Release

Optogenetic release of serotonin was stimulated by activating CsChrimson ion channels with red light from a 617 nM fiber-
coupled high-power LED with a 200 um core optical cable (ThorLabs, Newton, NJ, USA).2° A micromanipulator was used to center the
fiber above the VNC tissue, and transistor-transistor logic (TTL) inputs to a T-cube LED controller (ThorLabs) were connected to the
FSCV breakout box to control the light. TTL input was driven by electrical pulses from the WaveNeuro system and HDCV software to
control frequency, pulse width, and number of pulses. For in vitro experiments, 120 biphasic pulses were delivered at 60 Hz with pulse
width of 4 ms. An initial stimulation was recorded and 1 mL of SSRI was slowly added to the Petri dish to not move the tissue or CFME.
Stimulations were repeated every 5 minutes for 15 minutes after the SSRI was added to allow the releasable pool of serotonin to

replenish itself.

3.2.6 Serotonin GFP Imaging in Larvae Ventral Nerve Cords

Drosophila were bred to yield a trh-Gal4/Cyo; UAS-mcD8-GFP cross (Dr. Jeffery Copeland, Eastern Mennonite University,
Biology Department). GFP was used to visualize serotonin neurons in the fruit fly larva VNC. Flies and larvae were raised in normal
light conditions.?° Several VNCs were dissected out and placed in a Petri dish with PBS kept on ice. PBS was removed and VNCs
were preserved with 1-2 mL of 4% paraformaldehyde in PBS solution (30525-89-4, Alfa Aesar, Ward Hill, MA). The Petri dishes were
coved in Parafilm (Bemis, Neenah, WI) and rocked for 20 minutes on a Nutating Mixer (VWR International, Radnor, PA).
Paraformaldehyde was removed and an initial wash of 2 mL of PBS was applied for 20 minutes, followed by two 5 minute washes. The

specimens were placed on a glass slide dorsal side up in 60 L of Vectashield (Vector Laboratories, Burlingame, CA). GFP expression
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was imaged using a Zeiss AxioZoom macroscope (Carl Zeiss Microscopy, Germany) with Image J software (National Institutes of

Health).

3.2.7 Statistics

Data are the mean =* the standard error of the mean (SEM) for n number of Drosophila larvae. For 100 nM, 1, 10, and 100 uM
dosage experiments, n = 6 larvae (larvae were not sexed, so both males and females were used). For drug dose response curve
experiments, each dose is at least n = 4 larvae. For a sample calculation, we performed power analysis in MedCalc (MedCalc Statistical
Software, Ostend, Belgium) using the paired sample t-test where 0 = 0.05, 1-f = 0.1, mean difference in current detected = 0.45 nA,
and standard deviation of differences = 0.2 nA, which results in n = 4 larvae.3033353¢ Statistics were performed in GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA). Data were normally-distributed for multiple drug comparisons (all KS distance = 0.1719,
Kolmogrorov-Smirnov, p > 0.1000). Significance was determined at a 95% confidence level for One-Way ANOVA, Two-Way ANOVA,

Tukey’s post-hoc test, and comparison of fits. No test for outliers was performed.

3.3 Results

3.3.1 Characterization of SSRI antidepressants in Drosophila with fast-scan cyclic voltammetry

The goal of this study was to understand serotonin changes with different SSRI antidepressants in Drosophila larvae. Figure
2A-D illustrates the experimental overview. Serotonin was measured electrochemically using FSCV. A new serotonin FSCV waveform,
the extended serotonin waveform (ESW), was applied because it has high serotonin sensitivity and high selectivity for serotonin over
dopamine detection.?’ Here, a VNC was dissected out from a third instar lava, and a CFME was inserted into the dissected-out VNC
tissue to detect serotonin, while a reference electrode was placed in the bath. To visualize serotonin neurons, we expressed GFP in
tryptophan hydroxylase neurons, the enzyme that makes serotonin (trh-Gal4/Cyo; UAS-mcD8-GFP, Fig. 2B). Serotonin neuron clusters
surround the mid-line of the VNC and Figure 2C shows optimal CFME placement to measure optogenetically-released serotonin with

FSCV. However, for optogenetic experiments, flies were crossed to yield heterozygous trh-Gal4/UAS-CsChrimson larvae.

Figure 2D shows serotonin release before and after administration of a high (100 [IM) dose of fluoxetine. Data are shown as
concentration versus time plots (above, black) and false color plots (below). The FSCV color plot verifies serotonin is detected as

serotonin oxidation (green) appears around 0.6 V and reduction (blue) around 0.0 V to -0.1 V. An initial red-light stimulation was applied
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for 2 seconds to stimulate serotonin detection before the SSRI. Then fluoxetine was applied to the bath and stimulations repeated
every 5 minutes. Figure 3 displays example repeated stimulations with the other SSRIs and high doses of escitalopram, paroxetine,
and citalopram show changes around 5 minutes. Stimulated serotonin concentration increases 10 minutes after the drug. Serotonin
reuptake also starts to increase at 10 minutes and is visualized as the elongated oxidation and reduction peaks on the color plot and
a longer time to half max decay (tso) on the traces. Although these changes start at 10 minutes, serotonin concentration and reuptake

changes increase at 15 minutes. Here, we chose 15 minutes for all experiments to ensure that each drug had full effects.

A. Overview of Experimental Methods B-C. FSCV Serotonin
Third instar larva Measurement
Ag/AgCl
> VNC Reference
~ Optic
FSCV with fiber
ESW 1
A 617 nM
1000 V/s “ \E—
01V CFME = ~ L 5':'!,, S
_ erOms 1 mL SSRI
100 ms |
D. Time-course Application with Repeated Stimulations
Before 2 After 5 min After 10 min After 15 min

tso “_’ 100 uM

* Fluoxetine /\
. 5. 0 s “J :

Figure 2. Serotonin measurements in Drosophila larval nerve cord after SSRIs. A. Experimental overview. From counterclockwise,
a third instar larva ventral nerve cord (VNC) is dissected out and placed in a Petri dish. A carbon fiber microelectrode (CFME) is
inserted and an optical fiber placed over the VNC. Fast-scan cyclic voltammetry (FSCV) with extended serotonin waveform (ESW)
is applied to the CFME continuously to measure serotonin that is released after a 2-second red light (617 nm) stimulation that opens
an optogenetic channel. Then, an SSRI is added to the bath. Cartoon was created in BioRender. B. Location of serotonin neurons
in Drosophila. GFP expression of serotonin neuron clusters from a trh-Gal4/Cyo; UAS-mcD8-GFP fly. Serotonin neurons flank the
midline of the VNC and the optic lobes. C. Microscope image shows optimal placement of the CFME into the midline of the VNC to
detect the highest concentrations of serotonin near serotonin neurons. D. SSRI application with repeated stimulations. Example
FSCV conc. versus t and color plots show serotonin detected before and after 100 uM fluoxetine (n = 6 larvae). Optogenetic
stimulations are repeated every 5 minutes. Current detected is converted to serotonin concentration using a post-calibration factor,
and reuptake is characterized by the time to half max decay (tso) of the peak detected in the trace, which increases from before and
after 15 minutes.
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Figure 3. FSCV serotonin detection after repeated 5 minute stimulations with other SSRI antidepressants (n = 6 larvae). Figure 2D
shows example FSCV color plots before and after 100 uM fluoxetine was applied with characteristic serotonin oxidation and
reduction changes once a red-light, optogenetic stimulation is applied every 5 minutes. Fig. 3A, B, C also show example FSCV color
plots before and after 100 uM escitalopram, paroxetine, and citalopram, respectively. Red-light stimulations were also applied every
5 minutes. Escitalopram, paroxetine, and citalopram start to show changes in serotonin concentration and reuptake after 5 minutes,
but the largest changes in concentration and reuptake are noticeable after 15 minutes.

3.3.2 Escitalopram increases serotonin reuptake and concentration more than citalopram

Lexapro (escitalopram) and Celexa (citalopram) are commonly prescribed SSRI antidepressants to treat depression. Lexapro
is the (S)-enantiomer of citalopram, while Celexa is a 50:50 racemic mixture of (S)- and (R)-citalopram.®3"-38 Figure 4A-D shows
serotonin concentration and reuptake changes with escitalopram. Figure 4A-B shows concentration versus t plots before (black) and
after a low dose, 100 nM (A), and a high dose, 10 uM (B), of escitalopram. Serotonin concentration and reuptake increased, which is
visualized with the longer traces and increase in current, even at a lower dose. There was a significant overall effect of escitalopram
dose on serotonin concentration (Fig. 4C, One-Way ANOVA Fu.43= 74.05, p < 0.0001, n = 6). Tukey’s post-hoc test revealed
serotonin concentrations were significantly different from pre-drug for every dose (p** < 0.01, p*** < 0.001, and p**** < 0.0001).

Likewise, there was a significant overall effect of escitalopram dose on tsg (Fig. 4D, one-Way ANOVA F.43= 189.4, p < 0.0001) and
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reuptake was different after each dose than pre-drug. Figure 5A displays example traces for 100 uM doses, and escitalopram

approximately tripled with this dose.

A. 100 nM Escitalopram B. 10 uM Escitalocpram
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C. Escitalopram Dose D. Escitalopram Dose
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.
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Figure 4. Effects of escitalopram. Traces before (black) and after (green) escitalopram (Lexapro, n = 6 larvae). A-B. Example
FSCV conc. versus t traces before and after (A) 100 nM and (B) 10 uM escitalopram. C. Concentration changes by dose. One-
Way ANOVA with Tukey’s post-hoc comparisons show each dose is significantly different than pre-drug (before) (p** < 0.01, p***
< 0.001, and p**** < 0.0001). D. Serotonin reuptake (tsp) changes. Reuptake significantly increased with all doses (One-way

ANOVA, Tukey’s post-test, p**** < 0.0001).
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Figure 5. SSRI comparisons at 100 pM (n = 6 larvae). Serotonin concentration and reuptake are characterized by conc. versus t
plots before (black) and after 100 uM escitalopram (A, green), citalopram (B, red), paroxetine (C, purple), and fluoxetine (D, blue)
were applied for 15 minutes with methods previously described. Each SSRI increased serotonin concentrations and slowed reuptake.
High-doses of fluoxetine, paroxetine, and citalopram were similar in release and reuptake. However, serotonin concentrations were
higher with escitalopram and reuptake was longer than the other SSRIs. There were signficant effects with the 100 [JM dose of each
drug on serotonin concentration (Fig 5E, One-Way ANOVA, F3 20 = 20.26, p < 0.0001, n = 6). Serotonin concentrations were
significantly higher with paroxetine and escitalopram, and Tukey’s post-hoc test determined both were different to fluoxetine (p <
0.0256 and p < 0.0001, respectively). There was also a significant effect of the 100 [IM dose of each drug with serotonin reuptake
(Fig 5F, One-Way ANOVA, F@20)= 16.00, p < 0.0001, n = 6). Serotonin uptake was significantly different with escitalopram compared
to the other drugs (Tukey’s post-hoc, all p < 0.0001). However, there were no differences between paroxetine, fluoxetine, and
citalopram (all p =2 0.9609).

Figure 6A-E displays serotonin concentration and reuptake changes with citalopram. Citalopram did not increase serotonin
concentrations or reuptake at 100 nM (Fig. 6A), but did increase concentration and reuptake at 10 pM (Fig. 6B). There was a
significant overall effect of citalopram dose on serotonin concentration (Fig. 6C, One-Way ANOVA, Fu.43 = 68.14, p < 0.0001, n = 6).
Tukey’s post-hoc showed serotonin concentrations were not significantly different after 100 nM (p = 0.9965) or 1 uM (p = 0.5098), but
concentrations increased at 10 and 100 uM (both p < 0.0001). Additionally, there was a significant overall effect of citalopram dose
on serotonin reuptake (Fig. 6D, One-Way ANOVA Fu.43 = 114.3, p < 0.0001), and Tukey’s post-hoc revealed reuptake after 100 nM
citalopram was not different than before the drug (p = 0.8687), but reuptake was increased significantly with 1, 10, and 100 uM doses

(p < 0.0001).
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Figure 6. Effects of citalopram. Traces are before (black) and after (red) citalopram (Celexa, n = 6 larvae). A-B. Plots show
serotonin current and tso changes before and after (A) 100 nM and (B) 10 uM. C. Bar graph shows serotonin concentration by
dose. Serotonin only significantly increased with 10 and 100 pM citalopram (One-Way ANOVA, Tukey’s post-hoc, p**** < 0.0001).
D. Changes in serotonin reuptake (tso). Reuptake was not affected at the lowest dose, 100 nM (One-way ANOVA, Tukey’s post-
test, p < 0.8687), but was significantly greater at the larger doses, (p**** < 0.0001).

3.3.3 Paroxetine elicits high serotonin concentration changes, but less change in reuptake

Figure 7A-D shows serotonin concentration and reuptake changes with paroxetine. Paroxetine increased serotonin
concentrations at 100 nM and even more at 10 uM. However, serotonin reuptake was fast, with shorter tso values than the other
SSRIs. There was a significant overall effect of paroxetine dose on serotonin concentration (Fig. 7C, One-Way ANOVA F.43) = 47.85,
p < 0.0001, n = 6), and Tukey’s post-hoc determined serotonin concentrations were significantly different than pre-drug after all
doses (100 nM p < 0.001, all other doses p < 0.0001). There was also a significant overall effect of paroxetine dose on serotonin
reuptake (Fig. 7D, One-Way ANOVA Fu.43 = 68.51, p < 0.0001), and Tukey’s post-hoc test determined reuptake was significantly

different with each dose (all p < 0.0001).
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Figure 7. Effects of paroxetine. Traces are before (black) and after (purple) paroxetine (Paxil, n = 6 larvae). A-B. Example FSCV
conc. versus t plots before and after (A) 100 nM and (B) 10 uM paroxetine. C. Concentration changes by dose. One-Way ANOVA
with Tukey’s post-hoc comparisons show each dose is significantly different than pre-drug (before) (p**** < 0.0001). D. Serotonin
reuptake (tso) changes. Reuptake significantly increased with all doses (One-way ANOVA, Tukey’s post-test, p**** < 0.0001).

However, uptake was faster than with escitalopram or citalopram.

3.3.4 Fluoxetine slows serotonin reuptake, but does not affect serotonin concentration

Figure 8A-D displays serotonin concentration and reuptake changes with fluoxetine. Serotonin concentrations did not
increase at 100 nM or 10 puM, but reuptake noticeably increased at 10 uM (Fig. 8A, B). Serotonin concentrations did not increase
except with 100 yM (Fig. 8C), even though reuptake started to change at doses = 1 uyM (Fig. 8D). There was a significant overall
effect of fluoxetine dose on serotonin concentration (Fig 8C, One-Way ANOVA Fu.43 = 19.38, p < 0.0001, n = 6), and Tukey’s post-
hoc test showed concentration was different than pre-drug at 100 uM (p < 0.0001, other doses all p = 0.9264). For reuptake, there
was a significant overall effect of fluoxetine dose on serotonin reuptake (Fig 8D, One-Way ANOVA F 43 = 41.67, p < 0.0001). With

Tukey’s post-hoc test, serotonin reuptake was not significantly different with 100 nM (p = 0.7102), but was significant for the doses 1-

100 puM (all p < 0.0001).
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Figure 8. Effects of Fluoxetine. Traces are before (black) and after (blue) fluoxetine (Prozac, n = 6 larvae). A-B. Example FSCV
conc. versus t traces before and after (A) 100 nM and (B) 10 pM fluoxetine. C. Concentration changes by dose. One-Way ANOVA
with Tukey’s post-hoc comparisons show concentration is not significantly different from 100 nM to 10 uM compared to pre-drug
(before, all p 2 0.9264). Only serotonin concentrations with 100 uM were different (p**** < 0.0001). D. Serotonin reuptake (tso)
changes. Reuptake was not significantly different with 100 nM fluoxetine (One-way ANOVA, Tukey’s post-test, p < 0.7102).
However, reuptake was significantly different from 1-100 uM (p**** < 0.0001).

3.3.5 SSRIs show differences in serotonin concentration, reuptake, and SERT affinity

To compare different SSRIs, we first chose a middle dose (1 M) to understand serotonin concentration and reuptake
changes (Figure 9A-F). Figure 7A-D shows concentration versus time traces before (black) and after 1 uM escitalopram (Fig. 9A,
green), citalopram (Fig. 9B, red), paroxetine (Fig. 9C, purple), and fluoxetine (Fig. 9D, blue). Paroxetine and escitalopram were the
only drugs that increased concentration at 1 [JM, but escitalopram displayed slower reuptake, while reuptake with paroxetine was
much faster. With citalopram and fluoxetine, concentrations did not increase, but both displayed longer reuptakes. However, both
were faster than escitalopram. There were signficant effects with the 1 [1M dose of each drug on serotonin concentration (Fig 9E,
One-Way ANOVA, Fsa0)= 18.37, p < 0.0001, n = 6). Serotonin concentrations were significantly higher with paroxetine and
escitalopram, and Tukey’s post-hoc test determined both were different to fluoxetine (both p < 0.0001). There was also a significant
effect of the 1 [IM dose of each drug with serotonin reuptake (Fig 9F, One-Way ANOVA, F40 = 63.92, p < 0.0001, n = 6). Serotonin
reuptake was significantly different with escitalopram compared to the other drugs (Tukey’s post-hoc, all p < 0.0001). However, there

were no differences between paroxetine, fluoxetine, and citalopram (all p = 0.4572).
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Figure 9. Comparison of SSRIs at 1 uM (n = 6 larvae). A-D. Conc. versus t plots show serotonin concentration and reuptake
changes before (black) and after 1 uM escitalopram (A, green), citalopram (B, red), paroxetine (C, purple), and fluoxetine (D,
blue) E. Serotonin concentration comparisons (One-Way ANOVA, Tukey’s post-hoc, p*** < 0.001, p**** < 0.0001). F.
Reuptake differences (tso) by drug type (One-way ANOVA, Tukey’s post-test, p**** < 0.0001). Data were normally-distributed
(all KS distance = 0.1719, Kolmogrorov-Smirnov, p > 0.1000).

Figure 10A shows dose response curves for each drug, which plots the peak concentration versus dose. All drugs were tested
at 100 nM, 1 uM, 10 pM, 50 uM, 100 uM, and 1 mM, and additional doses were added as needed to define the curves (Fig. 11-14, n =
at least 4 larvae). The SSRIs were very different in their slopes and ECso values, which describe their affinity to dSERT.*® Table 1
summarizes serotonin release with ECso values for each SSRI. Fluoxetine (blue) showed the highest ECso of 87 uM and steepest slope
since concentrations did not increase below 100 puM, which suggests that it does not have a high affinity for dSERT. Escitalopram
(green) had the largest changes in serotonin release from 75 to 100 puM, but showed a more gradual change with a lower ECso of 28
pM. Citalopram (red) had an ECsp of 17 uM, and shows the most gradual slope, which implies serotonin release is proportional to dose
applied. It's ECsp is similar to escitalopram. The curve for paroxetine curve (purple) showed the lowest ECsp at 6.6 UM and gradually
changed from 1 to 10 pM. Comparison of fits determined that ECso values were different for each drug (Fig. 10A, Fe 104y = 17.97, p <
0.0001). Paroxetine exhibited the highest affinity to dSERT, which has also been described in other studies.*%° Although these

responses are useful, they only describe normalized changes in concentration and not reuptake.
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Table 1. Summary of drug dose response curve data with initial reuptake and concentration changes

Release Reuptake
SSRI ECso ECsxo Max. tso (S)*
(LM) (LM)

Escitalopram 28 54 11.2+0.6
Citalopram 17 36 8.6+0.2
Paroxetine 6.6 44 7.9+0.3
Fluoxetine 87 2.7 7804

* {50 at 1 mM, the maximum dosage tested

In Figure 10B, we plotted dose response curves with tso on the y-axis and log concentration on the x-axis. The average pre-
drug tso is shown as the dashed, black line. Table 1 also summarizes the normalized ECso reuptake change and maximum concentration
tso for each SSRI. Escitalopram (green) showed large increases even at lower doses, while fluoxetine (blue) and citalopram (red)
showed gradual increases at 1 uM. Paroxetine (purple) displayed faster reuptake from 1-10 uM, but slowed at 50-100 uM. Each SSRI
exhibited longer reuptake at extremely high doses (100 uM and 1 mM), except fluoxetine, which experienced the greatest change in
reuptake from 100 nM-10 uM and shows a lower ECs value. There were signficant overall effects of the type of drug (Two-Way ANOVA,
Fi72= 149.1, p < 0.0001) and dose applied (Fs,72)= 90.48, p < 0.0001) on serotonin reuptake with significant interaction between the
groups (Fas72) = 5.2999, p < 0.0001). Tukey’s post-hoc test showed reuptake with escitalopram was significantly longer compared to
the other SSRIs at all doses tested (all p < 0.0001). Interestingly at 10 uM, paroxetine displayed faster reuptake that was significantly
different from fluoxetine (p < 0.01) and citalopram (p < 0.001). However, at doses = 50 uM there were no differences in reuptake for

fluoxetine, citalopram, or paroxetine (all p = 0.6143).
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Figure 10. Dose response curves for serotonin concentration and reuptake changes. A. Concentration curve. Normalized drug
response curves show serotonin concentration changes after a drug is applied for 15 minutes. Fluoxetine (blue), escitalopram
(green), paroxetine (purple), and citalopram (red, n = at least 4 larvae). ECso values for each drug were different (Comparison of
Fits, Fe,104 = 17.97, p < 0.0001). Paroxetine’s ECso value was the lowest and fluoxetine the highest. Paroxetine displayed the
highest affinity for dASERT, followed by escitalopram and citalopram with similar affinity, and fluoxetine the lowest. B. Uptake curve.
Serotonin tso values before (black dotted line) and after each concentration. Escitalopram showed large changes in reuptake, even
at lower doses, while fluoxetine and citalopram start to increase tso at doses = 1 yM. Paroxetine tso only increases with higher
doses = 50 yM. Data were normally-distributed for multiple drug comparisons (all KS distance = 0.1719, Kolmogrorov-Smirnov, p
> 0.1000).
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Figure 11. Serotonin release and reuptake effects for additional escitalopram doses tested (Lexapro, at least n = 4 larvae). Serotonin
concentration and reuptake are characterized by conc. versus t plots before (black) and after 50 uM (A), 75 uM (B), and 1 mM
escitalopram (C). There was a significant overall effect of escitalopram dose on serotonin concentration (Fig. 11D, One-Way ANOVA,
Fi20=75.58, p < 0.0001, n =6), and Tukey’s post-hoc determined serotonin concentrations were significantly different with all
doses (all p <£0.0001). For serotonin reuptake, there was a significant overall effect of escitalopram dose on serotonin reuptake (Fig.
11E, One-Way ANOVA F20 = 222.4, p < 0.0001). Tukey’s post-hoc revealed reuptake increased significantly each dose (all p <

0.0001).
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Figure 12. Serotonin release and reuptake effects for additional citalopram doses tested (Celexa, n = at least 4 larvae). Serotonin
concentration and reuptake are characterized by conc. versus t plots before (black) and after 5 uM (A), 50 uM (B), and 1 mM
citalopram (C). Serotonin concentrations start to increase at 5 uM, but gradually increase more at 50 uM and 1 mM citalopram. With
serotonin reuptake, each dose gradually slowed reuptake, but 1 mM showed the greatest change. There was a significant overall
effect of citalopram dose on serotonin concentration (Fig. 12D, One-Way ANOVA, F@s20= 45.57, p < 0.0001, n = 6), and Tukey’s
post-hoc determined serotonin concentrations were significantly different with 50 pM and 1 mM (both p < 0.0001). Although serotonin
concentration increased at 5 UM, it was not significantly different compared to pre-drug (p = 0.0505). For serotonin reuptake, there
was a significant overall effect of citalopram dose on serotonin reuptake (Fig. 12E, One-Way ANOVA F20 = 137.0, p < 0.0001).
Tukey’s post-hoc revealed reuptake increased significantly each dose (all p < 0.0001).
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Figure 13. Serotonin release and reuptake effects for additional paroxetine doses tested (Paxil, n = at least 4 larvae). Serotonin
concentration and reuptake are characterized by conc. versus t plots before (black) and after 5 uM (A), 50 uM (B), and 1 mM
paroxetine (C). Serotonin concentrations increased with each dose and were similar. However, serotonin reuptake was similar to pre-
drug for 5 uM paroxetine. Reuptake noticeably increased at 50 pM and 1 mM. There was a significant overall effect of paroxetine
dose on serotonin concentration (Fig. 13D, One-Way ANOVA F@320 = 111.5, p < 0.0001, n = 6), and Tukey’s post-hoc determined
serotonin concentrations were significantly different than pre-drug at each doses (all p < 0.0001). For serotonin reuptake, there was
a significant overall effect of paroxetine dose on serotonin reuptake (Fig. 13E, One-Way ANOVA F320 = 90.95, p < 0.0001), and
Tukey’s post-hoc test determined reuptake was significantly different with each dose (5 uM = 0.0471, 50 uM and 1 mM p < 0.0001).
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Figure 14. Serotonin release and reuptake effects for additional fluoxetine doses tested (Prozac, n = at least 4 larvae). Serotonin
concentration and reuptake are characterized by conc. versus t plots before (black) and after 50 uM (A), 75 uM (B), and 1 mM
fluoxetine (C). Serotonin concentrations did not increase, except with 1 mM fluoxetine. However, serotonin reuptake was longer and
similar with each dose. There was a significant overall effect of fluoxetine dose on serotonin concentration (Fig 14D, One-Way
ANOVA F320=20.92, p < 0.0001, n = 6), and Tukey’s post-hoc determined concentration was different than pre-drug at 1 mM (p <
0.0001, other doses all p = 0.9858). For reuptake, there was a significant overall effect of fluoxetine dose on serotonin reuptake (Fig
14E, One-Way ANOVA F20 = 124.4, p < 0.0001). With Tukey’s post-hoc test, serotonin reuptake was significant for each dose (all p
< 0.0001).

3.4 Discussion

Our results show that SSRIs in Drosophila larvae differentially regulate reuptake and release. For example, paroxetine
increases serotonin concentrations at the lowest doses, which implies high affinity, but does not slow reuptake at those doses. In
comparison, escitalopram increases serotonin concentration and reuptake at low doses, while citalopram and fluoxetine only affect
reuptake at low doses. Escitalopram is only the S-enantiomer of citalopram and has more effects than citalopram, a 50:50 racemic
mixture, which implies the S-enantiomer is more active. Altogether, our data show SSRIs have different mechanisms of action to

modulate both release and reuptake.

3.4.1 SSRIs differ in their effects on serotonin reuptake
Each SSRI affected serotonin reuptake, but their affinities differed. At lower doses (< 10 yM), escitalopram (Lexapro) elicited

longer serotonin reuptake compared to the other SSRIs. Meanwhile, paroxetine (Paxil) showed much faster reuptake that was similar
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to pre-drug reuptake. Interestingly, citalopram (Celexa) and fluoxetine (Prozac) slowed reuptake more than paroxetine, but did not
affect serotonin concentration. However, at higher doses (= 50 uM), escitalopram still showed the longest reuptake, but there were no
differences between paroxetine, citalopram and fluoxetine. Previously, both slow and fast reuptake modes have been identified due to

different binding sites on SERT, intracellular signaling cascades, and different kinetic models of uptake for these SSRIs.26:28:41

Historically, dSERT and dDAT (dopamine transporter) were used in substrate binding or molecular modeling and docking
simulation studies to understand the binding affinities of SSRIs and other psychoactive drugs until the structure of hSERT was
determined with x-ray crystallography in 2016.1%17-1°42 Previous studies from the Barker and Blakely labs found that dSERT and human
SERT (hSERT) show 51% sequence identity and similar structures with active sites.1819404344 They also explored hSERT/dSERT
chimeras where they used site-specific mutagenesis to understand genetic differences to citalopram.*® Although dSERT shows lower
affinity for many drugs compared to hSERT, they show equivalent translocation kinetics with Km binding affinities of 490 nM for
serotonin for both hSERT and dSERT.*® Thus, dSERT is a good model for understanding possible SSRI effects that are similar to

humans.

dSERT also possesses two binding sites, a primary binding site (S1) located in the center of its transmembrane domain that
binds SSRIs with high affinity, and another binding site in the extracellular vestibule (S2), that binds with low affinity, similar to
hSERT.%%45 |n several studies, escitalopram binds to the primary S1 site with high affinity and also the S2 site with an allosteric
mechanism.*4 Escitalopram elicits longer tso profiles compared to the other SSRIs because of complete inhibition of serotonin
reuptake with its dual activity at the primary and allosteric binding sites, even at lower doses (100 nM). Meanwhile, R-citalopram (Celexa)
causes reuptake changes at higher doses (= 1 uM), because R-citalopram does not bind to the S2 allosteric site with the same affinity.
Fluoxetine also does not bind to this S2 allosteric site, and only increases serotonin reuptake at does = 1 yM. Thus, binding at the

different allosteric sites affects reuptake, and different SSRIs blocked reuptake with different affinities.

Paroxetine differs from the other SSRIs in that it shows very fast reuptake, except with high doses. Paroxetine binds to the
SERT primary and allosteric sites,** but it could affect different down-stream signaling cascades that result in faster serotonin reuptake.
Zhong et al. discovered several SERT interacting proteins (SIPs) that directly interact with SERT and regulate specific downstream,
intracellular signaling cascades that impact SERT’s uptake function and density on the cell surface.* One SIP that increases SERT’s
uptake is neuronal nitric oxide synthase (nNOS),** which is widely expressed in the brain. Nitric oxide (NO) acts as a chemical

messenger in the presynaptic serotonin neuron and increased NO causes faster reuptake by SERT. Likewise, another SIP, protein

Dunham | 102



interacting with C kinase 1 (PICK1), also increases SERT’s uptake function.*! It is possible that when paroxetine binds to dSERT with

high affinity, it induces downstream effects with nNOS or PICK1 as they interact with dSERT.

Other studies have also focused on different reuptake mechanisms for SSRIs in mammals. Historically, Shaskan and Snyder
were the first to suggest two reuptake mechanisms, slow and fast, that were affected by antidepressants.?® They coined these
mechanisms “Uptake 1,” which is high affinity and low efficiency uptake and “Uptake 2,” which is low affinity and high efficiency uptake.
The Daws group further investigated reuptake in mammals and found with pharmacology experiments that Uptake 1 primarily relied
on SERT, while Uptake 2 relied on other neurotransmitter transporters like the dopamine transporter (DAT) and norepinephrine
transporter (NET).The Hashemi group elaborated on this research using FSCV and serotonin kinetic models in mice and proposed
hybrid clearance of serotonin with SSRIs, like escitalopram, that show initial fast uptake that then slows.?® Our data for escitalopram in
Drosophila does not show a hybrid uptake mechanism and relies more on the slow, Uptake 1 mechanism. Interestingly, in several
previous studies in Hashemi lab, they looked at serotonin reuptake dynamics for citalopram,?® escitalopram,?® and fluoxetine,*® and our
tso values in Drosophila are very similar to their in vivo data in mice, which is shown in Table 2. They also saw similar trends where
fluoxetine requires higher doses to elicit concentration changes compared to citalopram and escitalopram.?2%4¢ Thus, reuptake and
turnover kinetics are equivalent and concentration changes are similar, which indicates that Drosophila can be used in pharmacological
assays to understand reuptake and concentration changes with genetic mutants that are easier to create with this model. Still, these
Uptake 1 and Uptake 2 mechanisms have not been investigated yet in Drosophila, and future studies should model serotonin reuptake

changes with different antidepressants, like atypical antidepressants, that affect dASERT and dDAT.

Table 2. Summary of reuptake (tso)) comparisons for dSERT and mSERT/rSERT for SSRIs

dSERT MSERT or rSERT
Drug tso (S) Dose ts0 (S) Dose
Escitalopram | 7.5+0.2 1 uM 7.1+1.1% | 10 mg/kg

Citalopram | 6.8 +0.3 10 uM 7.4+15% | 10 mg/kg

Fluoxetine 51+0.2 1uMm 4.0+£0.7% | 20 mg/kg

tso is the time it takes to clear serotonin to 50% of its peak level.
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3.4.2 Serotonin concentration changes are coupled with reuptake for some SSRIs, but independent for others

SSRIs also affected serotonin concentrations, but the increase in reuptake was sometimes decoupled from changes in
concentration. When reuptake is blocked, the concentration often increases because slow reuptake allows serotonin to build up in the
extracellular space. Escitalopram and paroxetine increased serotonin concentrations at all doses, including the lowest concentration
tested, 100 nM. However, interestingly, paroxetine does not affect reuptake at those low doses while escitalopram slowed reuptake
dramatically. Thus, increases in concentration were not simply due to changes in reuptake allowing serotonin to accumulate. Meanwhile,
citalopram increased serotonin at doses =2 5 uM (Fig. S4A), and fluoxetine increased serotonin only at doses = 100 uM (Fig. S6C). We
saw obvious trends with dSERT affinity, where paroxetine and escitalopram increased serotonin concentrations at low doses, which
may be related to them binding to dSERT at its primary and allosteric sites with high affinity. Likewise, citalopram and fluoxetine show

lower affinity to dSERT and do not change concentrations until higher doses are applied.

3.4.3 Comparison of SSRIs

Celexa (citalopram) was first marketed in 1998, but the (S)-enantiomer was more effective than the (R)-enantiomer, so Lexapro
(escitalopram) was introduced in 2002.%"3 Citalopram, is a 50:50 racemic mixture of the (R)- and (S)-enantiomer of citalopram, while
Lexapro is exclusively produced as the (S)-enantiomer.3® With escitalopram, serotonin concentrations increased with low doses, but
reuptake was also significantly longer than the other SSRIs at all doses (Fig. 3 A-D and 8A-B). It is possible that escitalopram reuptake
is so slow that it causes serotonin to accumulate outside of the cell, which increases serotonin concentrations detected with FSCV.
Unlike escitalopram, citalopram displayed faster reuptake and did not increase serotonin concentrations at doses < 5 yM. Our data
indicate that there are stereochemistry effects with these enantiomers and that the (S)-enantiomer causes larger changes in both

reuptake and concentration, especially at lower doses.

Paxil (paroxetine) was first marketed in North America in the early 1990s. However, since the early 2000s, it has been more
closely regulated because of severe side effects and birth defects reported in pregnant women.*’ Paroxetine does not slow reuptake
as much as other SSRIs, but serotonin concentrations increase at lower doses because of its high dSERT affinity. Zhong et al.,
suggested that SNARE complex proteins, like secretory carrier-associated membrane protein 2 (SCAMP2) and syntaxin-1A, interact
directly with SERT as SIPs.** SCAMP?2 aids in vesicle transport to the cell membrane with endocytosis and exocytosis, while syntaxin-
1A is a membrane protein that works with SNAP-25, synaptobrevin, and others to dock and fuse vesicles and open pores for
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exocytosis.*t Thus, paroxetine may increase serotonin release through proteins such as SCAMP2 or syntaxin-1A when it binds to

dSERT, even though it does not slow reuptake.

Historically, Prozac (fluoxetine) was the first SSRI antidepressant to undergo clinical trials in the 1980s, and was marketed to
replace monoamine oxidase inhibitors (MAOQIs) and tricyclic antidepressants (TCAs).3"8 Initially, fluoxetine had less severe side effects
compared to MAOIs and TCAs. However, it produces extremely variable efficacies.®*84° Serotonin concentrations did not increase at
doses < 100 yM in Drosophila, which implies a dose dependency. Fluoxetine displayed the lowest affinity for dSERT, but increased
serotonin reuptake at doses = 1 uyM (Fig. 6B, 6D, and 8A-B). Our data imply that fluoxetine binds to dSERT and slows reuptake, but
does not cause accumulation of serotonin in the extracellular space that increases concentration, which is different than other SSRIs.
Thus, fluoxetine may use a desensitization mechanism that primarily changes serotonin reuptake more than concentration, which has
been suggested in the past.“®5° Previously, the Campusano group characterized biogenic amine (serotonin, dopamine, and octopamine)
concentration and reuptake changes with fluoxetine in a new dSERT mutant.® They found that concentrations only increased at 50 and

100 pM fluoxetine and reuptake (tso) was slower, almost doubling in time, which is similar to our data from 1 uM-1 mM fluoxetine.®

3.4.4 Future applications in Drosophila to understand genetic effects on SSRI efficacy

Although Drosophila possesses exquisite genetic and behavioral toolboxes to understand depression, the lack of real-time
measurements of serotonin and other neurotransmitters limit pharmacology applications to understand differences with antidepressants
without genetic manipulations. Drosophila show many depressive behaviors with changes in appetite, locomotion, and motivation,®2
which are affected by serotonin. Further, when fluoxetine is administered to flies with mutated dSERT or serotonin receptors, it changes
these behaviors.”® Drosophila is a key model to study behavioral changes with depression and antidepressants, and FSCV and
optogenetics will enable a better understanding of real-time serotonin concentration and reuptake changes. Our data imply that SSRIs
differentially modulate serotonin reuptake and concentration. All the SSRIs affected serotonin reuptake, but some impacted serotonin
concentration and release. Future studies need to consider not just serotonin reuptake, but also how serotonin is accumulated or
released with each antidepressant. Also, our data imply that each SSRI regulates unique downstream signaling cascades that affect
SERT. Several studies indicate SIPs change the density of SERT on the cell surface or its uptake function.*! These cascades also
influence calcium signaling, which directly impacts serotonin release with exocytosis.?>°%2 Drosophila is a prime model to study
changes in calcium signaling because of the wide array of genetic tools available to target genetically-encoded sensors.?2%53 Several

novel dSERT mutants with point mutations recently became publicly available, which can be utilized to understand serotonin changes
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with FSCV.854% New dSERT mutants can also be made to characterize how changes in dSERT structure impact SSRI antidepressant
responses. Mutants that alter SNARE complex proteins or other SIPs could also be explored to better understand these mechanisms
of action. Additionally, hSERT/dSERT chimeras could be created to investigate real-time serotonin changes with pharmacology or to
make better ASSERT mutants more similar to h\SERT.181944 Since some antidepressants also affect dDAT and the glutamatergic system,
those systems could also be studied.123444856-58 Thys, this work facilitates depression research in Drosophila by establishing the
different effects of SSRIs in WT flies. Ultimately, these techniques can be applied to new antidepressant drugs to understand how
specific dSERT mutations impact real-time serotonin release and reuptake, and correlate those changes with efficacies in mitigating

depression behaviors.

3.5 Conclusions

Overall, this work describes fundamental comparisons of several common SSRI antidepressants in Drosophila using FSCV.
FSCV and Drosophila are useful to characterize real-time serotonin release and reuptake with antidepressants. Escitalopram and
paroxetine were the only drugs that increased serotonin release with low doses (< 1 uM), but they showed different serotonin reuptake
profiles as paroxetine did not affect reuptake while escitalopram greatly slowed reuptake. Citalopram did not have the same effect on
release and reuptake as escitalopram, which is exclusively the S-enantiomer. Interestingly, fluoxetine did not increase serotonin release
with doses < 100 uM, but serotonin reuptake was significantly longer at doses = 1 yM. Dose response concentration curves determined
paroxetine showed the highest affinity to dSERT, while fluoxetine showed the lowest. Our data suggest that the effects of SSRI on
serotonin release and reuptake are independent, and that different binding sites or different downstream protein activation causes
variable effects on release and reuptake. Future studies could characterize new antidepressant drugs and dSERT mutations to
understand how genetic changes impact real-time serotonin release and reuptake, which will facilitate a better understanding of each

SSRI in their treatment of depression.
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Chapter 4
Microdosing ketamine increases locomotion and feeding in Drosophila, but does not affect

serotonin like SSRIs
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Abstract

Recently, the FDA approved microdosing ketamine for treatment resistant depression. Traditional antidepressants, like selective
serotonin reuptake inhibitors (SSRIs), act on serotonin, but it is not clear how ketamine affects serotonin. Drosophila melanogaster,
the fruit fly, has similar neurotransmitters to mammals, and is a good model system to study depression behaviors, such as locomotion
and feeding. The goal of this study was to compare changes in serotonin, locomotion, and feeding behaviors in Drosophila larvae after
feeding ketamine or SSRIs. We used fast-scan cyclic voltammetry (FSCV) to measure optogenetically-stimulated serotonin changes,
as well as locomation tracking software and blue dye feeding tracers to monitor behavior. Initially, we created dose-response curves
comparing ketamine and SSRIs (escitalopram, paroxetine, and fluoxetine) and found that ketamine did not affect serotonin at low doses
(= 5 uM), but inhibited SERT at higher doses (1 mM). We then fed larvae various doses (1 — 100 mM) of antidepressants for 24 hours
and found that 1 mM ketamine also did not affect serotonin, but increased locomotion and feeding. Low doses (< 10 mM) of escitalopram
and fluoxetine also increased feeding and locomotion behaviors, but inhibited SERT without affecting concentration. At 100 mM,
ketamine inhibited SERT, increased serotonin, but decreased locomotion and feeding, similar to fluoxetine. Altogether, these data
suggest that microdosing ketamine increases locomotion and feeding, but does not work through serotonergic mechanisms, while
higher doses inhibit SERT and decrease these behaviors. Ultimately, this work shows that Drosophila is a good model to discern

antidepressant mechanisms with ketamine and SSRIs.
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4.1 Introduction
In 2019, the FDA approved microdosing ketamine to treat major depressive disorder (MDD) and treatment resistant

depression (TRD).12 Patients with these diagnoses often fail to positively respond to at least 2 antidepressants, which are commonly
selective serotonin reuptake inhibitor (SSRIS). For ketamine treatments, patients are given intravenous ketamine at low doses (0.5-
1.0 mg/kg) over a period of several hours.? Interestingly, rapid-onset positive effects have been reported within 4 hours that persist
for up to 1-2 weeks,? which is remarkably different than conventional SSRIs that take many weeks to see initial improvements.* Since
this discovery, several studies have explored the mechanism of action for ketamine to understand its effects on depression
behaviors.?*® Formally, ketamine is classified as a noncompetitive NMDA antagonist that affects the glutamatergic system.?*
However, it also shows weak agonism to mu, delta, and kappa opioid receptors,?” and binds to a variety of receptors and
transporters in the brain, including serotonin.?4® Here, ketamine initiates different signaling cascades (i.e., AKT/ERK, MAPK,
HOMER/ SHANK, or RAS/ RAF)? that result in the rapid translation of brain-derived neurotrophic factor (BDNF), which increases
dendritic spine density formation 248 and alleviates depression symptoms.? In comparison, SSRIs bind to the serotonin transporter
(SERT) to inhibit serotonin reuptake and increase extracellular serotonin concentrations.®'2 However, it is still unclear how ketamine
affects serotonin in real-time and whether it modifies serotonin dynamics similar to SSRIs (i.e., inhibits SERT). Furthermore, it is not
understood how different doses of these antidepressants affect behaviors that are impacted by depression, such as feeding and
locomotion.*-1°> Real-time measurements of serotonin and analytical behavioral assays can be used in Drosophila melanogaster (the

fruit fly) to compare the effects of ketamine and SSRIs on feeding and locomotion.

Previously, electrochemical techniques have been used to measure rapid serotonin with ketamine and SSRIs in mice and
Drosophila.>®11:16-1° The Daws group used chronoamperometry to measure serotonin with SERT double knockout (-/-) mice and found
that high doses of ketamine (32 mg/kg) slowed serotonin reuptake,® which led them to conclude that SERT inhibition was required for
ketamine’s antidepressant effects. However, they only measured serotonin changes with a single dose and did not investigate lower
doses similar to a microdose treatment. Using fast-scan cyclic voltammetry, the Hashemi group also characterized serotonin
concentration and reuptake changes with escitalopram and fluoxetine in mice in vivo,*1%%20 while our lab also investigated
optogenetically-stimulated serotonin changes with escitalopram, citalopram, fluoxetine, and paroxetine in Drosophila larvae and found
their responses were similar to mammals.®-112° Previously, we found differences in how each SSRI affected serotonin, since some had
more effects on release while others only inhibited dSERT to inhibit reuptake.?11:21:22 Similarly, FSCV could be used to compare

ketamine to SSRIs in Drosophila to clarify how serotonin changes at antidepressant or anesthetic doses to explain effects on behavior.
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Fruit flies are capable of performing complex behavioral tasks that can be studied with simple behavioral assays.? For example,
video tracking software can be used to compare locomotion changes with different drugs or genetic mutations, including climbing
assays in adults and crawling in larvae, to understand their downstream effects. Previously, the Louis lab also created the Raspberry
Pi virtual reality system (PiVR) that monitors the movements of Drosophila larvae in an arena with video tracking equipment.?*
Additionally, several analytical assays have also been created to measure feeding in Drosophila.**'*25 For example, the Grotewiel and
Pletcher labs pioneered UV-Visible spectroscopy assays in Drosophila with simple blue food dye tracers to measure how much food
was consumed based on the concentration of dye collected in adult flies.?>-2” With depression, flies can also exhibit depression-like
states from uncontrollable mechanical stress, which result in decreased climbing in adults, and this depressive behavior can be
alleviated with fluoxetine.?®?® Together, these behavioral assays in larvae can be used to measure how feeding and locomotion are

modified with different doses of antidepressants.

The goal of this study was to compare changes in serotonin, locomotion, and feeding behaviors in Drosophila larvae with bath-
applying and feeding ketamine versus SSRIs. Here, we found that ketamine did not inhibit serotonin reuptake at acute doses < 5 uM
with bath-application. However, the highest 1 mM ketamine dose increased serotonin concentration and reuptake by inhibiting SERT.
When Drosophila larvae were fed antidepressants for 24 hours, a low dose of ketamine (1 mM) also did not affect serotonin
concentration or reuptake, while all SSRIs slowed serotonin reuptake, and paroxetine increased serotonin concentrations. Additionally,
feeding 10 mM ketamine increased serotonin concentrations, but did not affect reuptake, whereas a 100 mM ketamine dose
dramatically inhibited dSERT with slower reuptake and higher concentrations. Feeding low doses (< 10 mM) of ketamine, escitalopram,
and fluoxetine also caused feeding and locomotion behavior to increase, while higher doses (100 mM) of ketamine and fluoxetine
decreased them. Altogether, these data suggest that ketamine and SSRIs affect serotonin differently, but behavior similarly.
Specifically, low doses of ketamine do not affect serotonin, but high, anesthetic doses of ketamine inhibit dASERT. Thus, ketamine does
not affect serotonin release or reuptake at microdoses, although it does affect behavior, and its mechanism of action is different from
SSRIs at low doses. Ultimately, our work shows that Drosophila is a good model to determine different antidepressant mechanisms of

action, and other genetic applications should be explored to understand serotonin and behavior effects with ketamine and SSRIs.
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4.2 Experimental Methods
4.2.1 Chemicals

Serotonin hydrochloride, ketamine hydrochloride, fluoxetine hydrochloride, escitalopram oxalate, paroxetine hydrochloride, and
all-trans retinal were purchased from Sigma Aldrich (St Louis, MO, USA).* FD&C Blue No. 1 food dye powder (Flavors and Color,
Diamond Bar, CA, USA) was purchased on Amazon. For pre- and post-calibrations, a 1 mM stock solution of serotonin was prepared
in 0.1 M HCIO.. A final working solution of 1 uM serotonin was prepared by diluting the stock in phosphate buffer saline (PBS, 131.25
mM NacCl, 3.00 mM KCI, 10 mM NaH,PO4, 1.2 mM MgCl;, 2.0 mM NaSO4, and 1.2 mM CaCl, with the final pH adjusted to 7.4 with 1

M NaOH).*® Drugs were prepared in PBS and made fresh daily.

4.2.2 Microelectrode preparation

CFMEs were prepared as previously described.'1 Briefly, a T-650 carbon fiber (Cytec Engineering Materials, West Patterson,
NJ, USA) with a 7 pm diameter was aspirated into a standard 1.28 mm inner diameter x 0.69 mm outer diameter glass capillary tube
(A-M Systems, Sequim, WA) with a vacuum pump. A capillary was then pulled by a Flaming Brown micropipette horizontal puller (Sutter
Instrument, Novato, CA) to make two electrodes.! Fibers were cut to 25-75 um and epoxied by dipping the tip of the electrode into a
solution of 14% m-phenylenediamine hardener (108-45-2, Acros Organics, Morris Plains, NH, USA) in Epon Resin 828 (25068-38-6,
Miller Stephenson, Danbury, CT, USA) at 80-85 °C for 35 seconds. The CFMEs were cured at 100°C overnight and 150°C for at least

4 hours the next day.

4.2.3 Electrochemical instrumentation

Electrochemical experiments were performed using a two-electrode system with a CFME working electrode backfilled with 1 M
KCI.1629-31 Al potential measurements are reported versus a chloridized, Ag/AgCl wire reference electrode. Experiments were
conducted in a covered, grounded Faraday cage to block out light. Before experiments, electrode tips were soaked in isopropy! alcohol
for at least 10 minutes to clean the surface. The extended serotonin waveform (ESW, 0.2 V, 1.3V, -0.1 V, 0.2 V, 1000 V/s) was
continuously applied to electrodes using a WaveNeuro system (Pine Research, Durham, NC, USA).1® Data were collected with HDCV
Analysis software (Department of Chemistry, University of North Carolina at Chapel Hill, USA). A flow-injection system with a six-port
loop injector and air actuator (Valco Instruments, Houston, TX, USA) was used to pre- and post-calibrate CFMEs for in vitro

experiments. PBS buffer was flowed at 2 mL/min using a syringe pump (Harvard Apparatus, Holliston, MA, USA) through a flow cell
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with the CFME tip inserted in solution. For calibration, 1 uM serotonin was injected for 5 seconds to determine current response. The

concentration of serotonin released during in vitro experiments was determined using this calibration factor.

4.2.4 Ventral nerve cord tissue preparation for optogenetic in vitro experiments

Methods for larva VNC dissection were previously described.!! UAS-CsChrimson (Stockline BL#55136, Bloomington
Drosophila Stock Center, Bloomington, IN, USA) virgin females were crossed with trh-Gal4 (BL#38389) flies and progeny heterozygous
larvae were kept in the dark and raised on standard food mixed 250:1 with 100 mM all-trans retinal (ATR) until drug feeding was
applied.*® The ventral nerve cords (VNCs) of third instar “wandering” larvae were dissected in PBS kept on ice. A VNC was placed in
an uncoated Petri dish dorsal side down containing 3 mL of room temperature PBS. A small slice of the lateral optic lobe was removed
using the tip of a 22-gauge hypodermic needle. A CFME was implanted from the lateral edge of the tissue into the dorsal medial
protocerebrum using a micromanipulator. Dissection and electrode insertion were performed under low light conditions to reserve the

pools of releasable serotonin.?® CFMEs were allowed to equilibrate for 10 minutes in tissue in the dark prior to data collection.*16

4.2.5 Optogenetic serotonin release

Optogenetic release of serotonin was stimulated by activating CsChrimson ion channels with red light from a 617 nM fiber-
coupled high-power LED with a 200 um core optical cable (ThorLabs, Newton, NJ, USA).'*1¢ A micromanipulator was used to center
the fiber above the VNC tissue, and transistor-transistor logic (TTL) inputs to a T-cube LED controller (ThorLabs) were connected to
the FSCV breakout box to control the light. TTL input was driven by electrical pulses from the WaveNeuro system and HDCV software
to control frequency, pulse width, and number of pulses. For in vitro ketamine dose-response experiments, 120 biphasic pulses were
delivered at 60 Hz with pulse width of 4 ms. An initial stimulation was recorded and 1 mL of the drug was slowly added to the Petri dish
to not move the tissue or CFME. Stimulations were repeated every 5 minutes for 30 minutes after a drug was added to allow the
releasable pool of serotonin to replenish itself. For antidepressant feeding experiments for 24 hours, 30 biphasic pulses were applied

with the same parameters.
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4.2.6 Feeding antidepressants to larvae for FSCV optogenetic experiments

Heterozygous progeny larvae (trh-Gal4; UAS-CsChrimson) were collected on day 5 after eating standard food (Food “J” for
Janelia, Lab Express, Ann Arbor, MI, USA) mixed 250:1 with 100 mM ATR since birth. A stock drug solution that was 2x as concentrated
as the final desired dose was made in PBS. Larvae were scooped out with food and gently mixed with an equal volume of drug. ATR
was then added again in the same 250:1 ratio. Larvae were allowed to eat the food with drug for 24 hours before FSCV experiments

(Figure 1, n = 6 larvae). The control larvae were mixed with only PBS.

Drug
5-day old larvae with Dye

A. C.
Electrochemistry Locomotion

o N

eeding
FSCV Serotonin Detection Locomotion Tracking
(10 mM Esc) (1 mM Esc)
2 UV-Vis
Dye Tracer ABS/conc.
Measure »i
ABS %

630 nm -

30 mm

Figure 1. Feeding antidepressants to Drosophila larvae to measure real-time serotonin changes with feeding and locomotion
behaviors. Larvae were collected on day 5 and ate antidepressants for 24 hrs. A. Fast-scan cyclic voltammetry (FSCV) and
optogenetics were used to measure serotonin concentration and reuptake changes. Example FSCV conc. versus time and color plot
show serotonin detected after feeding 10 mM escitalopram. Current was converted to serotonin conc. using a post-calibration factor,
and reuptake is characterized by the time to half max decay (tso) of the peak detected in the trace (n = 6 larvae/ drug dose). B. Blue
dye internal food consumption was measured with a UV-Vis spectrophotometer from a tissue homogenate of n = 30 larvae. Blue dye
absorbance was measured at 630 nm. C. Locomotion was tracked using PiVR and LoliTrack. A larva was placed on a 60 mm Petri
dish. PiVR recorded a 60 sec video of the larva (n = 30 larvae/drug and dose), and LoliTrack was used to track their movement.
Cartoons created in BioRender.
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4.2.7 UV-Vis dye tracer food consumption determination with different antidepressants

A 1% w/v FD&C Blue No. 1 solution was made by adding food dye powder to PBS. Methods are adapted from Shell et al.®? For
drug feeding experiments, an antidepressant drug was added to the blue dye solution. On day 5, larvae were scooped with their food
and mixed with the blue dye drug solution. Larvae ate the drug and blue dye tracer for 24 hours. After 24 hours, 30 larvae were collected
and placed into 500 pL of deionized (DI) water in an Eppendorf tube and centrifuged at 13,000 rpm for 30 mins using an AccuSpin
Micro 17 Centrifuge (Fisher Scientific, Waltham, MA, USA). A micro spatula was then used to crush the larvae into a tissue homogenate
and centrifuged again for 15 mins. Tissue homogenates were discarded and 50 uL of the blue dye tracer supernatant was added to
200 pL DI water to make a 1:5 dilution. The absorbance of the blue dye sample was measured at 630 nm using a Tecan plate reader
Ultraviolet-Visible spectrophotometer (Tecan, Mannedorf, Switzerland). For each drug, n = 5 samples (n = 30 larvae/sample) were
collected and measured with 3 technical replicates. A calibration curve was constructed from 5 — 250 uM dye, and the slope of the
calibration graph was used to determine the concentration of dye in the supernatant to calculate the mass of food eaten per larva per

day.3?

4.2.8 Real-time Drosophila larvae locomotion tracking

The Raspberry Pi based Virtual Reality system (PiVR, v. 3) was constructed following the methods in Tadres and Louis 2020
and the “Build your own PiVR” section on their website.?* The computer casing parts and camera tower were printed using a Stratasys
F170 3D Printer (Strartasys, Eden Prairie, MN, USA) at UVA’s MAE Rapid Prototyping and Machine labs using the files from the Louis
Lab GitLab. The camera resolution was set to 640x480, and the animal detection method was set for third instar Drosophila larvae.
After eating a drug for 24 hours, a larva was placed in the center of a 60 mm Petri dish and their movements were recorded for 60 s (n
= 30 larvae). The individual recording files were then converted from h2p6 format to MPEG4 format using File Viewer Plus (Sharpened
Productions, Minneapolis, MN, USA, v. 4.3.). LoliTrack software (Loligo Systems, Viborg, Denmark, v. 5.2.0) was used to track the

distance the larvae traveled from the video recordings using their “Tracking 2D” setting.

4.2.9 Statistics and data analysis
Data are the mean * the standard error of the mean (SEM) for n number of Drosophila larvae. For SSRI and ketamine feeding
electrochemistry experiments, n = 6 larvae (larvae were not sexed, so both males and females were used). For drug dose response

curve experiments, each dose is at least n = 4 larvae. For a sample calculation, we performed power analysis in MedCalc (MedCalc
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Statistical Software, Ostend, Belgium) using the paired sample t-test where o = 0.05, 1- = 0.1, mean difference in current detected =

0.45 nA, and standard deviation of differences = 0.2 nA, which results in n = 4 larvae.?®3133 Statistics were performed in GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA). Data were normally-distributed for multiple drug comparisons (all KS distance = 0.1980,
Kolmogrorov-Smirnov, p > 0.1000). Significance was determined at a 95% confidence level for One-Way ANOVA, Tukey’s post-hoc

test, and comparison of fits. No test for outliers was performed.

4.3 Results

4.3.1 Ketamine and SSRIs show differences in serotonin release, reuptake, and dSERT affinity

Initially, we bath-applied a variety of ketamine doses directly to larva VNC tissue to understand how ketamine affected serotonin.
Figure 2A-G shows FSCV serotonin concentration versus time plots before (black) and after 15 minutes of bath-application of (A) 100
nM, (B) 1 uM, (C) 5 uM, (D) 10 uM, (E) 50 uM, (F) 100 uM, and (G) 1 mM ketamine. Serotonin concentration starts to increase with
the 5 uM dose; however reuptake is not changed. Starting at 10 uM ketamine, serotonin reuptake was slightly slower and concentrations
increased. This trend was also similar for the 50 uM and 100 uM dose. However, serotonin concentrations and reuptake dramatically
increased with the highest, 1 mM ketamine dose. There was a significant overall effect of ketamine dose on serotonin concentration
(Fig. 3H, One-Way ANOVA, Fz40 = 20.51, p < 0.0001, n = 6), and Tukey’s post-hoc test revealed serotonin concentrations were
significantly different with 10 uM, 50 puM, 100 pM, and 1 mM ketamine (all p < 0.0029). Likewise, there was a significant overall effect
of ketamine dose on tso (Fig. 3I, One-Way ANOVA F.40 = 24.48, p < 0.0001, n = 6), and reuptake was significantly longer with 10

MM, 50 uM, 100 uM, and 1 mM ketamine (Tukey’s post-hoc, all p < 0.0058).
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Figure 2. Serotonin release and reuptake effects for acute ketamine (n = 6 larvae each). Ketamine was bath-applied to Drosophila
larvae VNC tissue and optogenetic stimulation repeated every 5 mins for 15 mins. Serotonin concentration and reuptake are
characterized by conc. versus t plots before (black) and after (A) 100 nM, (B) 1 uM, (C) 5 uM, (D) 10 pM, (E) 50 uM, (F) 100 uM, and
(G) 1 mM ketamine. (H) Evoked concentration of serotonin vs ketamine dose. There was a significant overall effect of ketamine dose
on serotonin concentration (One-Way ANOVA, F.40 = 20.51, p < 0.0001, n = 6), and Tukey’s post-hoc determined serotonin
concentrations were significantly different than pre-drug at 10 uM (p < 0.0014), 50 uM (p < 0.0007), 100 pM (p < 0.0029), and 1 mM
ketamine (p < 0.0001). (I) For serotonin reuptake, there was a significant overall effect of ketamine dose on serotonin reuptake (One-
Way ANOVA F.40 = 24.48, p < 0.0001, n = 6). Tukey’s post-hoc revealed reuptake increased significantly with 10 uM (p < 0.0058),
50 uM (p < 0.0034), 100 pM (p = 0.0001), and 1 mM ketamine (p < 0.0001).

Next, we constructed dose response curves to compare the effect of ketamine on dSERT with SSRI antidepressants (Fig. 3A).
Here, drugs were bath-applied to tissue and serotonin stimulations were recorded after 15 minutes.!! All drugs were tested at 100 nM,
1 uM, 10 pM, 50 pM, 100 uM, and 1 mM, and additional doses were added as needed to define the curves (Fig. 4, n = at least 4 larvae).
The slopes and ECs values, which describe their affinity to dSERT, were different for each antidepressant.®* Table 1 summarizes
serotonin release with ECsg values for each drug. Ketamine had the largest changes in concentration between 10 and 100 pM, which
produced an ECso of 36 uM. Paroxetine (purple) had the lowest ECso at 1.5 pM, gradually changing from 1 to 10 puM, and showed the
highest affinity to dSERT. Meanwhile, escitalopram (green) had the largest changes in serotonin release from 10 to 50 uM, with a lower
ECso of 17 uM that was similar to ketamine. Fluoxetine (blue) had the highest ECsy of 87 uM, which suggests that it does not have a

high affinity for dSSERT. Comparison of fits determined that ECso values were different for each drug (Fig. 3A, F@, 12090 =41.26, p <
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0.0001). With these responses, ketamine exhibited a higher affinity to SERT than fluoxetine, and was similar to escitalopram. Although

these responses are useful, they only describe changes in concentration and not reuptake.
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Figure 3. Dose-response curves for serotonin concentration and reuptake changes with antidepressants. A. Concentration curve.
Normalized drug response curves show serotonin concentration changes after a drug is bath-applied for 15 min. Escitalopram (green),
paroxetine (purple), fluoxetine (blue), and ketamine (red, n = at least 4 larvae per dose). EC50 values for each drug were different
(comparison of fits, Fs 1290 =41.26, p < 0.0001, n 24 larvae). Paroxetine displayed the highest affinity for dSERT, followed by
escitalopram, ketamine, and fluoxetine the lowest. B. Uptake curve. Serotonin tso values. Control, no drug, is black dotted line.
Escitalopram showed large changes in reuptake, even at lower doses. Paroxetine and fluoxetine showed reuptake smaller changes at
lower doses, but increased with higher doses. Ketamine did not slow reuptake, except at the highest dose. Data were normally-
distributed for multiple drug comparisons (all KS distance = 0.1980, Kolmogrorov-Smirnov, p > 0.1000).
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Table 1. Summary drug dose-response curve and reuptake data

Antidepressant | Release, ECs (UM) | Reuptake, ECso (UM) Max tso (S)
Escitalopram 17 4.5 11.2+0.6
Paroxetine 15 47 79+0.3
Fluoxetine 87 8.3 7.8+04
Ketamine 36 134 4.3+0.3

* t50 at 1 mM, the maximum dosage tested

To compare serotonin reuptake changes between ketamine and SSRIs at different doses, we constructed log dose-response
uptake curves. In Figure 3B, we plotted dose response curves with tsg on the y-axis and log concentration on the x-axis. The average
pre-drug tso is shown as the dashed, black line. Table 1 also summarizes the normalized ECso reuptake change and maximum
concentration tso for each drug. Ketamine (red) did not increase reuptake, except at the highest 1 mM dose. Escitalopram (green)
showed large increases in tso even at the lowest, 10 nM dose, while fluoxetine (blue) showed gradual increases at 1 uM. Paroxetine
(purple) displayed faster reuptake from 1-10 uM, but slowed at 50-100 uM. Each drug exhibited longer reuptake at extremely high
doses (100 uM and 1 mM), but escitalopram and fluoxetine had the greatest change in reuptake at lower doses and had lower ECso
values. There were signficant overall effects of antidepressant on serotonin reuptake (One-Way ANOVA, Fu34 = 18.91, p < 0.0001).
Tukey’s post-hoc test showed reuptake with SSRIs was significantly longer compared to pre-drug (escitalopram p**** < 0.0001,

paroxetine p* < 0.01, fluoxetine p*** < 0.001). However, there was no significant difference between ketamine and pre-drug (p > 0.1).

4.3.2 Ketamine does not affect serotonin release or reuptake at low doses compared to SSRIs after 24 hours

Next, we fed larvae low doses of ketamine and different SSRI antidepressants to characterize serotonin changes with chronic
consumption. Figure 4A-G shows serotonin concentration and reuptake changes after feeding lower doses of antidepressants for 24
hours. Figure 4A-E shows FSCV serotonin conc. versus t plots after feeding larvae (A) PBS only, (B) 1 mM ketamine, (C) 1 mM

escitalopram, (D) 1 mM paroxetine, and (E) 1 mM fluoxetine. One-Way ANOVA and Tukey’s post-hoc test showed that feeding low
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doses of ketamine and SSRIs significantly affected serotonin concentration (Fig. 4F, Fu2s = 8.217, p < 0.001, n = 6) and reuptake
(Fig. 4G, Fu25=136.3, p < 0.0001, n = 6) after 24 hours. Ketamine did not affect serotonin concentration or reuptake (both p = 0.85).
Escitalopram and fluoxetine also did not significantly increase serotonin concentrations (p = 0.056). However, serotonin reuptake was
significantly slower with both of these SSRIs (p < 0.0001). In comparison, paroxetine significantly increased serotonin concentration
and reuptake (both p < 0.0001) at this low dose because of its high dSERT affinity. Thus, at the lowest feeding dose, ketamine did

not affect serotonin release or reuptake, although other SSRIs did change serotonin at these doses.
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Figure 4. Low doses (1 mM) feeding ketamine and SSRIs show differences in serotonin (5-HT) release and reuptake. Drosophila
larvae were fed (A, black) PBS only, (B, red) 1 mM ketamine, (C, green) 1 mM escitalopram, (D, purple) 1 mM paroxetine, and (E,
blue) 1 mM fluoxetine for 24 hours (n = 6 larvae). Changes in serotonin (F) concentration and (G) reuptake were measured using
FSCV with optogenetics. One-Way ANOVA and Tukey’s post-hoc test showed significant effects of drug on serotonin concentration
(Fa,25=8.217, p < 0.001, n = 6) and reuptake (F@,25 = 136.3, p <0.0001, n = 6). Ketamine did not affect serotonin concentration or
reuptake at 1 mM. Paroxetine was the only SSRI that increased serotonin concentrations, but reuptake increased with paroxetine,
escitalopram, and fluoxetine.
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4.3.3 Ketamine mainly affects serotonin release at mid-doses, while SSRIs affect reuptake after 24 hours

After comparing low-doses of antidepressants, we fed a higher, 10 mM dose to Drosophila larvae (Fig. 5A-G). Figure 5A-E
shows FSCV serotonin conc. versus t plots after feeding larvae for 24 hours (A) PBS only, (B) 10 mM ketamine, (C) 10 mM
escitalopram, (D) 10 mM paroxetine, and (E) 10 mM fluoxetine. One-Way ANOVA and Tukey’s post-hoc test showed a significant
effect of antidepressant type on serotonin concentration (Fua2s = 24.76, p < 0.0001, n = 6) and reuptake (Fu.25 = 331.5, p <0.0001, n
= 6). Similar to the 1 mM dose, ketamine did not affect serotonin reuptake at 10 mM (p = 0.3022), but serotonin concentrations did
increase (p < 0.0001), which suggests a release mechanism instead of SERT inhibition. Compared to ketamine, the other SSRIs all
significantly increased serotonin reuptake (all p < 0.0001), but they were different in how they affected serotonin concentrations. Both
escitalopram and paroxetine increased serotonin concentrations at 10 mM (both p < 0.0001), but fluoxetine did not (p =2 0.99). Thus,
fluoxetine binds to dSERT and inhibits serotonin clearance without affecting concentration. Altogether, ketamine releases higher
serotonin at mid-doses without affecting SERT, while SSRIs inhibit serotonin reuptake and have different effects on concentrations

depending on their dSERT affinity.
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Figure 5. Ketamine mainly affects serotonin release at 10 mM, while SSRIs affect reuptake. Drosophila larvae were fed (A, black)
PBS only, (B, red) 10 mM ketamine, (C, green) 10 mM escitalopram, (D, purple) 10 mM paroxetine, and (E) 10 mM fluoxetine for 24
hours (n = 6 larvae). One-Way ANOVA and Tukey’s post-hoc test showed that 5-HT concentration (F, Fu2s5 = 24.76, p < 0.0001, n =
6) and reuptake (G, Fu.25= 331.5, p < 0.0001, n = 6) were significantly different with drug. At 10 mM, ketamine did not affect
serotonin reuptake (p = 0.3022), however concentrations were significantly higher (p < 0.0001). With the SSRIs, each significantly
slowed reuptake (p < 0.0001). However, fluoxetine did not increase serotonin concentrations (p = 0.9900) like escitalopram or
paroxetine (both p < 0.0001).

4.3.4 High doses of ketamine and fluoxetine inhibit SERT to increase serotonin after 24 hours

Next, we fed larvae a higher, 100 mM dose to monitor serotonin dynamics changes. Figure 6A-E shows FSCV serotonin
conc. versus t plots after feeding larvae (A) PBS only, (B) 100 mM ketamine, and (C) 100 mM fluoxetine. We chose to only
investigate fluoxetine because it was the only SSRI that did not increase serotonin concentrations at lower doses. One-Way ANOVA
and Tukey’s post-hoc test showed a significant effect of antidepressants on serotonin concentration (F 15y = 20.52, p £ 0.0001, n = 6)
and reuptake (Fp,15 = 112.6, p < 0.0001, n = 6). With ketamine, the 100 mM dose significantly increased serotonin concentrations

and slowed reuptake (both p < 0.0001), which is different than the 1 mM and 10 mM doses, which did not affect serotonin reuptake.
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Additionally, 100 mM fluoxetine also significantly increased serotonin concentrations (p < 0.001) and slowed reuptake (p < 0.0001),

which shows that higher concentrations of fluoxetine are needed to increase serotonin concentrations.
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Figure 6. High doses of ketamine and fluoxetine increase serotonin (5-HT) by dSERT inhibition. Drosophila larvae were fed (A, black)
PBS only, (B, red) 100 mM ketamine, and (C, blue) 100 mM fluoxetine for 24 hours (n = 6 larvae). One-Way ANOVA and Tukey’s post-
hoc test showed that 5-HT concentration (D, F15 = 20.52, p < 0.0001, n = 6) and reuptake (E, Fp,15)= 112.6, p < 0.0001, n = 6) were
different. Ketamine and fluoxetine both dramatically slowed serotonin reuptake (p < 0.0001) and increased serotonin concentrations (p
< 0.0001 and p < 0.001, respectively) with high doses.

4.3.5 Low doses of ketamine and escitalopram increase feeding behaviors

A common symptom of depression and side effect of antidepressants is weight gain or loss.*=¢ To understand how SSRIs and
ketamine affect feeding behaviors, we used blue food dye tracers with UV-Vis spectroscopy to measure the amount of food Drosophila
larvae ate after 24 hours. A linear calibration curve of absorbance vs. dye concentration was made to calculate the dye consumed by
a larva (Figure 7). Figure 8 compares the mass of food eaten (ug) per larva per day (n = 5 collection samples/dose with n =30
larvae/sample). Overall, there was a significant effect of antidepressant type and dose on food consumption (Fig. 8, One-Way ANOVA,
Fao.44y=238.5, p < 0.0001, n=6), and Tukey’s post-hoc test showed that larvae significantly consumed more food with 1 mM ketamine,

1 mM escitalopram, and 10 mM ketamine (p**** < 0.0001), but less food was consumed with 100 mM ketamine (p* < 0.05).
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Figure 7. Blue dye linear calibration for Drosophila larvae food consumption (n = 3 replicates/ concentration). The linear equation
was used to back-calculate the mass (ug) of food eaten per larva per day.
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Figure 8. Food consumption for different antidepressant drugs (n = 5 samples/dose with n = 30 larvae/sample). One-Way ANOVA
(Fao,42y= 238.5, p < 0.0001, n = 6) and Tukey’s post-hoc comparisons found the amount of blue food eaten significantly increased
with 1 mM ketamine, 10 mM ketamine, and 1 mM escitalopram (all p****< 0.0001). However, the amount of food consumed
significantly decreased with 100 mM ketamine (p = 0.0134).

4.3.6 Low doses of ketamine, escitalopram, and fluoxetine increase locomotion behaviors

In addition to changes in appetite and feeding, antidepressants have been previously shown to affect locomotion.**-1> Here, we
used PiVR to record Drosophila larvae and LoliTrack tracking software to characterize how 24 hours of feeding ketamine and SSRIs
affect locomotion. Figure 9A-K shows still images with the path the larva traveled drawn in red after eating food mixed with (A) PBS

only, (B) 1 mM ketamine, (C) 1 mM escitalopram, (D) 1 mM paroxetine, (E) 1 mM fluoxetine, (F) 10 mM ketamine, (G) 10 mM

Dunham | 127



escitalopram, (H) 10 mM paroxetine, (I) 10 mM fluoxetine, (J) 100 mM ketamine, and (K) 100 mM fluoxetine. There was a significant
overall effect of antidepressant on distance traveled (Fig. 9, One-Way ANOVA, Fo319)= 72.35, p < 0.0001, n = 6), and Tukey’s post-
hoc test showed that distance traveled significantly increased with 1 mM ketamine, 1 mM escitalopram, 1 mM fluoxetine, and 10 mM

fluoxetine (all p**** < 0.0001). However, distance traveled significantly decreased with 100 mM fluoxetine (p** < 0.01).
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Figure 9. Locomotion tracking comparison after Drosophila larvae ate different antidepressant drugs for 24 hours (n = 30
larvae/dose). A larva’s locomotion was tracked for 60 s after (A) PBS, (B) 1 mM ketamine, (C) 1 mM escitalopram, (D) 1 mM
paroxetine, | 1 mM fluoxetine, (F) 10 mM ketamine, (G) 10 mM escitalopram, (H) 10 mM paroxetine, (I) 10 mM fluoxetine, (J) 200 mM
ketamine, and (K) 100 mM fluoxetine. Larvae showed increased locomotion with 1 mM ketamine, 1 mM escitalopram, 1 mM
fluoxetine, and 10 mM fluoxetine. However, locomotion decreased with 100 mM fluoxetine. L. One-Way ANOVA (F(o,319)= 72.35, p
< 0.0001, n = 6) and Tukey’s post-hoc comparisons found the distance traveled significantly increased with 1 mM ketamine, 1 mM

escitalopram, 1 mM fluoxetine, and 10 mM fluoxetine (all p****< 0.0001). However, distance significantly decreased with 100 mM
fluoxetine (p = 0.0020).
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4.4 Discussion

Our results show that feeding ketamine to Drosophila larvae does not affect serotonin at low, microdoses, but promotes changes
in serotonin release at mid-doses and inhibits serotonin reuptake at higher, anesthetic doses. In contrast, all SSRI doses slowed
serotonin reuptake, but they affected serotonin concentrations differently based on their dASERT affinities. Interestingly, we saw similar
dose-dependent effects on behavior where low doses (1 mM) of ketamine, escitalopram, and fluoxetine increased feeding and
locomotion behaviors, while higher doses (100 mM) of ketamine and fluoxetine decreased them. Together, these electrochemical and
behavioral data indicate that other neurotransmitters or membrane transport proteins may contribute to increased feeding and
locomotion with ketamine instead of dSERT. Altogether, this work shows that Drosophila is a good model to rapidly study
pharmacological mechanisms with serotonin, especially promiscuous drugs like ketamine that have a wide-range of behavioral effects

and other molecular targets.

4.4.1 Ketamine and SSRIs show different serotonin changes that are dose-dependent

In Dunham and Venton 2022,' we previously measured real-time serotonin concentration and reuptake changes by bath-
applying SSRIs to Drosophila larvae VNCs. Here, we bath-applied different doses of ketamine to understand how ketamine regulated
serotonin compared to SSRIs. Ketamine did not affect serotonin concentration or reuptake at doses < 5 uM. However, ketamine subtly
increased serotonin at 10, 50, and 100 uM, but the largest changes were with the highest, 1 mM dose. Together, these data indicate
that microdoses of ketamine do not affect serotonin, while higher doses inhibit dSERT to increase serotonin concentrations and slow
reuptake. Thus, the mechanism of action for ketamine is different compared to the SSRIs (i.e., escitalopram, paroxetine, and

fluoxetine),!* which mainly increased serotonin uptake.

After comparing dose-responses with bath-application, we fed larvae different doses of these antidepressants for 24 hours to
more closely replicate how they cross the blood-brain barrier in humans.®” For ketamine, we saw that the lowest, 1 mM dose did not
affect serotonin, which was similar to the low (< 1 uM) bath application doses. A 10 mM mid-dose only increased serotonin
concentrations and did not inhibit reuptake, which was similar to the 5 uM dose. After feeding larvae 100 mM ketamine, serotonin
concentrations dramatically increased and reuptake slowed by inhibiting dSERT, which is similar to the 1 mM bath application.

Similar results were also seen with feeding SSRIs, as data had similar dose responses to bath-application data.!! For example,
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fluoxetine slowed serotonin reuptake at the lowest 1 mM and 10 mM feeding doses, which is similar to bath applied doses < 100 uM
but concentration was not affected and required the highest 100 mM dose to increase serotonin, similar to higher doses (= 100 uM)
with bath applications.!! Additionally, 10 mM paroxetine showed high concentration changes and slow reuptake that was similar to
the higher doses (= 50 uM) we bath-applied.!! Feeding 10 mM escitalopram also caused serotonin concentrations to increase with
dramatically slower serotonin reuptake, which is similar to a 10 uM bath-applied dose and other FSCV data that has also been

previously reported in mice.®*820

4.4.2 Ketamine and SSRIs change feeding and locomotion similarly, even though serotonin changes are different

Common symptoms of depression include weight gain or loss from changes in appetite and activity, which can be affected by
taking antidepressants. However, it is not understood whether these behaviors are caused by serotonin changes from these drugs
only. Here, we measured feeding and locomotion changes with serotonin after feeding larvae ketamine and SSRIs for 24 hours without
genetic mutations. Primarily, we saw the low doses (1 mM) of ketamine, escitalopram, and fluoxetine increased both feeding and
locomotion (Figure 8 and 9). Although locomotion effects have not been previously characterized in Drosophila, several new clinical
studies have shown that microdosing ketamine increases appetite and positive effects for patients with co-morbid eating disorders and
depression,®4° and low doses of ketamine cause hyperlocomotion in mammals.** Additionally, Hidalgo et al. also investigated
locomotion changes after feeding Drosophila larvae a high dose of fluoxetine,*® and found that fluoxetine decreased locomotion, which

is similar to our 100 mM fluoxetine data.

Altogether, these results show that antidepressants change feeding and locomotion behaviors without genetic manipulations,
and that they seem to increase or decrease in a dose-dependent manner, regardless of the antidepressant. Specifically, our
electrochemistry data shows that serotonin is different with each antidepressant, but behavior changes are similar. For instance, 1 and
10 mM ketamine, as well as 1 mM escitalopram increased feeding. At 1 mM, neither ketamine and escitalopram significantly increased
serotonin concentrations, but escitalopram did inhibit dSERT to increase reuptake. Additionally, 10 mM ketamine also increased
feeding, and we saw that this dose increased serotonin concentration, but reuptake was not affected, which further suggests a release
mechanism instead of dSERT inhibition. Interestingly, only high doses of ketamine caused SERT inhibition and feeding were actually
decreased, likely due to its anesthetic effects. Likewise, we saw similar effects with locomotion, where 1 mM ketamine, 1 mM
escitalopram, 1 mM fluoxetine, and 10 mM fluoxetine increased locomotion, but serotonin concentrations were not significantly different

at these doses. However, escitalopram and fluoxetine significantly increased reuptake, unlike ketamine. Interestingly, we saw that
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higher dose of each drug increased serotonin concentrations and slowed reuptake by dSERT inhibition, and decreased both feeding
and locomotion. For example, 100 mM fluoxetine significantly decreased locomotion and its serotonin dynamics are very similar to 100
mM ketamine (Figure 7A-E). Thus, there is no correlation between serotonin and increased feeding and locomotion, which suggests
serotonin is not the primary neurotransmitter controlling these behaviors. It is important to note that only low doses of ketamine produce

antidepressant effects because higher doses act as an anesthetic.24243

4.4.3 Comparison of ketamine and SSRI behavioral data to the literature

From our electrochemical and behavioral data, low doses of ketamine used for depression treatments do not rely on serotonin
or use a SERT inhibition mechanism in Drosophila. Previously, the Daws group investigated the role of SERT with ketamine in mice
using in vivo amperometry to measure serotonin changes.** They compared how serotonin changed in real-time with wild type (wt)
mice versus SERT double knockout (-/-) mice by injecting a high dose of 32 mg/kg ketamine. This high dose did not cause serotonin
concentrations to increase, but did significantly slow serotonin reuptake in the wt mice. Meanwhile, the SERT -/- mice were not affected.
Low doses were not explored with either genotype. Overall, our results in Drosophila were similar to this mammalian data as serotonin
reuptake only significantly increased with higher doses. Additionally, tail suspension tests and forced swim tests in mammals showed
different effects with ketamine doses for the wt and SERT (-/-), but only the highest dose (32 mg/kg) decreased locomotion. This is
similar to our higher, 100 mM dose ketamine data. The Daws group also tried a lower, 3.2 mg/kg ketamine dose and found no changes
in locomotion, which is similar to our 10 mM feeding dose data. Thus, our data are similar to mammals, but also show that microdosing

ketamine’s antidepressant effects do not rely on serotonin or dSERT inhibition.

Compared to SSRIs, ketamine has many different effects on neuromodulatory systems, which are outlined in Table 2. Formally,
ketamine is described as an NDMA receptor antagonist, which affects the glutamatergic system.2 Although glutamate is an excitatory
molecule in mammals,* it shows excitatory and inhibitory effects in Drosophila in their neuromuscular junction®® and olfactory system,*
respectively. Ketamine also has broad effects on mu, delta, and kappa opioid receptors in mammals that prolong its positive effects for
long periods of time, as well as unclear effects on serotonin.” For instance, some literature suggests microdosing ketamine relies on
SERT inhibition to increase serotonin concentrations after 24 hours,?4848 while others suggest that inmediate responses (< 24 hours)
may rely more on serotonin (5-HT1a242¢) receptor inhibition or activation. However, another study with PET imaging in humans saw
that SERT was 70-80% occupied by various SSRIs, but not affected by low doses of ketamine.*® Here, the authors also suggested

SERT may be inhibited by higher, anesthetic ketamine doses. Our results show that feeding larvae doses < 10 mM for 24 hours does
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not inhibit dSERT, and that these doses either do not affect serotonin (1 mM) or rely on a serotonin release mechanism (10 mM). Thus,
future studies should also examine changes in other neurotransmitters, like glutamate and dopamine, or membrane transport proteins,

like serotonin receptors.

Table 2. Antidepressant types and their mechanisms of action by neurotransmitter system or molecular target
Antidepressant Neurotransmitter or Citation
membrane transport

protein

SERT

5-HT1a

SERT
Nitric oxide synthase

SERT
Fluoxetine 5-HT2c
NET
NMDA, AMPA receptors
5-HT 2c
M, O, K opiate receptors
SERT, DAT, and NET

Escitalopram Mansari 20054

Paroxetine Stahl 199822

Wong 2005%°
Owen 20012

Ketamine Kraus et al. 20192

Although they are labeled as selective serotonin reuptake inhibitors, many SSRIs also modulate serotonin receptors, including
receptor 5-HTi1a and 5-HTac (Table 2). For example, escitalopram desensitizes 5-HTia receptors over long periods of time in
humans,*®®! while fluoxetine has been shown to block 5-HT,c receptors.>? In Drosophila, they possess similar serotonin receptor
homology to mammals, except they have fewer subtypes that include 5-HTia, 18, 2, 7.141>535% Previously, Silva et al. 2014 found that
RNAI knockdown mutations to receptors 5-HT1a and 5-HT7 decreased locomotion in Drosophila larvae, while mutations to 5-HT1g did
not cause any changes.* Additionally, Majeed et al. 2016 found through evoked excitatory postsynaptic measurements in muscle
fibers that 5-HT, receptor activation plays a role in sensory motor neuron circuits in Drosophila larvae.’® Although we did not explore
antidepressant effects with serotonin receptor mutants, our results suggest that low doses of escitalopram and fluoxetine may have
downstream effects on these receptors that impact locomotion and feeding behaviors, even though they also slowed reuptake and
were different from ketamine. Interestingly, our data showed that 1 mM escitalopram significantly increased feeding and locomotion,
while 1 mM and 10 mM fluoxetine only increased locomotion and did not affect feeding. These data suggest that escitalopram and
fluoxetine may have similar downstream effects on a specific serotonin receptor that affects locomotion, but differential effects on
another target that influences feeding behaviors. Ultimately, SSRIs and ketamine may use different mechanisms, respectively, but both

affect feeding and locomotion behaviors that would alleviate depression symptoms.
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4.4.4 Future applications in Drosophila to understand serotonin receptor and dSERT effects with antidepressants

Although microdosing ketamine has been found to be beneficial for those who suffer from TRD,%43%5 it is not understood how
serotonin changes over time with this treatment or in comparison to conventional SSRIs. Drosophila melanogaster is a beneficial model
organism that can be used to measure real-time changes in serotonin with these different antidepressants without genetic
manipulations to understand their individual mechanisms of action.'?35 Drosophila is also a key model to study behavioral changes
with these treatments to fundamentally understand their effects on the serotonergic system.*-'* Our data imply that low doses of
ketamine do not change serotonin, but mid-doses increase serotonin release, and do not rely on SERT inhibition except at high,
anesthetic doses.***’ Likewise, low doses of escitalopram and fluoxetine only slowed reuptake, and showed similar feeding and
locomotion effects to ketamine. It is possible that these SSRIs may have downstream effects on other neurotransmitters or membrane
transport proteins that should be investigated in the future using Drosophila and FSCV.#4%51.52 particularly, in vivo FSCV measurements
in adult Drosophila could be explored to measure serotonin in 5-HT1a, 24, 28, 7 receptor RNAI knockdowns to clarify how ketamine and
SSRIs change serotonin with these genetic mutations.®®-5° In this setup, real-time locomotion and feeding behaviors could still also be
investigated.®® Novel glutamate genetic sensors, such as iGIUSNFR, could also be utilized to understand how glutamate changes in
real-time with these antidepressants in Drosophila coupled with real-time FSCV serotonin measurements.®! In addition to serotonin
receptor mutations, dSERT genetic mutations should also be considered to decipher these changes with escitalopram and
fluoxetine.1*%263 Regardless, our work shows that ketamine’s antidepressant effects do not rely on serotonin or dSERT inhibition,*+>7
which helps determine different antidepressant mechanisms that will facilitate a better understanding for their use in the treatment of

depression.®+%°

45 Conclusions

Overall, this work compares real-time serotonin changes with ketamine versus SSRI antidepressants, as well as changes in
feeding and locomotion in Drosophila using FSCV and analytical behavior assays to help discern their different mechanisms of
action. Initially, we constructed dose-response curves by bath-applying ketamine to Drosophila larvae VNC tissue compared to
SSRIs (escitalopram, paroxetine, and fluoxetine) and found that it did not affect serotonin at low doses (< 5 uM), but inhibited SERT
at higher doses (1 mM). We then fed larvae various doses (1 — 100 mM) of antidepressants for 24 hours and found that 1 mM
ketamine also did not affect serotonin, but increased locomotion and feeding at this dose. At 100 mM, however, it inhibited SERT to

increase serotonin and decreased locomotion and feeding, which was also similar with SSRIs. Additionally, these data suggest our
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bath-application data is similar to feeding ketamine and SSRIs, as well as previous electrochemistry data collected in mammals. Low
doses (< 10 mM) of escitalopram and fluoxetine also increased feeding and locomotion behaviors, but mainly affected reuptake
without increasing serotonin. Altogether, these data suggest that increasing serotonin and SERT inhibition do not correlate to
increased locomotion and feeding behavior, and that microdosing ketamine works through a different mechanism than SSRis.
Ultimately, this work shows that Drosophila is a good model to discern antidepressant and behavioral mechanisms with ketamine and
SSRIs and future studies should investigate other neurotransmitters, such as glutamate or dopamine, as well as serotonin receptor

and dSERT mutations to further understand their mechanisms of action.
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Chapter 5

Conclusions and Future Directions
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5.1 Contributions of this dissertation to the field

In this thesis, we improved serotonin fast-scan cyclic voltammetry (FSCV) detection at carbon-fiber microelectrodes and used
these methods to elucidate different antidepressant mechanisms of action in Drosophila. This chapter summarizes major conclusions
from these works and proposes future studies in Drosophila that will utilize new tools for in vivo adult FSCV detection and imaging with

genetic sensors to further investigate antidepressants and downstream behaviors with genetic mutations to the serotonergic system.

5.1.1 Improved fast-scan cyclic voltammetry waveforms for serotonin and dopamine detection

In Chapter 2, we used different FSCV waveforms to improve electrode fouling by serotonin and its major metabolite, 5-
hydroxyindoleacetic acid (5-HIAA). In previous FSCV research, modified dopamine waveforms with extended switching potentials (=
1.3 V)! and extended holds (= 1 ms)?2 increased dopamine sensitivity and reduced electrode fouling. However, the Jackson
waveform that is commonly used for serotonin detection had not been revisited in more than 25 years.*® In this chapter, we analyzed
repeated measurement and long-term electrode fouling to serotonin and 5-HIAA with four waveforms. ¢ We found that the extended
1.3 V waveforms decreased electrode fouling by 50% for both serotonin and dopamine. However, the dopamine waveform eliminated
electrode fouling because of its negative holding potential and 1.3 V switching potential.>:” Additionally, all extended switching
potential waveforms increased both serotonin and dopamine sensitivity,* but the Jackson waveform was the most selective for
serotonin.® We also characterized serotonin detection in vitro in fruit fly larvae VNC tissue and found that electrodes do not foul with
repeated optogenetic stimulations,®® which shows that Drosophila melanogaster is a beneficial model to measure serotonin. This
work provides a tool-box of serotonin waveforms to measure serotonin in different experiments where high sensitivity or selectivity is
needed, or no electrode fouling is required.®

Several groups have been inspired by our extended serotonin waveform work, either to use the new waveform for biological

applications or to study new electrochemical waveforms for serotonin. Stucky and Johnson found that our new extended serotonin

waveform did not foul electrodes with the SSRIs fluoxetine, escitalopram, or sertraline.'? However, the typical Jackson waveform with

bare and Nafion-coated CFMEs fouled electrodes significantly with these SSRIs. In Movassaghi et al. 2021,%° they used rapid pulse

voltammetry and FSCV waveforms to monitor both dopamine and serotonin across different timescales and saw that the extended 1.3
V switching potential was required to increase serotonin sensitivity compared to dopamine. Likewise, in Shin et al. 2021,*! they created
new N-shaped multiple square wave voltammetry waveforms and found that applying a negative holding potential decreased electrode
fouling. Together, these works show that serotonin and dopamine can be measured simultaneously with different waveform

Dunham | 139



parameters, and that our new extended serotonin waveform is useful for pharmacology studies because of its anti-fouling properties

and increased sensitivity.

5.1.2 Using serotonin FSCV detection to elucidate different antidepressant mechanisms of action and their downstream effects on
behaviors

In Chapter 3, we used FSCV and optogenetics to compare serotonin concentration and reuptake changes with four common
SSRIs: fluoxetine, escitalopram, paroxetine, and citalopram in Drosophila larvae.'® We found that fluoxetine increased reuptake from
1-100 uM, but serotonin concentrations only increase at 100 uM.**-%° Thus, fluoxetine occupies dSERT and slows clearance, but does
not affect concentration. Escitalopram and paroxetine increased serotonin concentrations at all doses, but escitalopram dramatically
increased reuptake more.’*1%17 Citalopram showed lower concentration changes and faster reuptake profiles compared to
escitalopram, so the racemic mixture of citalopram does not change reuptake as much as the S-isomer.*®1°® Dose-response curves
also showed paroxetine displayed the highest dSERT affinity and fluoxetine the lowest.2>?! These data demonstrate SSRI mechanisms
are complex, with separate effects on reuptake or release. Previous FSCV data collected in mammals also showed similar serotonin
changes in both models.*>-1” This work establishes how antidepressants affect serotonin in real-time, which is useful for future studies

that will investigate pharmacological effects of SSRIs with different genetic mutations in Drosophila.

Chapter 4 explores changes in real-time serotonin dynamics with ketamine compared to SSRIs to determine how they
contribute to their different mechanisms of action.?*=** Formally, ketamine is classified as an NMDA antagonist, but it has unclear
effects on the serotonergic system.?? It is not understood how serotonin changes in real-time or how real-time locomotion and feeding
behaviors change with these treatments.'#22:2526 |n this chapter, we measured and characterized serotonin changes with FSCV, and
tracked real-time locomotion and feeding behaviors with Raspberry Pi Virtual Reality (PiVR)?” and Ultraviolet-Visible (UV-Vis)
Spectroscopy.?® We fed larvae various doses (1 — 100 mM) of antidepressants (ketamine, escitalopram, paroxetine, and fluoxetine)
for 24 hours. Here, we found that ketamine does not affect serotonin concentration or reuptake at low doses (1 mM). However,
ketamine does increase serotonin release at mid-doses and inhibits serotonin reuptake at higher, anesthetic doses.?® Additionally, all
SSRIs inhibited dSERT to increase serotonin reuptake, but yielded different concentration changes because of their different SERT
affinities that were similar to our previous bath-applications in Chapter 3.12 There were also dose-dependent effects, as low doses of
escitalopram and fluoxetine inhibited dSERT, but did not affect serotonin concentrations. For behavior, low doses of ketamine,

escitalopram, and fluoxetine (1 mM) significantly increased feeding and locomotion behaviors, while higher doses (100 mM) of
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ketamine and fluoxetine decreased them.4? These data suggest ketamine’s mechanism of action is complex and different from
SSRI antidepressants. Specifically, ketamine does not increase serotonin release or inhibit dSERT at micro-doses. Additionally, the
locomotion and feeding behavior changes suggest different downstream effects with glutamate, 5-HT receptors, or dSERT.142526
Ultimately, this work shows that Drosophila is a good model system to study complex mechanisms of different types of
antidepressants, and future studies should investigate real-time, multiplexed changes in glutamate and serotonin for these

antidepressants.30:3t

5.2 Challenges and future directions

5.2.1 Investigating D. melanogaster serotonin transporter mutations to understand genetic and behavior effects with ketamine and
SSRIs

From our research in Chapters 3-4, a logical next step would be to investigate serotonin dynamic changes from SSRIs and
ketamine with serotonin transporter (SERT) mutations in Drosophila larvae. Currently, we have two Drosophila SERT mutants that
are illustrated in Figure 1 and described in Table 1. Previously, the Bellen group created a SERT mutant that features a Minos
Transposon cassette with 3 stop codons that do not allow the gene to be translated after exon 2, which we denote as mutant #1.32
Meanwhile, our collaborator, Jeff Copeland (Eastern Mennonite University, Biology) has created a partial SERT knockout using
CRISPR Cas9 that is denoted as mutant #2. Here, CRISPR was used to remove the transcribed gene after exon 3. For both
mutants, they possess one copy and are heterozygous because the homozygous phenotype is lethal. These mutants can be easily
crossed with balancer fly lines (i.e., curly wings and tubby larvae on chromosomes 2 and 3, respectively) to make UAS-CsChrimson
and Trh-Gal4 lines that contain the serotonin transporter mutation on chromosome 2. These flies could then be utilized to measure

serotonin dynamic changes with these mutations using FSCV and optogenetics similar to Chapters 3-4.
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Drosophila Serotonin Transporter Gene Map

Promoter Region

Chromosome Il #1 #2
Bl Exon Regions [ 1 Unftranslated Regions
Figure 1. Drosophila serotonin transporter (SERT) gene map. Map shows placement of genetic mutations on chromosome 2.
Mutation 1 was created by the Bellen lab and features a Minos Transposon cassette with 3 stop codons that do not allow the gene to

be translated after exon 2. Mutation 2 is a partial knock out designed by Jeff Copeland (Easter Mennonite University) created with
CRISPR Cas9. It only allows transcription and translation to exon 3.

Table 1. Drosophila serotonin transporter mutant characterizations

Mutant # Genetic characterization Reference

MI102578 (Minos Transposon)

1 : . Nagar-Jaiswal et al. 2015%
BL #36004 Splice acceptor with 3 STOP Hidalgo et al. 2017%
Codons
Dr. Jeff Copeland
2 CRISPR-Cas9 Partial Knock Out Eastern Mennonite

University

We have also performed preliminary feeding and locomotion assays in mutant #1 using the methods described in Chapter 4.
Figure 2A shows the mass of food eaten per larva per day for mutant #1 with 1 mM ketamine, escitalopram, and fluoxetine compared
to a control genotype (Trh-Gal4, data in Chapter 4). There were significant effects of drug type (Two-Way ANOVA, Fg 3= 553.5, p <
0.0001, n = 5) and genotype (F@z32 = 132.0, p < 0.0001) on the amount of food eaten. Tukey’s post-hoc test revealed there were no
significant differences in food eaten with the control (PBS) between the genotypes (p = 0.6305). Additionally, the SERT mutants ate
less food with 1 mM ketamine (p < 0.0001) and escitalopram (p < 0.01) compared to the control. However, the mutants also ate more
food with 1 mM fluoxetine compared to the control (p < 0.0001). Although the amount of food eaten was different for each drug, the
SERT mutant followed the same general trend with 1 mM ketamine and escitalopram where it increased the amount of food eaten,
even though it was less than the control. Together, this data implies that this partial AISERT knockout does not change feeding

without antidepressants (PBS), but does decrease feeding compared to the control genotype with ketamine and escitalopram.

Dunham | 142



Possible, SERT inhibition or concentration may change, which could decrease this behavior, similar to what we saw with higher
antidepressant doses. Interestingly, fluoxetine increased feeding in the mutant compared to the control genotype, which should be

explored with serotonin and other neurotransmitter measurements to understand how this behavior changed.

Figure 2B compares the distance traveled for mutant #1 with 1 mM ketamine, escitalopram, and fluoxetine compared to the
control genotype. There were significant effects of drug type (Two-Way ANOVA, F@3232= 136.2, p < 0.0001, n = 30) and genotype
(Fe232)=176.1, p < 0.0001) on distance traveled. Tukey’s post-hoc test revealed the SERT mutant traveled significantly less than the
control with only PBS (control, p < 0.01). Similarly, locomotion also significantly decreased with the SERT mutant with ketamine,
escitalopram, and fluoxetine (all p < 0.0001) compared to the control genotype. Although the SERT mutant decreased locomotion
compared to the control genotype, it follows the same trend where the distance traveled increased with each drug, even though it
was less than the control. Ultimately, these preliminary results show that dSERT plays a role in locomotion. Specifically, this dSERT
partial knockout significantly decreases locomotion with and without antidepressants, which should be characterized in the future by

measuring serotonin changes with Drosophila larvae and FSCV with optogenetics.
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Figure 2. Feeding and locomotion behavior comparisons between SERT mutant #1 and control genotype (Trh-Gal4, Chapter 4). A.
Feeding data. B. Locomotion data

5.2.2 Using in vivo FSCV serotonin detection and glutamate genetic sensors to explore SERT and serotonin receptor genetic
effects with ketamine and SSRIs

Along with the experiments described previously in Drosophila larvae, a logical next step for our research would be to measure
serotonin in Drosophila adults. Figure 3A-C shows Trh-Gal4 driven GFP expression (green), as well as 5-HT immunostaining (red) in

a Drosophila adult.®® Figure 3A shows serotonin neurons innervate the gut and olfactory regions in the adult brain and ventral nerve
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cord.® Likewise, Figure 3B-C show anterior and posterior images of the adult brain where most serotonin neurons are located in the
mushroom body, antennal lobes, and sub-esophageal ganglion region.®3* Initial experiments will use acetylcholine to stimulate
serotonin release that will be measured with FSCV.3® Acetylcholine-stimulated neurotransmitter release is not specific and other
analytes, like dopamine and octopamine, may be released with serotonin.>-3’ A selective waveform, such as the extended serotonin
waveform or Jackson waveform,® will be able to differentiate serotonin from these analytes. These experiments will enable real-time,
selective serotonin detection in the adult fly brain for the first time, and these methods could be used for a variety of pharmacological
and behavioral studies. For example, serotonin measurements could be linked to feeding or locomotion to understand its fundamental
role in these processes. Likewise, depression-related aging effects could be investigated more easily in Drosophila adults that include

changes in sleep-wake cycles or with downstream behaviors in feeding and locomotion.

Anterior

Figure 3. Trh-Gal4 driven GFP expression and 5-HT immunostaining in adult Drosophila. A. Trh-Gal4 (3" chromosome) driven
mCD8:GFP signals (green) and 5-HT immunostaining (red) in an adult male brain. Serotonin neuron locations in adult Drosophila
brain in the (B) anterior adult brain (C) posterior positions. Taken from Alekseyenko OV, Lee C, Kravitz EA (2010) Targeted
Manipulation of Serotonergic Neurotransmission Affects the Escalation of Aggression in Adult Male Drosophila melanogaster. PLoS
ONE 5(5): €10806. doi:10.1371/journal.pone.0010806

After successfully measuring acetylcholine-stimulated serotonin release in adult Drosophila, the next step of our research will
be in vivo serotonin detection with FSCV. Figure 4A-B shows the setup and CFME implantation into an awake, immobilized adult
Drosophila fly.3 Here, a fly is immobilized in a chamber that allows for real-time monitoring of locomotion or feeding behaviors (Fig.
4A). A part of the cuticle is carefully removed and a capillary with acetylcholine and a CFME are inserted into the brain. In vivo
detection will allow us to monitor real-time behavioral changes that are coupled to serotonin. This methodological setup will also

allow us to more easily investigate 5-HT 1A, 1B, 2A, 2B, and 7 RNAi receptor knockdowns and their effects on serotonin and these
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behaviors.?53%40 |n addition to 5-HT receptor mutations, dSERT mutants could be studied. With these genetic mutants, SSRIs and
ketamine should be explored to understand their effects on lower, micro-doses to elucidate if they play a role in their mechanisms of
action and downstream behaviors.?? Compared to larvae, adult experiments will also allow monitoring long-term changes of feeding

antidepressants or age-related effects.*!
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Figure 4. In vivo FSCV adult Drosophila brain preparation. A. Picture of setup of in vivo FSCV measurements in adult fly brain. B. An
anesthetized fly was immobilized in a recording chamber, and the cuticle of dorsal head was removed to expose the brain. A CFME
and a capillary filled with acetylcholine were implemented in the medial tip of the MB. Taken from Shin and Venton. Angew. Chem. Int.
Ed. 2022, 61, doi.org/10.1002/anie.202207399

\

In addition to FSCV serotonin measurement in adult Drosophila, a next step would be to multiplex FSCV measurement with the
glutamate fluorescent sensor, iGIuSNFR.4?>%* Compared to other neurotransmitters, glutamate is not electroactive and cannot be
measured with FSCV. However, the iGluSnFR genetic sensor allows for the temporal and spatial measurement of glutamate from a
glutamate-binding protein coupled to a fluorescence signal, which is shown in Figure 5. Here, 2-photon microscopy is used to allow
fast, high-resolution imaging in vitro or in vivo in Drosophila. In these experiments, the FSCV extended serotonin or Jackson waveform
could be used to measure serotonin and microscopy to measure iGluSnFR fluorescence. This will also be used to explore the genetic
mutations described previously with micro-doses of ketamine and SSRIs with their mechanisms and behaviors. Altogether, these novel
methods will allow us to discern how glutamate modulates serotonin in Drosophila with different antidepressant treatments, which will

be useful in understanding how ketamine is different to SSRIs, especially at low doses, and effects with genetic mutations to the
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serotonergic system. Ultimately, this work is valuable because it is easier to create genetic mutations and use genetic sensors in

Drosophila, which will benefit future research with glutamate and serotonin in mammals.

Neurotransmission

o' AF/F
1.0+
iGluSnFR
0.5
Glutamate 0 : :
Postsynaptic receptors 0 1 2
membrane time [s]

Figure 5. Overview of iGIuSnFR fluorescence detection. The iGIluSnFR genetic sensor allows for high temporal and spatial
measurement of glutamate from a glutamate-binding protein coupled to a fluorescence signal. Typically, a 2-photon microscope is
used to allow fast, high-resolution imaging in vitro or in vivo in Drosophila. Taken from Richter et al., iScience 7, 85-95 September
28, 2018 https://doi.org/10.1016/ j.isci.2018.08.019

5.3 Final Remarks

Overall, this dissertation improved serotonin FSCV detection and demonstrated how FSCV and optogenetics could be used to
elucidate different antidepressant mechanisms of action in Drosophila. Previously, the Jackson waveform and Nafion-coated CFMEs
were used to explore basic SSRI concentration and release changes in mammals. However, they caused severe electrode fouling and
limited temporal resolution. In this thesis, Chapter 2 improved serotonin FSCV detection by investigating different waveform parameters
and offering a tool-box of waveforms to measure serotonin in different experiments. With Chapters 3 and 4, we used our improved
extended serotonin waveform to compare antidepressant mechanisms of action for SSRIs and ketamine. Specifically, we found that
each SSRI antidepressant had individual effects on serotonin release and reuptake based on their SERT affinity. Meanwhile, ketamine
did not affect serotonin concentration or release at micro-, sub-asthenic doses, but higher anesthetic doses inhibited SERT to increase
serotonin concentrations. Here, our work also shows that serotonin changes are similar to previous data collected in mammals, and

that Drosophila is a good model to study serotonin and behavior changes with depression because it is easier and faster to create
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genetic mutations in this model. Altogether, these works create a variety of FSCV serotonin waveforms that can be used to understand
the neurochemistry and neurobiology of depression treatments and behaviors in Drosophila. Additionally, our work creates a
cornerstone of real-time serotonin and behavioral measurement in Drosophila larvae that can be expanded upon in the future to
understand age-related depression and neurodegenerative effects with novel techniques in adult Drosophila that will help research in
mammals. Ultimately, these technological developments will facilitate new and exciting research on the neuromodulatory roles of

serotonin and its genetic effects on pharmacological treatments for depression and other important illnesses.
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List of fly lines used in this dissertation

1. UAS-CsChrimson (lll) — Stockline #55136 Bloomington (BL) Drosophila Stock Center, Bloomington, IN, Ch. 2-4
2. Tph-Gal4 (Il) — Dr. Jay Hirsh, UVA Biology, Charlottesville, VA, Ch. 2

3. Trh-Gal4 (Ill) — #38389 BL, Ch. 3-4

4. Trh-Gal4 () - Dr. Jay Hirsh, UVA Biology, Charlottesville, VA (balanced crosses for Ch. 5)
5. SERT Mutant #1 (ll) — #36004 BL, Ch. 5

6. 5-HT1A RNAI knockdown (Ill) — #25834 BL, Ch. 5

7. 5-HT1A RNAI knockdown (Ill) — #33885 BL, Ch. 5

8. 5-HT1A RNAi knockdown (Ill) — #25834 BL, Ch. 5

9. 5-HT1B RNAI knockdown (Ill) — #25833 BL, Ch. 5

10. 5-HT1B RNAI knockdown (1) — #33418 BL, Ch. 5

11. 5-HT1B RNAI knockdown (II) —#51842 BL, Ch. 5

12. 5-HT1B RNAI knockdown (II) — #54006 BL, Ch. 5

13. UAS-IGIUSnFR (Ill) — #59609 BL, Ch. 5

14. UAS-iGIUSnFR (Ill) — #59610 BL, Ch. 5

15. UAS-5-HT1 GRAB sensor (Ill) - #90874 BL, Ch. 5
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