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ABSTRACT OF THE DISSERTATION

Modulation of neurophysiology at neuromuscular junctions: effects of the pesticide ziram and

the role of glutamate in muscle contraction

by

Jenna Harrigan
Doctor of Philosophy in Molecular Toxicology
University of California, Los Angeles, 2021

Professor David E. Krantz, Chair

Drosophila neuromuscular junctions are powerful models for the investigation of synaptic
and neuronal circuit function as well as the regulation of muscle contraction. We have used the
well- characterized larval neuromuscular junction (NMJ) as a model to investigate the
neurophysiological effects of ziram and other pesticides linked to Parkinson’s Disease. Using
electrophysiology and calcium imaging, we show that ziram alters two separate aspects of
neurophysiology by disrupting two distinct pathways. It causes an increase in synaptic vesicle
release at least in part through disruption of the protein ubiquitination pathway. Secondly, ziram
enhances excitability at both aminergic and glutamatergic neurons by blocking either directly or
indirectly the eag family of potassium channels. We additionally use the adult reproductive tract
NMJ to investigate the regulation of muscle contraction by the excitatory transmitter glutamate.
We show that ionotropic and metabotropic glutamate receptors have a distinct pattern of
expression on the reproductive tract muscle and in local neurons. lonotropic receptors are

expressed in the muscle cells and are important for the initial glutamate-induced muscle



contraction. By contrast, metabotropic glutamate receptors are expressed only in local cells
extrinsic to the muscle and are important for the rhythmic pattern of activity underlying muscle
contraction. We suggest that cells expressing the metabotropic receptor may relay signals from

neurons to the muscle and be important for modulation of muscle activity.
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Introduction: Basic principles in neurophysiology and modulation of neuromuscular
junctions by pesticides and glutamate

Basic Principles in Neurophysiology: lon Channels and Neuronal Excitability in Drosophila

The Hodgkin-Huxley action potential model was the first to describe how voltage-dependent
variability in ion permeability form the basis for neuronal communication (Barnett and Larkman,
2007; Barker, 2017). This permeability varies with the distinct set of ion channels in each cell
membrane, setting both the resting membrane potential (RMP) of neurons and their ability to fire
an action potential, or its excitability. The sodium (Na) and potassium (K) gradients are a
product of active ion pumps that develop and maintain a large outward K and inward Na
gradient. K channels are the primary channel open at rest and thus determine most neurons’
RMP near the K equilibrium potential (Barker, 2017; Chen et al., 2018). Chloride (Cl) channels
are also important contributors to the RMP and synaptic transmission in neurons. They are
additionally important for inhibition of neurotransmission especially in the context of a neuronal
circuit since they gate negative ions. Voltage-gated Na channels open as the cell depolarizes to
cause the action potential upstroke (Barnett and Larkman, 2007). The action potential
propagation down the nerve leads to opening of presynaptic calcium (Ca) channels, specifically
of the cacophony Ca channels in flies that cluster close to the neuron’s active zone where
vesicles are released. Flies have four pore forming Ca channel subunit genes homologous to
the vertebrate L-, N-, and T-type channels, but the main regulator of presynaptic release,
cacophony (N-type Ca channel in vertebrates) Ca channels, surround vesicles ready at the
active zone. Inflow of Ca, which binds to a calcium sensing protein, triggers neurotransmitter
release. The spacing between these voltage gated Ca channels and vesicles ready to be
released at the active zone strongly influences synaptic release properties (Sudhof and Rizo,
2011; Sudhof, 2013; 2020b). The tight coupling of calcium influx and electrical activity allow us
to use the calcium indicator GCaMP as a proxy for neuronal activity. While GCaMP provides the

advantage of cell type specificity and accessibility, the Ca handling dynamics and diverse Ca
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signaling among different neuron types needs to be taken into account (Akerboom et al., 2012;
Xing and Wu, 2018). By contrast, electrophysiological methods typically still provide better
temporal resolution but lack the genetic precision of calcium imaging methods. While action
potentials are generated by voltage-gated Na channels, thirty different types of K channels in
flies (differentially regulated by several beta subunits) set the excitability properties of cells,
which include the threshold potential, action potential time duration, after-hyperpolarization
potentials, spontaneous depolarizations, or action potential bursting patterns. K channels fit
these roles because there are several diverse types which differ in their gating properties, their
voltage-dependence, and their modulation (Frolov, 2012; Jan and Jan, 2012). As key
determinants of cell excitability, K channels provide stability and at the same time allow for

plasticity within neuronal networks.

While an important function of all cells is communication, neurons have evolved unique abilities
for fast, long distance, spatially complex communication via electrochemical signals. The action
potential is a transitory reversal in the membrane potential polarity due to transient changes in
ion permeability, which initiates at highly Na dense regions of neurons, typically at the axon
initial segment, and travels down the axon to the terminals (Wicher et al., 2001; Ainsley, 2003).
Since the initial depolarizing phase of the action potential is mediated by an increase in Na
permeability, blocking of the Na channels with tetrodotoxin (TTX) prevents action potential
initiation and only action potential- independent events can occur (MN et al., 2016). Action
potentials can be evoked experimentally by applying a brief electrical current to the outside of
the nerve, promoting a local disturbance in the axon membrane potential to induce an opening
of a few Na channels and a depolarizing response. A few voltage-gated Na channels (flies have
two pore-forming subunit genes which undergo alternative splicing to form 48 variants), open in
response to a local depolarization of the cell since these channels are voltage sensitive, and the

influx of Na adds to the depolarization. If the membrane potential depolarizes to a certain



amount, this leads to rapid regenerative recruitment of adjacent voltage-gated Na channels on

the axon, and a full action potential is generated in an all-or-nothing fashion.

Neuromuscular junctions

Similar to neurons, muscle resting membrane potential is also set by K, CI, Na, and Ca
permeability through their respective channels (Wicher et al., 2001). However, the depolarizing
muscle potentials are carried by voltage-gated L-type Ca channels rather than voltage-gated Na
currents, and larval muscles generate graded rather than the typical fast action potentials of
neurons (Peron et al., 2009). The larger number of K channels in these muscles decreases the
Ca depolarizing effects to allow for only subthreshold regenerative potential spiking, which is a

characteristic of the slow contracting supercontractile muscles at the NMJ.

Rather than “skeletal” or “smooth” muscle types, Drosophila muscle is all striated and can be
categorized as tubular, indirect flight muscles (IFM), or supercontractile muscles. Most adult fly
muscles are tubular, which connect different parts of the exoskeleton and are made up of
rectangular myofibrils. IFMs are made up of circular myofibrils separated by large mitochondria.
Supercontractile muscles make up the larval body wall muscles and all visceral organs and are

unique in their ability to contract more than 50% below their resting length (Peron et al., 2009).

Although there are some ultrastructural feature differences between Drosophila larval muscles
and vertebrate striated muscles, the molecular organization of the thick and thin filaments are
comparable, indicating that the basic principles of contraction and its regulation are similar. The
motor protein in larval muscle is a class Il myosin and the main regulator of the contractile
response is the troponin complex that mediates the thin-filament response to calcium when
striated muscular contraction is initiated (Atwood et al., 1993; Peron et al., 2009). The
contractile response in the myofibrils of larval muscles is stimulated via an increase of

intracellular calcium following depolarization in the muscles. The increase of calcium in the
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muscle cell results from an inward current through voltage-dependent calcium channels and to a
release of calcium from intracellular stores, but the amount contributed from these two
components is unknown. Following the increase in intracellular calcium, it will decrease by efflux
through the membrane and by uptake into the sarcoplasmic reticulum through the action of
SERCA. Drosophila express a single SERCA endoplasmic—sarcoplasmic reticulum calcium
pump. The Ryanodine receptor is also critical for contraction in larval and other insect muscles

(Peron et al., 2009).

Although the generation and propagation of peristaltic waves has not been fully investigated in
Drosophila, experiments in insects indicate the essential role of central pattern generators in the
central nervous system in most systems (Fox et al., 2006; Peron et al., 2009; Yoshikawa, 2016).
The central pattern generator neuronal circuits that regulate rhythmic movements at the larval
NMJ are made up of interneurons and motoneurons whose rhythmic activities cause a
coordinated pattern of muscle contraction (Fox et al., 2006). These pattern generating neuronal
circuits share many characteristics with other invertebrate and vertebrate neuronal systems, and
thus may be a good model to investigate the link between neuronal circuits and behavior.
Another similarity to mammals is the myogenic transmission of electrical activity in the absence
of innervation, which has been demonstrated across the smooth muscle of most mammals and
insects, but the mechanisms remain largely unexplored in insects. While visceral muscles in
insects are striated, functionally they resemble vertebrate smooth muscles with their slow
rhythmic contractions, sensitivity to mechanical stretch and often coordinated peristaltic waves
(Miller, 1975). Visceral muscles like mammalian muscles are regulated by an excitatory
transmitter- acetylcholine in mammals and glutamate in insects- and are modulated by
monoamines and various peptides. In mammal visceral organs such as the gastrointestinal
tract, neurons from the central nervous system can modulate muscle activity indirectly through

signaling to various intermediary cells, such as Interstitial cells of Cajal, which were originally



described by the neuroscientists Ramon y Cajal and recently their critical functional role in

muscle contraction has been illustrated (Klein et al., 2013; S et al., 2013; MG, 2020).

Drosophila models for studying synaptic and neuronal circuit function

The neuromuscular system of Drosophila melanogaster larvae is a well-defined, genetically
accessible, and easy to visualize model to understand synaptic function and cell excitability. The
system is made up of central pattern generator circuits that integrate inputs and drive output
from about 36 motor neurons per ventral nerve cord (VNC) hemisegment innervating body wall
muscles through 3 main nerve trunks to produce patterned motor behaviors (Brent et al., 2009;
Peron et al., 2009). Each muscle is innervated by glutamatergic type | synapses that trigger
contraction through ionotropic glutamate receptors on the muscle. Type | terminals consist of
small and big types (Is and Ib) and contain mostly small clear glutamate containing vesicles, but
other neuropeptides may be released as well. Type | axons innervate single specific muscle
segments, allowing for fine tuning of muscle contraction. Post-synaptically the ionotropic
glutamate receptors bind glutamate which depolarizes the muscle and initiates contraction. In
contrast, type Il synapses release octopamine (OA), analogous to norepinephrine in mammals,
(and possibly glutamate) and innervate muscles 12 to 13 among others but not muscle 6 to 7. A
third type Il synapse that innervates muscle 12 contains large vesicles with insulin-like peptide
and other peptides, which, like the amines, modulate contraction and motor pattern generation

(Jia et al., 1993; Brent et al., 2009; Peron et al., 2009).

Larval locomotion is produced by waves of heuronal activity initiated by central pattern
generating networks of cells. The biogenic amines, OA and tyramine, are thought to play a
central role in initiation and regulation of these rhythmic patterns (Fox et al., 2006). Motor
behavior is additionally modulated in the central nervous system by various types of

interneurons including excitatory cholinergic and inhibitory GABAergic and glutamatergic inputs



as well as by sensory neurons like ppk-positive cells (Fox, 2006; Gorczyca, 2014). The larval
NMJ is a powerful model to dissect the various pathways by which muscle activity can be

modulated by environmental toxins.

A relatively more complex aminergic-glutamatergic circuit model consisting of direct and indirect
pathways that control and coordinate muscle contractions at the reproductive tract is the
Drosophila egg laying circuit (Rodriguez-Valentin et al., 2006). This system consists of a cluster
of nine octopaminergic and two glutamatergic identified neurons in the abdominal ganglion of
the ventral nerve cord (Drosophila central nervous system) that project to various regions of the
reproductive organs (Garner et al., 2018). Target organs of both central and peripheral neurons
include ovaries, lateral and common oviducts, uterus, and two types of sperm storage
receptacles (Middleton et al., 2006). The reproductive tract regions are differentially innervated
with distinct sets of receptors which regulate muscle contraction. The two ILP7 glutamatergic
neurons lead to contraction of the common oviduct, while stimulation central octopaminergic
neurons leads to contraction of the lateral oviducts. The central and peripheral receptors
responsible for regulating these muscle movements is currently being investigated by our lab.
There are also peripheral neurons, some of which express the gene pickpocket, and is
expressed in mechano-sensory cells that are important for egg laying behavior, but its
mechanisms are not fully understood (Lee et al., 2016). The previously proposed “simple” model
circuit regulating egg laying behavior is that octopamine leads to relaxation of the reproductive
tract muscle while glutamate causes contraction (Rodriguez-Valentin et al., 2006). However, our
data implicate a more complex model in which each anatomical region of the reproductive tract
is different and contraction can be initiated by both OA and glutamate in a state and region
specific manner. There is additionally a distinct pattern of electrical activity underlying
contraction in each region of the reproductive tract muscle, which is initiated and regulated by a

yet undetermined set of receptors.



Glutamate and monoamines as neuromodulators

Neuromodulation is the process of modification, inhibition, stimulation or therapeutic alteration of
electrical or chemical activity in neurons and neuronal networks. Neuromodulation underlies the
flexibility of neural circuit function and animal behaviors (Nadim and Bucher, 2014). Multiple
neuromodulators can act simultaneously on a neuron, and the intrinsic excitability and synaptic
efficacy of neurons are constantly under neuromodulatory influence. While glutamate is the
main excitatory neurotransmitter in mammals, aminergic neurotransmitters commonly interact
with multiple signaling pathways such as those mediated by glutamate, and modulate most
neuronal circuits. Glutamate can also act as a neuromodulator and amines can mediate fast
excitatory signaling at some synapses depending on their post-synaptic receptors and other
characteristics of each cell (Reiner and Levitz, 2018; Zhang et al., 2019). Diverse ionotropic and
metabotropic glutamate receptor families signal in concert to enable the myriad roles of
glutamate throughout the nervous system. In Drosophila, glutamate is the main peripheral
excitatory neurotransmitter and can also act as an inhibitory transmitter through glutamate-
gated chloride channels (Cully et al., 1996; L et al., 2004; DiAntonio, 2006). Similarly, a group of
aminergic transmitters act on an array of receptor types, which depending on the location of the
synapse, downstream biochemical processes, and state of the cell, also initiate a range of
responses in neural networks. Several studies have investigated the function of aminergic
neuronal clusters in invertebrates and vertebrates, but the function and interaction of each
individual neuron that make up these clusters is not known. Recent studies in invertebrates and
mammals demonstrate that aminergic cells, which were historically treated as homogeneous
clusters that exert uniform effects on cells throughout the brain, have distinct roles in multiple

different circuits (Chandler, 2014).



There are several glutamatergic receptors in the fly, broadly categorized into metabotropic and
ionotropic receptors. The ionotropic glutamate receptors (iGIuR) are ligand-gated channels that
open on binding glutamate. Most of these channels conduct cations and so depolarize and
excite the postsynaptic cell when opened. The metabotropic glutamate receptors (MGIuR) are
G-protein—coupled receptors that modulate a variety of second messenger signaling pathways
on binding glutamate. Both classes of glutamate receptors are present in Drosophila, and both
were shown to function at the larval NMJ. The ionotropic receptors mediate fast synaptic
transmission at the Drosophila NMJ, leading to depolarization of the postsynaptic muscle (Jan
and Jan, 1976). mGIuRs appear to play a neuromodulatory role at the Drosophila NMJ,
regulating the efficacy of short-term plasticity (Bogdanik et al., 2004). The vast majority of

studies in Drosophila have focused on ionotropic receptors, as will this chapter.

lonotropic glutamate receptors form as heteromeric tetramers. Three of these subunits,
DGIuRIII (also called GIuRIIC), DGIURIID, and DGIURIIE, are essential for receptor formation
and function. Each receptor also includes a fourth subunit, which can be either DGIuURIIA or
DGIuRIIB. These two receptor subtypeshave different channel properties, synaptic currents,
regulation by second messengers, and are localized to different areas (DiAntonio and Hicke,
2004). The B type channel desensitizes about ten times faster than the A type and animals
expressing only the B type have a much faster decay time constant (Davis, 1998). In addition,
the concentration of A versus B type channels at the NMJ is a key determinant of quantal size
(the postsynaptic response to the spontaneous fusion of a single synaptic vesicle) and
overexpression of the A type leads to a dose-dependent increase in quantal size. At the NMJ,
each motoneuron innervated a postsynaptic site with a different set of glutamate receptor
subunits (Marrus et al., 2004). The A type channel is present at the center of the puncta, while

IIB is frequently expressed in a ring around each puncta (Peron et al., 2009).



Metabotropic glutamate receptors (MGIuRs) are g-protein coupled receptors (GPCRSs) that
activate intracellular signaling cascades in order to modulate synaptic plasticity and
neurotransmission (Conn and Pin, 1997). In mammals, mGIuRs exist as 8 different subtypes
that can be classified into 3 groups (type I, Il, or Ill) based on their sequence and signal
transduction pathways (Niswender and Conn, 2010). Drosophila express DmGIuR which is most
similar to mammalian Group Il mGIuRs, and is required for essential behaviors such as learning.
There is widespread expression of DmGIuR throughout the Drosophila central nervous system.
DmGIuRs are expressed at the motoneruon terminal the the larval NMJ but their presynaptic
function has not been fully elucidated. Glutamate and mGIuR agonists applied to the larval NMJ
enhances spontaneous mini frequencies, while mGIuR antagonists reduce spontaneous
synaptic event frequencies, indicating that mGIuR acts to increase NMJ synaptic function
(Zhang, 2010). However, DmGIuUR mutants do not have significant changes to their basal
transmission and have enhanced facilitation in response to high frequency stimulation
(Bogdanik et al., 2004). Thus, DmmGIUR may be able to decrease glutamate mediated facilitation
but this remains inconclusive. Some studies have suggested that Drosophila larval muscles also
may express mGIuRs, but this has not been demonstrated conclusively, and its role there is

unknown.

Ziram and other pesticides

A defining property of neurons is the ability to integrate information, fire action potentials, and
communicate with diverse cells to produce complex behaviors. Pesticides, namely those
classified as insecticides, herbicides, and fungicides, have been shown to alter these properties
in distinct ways in different cell types, which may underlie the epidemiological association
between exposure to many of these chemicals and neurodegenerative disease risk (Mostafalou
and Abdollahi, 2013; Palmer, 2013; Steenland, 2014). Insecticides frequently target the

invertebrate nervous system but can also disrupt human neuronal function. The organochlorine



insecticides, such as dichloro-diphenyl-trichloroethane (DDT) and dieldrin, which remain in the
environment despite being banned, cause acute toxicity at high concentration. DDT and another
group of insecticides, the pyrethroids, keep Na channels open longer and block chloride
channels, and thus are toxic because they cause neuronal hyper-excitability. These and another
widely used organophosphate group of insecticides have also been associated with risk for
neurodegeneration. Organophosphate pesticides have several neurotransmitter and synaptic
enzyme targets that could underlie neurodegenerative diseases processes. Rotenone, a
naturally occurring insecticide used in organic farming has been widely used as an animal
model of parkinsonism and PD. It is a mitochondrial complex 1 inhibitor and induces oxidative
stress and alpha-synuclein accumulation among other hallmarks of PD. Together with rotenone,
the herbicide paraquat has been highly reported to enhance neurodegenerative disease risk in
epidemiological studies, particularly with PD. Its mechanism of neurotoxicity is not fully
understood, but mitochondrial dysfunction, oxidative stress, and inhibition of the ubiquitin-
proteasome system have been proposed to play important roles in PD pathogenesis (Baltazar,

2014; Fitzmaurice et al., 2014; Martin et al., 2016; Matei and Trombetta, 2016).

Ziram is a dithiocarbamate fungicide that is widely used to protect crops including stone fruits
and almonds from infection and to increase yield. However, ziram and other pesticides have
been associated with neurotoxicity, including an increased risk for Parkinson’s Disease (PD)-like
pathology. Fungicides are derived from a variety of structures including simple inorganic
compounds such as copper sulfate to complex organic compounds with sulfur as the most
common active ingredient. They are considered to be of low toxicity to mammals and account
for under 10% of pesticide application nationally, yet they account for the majority of dietary
oncogenic and developmental risk from pesticides and for many severe poisoning epidemics
worldwide. One class of fungicides are the dithiocarbamates including ziram, mancozeb, zineb,

and maneb. In Drosophila, exposure to ziram altered vesicle recycling in glutamatergic and
10



aminergic synapses, and increased spontaneous calcium events in aminergic cells as
measured with calcium and voltage fluorescent indicators. Ziram has several molecular targets,
beyond its original known fungicidal action as a Kreb’s cycle aconitase inhibitor, which may
underlie its neurotoxicity. Ziram inhibits aldehyde dehydrogenase that detoxifies oxidative
species and it broadly increases cellular oxidative stress. Other known actions of ziram are a
disruption of calcium homeostasis through a sodium calcium exchanger and other cation
channels, impairment of mitochondrial function, and a general reduction of sulfhydryl groups in
cells. Importantly, ziram is an inhibitor of the ubiquitin activating enzyme, E1 ligase, which is the
first step in the protein ubiquitination pathway. The Schweizer lab showed that in both
hippocampal and cortical cultured cells, drug inhibitors of E1 ligase, the proteasome, and
deubiquitinases all lead to an increase in mini frequency. Ziram, also an inhibitor of E1 ligase,
mimicked these ubiquitination inhibitors as it also increased mini frequency, suggesting that one
mechanism by which ziram may increase vesicle release is by altering the ubiquitination pattern
of vesicle release proteins (Rinetti and Schweizer, 2010). Our aims examine the mechanisms by
which ziram alters vesicle release and electrical activity of distinct cell types within a circuit to

alter the output of different neuronal systems.

Ziram is a dithiocarbamate fungicide that is widely used to protect crops including stone fruits
and almonds from infection and to increase yield. However, ziram and other pesticides have
been associated with neurotoxicity, including an increased risk for Parkinson’s Disease (PD)-like
pathology. Most studies examining this link between pesticides and neurodegeneration focus on
dopaminergic cell loss (Chou et al., 2008; Fitzmaurice et al., 2014; Jin et al., 2014; Dennis and
Valentine, 2015; Martin et al., 2016; Cao et al., 2018). Ziram and other pesticides have indeed
been shown to cause loss of dopaminergic cells. But the mechanisms by which neuronal

function is disrupted before, and possibly leading to, major cell loss occurs is not clear.
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Chapter 1. The effects of ziram on synaptic vesicle release and neuronal excitability

Abstract

Environmental toxicants have the potential to contribute to the pathophysiology of multiple
complex diseases, but the underlying mechanisms remain obscure. One such toxicant is the
widely used fungicide ziram, a dithiocarbamate known to have neurotoxic effects and to
increase the risk of Parkinson’s disease. We have used Drosophila melanogaster as an
unbiased discovery tool to identify novel molecular pathways by which ziram may disrupt
neuronal function. Consistent with previous results in mammalian cells, we find that ziram
increases the probability of synaptic vesicle release by dysregulation of the ubiquitin signaling
system. In addition, we find that ziram increases neuronal excitability. Using a combination of
live imaging and electrophysiology, we find that ziram increases excitability in both aminergic
and glutamatergic neurons. This increased excitability is phenocopied and occluded by null
mutant animals of the ether a-go-go (eag) potassium channel. A pharmacological inhibitor of the
temperature sensitive hERG (human ether-a-go-go related gene) phenocopies the excitability
effects of ziram but only at elevated temperatures. Seizure (sei), a fly ortholog of hERG, is thus
another candidate target of ziram. Taken together, the eag family of potassium channels
emerges as a candidate for mediating some of the toxic effects of ziram. We propose that ziram
may contribute to the risk of complex human diseases by blockade of human eag and sei

orthologs, such as hERG.

Introduction

Environmental risk factors associated with an increased risk for complex human diseases
include man-made toxicants such as pesticides (Parron et al., 2011; Mostafalou and Abdollahi,
2013; Stallones and Beseler, 2016). The mechanisms by which toxicants increase the risk for

neurological disease include individual, well-characterized pathways such as the disruption of
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the mitochondrial respiratory chain and increased oxidative stress (Cannon and Greenamyre,
2011; Mostafalou and Abdollahi, 2013; Nandipati and Litvan, 2016). However, toxicants can
also initiate neurological disease states via other, less well-characterized pathways (Heinemann
et al., 2016; Chen et al., 2018; Muddapu et al., 2019). Individual toxicants also may have more
than one target and disruption of multiple pathways by the same toxicant could be required to
increase the risk for disease (Sulzer, 2007). Therefore, to understand the mechanisms by which
environmental toxicants contribute to neurological disease states it will be necessary to discover

the array of potential pathways by which they can disrupt neuronal activity.

Parkinson’s disease (PD) is the second most common neurodegenerative disease and
produces devastating changes in cognition, mood, gastrointestinal function and motor activity
(de Lau and Breteler, 2006; Ascherio and Schwarzschild, 2016). Risk factors for PD include
genetic mutations as well as environmental toxicants (Goldman, 2014). Genetic mutations
account for rare variants that are inherited primarily in a Mendelian fashion (Lotharius and
Brundin, 2002; de Lau and Breteler, 2006; Bezard et al., 2013). Similarly, rare forms of
parkinsonism can be caused by toxicants such as MPTP (Parron et al., 2011; Duda et al., 2016;
Langston, 2017). In contrast to these clearly defined environmental and genetic causes, most
clinical PD cases are idiopathic and develop in response to a combination of multiple factors,
similar to other “complex” diseases such as cardiovascular disease (Sulzer, 2007; Cosselman et
al., 2015). Each risk factor may have a relatively small influence on the disease phenotype and,
in isolation, cause only small changes in cell physiology or circuit activity, but act together to
cause pathophysiological effects (Cannon and Greenamyre, 2011; Wang et al., 2011; Goldman

et al., 2012; Ascherio and Schwarzschild, 2016).

Model systems provide useful platforms to assess the mechanisms by which toxicants may
compromise neuronal function (Bezard et al., 2013). Long-term exposures are particularly

important to determine whether a toxicant or combination of toxicants will lead to cell death
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and thus contribute to the clinical phase of neurodegenerative diseases (Cannon and
Greenamyre, 2011; Parron et al., 2011; Ascherio and Schwarzschild, 2016). Long-term
studies can reveal additional developmental and behavioral effects that precede or are
distinct from later degenerative outcomes (Cao et al., 2019). Acute exposures on the other
hand may be used to determine the more proximal targets of toxicants and the mechanisms
by which toxicants initiate the disruption of neuronal activity (Cannon and Greenamyre, 2011;
Heinemann et al., 2016). Importantly, a relatively acute cellular phase may be distinguishable
from a later, more chronic clinical phase in neurodegenerative disease processes (De

Strooper and Karran, 2016; Noyce et al., 2016).

Ziram is a widely used fungicide linked to a 3-fold increased risk of developing PD in both
agricultural employees as well as people living adjacent to agricultural fields and chronically
exposed to high concentrations of pesticides (Wang et al., 2011). While several cellular
effects and molecular targets have been proposed, the mechanisms by which ziram disrupts
neuronal activity and thereby increases the risk of human diseases are not known (Chou et
al., 2008; Fitzmaurice et al., 2014; Martin et al., 2016). To address this question, we have
taken an open-ended approach to determine how ziram affects neuronal activity in the model
system Drosophila melanogaster. We used Drosophila in part because of the extensively
developed genetic toolset that allows the use of mutations to explore mechanistic pathways
(Ganetzky and Wu, 1986; Hales et al., 2015). Using live imaging and electrophysiological
assays we show that ziram can disrupt neuronal activity via at least two pathways: 1) An
increase in vesicle release probability mediated through the initial steps within the ubiquitin
signaling system and; 2) an increase in excitability mediated by inhibition of evolutionarily
conserved member(s) of the eag family of potassium channels. We propose that ziram acts

via these and perhaps other pathways to increase the risk of human neurological disease,
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especially during the early cellular phase of pathophysiology before overt neurodegeneration

has begun (De Strooper and Karran, 2016; Noyce et al., 2016).

Methods

Drosophila Stocks and Husbandry

Flies were raised at 25°C under a 12 hour day/night cycle on a conventional
cornmeal/molasses/yeast/agar medium. The GAL4-UAS system was employed for targeted
expression of UAS-GCaMP6m (chromosome Il insertion) in octopaminergic cells using Tdc2-
GAL4 as described (Martin et al., 2016). eag*>? is a null allele and eag* is a hypomorphic allele
of the eag potassium (K) channel (Xing and Wu, 2018). Additional K channel mutations used
include Shaker® (Sh®), a missense point mutation, and Shaker*S133(Shks133) a null allele of the
Shaker (Sh) gene, and slowpokel (slo?), a null allele of the slowpoke (slo) gene. All lines are
available from the Bloomington Stock Center unless otherwise noted. w!'*® was used as a

control line for K channel mutants and for all other experiments.

Dissection of Drosophila Larvae and Adults

Third instar wandering larvae were dissected to expose the muscles in the body wall in calcium
free HL3.1 solution (Feng et al., 2004; Imlach and McCabe, 2009). For neuromuscular junction
(NMJ) recordings, two dissections were used to differentiate the contribution of ziram to central
versus peripheral nerves. To ablate all contributions of neurons and processes within the ventral
nerve cord (VNC), the central nervous system (CNS) was removed and all processes at the
base of the VNC were severed leaving only the free hanging nerves containing motoneuron
axons (Fig. 5A). In a second preparation, a cut was made across segment A2 of the larval VNC,
leaving the abdominal segments of the VNC intact and attached to the nerves that project to the

body wall (Fig. 5B). For calcium imaging and electrophysiology of aminergic neurons in the adult
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abdominal ganglion, female flies aged 3 to 7 days post-eclosion were used. The flies were
pinned on a Sylgard platform or glued with UV-cured glue (Bondic) onto a glass coverslip and
the cuticle was removed to expose the abdominal ganglion. For the “ventral” preparations a
small window of cuticle was removed on the ventral surface of the animal to expose the ventral
surface of the abdominal ganglion, which lies just below the cuticle. For “dorsal” dissections, the
dorsal surface of the cuticle was cut and pinned back, and the overlying flight muscle was
removed to expose the dorsal surface of the abdominal ganglion. The axons at the base of the
abdominal ganglion were severed in “dorsal cut” preparations and were left intact in the dorsal

and ventral “intact” preparations (Fig. 2A, E).

Solutions

Ziram stock solution (10 mM in DMSO) was prepared weekly and frozen (-20 C) as aliquots.
Working dilutions from the aliquoted stock were prepared daily. KCI (3M) was used to fill sharp
electrodes for intracellular recordings and HL3.1 (pH = 7.3; 70 mM NaCl, 5 mM KCI, 5 mM
trehalose, 2 mM CacCl,, 4 mM MgClz, 115 mM sucrose, 10 mM NaHCO3) was used as external
solution for all NMJ experiments as described in Feng et al. (2004). The internal solution for
whole-cell patch clamp contained 140 mM potassium aspartate, 10 mM HEPES, 1 mM KCl, 4
mM Mg-ATP, 0.5 mM NasGTP, 1 mM EGTA (pH 7.3) and external solution was HL3.1 (see
above). Ziram was purchased from ChemService Inc. and G5 was purchased from Santa Cruz
Biotechnology. PYR 41, lactacystin, and NSC 624206, and disulfiram were purchased from
Tocris/R&D Systems. Tetrodotoxin (TTX) was purchased from Alomone labs. Additional

reagents were purchased from Sigma unless stated otherwise.

Electrophysiology
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For intracellular recordings in larval abdominal wall muscle, recording pipettes with a resistance
of 20-35 MQ were pulled on a Sutter P-97 puller from 0.5mm ID, 1.0mm OD borosilicate glass
(with filament; Sutter) and filled with 3M KCI. For miniature end junction potential (mini) post
synaptic recordings, the electrode was inserted into muscle 6 in abdominal segments A3 or A4.
Control solution was perfused (1 ml/min) during a five-minute baseline and then switched to
another control or a test solution for the remainder of the experiment. To generate
experimentally evoked excitatory junctional potentials (evoked potentials) at the larval NMJ, the
relevant segmental nerve was sucked into a fire polished suction electrode (5-15 pm inner
diameter), filled with calcium free HL3.1 and stimulated every 30 seconds to evoke action
potentials (APs). The 1 ms stimulation current was adjusted to 1.5 times the threshold current to

ensure AP initiation (30 pA-1mA).

The membrane potential in larval muscle was recorded using an Axoclamp 2B or a Multiclamp
700A (Molecular Devices) amplifier, amplified (100x) and low-pass filtered (Axoclamp: 3 kHz,
Brownlees Instruments; Multiclamp: 4kHz). Data were digitized at 20 kHz using a National
Instruments data acquisition board and software custom written in LabView (National
Instruments, Inc). Recordings were analyzed offline using an event detection algorithm based
on threshold crossings of the first derivative (LabView). Data normalization, graphing and further

analysis were done using Origin (OriginLab Corporation).

For experiments conducted at elevated temperatures, a Warner SB TC-324B single channel
temperature controller was used to elevate and maintain the perfusion solution temperature
surrounding the larval preparation to 40°C. In addition, a Styrofoam enclosure was constructed
around the recording microscope and a mini-space heater was used to elevate the ambient

temperature within the enclosure to 32-38°C.
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For electrophysiological recordings in the abdominal ganglion of adult female flies, Tdc2-positive
octopaminergic neurons were recorded from a whole-cell patch clamp configuration. 1.5mm OD,
0.86mm ID Borosilicate glass electrodes (7-9 MQ) were filled with the whole-cell patch clamp
internal solution (see solutions above). The preparation was perfused with HL3.1 solution and
continuously aerated with carbogen (95% O2/5% CO,). 3% Protease IV was puffed onto the
preparation for 3-10 minutes prior to recording to remove the glial sheath that surrounds the
ganglion (Ryglewski and Duch, 2012). Recordings were made using the current clamp mode of
the whole-cell patch clamp technique. To measure AP threshold and AP number, a current was
injected that ramped linearly over one second from a starting level of -50 pA to a maximal level
of 0 pA. In the next trial the starting current was still -50 pA but ramped to a maximal current of
+50 pA, then in the next trail to +100 pA, until a maximal current of +450 pA was reached. The
number of APs for each ramp was divided by the number of APs obtained at +450 pA in the
control condition to obtain the normalized values shown in Fig 3C. Recordings were made using
a MultiClamp 700B Amplifier, filtered at 4 kHz, and sampled at 10 kHz with a Digidata 1300b

under control of pClamp (Molecular Devices).

Calcium Imaging

To visualize intracellular calcium levels, UAS-GCaMP6m was expressed in octopaminergic cells
using Tdc2-GAL4 (Cole et al., 2005; Chen et al., 2013). Third instar larval preparations were
dissected as described previously in calcium free HL3.1 solution (see Solutions) and then
washed 3x with chilled HL3.1 solution containing 2 mM Ca?* prior to imaging (Martin et al.,
2016). Control solution or a test drug was added via perfusion to the bath after a 1-2 minute
baseline recording at ambient temperature. Nerve terminals and cells were imaged using a
Zeiss Axio Examiner Z1 microscope and Zeiss Achroplan water immersion objective (40x, 1.0
N.A.) with a CCD camera (Andor iXon 897, Oxford Instruments, Oxfordshire, England) and a

capture rate of 11.9 frames/s using Andor 1Q2 software. A DG4 light source (Sutter, Novato,
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CA) with a GFP Brightline® Filter Set (Semrock, Rochester, NY) was used for illumination.
Segment A4 of muscle 13 was visualized for all experiments as previously described (Martin et
al., 2016). For analysis of the GCaMP experiments, 3-5 individual boutons were selected per
axon branch using ImageJ (NIH) and the Time Series Analyzer plugin. The individual boutons
were background subtracted and then averaged per frame. AF/F was quantified as AF/F= [(F

peak - F baseline)/ F baseline] as reported in Martin et al. (2016).

Experimental Design and Statistical Analysis

For each calcium imaging recording, 3-5 regions of interest from one preparation were imaged
within a single 40x field of view and averaged to obtain a single observation with an n of 4-15
animals used for statistical analysis. For electrophysiology experiments, normalized frequency
and amplitudes of minis and end junction potentials (EJP) were divided by their respective five-
minute baseline interval before drug was added. The normalized and raw frequency and
amplitudes were plotted over time or represented as scatterplots with mean + SEM and used to
guantify the effect of each mutant line and drug concentration. An effect was judged as
statistically significant if p<0.05 in an ANOVA with a post-hoc Dunn-Sidak test for multiple
comparisons, a Wilcoxon signed rank test, or a t-test when applicable. The analysis of the data
in Figure 5K was made based on comparing means and differences in means using the

bootstrap method implemented in Labview (Efron and Tibshirani, 1991; Efron and Hastie, 2016)

Results

Ziram dose-dependently increases excitability of octopaminergic neurons

We previously reported that a high concentration of ziram (20 uM) causes synchronized calcium
events at octopaminergic processes and nerve terminals at the larval NMJ (Martin et al., 2016).

Here, we expanded our dose response curve to include concentrations previously used to test
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the toxicity of ziram (1-20 uM; Fig. 1 A-D) (Chou et al., 2008; Rinetti and Schweizer, 2010;
Dennis and Valentine, 2015). Although concentrations as low as 1 yM induce synchronized
calcium events in octopaminergic processes, higher concentrations generated more frequent
events (Fig. 1B, D) and required a shorter incubation prior to the initiation of events (Fig. 1C).
The time-period to the first calcium event differed between high (20 and 10 uyM) versus low
concentrations (1 and 2 yM) of ziram (Two-way ANOVA and post-hoc Dunn-Sidak: n=3-12, p<
0.001 per concentration). We also found that the frequency of calcium events at 25-30 minutes
post-ziram addition was increased at higher concentrations, with 20 uM ziram significantly
different from both 1 and 2 yM (One-way ANOVA and post-hoc Dunn-Sidak: n=4-14, p=0.004

and p<0.001, respectively).

To determine whether the effects of ziram would generalize to octopaminergic cells beyond
those innervating the larval NMJ, we tested ziram at a well-defined cluster of midline neurons in
the adult abdominal ganglion (Fig. 2A, E) (Rodriguez-Valentin et al., 2006; Rezaval et al., 2012).
Application of 20 uM ziram either induced calcium events in octopaminergic cell bodies and
processes within the ganglion in preparations with no baseline calcium activity or increased the
frequency in preparations with spontaneous activity at baseline (Fig. 2C, F). Approximately half

of these preparations showed spontaneous activity at baseline.

To help define ziram’s site of action, we severed the nerves containing the distal axons and
terminals of the octopaminergic neurons (“dorsal cut” dissection, see Fig. 2A). These
preparations showed no spontaneous activity at baseline, and in contrast to dorsal “intact”
preparations, ziram failed to increase calcium events in the cell bodies (Fig. 2A, D). This
suggests that ziram’s major site of action may be localized to or depend on factors in distal

axonal processes or nerve terminals rather than somatodendritic sites (Fig. 2D).
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Octopaminergic cell bodies within the abdominal ganglia localize to the ventral surface and are
difficult to detect when visualized in dorsal preparations (“dorsal’, see Fig. 2A). To better
visualize individual cells and distinguish fluorescence in somata versus their adjacent
processes, we inverted our preparation so that the ventral surface of the ganglion was facing
the objective (“ventral’, see Fig. 2E). Application of ziram increased the frequency of calcium
signals in most if not all the visualized cells (Fig. 2E, F). Interestingly, calcium signals in
individual octopaminergic neurons were not synchronized (Fig. 2E, F), suggesting

heterogeneous excitability within the cluster of neurons.

To more directly test whether ziram increases electrophysiological excitability, we recorded from
octopaminergic neurons in the abdominal ganglion of adult flies using whole-cell patch clamp.
Increased excitability could manifest as a membrane potential depolarization, a decrease in the
amount of current required to bring the neuron to threshold irrespective of membrane potential,
or a combination of both mechanisms. Consistent with the first mechanism, perfusion of 10 yM
ziram during a whole-cell current clamp recording depolarized the resting membrane potential
by 8.2 £ 2.4 mV relative to controls (Fig. 3A; n=5, p=0.027; two-way t-test), thus bringing them
closer to firing threshold. To test whether the amount of current required to elicit an AP might
also be decreased, we used current ramp injections to measure threshold and AP number (see
Methods). After application of ziram, less current was required to trigger an AP, consistent with
a decreased AP threshold (Fig. 3B, C). To disambiguate depolarization and AP threshold, we
kept the membrane potential hyperpolarized to -63 £ 1 mV by injecting bias current (Fig, 3B, C;
black and red trace/curves). Ziram still decreased the minimum amount of current required to
elicit an AP compared to controls and increased the mean number of APs at each current ramp
injection (Fig 3B, C; black and red traces/curves). For example, the average number of APs
elicited during a -50 pA to 300 pA ramp injection increased from 4.8 to 8 at -63 mV and from 6.8

to 13.4 at the cell's resting potential (Wilcoxon nonparametric test, p=0.03 both at the cell’'s
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resting potential and at -63mV; Fig. 3B, C). Together these data demonstrate that ziram
increases the excitability of octopaminergic neurons both by depolarizing the membrane

potential and by lowering the threshold for AP firing.
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Figure 1. Exposure to ziram dose-dependently increases calcium events at

octopaminergic terminals at the NMJ. A. GCaMP6m fluorescence in muscle 13 at
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octopaminergic terminals exposed to control solution (left) and the same preparation in 20 uM
ziram (right). Regions of interest (ROI) selected for analysis indicated as white circles (left).
Note the increase in fluorescence (white arrows; right). Scale bar= 80 um B. Representative
AF/F traces show repetitive calcium events recorded from octopaminergic terminals after 25
minute exposure to control solution (n=6), 1 UM ziram (n=7), 2 uM ziram (n=4), 10 uM ziram
(n=5), or 20 uM ziram (n=15). C. The time until the first calcium event decreases as the
concentration of ziram increases with the onset of EJPs occurring earlier at the high doses. D.
The mean frequency of calcium events at 25-30 minutes post-ziram at each concentration. Data

shown as mean + SEM.
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Figure 2. Ziram increases calcium events in octopaminergic projections and somata in
the adult abdominal ganglion. A. Diagram of the dorsal intact and cut abdominal ganglion
dissection (left): the area within the red square in the fly is shown magnified in the cartoon to the

right of fly. Black half-oval: abdominal ganglion; blue lines: octopaminergic projections; purple:
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target organs of projections. Images of octopaminergic neuronal projections in the dorsally
dissected abdominal ganglion (right) in the of control period (left micrograph) and after
application of 20 uM ziram (right micrograph). White circles indicate ROI. Note the synchronized
calcium events at the octopaminergic projections indicated with white arrows. Scale bar is 160
pum. B-C. Representative AF/F traces of octopaminergic projections from two ROls in an intact
dorsal preparation in the presence of control at 2 minutes (left) and after a 25-minute control
solution (B, right, n=5) or ziram (C, right, n=6) incubation. Each trace represents one ROI as
indicated in the dorsal intact preparation shown in diagram A (white circles). D. Representative
AF/F traces of octopaminergic projections from a dorsal cut preparation before (left, n=5) and
after a 25-minute incubation in 20 yM ziram (right, n=5). Each trace represents one ROl in a
dorsal cut preparation. Note that ziram no longer leads to synchronized calcium events. E.
Diagram of the ventral intact abdominal ganglion dissection and fluorescent images of
octopaminergic cell bodies in control solution (left) and after a 20-minute incubation in 20 uM
ziram (middle and right, images taken approximately 15 seconds apart). White arrows indicate
ziram-induced calcium events that occur in two different cell clusters at two different time points.
Scale bar is 160 um. F. Representative AF/F traces of calcium events at the indicated ROls in
control (left) and after a 20-minute incubation in 20 uM ziram (right, n=3) in a ventral intact

preparation. Traces are from the indicated ROIs in diagram E (white circles).
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Figure 3. Ziram increases excitability of octopaminergic neurons via depolarization and

lowering of AP threshold. Whole-cell current clamp recordings from octopaminergic neurons

in the adult abdominal ganglia before and after perfusion of 10 uM ziram. A. Mean resting

membrane potential (RP) is depolarized from -51 + 3 mV to -43 £ 3 mV in the presence of ziram

(open light blue squares: control; closed dark blue squares: ziram; n=5). B. Representative

voltage traces from an individual cell in response to 1 second current ramp injections

from -50 pA to 200 or 250 pA (top blue traces) and -50 pA to 300 or 350 pA (bottom black/red

traces). Top traces at the cell’s resting potential (RP; no bias current) and bottom traces at -63

mV (with bias current) in control (left) and 10 um ziram (right). Note that ziram leads to both

membrane depolarization and increased AP firing (top) and increased AP firing even when the

cell is held at -63 mV (bottom). Scale bar is 200 ms and 20 mV. C. Normalized number of APs

in response to 1 second ramp injections from -50 pA to the maximum current indicated on the x-

axis. Data are normalized to the pre-ziram AP number for a ramp from -50pA to 450pA (13 APs

for RP, 11APs at -63mV). Open symbols: control solution; closed symbols: ziram. Blue

(corresponding to blue traces in panel B): neurons at intrinsic RP; Black/red (corresponding to

red/black traces in panel B): neurons held at -63 mV with bias current. Mean + SEM; data from

the same 5 cells as shown in A and B. Note the leftward shifts in AP numbers when the cell is in

ziram at its RP (light blue to dark blue) and when the potential is held at -63 mV (black to red).
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Ziram increases the excitability of glutamatergic neurons

Using calcium imaging, we previously did not detect an increase in excitability in glutamatergic
neurons innervating the larval NMJ (Martin et al., 2016). However, recent data show that calcium
homeostasis differs between octopaminergic and glutaminergic neurons at the NMJ (Xing and
Wu, 2018). Octopaminergic neurons show detectable calcium signals in response to a wide range
of stimulation frequencies, but glutamatergic neurons, while responsive to stimulation, show a
similarly robust calcium response only following high frequency stimulation and pharmacological
inhibition of channel activity (Xing and Wu, 2018). We therefore reasoned that ziram might indeed
stimulate action potentials in both glutamatergic and octopaminergic cells but fail to generate a
detectable calcium signal in glutamatergic processes. To test this hypothesis, we performed sharp
electrode electrophysiological recordings from muscle 6 at the larval NMJ (without VNC) (Imlach

and McCabe, 2009).

Glutamatergic motoneuron APs elicit the exocytotic release of glutamate from multiple vesicles,
triggering a large, ionotropic postsynaptic response, which can be measured in the postsynaptic
muscle in the larval body wall as an excitatory end junction potential (EJP) of several millivolts in
amplitude. These large EJPs, which occur in response to a presynaptic AP are easily
distinguishable from the small, miniature end junction potentials (minis), which have an amplitude
of <1 mV and occur in response to neurotransmitter released from a single vesicle. We can thus
take the presence of these larger amplitude EJPs at the larval NMJ as an indicator of presynaptic
APs, a proxy of increased neuronal excitability. If ziram increases the excitability of glutamatergic
neurons to the point of AP firing, we expect to detect ‘spontaneous’ EJPs of several millivolts in
amplitude. Indeed, when we measured the muscle membrane potential at the NMJ intracellularly,
we observed ‘spontaneous’ EJPs following application of ziram in preparations without the VNC
(Fig. 4A, B). Ziram-induced EJP events were sensitive to the sodium channel blocker tetrodotoxin

(TTX; Fig. 4B, C). Since contraction-initiating APs in the muscles of the NMJ depend on calcium
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channels rather than on TTX-sensitive sodium channels (Littleton and Ganetzky, 2000), we

conclude that the large ziram-induced EJPs are triggered by presynaptic APs.

To further explore the electrophysiological response to ziram, we applied ziram at increasing
concentrations and quantified the time to first EJP (Fig. 4D). In contrast to the modest but
significant effects of <1 uM ziram on octopaminergic cells, we did not detect any EJPs in larval
muscle at this low concentration in preparations without a VNC (Fig. 4D). Our data suggest that
ziram may directly increase the excitability of both octopaminergic and glutamatergic neurons and
that octopaminergic neurons may be more sensitive to the effects of ziram. However, previous
reports show that octopamine can modulate glutamate release from glutamatergic (Type 1)
terminals and thus affect electrophysiological responses measured at the NMJ (Kutsukake et al.,
2000; Nagaya et al., 2002). While muscle 6 is not a target for major octopaminergic innervation
(Atwood et al.,, 1993; Monastirioti et al., 1995), we cannot rule out the possibility that the
electrophysiological responses we observed were caused by the activation of octopaminergic
(Type 1) terminals by ziram, and the subsequent, indirect stimulation of Type | terminals by
octopamine. Although we find that ziram concentrations as low as 1 yM can induce synchronized
calcium events in octopaminergic processes, higher concentrations and more frequent events

(Fig. 1B, D) might be required to release enough octopamine to stimulate Type | terminals.
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Figure 4. Ziram induces spontaneous, TTX sensitive EJPs at NMJ preparations without
VNC. A- C. Representative trace in control (A, n=11), after addition of 2 uM ziram (B, n=11) and
after addition of 1 uM TTX + 2 uM ziram (C, n=4) in preparations without VNC. A- C. Scale is
100 ms and 1 mV. D. Summary scatter graph of ziram induced EJPs. EJPs are induced at 2,
10, and 20 uM but not at 1 uM or in control solution. Dose of ziram is inversely related to the

time to first EJP (Control n=11; 1 uM n=7; 2 uM n=11; 10 uM n=6; 20 uM n=2).

Differential effects of ziram across different sites of action

In addition to acting peripherally on Type | terminals (Kutsukake et al., 2000; Nagaya et al.,
2002) octopamine can also act centrally on glutamatergic motoneurons to regulate their
electrical activity and locomotor output (Saraswati et al., 2004; Fox et al., 2006; Simon et al.,
2009; Koon and Budnik, 2012; Selcho et al., 2014). This suggests that ziram could have non-
linear effects not only at the periphery but also centrally. To explore this idea, we compared the

effects of ziram in two types of preparations in which the VNC was either completely severed
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from the peripheral nerves or a portion of the VNC was left intact and attached to the peripheral
nerves. For the intact VNC preparation, the descending inputs from the CNS to the VNC were
severed to avoid contractions driven by CNS input. Consistent with previous reports that central
octopaminergic cells can modulate motoneuron activity (Fox et al., 2006; Simon et al., 2009),
we observe an increase in EJP frequency with octopamine bath application to preparations with
the distal VNC left attached (data not shown). Similarly, we observe an increase in the fraction
of experiments with detectable EJPs at 1 yM ziram and an increase in EJP frequency in
preparations with the VNC attached (Fig. 5F, K). By contrast, when connections of the VNC to
the body wall were severed, leaving only the free-hanging nerves (Fig. 5A), 1 uM ziram had no
effect (Fig. 5E, K). Application of ziram at concentrations above 1 uM elicited EJPs in both
preparations, but the frequency was higher in preparations with the VNC intact (Fig. 5K; 1uM n
=6&12,p<0.03; 2uM: n=8 & 13, p < 0.01; 10 yM: n=9 & 14, p < 0.001 (see methods)). These
data are consistent with the idea that depending on the site of action, the effects of ziram on
excitability can differ. The similarity between the effect of ziram at 1 uM and the effect of
octopamine in VNC-attached preparations suggest that the central site of action of 1 uM ziram
could be octopaminergic processes that regulate motoneuron excitability; however, other

pathways within the VNC that regulate motoneuron activity also represent potential targets.
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preparation without the VNC (-VNC) and B. with the VNC intact (+VNC). Red dashed lines
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indicate location of dissection cuts. Blue dots represent octopaminergic cells and orange dots
represent glutamatergic motoneuron cell bodies. C-J. Representative traces of minis and EJPS
in different conditions. C, E, G: -VNC C. Control (n=23); E. 1 uM ziram (n=12); G. 2 uM ziram
(n=17); I. 10 uM ziram (n=7). D, F, H: +VNC: D. Control (h=11); F. 1 uM ziram (n=7); H. 2 uM
ziram (n=10); J. 10 uM ziram (n=5). K. Left: Percentage of experiments with EJPs elicited by
ziram during the recording period at each ziram concentration in preparations without
(translucent color) and with (bold color) the VNC intact. Note that at 1 uM ziram, EJPs occur
only in preparations with the VNC. Right: Median frequencies for each experiment in control
(grey) and at each ziram dose (blue 1 uM, green 2 pM, orange 10 uM) in preparations with the
VNC removed (open triangles) and VNC intact (filled diamonds). Difference of means and
confidence interval [5%, 95%]: 1 uM 2.39 [0.03, 6.3]; 2 uM 2.32 [1.4, 4.6] 10 uM 6.24 [2.5, 9.8];
probability of means being equal: 1 pM p < 0.03, 2 uM p < 0.01, 10 pM p < 0.001 (see
methods). Note the increase in frequency when ziram is applied to preparations with the VNC

left intact. C-J. X scale is 100 ms. C-F. Y scaleis 1 mV. G-l. Y scaleis5mV. J. Y scaleis 2 mV.

Ziram increases the probability of synaptic vesicle release

During our recordings of spontaneous EJPs we observed an increase in the frequency of mini
events; however, this effect was partially obscured by ziram-induced spontaneous EJPs (Fig.
4B). Thus, we applied TTX to block the presynaptic APs required for EJPs to allow for the
analysis of minis (Fig. 4C). We indeed observed a clear, ziram-induced increase in the
frequency but not the amplitude of spontaneous minis, suggesting an increase in presynaptic
vesicle release probability (Fig. 6A-C). The ziram-induced increase in mini frequency appeared
to be independent of extracellular calcium concentration and occurred in HL3.1 solution

containing calcium concentrations as low as 0.2 mM (n= 8; Fig. 6B).
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Higher doses of ziram (10 uM and 20 uM) led to an increase in mini frequency (Fig. 6B),
followed by a strong depolarization of the membrane potential (data not shown; see Fig. 3A for
comparison). The concomitant decrease in driving force for currents through the glutamate
receptors led to a decrease in mini amplitude, which made it progressively difficult to resolve low
amplitude minis from noise. While this hindered the establishment of a rigorous dose-response

relationship, higher doses elicited increases in frequency earlier during the experiment (Fig. 6B).

An increase in mini frequency is usually interpreted as an increase in the probability of the
spontaneous release of individual synaptic vesicles. An increase in vesicle release probability
might further reveal itself through an increased amplitude of the postsynaptic response to an
experimentally triggered AP. These investigator-induced post synaptic events will be termed
“evoked potentials” to differentiate them from the EJPs resulting from the spontaneous APs
induced by ziram (see Fig. 4B). Thus, to determine whether ziram increases the probability of
synchronous vesicle release, we measured the amplitude of evoked potentials following
perfusion with ziram (Fig. 6D, F, G). We observe a consistent increase in the amplitude of
evoked potentials, which peaked after 10 minutes in ziram and then declined (Fig. 6F).
Quantification of evoked potential amplitudes at 10 minutes showed an increase as high as 3-
fold in the presence of ziram relative to controls (Fig. 6D, F). These data are consistent with

ziram increasing the probability of both spontaneous and synchronous evoked vesicle release.

We noted that the dose of ziram required to increase excitability was higher than the dose
required to increase the probability of release. At a low dose of ziram (1 uM) both the evoked
potential amplitude and mini frequency increased (Fig. 6B, G), however there was no detectable
effect on the excitability of glutamatergic neurons at this dose (see Figs. 4D, 5E). These
differences suggest that the mechanisms by which ziram increases the probability of vesicle

release might be distinct from those responsible for increased excitability. To investigate the
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pathways that lead to these two distinct neuronal effects, we tested compounds that share

structural or toxicological properties with ziram.
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Figure 6. Ziram increases synaptic vesicle release probability. A. Representative traces of
sharp electrode intracellular recordings at the Drosophila NMJ in control (grey, n=28) or ziram

(blue 1 pM; green 2 puM; yellow 5 pM; orange 10 puM; red 20 pM; n=11-26). X scaleis 1 sand Y
scale is 0.5 mV. B, C. Mini frequency and amplitude measured over time and averaged across

experiments in control and in various ziram concentrations. Mini frequencies at 10 uM and 1 uM
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include experiments performed in both 2 mM and 0.2 mM calcium control solutions. Arrow
indicates switch of perfusion from control to drug (or from control to control) solution after a five-
minute baseline period. D. Sample traces of evoked responses during baseline and after control
(grey), 10 pum ziram (red) or 1 um ziram (blue). Scale is 100 ms and 5 mV. E-G. Normalized
evoked potential amplitudes plotted over time in control solution (n=8), 10 uM (n=8), and 1 uM
ziram (n=5) with addition of drug indicated by black arrow. All time traces are plotted as mean +

SE.

Other PD-associated pesticides, dithiocarbamates, and zinc do not mimic either of the

neuronal effects caused by ziram at the NMJ

Ziram is composed of two identical, anionic dithiocarbamate molecules bound by a positively
charged zinc atom raising the possibility that zinc alone might contribute to the effects of ziram
(Fig. 7A). We tested zinc chloride at the NMJ and did not observe an increase in release

probability or excitability at concentrations as high as 10 uM (Fig. 7B).

To determine whether dithiocarbamates as a class might increase excitability or release
probability, we tested the effects of two structurally related chemicals, maneb, a PD associated
fungicide (Wang et al., 2011), and disulfiram, an aldehyde dehydrogenase inhibitor used to treat
alcoholism (Fig. 7A, B) (Fitzmaurice et al., 2014). We found that disulfuram, but not maneb,
increased the probability of release (Fig. 7B; disulfiram: Dunn-Sidak p=<0.001; maneb: Dunn-
Sidak p=0.15) and neither maneb nor disulfuram induced EJPs (data not shown). These data
indicate that although features common to dithiocarbamates such as free cysteines may
contribute to changes in release probability or excitability, neither effect is common to all
dithiocarbamates. In addition, the differential effects of disulfuram on excitability and release

probability support the hypothesis that ziram could act through two distinct pathways.
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Exposure to two other pesticides, paraquat and rotenone (Fig. 7A), has been strongly
associated with an increased risk of developing PD (McCormack et al., 2002; Wang et al., 2011;
Cao et al., 2018). However, neither toxin increased the frequency of minis (Fig. 7B) nor

triggered EJPs, indicating that the neuronal effects of ziram are not shared by all toxicants

associated with PD.
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Figure 7. Other PD-associated pesticides, dithiocarbamates, and zinc do not mimic either
of the neuronal effects caused by ziram at the NMJ

A. Chemical structures of compounds tested. B. Mean mini frequencies in control (n=26), zinc
chloride (10 pM, n=8), rotenone (20 pM, n=5), paraquat (20 pM, n=5), maneb (10 pM, n=8) and
disulfiram (10 uM, n=8). Disulfiram, and not the other compounds tested, increased mini

frequency. None of the compounds tested induce EJPs.

37



Disruption of the ubiquitin signaling system enhances vesicle release probability

Ziram was previously reported to increase mini frequency in mammalian cell cultures via
inhibition of E1 ligase, the first element of the ubiquitin signaling system (Rinetti & Schweizer,
2010; Fig. 8A). We therefore examined whether pharmacologic inhibition of E1 ligase would
similarly increase mini frequency at the Drosophila NMJ, and whether this intervention would
also increase excitability. Consistent with the results in mammals, we find that the E1 ligase
inhibitors NSC and PYRA41 increase mini frequency (Fig. 7B; one-way ANOVA and post-hoc
Dunn-Sidak, PYR41: p<0.001; NSC: p=0.012). Consistent with an increase in release
probability, PYR41 also increases evoked potential amplitude (one-way ANOVA and post-hoc
Dunn-Sidak: p=0.002; Fig. 8D). Neither the proteasome inhibitor MG132 nor the
deubiquitination inhibitor G5 showed a significant increase in mini frequency or evoked potential
amplitude (Fig. 8B, D). Our results are in general agreement with previous work supporting the
importance of the ubiquitin signaling system for synaptic transmission (DiAntonio and Hicke,
2004; Yiand Ehlers, 2005) and expand on those findings by suggesting that protein

ubiquitination, rather than protein degradation, is crucial for the control of exocytosis.

We never observed spontaneous EJPs following perfusion with NSC, PYR41, MG132 or
Gb5. This suggests that, unlike changes in the probability of release, the increase in excitability
caused by ziram is not mediated via the ubiquitin signaling system (Fig. 8C). These results
support the notion that the increase in excitability and vesicle fusion probability results from

distinct molecular mechanisms.
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Figure 8. Disruption of the Ubiquitin Signaling System enhances vesicle release
probability, but not excitability. A. Simplified diagram of the Ubiquitination Signaling System
(USS) with sites of pharmacological inhibition indicated: E1 activating enzyme (PYR41, NSC,
ziram), deubiquitinating enzyme (G5) and the proteasome (MG132). B. Normalized mini
frequency in control (n=13), PYR41 (5 uM; n=8), NSC (20 uM; n=9), G5 (10 uM; n=12), and
MG132 (10 uM; n=7) (mean £ SEM). C. Sample traces of minis following addition of control,
PYR41, NSC, MG132, G5, and ziram. Note that unlike ziram, PYR41, NSC, MG132, and G5 do

not induce EJPs (indicated by red arrows). Scale is 500 ms and 1 mV. D. Normalized evoked
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potential amplitude following the addition of control (n=11), PYR41 (n=7), NSC (n=7), GS (n=4),

and MG132 (n=5).

eag potassium channel mutants phenocopy and occlude ziram-induced excitability

We next explored mechanisms of ziram-induced excitability. Since K channels are critical
regulators of neuronal excitability, we tested whether the broad-spectrum K channel blocker,
tetraethylammonium (TEA), would replicate the effect of ziram on excitability. Indeed, TEA
phenocopied ziram at octopaminergic terminals and induced spontaneous calcium signals (data
not shown). We therefore hypothesized that ziram inhibits one or more K channels (Shieh et al.,
2000; Bauer and Schwarz, 2018). In order to determine whether inhibition of K channels
contribute to ziram-induced excitability, we tested for the presence of EJP activity in eag,
Shaker and slowpoke K channel mutant animals (Pallanck and Ganetzky, 1994; Jan and Jan,

2012).

Consistent with previous reports that spontaneous EJPs occur at baseline in animals with a null
mutation in the ether-a-go-go (eag) K channel (Ganetzky and Wu, 1983; Ganetzky et al., 1999;
Frolov et al., 2012), we observed EJPs at baseline in eag, but not in Shaker nor slowpoke
mutants (Fig. 9A-D). In both eag! and eag®®®® mutants, we observed EJPs with amplitudes
ranging from 9-25 mV and frequencies ranging from 1-10 Hz, both of which remained constant
throughout the experiment (Fig. 9A, B). We next performed occlusion experiments similar to
classical epistasis studies to determine whether mutations in eag might affect pathways similar
to or divergent from ziram (Mackay, 2015). Addition of 10 uM ziram to larvae homozygous for
either a hypomorphic or null allele of eag did not detectably increase (or decrease) the
frequency of spontaneous EJPs over a 30-60 minute period (Figs. 9A-B, 11C). eag mutant
animals thus both mimic and occlude the effects of ziram. These results suggest that eag

channel blockade may be the primary mechanism of ziram’s effect on excitability.
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In contrast to eag, application of ziram to Shaker and slowpoke elicited EJPs (Fig. 9C, D).
These data indicate that the target of ziram is still available for blockade in these mutants and
supports the involvement of eag-type channels, but not other K channels, in the ziram-induced
excitability increase. In addition, we note that in Shaker mutants, some of the EJPs occurring in
response to ziram were slow depolarizing events, similar to those reported in shaker and eag
double mutants (data not shown) (Ganetzky and Wu, 1983). We also observed slower
repolarization of EJPs in the slowpoke mutants (Fig. 9D). These observations suggest that
acute pharmacological block of eag channels by ziram acts akin to an eag null mutant in
modifying the phenotype of Shaker and slowpoke mutants. In sum, our results support the
hypothesis that increased neuronal excitability induced by ziram is likely due to disruption of a

pathway involving eag or via direct inhibition of the eag channel.

eag mutations do not occlude ziram-induced mini frequency

To test the hypothesis that the mechanisms mediating ziram’s effect on excitability and release
probability are distinct, we examined the mini frequency of eag, Shaker and slowpoke mutant
animals at baseline and following exposure to ziram (Fig. 9E, F). To allow for the quantification
of minis in eag mutants, recordings were conducted in 1 uM TTX in order to block spontaneous
EJPs. We did not observe a statistically significant difference in baseline mini frequency
between wildtype and any of the K channel mutants (Fig. 9E). Application of 10 yM ziram
elicited an increase in mini frequency in all K mutant lines tested, similar to the increase
observed in wildtype animals (Fig. 9F). Two-way t-tests of each mutant showed that eag,
Shaker, and slowpoke mutants have significantly increased mini frequencies in ziram relative to
baseline (two-way t-tests: eag®°?® p=0.005; eag! p= 0.03; Sh® p=0.014; Sh¥51*3 p=0.03 (data not
shown); slowpoke?! p= 0.002; Fig 9F). Although the change in mini frequency in response to

ziram appears less in slowpoke and Shaker animals than in eag, this difference in effect size
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was not significant. These results support the hypothesis that inhibition of eag contributes to

increased excitability but not to increased vesicle release.
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Figure 9. Ether-a-go-go potassium channel mutants phenocopy and occlude ziram-
induced excitability, but not the ziram-induced changes in vesicle release probability. A-
D. Representative traces of spontaneous EJPs in the eag*?®, eag?’, Sh®, and slo! mutants in
control (left) and after perfusion of 10 uM ziram (right, eag*>*?® n=10, eag* n=6, Sh® n=5, and slo?
n=8). Scale is 200 ms and 5 mV. Ziram does not enhance EJP frequency in eag mutants. Ziram
both increases mini frequency and elicits EJPs in Shaker and slowpoke mutants. E. Baseline
mini frequencies during a five-minute recording period in wildtype and K channel mutants. F.
Mini frequencies after perfusion of a second solution (control: grey open triangles; 10 puM ziram:
red triangles). 1 uM TTX added to experiments using eag mutant animals. Mini frequencies
were measured in wildtype and the following potassium channel mutants: eag*®® (control n=5;

ziram n=10), eag? (control n=6; ziram n=6 ), Sh® (control n=7; ziram n=5), Sh*S1*3 (control n=7;

42



ziram, n=7; data not shown), and slo! (control n=5; ziram n=8). Note that ziram increases mini

frequency independent of genotype.

The hERG inhibitor E4031 increases the excitability effect of ziram at elevated

temperatures

Drosophila express three members of the eag-type family of K channels: eag, eag-like (elk), and
an eag-related (erg) K channel called seizure (sei) (Titus et al., 1997). elk remains poorly
characterized, especially in Drosophila, but the sei channel, an ortholog of the hERG channel in
humans, was intriguing because it was previously shown to regulate synaptic function and
excitability at the NMJ (Lee and Wu, 2010; Frolov et al., 2012; Hill et al., 2019). However, unlike
eag, which maintains baseline excitability, the sei channel has been proposed to regulate
neuronal excitability in response to heat stress (Jackson et al., 1984; Titus et al., 1997; Hill et
al., 2019). At elevated temperatures sei mutant larvae showed a decreased time to paralysis
(Zheng et al., 2014), seizures (Hill et al., 2019) and increased branching at the NMJ (Lee and
Wu, 2010). In the heart, sei seems to be active at room temperature and play a role similar to
hERG (Ocorr et al., 2017). To determine whether we could detect the activity of sei in our
preparation, we used the hERG channel inhibitor E4031, which phenocopies cardiac arrythmias
(Ocorr et al., 2017) and the heat sensitivity phenotype (Zheng et al., 2014) of sei mutant flies.
E4031 (100 uM) had no effect on neuronal excitability (n=6, see Fig 11B) at room temperature,
consistent with the idea that although sei may be active in the heart at room temperature, it may
be much less active at lower temperatures in neurons (Jackson et al., 1984; Titus et al., 1997;
Hill et al., 2019) similar to hERG (Vandenberg et al., 2006; Vandenberg et al., 2012).
Intriguingly, at elevated temperatures (40°C), E4031 elicited robust, spontaneous EJPs (Figs.
10A, 11B- C; Dunn-Sidak 40°C: 4.5£1.2, p= 0.006; 25°C: p= 0.07), consistent with E4031

inhibition of sei or another channel that only manifests itself at elevated temperatures.
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Alternatively, based on these data alone we could not exclude the possibility E4031 only
blocked eag channels but in a temperature dependent fashion. If so, E4031 should show little or

no activity in an eag null mutant animal.

To begin to explore the relationship between E4031, ziram and the eag mutant, we first
performed control experiments to test whether temperature alone would have any effects on
excitability. We again elevated the temperature of the preparations to 40°C, and quantified EJP
frequency in either wildtype animals or eag mutants in the absence of either ziram or E4031.
We did not observe EJPs in wildtype flies at 40°C (Figs. 10A, 11B-C) and indeed observed a
counterintuitive, two-fold decrease in EJP frequency at 40°C in eag mutants (eag 25°C:
1.0+0.34 Hz; eag 40°C: 0.47+0.06 Hz; p= 0.004; Figs. 10B, 11B-C). This decreased EJP
frequency became more pronounced over time at 40°C and might reflect an adaptive

engagement of sei or other temperature sensitive channels to counteract hyperexcitability.

To test whether ziram could inhibit other eag family members such as sei in addition to eag
channels, we next recorded from wildtype and eag null mutants at elevated temperatures (40°C)
in the presence of ziram. Application of ziram to wildtype animals at 40°C led to a larger
increase in EJP frequency compared to room temperature (W' 25°C: 2.0+1.2 Hz; w8 40°C:
10.4+2.1 Hz; Dunn-Sidak: p=.001; Figs. 10A, 11B). The increased EJP frequency at elevated
temperatures could be due to contributions from both eag and other temperature sensitive
channels. We therefore recorded from eag null mutants at elevated temperatures. Ziram
enhanced the EJP frequency in eag mutants relative to control solution at 40°C (control 40°C:
0.4720.06 Hz; ziram 40°C: 7.9+1.76 Hz; n=12, Dunn-Sidak: p=0.003; Figs. 10B, 11C) but not at
room temperature (Figs. 9A, 9B, 11C). These data indicate that at 40°C, ziram can increase
excitability via blockade of a molecular target distinct from eag. Importantly, since eag*®is a

null allele--, the increase in excitability is not due to further inhibition of eag.
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To more specifically test whether the enhanced excitability effect of ziram at 40°C could be due
to blockade of an E4031-sensitive channel such as sei, we applied E4031 to eag mutants at
25°C and 40°C. At 25°C, E4031 did not affect the EJP frequency in either w!!® or eag mutants
(Fig. 11B, C). In contrast, E4031 did increase the EJP frequency in w8 and eag mutants
relative to control solution at 40°C (E4031 40°C: 7.13+ 1.4 Hz; control 40°C: 0.47+0.06 Hz;
Dunn-Sidak, p= 0.04; Figs. 10B, 11C). Our results are consistent with the idea that ziram

inhibits both eag as well as a temperature and E4031 sensitive channel such as the sei ortholog

hERG (Fig. 11A).
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Figure 10. Ziram and E4031 enhance excitability at elevated temperature. A.

Representative traces of minis in wildtype (w!'8) animals at baseline (left) and with control, 100
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UM E4031, or 10 uM ziram (right) recorded at 40°C (control n=7, E4031 n=8; ziram n=9). Scale

bar is 200 ms and 5 mV. B. Representative traces of EJP Frequency in eag®? null mutants at

baseline (left) and with control, 100 uM E4031, or 10 uM ziram solution recorded at 40°C

(control n=19, E4031 n=8, ziram n=12). Scale bar is 200 ms and 5 mV.
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mechanism: at 25°C, ziram inhibits the eag K channel to increase excitability and eag null

mutants also show enhanced excitability. E4031, a hERG channel blocker, has no effect since
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most sei channels are closed (left). At 40°C, sei channels are thought to be active. Both ziram
and E4031 inhibit “sei” to drive excitability in wildtype and eag mutants. Ziram increases
excitability by blocking both “sei” and eag (right). B. EJP frequency in wildtype at 25°C (left) in
control (n=25), E4031 (n=6) and ziram (n=7) and in experiments performed at 40°C (right;
control, n=7, E4031, n=8; ziram, n=9). C. EJP frequency in eag*°?® null mutants at 25°C (left) in
control (n=7 E4031 (n=6), and ziram (n=9) and in experiments performed at 40°C (right; control,
n=19; E4031 n=8; ziram n=12). Since the target of the E4031 is not unequivocally sei and could
potentially be another temperature sensitive channel, the name is depicted in quotation marks

(“sei,” see main text for discussion).

Discussion

A combination of genetic susceptibilities and environmental factors are thought to contribute to
complex diseases such as cardiovascular disease and neurological conditions such as
idiopathic PD and Alzheimer’s disease (AD) (Szot, 2012; Baltazar et al., 2014; Yegambaram et
al., 2015). While chronic exposure paradigms using a combination of chemicals will be essential
to determine how toxicants cause cell death in neurodegenerative diseases, acute exposure will
pinpoint the initial targets of each toxicant that might be compromised long before the
manifestation of clinical symptoms (Carvey et al., 2006; Heinemann et al., 2016). Ziram inhibits
several biochemical pathways in vitro and in vivo (ALDH, E1 ligase, sodium-calcium exchanger,
mitochondrial functions) but the relationship between these and other putative targets and
human disease remains unclear (Rinetti and Schweizer, 2010; Fitzmaurice et al., 2014; Jin et
al., 2014; Matei and Trombetta, 2016). We have used an open-ended approach in Drosophila
melanogaster to investigate how ziram changes neuronal activity and identified a novel

molecular pathway through which ziram can increase neuronal excitability.
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Inhibition of E1 ligase increases synaptic vesicle release in cultured mammalian neurons,
however the mechanisms remain unclear (Rinetti and Schweizer, 2010). Protein degradation via
the proteasome is one possible pathway and has been suggested to regulate both the fly NMJ
and mammalian synaptic activity (Speese et al., 2003; Rinetti and Schweizer, 2010;
Ramachandran and Margolis, 2017; Ramachandran et al., 2018). However, the effects of
proteasome inhibitors in our experiments differ from the effects of E1 ligase inhibitors.
Ubiquitination can alter protein function in several ways that are distinct from proteasome
dependent degradation, including the regulation of mitochondrial function, membrane trafficking,
and endocytosis (DiAntonio and Hicke, 2004). Using ziram and other toxicants in combination
with Drosophila genetics may help uncover the relevance of these non-degradative ubiquitin

signaling system pathways to synaptic function and the early stages of complex diseases.

We previously reported that ziram causes an increase in the excitability of octopaminergic
processes at the fly NMJ as observed through an increase in spontaneous calcium signals
(Martin et al., 2016). However, an increase in calcium signals in presynaptic glutamatergic
processes was not detected, possibly due to differences in calcium homeostasis between
octopaminergic and glutamatergic axons (Xing and Wu, 2018). It thus seemed possible that
ziram could elicit spontaneous APs in glutamatergic processes without causing detectable
calcium transients. Hence, we re-examined the effects of ziram in glutamatergic neurons using
electrophysiological methods. Indeed, ziram induces EJPs, suggesting that excitability of not
only aminergic but also glutamatergic neurons is increased. We cannot rule out the possibility
that ziram acts on octopaminergic neurons and that the release of octopamine, or indeed

another transmitter, affects the changes in the glutamatergic neurons (Nagaya et al., 2002)

In addition to peripheral octopaminergic neuronal processes (Fig. 1A-D), we show that ziram
increases the excitability of octopaminergic neurons in the adult CNS through a decrease in AP

threshold and an increase in resting membrane potential (Fig. 3A-C). In the larval CNS,
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octopaminergic neurons regulate the activity of glutamatergic motoneurons that project
peripherally to the NMJ (Simon et al., 2009; Selcho et al., 2014). Taking advantage of this
locomotion circuit, we show that 1 yM ziram only elicits motoneuron APs if the distal portion of
the VNC is left intact, but not when the VNC is completely severed and only the peripheral
axons are present (Fig. 5B, F). This central interaction could be elicited through octopaminergic
neurons, but additional pathways that regulate motoneuron output might contribute to the
increased excitability as well. These data support the idea that ziram may differentially affect
some neuronal processes within a circuit, and that the effects of ziram on excitability can

influence downstream outputs.

Ziram-induced increases in excitability of glutamatergic and octopaminergic neurons could
propagate through circuits and thus indirectly affect other classes of neurons in the CNS in flies
and perhaps mammals. We note that changes in the excitability of glutamatergic processes
have been suggested to contribute to the pathophysiology of PD and the death of
norepinephrine (NE) and dopaminergic (DA) neurons (Calabresi et al., 1993; Ridding et al.,

1995; Ambrosi et al., 2014).

Potassium channels are exquisite regulators of neuronal activity that have been implicated in
both the neuroprotective and pathophysiological effects of neurodegenerative diseases
including both AD and PD (Dragicevic et al., 2015; Duda et al., 2016; Chen et al., 2018; Zott et
al., 2018). For example, inactivation of K-ATP channels as well as inhibition of SK channels
have been shown to block DA cell activity and cell death in rodent models (Liss et al., 2005;
Duda et al., 2016). Similarly, overexpression of mutant alpha-synuclein increases DA neuron
firing frequency by inhibiting A-type K channels (Subramaniam et al., 2014). In animal models of
AD, ablation of the AD-linked B-secretase BACE1 reduces the amount of the m-current
mediating Kv7.2/KCNQ2 (Lehnert et al., 2016) and decreased surface expression of the A-type

K channel Kv3.4, both leading to enhanced excitability (Hartmann et al., 2018). Here we report
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that ziram acutely alters neuronal excitability by inhibiting members of the ether-a-go-go channel
family, eag itself and possibly sei. A third member of this family, elk, remains poorly
characterized in flies, and mutants do not show any apparent phenotype (Ganetzky et al.,
1999). E4031 has been shown to inhibit hERG channels, but its actions on sei channels are not
well characterized and are mostly inferred by E4031 mimicking and interacting with behavior
observed in sei mutants (Zheng et al., 2014; Ocorr et al., 2017). Thus, while the sequence
similarity between hERG and sei and the temperature dependent action of E4031 (Zheng et al.,
2014; Ocorr et al., 2017) support the notion that E4031 blocks sei, additional channels could
also serve as targets of ziram, and more direct experiments using sei mutants will be necessary
to distinguish between these possibilities. It is also conceivable that ziram may act via a
common upstream regulatory pathway rather than direct inhibition of K channels in the eag
family and experiments using heterologously expressed cDNAs representing each channel will

be necessary to address this question.

Eag and sei were discovered in Drosophila as hyperexcitability mutants at baseline and under
heat stress, respectively, and eag led to the discovery of the eag family of channels in mammals
(Ganetzky and Wu, 1983, 1986). Later the fly seizure locus was shown to encode the
Drosophila homolog of hERG (Wang et al., 1997). Humans express eight orthologs of eag,
originally classified as the KCNH family of K channels, which are grouped into the Kv10 (hEAG),
Kv1ll (hERG) and Kv12 (ELK) channels (Ganetzky et al., 1999). eag channels were previously
reported to preferentially localize to neuronal axons and terminals rather than the
somatodendritic compartment (Sun et al., 2004; Bronk et al., 2018). Similarly, sei channels were
shown to be enriched in axonal projections in glutamatergic and octopaminergic neurons (Hill et
al., 2019). Consistent with this, our results indicate that ziram affects axonal projections more

strongly than cell bodies (Fig. 2C, D). However, the increased firing threshold in adult abdominal
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ganglion cell bodies detected by whole-cell recordings indicates a possible direct effect on cell

bodies (Fig. 3B, C).

We hypothesize that ziram will also inhibit eag orthologs in mammalian neurons. Our attention
has been particularly drawn to the channel encoded by human eag-related gene 1
(hERG1/KCNH2/Kv11.1) because of its relevance to human disease, especially cardiac
arrhythmias (Vandenberg et al., 2012). Disruption of hERGL1 activity caused by either genetic
mutations or drugs is a major cause of long QT syndrome that increases the risk of potentially
fatal arrhythmias (Perrin and Gollob, 2013; Perry et al., 2015). Interestingly, the prevalence of
long QT syndrome is also elevated in PD patients (Deguchi et al., 2002) and emerging evidence
indicates an interaction between arrhythmias and AD (Ilhara and Washida, 2018), but the
potential relevance of hERG to PD or AD has not been explored. hERGL1 is inhibited by an
unusually large number of structurally diverse drugs including commonly prescribed drugs and
our findings suggest that ziram might be added to this list (Suessbrich et al., 1997; Thomas et

al., 2002; Lee et al., 2012; Kratz et al., 2017).

A majority of studies on inhibition of eag orthologs have focused on its physiology in the
context of cardiac conditions, but all members of this family are widely expressed in the nervous
system (Jeng et al., 2005; Ferreira et al., 2012; Perrin and Gollob, 2013; Perry et al., 2015). We
speculate that inhibition of human eag orthologs by ziram and by other compounds increases
neuronal excitability and contributes to the initiation of disease and possibly early progression of
neurotoxicity (Duda et al., 2016). ERG channels are highly expressed in the striatum, globus
pallidus, and SN, and hERG inhibitors (E4031 and rBeKm-1) directly increase the rate of
spontaneous firing in midbrain DA neurons (Ferreira et al., 2012; Ji et al., 2012). eag orthologs
are also expressed in CNS glutamatergic neurons (Jeng et al., 2005; Vandenberg et al., 2012).
It is possible that inhibition of a subset of human eag channels by ziram could indirectly and

directly affect DA neurons by increasing excitatory glutamatergic drive and by increasing DA

o1



neuron activity, thus increasing metabolic load (Blandini, 2010; Ji et al., 2012). eag orthologs
are also expressed in NE neurons and contribute to physiological functions such as heart rate,
sleep, arousal, and stress (Gullo et al., 2003; Schwarz and Luo, 2015). We note that in flies, sei
and eag mutants exhibit neuropathology and reduced longevity, suggesting their potential
relevance to neurodegenerative diseases (Fergestad et al., 2006). Although the mechanisms
underlying these effects remain unclear, these data suggest that additional studies in the fly
might be used to dissect the relationship between the eag family and downstream

pathophysiological processes.

We have used Drosophila molecular genetics in combination with calcium imaging and
electrophysiology to identify target pathways, which may contribute to neurophysiological effects
of ziram. If dysfunction of the eag channel family in humans does indeed play a role in human
neuropathology, it will necessitate the evaluation of mutations as risk factors, and of additional
environmental and pharmaceutical compounds that act on these channels. Our data further
suggest that patients exposed to ziram should be examined for evidence of cardiac

hyperexcitability, a known risk of drugs that target the eag family of K channels.

Summary

Complex diseases such as idiopathic PD are thought to be caused by the interaction of multiple
genetic and environmental factors. While the study of genetic risk factors has contributed
enormously to our mechanistic understanding of complex diseases, environmental toxicants
have received much less attention. We propose that examination of the acute effects of
disease-linked environmental factors will expose potentially novel molecular pathways involved
in complex diseases. Using Drosophila, we show that the widely used agricultural fungicide
ziram alters both glutamatergic and aminergic neuronal function via two distinct mechanisms: i)

increasing the probability of vesicle release through an E1-ligase dependent pathway and, ii),
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increasing electrophysiological excitability. Null mutants of the potassium channel ether a-go-go
phenocopy and occlude the ziram-induced increase in excitability. Moreover, E4031, an inhibitor
of the hERG (human eag related gene) channel, an ortholog of sei, also phenocopies and
occludes ziram-induced excitability increases, but only at elevated temperatures. Sei or a
related channel may thus be an additional target of ziram at elevated temperatures. Taken
together, our data raise the novel possibility that ziram could inhibit human eag channel

orthologs such as hERG and thereby contribute to human disease states such as PD.
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Chapter 2: Glutamatergic regulation of Drosophila oviduct muscle physiology

Abstract

Visceral muscle contraction and its regulation by neuronal activity is critical for the survival and
reproduction of animals and thus it is important to understand the neuronal circuits underlying
visceral muscle physiology. The Drosophila melanogaster reproductive tract represents a simple
model of the regulation of visceral muscle function by aminergic and glutamatergic circuits. We
show that the excitatory neurotransmitter L-glutamate (LGA) causes a pattern of depolarizations
and rhythmic electrical activity that underlies muscle contractions in the common oviduct of the
reproductive tract. Consistent with the mechanisms of mammalian visceral contraction, the
metabotropic glutamate receptor (nGIuR) are expressed in local neurons and processes but not
in the contractile muscle cells. mGIuR is necessary for the repetitive membrane potential activity
in the common oviduct muscle. These data indicate that mGluR-expressing cells play a critical
role as regulators of electrical activity in the reproductive tract muscle and have important

implications for visceral muscle motility.

Introduction

The regulation of visceral muscle contraction and its underlying rhythmic activity is crucial for
survival and reproduction of both insects and mammals. Thus, it is important to understand the
neuronal circuits governing visceral muscle physiology. The Drosophila reproductive circuit is a
useful model to explore the regulation of visceral muscle contractions and the mechanisms by
which glutamatergic receptors interact with each other to coordinate essential behaviors. We
use this neuromuscular circuit to investigate the regulation of visceral muscle by glutamate. In
mammalian visceral smooth muscle, peristaltic contractions can occur independently of central
neuronal innervation and rely on intermediary, non-contractile cells near muscle, some of which

are called Interstitial Cells of Cajal (ICC). Interstitial Cells of Cajal and other functionally similar
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cells orchestrate rhythmic activity in the gastrointestinal tract and other smooth muscles by
relaying signals from the CNS to muscle (Klein et al., 2013). Muscle cell activity is also
modulated indirectly via receptors on local neurons and interstitial cells. By contrast, regulation
of visceral muscles in invertebrates is thought to be coordinated by direct central nervous
system innervation and the concept that visceral muscles in Drosophila might be regulated
indirectly has received little attention (Kiss et al., 1984; Rodriguez-Valentin et al., 2006; Garner
et al., 2018). It remains unknown whether there are local cells with different markers that act as
mediators between neural circuits and the muscle and may contribute to the coordination of

myogenic rhythms at the Drosophila reproductive tract.

A previously reported model for the regulation of Drosophila female reproductive tract muscle
contraction showed that central innervation by octopaminergic and glutamatergic neurons lead
to relaxation and contraction of the muscle as a whole, respectively (Rodriguez-Valentin et al.,
2006). Glutamate acts as the main excitatory neurotransmitter in mammalian central nervous
systems. In insects it has been shown to be the major excitatory neurotransmitter in both
visceral muscles and “skeletal” muscles and increases contractions in the oviducts of several
species, including locusts. In addition to direct contraction, glutamate can modulate neuronal
function through activation of metabotropic glutamate receptors in both insects and mammals or
inhibit neurons through the glutamate-gated chloride channel in insects (Bogdanik et al., 2004;

Garner et al., 2018).

We identify the location and role of specific glutamatergic receptors at the Drosophila
reproductive tract neuromuscular junction. Cells expressing metabotropic glutamate receptors
lie in the oviduct lumen and outside of the visceral muscle rather than within the muscle
membranes where the ionotropic glutamate receptors have been reported to be localized

(DiAntonio, 2006; 2020a). The long thin processes of these cells surround nuclei and project in
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between the muscle cells, around neuronal terminals. Additionally, our data show that glutamate
indeed causes contraction in the reproductive tract oviduct muscle, but we also observe an
underlying rhythmic pattern of electrical activity extending beyond the initial muscle contraction.
Using pharmacology and genetics, we show that muscle rhythmic activity only occurs when
metabotropic glutamate receptors are stimulated, whereas the ionotropic receptors cause an
immediate membrane depolarization. Our results contribute to the idea that similar to
mammalian smooth muscles, insect visceral muscles are modulated at least in part by receptors
extrinsic to the muscle cells themselves. We propose that there are cells at Drosophila
reproductive tract muscle which express mGIuR and are important for rhythmic electrical activity

in Drosophila visceral muscle.

Materials

Drosophila Stocks and Husbandry

Flies were raised under a 12 hr day/night cycle at 25°C on a conventional cornmeal/ molasses/
yeast/ agar medium and 50-70% humidity. UAS-RCaMP1b (chromosome lll insertion), 24b-
GAL4, and UAS-ChR2 in muscle (using 24b- GAL4), mGIuR-T2A- GAL4, and ILP7-GAL4 were
obtained from Bloomington Stock Center. MiMIC GAL4 lines were obtained from Dr. Hugo

Bellen. Adult females aged 3-6 days post-eclosion were used for each experiment.

Dissections

For all experiments, 3-6 day old mated female adults were used. Flies were anesthesized on ice
and dissected on Sylgard in a cold calcium free HL3.1 solution. For channelrhodopsin
experiments, the thorax and abdominal cuticle was cut to expose the abdominal ganglia and
reproductive tract. Insect pins were used on the tip of the abdomen, and on the thorax and
abdomen cuticle and the gut was removed to visualize the abdominal ganglion and reproductive

tract. In isolated preparations, the head and thorax, the gut, the abdominal cuticle and all local
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and central processes were removed from the reproductive tract and pins were placed on both
ovaries and the tip of the uterus to stabilize the preparation under the microscope. In fillet

preparations, reproductive tracts and local neuronal cell bodies and processes were left intact
as well as the abdominal cuticle. Pins were placed on both sides of the cuticle and the gut was

removed for visualization.

Immunohistochemistry

All samples were dissected in phosphate buffered saline and stained using a standard staining
protocol. Briefly, samples were fixed in 4% paraformaldehyde for 30 minutes and blocked in 5%
normal goat serum for 30 minutes. After 3 washes in PBST (0.3% Triton X 100 in PBS),
samples were stained with primary antibody overnight and then in secondary antibody for 2-3
hours. Samples were then washed in PBST and PBS and cleared with 25% glycerol. Antibodies
reactive against the drosophila metabotropic glutamate receptor, and the glutamate receptor I
D, C, and A subunits were gifts from the Dickman laboratory (Kiragasi et al., 2017). Phalloidin
and HorseRadish Peroxidase were purchased from Sigma and were used to locate muscle and
neurons, respectively. Tissues were mounted on bridged slides using Fluormount-G with DAPI
(SouthernBiotech 0100-20) or Diamond Prolong mounting media (Thermofisher 36966).
Images were then processed using publicly ImageJ software. All antibodies used with their

sources and concentrations are listed in chapter 2 table 1.

Electron Microscopy

UAS-NES-APEX2 fly lines were crossed to the mGIuUR-T2A-GALA4 line for visualization of
mGIluR-expressing cells in the reproductive tract. Animals were dissected as described above
and then fixed in 4% paraformaldehyde and 2.5% glutaraldehyde for 20 minutes. Following
fixation, tissues were washed in PBS, reacted with DAB to reveal sites of peroxidase activity,

and washed again. Samples were then post-fixed in 0.5% osmium tetroxide in 0.1MPB for
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30min, and dehydrated through a graded series of ethanol concentrations. After infiltration with
Eponate 12 resin, the sections were flat embedded in fresh Eponate 12 resin and polymerized
at 60°C for 24 hours. Then the sections in resin were attached to a pre-polymerized Epon 12
resin capsule by fresh Epon 12 resin and polymerized for 24 hours at 60°C. Ultrathin sections
of 77 nm thickness were prepared and placed on formvar coated copper grids. Some grids were
stained with uranyl acetate and Reynolds’ lead citrate. Grids with or without counterstaining
were examined using a JEOL 100CX transmission electron microscope at 60 kV and images
were captured by an AMT digital camera (Advanced Microscopy Techniques Corporation,
model XR611) (Electron Microscopy Core Facility, UCLA Brain Research Institute). Sodium-
cacodylate (cat. no. 12300), glutaraldehyde (16220 and 16120), paraformaldehyde (15710),
osmium tetraoxide (19190), 3,3’-diaminobenzidine (DAB; D5905), potassium hexacyanoferrate
(I (P9387), thiocarbohydrazide (88535), sodium hydrosulfite (157953) and durcopan resin

(44610) were purchased at Sigma-Aldrich.

Solutions

Glutamate _stock was prepared prepared on the same day as experiments and diluted for
experiments. KCI (3M) was used as internal solution to fill electrodes for sharp electrode
intracellular recordings and HL3.1 (pH = 7.3; 70 mM NacCl, 5 mM KCI, 5 mM trehalose, 2 mM
CaClz, 4 mM MgCl,, 115 mM sucrose, 10 mM NaHCO3) was used as external solution for all
NMJ experiments as described in Feng et al. (2004). The mGIuR agonist and antagonist
LY354740 (3246) and LY341495 (4062) was purchased from Tocris. Additional reagents were

purchased from Sigma unless stated otherwise.

Electrophysiology

For intracellular recordings in adult Drosophila reproductive tract muscle, recording pipettes with

a resistance of 20-30 MQ were pulled on a Sutter P-97 puller from 0.5mm ID, 1.0mm OD
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borosilicate glass (with filament; Sutter) and filled with 3M KCI. Electrodes were inserted into the
common oviduct muscle (see diagram). Preparations were incubated in control HL3.1 solution
during a 2 to 20 minute baseline recording and then bath application of second HL3.1 solution

or a test solution was washed in for the remainder of the experiment.

Optical Stimulation and Calcium Imaging

Flies were dissected as described above. To visualize intracellular calcium levels, UAS-
RCaMP1b was expressed in muscle using 24b-GAL4. Adult flies were dissected as described
previously in calcium free HL3.1 solution (see “semi-intact” in Dissections) and then washed 3x
with chilled HL3.1 solution containing 2 mM Ca2+ prior to imaging. HL3.1 control solution or a
test drug was added via perfusion to the bath after a 1-2 minute baseline recording at ambient
temperature. Muscles were imaged using a Zeiss Achroplan water immersion objective (10x,
1.0 N.A)) on a Zeiss Axio Examiner Z1 microscope with a CCD camera (Andor iXon 897, Oxford
Instruments, Oxfordshire, England) and a capture rate of 12 frames/s using Andor 1Q2 software.
A DG4 light source (Sutter, Novato, CA) with a RFP Brightline® Filter Set (Semrock, Rochester,
NY) was used for illumination. For analysis of the GCaMP experiments, 3-5 individual regions of
the common oviduct muscle or cell processes were selected ImageJ (NIH) and the Time Series
Analyzer plugin. The individual regions of interest were background subtracted and then
averaged per frame. AF/F was quantified as AF/F= [(F peak - F baseline)/ F baseline] as

reported in Martin et al. (Martin et al., 2016).

Experimental Design and Statistical Analysis

For each calcium imaging recording, the regions of interest in the oviducts from one preparation
were imaged within a single 10x field of view and averaged to obtain a single observation with
an n of 9 animals used for statistical analysis. All electrophysiological data was analyzed using

custom software in Labview from Felix Schweizer. An effect was judged as statistically
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significant if p<0.05 in an ANOVA with a post-hoc Dunn-Sidak test for multiple comparisons or a

two-way t-test when applicable.

Ch. 2 Table 1.
Antibody Experiment Concentration Source Ref#
Rabbit anti GFP | Receptor 1:500 Invitrogen A-21311
— 488 Expression
preconjugated.
Phalloidin — 555 | Muscle Costain | 1:500 Invitrogen A34055
HRP - 568 Neural Costain | 1:500 Invitrogen
GIuRIIA, C, D Receptor 1:20 Dion Dickman
Expression Lab
Results

Glutamate stimulates oviduct muscle contraction and a distinct pattern of rhythmic

electrical activity

Similar to mammalian skeletal muscle, the model for muscle contraction in insects is that an

excitatory neurotransmitter causes depolarization of the muscle membrane and contraction

upon binding to receptors localized to the contractile muscle cells. However, in mammals the

regulation and pattern of activity in visceral muscle differs in important ways from skeletal

muscle: in skeletal muscle there is a single depolarization while visceral smooth muscles have
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rhythmic bouts of depolarizations. It was previously shown in Drosophila that glutamate, as the
primary excitatory neurotransmitter at the oviduct visceral muscle, causes vigorous global
contraction (Garner et al., 2018). It was also reported that stimulation of ILP7 glutamatergic
neurons in the abdominal ganglion causes contraction in the oviduct muscle. However, in the
prior studies that demonstrated this effect, the electrical activity underlying the contraction in

response to glutamate was not investigated (Rodriguez-Valentin et al., 2006).

To determine whether fly visceral muscles, like mammalian smooth muscles, have an
underlying rhythmicity that contributes to the regulation of visceral muscle contraction, we
stimulated the previously described ILP7 glutamatergic neurons in the abdominal ganglion
which innervate the reproductive tract and cause contraction of the common oviduct. We then
used electrophysiology to record electrical activity in the common oviduct. As previously
reported, we observed a common oviduct muscle contraction upon stimulation. An initial
membrane depolarization occurred in all animals (2.2 + 0.5 mV) with rhythmic depolarizations
occurring in 5 out of 6 animals in the posterior common oviduct muscle (Fig. 1; frequency within
bursts: 8 £ 0.9 Hz, burst duration: 0.85 £ 0.05 s). This was surprising since glutamate causes
one short (~10 s) contraction event, and at the well-studied larval NMJ muscle glutamate
stimulates a single end junction potential rather than a series of depolarizations (Jan and Jan,
1976). This ongoing burst activity is characteristic of smooth visceral muscles rather than the

“skeletal” type muscle at the NMJ, which have a unique regulatory system and set of receptors.

While previous studies identified a dorsal and ventral glutamatergic ILP7 neurons projecting
from the abdominal ganglion to the reproductive tract and which cause oviduct contraction, they
did not delineate the projection pattern of these cells on the reproductive tract or which post-
synaptic receptors were stimulated to allow for muscle contraction. It has previously been

shown that GIuRlIl is the major glutamate receptor in Drosophila skeletal muscle that leads to
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contraction, but Drosophila express several ionotropic and metabotropic glutamate receptor
subtypes which may regulate visceral muscle (see Fig. 3). To assess the contribution of all
glutamatergic inputs and post-synaptic receptors on contraction in the common oviduct, we bath
applied glutamate to the isolated preparation and recorded activity in the common oviduct.
Miniature depolarization events (minis) were observed at baseline in glutamate experiments and
before and after addition of HL3.1 control solution, indicating the presence of a synapse with
ionotropic receptors (Fig. 2C; control baseline mini frequency= 3.1+ 0.6 Hz, n=9; control
addition mini frequency= 2.8 + 1 Hz, n=6; glut addition mini frequency= 3.89 £ 0.5 Hz, n= 30).
Mini frequencies were not significantly different in each treatment group or after addition of
control solution (HL3.1 control: p=0.99; glut: p=0.86). Similar to ILP7 stimulation, glutamate
caused a membrane depolarization with a burst of depolarization events, however glutamate
also led to multiple bursts of events in 38 out of 60 animals which we never observed with 30 s
of ILP7 cell stimulation. Glutamate caused a large initial depolarization compared to control
solution (Control membrane depolarization= 1 + 2 mV, n=13; Glut addition: membrane
depolarization= 12.1 + 1.6; p=0.005). At least one burst of events upon glutamate addition
occurred in 41 of 60 animals, which were not observed in animals treated with control solution
alone (Fig. 2B; burst frequency= 1.4 + 0.2 Hz; burst duration= 28 + 3.4 s; interburst interval=

37.7+3.45).

The rhythmic electrical activity in the common oviduct lasting for several minutes after the initial
contraction was unexpected since the initial calcium event in this muscle lasts approximately 30
seconds (see Deshpande et al., 2021). This behavior is consistent with myogenic
electrophysiological rhythms seen in most visceral muscles and is distinct from the glutamate-
induced events that tightly correlate with muscle contraction (see Fig. 2B). The differences
between the effects of bath application compared to optogenetic stimulation of ILP7 cells

suggested that at least some of the elements required for all of the effects of glutamate on the
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CO might be absent when this small selection of glutamatergic cells and their corresponding
postsynaptic receptors are activated. This may include additional inputs from the local
glutamatergic neurons and glutamatergic receptors that were stimulated with the less specific
higher concentration of glutamate or due to the longer time duration of receptor stimulation with
bath application. In addition, the difference in burst frequency and change in membrane
potential with these two setups may be due to the artificial stimulation of glutamatergic neurons

with channel-rhodopsin, such as the time duration and pattern of stimulation.
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Figure 1. Stimulation of central glutamatergic ILP7 neurons causes membrane
depolarization and a burst of rhythmic depolarizations in the common oviduct.

A. Schematic depict