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Abstract

The chemical synapse is the site of communication between a neuron and its
target cell, where an electrical impulse depolarizes the presynaptic cell causing
chemical release. The chemicals released at the synapse are signaling molecules
referred to as transmitters and co-transmitters that exert effects on the target cell and
can sometimes modulate the effects of each other. A class of signaling molecules,
known as neuropeptides, can act as transmitters or can be released as hormones that
can modulate chemical synapses and ultimately affect many physiological functions.
The neuropeptide, DPKQDFMRFamide, is an important neuromodulator of
neuromuscular junctions in the fruit fly, Drosophila melanogaster.
DPKQDFMRFamide has previously been shown to enhance excitatory junctional
potentials (EJPs) elicited by specific neurons, to enhance nerve-evoked contractions,
and to induce contractions directly in Drosophila 3™ instar larval body-wall muscles.
This thesis investigated how the DPKQDFMRFamide peptide modulates muscle
contractions elicited by the excitatory transmitter of the neuromuscular junction, L-
glutamate, in D.melanogaster 3 instar larvae. Effects were assessed by co-applying
peptide with L-glutamate after removing the central nervous system. The results
indicate that DPKQDFMRFamide enhances glutamate-evoked contractions in a dose-
dependent manner, and there was synergy between the effects of L-glutamate and
DPKQDFMRFamide on muscle contraction. DPKQDFMRFamide increased
membrane depolarization in muscle when co-applied with glutamate, and it enhanced
contractions induced by caffeine in the absence of extracellular calcium. Thus, the
peptide appears to act at the cell membrane to increase depolarization and at, or
downstream of the sarcoplasmic reticulum (SR) to enhance caffeine-induced

contractions. However, the effects of DPKQDFMRFamide do not appear to involve



the 2" messenger nitric oxide or the calcium/calmodulin activated protein kinase,

CaMKIL.
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Introduction

The nervous system is comprised of a vast array of cells in constant
communication. Signaling between neurons, the base functional units of the nervous
system, is ultimately responsible for behaviour, movement, sensation and all cognitive
functions, including perception, learning and memory (Purves et al., 2001; Nicholls et
al., 2012). Neurons are excitable, meaning they can generate electrical impulses,
known as action potentials (Burkitt, 2006; Hodgkin and Huxley, 1939; Nicholls et al.,
2012). The action potential is an electrical impulse transmitted down the axon, which
serves a role similar to that of a wire that conducts current. The action potential
terminates at the axon’s endings (terminals), which form specialized structures known
as presynaptic boutons (Purves et al., 2001; Nicholls et al., 2012). Information from
one neuron to the next (or to a muscle cell) is transferred across a synapse, where the
cell membrane of the axon terminal (a presynaptic structure) is very close to the cell
membrane of another cell (the postsynaptic cells). Some synapses are electrical,
where electrical signals are transferred from the presynaptic cell to the postsynaptic
cell via pores formed by gap junctions joining the two cells. Other synapses involve
release of chemical signals from the presynaptic cell to the postsynaptic cell. At a
chemical synapse, the presynaptic bouton lies in close proximity to the postsynaptic
cell, with a small space between their cell membranes known as the synaptic cleft
(Purves et al., 2001; Nicholls et al., 2012). The action potential that propagated down
the axon ending at the presynaptic bouton causes depolarization and an influx of
calcium ions, which is the signal for neurotransmitter release.

Neurotransmitters are signaling molecules released by the presynaptic cell
during synaptic transmission (Purves et al., 2001; Nicholls et al., 2012; Svensson et al.,

2019). There are a few types of substances that act as neurotransmitters. Small



molecules like acetylcholine, ATP, and amino acids such as glycine, GABA, or
glutamate may act as transmitters and are located within small synaptic vesicles
situated near the active zone at the synapse.The gas nitric oxide is another that when
produced, diffuses into neighbouring cells to initiate a response (Nicholls et al., 2012).
Monoamines such as dopamine, histamine, serotonin, and octopamine are also
transmitters and are located within small dense-core vesicles at the active zone.
Longer amino acid chains known as neuropeptides are another type of signaling
molecule, but are situated away from the active zone at the synapse in large dense-
core vesicles (Purves et al., 2001; Nicholls et al., 2012; Svensson et al., 2019).

Neurotransmitters are released from the presynaptic cell by vesicle fusion with
the presynaptic membrane (Purves et al., 2001; Nicholls et al., 2012). Once released,
transmitters diffuse across the synaptic cleft between the two cells to then bind to their
target receptors in the cell membrane of the postsynaptic cell, eliciting a response.
Transmitters will usually serve to excite or inhibit the postsynaptic cell, and it is the
sum of their actions that will determine the final response of the postsynaptic cell
(Purves et al., 2001; Nicholls et al., 2012; Svensson et al., 2019).

Neurotransmitters exert their effects on a cell through receptor binding, which
consist of two types, ionotropic and metabotropic (Purves et al., 2001; Nicholls et al.,
2012; Svensson et al., 2019). Ionotropic receptors are ligand-gated ion channels which,
upon ligand binding, change their conformational state, allowing the passage of ions
into (or out of) the respective cell. Ion channels can either allow passage of positive or
negative ions, depending on the channel subunit composition. Channels that allow
positive ion passage can be selective for a specific ion or charge, or they may be non-
specific and allow a variety of positive ions with varying charges to pass (Purves et al.,

2001; Nicholls et al., 2012). Neurotransmitters binding to ionotropic receptors will



directly influence the excitability of the target cell, as depending on the ion channel
activated by the receptor, they can cause cell depolarization to increase excitability, or
hyperpolarization to decrease excitability. The actions of ionotropic receptors are
generally referred to fast transmission, as they open extremely rapidly in response to
ligand-binding and have a very short period of activation (Purves et al., 2001;
Nicholls et al., 2012; Svensson et al., 2019).

The second type of receptor are known as metabotropic receptors. These are
also ligand-gated, but trigger intracellular signaling cascades in response to ligand-
binding instead of ion channel activation (Purves et al., 2001; Nicholls et al., 2012;
Svensson et al., 2019). Metabotropic receptors are frequently coupled to GTP-binding
proteins (G-proteins), whose subunits serve to activate intracellular signaling, referred
to as second messengers. Intracellular signals elicited by activating metabotropic
receptors can alter the activity of ion channels, leading to postsynaptic currents and
changes in postsynaptic potential, as well as physiological changes such as altering
muscle contractions, metabolism, and gene transcription (Nicholls et al., 2012; Purves
et al., 2001; Majzoub et al., 1993). Neurotransmitters that activate metabotropic
receptors also can have long-lasting effects on the cell, as second messenger targets
can alter enzyme function and gene transcription (Nicholls et al., 2012; Purves et al.,
2001; Majzoub et al., 1993; Svensson et al., 2019).

Neurotransmitters exert a wide array of effects on cells depending on the
receptor to which they bind. Such effects may lead to further excitation or inhibition
of the target cell, depending on the ion channels or second messengers being activated.
To further complicate neuronal communication, as transmitters are frequently co-
released at synapses, acting as co-transmitters, they may in turn modulate effects of

each other (Nicholls et al., 2012; Purves et al., 2001; Svensson et al., 2018).



Neuropeptides may also be released at the synapse or into the general circulation to
act as hormones to modulate physiological functions (Fu et al., 2005; Nassel, 2002;
Schwarz et al., 1984; Svensson et al., 2019). The release of multiple signaling
molecules from the same neuron or into the general circulation allows a very high
degree of fine-tuning of the response in the postsynaptic cell, as signaling molecules
may modulate or interact with the effects of each other (Svensson et al., 2018). As an
example, co-transmitters may modulate each other’s effects, such as the synergystic
potentiation between the diuretic peptides Locusta-DP and locustakinin in fluid
secretion from Malpighian tubules of the locust (Coast, 1995; Svensson et al., 2018).
The modulatory interactions of transmitters and neuropeptides is vast, and
neuromodulation is important for generating appropriate motor output, which
ultimately could influence survival and reproduction. The neuromuscular junctions of
the fruit fly, Drosophila melanogaster, provide a model system to study the
modulation of muscle contractions by neuropeptides.

D.melanogaster has been, and continues to be, a very useful organism for
study in different areas of biology. Since its genome is fully sequenced, it has only
become easier to study specific aspects of Drosophila relating to genetics, behavior or
neurophysiology, for example (Adams et al., 2000). In this thesis Drosophila is used
to study the modulation of muscle contractions by a neuropeptide. Muscle
contractions in Drosophila are elicited by the excitatory transmitter glutamate and are
modulated by other co-transmitters and neurohormones (Hewes et al., 1998; Néssel,
2002; Ormerod et al., 2015, 2016). Understanding how neuropeptides modulate
physiological functions such as muscle contraction is important, as there are shared or
similar neuropeptides between vertebrates and invertebrates, utilizing conserved

second messenger pathways (Nicholls et al., 2012; Newton et al., 2016).



This thesis investigates how a neuropeptide, DPKQDFMRFamide, modulates
muscle contractions elicited by L-glutamate in body wall muscles of Drosophila
larvae. L-glutamate is the excitatory neurotransmitter released at neuromuscular
junctions in these larvae. DPKQDFMRFamide is thought to act as a neurohormone at
body-wall muscle and has been demonstrated to modulate these Drosophila
neuromuscular junctions by increasing both excitatory junctional potentials and
nerve-evoked contractions of the muscles (Hewes et al., 1998; Ormerod et al., 2015).
The objective of this thesis is to investigate the ability of DPKQDFMRFamide to
modulate body-wall muscle contractions elicited by glutamate in Drosophila larvae.
A better understanding of how neuropeptides affect physiological function will
advance our knowledge of the mechanisms of neuronal modulation and its roles in

behavior.
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Figure 1. Diagram of a synapse. The pre- and postsynaptic cells are in close
proximity. Upon depolarization of the presynaptic cell, vesicle fusion occurs at the
cell membrane. Small synaptic vesicles (SSVs; blue) release their contents into the
synaptic cleft, with transmitters activating ionotropic receptors on the postsynaptic
membrane (blue) to elicit a response. Dense-core vesicles (DCVs; orange) release
their contents into the synaptic cleft, with their contents binding to metabotropic
receptors of the postsynaptic cell to initiate a cellular response.



Literature Review

Synaptic Transmission

Synaptic transmission at vertebrate neuromuscular synapses involves release
of the neurotransmitter acetylcholine (ACh), which activates ionotropic receptors
(Burden, 2002; Colombo and Francolini, 2019; Nicholls et al., 2012). The target
receptor for ACh on vertebrate muscles is the nicotinic acetylcholine receptor
(nAChR); upon binding ACh, the nAChRs open to allow cation influx into the cell,
contributing to depolarization, which may result in a muscle contraction (Burden,
2002; Nicholls et al., 2012). A similar effect is observed with glutamate release from
the presynaptic neuron at the invertebrate neuromuscular synapse. Glutamate binds to
ionotropic glutamate receptors in the postsynaptic cell membrane, causing them to
open, allowing cation influx, similarly contributing to depolarizing the cell (Colombo
and Francolini, 2019; Nicholls et al., 2012; Purves et al., 2001). An example of an
inhibitory ionotropic receptor would be GABA receptors, that when the transmitter
GABA (gamma-aminobutyric acid) binds to, open to allow anion influx into the cell,
thereby decreasing the probability of depolarizing the target cell’s membrane potential
(Nicholls et al., 2012; Zhang and Jackson, 1993).

An example of metabotropic signaling is provided by receptors for the
transmitter serotonin, nearly all of which are metabotropic and G-protein coupled,
barring the 5-HT3 receptor which functions as a ligand-gated ion channel (Nichols and
Nichols, 2008; Nicholls et al., 2012; Sahu et al., 2018). The remaining serotonin
receptors (5-HTi, 5-HT»-5-HT7), when activated by serotonin, elicit a variety of
cellular signaling which may alter other transmitter release, ion channel activity, or
protein regulation, for example (Nichols and Nichols, 2008; Nicholls et al., 2012;

Sahu et al., 2018). Dopamine receptors are also metabotropic and may have opposite



effects, such as the D1 dopamine receptors activating the enzyme adenylyl cyclase to
increase cyclic adenosine monophosphate (cAMP) while D, receptors, when activated,
inhibit adenylyl cyclase (Neve et al., 2004; Neves et al., 2002). Other signaling
molecules, such as neuropeptides, also utilize metabotropic receptors to initiate
signaling pathways, as seen with DF, (DRNFLRFamide) receptor activation in
crayfish, increasing concentrations of cAMP and cGMP (cyclic guanine
monophosphate) (Badhwar et al., 2005). While the exact signaling pathways are
unknown, the proctolin receptor is a metabotropic G-protein coupled receptor (GPCR)
which, upon activation by the peptide proctolin, can elicit muscle contractions in
Drosophila larvae (Johnson et al., 2003; Egerod et al., 2003; Ormerod et al., 2016).
Neurons can contain (co-localize) and release (co-release) multiple
transmitter substances (Svensson et al., 2018). These transmitter substances contained
within the neurons, when released, can be described as co-transmitters whereas if only
one substance is released it is referred to simply as a neurotransmitter (Svensson et al.,
2018). The localization of multiple signaling molecules within neurons allows a much
greater flexibility in how neurons can communicate, such as releasing different
transmitters at different stimulus frequencies (Svensson et al., 2018). They may also
co-release transmitters which can in turn act on different cells, or act on the same cell
in a number of ways such as inhibitory or excitatory effects, synergism, or co-
transmitters may exert modulatory effects on each other (Svensson et al., 2018).
Further substances include small molecules such as acetylcholine and ATP
released from vesicles or nitric oxide that diffuses across cell membranes to exert
effects (Nicholls et al., 2012; Svensson et al., 2018). Another type of transmitter is
endocannabinoids. These signaling molecules are lipids located in the plasma

membrane in a precursory form which, upon G-protein activation, are rapidly



converted into the appropriate endocannabinoid by enzymes and then released into the
extracellular space (Lu and Mackie, 2016). Various combinations of these substances
can be present in neurons at any given time. Some substances released may exert
effects on other cells, affect other co-transmitters, or may have no effect at all.
Synaptic Modulation

Synaptic modulation is an essential component of cellular communication as it
dramatically increases the number of possible cellular responses to a given signal,
thereby allowing a much finer control of neural output and adaptability. A variety of
substances, including biogenic amines and neuropeptides, are able to modulate
synapses and may be released presynaptically or into the circulation to act as
hormones (Burrows, 1997; Hewes et al., 1998; Nadim and Bucher, 2014; Nicholls et
al., 2012). Modulatory effects at chemical synapses can largely be divided into two
components: presynaptic and postsynaptic actions (Katz 1999; Nadim and Bucher
2014). Both presynaptic or postsynaptic actions can contribute to changes in synaptic
strength, facilitation, plasticity, voltage-sensitivity, or ion selectivity, all of which
will modulate synaptic function (DiAntonio et al. 1999; Katz 1999; Nadim and
Bucher 2014).

Presynaptically, a common modulatory action involves altering internal
calcium levels to affect the probability of neurotransmitter release into the synaptic
cleft (Katz 1999; Nadim and Bucher 2014; Nicholls et al. 2012). One way to alter
internal calcium could be through the modification of calcium channel function to
increase or decrease voltage sensitivity (Katz 1999; Nadim and Bucher 2014). For
example, a substance increasing the voltage-sensitivity of voltage-gated calcium
channels will cause a greater calcium influx into the presynaptic terminal when

depolarization occurs due to incoming action potentials, as the probability of channel



opening will be increased (Katz 1999; Nadim and Bucher 2014; Nicholls et al. 2012).
Calcium influx is the signal for vesicle fusion, and increasing calcium influx
generates a higher intracellular calcium concentration, causing a greater number of
synaptic vesicles to fuse with the presynaptic membrane, thereby increasing
transmitter released to the postsynaptic cell (Katz 1999; Nadim and Bucher 2014;
Nicholls et al. 2012). An alternate target to increase calcium levels presynaptically
would be internal calcium stores contained within the endoplasmic reticulum (ER)
(Nicholls et. al. 2012). An example was provided in Drosophila melanogaster by
Shakiryanova et al. (2011), who examined the role of the biogenic amine octopamine
in the synaptic release of neurotransmitters. They reported that octopamine was able
to elicit transmitter release in the absence of extracellular calcium (Shakiryanova et al.
2011). This was through release of internal calcium from internal calcium stores
within the ER by way of the ryanodine receptor (RyR) and inositol triphosphate
receptor (IP3R), located in the ER membrane (Shakiryanova et al. 2011). When
released from motor neurons innervating larval body-wall muscles of Drosophila,
octopamine has been shown to increase both excitatory postsynaptic potentials and
the peak force of muscle contraction (Koon et al. 2011; Ormerod et al. 2013).
Additionally, substances may also alter synaptic transmission presynaptically
through affecting proteins related to vesicle fusion/transmitter release (Katz 1999).
Vesicle fusion with the presynaptic terminal is calcium dependent and substances that
affect internal calcium levels (i.e. calcium entry, release from ER stores) will then
have a direct effect on vesicle fusion and thereby transmitter release (Leenders and
Sheng, 2007; Rizo and Xu, 2015). An important protein regulating vesicle fusion is
synaptotagmin, for example, whose function is to aid the SNARE protein complex to

fuse vesicles to the presynaptic membrane, and does so through a calcium dependent
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mechanism (Leenders and Sheng, 2007; Rizo and Xu, 2015). Vesicle/transmitter
release may also be affected by altering the function of a number of protein kinases
such as CaMKII, protein kinase A, or protein kinase C, that have been implicated as
necessary for vesicle fusion (Leenders and Sheng, 2007; Rizo and Xu, 2015).

A common mechanism used for synaptic modulation both pre- and
postsynaptically, involves activating or inactivating second messenger systems,
usually through G-protein coupled receptors (GPCRs). GPCRs function as the switch
for cellular signaling cascades (Nadim and Bucher, 2014; Nicholls et al., 2012). The
structure of GPCRs consists of a binding domain in the extracellular space with 7
transmembrane regions and an intracellular domain associated with to a G-protein
(Traskowski et al., 2012). The G-protein is a heterotrimeric protein complex
comprised of 3 different subunits: alpha (o), beta (), and gamma (y) (Nicholls et al.,
2012; Traskowski et al., 2012). G-proteins may have varying kinetics and/or efficacy
as there are many different variants known of each subunit, some of which are
stimulating (i.e. Gs) or inhibitory (i.e. Gi), for example (Nicholls et al., 2012;
Traskowski et al., 2012). Upon binding to the GPCR, the G-protein subunits
dissociate and then act upon their cellular targets. This method of signaling is highly
complex with potential cellular targets including proteins, ion channels, or even
altering gene expression (DiAntonio et al., 1999; Nicholls et al., 2012).

Wildemann et al. (1999) demonstrated a retrograde signal at the Drosophila
neuromuscular junction (NMJ). In their work, nitric oxide (NO) was shown to
increase vesicle fusion presynaptically, but this effect was caused through activation
of a postsynaptic second messenger. As the internal calcium concentration increased
in the postsynaptic cell, calcium-dependent calmodulin was activated which then

‘switched on’ the enzyme nitric oxide synthase (NOS) (Wildemann et al., 1999).
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NOS generates NO through breaking down arginine into citrulline with NO as a by-
product (Nicholls et al., 2012; Wildemann et al., 1999). NO then diffused from the
postsynaptic plasma membrane into the presynaptic cell where it then stimulated
cGMP production (Wildemann et al., 1999). The increased cGMP concentration
serves as the signal for protein kinase G (PKG) activation, which will lead to
increased vesicle fusion, thereby resulting in further transmitter release (Wildemann
etal., 1999).

The complexity of synaptic modulation is vast, as transmission can be affected
by various mechanisms both pre- and postsynaptically, and presynaptic and
postsynaptic signals can influence each other. To further add to the complexity,
signaling molecules released at the synapse or elsewhere can also modulate the effects
of other signaling molecules, altering their effect(s) to the ever-changing needs of the

organism. The NMJ is a site of particular importance in neuromodulation.

Neuromuscular junction

The neuromuscular junction is an extremely important site of synaptic
modulation. The NMJ is the location at which a motor neuron innervates a muscle
fibre, thereby being the site at which neural communication is converted into a
physiological response (Levitan et al., 2015; Nicholls et al., 2012). The response may
be to initiate an escape behavior as seen in crustaceans such as shrimp and crayfish, or
it may serve to cause a house cat’s back to arch when feeling intimidated or scared.
Either of the above examples is the product of complex communications between the
presynaptic neuron and postsynaptic muscle, with the NMJ in a state of constant
modulation to accommodate for the changing environmental demands of the organism.

Due to the importance of the NMJ, understanding how it functions is essential. The

12



NMUJs of arthropods have been studied extensively, taking advantage of genetic and
pharmacological techniques to build an understanding of how they function. The
NMJs of larval Drosophila have been of particular research importance.

Drosophila larval body-wall muscles are located just below the epidermis and
cuticle, which surround all viscera (Peron et al., 2009). Within each larval
hemisegment there are thirty muscles arranged either longitudinally or obliquely
along the body axis, and the muscles are easily identifiable, which has been useful for
conducting research on specific muscle fibres (Peron et al., 2009). Each muscle
consists of a single multi-nucleated muscle cell, and all the body wall muscles are
innervated by multiple motor neurons, none of which is inhibitory (Peron et al., 2009).
As each muscle receives multiple synaptic contacts from different motor neurons,
muscle contractions are a result of the sum of postsynaptic potentials. The
contractions are not triggered by action potentials in the muscles (Peron et al., 2009).
Muscle contractions depend on calcium influx through voltage-dependent calcium
channels and calcium efflux from the sarcoplasmic reticulum (SR), as voltage-
dependent sodium channels are not present (Peron et al., 2009). The structure of the
Drosophila NMJ consists of the presynaptic neuron innervating a postsynaptic site on
the muscle, with a small synaptic cleft (10-20nm) between the cells similar to those
found in the CNS to allow effective transmission (Peron et al., 2009).

The excitatory transmitter released by the motor neuron terminals into the
synaptic cleft which causes the muscle to depolarize is L-glutamate (Broadie and Bate,
1993; Jan and Jan, 1976; Johansen et al., 1989). Early investigations of L-glutamate
as the excitatory transmitter at the Drosophila NMJ were originally performed by Jan
and Jan (1976), who determined that iontophoretic application of L-glutamate in close

proximity to the nerve ending resulted in muscle depolarization. They also showed
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that the time course and amplitude of the responses to iontophoretically applied L-
glutamate were similar to those observed during miniature excitatory junctional
potentials (mEJP) and EJPs (Jan and Jan, 1976). Furthermore, the reversal potentials
of the EJP and responses to L-glutamate were identical, indicating that L-glutamate is
likely the excitatory transmitter at the Drosophila NMJ (Jan and Jan, 1976).

Further evidence of glutamate being the endogenous excitatory transmitter at
the Drosophila NMJ was provided by Johansen et al. (1998). Using
immunocytochemistry, they observed glutamate immunoreactivity associated with
vesicles ranging in size from 30 to 50nm located in synaptic structures of motor
neuron terminals (Johansen et al., 1998). At glutamatergic synapses the transport
proteins, vesicular glutamate transporters (VGLUTSs), are responsible for filling
synaptic vesicles with glutamate (Bellocchio et al., 2000; Takamori et al., 2000;
Fremeau et al., 2002). Daniels et al. (2004) identified the VGLUT in Drosophila,
which was named DVGLUT. The mRNA encoding this transporter was shown by in
situ hybridization to be present in the presynaptic terminals of the motor neurons in
Drosophila (Daniels et al., 2004). In response to increasing expression of DVGLUT
in motor neurons, Daniels et al. (2004) observed an increase in quantal size through
increased synaptic vesicle volume (Daniels et al., 2004). They also observed a
proportionate decrease in the number of synaptic vesicles released in response to
nerve stimulation, which appeared to compensate for the increased glutamate content
of the vesicles in order to maintain normal excitation of the postsynaptic muscle
(Daniels et al., 2004). Together these studies demonstrated that L-glutamate: (a) is
present in the presynaptic motor neurons, (b) is loaded by the glutamate transporter
DVGLUT into synaptic vesicles, and (c) appears to be released upon motor neuron

depolarization (Daniels et al., 2004; Johansen et al., 1998). Lastly, the postsynaptic
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receptor for glutamate at the Drosophila NMJ is localized in the muscle membrane
below the presynaptic terminals, and was determined to be ionotropic (Marrus et al.,
2004; Ultsch et al., 1992). One Drosophila gene encodes for a protein that contains
four transmembrane segments, exhibits sequence homology to vertebrate glutamate
receptors of the “non-NMDA” type, and generates inward ionic current when
activated either by L-glutamate or kainate (Ultsch et al., 1992). Three similar genes in
Drosophila encode for subunits (DGIuR-ITA, DGIuR-IIB and DGIluR-III) that form a
heteromeric complex in the muscle membrane, and this complex is a functional
ionotropic receptor (Marrus et al., 2004).

In vertebrate and invertebrate nervous systems, synaptic terminals may contain
and release more than one type of transmitter. This arrangement makes signaling
between presynaptic and postsynaptic cells more complex. Because of this complexity,
it may be difficult to distinguish the physiological actions of co-transmitters. Many

co-transmitters are neuropeptides, and some are biogenic amines.

Neuropeptides

Neuropeptides represent a broad and diverse class of signaling molecules.
They contain some distinct differences from neurotransmitters that exert their effect
by binding to ionotropic or gated channels directly to alter a cell’s membrane
potential (Nicholls et al., 2012; Ormerod et al., 2018). Notably, neuropeptides
typically involve activation of second messenger systems by binding to metabotropic
(GPCRs) receptors, in turn triggering cellular response(s) (Nicholls et al., 2012;
Mercier et al., 2007; Merte and Nichols, 2002; Ormerod et al., 2018). The overall
function of neuropeptides is to modulate synaptic efficacy to influence physiological

functions and behavioral responses. An example would be the family of neuropeptides
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known as allatostatins, which are short amino acid chains consisting of 5 to 30
residues and are present in three different forms: A, B, or C (Nichols et al., 2002; Stay
and Tobe, 2007). This group of neuropeptides typically exert a myoinhibitory effect
on the gut of various insects and crustaceans (Mercier et al., 2007). The means by
which neuropeptides act on their targets may involve altering the effectiveness of
receptors at the synapse, altering transmitter release, and can thus include either pre-
or postsynaptic actions (Nadim and Bucher, 2014; Nicholls et al., 2012; Ormerod et
al., 2018). The combination of neuropeptides, whose effects can also modulate each
other, along with the effects of transmitters, is what allows the variable intricacy of
cellular signaling needed to modulate synaptic efficacy in producing meaningful
responses for the organism (Merte and Nichols, 2002; Nicholls et al., 2012; Ormerod
et al., 2016).

Without neuropeptides to modulate synaptic efficacy, neurons would not have
the ability to fine-tune synaptic responses and would be limited in responses to those
evoked by classical transmitters (amino acids and biogenic amines) that consist of ten
signaling molecules. Compared to neuropeptides, within humans the number of
neuropeptides encoded within the genome is estimated to be at least one hundred, and
within invertebrates there are hundreds of neuropeptides (Hummon et al., 2005;
Hummon et al., 2006; Herlenius and Lagercrantz, 2001; Kastin, 2013). The large
number of neuropeptides compared to the small number of aminergic transmitters is
indicative of the importance of peptides in neuromodulation, which cannot be
overlooked.

Within D.melanogaster, it is currently known that there are 42 genes which
encode neuropeptide precursors, and of that an estimated 75 possible neuropeptides

could be transcribed from those genes (Nassal and Winther, 2010). It is unclear,
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however, exactly how many neuropeptides are expressed within Drosophila and how
many functions they have, as some peptides appear to be functionally redundant.
FMRFamide peptides in Drosophila provide an example of such redundancy. Initially,
Nambu et al. (1988) discovered the first neuropeptide gene within Drosophila, which
was the dFMRFamide gene. This gene was found to encode for eight different
neuropeptides, five of which ended in the sequence FMRFamide and three of which
were called ‘FMRFamide related peptides (FaRPs)’ due to their similar, but not exact
end sequence (xxRFamide) (Price and Greenberg, 1989; Nambu et al., 1988). All five
of the Drosophila FMRFamides elicit the same effects on muscle contraction, and
they all act on the same receptor (Hewes et al., 1998; Cazzamali and
Grimmelikhuijzen, 2002). The neuropeptide family of FMRFamides represents an
important class of neuromodulators in arthropods.
Drosophila FMRFamides

Of the five FMRFamides encoded in dFMRFamide, the peptides
SPKQDFMRFamide, PDNFMRFamide, and SDNFMRFamide are all encoded as
single copies (Nambu et al., 1988; Nichols, 2006; Schneider et al., 1988). There are
two copies present for TPAEDFMRFamide and there are five copies for
DPKQDFMRFamide, which is the highest number of copies for a neuropeptide
encoded in dFMRFamide (Nambu et al., 1988; Nichols, 2006; Schneider et al., 1988).
A study of the expression of dFMRFamide in Drosophila revealed a high level of
FMRFamide-like immunoreactivity within Tv neuroendocrine cells located in the ring
gland and in neurons located ventrally along each thoracic hemi-segment (Taghert,
1999). The ring gland is located between the two brain lobes in Drosophila larvae,
and it contains three major neurohemal structures, the prothoracic gland, the corpora

allata and the corpora cardiaca (Quinn et al., 2012). These are important
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neuroendocrine structures involved with molting, metamorphosis, and development
(Quinn et al., 2012). Since FMRFamides have been previously shown to be present in
endocrine organs of many invertebrates and to modulate many important
physiological processes, the primary function of FMRFamides within Drosophila
appears to be hormonal (Hewes et al., 1998; Nambu et al., 1988; Taghert, 1999; Price
and Greenberg, 1977).

Of the FMRFamides present in Drosophila, the presence of five copies
encoding specifically for DPKQDFMRFamide suggests that this particular peptide
may play an important physiological role and function (Nambu et al., 1988; Nichols,
2006; Schneider et al., 1988). This peptide enhances fictive locomotion in Drosophila
larvae and also appears to underlie escape responses induced by bright light (Klose et
al., 2010). DPKQDFMRFamide appears to elicit these effects by enhancing nerve-
evoked contractions of body-wall muscles (Hewes et al., 1998; Klose et al., 2010).
Research has progressed on how DPKQDFMRFamide modulates neuromuscular
synapses in Drosophila larvae (see below).

DPKQDFMRFamide and the other four Drosophila FMRFamides also
modulate cardiac contractions. When injected at low concentration (1x10°¢ M) they
increase heart rate in pupal, larval and adult stages of Drosophila (Maynard et al.,
2013). When injected at a higher concentration (1x10* M), however,
DPKQDFMRFamide, PDNFMRFamide and SDNFMRFamide reduce heart rate
(Duttlinger et al., 2003; Merte and Nichols, 2002). Thus, the peptides appear to elicit
mixed effects on the cardiac system.

Although DPKQDFMRFamide has only been reported to date in Drosophila,
other flies express peptides containing the carboxyl terminus “FMRFamide”, and at

least some of these peptides modulate cardiac contractions. The blowfly, Calliphora
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vomitoria, expresses two cardioactive FMRFamides, AGPQDFMRFamide and
TPQQDFMRFamide, both of which increase heart rate (Duve et al., 1993a,b). In the
adult mosquito, Anopheles gambiae, SALDKNFMRFamide increases heart rate at
low concentrations and decreases heart rate at high concentrations (Hillyer et al.,
2014). The cardiac effects of this peptide appear to be mediated by a FMRFamide
receptor bearing substantial sequence homology to the Drosophila FMRFamide
receptor (Duttlinger et al. 2003). Interestingly, changes in expression of the
FMRFamide gene in A. gambiae contribute to changes in heartbeat over the first 15
days of adulthood (Doran et al., 2017).

In all developmental stages of Drosophila, TPAEDFMRFamide, is expressed
in neurons supplying the gastrointestinal tract, but DPKQDFMRFamide is not
(Nichols et al., 1999). Thus, although at least one Drosophila FMRFamide appears to
play a role in gastrointestinal physiology, it is not clear whether DPKQDFMRFamide
plays such a role.

Effects of DPKQDFMRFamide on Synaptic Potentials

Hewes et al. (1998) demonstrated that in addition to enhancing nerve-evoked
contractions, DPKQFMRFamide enhances synaptic currents in voltage-clamped
muscle cells, and they suggested that the peptide increases neurotransmitter release
from the motor axon terminals. The peptide’s ability to modulate synaptic
transmission was expanded by Dunn and Mercier (2005), who selectively recorded
excitatory junctional potentials (EJPs) from muscles 6 and 7 of the larval body-wall
(Figure 2). Muscles 6 and 7 are innervated by two glutamatergic motorneurons
(Hoang and Chiba, 2001; Keshishian et al., 1996) . One of these neurons, MN6/7-Ib,
has larger-sized boutons averaging 3-6 pm, and the other neuron, MNSNb/d-Is, has

smaller sized-boutons averaging 2-4 um (Hoang and Chiba, 2001; Keshishian et al.,
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1996). The last nerve branch innervating muscles 6 and 7 projects one axon to the two

adjacent muscles (muscles 12 and 13).

Anterior

Midline

Posterior

Figure 2. Diagram of Drosophila body-wall muscle. Muscles 6 and 7 run
longitudinally, adjacent are muscles 12 and 13. From Zhang and Stewart (2010).
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Thus, although muscles 6 and 7 are innervated by both neurons MN6/7-Ib and
MNSNb/d-Is, muscles 12 and 13 are only innervated by the MNSNb/d-Is motor
neuron from the last nerve branch. The EJPs elicited in muscles 6 and 7 when
stimulating the last nerve branch are the summation of the relative contributions by
both motor neurons. By simultaneously recording EJPs in opposing pairs of muscles
(i.e. 6 and 13) and reducing stimulus voltage or frequency, either motor neuron could
then be de-recruited, thus revealing its contribution to the compound EJP observed in
muscles 6 and 7. Using this technique and applying DPKQDFMRFamide to the body
wall preparation, Dunn and Mercier (2005) found that EJP amplitude increased in
muscles 6 and 7 when selectively stimulating motor neuron MN6/7-Ib but not when
stimulating neuron MNSNb/d-Is to these same muscles. Dunn and Mercier (2005)
argued that since EJPs were elicited by only one of the two axons innervating the
same pair of muscle fibers, the peptide appeared to target a specific neuron rather than
the muscle and, thus, the effect appeared to be presynaptic rather than postsynaptic

(Figure 3).
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Figure 3. Summary diagram of the neuron-selective enhancement of EJPs by
DPKQDFMRFamide. A. Proportional change (%) of EJPs in Ib neurons exposed to
DPKQDFMRFamide. B. Proportional change (%) of EJPs in Is neurons exposed to
DPKQDFMRFamide. C. Schematic diagram of innervation in muscle pairs 6 and 7,
12 and 13. Muscles 6 and 7 receive innervation from both Ib and Is neurons. Muscles
12 and 13 receive innervation only from Is neurons. From Dunn and Mercier (2005).
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Dunn and Mercier (2005) further explored possible mechanisms underlying
neuron-specific modulatory effects of DPKQDFMRFamide. They discovered that the
calcium/calmodulin-dependent protein kinase, CaMKII, plays an essential part in the
peptide’s ability to increase EJP amplitude. They reported that the peptide’s effect
was drastically reduced by a chemical inhibitor (KN93) of CaMKII, and by over-
expressing the autoinhibitory domain of CaMKII in a transgenic fly line (Dunn and
Mercier 2005). This suggested that CaMKII was necessary for EJP enhancement,
presumably because CaMKII can phosphorylate proteins associated with presynaptic
vesicle release, thereby increasing release of transmitter (Lin et al., 1990; Llinas et al.,
1985). Presynaptic effects of DPKQDFMRFamide and the involvement of CaMKII
were further examined by Klose et al. (2010) and Ormerod et al. (2015; see below).

The receptor through which DPKQDFMRFamide exerts its effects was first
reported by Cazzamali and Grimmelikhuijzen (2002). These authors isolated and
cloned a GPCR gene from a Drosophila larval cDNA library and then expressed the
gene in Chinese hamster ovary cells (CHO) that had been transfected with a gene for
a calcium-sensitive protein (apoaequorin) that would fluoresce upon binding calcium.
The cells were also transfected with a gene for a promiscuous G-protein, Gaipha-16, that
can be activated by many GPCRs. Upon GPCR activation, these cells show an
increase in calcium release from mitochondrial stores (Stables et al., 1997). Cazzamali
and Grimmelikhuijzen (2002) applied a variety of invertebrate neuropeptides and
determined that the transfected cells responded to FMRFamide, and they responded
with higher affinity to all 5 Drosophila FMRFamides than to the non-FMRFamides
encoded within the dFMRFamide gene (Cazzamali and Grimmelikhuijzen, 2002).
Subsequently, Johnson et al. (2003) expressed the same gene in human embryonic

kidney (HEK-293) cells, and also expressed genes for 10 other Drosophila genes for
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which ligands were unknown (referred to as “orphaned” genes). The transfected cells
were tested for responsiveness to 17 different neuropeptides. Those expressing the
receptor gene identified by Cazzamali and Grimmelikjuijzen (2002) responded well to
DPKQDFMRFamide, but they also responded to another Drosophila neuropeptide,
TDVDHVFLRFamide (dromyosuppressin) at higher concentrations. Since the authors
felt that the effective concentrations for dromyosuppression were too high to be of
physiological significance, they named the receptor “FR” to designate that it was a
FMRFamide receptor rather than a myosuppressin receptor (Johnson et al., 2003).
Two other genes generated receptors that responded to low concentrations of
dromyosuppressin and to high concentrations of DPKQDFMRFamide. These two
receptors were designated as “drosophila myosuppressin receptors”, and were named
“DmsR-1" and “DmsR-2".

The FMRFamide receptor (FR) and the two dromyosuppressin receptors
(DmsR-1 and DmsR-2), were examined subsequently by Klose et al. (2010) for their
involvement in the effects of DPKQDFMRFamide in 3™ instar Drosophila larvae.
They confirmed that the amplitude of EJPs elicited in muscle 6 and 7 by type Ib
terminals increased in response to application of DPKQDFRMFamide, as previously
reported by Dunn and Mercier (Klose et al., 2010). Klose et al. (2010) also recorded
synaptic currents of Ib terminals using extracellular recording electrodes before and
after application of peptide and reported that quantal content (number of quanta of
transmitter released per nerve impulse) increased significantly following exposure of
DPKQDFMRFamide in Canton-S (CS) wild-type larvae (Klose et al., 2010). The
involvement of the FR, DmsR-1 and DmsR-2 receptors in this effect was tested using
mutants that lacked either receptor expression within neurons. In mutants lacking

either the FR or DmsR-2 receptors there was no significant increase in EJP amplitude
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or quantal release, indicating that both the FR and DmsR-2 receptors are necessary for
DPKQDFMRFamide to enhance quantal content (Klose et al., 2010). Mutating the
gene for the DmsR-1 receptor, however, did not alter the response to the peptide.

As quantal content can be modulated by calcium concentration within the
presynaptic cell, Klose et al. (2010) then assessed presynaptic calcium level changes
in response to DPKQDFMRFamide using a fluorescent marker. Application of
peptide increased the peak calcium level in neurons, but basal calcium levels were
unaffected; the effect on peak calcium was not reduced when blocking L-type calcium
channels with nifedipine (Klose et al., 2010). These results suggested that internal
calcium release might cause the peak calcium increase within neurons.

Klose et al. (2010) next examined the possible involvement of calcium-
induced calcium release, which occurs when internal calcium levels increase to a
point at which further calcium release is triggered from internal stores of the
endoplasmic reticulum (ER) by activating IP3 receptors or ryanodine receptors
(Nicholls et al., 2012). To assess the role of internal calcium release in
DPKQDFMRFamide’s ability to modulate the calcium response, a Drosophila mutant
was used with a heat-sensitive SERCA pump mutation that allows depletion of
calcium stores from the ER when larvae are warmed to 40°C. After depletion of
internal calcium stores, DPKQDFMRFamide was not able to increase the peak
calcium level elicited by stimulating the axon; thus, internal calcium release from ER
stores was necessary for modulating presynaptic calcium (Klose et al., 2010). When
release from ER stores was disrupted using RyR and IP3;R mutants or by chemical
antagonists of these receptors, the peptide was also prevented from increasing peak
calcium levels, implicating both receptors in the peptide’s presynaptic response. The

involvement of CaMKII was also determined to be essential for DPKQDFMRFamide-
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induced modulation of synaptic transmission but not for increasing presynaptic
calcium concentrations, indicating that CaMKII acts downstream of ER calcium
release to modulate transmission (Klose et al., 2010).

Overall, the results suggested that the peptide activates receptors in the
synaptic terminals, causing an increase peak calcium level in the terminals during
presynaptic action potentials, and that increased intracellular calcium activates
CaMKII to enhance neurotransmitter release (Klose et al., 2010).

Effects of DPKQDFMRFamide on Drosophila Muscle

Possible postsynaptic effects of DPKQDFMRFamide were examined by Clark
et al. (2008), who recorded contractions of body-wall muscles in 3™ instar larvae after
removing the central nervous system (CNS) to eliminate effects of motor output
(Clark et al., 2008). They reported that DPKQDFMRFamide was able to elicit small
contractions causing tonus changes in the muscles, and the peptide’s effect was dose-
dependent and required extracellular calcium (Clark et al., 2008). This effect persisted
even in trials during which glutamate receptors were completely desensitized by
exposure to L-Glu. This suggested that DPKQDFRMFamide does not induce
contraction by releasing glutamate from the motor axon terminals on the muscles, but
that the peptide induces contraction by acting directly upon the muscle fibres (Clark et
al., 2008). As extracellular calcium was required for DPKQDFMRFamide to elicit
tonus changes, these authors sought to determine whether or not specific calcium
channels were involved in mediating the contractions, possibly through calcium influx.
Tonus changes elicited by DPKQDFRMFamide were reduced when preparations
were exposed to two L-type channel blockers, nifedipine and nicardipine, but they
were not affected by two T-type channel blockers, amiloride and flunarizine (Clark et

al., 2008). These results suggested a postsynaptic effect of DPKQDFMRFamide
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through which the peptide is able to elicit small contractions, and that this effect
might require calcium influx through L-type calcium channels (Clark et al., 2008).
The mode of action of how DPKQDFMRFamide induces muscle contraction
postsynaptically was further examined by Milakovic et al. (2014), who considered the
possible involvement of a GPCR and second messenger systems in mediating the
peptide-induced contractions. Since the peptide’s ability to increase EJP amplitude
required the presence of two receptors, FR and DmsR-2 (Klose et al., 2010), it was
first sought to determine whether FR and either of the dromyosuppressin receptors
were required for the peptide to induce contractions (Milakovic et al., 2014). They did
this using RNA interference (RNAI1) to reduce expression of each receptor gene
selectively. They obtained transgenic fruit fly lines containing an inverted repeat
sequence specific for each of the receptor genes, and in each case the inverted repeat
was downstream of an upstream activating sequence (UAS), so it would only be
expressed in cells expressing a specific transcription activating protein, Gal4. Thus, to
knock-down receptor expression, the RNAI lines (containing the inverted repeat
sequence) were crossed with fruit fly lines that express Gal4 in one of three ways: (a)
in all cells, (b) only in muscle cells, and (¢) only in neurons. Knocking-down
expression of FR in all cells reduced peptide-induced contractions by 70-74%, and
knockdown in muscle reduced contractions by 85-90% but, knockdown of FR in
neurons did not significantly reduce tonus changes (Milakovic et al., 2014). Reducing
expression of either DmsR-1 or DmsR-2 did not alter DPKQDFMRFamide-induced
contractions, regardless of whether the knock-down targeted all cells, muscles or
neurons (Milakovic et al., 2014). The authors confirmed that crossing RNAI lines

with Gal4 lines significantly reduced expression of the receptor genes. These findings
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established that FR expression is required in muscle (but not in neurons) for
DPKQDFMRFamide to induce contractions, confirming a postsynaptic site of action.

When transgenic flies and a chemical inhibitor were used to reduce CaMKII
activity, there was no reduction in DPKQDFMRFamide-induced contractions,
indicating CaMKII is likely not involved in this effect of the peptide (Milakovic et al.,
2014). Milakovic et al. (2014) also examined possible roles of several second
messengers, including cAMP, cGMP, IP3 and arachidonic acid, as well as the enzyme
phospholipase C (PLC). All intracellular signals tested failed to show any
involvement in DPKQDFMRFamide-induced contractions (Milakovic et al., 2014).
Nonetheless, after incubation with pertussis toxin (an inhibitor of the G-protein, Gi)
there was a significant reduction in muscle response to DPKQDFMRFamide
(Milakovic et al., 2014). These results confirmed the involvement of a G-protein and
implicated FR as the G-protein coupled receptor whose expression is required in
muscle for the peptide to induce contractions (Milakovic et al., 2014).

Thus it appears that DPKQDFMRFamide can induce contractions in body-
wall muscle (Clark et al., 2008; Milakovic et al., 2014). This effect appears to be
dependent on calcium influx, possibly mediated through L-type calcium channels
(Clark et al., 2008). The peptide requires FR expression in muscle which couples to a
G-protein to mediate effects postsynaptically (Milakovic et al., 2014).

Ormerod et al. (2015) further investigated presynaptic and postsynaptic
modulation by DPKQDFMRFamide in Drosophila, focusing on whether the peptide’s
effects might differ between muscle cells. They reported that DPKQDFMRFamide
decreased input resistance in muscles 6 and 7 but not muscles 12 and 13, and that the
drop in input resistance was abolished by nifedipine, suggesting L-type calcium

channel involvement (Ormerod et al., 2015). The peptide also enhanced nerve-evoked
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contractions and EJPs to a greater degree in muscles 6 and 7 compared to muscles 12
and 13, and in situ hybridization indicated that FR expression was significantly
greater in fibres 6 and 7 than 12 and 13 (Ormerod et al., 2015). Knock-down
experiments showed that EJP enhancement by DPKQDFMRFamide was significantly
reduced by decreasing FR expression in nerve cells but did not decrease significantly
when FR expression was knocked down selectively in muscle. This finding confirmed
that the peptide’s ability to increase synaptic potentials involves presynaptic
mechanisms, and it argues against postsynaptic contributions to the change in EJP
amplitude (Ormerod et al., 2015).
Drosophila melanogaster as a model organism

The fruit fly, D. melanogaster, has been an extremely useful organism for
biological study. D. melanogaster was originally studied in the early 1900s by
Thomas Morgan, who investigated fruit fly genetics such as sex-linked inheritance
and gene mutations (Stephenson and Metcalfe, 2013). Nearly a century later D.
melanogaster is still studied in laboratories around the world, partially due to now
having a fully sequenced genome (Adams et al., 2000). A complete record of all
genetic information contained within the fruit fly now makes studying specific aspects
of genetics, cell biology, and neurophysiology much easier. Thanks to the
characterization of genes, such as the “orphaned” GPCR genes studied by Cazzamali
and Grimmelikhuijzen (2002), further study of synaptic modulation was made
possible. Two of these GPCRs, the FR and DmsR-2 receptors, play essential roles in
modulating synaptic transmission of Drosophila larval neuromuscular junctions
(Clark et al., 2008; Dunn and Mercier, 2005; Klose et al., 2010; Milakovic et al., 2014;

Ormerod et al., 2015).
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The life cycle of Drosophila is relatively short, which makes it easy to
generate a large number of specimens to be used for experimentation (Fernandez-
Moreno et al., 2016). The generational time from a fertilized egg to an adult is
approximately 10 days, and the maximum life span is up to 80 days (Fernandez-
Moreno et al., 2016). The life cycle of Drosophila consists of 4 main stages: embryo,
larvae, pupae, and adult. The specific life stage of interest for the current study is the
larval stage, which consists of 3 main divisions: 1%, 2", and 3" instars (Fernandez-
Moreno et al., 2016). In laboratory cultures, fruit flies develop in culture vials
containing food medium. The 1% instar phase of Drosophila consists of larvae feeding
on the surface of the food medium, while during the 2" instar phase larvae burrow
into the medium until reaching 3™ instar phase (Fernandez-Moreno et al., 2016). Once
a 3" instar larva is mature, it will start to ‘wander’ by crawling along the sides of the
fly vials until finding a location at which to pupate, so that it can undergo
metamorphosis into an adult fruit fly (Fernandez-Moreno et al. 2016). The 3™ instar
‘wandering’ larvae are used for experimentation due to easily identifiable innervation
and muscle cells (Chiba et al., 1993; Hoang and Chiba, 2001; Rose and Chiba, 2000).
Hypothesis and Predictions

The NMJ is the site at which motor neurons elicit a response in the
postsynaptic muscle cell. At Drosophila NMJs, the release of L-glutamate initiates
muscle cell depolarization and contraction. The effects of synaptic transmission at
Drosophila NMJs can be modulated by co-transmitters and neurohormones, all of
which can contribute to the physiological and behavioral responses of the whole
organism. The neuropeptide DPKQDFMRFamide is synthesized by cells in the ring
gland and is suspected to act as a neurohormone. It has been shown to increase nerve-

evoked contraction amplitude and EJP amplitude in muscle (Hewes et al. 1998;
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Ormerod et al., 2015), but its mechanisms of action are not fully understood. The aim
of this thesis is to investigate the modulation of Drosophila body-wall muscles by
DPKQDFMRFamide. It is hypothesized that DPKQDFMRFamide acts as a
neurohormone to enhance the effects of the endogenous excitatory transmitter L-
glutamate, which is released by motor neurons. DPKQDFMRFamide, therefore,
should enhance contractions elicited by glutamate in these muscles, and this
enhancement may be synergistic because the neuropeptide and L-glutamate act on
distinct receptors. The enhancement of glutamate-evoked contractions should be dose-
dependent as previously observed for the peptide’s effects on EJP amplitude and
muscle contractions (Clark et al., 2008; Dunn and Mercier, 2005; Hewes et al., 1998;
Milakovic et al., 2014; Ormerod et al., 2015). This thesis also investigated whether
the peptide enhances glutamate-evoked contractions by acting at the muscle cell
membrane or at (or downstream of) the sarcoplasmic reticulum (SR). Two signaling
molecules, NO and CaMKII, were also examined to investigate their potential

involvement in mediating the peptide’s effects on muscle contraction.
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Materials and Methods

Fly Stock

Canton-S (CS) D.melanogaster flies were obtained from Bloomington
Drosophila Stock Center (Bloomington, Indiana) and were used for all experimental
trials. Flies were kept in tubes containing a commercially available food source
(Formula 424 Drosophila medium, Carolina Biological Supply Company; Burlington,
NC, USA) saturated with distilled water and containing a dry yeast (Saccharomyces
cerevisiae). Flies were reared at room temperature (22°C) on a timed 12hr:12hr
light/dark cycle at constant humidity. Additionally, fly cultures were transferred bi-
weekly into new tubes containing fresh food to ensure ongoing food/water supply.
Dissections

Third-instar larvae described as wandering (moving outside of the fly medium)
were used for all experimental trials. Larvae were gently collected from the sides of
culture tubes with a soft-tipped paintbrush and were placed into a dissecting dish.
Upon placement, the anterior and posterior larval segments were pinned, with the
larva dorsal side up. The dissection dish was then filled with Drosophila hemolymph-
like No. 6 saline (HL6 pH 7.2) containing the following (in mM): 23.7 NaCl, 24.8
KCl, 0.5 CaCl, 15 MgCl, 10 NaHCO3, 80 trehalose, 20 isetheionic acid, 5 N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic acid (BES), 5.7 L-alanine, 2 L-arginine, 14.5
glycine, 11 L-histidine, 1.7 L-methionine, 13 L-proline, 2.3 L-serine, 2.5 L-threonine,
1.4 L-tyrosine, and 1 L-valine (Macleod et al., 2002). This saline contains one-third
the concentration of Ca?" ions found in Drosophila hemolymph (1.5 mM; Stewart et
al., 1994), but it maintains viability of the muscles and neurons (Macleod et al., 2002)
and provides better consistency in Glu-evoked contractions compared to saline

containing 1.5 mM Ca?" (Jung, 2015; Jung et al., 2018).
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A small incision was made with very fine dissection scissors at the posterior
larval segment, and a secondary incision was performed perpendicular to the first
along the dorsal midline of the larvae. The larvae then had all organs/tissues removed
using fine forceps, after which all nerves from the CNS were severed, and the CNS
was severed and removed. The body-wall muscles remained intact for force
recordings.

Dissections performed to allow intracellular recordings were identical to those
described above, with additional steps after the organs/CNS were removed. Once the
body-wall muscle remained, four additional cuts were made at 45° angles to the
dissection pins at the anterior/posterior segments. Four more dissection pins were
then placed at the ‘corners’ made by the previous cuts to effectively flatten the body-
wall muscle to the dissection dish (Figure 4). Care was taken to stretch the body-wall
muscle as much as possible on the surface of the dissection dish while minimizing
damage to muscle fibres. With the stretch maintained by the pins, the larval
preparation was ready for intracellular recordings. For both force and intracellular
recordings a single larva was used for each trial.

Force Recordings

In all trials for which force was measured, larvae with intact body-wall
muscles were used, the anterior segment dissection pin was removed, and the anterior
epidermis was attached to a force transducer using a thin metal probe with a minuten
pin glued to it. The minuten pin was hooked at the end, and the hook was used to
“grab” the epidermis. The posterior larval segment remained pinned to the dissection
dish, and a micromanipulator holding the force transducer was adjusted to stretch the
larva approximately to its resting length. The force transducer connected to a Grass

P15 preamplifer (Grass Instrument Co. Warwick, RI, USA) that transmitted the force
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data through a DATAQ DI-145 (DATAQ Instruments Inc., Akron, OH, USA) analog-
to-digital converter which then displayed the recording on a computer using DATAQ
software (Figure 5).

Two peristaltic pumps were used to run saline directly through each cut larva.
One perfusion (inflow) pump mounted to a micro-manipulator was placed in the
center of the body-wall muscle between the flaps created by the dorsal midline cut.
This pump allowed a continuous flow of solution (~ImL/min) in close proximity to
the body-wall muscles. A second (outflow) pump was placed at the edge of the
dissection dish to remove excess fluid during trials to maintain a constant level of
fluid in the dissection dish.

As noted above, larvae were gently stretched using the micromanipulator, and
time was allowed to establish a steady baseline force level (“tonus”). Contraction
strength was calculated by subtracting the tonus immediately before the contraction
from the peak force obtained during contractions.

Recordings were started after the tonus level remained steady for 1-2 minutes
to reduce drift in force recordings. Next, the inflow pump solution was switched from
0.5mM Ca?* containing HL6 saline to the appropriate test solution that was applied to
the preparation for 1 minute. Following this application, the preparation received a
washout period of Smin with saline. The preparation then received a second Imin
application of test solution. Then, a second saline washout was done for 2min before
ending each trial. Test solutions were applied twice to individual larvae to permit a
direct comparison between different substances or different combinations of
substances to determine whether contraction amplitude increased or decreased within
each trial. Differences between contraction amplitude were expressed as the “%

Change” in contraction amplitude, where
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% Change = [(Contraction> — Contraction;) / Contraction:] x 100.

This approach was intended to reduce the effect of variability in contraction amplitude
between different larvae, which might potentially reflect differences in size, health or
energy level. In many experiments, the order of applying test substances was counter-
balanced to determine whether application order affected contractions.

The protocol of 2x applications of desired chemical(s) was consistent
throughout all experiments, with the exception of experiments involving the
application of caffeine to preparations. Saline washout periods were extended for
some experiments (i.e. those involving KN92 and KN93) to allow adequate time for
chemicals to affect cellular targets. Notably, experiments testing the peptide’s ability
to enhance glutamate-evoked contractions as well as caffeine-evoked contractions
finished with a final exposure of 100mM KCI to produce a maximal contraction. In
these trials, contractions elicited by test substances were expressed as a percentage of
the KCl-induced contraction using the following equation:

((KCI contraction - Contractiony )) / Contractiony) x 100

All force trials were performed using 0.5mM Ca?* containing HL6 saline, with
the exception of caffeine trials that were performed in Ca?*-free saline.

Intracellular Recordings

The intracellular dissection protocol was followed for experiments in which
membrane depolarization was measured. As for force recordings, two pumps were
used; the inflow pump was placed adjacent to the larval preparation, and the outflow
pump was placed in the corner diagonal to the inflow pump (Figure 5B). This was
done to help direct the flow of solution over the preparation without disturbing the

recording electrode during experiments. Care was taken to ensure that the volume of
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solution in the recording dish stayed constant during experiments to avoid shifting the
recording electrode.

Individual muscle cells were penetrated with glass microelectrodes filled with
3M KCI and having resistances of ~30-40 MQ. The recording electrode bath ground
wire were both connected to a WPI Model Cyto 721 electrometer (World Precision
Instruments, Sarasota, FL). Output from the preamplifier was connected to the same
analog-to-digital converter used for force recordings, and recordings were displayed
and analyzed using the same DATAQ software described above.

After each muscle cell was penetrated with the electrode, transmembrane
potential was monitored for several minutes to establish a stable resting membrane
potential before starting experimental procedures. The resting membrane potential
(usually around -40 mV) was then recorded for 3min, after which preparations were
exposed for 1min to L-glutamate (L-Glu), followed by a 6min washout with saline.
Subsequently, a second 1min exposure to either L-Glu or a combination of L-Glu and
peptide was followed by washout, and recordings ended ~3min after the second
exposure. The resting membrane potential was estimated by calculating the average
membrane potential at three time points during recordings: (a) before the first
application of test substances, (b) during washout, and (c) after the second test
substance application. Modified HL6 saline was used which contained Ba?" instead of
Ca?*. This substitution was done to prevent muscle contraction while still being able
to measure membrane voltage changes.

Data Analysis

All statistical tests were performed using GraphPad Prism 8 or SPSS software.

Parametric or non-parametric tests were selected as appropriate for the data.

Parametric data comparing three or more groups were analyzed using one-way
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analysis of variance (ANOVA), Dunnett’s multiple comparisons post-hoc. Non-
parametric data comparing three or more groups were analyzed using Friedman’s test,
Dunn’s post-hoc. Two-way ANOVA with repeated measures (Greenhouse-Geisser
correction) was used to analyze data comparing order and treatment effects, with the
appropriate t-test post-hoc analysis. Non-parametric data comparing two groups were
analyzed with the Mann-Whitney U-test, whereas the Wilcoxon matched pairs t-test
(two-tailed) was used for matched data. Statistical significance was determined using
an alpha level of p<0.05.

Chemicals

L-glutamate (Sigma-Aldrich, Oakville, Canada) was dissolved in distilled
water, and DPKQDFMRFamide (Sigma-Aldrich, Oakville, Canada) was dissolved in
HL6 saline for making stock solutions. All stock solutions were divided into aliquots
and stored in a freezer at -20°C. Individual aliquots were thawed before use and
diluted to the appropriate concentration for experiments.

Caffeine (Sigma-Aldrich, Oakville, Canada) was used to elicit muscle
contractions in the absence of extracellular calcium as caffeine causes calcium release
from internal sarcoplasmic reticulum calcium stores (Endo et al., 2012; Reggiani,
2020). Caffeine solutions were prepared fresh as needed by dissolving caffeine in
HL6 saline to a working concentration of 1.25mM.

Sodium nitroprusside, SNP (Sigma-Aldrich, Oakville, Canada), and s-Nitro-
N-acetylpeniciliamine, SNAP (Sigma-Aldrich, Oakville, Canada), were used as nitric
oxide donors. SNP was dissolved in distilled water and SNAP was dissolved in HCI
and then pH balanced (7.2) for making stock solutions. SNP and SNAP were used at a
concentration of 100uM for experiments. NO donor concentrations were used based

on previous literature (Wildemann 1999).

37



Nomega-nitro-L-arginine, L-NNA (Sigma-Aldrich, Oakville, Canada), was
used as a nitric oxide synthase inhibitor. L-NNA was dissolved in water and then pH
balanced (7.2) for making a stock solution. L-NNA was used at a concentration of
100uM for experiments. The nitric oxide synthase inhibitor concentration used was
based on previous literature (Wildemann 1999).

KN92 and KN93 (Sigma-Aldrich, Oakville, Canada) were used as the inactive
analog and the active agent, respectively, to inhibit CaMKII. KN92 and KN93 were
dissolved into stock solutions using distilled water containing 1% dimethylsulfoxide
(DMSO). The concentration of KN92 and KN93 used in experiments was 1uM
containing a concentration of 0.1% DMSO in their solutions, based on previous
literature (Milakovic et al., 2014). HL6 saline containing 0.5% DMSO was used for
these trials. Trials were also performed in 0.5% DMSO containing saline without the

addition of KN92 or KN93 to ensure DMSO did not affect the physiological response.
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Figure 4: Diagrams of each preparation setup. A. Force recording diagram
depicting preparation dissection and setup. A force transducer is used to measure
contraction strength. B. Intracellular recording diagram depicting preparation
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dissection and setup. A recording electrode is used to measure membrane voltage
changes.
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Figure 5: Diagram of workbench setup. A. Force recordings setup. A force
transducer is used to measure contraction strength in preparations. B. Intracellular
recordings setup. A recording electrode is used to measure voltage changes in
preparations.
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Results
DPKQDFMRFamide increases glutamate-evoked contractions

Clark et al. (2008) first demonstrated a postsynaptic effect of
DPKQDFMRFamide by directly applying peptide to larvae that had the CNS
removed. The peptide was able to elicit a tonus change on body-wall muscle that
persisted after desensitizing glutamate receptors (Clark et al., 2008). Additionally,
prior glutamate exposure potentiated the response of subsequent co-application of
glutamate with peptide (Clark et al., 2008). Their results suggested that
DPKQDFMRFamide did not induce contractions by releasing glutamate from the
presynaptic terminal but, by directly acting upon the muscle itself (Clark et al., 2008).
This interpretation was confirmed by Milakovic et al., (2014), who reported that
reducing FR expression in muscle reduced peptide-induced contractions by up to 90%,
and that reducing FR expression only in neurons had no effect on peptide-induced
contractions. Ormerod et al., (2015) subsequently showed that the peptide produced
stronger contractions in some muscle fibres than others. None of these studies,
however, investigated whether or not the peptide enhances muscle contractions
induced by the excitatory transmitter glutamate (Jan and Jan, 1976). This possibility,
therefore, was examined in the present work.

Larval preparations lacking the CNS were exposed twice to 7 mM L-
glutamate, which was used to elicit reliable contractions, but not a maximal
contraction, and DPKQDFMRFamide (ranging from 10-1°-10-¢ M) that was included
with the second glutamate application. Separate control trials were also performed, in
which the peptide was omitted. Two glutamate applications were used to allow a
comparison of contractions within trials to account for variability between

preparations. Recordings depicting the experimental protocol and the effects of
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peptide on glutamate-evoked contractions are show in Figure 6A. The effect of
DPKQDFMRFamide was quantified by measuring the contraction amplitude for both
glutamate applications in each trial and calculating the percent change of the second
contraction compared to the first (Figure 6B). At concentrations of 10'°M and 10° M,
DPKQDFMRFamide displayed no discernible enhancement of glutamate-evoked
contractions compared to control trials lacking peptide (one-way ANOVA, F = 15.94
(6,77); p <0.0001, Dunnett’s post-hoc, p = 0.99 and p = 0.95, respectively). For
larvae exposed to concentrations of DPKQDFMRFamide at and above 10*M, the
peptide significantly enhanced glutamate-evoked contractions compared to the control
group for which peptide was omitted (one-way ANOVA, N = 12 per group). On
average, 10 M peptide increased glutamate-evoked contraction amplitude by 157 %
+ 103 % (p = 0.0349), with 107 M by 219 % + 99 % (p = 0.0017), 3x107 M by 207 %
+125 % (p = 0.0033), and 10°M by 469 % + 339 % (p < 0.0001). Contractions
recorded when glutamate was combined with the highest concentration of
DPKQDFMRFamide (10 M) displayed the largest variance in proportional change
(%) of all groups.

This data was also analyzed by comparing the peak force of the second
contraction (in mN) between the control group (peptide omitted) and preparations
exposed to DPKQDFMRFamide. This comparison was used to construct a dose-
response curve for the enhancement of glutamate-evoked contractions by
DPKQDFMRFamide (Figure 7). The ECso for DPKQDFMRFamide to enhance
glutamate-evoked contractions directly on body-wall muscle was estimated at 1.3x10
M. The highest peptide concentration used (10° M) showed a drop in force that
might be attributed, at least in part, to variability between individual preparations.

Overall, the data demonstrate that DPKQDFMRFamide was able to enhance
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glutamate-evoked contractions in a dose-dependent manner, significantly increasing

the force generated by body-wall muscle contractions.
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Figure 6. Effect of DPKQDFMRFamide on larval body-wall muscle. A. Raw
recordings depicting contractions elicited by two 1min exposures of 7mM L-
glutamate, separated by a Smin saline washout (top trace). Remaining traces show the
co-application of peptide and glutamate in the second exposure. All trials ended with
a 100mM KCl-induced contraction. B. Effect of DPKQDFMRFamide is quantified as
a proportional change (%) of the second exposure to glutamate compared to the first.
Significant effect of the peptide occurred only when the proportional change (%) was
greater than in the control group (peptide omitted). Statistical significance was
determined using a one-way ANOVA. Asterisks (*) are used to show significant
differences relative to Glu Ctrl: * indicates p < 0.05, ** indicates p < 0.001, ***
indicates p < 0.0001. N = 12 per group. Data are represented as mean + S.E.M.
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Figure 7. Dose-response curve of the peptide’s ability to enhance glutamate-evoked
contractions in body-wall muscle. Force of the second contraction (in mN) is
expressed as the log of peptide concentration. Increasing peptide concentrations co-
applied with 7mM glutamate increased contraction strength, ECso = 1.3x10° M. N =
12 per group. Data are represented as mean + S.E.M.
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Synergy between DPKQDFMRFamide and glutamate

With ability of DPKQDFMRFamide to enhance glutamate-evoked
contractions established, the next question to address was whether enhancement by
the peptide was additive or synergystic with the effect of glutamate. Previously, body-
wall muscles exposed to DPKQDFMRFamide resulted in very small contractions
(~0.05 mN, see Clark et al., 2008; Milakovic et al., 2014) compared to those elicited
by glutamate reported (~0.32 mN, see controls in Figure 8 A) and reported elsewhere
(~0.85 mN, see Clark et al., 2008). To investigate the interaction of the glutamate and
DPKQDFMRFamide pathways leading to muscle contraction, experiments were
designed to assess the amplitude of contractions elicited by the peptide alone,
glutamate alone, and by co-application of the peptide with glutamate.

This set of trials was performed with two chemical applications as previously
described, with the first series of trials involving two applications of 10° M
DPKQDFMRFamide. This protocol permitted assessment of the magnitude of
peptide-evoked contractions and whether contraction amplitude differed between the
first and second applications. A similar series of trials was performed with two
glutamate (7 mM) applications. Next, trials were performed with an application of
glutamate (7 mM) followed by glutamate with peptide (7 mM Glu, 10 M peptide),
and these trials were also performed with the order reversed (glutamate with peptide,
followed by glutamate). A concentration of 10 M peptide was used as this was above
the ECso (to reliably enhance contractions), but below saturation of enhancement and
was less variable than higher concentrations (Figure 7). The altering of application
order allowed assessment if the order in which peptide was applied to preparations
was influenced by previous glutamate exposure and vice-versa. Every trial performed

in each of the above series used new, different preparations.
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Figure 8A displays recordings of peptide-evoked contractions in the top trace.
The peptide-evoked contractions are extremely small on their own. On average,
DPKQDFMRFamide-evoked contractions measured ~0.025mN, and there was no
significant difference between responses to the first and second applications of
peptide in control trials (Figure 8B, Mann-Whitney test p > 0.05, N = 11). The middle
and bottom recordings in Figure 8A are from trials during which glutamate was co-
applied with DPKQDFMRFamide. Co-application of peptide with glutamate
produced contractions that were larger than those produced by glutamate alone and by
peptide alone. The combined effect of peptide and glutamate was of similar
magnitude in the middle and bottom recordings, demonstrating that contraction
enhancement by DPKQDFMRFamide is independent of application order of peptide
(two-way RM ANOVA, F =0.774 (1,28); p > 0.05). Glutamate-evoked contractions
were also not affected by application order. Data from all trials in this experiment are
summarized in Figure 8C, and statistical significance was assessed with a two-way
ANOVA for repeated measures data comparing both orderings for glutamate and the
combination of glutamate with peptide. Contractions elicited by applying glutamate
first (Glu’) averaged 0.39 mN + 0.28 mN, and those elicited by applying glutamate
second (Glu”’) averaged 0.29 mN = 0.23 mN. When glutamate with peptide was
applied first (Glu+DPK”) contractions were 0.78 mN =+ 0.39 mN, and when they were
applied second (Glu+DPK*”) contractions were 0.74 mN + 0.42 mN (N = 15 per
condition). Contractions elicited by glutamate with peptide were significantly
different from those elicited by glutamate alone (two-way RM ANOVA, F =42.514
(1,28); p <0.001), but there were no significant differences for order ( F = 0.774

(1,28); p > 0.05). These results demonstrate that DPKQDFMRFamide is able to
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enhance glutamate-evoked contractions, and its effectiveness is independent of

application order.
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Figure 8. Enhancement of glutamate-evoked contractions by DPKQDFMRFamide
independent of application order. A. Raw recordings depicting two applications of
10"° M peptide (top trace). Traces below demonstrate the peptide’s enhancement effect
in different preparations before or after applying L-glutamate. B. Comparison of
peptide-evoked contractions (mN) in control trials (Mann-Whitney test). C. Force of
contraction (mN) is compared between groups.Significant effect of peptide and not of
order of application. Filled shapes represent 1% order applications also labeled with (¢)
while 2" order applications are the matching open shapes labeled (*). Statistical
significance was determined using a two-way ANOV A with repeated measures.
Asterisks (*) are used to show significant differences: ** indicates p<0.001.
Horizontal lines in the graphs depict mean + S EIM. N =11 (DPK’, DPK’’) N =15
(Glw’, Glu”’, Glu+DPK’, Glu+DPK”’).
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To quantify the enhancement effect of DPKQDFMRFamide on glutamate-
evoked contractions, trials were performed in which each preparation received three
chemical exposures. Each preparation was given one exposure to
DPKQDFMRFamide (1x10% M), one exposure to L-glutamate (7 mM), and one co-
application of glutamate with DPKQDFMRFamide (7 mM L-Glu, 1x10%M peptide) .
This protocol allowed a direct comparison within each trial of the magnitude of
contractions elicited by peptide alone, by glutamate alone and by the combination of
glutamate and peptide. Application order in these trials was not randomized due to no
effect of order presented in the above data (Figure 8). The degree to which
DPKQDFMRFamide enhanced glutamate-evoked contractions was estimated in each
trial by subtracting the amplitude of the glutamate-evoked contraction from the
combined effect of glutamate and peptide. This estimate of the peptide’s
“enhancement” of contraction could then be compared to contraction elicited by the
peptide alone to determine whether or not DPKQDFMRFamide and L-glutamate act
synergistically. Statistical significance was assessed using a two-tailed Wilcoxon test
for matched pairs.

In these trials, DPKQDFMRFamide-evoked contractions averaged 0.024mN +
0.011 mN, glutamate-evoked contractions were 0.56 mN + 0.36 mN, and co-
application of glutamate with peptide elicited contractions that were 1.03 mN + 0.55
mN (Figure 9A, Freidman test, P <0.0001, Dunn’s Post Hoc). Glutamate-evoked
contractions were significantly larger than DPKQDFMRFamide-evoked contractions
(p = 0.0429). Contractions elicited by co-application of glutamate with peptide were
significantly larger than those induced by glutamate or peptide alone ( p =0.0429, p <
0.0001, respectively). The difference between contractions elicited by the

combination of glutamate and peptide and contractions elicited by glutamate alone
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was calculated for each trial to determine the magnitude of the peptide’s enhancement
effect and were compared to contractions elicited by DPKQDFMRFamide alone
(Figure 9B, Wilcoxon matched-pairs signed rank test, two-tailed, P =0.0005). On
average, DPKQDFMRFamide enhanced glutamate-evoked contractions by 0.47 mN +
0.22 mN, which was significantly larger than the force generated by
DPKQDFMRFamide-evoked contractions (p < 0.05). Thus, enhancement of
glutamate-evoked contractions by DPKQDFMRFamide was not additive, as the force
of peptide and glutamate-evoked contractions when added together, do not equal the
force generated when the two substances were co-applied. Furthermore, the mean
force calculated for DPKQDFMRFamide’s ability to enhance glutamate-evoked
contractions (0.47 mN) far exceeds the force generated by the contractions evoked by
the peptide alone (0.024 mN). These data suggest that DPKQDFMRFamide and

glutamate exert synergistic effects on muscle contraction.
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Figure 9. Synergystic enhancement of glutamate-evoked contractions of larval body-
wall muscle by DPKQDFMFamide in 3x application trials: DPKQDFRMFamide
(10°M), glutamate (7mM), and glutamate + peptide. A. Comparison of the
contraction force of each application (Friedman test. Dunn’s post-hoc). B.
Comparison between the enhancement of glutamate-evoked contractions
((glutpeptide)-glu-alone) by DPKQDFMRFamide and contractions elicited by
DPKQDFMRFamide alone (Wilcoxon matched pairs signed rank test, two-tailed).
Asterisks (*) are used to show significant differences: * indicates p < 0.05, ***

indicates p < 0.0005, **** indicates p < 0.0001.Horizontal lines in the graphs depict

mean + S.E.M. N=12 per group.
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DPKQDFMRFamide increases Glu-evoked depolarization

Previous intracellular recordings performed by Milakovic et al. (2014)
determined that DPKQDFMRFamide does not produce any changes in membrane
voltage when applied alone. However, these recordings did not consider that the
peptide may alter the membrane potential when co-applied with glutamate.

To determine whether DPKQDFMRFamide enhances glutamate-evoked
depolarization at the plasma membrane, an intracellular recording electrode was used
to measure membrane depolarization during applications of glutamate by itself and in
combination with DPKQDFMRFamide. Two applications were performed within
each trial (L-Glu followed by L-Glu in one set of trials, and L-Glu followed by L-Glu
combined with peptide in another set of trials). These experiments were performed
with saline in which barium was substituted for calcium to prevent muscle contraction.
“Sharp” microelectrodes filled with a 3 M KCl solution were used to penetrate body-
wall muscles, specifically muscles 6 and 7 as they are more responsive to
DPKQDFMRFamide than others (Dunn and Mercier 2005; Ormerod et al., 2015).

The average resting membrane potential was calculated in each trial using 3
time points: (a) before the first glutamate application (at the start of the recording), (b)
between glutamate applications (during washout), and (c) after the second glutamate
application (at the end of the recording). The average resting membrane potentials for
each group were -37.8 mV + 3.9 mV for controls and -38.6 mV £ 6.5 mV for trials
that included DPKQDFMRFamide with the second glutamate application; resting
membrane potentials were not significantly different between the two groups (Figure
10D, Mann-Whitney test, P > 0.05). Average resting membrane potentials for the
muscle fibres were similar to values previously reported by Ormerod et al. (2015)

ranging from -42 to -44 mV.
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Glutamate exposure produced a depolarization for each application in control
trials (top trace in Figure 10A). The average depolarization with the first glutamate
application was 6.11mV =+ 1.36mV, and for the second glutamate application it was
6.44 = 1.13mV in control trials; these values were not significantly different (Paired t-
test, two-tailed, P > 0.05). In experimental trials, the first glutamate exposure
produced a depolarization of 6.00 mV £ 2.51 mV, and subsequent co-application of
glutamate with DPKQDFMRFamide depolarized muscle fibres by 12.50 mV + 2.27
mV. The depolarization elicited by co-application of glutamate with
DPKQDFMRFamide was significantly different from all glutamate-elicited
depolarization (Two-way ANOV A with repeated measure, F =443.277 (1,15) p <
0.001, Figure 10B). The depolarization elicited by the second glutamate application
also was expressed as a percentage of the depolarization elicited by the first glutamate
application and was compared between control and experimental groups (Figure 10C).
For the control group (with no peptide), the mean percentage change was 7.42% +
14.57%, but for the experimental group (when peptide was included with the second
glutamate application), the mean change was 140.30% + 102.9%, which was
significantly different from the control group (Mann-Whitney U-test, P < 0.0001).
These findings indicate that DPKQDFMRFamide significantly enhances membrane
depolarization elicited by glutamate. Thus, DPKQDFMRFamide appears to act at the

plasma membrane to increase depolarization.
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Figure 10. Membrane depolarization (mV) in response to glutamate and glutamate
with DPKQDFMRFamide. A. Recordings showing the depolarization in glutamate
controls (top trace) and experimental trials with peptide (bottom trace). B.
Comparison of depolarization (mV) between all exposures (two-way ANOVA with
repeated measures, Geisser-Greenhouse correction). C. Percent change comparison
between control (Glu’/Glu’’) and experimental groups (Glu’/Glu+DPK’’) (Mann-
Whitney test). D. Average membrane potential (mV) for each trial for both groups
(Mann-Whitney test). Asterisks (*) are used to show significant differences: ***
indicates p<0.001, **** indicates p<0.0001 . Horizontal lines in the graphs depict
mean = S.E.IM. N =9 (Glu’/Glu’’) N = 8 (Glu’/Glu+DPK”’).
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DPKQDFMRFamide enhances caffeine-induced contractions

An increased depolarization at the muscle plasma membrane alone might not
be the only mechanism underlying enhancement of glutamate-evoked contractions by
DPKQDFMRFamide. Klose et al. (2010) demonstrated that DPKQDFMRFamide
increased calcium levels in the nerve terminals and provided evidence for increased
quantal release. The increase in intracellular calcium was abolished by depleting
internal calcium stores or by inhibitors of IP3 receptors and ryanodine receptors,
implicating calcium release from the endoplasmic reticulum (ER) (Klose et al., 2010).
Klose et al. (2010) suggested that the peptide enhanced calcium-induced calcium
release from the ER in synaptic terminals, leading to enhanced transmitter release
(Klose et al., 2010). It seems plausible, therefore, that DPKQDFMRFamide might
have a similar effect postsynaptically by enhancing calcium-induced calcium release
from the sarcoplasmic reticulum (SR), or perhaps downstream of release from the SR.

Caffeine, a ryanodine receptor (RyR) agonist, was used to initiate muscle
contraction by triggering release of calcium from the SR (Endo et al., 2012; Reggiani,
2020). These experiments were performed in calcium-free saline to drastically reduce
the probability of calcium influx across the plasma membrane. If the peptide enhances
caffeine-induced contractions under these conditions, the enhancement is likely to
indicate an effect on calcium release from the SR or “downstream” of calcium release.
In these trials, DPKQDFMRFamide (at 1x10°M) was co-applied with 1.25 mM
caffeine.

Figure 11A shows recordings of caffeine-induced contractions (top trace) and
trials during which caffeine was co-applied with DPKQDFMRFamide (bottom trace).
Co-application of peptide with caffeine produced much larger contractions than

caffeine alone. The mean force of contractions produced by caffeine alone were
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0.20 mN + 0.15 mN, and those induced by a combination of caffeine with peptide
were 0.67 mN = 0.48 mN. These values were significantly different (p = 0.0004,
Mann-Whitney U-test) (Figure 11B). A secondary analysis was performed in which
contractions were expressed as a percentage of the maximal contraction induced by
depolarization with 100 mM KCI. Caffeine-induced contractions were 14.10% =+
15.30% of maximal, and contractions induced by caffeine with peptide were 28.35%
+ 19.77% of maximal; these values were also significantly different (p=0.0133,
Mann-Whitney U-test; Figure 11C). The ability of DPKQDFMRFamide to enhance
caffeine-induced contractions suggests that the peptide may produce second
messenger effects that act may be acting at the SR directly or on other downstream
targets to increase the effectiveness of calcium release. An example of which might be
cyclic ADP ribose, which sensitizes RyRs to be activated by lower levels of cytosolic

calcium (Galione and Chuang, 2020).
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Figure 11. Effect of DPKQDFMRFamide on caffeine-induced contractions. A. Raw
recordings showing caffeine-induced contractions (top trace) and contractions with
peptide added (bottom trace). B. Force of contractions (mN) comparison between
control (caffeine) and experimental (caffeine+DPKQDFMRFamide) groups (Mann-
Whitney test). C. Percentage of maximal contraction comparison between (caffeine)
and experimental (caffeinetDPKQDFMRFamide) groups (Mann-Whitney test).
Asterisks (*) are used to show significant differences: * indicates p <0.05, ***
indicates p < 0.001.Horizontal lines in the graphs depict mean = S.E.M. N = 16 per

group.



Nitric Oxide does not appear to underlie DPKQDFMRFamide’s effect on
contraction

As the Drosophila FR receptor is a GPCR (Cazzamali et al., 2002; Meeusen
et al., 2002), Milakovic et al. (2014) examined potential postsynaptic 2" messenger
systems that might be activated by DPKQDFMRFamide binding to the FR.
DPKQDFMRFamide induced contractions via GPCR activation, but this effect did
not appear to involve cAMP, cGMP, IP3;, PLC, CaMKII or arachidonic acid
(Milakovic et al., 2014). One potential 2"! messenger they did not examine was nitric
oxide (NO).

Wildemann et al. (1999) reported that NO acts as a 2"! messenger at the
Drosophila NMJ in a retrograde manner. They determined that NO is produced in the
muscle by nitric oxide synthase (NOS) and diffuses to the presynaptic neuron to
initiate transmitter release (Wildemann et al., 1999). Since NOS is activated by
Ca*"/calmodulin complexes (Bredt and Snyder, 1992), it seemed possible that an
increase in cytoplasmic calcium during glutamate-evoked contractions might activate
NOS, and that the ability of DPKQDFMRFamide to enhance glutamate-evoked
contractions might depend on NO production and transmitter release from presynaptic
terminals that were still present on the muscle fibres. To investigate this possibility,
trials were conducted in which contractions were elicited by glutamate (without or
with peptide) and with the addition of NO donors and an NOS inhibitor. If
DPKQDFMRFamide uses the NO pathway to enhance contractions, three predictions
should be met. First, NO donors (sodium nitroprusside (SNP) and s-Nitro-N-
acetylpeniciliamine (SNAP) should mimic the peptide’s effect. Second, combining an
NO donor with a sub-threshold concentration of DPKQDFMRFamide should also

increase the force of contractions. Third, the NOS inhibitor, N-omega-Nitro-L-
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arginine (L-NNA), should reduce the peptide’s ability to enhance contractions elicited
by L-glutamate.

Recordings in Figure 12A show the effects of addition of the NO donors
(100uM SNP or 100uM SNAP) on the force of contractions elicited by glutamate (2",
3 traces) and the effect of the NOS inhibitor (100uM L-NNA) co-applied with
glutamate (bottom trace). A comparison of force (mN) was performed between each
experimental group to determine whether NO donors or the NOS inhibitor altered
muscle contractions elicited by glutamate (Figure 12B). Results from a two-way
ANOVA with repeated measures did not determine any significant differences
between groups (i.e. control, NO donors, NOS inhibitor; F = 0.280 (3,44); p > 0.05),
but did show significant differences within groups(two-way RM ANOVA, F = 16.849
(1,44); p <0.05). In glutamate controls, contractions elicited by the first application of
glutamate (Glu’) averaged 0.54 mN + 0.36 mN, and those elicited by the second
glutamate application (Glu’’) were significantly smaller, at 0.34 mN + 0.19 mN (p <
0.05). A similar trend was observed in trials containing SNP, in which first
contractions (Glu;’) were 0.57 mN £ 0.32 mN, and subsequent co-application of
glutamate with SNP (Glu+SNP;") averaged a force of 0.32 mN = 0.26 mN; these
values were also significantly different (p < 0.05). The experiment testing the effect of
the NO donor, SNAP, did not show any significant differences in within trial
contractions (Gluz' 0.34 mN £ 0.45 mN, Glu+SNAP>" 0.40 mN + 0.27 mM). Trials
testing the NOS inhibitor, L-NNA, also showed a within-group difference, with Glus'
contractions averaging 0.55 mN + 0.31 mN and Glu+L-NNAj3" being significantly
smaller in amplitude averaging 0.42 mN + 0.18 mN (p < 0.05). The general trend of

the data for these experiments was a smaller second contraction, regardless of
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chemical application. The only exception was in trials using the NO donor, SNAP,
where both contractions (first and second) were nearly equal.

If DPKQDFMRFamide was activating NO as a 2"! messenger to enhance
contractions elicited by glutamate, it would be expected that increasing NO
concentration using SNP or SNAP would enhance glutamate-evoked contractions in a
similar manner. There was no enhancement of contraction observed using either NO
donor. Trials investigating effects of SNP showed a reduction in contraction strength
within trials as similarly seen in control trials without any NO donor, while
contractions were of similar magnitude in trials containing SNAP. Contractions
elicited by glutamate co-applied with L-NNA also showed a reduction in amplitude

within trials similarly observed in the control group.
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Figure 12. Effect of NO donors and NO inhibitor on glutamate-evoked contractions
A. Raw recordings showing glutamate-evoked contractions (top trace) and when
combined with either NO donor SNP/SNAP or NO inhibitor L-NNA. B. Force

comparison of contraction strength (mN) in each group. Superscript (‘) corresponds to

15t order applications while (*) corresponds to 2™ order applications. Numbered

subscripts (1-3) are used to identify applications that are within the same experimental

group (two-way ANOVA with repeated measures, Geisser-Greenhouse correction).

Asterisks (*) are used to show significant differences: * indicates p < 0.05. Horizontal

lines in the graph depict mean + S.E.M. N=12 per group.
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To further investigate potential involvement of NO in the peptide’s ability to
enhance muscle contraction, trials were then performed using a sub-threshold
concentration of DPKQDFMRFamide with either NO donor and an above threshold
concentration of peptide with the NOS inhibitor. [f DPKQDFMRFamide activates NO
as a 2" messenger, co-applying a sub-threshold peptide concentration with either
donor should result in an increase in contraction amplitude. Applying an above
threshold peptide concentration with the NOS inhibitor should reduce the contraction
amplitude.

Figure 13A displays raw recordings for each experimental condition. The first
trace (top) shows the effect of exposure of glutamate with a sub-threshold (1x10 M)
peptide concentration, and the second trace shows the effect of glutamate with a
supra-threshold peptide concentration (1x10-7 M). The third and fourth traces are from
trials in which a sub-threshold peptide concentration was combined with the NO
donors SNP and SNAP. The fifth (bottom) trace depicts the effect of glutamate with a
supra-threshold peptide concentration and the NOS inhibitor, L-NNA. The effects of
NO donors and sub-threshold peptide concentration are summarized in Figure 13B. In
control trials, glutamate-evoked contractions averaged 0.48 mN + 0.37 mN and were
0.58 mN + 0.41 mN with the addition of 1x10° M DPKQDFMRFamide. For trials
testing the effect of the NO donor, SNP, glutamate-evoked contractions were 0.67 mN
+ 0.41 mN and were 0.55 mN £ 0.39 mN with the addition of peptide and SNP. In
trials testing the effect of SNAP, glutamate-evoked contractions were 0.54 mN =+ 0.42
mN and were 0.53 mN + 0.33 mN with the addition of peptide and SNAP. A two-
way ANOVA with repeated measures determined that there were no significant
differences in the amplitude of glutamate-evoked contractions with or without peptide

and with or without NO donors. If DPKQDFMRFamide was using NO to enhance
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contractions, co-application with either donor would be expected to increase
contraction amplitude with a sub-threshold peptide concentration.

Contraction amplitude in trials with the NOS inhibitor, L-NNA, and the supra-
threshold peptide concentration (1x10”7 M) were compared with controls (in which L-
NNA was omitted) in Figure 13C. Addition of L-NNA did not cause any reduction in
glutamate-evoked contractions when co-applied with 1x10’M DPKQDFMRFamide.
The only significant differences observed were due to enhancement of contractions by
the peptide. If the peptide was using NO as a 2" messenger to enhance contractions,
the addition of L-NNA would be expected to reduce contraction amplitude compared
to control trials in which L-NNA was omitted. These results suggest a lack of NO

involvement in the postsynaptic response of DPKQDFMRFamide.
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Figure 13. Effect of NO donors and NO inhibitor on glutamate-evoked contractions
containing sub- and above-threshold concentrations of DPKQDFMRFamide. A. Raw
recordings showing glutamate-evoked contractions with sub threshold and above
threshold DPKQDFMRFamide (1%/2™). Trials containing NO donors SNP/ SNAP
(3'/4™) and NO inhibitor L-NNA (5). B. Force comparison (mN) between sub
threshold peptide and NO donor (SNP/SNAP) groups . C. Force comparison (mN)
between above threshold peptide and NO inhibitor (L-NNA) group. Superscript (¢)
corresponds to 1% order applications while (*) corresponds to 2™ order applications.
Numbered subscripts (1-3) are used to identify applications that are within the same
experimental group. Two-way ANOVA with repeated measures (Geisser-Greenhouse
correction) was used for each graph. Asterisks (*) are used to show significant
differences: ** indicates p < 0.001. Horizontal lines in the graphs depict mean +
S.E.M. N = 12 per group.
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CaMKII does not appear to underlie DPKQDFMRFamide’s effect on
contraction

To determine whether or not CaMKII activation could be involved in
mediating the peptide’s ability to enhance glutamate-evoked contractions,
experiments were performed with the CaMKII inhibitor, KN93, in an attempt to block
or reduce the peptide’s effect.

In order to ensure that CaMKII inhibition did not affect glutamate-evoked
contractions on its own, control trials were performed with glutamate-alone, and with
either the inactive analog KN92 (which is structurally similar to CaMKII but does not
inhibit this enzyme) or the active analog, KN93, added with the second glutamate
application. Figure 14A shows no significant differences between glutamate-evoked
contractions when either the inactive (KN92) or active (KN93) CaMKII antagonist
were co-applied with glutamate. A similar result is shown in Figure 14B, comparing
the percentage change in contraction amplitude between groups.

Two application trials were performed as previously described, and recordings
from these trials are shown in Figure 15A. As depicted in Figure 15B, the addition of
1uM KNO93 failed to reduce the enhancement of glutamate-evoked contractions by
DPKQDFMRFamide. Control trials in which glutamate was combined with 1x10®°M
DPKQDFMRFamide averaged a contraction amplitude of 0.98 mN + 0.65 mN, and
glutamate and peptide contractions with the addition of KN93 averaged 0.93 mN +
0.32mN (p > 0.05). A significant difference is shown between groups exposed to
DPKQDFMRFamide compared to glutamate-only, indicating the peptide enhances
contraction regardless of whether or not KN93 was present (Figure 15B, two-way RM
ANOVA, F =96.079 (1,30) p < 0.05). The 2" contractions in each trial were also

expressed as “percentage change” and were analyzed between each group (Figure
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15C). The mean percent change for contraction elicited by co-applying glutamate and
DPKQDFMRFamide was 197 % + 207 %, and for contractions with KN93 added, the
mean was 316 % =£- 293 %. These values were not significantly different (Mann-
Whitney test, p > 0.05). Since there was no reduction in the peptide’s ability to
enhance glutamate-evoked contractions when exposed to KN93, it is unlikely

CaMKII is involved in the peptide’s ability to enhance glutamate-evoked contractions.
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Figure 14. Effect of KN92 and KN93 on glutamate-evoked contractions. A. Force
comparison between groups showing no effect on glutamate-evoked contractions with
KNO92 or KN93 added (Two-way ANOVA with repeated measures Geisser-
Greenhouse correction). B. Percent change comparison between groups containing
glutamate only and groups with KN92 or KN93 added (one-way ANOVA, Dunnett’s
post-hoc). Superscript () corresponds to 1% order applications while (*) corresponds
to 2" order applications. Numbered subscripts (1-3) are used to identify applications
that are within the same experimental group. Horizontal lines in the graphs depict
mean = S.E.M. N = 16 per group.
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Figure 15. Effect of CaMKII inhibitor KN93 on glutamate-evoked
contractions containing DPKQDFMRFamide. A. Raw recordings depicting
glutamate-evoked contractions enhanced by DPKQDFMRFamide (top) and with the
addition of KN93 (bottom). B. Force comparison between groups showing no
reduction of DPKQDFMRFamide enhanced contractions with KN93 added (Two-way
ANOVA with repeated measures, Geisser-Greenhouse correction). C. Percent change
comparison between control (Glu’/Glu+DPK”’) and experimental
((Glu’/Glu+DPK+KN93”%) groups (Mann-Whitney test). Asterisks (*) are used to
show significant differences: ** indicates p < 0.001. Horizontal lines in the graphs
depict mean £ S.E.M. N = 16 per group.
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Discussion

Current evidence indicates that the neuropeptide, DPKQDFMRFamide, acts as
a neurohormone to enhance Drosophila body-wall muscle contractions in 3™ instar
larvae by using both pre- and postsynaptic mechanisms at the neuromuscular
synapses (Hewes et al., 1998; Klose et al., 2010; Clark et al., 2008; Milakovic et al.,
2014; Ormerod et al., 2015). The aim of this thesis was to investigate the postsynaptic
enhancement of contractions in these muscles by DPKQDFMRFamide. To study the
effect of only DPKQDFMRFamide on muscle contractions, the larval CNS was
removed. Removal of the CNS avoided the issue of releasing co-transmitters that
occurs during nerve-stimulation, thereby allowing the direct effect of
DPKQDFMRFamide on muscle to be much easier to quantify.

The objective of this study was to demonstrate how DPKQDFMRFamide
enhances contractions elicited by glutamate, the excitatory transmitter released at the
neuromuscular synapses. The present study provides evidence that the Drosophila
neuropeptide, DPKQDFMRFamide, enhances the effects of the excitatory transmitter
glutamate by enhancing contraction strength in a dose-dependent manner, with the
enhancement likely due to a synergystic interaction between the receptors and
intracellular signaling pathways activated by glutamate and the peptide.
DPKQDFMRFamide elicits changes at the cell membrane by increasing glutamate-
evoked depolarization, and it appears to act downstream of the membrane
depolarization because it also enhances caffeine-induced contractions in the absence
of extracellular calcium. These effects of the peptide, however, do not appear to

involve CaMKII or NO as intercellular or intracellular signals.
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DPKQDFMRFamide increases glutamate-evoked contractions

DPKQDFMRFamide enhanced glutamate-evoked contractions in a dose-
dependent manner, as predicted based on previous reports of clear, dose-dependent
effects for EJP enhancement and for peptide-induced contractions (Clark et al., 2008;
Dunn and Mercier, 2005; Hewes et al., 1998; Milakovic et al., 2014; Ormerod et al.,
2015). At concentrations of 1x10-® M and higher, there was a clear enhancement of
glutamate-evoked contractions compared to control trials. Lower concentrations of the
peptide (1x10°-1x10'° M) failed to enhance contraction amplitude significantly, but
data displayed in Figure 6 suggest that the threshold is close to 1x10® M. The ECso
calculated from the dose-response curve for the peptide’s enhancement of glutamate-
evoked contractions was 1.3x10 M. The closeness of the ECso value to the apparent
threshold indicates a steep dose-response relationship, similar to that reported
elsewhere for enhancement of nerve-evoked contractions by DPKQDFMRFamide,
which exhibited a threshold of 1x10® M and an ECso of 2.5x10® M in body wall
muscles of 3" instar larvae (Hewes et al., 1998).

The ECs for enhancing glutamate-evoked contractions is lower than the
threshold previously reported by Clark et al. (2008) for the peptide’s ability to induce
contractions in body-wall muscle on its own, which was approximately 108 M.
Although those authors did not report an ECso value for this effect, their data suggest
an ECso near 7x108 M for peptide-induced contractions in saline containing 0.5 mM
calcium. Ormerod et al. (2015) also investigated the peptide’s ability to induce
contractions and determined the ECsy to be 6.6x10® M. Thus, the peptide appears to
enhance glutamate-evoked contractions at slightly lower concentrations than those
required to elicit contractions. Since peptide-induced contractions require

extracellular calcium and are blocked by L-type channel blockers, it is thought that
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they require calcium influx (Clark et al., 2008). No calcium influx, however, has been
reported under resting conditions, and such an influx is likely to be very small. On the
other hand, glutamate depolarizes the muscle fibres, activating calcium influx that, in
turn, releases calcium from the SR to initiate contraction (Peron et al., 2009). Since
glutamate-evoked contractions are much larger than peptide-induced contractions
(Figure 8), the intracellular calcium concentration is very likely to be much higher
during glutamate-evoked contractions than during peptide-evoked contractions. This
elevation in intracellular calcium might be responsible for the lower threshold for
DPKQDFMRFamide to increase Glu-evoked contractions compared to the threshold
for peptide-induced contractions.

In view of results reported here and elsewhere (Clark et al., 2008; Milakovic et
al., 2014; Ormerod et al., 2015), it is appropriate to raise the question of whether the
peptide’s physiological role is reflected by its ability to induce contractions or to
increase nerve-evoked contractions. The peptide increases glutamate-evoked
contractions at lower concentrations (ECso = 1.3x10” M), than those required for the
peptide to induce contractions (ECso ~ 7x10-® M). Thus, one may argue that
modulating nerve-evoked contractions (where glutamate is released synaptically)
represents the peptide’s physiological effect because it occurs at a lower concentration.
As DPKQDFMRFamide is suspected to act as a neurohormone, it would be expected
to elicit effects at relatively low concentrations (Hewes et al., 1998). Thus, it seems
likely that at least one of the hormonal effects of DPKQDFMRFamide would be to
enhance the effects of glutamate on muscle, resulting in larger contraction amplitude.
The physiological significance of the peptide’s ability to induce contractions, however,

is not clear.
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Synergy between DPKQDFMRFamide and glutamate

In order to determine whether DPKQDFMRFamide enhances glutamate-
evoked contractions in an additive or synergystic manner, it first had to be determined
if application order affected the peptide’s ability to enhance glutamate-evoked
contractions. The results demonstrated that regardless of order applied (before or after
glutamate), co-application of DPKQDFMRFamide with glutamate resulted in
significantly increased contraction amplitude. This result ruled out the possibility that
prior glutamate exposure may have potentiated subsequent contractions in which
peptide was added.

In these trials, the average contraction induced by DPKQDFMRFamide alone
was 0.024 mN, which was similar to data reported by Milakovic et al. (2014) with
DPKQDFMRFamide-induced contractions (0.027 mN). In the current study, the
enhancement of glutamate-evoked contractions by DPKQDFMRFamide averaged
0.47 mN, which is nearly twenty times the amplitude of contractions that the peptide
induced on its own. If glutamate and DPKQDFMRFamide shared a common
mechanism to induce contractions, it would be expected their effects would be
additive, and the contractions induced by combining glutamate and the peptide would
have been much smaller. The current results, however, demonstrate synergy between
the effects of glutamate and DPKQDFMRFamide. Synergystic interactions can occur
when two substances activate different intracellular signaling pathways that contribute
to the same physiological response. For example, the peptides Locusta diuretic
peptide and Locusta kinin act synergistically to increase fluid secretion from
Malpighian tubules in locusts, with Locusta diuretic peptide activating cAMP
production and Locusta kinin triggering calcium release from the ER (Coast, 1995).

Both cAMP production and calcium release trigger ion transport mechanisms that
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cause fluid secretion (Coast, 1995). Synergystic interactions can occur by effects in
the same pathway if one substance activates the production of a second messenger
and the other substance decreases the removal or breakdown of that same second
messenger. This is how phosphodiesterase inhibitors increase cAMP concentration
during adenylyl cyclase activation (Nicholls et al., 2012). Glutamate triggers
contraction by depolarization-induced calcium influx leading to calcium release from
the SR. The mechanisms underlying enhancement of these contractions by
DPKQDFMRFamide are not known, but do not appear to involve NO or CaMKII.
The mechanisms underlying the peptide’s ability to induce contractions are not known
either, but do not appear to involve cAMP, cGMP, CaMKII, IP3, PLC, or arachidonic
acid (Milakovic et al., 2014). It seems plausible that either DPKQDFMRFamide acts
on some intracellular signal other than calcium, or the peptide slows the removal of
cytoplasmic calcium. Alternatively, the peptide might activate some intracellular
signal other than those listed above.

When two substances act in a synergystic manner on the same cell, one can
lower the ECso for the other and effectively shift the dose-response curve “to the left”
(Coast, 1995; Ohtomo et al., 1996; Paluzzi et al., 2011). The ECs, for
DPKQDFMRFamide to increase glutamate-evoked contractions (1.3x10° M) was
lower than the ECs reported to induce contractions (~7x10- M; Clark et al., 2008;
Ormerod et al., 2015). These observations indicate that glutamate shifts the dose-
dependence for DPKQDFMRFamide to alter muscle contraction. Since the two
substances appear to act synergystically, it would be expected that
DPKQDFMRFamide could shift the dose-dependence for glutamate to induce

contractions, but no attempt was made to investigate this question in this thesis.
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DPKQDFMRFamide increases Glu-evoked depolarization

As previously reported by Milakovic et al. (2014), DPKQDFMRFamide did
not produce any changes in membrane potential of larval body-wall muscle. Their
experiments, however, assessed only the peptide’s effect on membrane potential and
did not investigate how DPKQDFMRFamide might alter membrane potential when
co-applied with glutamate. The latter possibility was investigated here, and the
findings of this study indicate that membrane depolarization elicited by glutamate is
increased when co-applied with DPKQDFMRFamide. The use of barium as a charge
carrier in these trials allowed measurement of membrane depolarization without
muscle twitches or contractions, which would occur in the presence of calcium. These
results suggest that DPKQDFMRFamide may be acting at the cell membrane to
increase depolarization elicited by glutamate.

While barium is useful as a charge carrier, it does have other effects that alter
ion flow across the cell membrane and could affect both the resting membrane
potential and depolarization. Barium is a blocker of inward rectifying K* channels (Ki;
channels) and calcium-activated K* channels (Hille, 2001; Issa et al., 2019; Sanchez-
Chapula and van der Heyden, 2014). These K* channels normally tend to keep the
membrane potential from depolarizing by generating a steady outflow of K™ ions
(Nicholls et al., 2012). The average resting membrane potential during intracellular
recordings was -38 to -39mV, which was less negative than values previously
reported by Ormerod et al. (2015), which ranged from -42 to -44mV. Since barium
blocks calcium-activated K* channels and Ki; channels, outward K* flow would be
inhibited and would result in increased membrane depolarization. This would explain
the more positive membrane potentials reported here compared to those reported by

Ormerod et al., (2015).
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In addition to blocking potassium channels, barium also affects voltage-gated
calcium channel kinetics by reducing channel inactivation, and L-type calcium
channels exhibit greater channel conductance for barium than for calcium (Ferreira et
al., 1997; Yatani et al., 1986). Thus, if glutamate depolarized the muscle cells enough
to elicit calcium channel activation, the inward current carried by barium would be
greater than that carried by calcium, and the resulting depolarization should be
enhanced. Lastly the driving force for extracellular barium to enter the cell would be
high as there would be little or no intracellular barium. Thus, the degree to which
depolarization increased with DPKQDFMRFamide may be higher than what would
occur during physiological conditions. Nonetheless, the present results still suggest
that the peptide does exert an effect at the cell membrane to increase the effectiveness

of glutamate.

DPKQDFMRFamide enhances caffeine-induced contractions

Klose et al. (2010) reported that DPKQDFMRFamide increased intracellular
calcium levels in presynaptic nerve terminals, with the increase abolished by
interfering with calcium release from the ER. To investigate the possibility that the
peptide may also affect the postsynaptic SR in a similar manner, caffeine was used to
cause calcium release from internal stores, as it is an agonist for RyRs (Endo et al.,
2012; Reggiani, 2020). The present results showed a significant enhancement of
contraction amplitude when DPKQDFMRFamide was co-applied with caffeine.
While these results do not necessarily indicate that the peptide enhances CICR, they
indicate that the peptide can enhance contractions that are elicited directly by internal
calcium release rather than through depolarization at the plasma membrane. Since

these trials were performed in calcium-free saline, it is unlikely that calcium influx
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contributed to this effect. Thus, DPKQDFMRFamide might elicit effects at the SR to
increase the amount of calcium released into the cytosol, or it might trigger effects on
further downstream targets to increase the effectiveness of internal calcium to elicit
contraction. One way to do this might be to inhibit calcium re-uptake into the SR by
inhibiting the sarcoplasmic/endoplasmic calcium ATPase (SERCA) pump, or to
inhibit calcium removal across the cell membrane by calcium ATPases and the
sodium/calcium exchange pump (Hille et al., 2001; Nicholls et al., 2012). Another
way might be to modulate contractile proteins, such as myosin light chain kinase, as
suggested for proctolin-induced contractions of locust oviduct (Nykamp and Lange,

1994).

Nitric Oxide does not appear to underlie DPKQDFMRFamide’s effect on
contraction

Milakovic et al. (2014) investigated the potential involvement of several 2™
messengers in the ability of DPKQDFMRFamide to induce contractions, and their
results indicated that the peptide does not likely activate cAMP, cGMP, 1P3, PLC,
CaMKII, and arachidonic acid. One 2"! messenger they did not investigate was NO,
previously reported by Wildemann et al. (1999) to increase transmitter release in a
retrograde manner from muscle to neuron. The possibility that DPKQDFMRFamide
may be utilizing the NO signaling pathway to increase muscle contraction was
examined in the current study. This was first investigated by assessing whether or not
the NO donors SNP or SNAP and the NOS inhibitor L-NNA had any effect on
glutamate-evoked contractions.

The present results showed a general decrease in the amplitude of glutamate-

evoked contractions within groups regardless of the addition of NO donors or a NOS
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inhibitor. As there were no significant differences between control and experimental
groups (Figures 12 and 13), this reduction in contraction amplitude is not attributed to
either the NO donors or the NOS inhibitor. When either NO donor was combined
with a sub-threshold DPKQDFMRFamide concentration, there was no significant
enhancement of glutamate-evoked contractions. There was also no reduction in
contraction amplitude when the NOS inhibitor L-NNA was combined with an above-
threshold concentration of DPKQDFMRFamide. Taken together, these results suggest
a lack of involvement in NO signaling in the ability of DPKQDFMRFamide to

increase contraction amplitude.

CaMKII does not appear to underlie DPKQDFMRFamide’s effect on
contraction

Dunn and Mercier (2005) determined that DPKQDFMRFamide increases EJP
amplitude in a neuron-selective manner and that this effect required CaMKII. Klose et
al. (2010) later determined that CaMKII was activated downstream of CICR in the
nerve terminals to enhance transmitter release. Milakovic et al. (2014) investigated
the involvement of CaMKII in muscle contraction and, using transgenic larvae and a
chemical inhibitor, they determined that CaMKII inhibition does not affect the
peptide’s ability to induce muscle contractions. However, under their conditions
intracellular calcium concentration was probably low as the muscle was not
depolarized. CaMKII activation may require higher internal calcium levels as appears
to occur in presynaptic terminals, where depolarization was used to elicit calcium
influx and where the requirement for CaMKII to enhance transmitter release appears
to be downstream of CICR from the ER (Klose et al., 2010). The potential

involvement of CaMKII in the peptide’s enhancement of glutamate-evoked
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contractions was addressed in the current study. The CaMKII inhibitor KN93 did not
reduce the peptide’s ability to enhance glutamate-evoked contractions. Thus, the

present results further confirm a lack of involvement of CaMKII in the effects of

DPKQDFMRFamide on muscle contraction.

Possible mechanisms of how the peptide enhances Glu-evoked contractions
Potential effects at the plasma membrane

The ability of DPKQDFMRFamide to induce contractions is impaired by
reducing FR expression but not by reducing expression of DmsR-1 or DmsR-2
(Milakovic et al., 2014). Thus, the peptide’s ability to increase depolarization and
contraction in response to glutamate probably involve activating the FMRFamide
receptor (FR). In this context, results reported here suggest that FR activation elicits
some effect at the plasma membrane. One way to do this might be to increase current
through the GluRs, perhaps by increasing the number and/or density of GluRs in the
cell membrane. During long-term potentiation in hippocampal neurons, ionotropic
glutamate receptors diffuse from extrasynaptic regions into postsynaptic densities, and
the extrasynaptic receptors are replenished within minutes by insertion of more
glutamate receptors from a cytosolic pool (Makino and Malinow, 2009). In
Drosophila, new neuromuscular synapses form throughout larval development, and
their formation may involve recruitment of glutamate receptors from extrasynaptic
regions in the muscle (Rasse et al., 2005). Thus, there might be a pool of receptors
that could be recruited to increase receptor density at postsynaptic sites and, thus,
enhance responsiveness to glutamate.

Another way to increase muscle depolarization would be to increase input

resistance in the muscle cells by closing ion channels, so that the same synaptic
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current (generated by glutamate activating GluRs) would produce a larger voltage
change across the cell membrane (Nicholls et al., 2012). Ormerod et al. (2015),
however, reported that DPKQDFMRFamide decreases input resistance in some body
wall muscles (muscles 6 and 7) and had no effect in others (muscles 12 and 13). The
drop in input resistance in muscles 6 and 7 would be expected to decrease membrane
depolarization by glutamate rather than increasing it. Thus, the data do not support the
possibility that the peptide increases depolarization through changes in input
resistance of the muscle fibers.

The peptide’s ability to decrease input resistance in muscles 6 and 7 was
blocked by nifedipine (Ormerod et al., 2015), a dihydropyridine that blocks L-type
calcium channels. This observation suggests that DPKQDFMRFamide might trigger
the activation of L-type channels, and that calcium influx through these channels
might contribute to depolarization across the cell membrane. In the present work,
every attempt was made to obtain intracellular recordings only from muscles 6 and 7.
Thus, the enhanced depolarization observed with DPKQDFMRFamide probably
occurred in cells whose input resistance is decreased by this peptide. In control trials
reported here, glutamate depolarized the muscle cells by about 6 mV from a resting
potential of about -38 mV (Figure 8), and when DPKQDFMRFamide was co-applied
with glutamate, the cells depolarized by about 12 mV (to approximately -26 mV).
Since L-type channels in the body wall muscles of 3™ instar larvae are activated
between -30 mV and +30 mV (Gielow and Singh, 1995), glutamate application in the
present work was probably sufficient to open the L-type calcium channels. Thus,
barium current and the resulting barium influx in the present work were probably

greater in the presence of the peptide than in its absence.
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The reversal potential for the glutamate receptor channels is -1 mV (Jan and
Jan, 1976) and provides the driving force for depolarization induced by glutamate.
The reversal potential for current through the L-type channels, however, is more
positive than +30 mV (Gielow and Singh, 1995) and would provide a greater driving
force for depolarization than that provided by opening only the glutamate receptor
channels. The present experiments, however, were performed with saline containing
barium rather than calcium. The reversal potential for barium is not known but likely
to be very positive since the cytoplasm should contain little or no barium. Thus,
opening of L-type channels in addition to ionotropic glutamate receptors would be
expected to elicit greater depolarization than that generated only by opening the
glutamate receptors.

DPKQDFMRFamide-induced contractions are abolished by nifedipine and
nicardapine, both of which are L-type calcium channel blockers, and the peptide-
induced contractions are also blocked by reducing extracellular calcium concentration
(Clark et al., 2008). These observations implicate calcium influx through L-type
calcium channels in mediating effects of DPKQDFMRFamide on muscle contraction.
The present results, obtained in barium-containing saline, indicate that the peptide
increases membrane depolarization. The degree of depolarization is likely to be lower
under physiological conditions, where the extracellular solution contains calcium
rather than barium. Examining effects of the peptide on membrane potential in
calcium-containing saline was not feasible because contractions dislodge the
recording electrode. It would be worthwhile to voltage-clamp muscle fibres as
performed by others using barium-containing saline (Gielow and Singh, 1995) and
determine whether the peptide enhances inward currents and shifts the voltage-

dependence of the current. It would also be worthwhile to determine whether effects
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of the peptide on inward current are reduced or blocked by L-type channel blockers
and calcium-free saline lacking barium.

As the FR is a GPCR, there are at least two potential mechanisms by which
FR activation could result in increased depolarization. One possibility would be an
indirect interaction via a second messenger activated by the G-protein coupled to the
FR. Second messenger activation by the FR might result in increased density of
GluRs and increased calcium current. During long-term potentiation in the
hippocampus, insertion of AMPA receptors into the membrane in dendritic spines of
pyramidal cells is triggered by calcium influx and requires both calcium release from
the ER (through RyRs and IP;3 receptors) as well as activation of CaMKII (Malenka et
al., 1989; Malinow et al., 2002). In Drosophila larvae, calcium release from the ER in
nerve terminals appears to elicit synaptic changes that require CaMKII (Klose et al.,
2010), but CaMKII is not required for DPKQDFMRFamide to induce contractions
(Milakovic et al., 2014) or to increase the amplitude of glutamate-evoked contractions
(Figure 15).

Involvement of a second messenger cascade seems unlikely, since numerous
second messengers (CAMP, cGMP, IP3, and arachidonic acid) and two enzymes
(phospholipase C and CaMKII) were examined by Milakovic et al. (2014), and none
appeared to be involved in mediating the ability of DPKQDFMRFamide to induce
contractions. The possible involvement of diacylglycerol and protein kinase C,
however, was not ruled out (Milakovic et al., 2014) and other intracellular signaling
systems (e.g. phospholipase A2, phospholipase D, phosphatiditic acid and
endocannabinoids) remain to be investigated. Another possibility might be that
subunits of the G-protein coupled to the FR might interact directly with ion channels

in the cell membrane, such as the L-type channels. G-protein subunits have been
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reported to interact directly with ion channels, modulating voltage-dependent sodium
channels in synaptoneurosomes isolated from rat brain stem (Jiang and Bajpayee,
2009) and inhibiting N-type, P/Q-type and R-type calcium channels, which are
responsible for initiating calcium influx and subsequent transmitter release in neurons
(Anis et al., 1999; Dascal, 2001; Herlitze et al., 1996; Lipscombe et al., 1989).
Inhibition of calcium channels would have the opposite effect to what would be
predicted for DPKQDFMRFamide. To date there is no evidence that G-protein
subunits directly modulate L-type channels. Possible effects of G-protein subunits on

Drosophila L-type channels might be worth future investigation.

Potential effects on calcium release or re-uptake mechanisms

The ability of DPKQDFMRFamide to enhance contractions induced by
caffeine suggests that the peptide may activate 2" messengers that act either at the SR
or downstream of the release of calcium from internal stores. No second messengers
(other than calcium itself) have been directly implicated in mediating the effects of
DPKQDFMRFamide on muscle contraction. Nonetheless, it seems unlikely that G-
protein subunits could interact directly with cytoplasmic targets or with the SR
membrane to account for the peptide’s ability to increase contractions that are elicited
directly by release of calcium from the SR.

It is possible that DPKQDFMRFamide exerts effects on the SR in muscle that
are similar to its effects on the ER in neurons. As shown by Klose et al. (2010),
interference with either the RyR or IP3 receptor, either with chemical inhibitors or
mutation, blocked the peptide’s ability to increase peak calcium levels in the synaptic
terminals. They suggested that the peptide may activate signaling pathways that

“sensitize” the internal stores to activation by residual calcium following action
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potentials, thereby allowing sufficient calcium release to exceed SERCA re-uptake or
buffering proteins (Klose et al., 2010). If a similar sensitization also occurs in muscle
at [Pz receptors and RyRs in the SR, depolarization elicited by glutamate would cause
a greater calcium release from internal stores during FR activation, thereby enhancing
muscle contractions. Alternatively, DPKQDFMRFamide might activate signaling
pathways that inhibit the SERCA pump of the SR, limiting the calcium re-uptake after
internal stores are released during glutamate depolarization. Such an effect would
enhance the effectiveness of caffeine-induced release of calcium from the SR stores
and increase muscle contraction.

There are other cellular targets available besides the SR to increase the
effectiveness of internal calcium. Such targets could include calcium buffering
proteins and ion pumps that extrude calcium across the plasma membrane, such as the
plasma membrane ATPase and the sodium/calcium exchange pump (Hille, 2001;
Nicholls et al., 2012). Inhibiting any of the intracellular targets would reduce the
cell’s ability to clear internal calcium levels and, thus, increase contraction amplitude.

There is evidence of other neuropeptides affecting calcium regulation. The
termination of contraction in mammalian cardiomyocytes is dependent on calcium re-
uptake by the SERCA pump, which is regulated by phospholamban that when
phosphorylated activates the SERCA pump to initiate calcium re-uptake (Pedrazzaini
et al., 2003). Phospholamban is phosphorylated by protein kinase A that is activated
from cAMP production. The receptor for Neuropeptide Y (NPY) serves to inhibit
cAMP accumulation, which, in turn, reduces protein kinase A activation and
subsequent phosphorylation of phospholamban. The overall effect is to reduce

calcium re-uptake into the SR via the SERCA pump (Pedrazzaini et al., 2003).
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Kreshchenko (2021) investigated the mechanisms of action of two
FMRFamide-like peptides in planarians, YIRF and GYIRF. Both peptides induce
muscle contractions, which were abolished by the use of L-type channel blockers and
ER antagonists (Kreshchenko, 2021). Blocking intracellular re-uptake mechanisms
also decreased the size of peptide-induced contractions. Their results demonstrated
that two FMRFamide-like peptides induced contractions that depended both on
extracellular calcium and calcium from internal stores (Kreshchenko, 2021).

In the locust, Locusta migratoria, the neuropeptide proctolin induces
contractions in muscles of the oviduct (an organ responsible for laying eggs), and
these contractions require extracellular calcium (Wilcox and Lange, 1995). Proctolin
increases calcium influx across the plasma membrane, measured by “*Ca?*
accumulation, and the peptide also increases calcium efflux, measured by loss of
4Ca?* from pre-loaded cells. The efflux is reduced in low-Na* saline, indicating the
involvement of a sodium-calcium exchange pump (Wilcox and Lange, 1995). The
effect of this peptide on calcium efflux is opposite to what was predicted above for
DPKQDFMRFamide and probably reflects homeostatic mechanisms within the cell.
Thus it seems unlikely that DPKQDFMRFamide would reduce calcium efflux across
the plasma membrane, but direct evidence should be obtained before rejecting this
possibility.

Conclusions and future direction

The present results suggest that DPKQDFMRFamide enhances glutamate-
evoked contractions in a dose-dependent manner and that the enhancement of
contractions is due to synergystic interactions between glutamate and the peptide.
DPKQDFMRFamide acts at the cell membrane by increasing glutamate-evoked

depolarization, which might reflect an effect on L-type, voltage-gated calcium
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channels (Clark et al. 2008). DPKQDFMRFamide also appears to act at the SR or
downstream by enhancing caffeine-induced contractions, and this effect might reflect
actions on calcium-handling mechanisms. The results corroborate an earlier report
(Milakovic et al., 2014) that CaMKII is not involved in mediating the peptide’s
effects on muscle contraction, and they indicate NO is also not likely involved.

Future experiments could involve re-examining the peptide’s effect on
glutamate-induced depolarization to determine if L-type calcium channels contribute
to the increased membrane depolarization observed in the current study. This could
involve L-type calcium channel blockers (i.e. nifedipine, nicardipine) and/or the use
of saline containing neither calcium nor barium. In addition, inward currents should
be recorded under voltage-clamp conditions to determine whether the peptide alters
current through the L-type channels and the voltage-dependence of such currents.

Other issues raised in this thesis remain unresolved and warrant further
investigation. The intracellular signaling pathways underlying the peptide’s ability to
increase the amplitude of glutamate-evoked contractions need to be elucidated. The
synergistic interaction between DPKQDFMRFamide and glutamate should be
examined more closely to determine whether the peptide shifts the dose-response
curve for glutamate to evoke contractions.

The present results indicate that DPKQDFMRFamide is able to enhance the
effectiveness of the neurotransmitter glutamate in eliciting contractions. In the context
of previous publications, this finding adds to our understanding of how the peptide
modulates neuromuscular function. It acts directly on muscle cells to enhance muscle
performance, in addition to its actions on nerve terminals, where it increases
intracellular calcium and appears to increase neurotransmitter release. These

physiological changes presumably contribute to increased crawling speed in
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Drosophila during escape from a bright light, since decreasing expression of the FR
has been shown to impair the escape response (Klose et al., 2010). A more complete
understanding of this escape response, however, is lacking. An increase in crawling
rate must involve an increase in the rate of impulse bursts in the motor neurons that
innervate the body-wall muscles of Drosophila larvae. Effects of
DPKQDFMRFamide on motor output need to be investigated. Since the motor pattern
for crawling is reported to require input from sensory neurons (Song et al., 2007)
effects of the peptide on sensory neurons and on neurons in the CNS need to be
investigated. Such studies may shed more light on the physiological roles of

DPKQDFMRFamide and potentially the other FMRFamides.
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