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 Oxidative stress causes neural damage and inhibits essential cellular 

processes, such as synaptic transmission. Despite this knowledge, currently 

available pharmaceutical agents cannot effectively protect neural cells from acute 

oxidative stress elicited by strokes, heart attacks, and traumatic brain injuries in a 

real life clinical setting. Our lab has developed an electrophysiology protocol to 

identify novel drugs that protect an essential cellular process (neurotransmission) 

from acute oxidative stress-induced damage. Through this doctoral dissertation, 

we have identified three new drugs, including a Big K+ (BK) K+ channel blocker 

(iberiotoxin), resveratrol, and a custom made resveratrol-like compound (fly2) that 

protect synaptic function from oxidative stress-induced insults. Further developing 

these drugs as neuroprotective agents may prove transformative in protecting the 

human brain from acute oxidative stress elicited by strokes, heart attacks, and 

traumatic brain injuries.  
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 Inhibiting the protein kinase G (PKG) pathway protects neurotransmission 

from acute oxidative stress. This dissertation has expanded upon these findings 

by determining that the PKG pathway and BK K+ channels function through 

independent biochemical pathways to protect neurotransmission from acute 

oxidative stress. Taken together, this dissertation has identified two classes of 

compounds that protect neurotransmission from acute oxidative stress, including 

resveratrol-like compounds (resveratrol, fly2) and a BK K+ channel inhibitor 

(iberiotoxin). Further developing these drugs in clinical trials may finally lead to the 

development of an effective neuroprotective agent.
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CHAPTER 1. INTRODUCTION

Overview of Synaptic Transmission at the Neuromuscular Junction  

 The specific site where one neuron communicates with another neuron is 

called a synapse (Kandel et al. 2014). Neurons can communicate with other 

neurons through a process known as synaptic transmission, that occurs at 

synapses (Kandel et al. 2014). In order for an animal to survive its neurons must 

properly communicate with one another through synaptic transmission (Kandel et 

al. 2014).  

 Two cells can communicate via synaptic transmission by releasing a 

chemical neurotransmitter or electricity into a synapse (Kandel et al. 2014). 

Chemical synaptic transmission occurs when one neuron releases a specific 

chemical into a synapse and this chemical causes changes to occur in the cell on 

the other side of the synapse (Kandel et al. 2014). Electrical synaptic transmission 

occurs when one neuron releases electricity into a synapse and this electricity 

causes changes to occur in the cell on the other side of the synapse (Kandel et al. 

2014). The majority of neurons in the brain communicate with one another through 

chemical synaptic transmission (Kandel et al. 2014). 

 Chemical synaptic transmission can occur between two neurons in the 

brain; however, chemical synaptic transmission can also occur when a neuron 

releases chemical neurotransmitter onto a muscle cell (Kandel et al. 2014). The 

specific synapse where a neuron releases chemical neurotransmitter onto a 
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muscle cell is called the neuromuscular junction (NMJ) (Kandel et al. 2014). This 

neuron-muscle cell synapse or NMJ is an ideal model to study synaptic 

transmission because it is easily accessible and not nearly as complicated as 

central brain synapses (Kandel et al. 2014). Consequently, the NMJ remains the 

most well studied and understood type of synapse across phyla (Kandel et al. 

2014).  

 The mammalian NMJ synapse utilizes a single neurotransmitter that binds 

to a single receptor or group of proteins on the post-synaptic muscle cell (Kandel 

et al. 2014). Synaptic transmission at the mammalian NMJ occurs when the pre-

synaptic neuron releases the chemical neurotransmitter acetylcholine (Ach) into 

the NMJ synapse (Kandel et al. 2014). Once this Ach is in the NMJ synapse it 

binds to one specific receptor attached to the surface of the post-synaptic muscle, 

which elicits a post-synaptic response (Kandel et al. 2014).  

 Interestingly, the NMJ synapse is well conserved across phyla and is 

present in the fruit fly, Drosophila melanogaster (Lloyd and Taylor 2010). In fact, 

the fly NMJ is so strikingly similar to the mammalian NMJ that the fly NMJ has been 

used as a model to study human NMJ neurological disorders, such as amyotrophic 

lateral sclerosis (ALS), spinal muscular atrophy (SMA), and spinobulbar muscular 

atrophy (SBMA) (Lloyd and Taylor 2010). The primary difference between the 

human NMJ and the fly NMJ is that the fly NMJ releases the neurotransmitter 

glutamate instead of Ach during synaptic transmission (Ataman et al. 2006; 

Menon, Carrillo, and Zinn 2013). The fly NMJ is also different from the mammalian 

NMJ in that glutamate is released during synaptic transmission and binds to 
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glutamate receptors on the post-synaptic muscle cell and not to Ach receptors 

(Ataman et al. 2006; Menon, Carrillo, and Zinn 2013). Another difference between 

the fly and mammalian NMJ is that the mammalian pre-synaptic motor neurons 

are designed to produce very large responses with each action potential (Schwarz 

2006). In contrast, pre-synaptic motor neurons at the Drosophila NMJ produce a 

smaller varying response in response to a single action potential occurring at the 

pre-synaptic motor neuron (Schwarz 2006). This in turn suggests that the fly NMJ 

is more physiologically similar to excitatory synapses within the mammalian brain 

given that the fly NMJ utilizes the excitatory neurotransmitter glutamate (Schwarz 

2006; Ataman et al. 2006; Menon, Carrillo, and Zinn 2013). Despite the differences 

between the mammalian and fly NMJ; the fly NMJ still provides an excellent model 

to study chemical synaptic transmission because the same genes and ion 

channels that facilitate synaptic transmission are present in both flies and humans 

(Littleton and Ganetzky 2000).  

Fruit Fly NMJ as a Model for Understanding Chemical Synaptic Transmission 

 Neurotransmitter release at the fly NMJ is very similar to transmitter release 

that occurs at the mammalian NMJ (Schwarz 2006). At both the fly and mammalian 

NMJ neurotransmitter is packaged via endocytosis into synaptic vesicles and 

released via exocytosis onto the post-synaptic muscle cell (Schwarz 2006). 

Neurotransmitter release at the fly NMJ can occur when synaptic vesicles 

containing glutamate spontaneously bind to the post-synaptic muscle cell causing 

a low level of spontaneous cell communication to occur independently of cytosolic 

Ca2+ influx (Schwarz 2006). These types of events where a small number of 
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synaptic vesicles are spontaneously released at the fly NMJ are known as mini 

excitatory junction potentials (mEJPs) or mini excitatory post-synaptic potentials 

(mEPSPs) (Schwarz 2006). In addition to mEJPs, cell communication can also 

occur via excitatory junction potentials (EJPs) at the Drosophila NMJ (Schwarz 

2006). EJPs, also known as excitatory post-synaptic potentials (EPSPs), occur in 

response to an action potential occurring in the pre-synaptic motor neuron 

(Schwarz 2006). When an action potential occurs at the fly NMJ it causes voltage-

gated Ca2+ channels to open causing Ca2+ to rush into the pre-synaptic motor 

neuron (Schwarz 2006). This increase in cytosolic Ca2+ triggers packaging and 

exocytosis of synaptic vesicles containing glutamate leading to an EJP or EPSP 

(Schwarz 2006). In other words, synaptic transmission can occur through two 

distinct mechanisms at the Drosophila NMJ via EJPs or mEJPs (Jan and Jan 1976; 

Schwarz 2006). Synaptic transmission can occur by the pre-synaptic motor neuron 

spontaneously releasing synaptic vesicles containing glutamate causing glutamate 

to bind to post-synaptic glutamate receptors, thereby eliciting a very small 

response in the post-synaptic muscle (Schwarz 2006). Additionally, synaptic 

transmission at the Drosophila NMJ can occur by an action potential being 

propagated in the pre-synaptic motor neuron (Figure 1) (Schwarz 2006). 1). 

Propagation of an action potential in the pre-synaptic motor neuron at the 

Drosophila NMJ leads to 2). the opening of voltage-gated Ca2+ channels causing 

Ca2+ to rush into the pre-synaptic motor neuron (Figure 1) (Schwarz 2006). 3). This 

voltage-induced influx of Ca2+ triggers the release of synaptic vesicles containing 

glutamate into the NMJ synaptic cleft (Figure 1) (Schwarz 2006). 4). Finally, the 
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Ca+ triggered release of glutamate leads to glutamate binding to post-synaptic 

glutamate receptors, which elicits an electrical response or EJP in the post-

synaptic muscle (Figure 1) (Schwarz 2006). EJPs and mEJPs can be measured 

via current clamp electrophysiology as a means to quantify both types of synaptic 

transmission that occur at the fly NMJ (Schwarz 2006).  Therefore, the fly NMJ 

provides a useful system for quantifying both mEJPs and EJPs, which occur in 

response to synaptic vesicles releasing glutamate onto the post-synaptic muscle 

(Schwarz 2006). Excitatory glutamatergic synapses in the mammalian brain 

communicate via synaptic transmission through similar mechanisms (EPSPs and 

mEPSPs), the same neurotransmitter (glutamate), and by generating smaller 

graded responses triggered by a single action potential (Schwarz 2006; Ataman et 

al. 2006; Menon, Carrillo, and Zinn 2013). Therefore, this information suggests that 

the fly NMJ provides an effective model to investigate the conserved biological 

mechanisms underlying neurotransmission that occurs within the mammalian 

brain.   

Reduced Protein Kinase G Pathway Signaling Protects Synaptic Transmission 

from Acute Physiological Stress at the Drosophila NMJ 

 It has been shown by multiple groups that inhibiting the Protein Kinase G 

(PKG) signaling cascade prevents fruit flies from falling into an anoxic coma due 

to low O2 conditions (K. Dawson-Scully et al. 2010; Wingrove and O’Farrell 1999). 

Therefore, these studies imply that inhibition of PKG signaling prevents 

neurotransmission in single flies/fly larvae from stopping due to low O2 conditions, 

thereby preventing the fly/fly larvae from falling into an anoxic coma. Consistent 
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with these studies, it has also been shown that pharmacologically inhibiting the 

PKG pathway protects neurotransmission from heat-induced stress (Ken Dawson-

Scully et al. 2007; Krill and Dawson-Scully 2016) and H2O2-induced oxidative 

stress (S. L. Caplan, Milton, and Dawson-Scully 2013) at the Drosophila NMJ. This 

dissertation expands upon these published studies by providing new data; 

suggesting that significantly reducing mRNA expression of the gene that encodes 

a Drosophila PKG (foraging) protects neurotransmission from acute oxidative 

stress. Consequently, inhibiting the PKG pathway may serve as a means to 

prevent neurotransmission from shutting down in response to low O2 conditions, 

oxidative stress, and heat-induced stress. Despite this knowledge, the mechanism 

by which the PKG pathway protects synaptic transmission from physiological 

stress remains elusive.  

 It has been shown that reducing activity of the PKG pathway reduces K+ 

channel conductance (Renger et al. 1999), suggesting that reduced PKG signaling 

may protect neurotransmission from acute stress by reducing K+ channel 

conductance. In Drosophila, the PKG pathway activates K+ channel conductance 

by activating protein phosphatase 2A (PP2A), which in turn dephosphorylates and 

activates specific downstream K+ channels (Figure 2) (K. Dawson-Scully et al. 

2010). Therefore, PKG may activate a single or multiple downstream K+ channels 

to modulate neurotransmission's tolerance for acute oxidative stress (Figure 2).  

Identifying the Specific K+ Channel(s) PKG Modulates to Protect 

Neurotransmission from Acute Oxidative Stress 
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 It is known that acute stress, including heat stress, anoxia, and spreading 

depression leads to increased K+ channel conductance and loss of synaptic 

transmission (Money et al. 2009; Armstrong et al. 2011; Rodgers, Armstrong, and 

Robertson 2010; Robertson 2004). It has also been shown that inhibiting K+ 

channel conductance, with the global K+ channel blocker tetraethylammonia (TEA), 

increases synaptic transmission's tolerance for acute oxidative stress (S. L. 

Caplan, Milton, and Dawson-Scully 2013; Lenaeus et al. 2005). This study also 

presented data suggesting that the PKG pathway acted through specific 

downstream K+ channels (that were inhibited by 0.25 mM TEA) to protect 

neurotransmission from acute oxidative stress (Figure 2) (S. L. Caplan, Milton, and 

Dawson-Scully 2013). Consequently, this study and the ability of PKG to strongly 

modulate K+ channel conductance suggest that PKG activates K+ channels that 

are sensitive to sub 1 mM dosages of TEA. Sub millimolar concentrations of TEA 

have been shown to inhibit Drosophila Big K+ (BK) channels ectopically expressed 

in Xenopus oocytes (McKay et al. 1994). Intriguingly, it has been shown that PKG 

activates BK channels specifically through PP2A in both tracheal smooth muscle 

and Chinese hamster ovary cells (Zhou et al. 1996). Consequently, these studies 

suggest that inhibition of the PKG pathway may reduce the conductance of 

downstream BK channels to protect synaptic transmission from acute oxidative 

stress (Figure 2). As a result, we hypothesized that the PKG pathway modulates 

downstream BK channel conductance to protect synaptic transmission from acute 

oxidative stress at the Drosophila NMJ. Contrary to our original hypothesis, this 

dissertation provides evidence suggesting that the PKG pathway functions 
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independently of BK channel conductance to protect neurotransmission from acute 

oxidative stress (Figure 2). Therefore, our findings imply that the PKG pathway 

modulates different K+ channels (not BK channels) to protect neurotransmission 

from acute oxidative stress at the Drosophila NMJ (Figure 2). 

Determining the Role Resveratrol Plays in Protecting Neurotransmission from 

Acute Oxidative Stress 

Resveratrol is a polyphenolic compound that has been shown to protect 

cells from acute stress through several different biochemical pathways (Lopez, 

Dempsey, and Vemuganti 2015). Additionally, resveratrol has been shown to 

confer other protective effects, such as protecting against the deleterious effects 

of a high fat diet (Baur et al. 2006) and aging (C. Wang et al. 2013; Wood et al. 

2004). Despite this knowledge, we are the first research group to provide evidence 

suggesting that resveratrol protects neurotransmission from acute oxidative stress. 

Interestingly, resveratrol has been shown to significantly inhibit synaptic 

transmission at the Schaffer collateral-CA1 synapse in mammalian hippocampal 

brain slices (Gao, Chen, and Hu 2006). The results from this study suggest that 

resveratrol may confer its numerous neuroprotective effects by inhibiting 

neurotransmission during acute physiological stress. Therefore, we hypothesized 

that resveratrol would reduce synaptic transmission's tolerance to acute oxidative 

stress at the Drosophila NMJ. Contrary to our original hypothesis, we find that 25 

nM resveratrol slightly increases synaptic transmission's tolerance to acute 

oxidative stress. This presents the unique possibility that resveratrol may confer 

its neuroprotective effects by increasing neurotransmission's tolerance for acute 
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physiological stress across phyla. Thus, resveratrol presents a unique 

polyphenolic compound that protects synaptic transmission, metabolic function, 

and cellular homeostasis from acute physiological stress (Baur et al. 2006; C. 

Wang et al. 2013; Wood et al. 2004).  

Identifying Novel Resveratrol Analogs that Protect Synaptic Transmission from 

Acute Stress 

 We find that resveratrol protects neurotransmission from acute oxidative 

stress. However, we find that resveratrol only confers very modest neuroprotective 

effects. Consequently, we wanted to discover novel resveratrol analogs that 

protect neurotransmission from acute oxidative stress (since it is already known 

that resveratrol confers neuroprotective effects (Lopez, Dempsey, and Vemuganti 

2015)). To accomplish this task, we utilized unique resveratrol analogs that were 

synthesized in Dr. Salvatore Lepore's lab. We determined that one of these 

resveratrol analogs possessed much stronger neuroprotective effects 

(neuroprotective effects of protecting neurotransmission from H2O2-induced 

oxidative stress), when directly compared to a similar dosage of resveratrol. We 

decided to name this novel compound fly2. This presents the possibility that fly2 

could be marketed and developed as a unique neuroprotective drug given that fly2 

possesses stronger neuroprotective effects, when directly compared to a similar 

dosage of resveratrol. Fly2 is also less than 500 Daltons, suggesting that fly2 

would be able to pass through the blood brain barrier (BBB) to confer its 

neuroprotective effects within the human brain (Pardridge 2012). Taken together, 

this dissertation is the first study to provide evidence, suggesting that resveratrol 
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and a novel resveratrol analog (fly2) protect neurotransmission from acute 

oxidative stress.  

Overall Significance of this Dissertation 

 Chapter 2 of this dissertation determined that pharmacological and genetic 

inhibition of BK channel conductance protects neurotransmission from acute 

stress. Recent research has shown that acute inhibition of BK channel 

conductance protects cells from acute physiological stress that would normally 

induce apoptotic cell death (M. Chen et al. 2013). This published research and 

data from chapter 2 of this dissertation suggest that determining the ideal dosage 

range of BK channel blockers may be the key to maximizing the neuroprotective 

effects of BK channel inhibition in mammals. Future research optimizing the 

dosage range of BK channel blocking drugs may provide an effective way to 

ameliorate the deleterious effects of acute cellular stress in humans (for example 

heart attacks, traumatic brain injuries, and strokes).  

 Chapter 3 of this dissertation determined that resveratrol protects 

neurotransmission from acute stress, presenting the possibility that resveratrol 

may confer its numerous neuroprotective effects by protecting cell communication 

during acute physiological stress. Chapter 3 expanded upon this finding by 

identifying a novel resveratrol analog (fly2) that protects synaptic transmission from 

acute stress. Fly2 has the potential to be developed into a novel neuroprotective 

drug because fly2 is a small compound and relatively easy to synthesize in an 

organic chemistry lab. Taken together, this dissertation discovered two novel 

classes of compounds, including resveratrol/resveratrol analogs (resveratrol, fly2) 
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and a BK channel blocker (iberiotoxin) that protect neurotransmission from acute 

oxidative stress. These findings imply that the dosages of these drugs (fly2, 

resveratrol, iberiotoxin) could be optimized in humans to alleviate the devastating 

consequences of acute physiological stress (for example strokes, heart attacks, 

and traumatic brain injuries). Therefore, this dissertation provides a road map to 

identify drugs (resveratrol-like compounds, and BK channel inhibitors) that protect 

humans from the devastating consequences of acute oxidative stress (drugs that 

have the potential to protect humans from oxidative stress).  
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Figure 1. Schematic of EJP at the Drosophila NMJ. This schematic 

illustrates the steps through which synaptic transmission occurs at the 

Drosophila NMJ when an action potential is propagated in the pre-

synaptic motor neuron.  
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capitalized black letters are proteins or metabolic intermediates involved 

in the PKG pathway. This schematic is a modified version of a PKG 

pathway diagram, which has been previously described (K. Dawson-

Scully et al. 2010).  
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CHAPTER 2. FORAGING AND SLO-DEPENDENT PROTECTION OF 

SYNAPTIC FUNCTION

Introduction 

 The Drosophila NMJ presents a highly accessible system to quantify 

synaptic transmission (Zhang and Stewart 2010). Consequently, we have used 

this model synapse to quantify neurotransmission's tolerance to acute oxidative 

stress using a slightly modified version of a previously published protocol (S. L. 

Caplan, Milton, and Dawson-Scully 2013). The advantage of this protocol is that it 

can be utilized to quickly and reliably identify drugs that protect synaptic 

transmission from acute oxidative stress. This protocol was used to show that 

acute inhibition of the protein kinase G (PKG) pathway with 1 µM KT-5283 and 50 

µM Rp-8-Bromo-cGMP protects neurotransmission from H2O2-induced stress (S. 

L. Caplan, Milton, and Dawson-Scully 2013). As a result, the findings from this 

study suggest that acute inhibition of the PKG pathway protects neurotransmission 

from acute oxidative stress. Additionally, this study showed that acute activation of 

the PKG pathway with 40 µM 8-bromo-cGMP reduced synaptic transmission's 

tolerance for H2O2-induced stress (S. L. Caplan, Milton, and Dawson-Scully 2013). 

It has been shown that PKG modulates the K+ current in the Drosophila giant 

neuron system (Renger et al. 1999). In fact, Drosophila giant neurons expressing 

the less enzymatically active or sitter allelic form of PKG have reduced K+ channel 

conductance (Renger et al. 1999). Therefore, it is possible that inhibiting PKG 
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reduces K+ channel conductance; ultimately protecting synaptic function from 

H2O2-induced stress. Consistent with this notion, our lab has published data 

indicating that acute inhibition of a portion of the K+ current (with 0.25 mM 

tetraethylammonia (TEA)) protects neurotransmission from H2O2-induced stress 

(S. L. Caplan, Milton, and Dawson-Scully 2013). Taken together, the results from 

these published studies suggest that acute inhibition of the PKG pathway and the 

K+ current protect neurotransmission from acute oxidative stress (S. L. Caplan, 

Milton, and Dawson-Scully 2013; Renger et al. 1999). This chapter expands upon 

these results by providing evidence, suggesting that the PKG pathway and Big K+ 

(BK) K+ channels function through independent mechanisms to modulate 

neurotransmission's tolerance for acute stress (Figure 2).  

 foraging is conserved from worms all the way to humans and encodes a 

protein kinase G (PKG) (Stansberry et al. 2001; Sokolowski 1980). foraging is an 

extraordinarily pleiotropic gene, and has been shown to modulate numerous 

behaviors including sleep, memory, and feeding (Donlea et al. 2012; Raizen et al. 

2008; Kaun, Chakaborty-Chatterjee, and Sokolowski 2008; Mery et al. 2007). 

Despite this knowledge, it is not known what neural mechanism foraging could be 

acting through to regulate different behaviors in Drosophila. One possible 

explanation for foraging's pleiotropic effects is that a reduction in foraging encoded 

PKG enzymatic activity has been shown to reduce whole cell K+ channel 

conductance in the Drosophila giant neuron system (Renger et al. 1999). A 

reduction in the K+ current in different populations of neurons may lead to acute 

and developmental modifications of defined neural circuits that modulate specific 
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behaviors, such as sleep, memory, or feeding. Future work is needed to define 

which specific K+ channel(s) foraging is acting through to modulate different 

behavioral outputs in Drosophila. Through this chapter, we provide evidence 

suggesting that PKG (one of the PKG enzymes is encoded by foraging in 

Drosophila (Allen et al. 2017)) does not exclusively manipulate downstream BK 

channel conductance to modulate neurotransmission's tolerance for acute stress. 

As a result, data from this dissertation implies that foraging mRNA expression may 

modulate the K+ current independently of BK channel conductance to regulate 

behaviors, such as sleep, memory, and feeding in Drosophila.  

Materials and Methods 

Detailed Description of Electrophysiology Protocol to Quantify Synaptic 

Transmission's Tolerance to Acute Oxidative Stress 

 The electrophysiology protocol we utilized to quantify neurotransmission's 

resistance to acute stress uses magnetic pins to secure the larval NMJ dissection 

on top of a glass slide as previously described (Ramachandran and Budnik 2010). 

The ventral and dorsal ends of a wandering L3 larvae were first pinned down using 

magnetic pins in Schneider's Insect Media (Sigma-Aldrich Inc.) (Ramachandran 

and Budnik 2010). After this step a straight longitudinal cut was made in between 

the longitudinal muscles from the dorsal to the ventral end of the L3 larvae 

(Ramachandran and Budnik 2010). Next, the internal organs were filleted out of 

the larvae and six magnetic pins were used to equally stretch out the NMJ 

musculature (Ramachandran and Budnik 2010). After this step indectomy scissors 

were used to sever all the segmental nerves connecting the ventral nerve cord to 
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muscles in the larvae (Ramachandran and Budnik 2010). Next, Schneider's Insect 

Media was replaced with HL3 saline (Ramachandran and Budnik 2010). Finally, 

synaptic transmission's tolerance to acute oxidative stress was measured utilizing 

a previously published protocol (S. L. Caplan, Milton, and Dawson-Scully 2013). 

To accomplish this task, we electrically triggered suprathreshold excitatory junction 

potentials (EJPs) in the post-synaptic muscle to measure base line synaptic 

transmission. Electrically propagated EJPs were generated using a 10-12 µM 

glass suction electrode by sucking up a single segmental nerve innervating 

hemisegments 3 or 4. The EJP we electrically elicited was a compound response 

of both phasic type 1s and tonic type 1b motor neuron boutons. These boutons are 

pre-synaptic to the fly NMJ (Ataman et al. 2006). The down side of this approach 

is that we do not know if the effects of acute oxidative stress on synaptic 

transmission are primarily mediated by type 1s or type 1b motor boutons. This 

could affect our experimental results because type 1s boutons have been shown 

to be more energy efficient than type 1b boutons (Lu et al. 2016). In other words, 

2.25 mM H2O2 may modulate synaptic failure almost entirely through type 1s or 

type 1b boutons and not specifically facilitate synaptic failure at both phasic and 

tonic release sites. Therefore, quantifying H2O2-induced synaptic transmission 

failure at both type 1s and type 1b boutons may provide insight into how oxidative 

stress affects tonic (1b boutons) and phasic (1s boutons) synaptic failure at the fly 

NMJ.  

 We measured the post-synaptic compound EJPs using a single 60-90 mW 

sharp electrode inserted into muscle 6 at hemisegment 3 or 4. The reason we used 
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a 60-90 mW electrode is that it allowed mini excitatory junction potentials (mEJPs) 

(indicative of synaptic failure) to be viewed after synaptic failure had occurred. The 

previous studies our lab published utilized a 40 mW electrode (S. L. Caplan, Milton, 

and Dawson-Scully 2013; Stacee Lee Caplan et al. 2016). The 60-90 mW sharp 

electrode was filled with 3 M potassium chloride (KCl). Control compound EJPs 

were elicited using standard hemolymph like 3 (HL3) recording saline that 

contained 70 mM NaCl, 5 mM KCl, 10 mM NaHCO3, 5 mM trehalose, 5 mM BES, 

115 mM sucrose, 1.5 mM CaCl2, and 20 mM MgCl2 dissolved in ddH2O (Stewart 

et al. 1996; Macleod 2002). Other research groups have already published 

research that utilized this saline at the Drosophila NMJ; however, this saline may 

not be the optimal solution for recording post-synaptic EJPs (Stewart et al. 1996; 

Macleod 2002; S. L. Caplan, Milton, and Dawson-Scully 2013; Stacee Lee Caplan 

et al. 2016). HL3 saline contains physiological levels of both Ca2+ and Mg2+ 

(Stewart et al. 1996; Macleod 2002), but the disadvantage of using this recording 

saline is that it can lead to increased damage of the post-synaptic muscle over 

time (Macleod et al. 2002). We decided to utilize HL3 recording saline so that our 

results would be consistent and comparable to previously published results from 

our lab (S. L. Caplan, Milton, and Dawson-Scully 2013).  

 To electrically propagate a compound EJP we used a Grass S88 stimulator 

(Grass Instruments Inc.). We continuously stimulated a single segmental nerve 

through a glass suction electrode superfused with HL3 saline. We stimulated the 

segmental nerve at 1 hertz stimulation continuously throughout all experiments. 

The advantage of stimulating at 1 hertz is that it limits damage to the post-synaptic 
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muscle by limiting post-synaptic muscle contractions. Damage to the post-synaptic 

muscle due to spontaneous muscle contractions could cause synaptic failure not 

due to a lack of a post-synaptic EJP, but rather due to damage done to the post-

synaptic muscle. The disadvantage of this approach is that it measures synaptic 

transmission at a much lower firing frequency (1 hertz) compared to the estimated 

native firing frequency of muscle 6, which was determined to be about 22 hertz 

(Chouhan et al. 2012). However, measuring synaptic transmission at 22 hertz 

continuously in the presence of acute stressors, such as H2O2 may be very difficult 

because acute stressors and high frequency stimulation could quickly damage the 

post-synaptic muscle (by triggering spontaneous muscle contractions). Therefore, 

all experiments were performed at 1 hertz stimulation, which is a defined 

parameter of the stimulation protocol our lab published with using the assay 

described in this dissertation (S. L. Caplan, Milton, and Dawson-Scully 2013; 

Stacee Lee Caplan et al. 2016).  

 Consistent with published work, we used an electrical duration of 0.3 ms (S. 

L. Caplan, Milton, and Dawson-Scully 2013; Stacee Lee Caplan et al. 2016). This 

duration is long enough to elicit an EJP in the post-synaptic muscle, but does not 

over saturate the motor neurons with electricity. Additionally, consistent with our 

lab's published protocol, we utilized voltage settings that were twice the minimal 

voltage needed to elicit a compound EJP during our control recording in HL3 

saline. For example, if it took 1 volt to elicit a compound EJP, we continuously 

applied a voltage of 2 volts until synaptic failure was reached. The voltage was the 

only stimulator parameter that varied from preparation to preparation, while the 
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electrical duration and stimulation frequency remained the same throughout all 

experiments.  

 To record post-synaptic EJPs and mEJPs we utilized a TEV 200A voltage 

clamp amplifier (Dagan Corporation). All experiments were performed using a 

single recording electrode in current clamp mode. Additionally, only fire polished 

borosilicate glass electrodes (catalog number BF150-75-10, Sutter Instruments 

Inc.) were utilized to obtain all the electrophysiology data presented in this 

dissertation. Electrophysiological data including EJP and mEJP parameters were 

observed using an oscilloscope and recorded using the Scope program (AD 

Instruments, Colorado Springs, CO.).  

 To measure synaptic transmission's tolerance to acute oxidative stress we 

recorded 3 control EJPs in standard HL3 saline (continuously at 1 hertz 

stimulation) or one control EJP every minute using the settings described above 

(Figure 3). After 3 minutes of recording control EJPs (or recording 1 control EJP 

per minute in HL3 saline) we turned off the simulator so that no EJP was observed 

and then switched out the recording bath (Figure 3). Next, we pipetted 2.25 mM 

H2O2 alone, 2.25 mM H2O2 and a variable dosage of a drug, or did not pipet 

anything into the control HL3 saline (Figure 3). After this step we switched out the 

recording bath for HL3, HL3 containing 2.25 mM H2O2, or HL3 containing 2.25 mM 

H2O2 and a variable dosage of a drug (Figure 3). An important point to note is that 

all drugs utilized in chapters 2 and 3 of this dissertation were dissolved in ddH2O, 

while the drug tested in chapter 4 of this dissertation was dissolved in dimethyl 

sulfoxide (DMSO). After the bath was switched out we observed the resting 
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membrane potential (RMP) to ensure it was more hyperpolarized than -60 mV or -

60 mV. If the RMP was more depolarized than -60 mV after the bath was switched 

out the preparation was discarded. If the membrane potential was -60 mV, or more 

hyperpolarized than -60 mV, the stimulator was turned back on and EJPs were 

recorded every 1 minute on the Scope software (AD Instruments, Colorado 

Springs, CO.) using the exact same stimulator parameters previously described 

for all the control EJPs (Figure 3). Once the preparation reached synaptic failure 

the experiment was stopped (Figure 3). The preparation reaching synaptic failure 

was defined as an EJP with an amplitude less than 1 mV being recorded on the 

Scope software (AD Instruments, Colorado Springs, CO.) (Figure 3). The duration 

of time from when the stimulator was turned on until an EJP amplitude below 1 mV 

was recorded on the Scope software (AD Instruments, Colorado Springs, CO.) 

was used to quantify time until synaptic failure (Figure 3). This time until synaptic 

failure was used to quantify synaptic transmission's tolerance to H2O2 or H2O2-

induced oxidative stress (Figure 3).  

 We utilized 2.25 mM H2O2 throughout this dissertation because it has been 

shown to dramatically reduce the amount of time until synaptic failure is reached 

(S. L. Caplan, Milton, and Dawson-Scully 2013). Additionally, this dosage of H2O2 

does not significantly affect characteristic properties of the EJP, such as EJP 

amplitude, duration, and shape (S. L. Caplan, Milton, and Dawson-Scully 2013). 

In summary, we choose to utilize this dosage of H2O2 throughout this dissertation 

for two reasons, including that 1). this dosage of H2O2 has been previously 

published using this assay; 2). published results using this dosage of H2O2 indicate 
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that this dosage of H2O2 does not affect the characteristic properties of the EJP 

(amplitude, shape, duration, rise time) (S. L. Caplan, Milton, and Dawson-Scully 

2013).  

Fly Stocks 

 All fly stocks utilized in this dissertation were raised on standard corn meal 

fly food utilizing 12:12 light dark (LD) cycles at 25 °C. Wandering L3 w1118 larvae 

from Dr. Nancy Bonnini's lab and Slo4 mutants (in the w1118 genetic background) 

from Dr. Nigel Adkinson's lab were utilized in chapter 2 of this dissertation. How 

the Slo4 mutants were originally generated has been previously described 

(Atkinson, Robertson, and Ganetzky 1991). The Slo4 mutation was shown to be a 

null mutation in the slo gene, which encodes Drosophila BK channels (Atkinson, 

Robertson, and Ganetzky 1991). The w1118 and Slo4 mutant fly lines were a gift 

from Dr. Gregory Macleod's lab. Previously published wandering L3 larvae from 

Dr. Marla Sokolowski's lab were also utilized in this chapter, including the fornull 

mutant (for0), For overexpressor (forS;{forBAC}), For null rescue (for0;{forBAC}), 

isogenized sitter (forS), and isogenized rover (forR) fly lines (Allen et al. 2017). 

These fly lines were a gift from Dr. Marla Sokolowski's lab. The generation, 

verification, and behavioral testing of these fly lines has been previously described 

(Allen et al. 2017).  

Drugs and Chemicals Utilized  

 The following drugs were utilized in chapter 2 of this dissertation, including 

sodium dichloroacetate (Sigma Aldrich Inc.), sildenafil citrate (Sigma Aldrich Inc.), 

8-bromo-cGMP (Sigma Aldrich Inc.), and iberiotoxin (Sigma Aldrich Inc.). Other 
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chemicals including 50% H2O2 by weight and the chemical components utilized to 

make the HL3 recording saline were all purchased from Sigma Aldrich Inc. The 

chemicals that were utilized to make the HL3 saline include sodium chloride, 

potassium chloride, sodium bicarbonate, trehalose, N,N-Bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid, N,N-Bis(2-hydroxyethyl)taurine also known as BES, 

sucrose, a 1 molar solution of calcium chloride pre dissolved in ddH2O, and a 1 

molar solution of magnesium chloride pre dissolved in ddH2O.  

Statistics 

 All statistics utilized are described in the figure legends of the graphs 

presented in this dissertation. Statistics for chapters 2-4 were calculated utilizing 

Sigma Plot (Systat Software Inc.).  

Acknowledged Contributions 

 All experiments, data presentation, and statistical analysis in this chapter 

were performed by the author of this dissertation.  

Results 

 Our lab has published data, showing that pharmacological inhibition of the 

PKG pathway protects neurotransmission from acute heat stress; possibly by PKG 

gating downstream K+ channel conductance (Ken Dawson-Scully et al. 2007; Krill 

and Dawson-Scully 2016). These studies utilized high heat stress, which has been 

shown to induce synaptic failure at the fly NMJ (Ken Dawson-Scully et al. 2007; 

Krill and Dawson-Scully 2016). Pre-synaptic Ca2+ influx is indicative of 

neurotransmission at the Drosophila NMJ (K Dawson-Scully et al. 2007). 

Consequently, one of these studies measured pre-synaptic Ca2+ influx instead of 
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the post-synaptic EJP to quantify synaptic transmission's tolerance to heat-

induced stress (Krill and Dawson-Scully 2016). The results from this study suggest 

that reducing expression of foraging in pre-synaptic motor neurons protects 

neurotransmission from heat-induced stress (Krill and Dawson-Scully 2016). 

Therefore, the results from this study imply that PKG functions in pre-synaptic 

motor neurons to protect neurotransmission from acute heat stress (Krill and 

Dawson-Scully 2016). Together, these studies present the possibility that PKG 

expression levels function as a novel adaption to protect fruit fly larvae from heat-

induced stress.   

 Furthermore, another study from our lab showed that pharmacologically 

inhibiting the PKG pathway protected neurotransmission from heat-induced stress 

when the post-synaptic EJP was utilized as a means to quantify synaptic 

transmission (Ken Dawson-Scully et al. 2007). Taken together, the results from 

these published studies suggest that foraging functions pre-synaptically to protect 

neurotransmission from acute heat stress (Ken Dawson-Scully et al. 2007; Krill 

and Dawson-Scully 2016).  

 Both heat and H2O2 generate oxidative stress by producing damaging free 

radicals (Weiss 1952; Arnaud et al. 2002). Therefore, it is possible that reduced 

foraging expression may protect neurotransmission from acute stress by 

protecting cells at the NMJ from damaging free radicals. Alternatively, PKG and 

foraging have been shown to modulate K+ channel conductance in Drosophila 

giant neurons (Renger et al. 1999). Consequently, the PKG pathway may be acting 
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through a specific downstream K+ channel(s) to modulate neurotransmission's 

tolerance for acute stress (Figure 2).  

 A previous study from our lab shows that larvae with reduced PKG 

enzymatic activity possess neurotransmission with a higher tolerance for acute 

oxidative stress (S. L. Caplan, Milton, and Dawson-Scully 2013). Consequently, 

we hypothesized that synaptic transmission would be more resistant to acute 

oxidative stress in larvae that have been shown to have lower foraging mRNA 

expression (Allen et al. 2017). Consistent with our original hypothesis, we find that 

neurotransmission is more resistant to acute H2O2-induced stress in For null 

rescue larvae (for0;{forBAC}) (low foraging expression) compared to For 

overexpressor larvae (forS;{forBAC}) (high foraging expression) (P<0.01) (Figure 

4A,B) (Allen et al. 2017). There is approximately two and a half times as much 

foraging mRNA expression in For overexpressor larvae compared to For null 

rescue larvae (Allen et al. 2017).   

 We also tested previously published isogenized rover (forR) and sitter larvae 

(forS) that harbored different allelic variants of the foraging gene (Allen et al. 2017). 

Consistent with a previous study from our lab, (utilizing different rover and sitter fly 

lines) we found that neurotransmission in isogenized sitter larvae (low PKG 

enzymatic activity) was more resistant to H2O2-induced stress when compared to 

isogenized rover larvae (high PKG enzymatic activity) (P<0.05) (Figure 5A,B) (S. 

L. Caplan, Milton, and Dawson-Scully 2013; Allen et al. 2017). These results 

suggest that reducing foraging mRNA expression and foraging encoded PKG 

enzymatic activity protects neurotransmission from acute oxidative stress.  
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 Additionally, we tested a fornull mutant that has been shown to not have any 

foraging mRNA or protein expression (Allen et al. 2017). We found that 

neurotransmission in these larvae is not significantly more resistant to acute H2O2-

induced stress when compared to wild-type isogenized sitter larvae (P=0.854) 

(Figure 6A,B). One possible explanation for these results is that foraging plays a 

critical role in development and is an essential gene (Allen et al. 2017). Completely 

eliminating foraging expression in these fornull mutants leads to pupal lethality 

(Allen et al. 2017). We find that the majority of wandering L3 fornull larvae are 

severely under sized and have a much smaller muscle 6, which is a post-synaptic 

muscle at the Drosophila NMJ. Despite this negative result while utilizing fornull 

larvae; our lab finds that both pharmacologically inhibiting the PKG pathway and 

genetically reducing but not eliminating foraging expression protects synaptic 

transmission from acute oxidative stress (Figures 4,5) (S. L. Caplan, Milton, and 

Dawson-Scully 2013; Allen et al. 2017). However, these results should be 

interpreted in the context that a certain base line level of foraging expression is 

required for larvae to develop properly and thereby possess neurotransmission 

that has a higher tolerance for acute H2O2-induced oxidative stress.  

  We find that larvae with lower foraging mRNA expression possess 

neurotransmission that is more resistant to acute oxidative stress (Figure 4,5). This 

finding raises the possibility that for null rescue larvae (larvae with lower foraging 

mRNA expression) possess synaptic function with a higher tolerance for oxidative 

stress due to foraging null rescue larvae possessing a miniscule K+ current, when 

directly compared to for overexpressor larvae (larvae with higher foraging mRNA 
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expression). Consistent with this notion, we hypothesized that pharmacologically 

activating voltage-gated K+ channels in for null rescue larvae would reduce 

neurotransmission's tolerance to acute oxidative stress. To test this hypothesis, 

we activated voltage-gated K+ channel conductance with 0.25 mM dichloroacetate 

(DCA) in larvae with low foraging mRNA expression (For null rescue larvae) (E D 

Michelakis et al. 2002; Evangelos D Michelakis et al. 2003; Bonnet et al. 2007; K. 

Dawson-Scully et al. 2010; Allen et al. 2017). We find that acute activation of 

voltage-gated K+ channel conductance (with 0.25 mM DCA) in for null rescue 

larvae (low foraging mRNA expression) significantly reduces synaptic 

transmission's tolerance to H2O2-induced oxidative stress (P<0.01) (Figure 7A,B). 

Consequently, these results suggest that specific K+ channel(s) function 

downstream of the foraging encoded PKG enzyme to modulate 

neurotransmission's tolerance to H2O2-induced stress (Figures 2,7). Taken 

together, we find that foraging mRNA expression acts through specific downstream 

K+ channels to modulate synaptic transmission's tolerance to acute H2O2-induced 

stress.  

 One possible K+ channel reduced foraging expression could be acting 

through to protect neurotransmission from acute stress is the slo encoded Big K+ 

(BK) K+ channel (Atkinson, Robertson, and Ganetzky 1991). BK channels are 

conserved across phyla and play very important roles in modulating synaptic 

transmission and apoptosis (Atkinson, Robertson, and Ganetzky 1991; Ford and 

Davis 2014; J. Lee, Ueda, and Wu 2008; Jihye Lee, Ueda, and Wu 2014; 

Warbington et al. 1996; Ma et al. 2010; McFerrin et al. 2012; Han et al. 2008; Ma 
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et al. 2012). Interestingly, recent studies have shown that mammalian homologs 

of PKG specifically increase BK channel activity to regulate smooth muscle 

relaxation (Khavandi et al. 2016; Fukao et al. 1999). Despite this knowledge, it is 

not known whether the PKG pathway regulates BK channel activity in neurons.  

 We find that synaptic transmission is more resistant to acute H2O2-induced 

oxidative stress in larvae that lack functional BK channels (Slo4 mutants) (P<0.01) 

(Figure 8A,B) (Atkinson, Robertson, and Ganetzky 1991). Additionally, we find that 

this effect is not a result of 2.25 mM H2O2 modifying the characteristic parameters 

of the post-synaptic EJP (amplitude, shape, duration, rise time) in wild-type larvae 

or Slo4 mutant larvae (Figure 8C). One possible reason for these results is that the 

PKG pathway may modulate BK channel conductance to regulate synaptic 

transmission's tolerance to acute oxidative stress. It has recently been shown that 

both pharmacological and genetic inhibition of the PKG pathway protects 

neurotransmission from acute H2O2-induced oxidative stress (S. L. Caplan, Milton, 

and Dawson-Scully 2013). Other recent studies have been published, suggesting 

that pharmacological activation of the PKG pathway, with 8-bromo-cGMP, 

dramatically increases BK channel activity (Alioua et al. 1998; White et al. 1993). 

We find that both lack of BK channels and reduced foraging mRNA expression 

protects synaptic transmission from acute oxidative stress (Figures 4,8). These 

results suggest that reduced foraging expression and BK channel function may 

inhibit the same biochemical pathway to protect neurotransmission from acute 

oxidative stress. 
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 To test whether the PKG pathway acts through BK channels (to protect 

neurotransmission from acute H2O2-induced stress), we acutely activated the PKG 

pathway in larvae that lack functional BK channels (Slo4 mutants) (Atkinson, 

Robertson, and Ganetzky 1991). We find that pharmacological activation of the 

PKG pathway in Slo4 mutants (using a published dosage of a PKG pathway 

activating drug (40 µM 8-bromo-cGMP)) (Ruth et al. 1991; Ken Dawson-Scully et 

al. 2007; S. L. Caplan, Milton, and Dawson-Scully 2013; Krill and Dawson-Scully 

2016) reduces synaptic transmission's tolerance to H2O2-induced stress [one-way 

ANOVA, F(4,26) = 4.773, P < 0.05; Figure 9A,B] (Figure 9A,B). This result shows 

that the PKG pathway does not act (at least partially acts through other K+ 

channels) through BK channels to protect synaptic transmission from acute H2O2-

induced stress. We also find that this effect is not due to 40 µM 8-bromo-cGMP 

significantly affecting the characteristic parameters of the EJP (using Slo4 mutants) 

in the presence and absence of 2.25 mM H2O2 (Figure 9 C,D). To further test 

whether the PKG pathway acts through BK channels, we acutely activated the 

PKG pathway in Slo4 mutants utilizing sildenafil citrate (also known as Viagra), 

while quantifying neurotransmission's tolerance for acute oxidative stress 

(Broderick et al. 2004; Day et al. 2005). We find that activating the PKG pathway 

with 40 µM sildenafil citrate significantly reduces neurotransmission's resistance to 

acute H2O2-induced stress in Slo4 mutants (P<0.01) (Figure 9 A,B). Additionally, 

we find that 40 µM sildenafil citrate does not affect any of the characteristic 

properties of the EJP in Slo4 mutants (in the presence and absence of 2.25 mM 

H2O2) (Figure 9 C,D). These results show that acute activation of the PKG pathway 
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overrides lack of BK channel conductance (in Slo4 mutants) via PKG modulated 

K+ channels (not BK channels) to regulate neurotransmission's tolerance for acute 

oxidative stress (Figure 9). In other words, our results suggest that the PKG 

pathway acts independently of BK channel conductance to modulate 

neurotransmission's tolerance for acute H2O2-induced stress. 

 To test whether BK channels are the only K+ channel that protects synaptic 

transmission from H2O2-induced stress, we activated K+ channel conductance with 

0.25 mM DCA (voltage-gated K+ channel activator) and measured synaptic 

transmission's tolerance to acute H2O2-induced stress (utilizing Slo4 mutants) (E D 

Michelakis et al. 2002; Evangelos D Michelakis et al. 2003; Bonnet et al. 2007; K. 

Dawson-Scully et al. 2010; Atkinson, Robertson, and Ganetzky 1991). We find that 

0.25 mM DCA significantly reduces neurotransmission's tolerance to H2O2-

induced stress (utilizing Slo4 mutant larvae) (P<0.05) (Figure 9 A,B), suggesting 

that BK channels are not the only K+ channel that protects neurotransmission from 

acute oxidative stress. Also, we find that 0.25 mM DCA does not affect the 

characteristic parameters of the EJP in the presence and absence of 2.25 mM 

H2O2 (using Slo4 mutants) (Figure 9 C,D). Together, these results suggest that the 

PKG pathway and BK channels function through different biochemical pathways to 

protect synaptic transmission from acute oxidative stress (Figures 4-9). 

 Since we find that three different PKG pathway activating drugs (Figure 9) 

reduce neurotransmission's tolerance to acute oxidative stress (in Slo4 mutants), 

we wanted to make sure these three PKG pathway activating drugs did not 

possess any unexpected effects in wild-type control larvae (using the same drug 
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dosages applied to Slo4 mutants in Figure 9). Our results suggest that all three 

PKG pathway activating drugs (at the dosages tested in Slo4 mutants in Figure 9) 

do not significantly modify neurotransmission's tolerance to acute oxidative stress 

(the amount of time it takes to reach synaptic failure in the presence of HL3 

containing 2.25 mM H2O2) [one-way ANOVA, F(4,24) = 16.611, P > 0.255; Figure 

10 A,B]. However, consistent with a previous study using a different wild-type strain 

(yw), we find that preparations treated with HL3 and 2.25 mM H2O2 and a published 

dosage of 8-bromo-cGMP (40 µM) (Ruth et al. 1991; Ken Dawson-Scully et al. 

2007; S. L. Caplan, Milton, and Dawson-Scully 2013; Krill and Dawson-Scully 

2016) take less time to reach synaptic failure, when compared to control 

preparations (wild-type preparations treated with HL3 containing 2.25 mM H2O2) 

(S. L. Caplan, Milton, and Dawson-Scully 2013). This difference, however, is not 

statistically significant (P=0.255) (Figure 10 A,B). Therefore, the dosages of the 

PKG pathway activating drugs utilized in Slo4 mutants (Figure 9) do not possess 

any unexpected side effects in wild-type larvae (Figure 10), such as increasing 

neurotransmission's tolerance for acute oxidative stress (increasing the amount of 

time until synaptic failure is reached in HL3 containing 2.25 mM H2O2) (Figure 10 

A,B). We also find that the three PKG activating drugs utilized in Slo4 mutants (at 

the same drug dosages used in Figure 9) do not significantly modify the 

characteristic parameters of the EJP (EJP amplitude, EJP shape) in the presence 

and absence of 2.25 mM H2O2 (utilizing wild-type larvae) (Figure 10 C,D). Thus, 

these results imply that pharmacological activation of the PKG pathway specifically 

reduces neurotransmission's tolerance to acute oxidative stress in Slo4 mutants, 
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without conferring any unexpected side effects in wild-type control larvae (Figures 

9,10). Consequently, these results suggest that the PKG pathway and BK 

channels at least partially function through independent mechanisms to modulate 

neurotransmission's tolerance to acute H2O2-induced oxidative stress.  

 Eliminating BK channel conductance in Drosophila induces a number of 

deleterious effects that could complicate our findings. For example, preventing 

expression of functional BK channels in Slo4 loss-of-function mutants leads to 

developmental modifications, which affect synaptic transmission at the fly NMJ (J. 

Lee, Ueda, and Wu 2008; Jihye Lee, Ueda, and Wu 2014). For example, in Slo4 

mutants shaker K+ channel expression is increased in pre-synaptic terminals, 

resulting in modified neurotransmission (J. Lee, Ueda, and Wu 2008; Jihye Lee, 

Ueda, and Wu 2014). An effective way to by-pass the developmental modifications 

caused by eliminating BK channel expression would be to acutely inhibit BK 

channels with a drug. One drug that has been shown to inhibit Drosophila BK 

channels is iberiotoxin (McKay et al. 1994). A recent study showed that 20 nM 

iberiotoxin almost entirely abolishes the BK channel K+ current in vitro, suggesting 

that a low dosage of iberiotoxin will acutely inhibit BK channels at the Drosophila 

NMJ (McKay et al. 1994). Consistent with this notion, we find that wild-type 

preparations treated with HL3 containing 2.25 mM H2O2 and 500 pM iberiotoxin 

take significantly longer to reach synaptic failure, when compared to wild-type 

preparations treated with HL3 containing 2.25 mM H2O2 [one-way ANOVA, F(3,29) 

= 6.546, P < 0.05; Figure 11 A,B]. Additionally, we find that 500 pM iberiotoxin 

does not significantly affect the characteristic parameters of the EJP in the 
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presence and absence of 2.25 mM H2O2 (using wild-type larvae) (Figure 11 C). 

This result is consistent with previously published data from our lab, suggesting 

that 0.25 mM TEA significantly increases neurotransmission's tolerance to H2O2-

induced stress (S. L. Caplan, Milton, and Dawson-Scully 2013). TEA inhibits 

Drosophila BK channels at dosages below 1 mM in vitro, suggesting that acute 

inhibition of BK channel conductance (with low doses of TEA or iberiotoxin) 

protects synaptic transmission from acute oxidative stress (McKay et al. 1994; S. 

L. Caplan, Milton, and Dawson-Scully 2013). In summary, we find that genetically 

and pharmacologically reducing BK channel function protects neurotransmission 

from acute H2O2-induced stress at the Drosophila NMJ.  

 Many drugs possess off-target effects. Consequently, we wanted to make 

sure the results we obtained in Figure 11 (suggesting that 500 pM iberiotoxin 

increases neurotransmission's tolerance to acute oxidative stress) were not due to 

low dosages of iberiotoxin possessing off-target effects at the Drosophila NMJ. To 

control for this, we applied 500 pM iberiotoxin to Slo4 mutants (that lack functional 

BK channel conductance (Atkinson, Robertson, and Ganetzky 1991; Kadas, 

Ryglewski, and Duch 2015)) in the presence and absence of 2.25 mM H2O2. The 

idea being that 500 pM iberiotoxin should not affect neurotransmission's tolerance 

to acute oxidative stress (the amount of time it takes to reach synaptic failure in 

the presence of HL3 containing 2.25 mM H2O2) if 500 pM iberiotoxin does not 

possess any major off-target effects at the Drosophila NMJ. We find that Slo4 

mutant preparations treated with HL3 containing 2.25 mM H2O2 and 500 pM 

iberiotoxin take the same amount of time to reach synaptic failure, when directly 
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compared to Slo4 preparations treated with HL3 containing 2.25 mM H2O2 or Slo4 

preparations only treated with HL3 saline [one-way ANOVA, F(2,18) = 0.313, P > 

0.494; Figure 12 A,B]. We also find that 500 pM iberiotoxin does not affect the 

characteristic parameters of the EJP (EJP amplitude, EJP shape) in the presence 

and absence of 2.25 mM H2O2 (utilizing Slo4 mutants) (Figure 12C). Together, 

these results imply that 500 pM iberiotoxin does not possess any major off-target 

effects at the Drosophila NMJ (when utilizing our protocol to quantify 

neurotransmission's tolerance to acute oxidative stress).  

 To compare our results (from Figure 11) to previously published findings, 

we compared the neuroprotective effects of inhibiting BK channel conductance 

(with 500 pM iberiotoxin) to the neuroprotective effects conferred by a low dosage 

of a general K+ channel blocker (0.25 mM TEA). Our lab has found that a low 

dosage of a general K+ channel blocker (0.25 mM TEA) increases 

neurotransmission's tolerance for acute oxidative stress (increases the amount of 

time until synaptic failure is reached in the presence of HL3 containing 2.25 mM 

H2O2) (S. L. Caplan, Milton, and Dawson-Scully 2013). Consistent with previously 

published results, we find that wild-type preparations treated with HL3 containing 

2.25 mM H2O2 and 0.25 mM TEA take a significantly longer duration of time to 

reach synaptic failure, when compared to wild-type control preparations treated 

with HL3 containing 2.25 mM H2O2 [one-way ANOVA, F(3,28) = 5.908, P < 0.05; 

Figure 13 A,B] (S. L. Caplan, Milton, and Dawson-Scully 2013). This result and 

previously published findings suggest that a low dosage of a general K+ channel 

blocker (0.25 mM TEA) protects synaptic function from acute oxidative stress 
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(Figure 13) (S. L. Caplan, Milton, and Dawson-Scully 2013). We also find that wild-

type preparations treated with HL3 containing 2.25 mM H2O2 and 500 pM 

iberiotoxin take the same amount of time to reach synaptic failure, when directly 

compared to wild-type preparations treated with HL3 containing 2.25 mM H2O2 and 

0.25 mM TEA (P=0.961) (Figure 13A,B). Also, consistent with a previously 

published study, we find that 0.25 mM TEA does not affect the characteristic 

parameters of the EJP in the presence and absence of 2.25 mM H2O2; further 

implying that 0.25 mM TEA protects synaptic function from H2O2-induced oxidative 

stress (Figure 13C) (S. L. Caplan, Milton, and Dawson-Scully 2013). Therefore, 

our results suggest that acute inhibition of BK K+ channel conductance (with 500 

pM iberiotoxin) possesses similar neuroprotective effects, when directly compared 

to a low dosage of a general K+ channel inhibitor (0.25 mM TEA) (neuroprotective 

effects of protecting neurotransmission from acute oxidative stress) (Figure 13). 

Taken together, the results from this chapter imply that acute inhibition of K+ 

channel conductance (by inhibiting PKG modulated K+ channels or BK K+ 

channels) protects synaptic function from oxidative stress.  

Discussion 

 The role BK channels play in neuroprotection remains unclear. Certain 

studies suggest that activation of BK channel conductance protects cells from 

acute stress (Bentzen et al. 2014; H. J. Li et al. 2014; Gribkoff et al. 2001; Chi et 

al. 2010); meanwhile other studies suggest that inhibition of BK channel 

conductance (and overall K+ channel conductance) protects cells from stress-

induced insults (M. Chen et al. 2013; Yu et al. 1998; Huang et al. 2001; McLaughlin 



36 

et al. 2001; Wei et al. 2003; Bossy-Wetzel et al. 2004). In contrast, three recent 

studies suggest that chlorpromazine (CPZ), BMS-204352, and Baifuzi protect the 

brain from acute ischemia (using a model for stroke), possibly by enhancing BK 

channel conductance (H. J. Li et al. 2014; Gribkoff et al. 2001; Chi et al. 2010). 

However, the results from these studies should be interpreted in the context that 

CPZ, BMS-204352, and Baifuzi do not specifically activate BK channels, but do 

increase BK channel conductance; raising the possibility that these drugs possess 

a myriad of undocumented biological effects (H. J. Li et al. 2014; Gribkoff et al. 

2001; Chi et al. 2010). CPZ has been shown to inhibit dopamine D2 receptors 

(Carpenter and Koenig 2008), reduce overall serotonergic activity (Croll et al. 

1997), and inhibit post-synaptic a1 adrenergic receptors (Nedergaard and 

Abrahamsen 1988). Additionally, CPZ has been shown to modulate a number of 

ion channels and receptors, including Ca2+ channels (McNaughton, Green, and 

Randall 2001), nicotinic receptor channels (Benoit and Changeux 1993), K+ 

channels (Nakazawa et al. 1995), and Cl- channels (Quamme 1997). Together, the 

results from these studies imply that CPZ affects numerous biological processes; 

making it impossible to conclude that CPZ protects the brain from acute ischemia 

by enhancing BK channel conductance.  

 Acute activation of BK channels (with BMS-204352) protects the brain from 

acute ischemia. (Gribkoff et al. 2001). BMS-204352 was designed to only activate 

BK channels (Gribkoff et al. 2001). However, it was recently shown that BMS-

204352 increases the conductance of Kv7 K+ channels, presenting the possibility 

that BMS-204352 possesses numerous off-target effects (modulates Ca2+ 
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channels or other K+ channels for example) (Korsgaard et al. 2005). These findings 

present the possibility that BMS-204352 does not protect the brain from ischemia 

through a BK channel-dependent mechanism (like the authors originally proposed) 

(Gribkoff et al. 2001). Consequently, these results imply that BMS-204352 protects 

the brain from acute ischemia; however, BMS-204352 may or may not activate BK 

channels to protect cells from stroke-induced stress (Gribkoff et al. 2001). As a 

result, these findings imply that CPZ and BMS-204352 protect the brain from acute 

ischemia, but may not protect the brain from ischemia through a BK channel-

dependent mechanism.  

 Pharmacological activation (with BMS-204352) or inhibition of BK channel 

conductance (with iberiotoxin) may protect cells from stroke-induced stress. This 

possibility would suggest that pharmacological manipulation of BK channel-

dependent K+ efflux protects cells from stroke-induced stress. Thus, activation and 

inhibition of BK channel conductance may effectively protect patients from stroke-

induced neurological damage. However, the precise mechanism BK channels 

function through to protect cells from acute stress remains elusive, warranting 

further investigation.  

 Dried tubers from the Chinese medicinal herb, Typhonium giganteum, (also 

known as Baifuzi) have been utilized as a treatment for stroke-induced 

neurological damage (Sucher 2006). It has been shown that the ethanol extract of 

Baifuzi protects rats from stroke-induced brain damage (Chi et al. 2010). The 

active ingredients in Baifuzi (that protect the brain from stroke-induced cellular 

damage) have not been determined (Chi et al. 2010). Additionally, the molecular 
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mechanism Baifuzi functions through to protect the brain from stroke-induced brain 

damage remains elusive (Chi et al. 2010). Baifuzi acutely activates BK channels; 

implying that Baifuzi may protect the brain from stroke-induced stress by 

increasing BK channel conductance (Chi et al. 2010). However, the experimental 

evidence provided through this study does not indicate that Baifuzi protects the 

brain from stroke-induced damage by increasing BK channel conductance (Chi et 

al. 2010). As a result, evidence from these studies imply that Baifuzi, BMS-204352, 

and CPZ protect the mammalian brain from stroke-induced brain damage, but may 

not activate BK channels to protect the brain from stroke-induced stress (H. J. Li 

et al. 2014; Gribkoff et al. 2001; Chi et al. 2010). Thus, the results from these 

studies suggest that inhibition of BK channels may in fact protect the mammalian 

brain from stroke-induced neurological damage (H. J. Li et al. 2014; Gribkoff et al. 

2001; Chi et al. 2010).  

 Blocking K+ channel conductance inhibits neuronal apoptosis in response 

to oxidative stress, ischemia, and amyloid peptide toxicity (Yu et al. 1998; Huang 

et al. 2001; McLaughlin et al. 2001; Wei et al. 2003; Bossy-Wetzel et al. 2004). It 

has been proposed that activation of K+ channel conductance (possibly by stroke-

induced stress) may trigger apoptotic cell death (Yu 1997; McLaughlin et al. 2001; 

Hughes et al. 1997). This entails that acute inhibition of a specific K+ channel may 

protect neurons from acute stress across phyla. Moreover, identifying the specific 

K+ channel(s) that triggers stroke-induced apoptosis may facilitate the 

development of a drug that protects the human brain from stroke-induced stress.  
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 Intriguingly, BK channels are expressed throughout the mammalian brain 

(Sausbier et al. 2006) and are regulated by hypoxic stress (lack of O2-induced 

stress) (Williams 2004; McCartney et al. 2005); suggesting that pharmacologically 

inhibiting BK channels may protect the human brain from stroke-induced 

neurological damage (stroke-induced damage is caused by a lack of O2). 

Consistent with this notion, it has been shown that inhibiting BK channel 

conductance (with drugs that only target BK channels) protects neurons from 

stroke-induced apoptosis utilizing both an in vivo and in vitro model system (M. 

Chen et al. 2013). Together, results from this study imply that acute inhibition of 

BK channel conductance protects neurons from stroke-induced apoptosis (M. 

Chen et al. 2013). Future work deducing the biochemical mechanism through 

which BK channel conductance modulates stroke-induced apoptosis may provide 

valuable insight into how the brain can be protected from stroke-induced damage.  

 The synaptic transmission assay presented in this dissertation does not 

investigate apoptotic cell death in response to H2O2-induced oxidative stress 

(Figure 3) (S. L. Caplan, Milton, and Dawson-Scully 2013; Stacee Lee Caplan et 

al. 2016). Future work investigating whether or not acute inhibition of BK channel 

conductance (with drugs such as iberiotoxin or charybdotoxin) protects NMJ 

neurons from acute stress may provide valuable insight into BK channel's role in 

neuroprotection. A protocol has been developed to monitor neural death at the 

Drosophila NMJ (Xia et al. 2012); suggesting that a modified version of this 

protocol could be used to determine if acute inhibition of BK channel conductance 

protects motor neurons from acute stress. We find that acute inhibition and genetic 
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elimination of BK channel function protects an essential cellular function 

(neurotransmission) from acute physiological stress (Figures 8,11-13) (2.25 mM 

H2O2); implying that acute inhibition of BK channel conductance presents a well 

conserved means to protect neurons from acute stress. As a result, we propose 

that pharmacological blockade of BK channel conductance will protect NMJ motor 

neurons from acute H2O2-induced oxidative stress. Future work testing this 

hypothesis may prove transformative in elucidating the definitive role BK channels 

play in protecting neurons from acute stress.  

 Our findings show that the PKG pathway activates other K+ channels (not 

BK channels) to modulate neurotransmission's tolerance for acute oxidative stress 

(Figures 9,10). This implies that overall K+ conductance dictates 

neurotransmission's tolerance for acute oxidative stress. This result is insightful in 

that it is in agreement with previous neuroprotection studies; suggesting a 

reduction in overall K+ channel conductance protects neurons from stress-induced 

apoptotic cell death (Yu et al. 1998; Huang et al. 2001; McLaughlin et al. 2001; 

Wei et al. 2003; Bossy-Wetzel et al. 2004). This entails that pharmacological 

manipulation of the K+ current may be utilized as a tool to protect neurons and the 

brain from acute stressors that normally induce cell death. Thus, future clinical 

work investigating the role K+ channel inhibitors play in protecting the brain from 

acute stress may be the key to finally developing truly effective neuroprotective 

agents. However, determining the optimal dosage range of K+ channels blockers 

to use for therapeutic purposes is critical because multiple K+ channel blocking 

drugs have been shown to possess toxic effects (Lallement et al. 1995).  
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 Taken together, data from this chapter suggests that inhibiting BK channel 

function protects neurotransmission from acute oxidative stress. These results 

outline a conserved K+ channel (BK channels) that regulates neurotransmission's 

tolerance for acute oxidative stress. The proposed biochemical pathways that 

protect neurotransmission from acute stress are shown in Figure 2. 

Pharmacologically inhibiting the PKG pathway and BK channel conductance 

protects neurotransmission from acute stress (Figures 11-13) (Ken Dawson-Scully 

et al. 2007; S. L. Caplan, Milton, and Dawson-Scully 2013; Krill and Dawson-Scully 

2016). Thus, acute inhibition of BK channel conductance or the PKG pathway may 

serve as a means to protect synaptic function from acute stress across phyla.  
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Experimental protocol for quantifying synaptic 
transmission’s tolerance to acute stress

Experimental Design

Stimulate at 1 hertz stimulation continuously and take 
snap shot of suprathreshold excitatory junction potential 
(EJP) once every minute until EJP amplitude is <1 mV 
(synaptic failure). 

1). Control: Bath consists of H2O2 and saline.

2). Experimental: Bath consists of H2O2, 
saline, and a drug. 

Switch out 
bath.

Control: 
Bath 
consists 
of saline 
only.

Figure 3. Diagram of electrophysiology protocol to quantify neurotransmission's 

tolerance to acute oxidative stress. This image shows the experimental protocol used to 

measure synaptic transmission's tolerance to H2O2-induced oxidative stress. First, three 

minutes of control EJPs (one EJP per minute) were recorded in HL3 saline at 1 hertz 

stimulation. Next, the bath was switched out after the stimulator was turned off. After this a 

different bath containing either HL3 saline alone (control), HL3 containing 2.25 mM H2O2 

(control), or HL3 containing 2.25 mM H2O2 and a variable dosage of a specific drug 

(experimental group) was added to the preparation in place of the original HL3 saline. Finally, 

the stimulator was turned back on at 1 hertz stimulation and the amount of time it took for the 

EJP amplitude to drop below 1 mV was recorded as the time to synaptic failure for each 

preparation. The amount of time until synaptic failure was reached in the presence of HL3 

containing 2.25 mM H2O2 was used to quantify neurotransmission's tolerance to acute 

oxidative stress. 
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Figure 3 (continued). Preparations that lasted a longer duration of time in HL3 containing 

2.25 mM H2O2 possessed a higher tolerance for acute oxidative stress, when compared to 

preparations that lasted a shorter duration of time in HL3 containing 2.25 mM H2O2.  
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Figure 4. Neurotransmission is more resistant to acute oxidative stress in larvae 

with low foraging mRNA expression levels (For null rescue larvae). A). Synaptic 

transmission in For null rescue larvae (low foraging mRNA expression) takes significantly 

longer to reach synaptic failure (EJP amplitude <1 mV) in the presence of 2.25 mM H2O2 

compared to For overexpressor larvae (high foraging mRNA expression) (P<0.01). A two-

tailed student's t test was used to compare the difference between means. The vertical bar 

chart is presented as mean ± s.e.m. n= 9-10 preparations per group. The highest mean is 

denoted as A and a statistically significant difference (P<0.05) is indicated by different 

letters on the different bars in the graph. B). This line graph displays the gradual decline 

in EJP amplitude (in mV) until synaptic failure is reached in For null rescue and For 

overexpressor larvae exposed to 2.25 mM H2O2. The data points in the line graph are 

displayed as mean ± s.e.m. 

A B 
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Figure 5. Synaptic transmission is more resistant to acute oxidative stress in larvae 

with lower PKG enzymatic activity. A). Synaptic transmission takes longer to reach 

stimulus-induced synaptic failure in the presence of 2.25 mM H2O2 in isogenized sitter 

larvae (low PKG activity) compared to isogenized rover larvae (high PKG activity) 

(P<0.05). A two-tailed student's t test was used to compare the differences between 

means. The vertical bar chart is presented as mean ± s.e.m. n= 5-6 preparations per 

group. The highest mean is denoted as A and a statistically significant difference (P<0.05) 

is indicated by different letters on the different bars in the graph. B). The line graph 

displays the gradual decline in EJP amplitude (in mV) until synaptic failure is reached in 

isogenized sitter and isogenized rover larvae exposed to 2.25 mM H2O2. The data points 

in the line graph are presented as mean ± s.e.m.   

A B 
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Figure 6. foraging null larvae do not possess neurotransmission that has a higher 

tolerance for acute oxidative stress. A). Neurotransmission in for
null 

larvae (that 

completely lack the foraging gene (Allen et al. 2017)) does not take longer to reach 

stimulus-induced synaptic failure in the presence of 2.25 mM H2O2 compared to wild-type 

isogenized sitter control larvae (P=0.854). A two-tailed student's t test was used to 

compare the differences between means. The graph is presented as mean ± s.e.m. n= 9 

preparations per group. The highest mean is denoted as A and a statistically significant 

difference (P<0.05) is indicated by different letters on the different bars in the graph. These 

for
null 

larvae were generated in the isogenized sitter background, which is used as the 

control line here (Allen et al. 2017). B). The line graph displays the gradual decline in EJP 

amplitude (in mV) until synaptic failure was reached in isogenized sitter and for
null

 larvae 

exposed to 2.25 mM H2O2. The data points in the line graph are presented as mean ± 

s.e.m.   

A B 
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Figure 7. Pharmacological activation of K+ channel conductance reduces 

neurotransmission’s tolerance to acute oxidative stress. A). 0.25 mM DCA reduces 

the amount of time it takes to reach synaptic failure (in the presence of 2.25 mM H2O2) 

compared to when an equal amount of ddH2O is added (vehicle), when utilizing larvae 

with low foraging mRNA expression (For null rescue larvae) (P<0.01) (Allen et al. 2017). 

Time until synaptic failure was measured in the presence of 2.25 mM H2O2 (in both groups 

or Vehicle and 0.25 mM DCA). A two-tailed student's t test was used to compare the 

difference between means. The bar graph is presented as mean ± s.e.m. n= 7-9 

preparations per group. The highest mean is denoted as A and a statistically significant 

difference (P<0.05) is indicated by different letters on the different bars in the graph. B). 

The line graph displays the gradual decline in EJP amplitude (in mV) until synaptic failure 

is reached in For null rescue larvae with 0.25 mM DCA (0.25 mM DCA) and without 

(vehicle) 0.25 mM DCA added to the preparation in the presence of HL3 containing 2.25 

mM H2O2. The data points in the line graph are presented as mean ± s.e.m.   
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Figure 8. BK channel loss-of-function mutants possess neurotransmission that has a 

higher tolerance for acute oxidative stress. A). We find that slow poke mutants (BK channel 

loss-of-function mutants also known as Slo4 mutants (Atkinson, Robertson, and Ganetzky 

1991; Kadas, Ryglewski, and Duch 2015)) take a significantly longer duration of time to reach 

stimulus-induced synaptic failure in HL3 containing 2.25 mM H2O2, when directly compared to 

wild-type control larvae treated with HL3 containing 2.25 mM H2O2 (P<0.01). A two-tailed 

student's t test was used to determine statistically significant differences between groups. The 

vertical bar chart is presented as mean ± s.e.m. n=5-6 preparations per group. The highest 

mean is denoted as A and a statistically significant difference (P<0.05) is indicated by different 

letters on the different bars in the graph.  
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Figure 8 (continued). B). The line graph displays the decline in EJP amplitude (in mV) until 

synaptic failure is reached. The line graph is plotted as mean ± s.e.m. of individual time points 

until synaptic failure is reached (using the same preparations shown in panel A). C). The 

curved black lines are the representative EJPs (in HL3 recording saline) from wild-type or slow 

poke mutant larvae one minute before the recording bath is replaced with HL3 containing 2.25 

mM H2O2. The genotype of the larvae utilized to collect the EJPs (recorded in HL3 saline 

indicated by black curved lines) are labelled above the corresponding EJPs, respectively. The 

red curved lines are the representative EJPs (from the same respective larvae) ten minutes 

after the recording bath was replaced with HL3 containing 2.25 mM H2O2. The EJPs in HL3 

containing 2.25 mM H2O2 (red curved lines) are labelled above, respectively.  
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Figure 9. Pharmacological activation of the PKG pathway reduces neurotransmission's 

tolerance to acute oxidative stress in slow poke mutant larvae (Slo4 mutants). A). Slo4 

mutant preparations treated with HL3 saline containing 2.25 mM H2O2 and 40 µM 8-bromo-

cGMP (third bar from far left), Slo4 mutant preparations treated with HL3 containing 2.25 mM 

H2O2 and 40 µM sildenafil citrate (second bar from far right), and Slo4 mutant preparations 

treated with HL3 containing 2.25 mM H2O2 and 0.25 mM DCA (bar on far right) take 

significantly less time to reach synaptic failure, when directly compared to Slo4 preparations 

treated with HL3 saline (bar on far left) or preparations treated with HL3 containing 2.25 mM 

H2O2 (second bar from far left) (P<0.05).  



51 

 
 
 
 
 
 
 

Figure 9 (continued). Additionally, Slo4 mutant preparations treated with HL3 saline (bar on 

far left) take the same amount of time to reach synaptic failure, when compared to Slo4 mutant 

larvae treated with HL3 saline containing 2.25 mM H2O2 (second bar from far left) (P=0.927). 

A One Way ANOVA with a Holm-Sidak post hoc test was used to determine statistically 

significant differences between means. The bar graph is displayed as mean ± s.e.m. n=4-6 

preparations per group. The highest mean is denoted as A and a statistically significant 

difference (P<0.05) is indicated by different letters on the different bars in the graph, with the 

second highest mean denoted as B. B). The line graph displays EJP amplitude decline (in mV) 

until stimulus-induced synaptic failure is reached utilizing the same preparations shown in 

panel A. The line graph is depicted as mean ± s.e.m. of individual time points until synaptic 

failure is reached. C). The curved black lines in panel C are the representative EJPs from Slo4 

mutant larvae (in HL3 saline) one minute before the recording bath was switched out for HL3 

containing a specific dosage of a specific drug. The curved red lines in panel C are the 

representative EJPs from the same respective larvae (Slo4 mutant larvae in panel C) ten 

minutes after the recording bath was replaced with HL3 containing 40 µM 8-bromo-cGMP 

(without H2O2), HL3 containing 40 µM sildenafil citrate (without H2O2), or HL3 containing 0.25 

mM DCA (without H2O2). D). The curved black lines in panel D are the representative EJPs 

from Slo4 mutant larvae (in HL3) one minute before the recording bath was replaced with HL3 

containing 2.25 mM H2O2 and a specific dosage of a specific drug. The curved red lines in 

panel D are the representative EJPs from the same respective larvae (Slo4 mutant larvae in 

panel D) ten minutes after the recording bath was replaced with HL3 containing 2.25 mM H2O2 

and 40 µM 8-bromo-cGMP, HL3 containing 2.25 mM H2O2 and 40 µM sildenafil citrate, or HL3 

containing 2.25 mM H2O2 and 0.25 mM DCA.  
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Figure 10. The PKG pathway activating drugs utilized in Slo4 mutants do not possess 

any unexpected effects in wild-type control larvae. A). Wild-type preparations treated with 

HL3 containing 2.25 mM H2O2 and 40 µM 8-bromo-cGMP (third bar from far right), wild-type 

preparations treated with HL3 containing 2.25 mM H2O2 and 40 µM sildenafil citrate (second 

bar from far right), or wild-type preparations treated with HL3 containing 2.25 mM H2O2 and 

0.25 mM DCA (far right bar) take the same amount of time to reach synaptic failure, when 

compared to wild-type control preparations treated with HL3 containing 2.25 mM H2O2 (second 

bar from far left) (P>0.255).  
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Figure 10 (continued). Additionally, wild-type preparations treated with HL3 saline containing 

2.25 mM H2O2 (second bar from far left) take significantly less time to reach synaptic failure, 

when directly compared to wild-type preparations only treated with HL3 saline (bar on far left) 

(P<0.001). A One Way ANOVA via the Holm-Sidak method was used to determine statistically 

significant differences between groups. The vertical bar chart is displayed as mean ± s.e.m. 

n=4-6 preparations per group. A statistically significant difference (P<0.05) is indicated by 

different letters on the different bars in the graph. The highest mean is denoted as A, with the 

next highest mean denoted as B. B). The line graph displays EJP amplitude decline (in mV) 

until synaptic failure is reached using the same preparations shown in panel A. The line graph 

is shown as mean ± s.e.m. of individual time points until synaptic failure is reached in each 

group. C). The curved black lines in panel C are representative EJPs from wild-type larvae (in 

HL3 saline) one minute before the recording bath is replaced with HL3 containing a specific 

dosage of a specific drug. The curved red lines in panel C are the representative EJPs from 

the same respective larvae ten minutes after the recording bath was replaced with HL3 

containing 40 µM 8-bromo-cGMP (without H2O2), HL3 containing 40 µM sildenafil citrate 

(without H2O2), or HL3 containing 0.25 mM DCA (without H2O2). D). The curved black lines in 

panel D are the representative EJPs from wild-type larvae (in HL3) one minute before 

recording bath was replaced with HL3 containing 2.25 mM H2O2 and a specific dosage of a 

specific drug. The curved red lines in panel D are the representative EJPs from the same 

larvae ten minutes after the recording bath was replaced with HL3 containing 2.25 mM H2O2 

and 40 µM 8-bromo-cGMP, HL3 containing 2.25 mM H2O2 and 40 µM sildenafil citrate, or HL3 

containing 2.25 mM H2O2 and 0.25 mM DCA. 
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Figure 11. The BK channel blocker, iberiotoxin, increases neurotransmission's 

tolerance to acute oxidative stress in wild-type larvae. A). Wild-type preparations treated 

with HL3 containing 2.25 mM H2O2 and 500 pM iberiotoxin (bar on far right) take a significantly 

longer duration of time to reach synaptic failure, when compared to wild-type control 

preparations treated with HL3 saline and 2.25 mM H2O2 (second bar from far left) (P<0.05). 

A One Way ANOVA with a Holm-Sidak post hoc test was used to determine statistically 

significant differences between groups (P<0.05). The bar graph is displayed as mean ± s.e.m. 

n=5-10 preparations per group. A statistically significant difference (P<0.05) is indicated by 

different letters on the different bars in the graph. The highest is mean is denoted as A and 

the second highest group or mean is denoted as B.  
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Figure 11 (continued). B). The line graph is displayed as the gradual decline in EJP 

amplitude (in mV) until synaptic failure is reached (utilizing the same preparations shown in 

panel A). The individual data points are plotted as mean ± s.e.m. C). The black curved lines 

are the representative EJPs from wild-type larvae (in HL3) one minute before the recording 

bath was replaced with HL3 containing 500 pM iberiotoxin or HL3 containing 2.25 mM H2O2 

and 500 pM iberiotoxin. The curved red lines are the representative EJPs from wild-type 

larvae ten minutes after the recording bath was replaced with HL3 containing 500 pM 

iberiotoxin (without H2O2) or replaced with HL3 containing 2.25 mM H2O2 and 500 pM 

iberiotoxin.   

 



56 

 

 

 

A B 

C 

Figure 12. 500 pM iberiotoxin does not possess any major off-target effects at the 

Drosophila NMJ. Slo4 mutant preparations treated with HL3 containing 2.25 mM H2O2 and 

500 pM iberiotoxin (bar on far right) take the same amount of time to reach synaptic failure, 

when compared to Slo4 mutant preparations treated with HL3 containing 2.25 mM H2O2 

(second bar from far right) and Slo4 mutant preparations only treated with HL3 saline (far left 

bar) (P>0.494). A One Way ANOVA with a Holm-Sidak post hoc test was used to determine 

statistically significant differences between groups (P<0.05). The bar graph is displayed as 

mean ± s.e.m. n=4-10 preparations per group. A statistically significant difference (P<0.05) is 

indicated by different letters on the different bars in the graph. The highest is mean is denoted 

as A and the second highest group or mean is denoted as B.  



57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 12 (continued). B). The line graph is displayed as the gradual decline in EJP amplitude 

(in mV) until synaptic failure is reached (utilizing the same preparations shown in panel A). 

The individual data points are plotted as mean ± s.e.m. C). The curved black lines are 

representative EJPs from Slo4 mutant preparations (in HL3) one minute before the recording 

bath was replaced with HL3 containing 2.25 mM H2O2 and 500 pM iberiotoxin or HL3 

containing 500 pM iberiotoxin. The red curved lines are the representative EJPs from Slo4 

mutants ten minutes after the recording bath was replaced with HL3 containing 500 pM 

iberiotoxin (top) or HL3 containing 2.25 mM H2O2 and 500 pM iberiotoxin (bottom).  
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Figure 13. 500 pM iberiotoxin possesses similar neuroprotective effects, when directly 

compared to a general K+ blocker (TEA). A). Wild-type preparations treated with HL3 

containing 2.25 mM H2O2 and 500 pM iberiotoxin (second bar from far right) and wild-type 

preparations treated with HL3 containing 2.25 mM H2O2 and 0.25 mM TEA (bar on far right) 

took a significantly longer duration of time to reach synaptic failure, when directly compared to 

wild-type control preparations treated with HL3 containing 2.25 mM H2O2 (second bar from far 

left) (P<0.05).  



59 

 
 
 
 

Figure 13 (continued). Additionally, wild-type preparations treated with HL3 containing 2.25 

mM H2O2 and 500 pM iberiotoxin (second bar from far right) took the same amount of time to 

reach synaptic failure, when compared to wild-type preparations treated with HL3 containing 

2.25 mM H2O2 and 0.25 mM TEA (bar on far right) (P=0.961). A One Way ANOVA with a Holm-

Sidak post hoc test was used to determine statistically significant differences between groups 

(P<0.05). The bar graph is displayed as mean ± s.e.m. n=7-8 preparations per group. A 

statistically significant difference (P<0.05) is indicated by different letters on the different bars 

in the graph. The highest mean is denoted as A and the second highest mean is denoted as 

B. B). The line graph is displayed as the gradual decline in EJP amplitude (in mV) until synaptic 

failure is reached (utilizing the same preparations shown in panel A). The individual data points 

are plotted as mean ± s.e.m. C). The curved black lines are representative EJPs from wild-

type larvae one minute before the recording bath is replaced with HL3 containing 0.25 mM 

TEA or HL3 containing 2.25 mM H2O2 and 0.25 mM TEA. The curved red lines are 

representative EJPs from wild-type larvae ten minutes after the recording bath was replaced 

with HL3 containing 0.25 mM TEA (top) or replaced with HL3 containing 2.25 mM H2O2 and 

0.25 mM TEA (bottom).  
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CHAPTER 3. NOVEL ROLE OF RESVERATROL AND RESVERATROL 

ANALOGS IN PROTECTING SYNAPTIC FUNCTION

Introduction 

 Resveratrol confers neuroprotection through several different biochemical 

pathways (Lopez, Dempsey, and Vemuganti 2015; Bastianetto, Ménard, and 

Quirion 2015; Z. Li et al. 2012; C. Li et al. 2010). Additionally, resveratrol protects 

against the detrimental effects of a high fat diet and aging (Baur et al. 2006; C. 

Wang et al. 2013; Wood et al. 2004). Application of resveratrol is a very effective 

way to scavenge or eliminate free radicals in vitro compared to other polyphenols 

(Khanduja and Bhardwaj 2003; Hussein 2011; Shang et al. 2009). Therefore, these 

studies suggest that resveratrol may protect animals from the deleterious effects 

of a high fat diet (Baur et al. 2006), aging (C. Wang et al. 2013; Wood et al. 2004), 

ischemic stroke (Lopez, Dempsey, and Vemuganti 2015; Bastianetto, Ménard, and 

Quirion 2015; Z. Li et al. 2012), and traumatic brain injury (Lopez, Dempsey, and 

Vemuganti 2015; Bastianetto, Ménard, and Quirion 2015) by scavenging free 

radicals, which are a by-product of oxidative stress (Khanduja and Bhardwaj 2003; 

Hussein 2011). It has been proposed that resveratrol mediates some of its 

neuroprotective effects by scavenging or neutralizing negatively charged free 

radicals in biological tissues (Khanduja and Bhardwaj 2003; Hussein 2011; Shang 

et al. 2009). The hydrophobic portion of resveratrol's structure alone would not be 

able to serve as a good electrophile to neutralize the negative charge on 
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nucleophilic free radicals (Figure 14) (Khanduja and Bhardwaj 2003; Hussein 

2011; Shang et al. 2009). However, resveratrol's structure contains alcohol groups 

that have a partial positive charge on the hydrogen atom bonded to the oxygen 

atom of each alcohol group (-OH group) (arrows Figure 14). These partially 

positively charged hydrogen atoms (from -OH groups arrows Figure 14) bonded to 

resveratrol's structure serve as good electrophiles for negatively charged free 

radicals (arrows Figure 14) (Khanduja and Bhardwaj 2003; Hussein 2011; Shang 

et al. 2009). Additionally, these alcohol groups serve as excellent electrophiles to 

neutralize negatively charged free radicals because these alcohol groups are 

bonded to the aromatic rings of resveratrol's chemical structure (Figure 14) 

(Khanduja and Bhardwaj 2003; Hussein 2011; Shang et al. 2009).  

 Consequently, these alcohol groups attached to the aromatic rings of 

resveratrol's structure have very spread out or delocalized electron density due to 

the aromatic carbon back bone of resveratrol being both aromatic and conjugated 

(Figure 14) (Khanduja and Bhardwaj 2003; Hussein 2011; Shang et al. 2009). 

Aromatic backbones with dissociated electron densities stabilize electrophilic 

compounds, which improves their efficacy for nucleophilic attack facilitated by 

negatively charged nucleophilic compounds, such as free radicals generated by 

oxidative stress (Figure 14) (Klein 2012). When a negatively charged free radical 

reacts with resveratrol it neutralizes the negative charge on the free radical 

preventing the free radical from inflicting further damage upon biological tissues 

(Khanduja and Bhardwaj 2003; Hussein 2011; Shang et al. 2009; Klein 2012). 

 Taken together, resveratrol's chemical structure serves as an excellent 
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scavenger of negatively charged free radicals generated by H2O2 (Figure 14) 

(Khanduja and Bhardwaj 2003; Hussein 2011; Shang et al. 2009; Klein 2012; 

Halliwell 2001). Therefore, it is possible that resveratrol protects 

neurotransmission from H2O2-induced oxidative stress by scavenging negatively 

charged free radicals. We find that resveratrol protects neurotransmission from 

acute H2O2-induced oxidative stress (Figure 15). Consequently, we propose that 

resveratrol and resveratrol-like compounds may protect neurotransmission from 

H2O2-induced oxidative stress by neutralizing negatively charged free radicals. 

Through this chapter, we have determined that resveratrol and resveratrol-like 

compounds protect synaptic function from acute oxidative stress through unknown 

mechanisms. Further characterization of these neuroprotective mechanisms may 

lead to the development of a drug that protects humans from oxidative stress-

induced pathologies.  

Materials and Methods 

 All experiments were performed utilizing the exact same materials and 

methods outlined in chapter 2 of this dissertation with a couple of exceptions. The 

only difference in the methods used between chapter 2 and 3 would be that 

different drugs were used including resveratrol (Sigma Aldrich Inc.) and custom-

made resveratrol analogs that were synthesized in Dr. Salvatore Lepore's lab. A 

final point to note is that wandering L3 w1118 wild-type larvae from Dr. Nancy 

Bonnini's lab were used for all experiments performed in chapter 3 of this 

dissertation. The graph in Figure 19 was used to determine the EC50 of fly2 and 
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resveratrol. A detailed description of how the graph in Figure 19 was constructed 

is provided below:  

 The log10 value of each drug dosage (in nM values) was plotted on the x-

axis in Figure 19. The same raw data values presented in Figure 18 were 

presented in Figure 19. For example, if a 25 nM dosage of fly2 was plotted in Figure 

18, a 1.398 value was plotted on the x-axis (or the log10 value of 25 since 

log10(25)»1.398) for the same data presented in Figure 19. The values on the y-

axis for each drug dosage were the mean response or % maximal response of 

each drug dosage for the corresponding x value or log10 value for each drug 

dosage (for the data presented in Figure 19). The mean response or % maximal 

response of each drug dosage was calculated using the following series of 

equations:  

 First, the time to synaptic failure from one preparation at one drug dosage 

(in the presence of HL3 containing 2.25 mM H2O2 and a specific dosage of a 

specific drug) was subtracted from the mean time to synaptic failure of all the 

control preparations in the presence of HL3 containing 2.25 mM H2O2 or 41.66667 

minutes. Next, this value was divided by the difference between the mean time to 

synaptic failure for the control preparations treated with HL3 saline or 120.9166 

minutes and the mean time to synaptic failure for the control preparations treated 

with HL3 saline containing 2.25 mM H2O2, which was determined to be a difference 

of 79.24993 minutes. Finally, this value was multiplied by 100 to obtain the % 

maximal response for a single preparation (n=1). This calculation was repeated for 

all the preparations for a given dosage of resveratrol and fly2 at all the specified 
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dosages. The average and S.E.M. were calculated for these values (at each 

specific drug dosage for both drugs). These y values were plotted in Figure 19 with 

the corresponding x values for each data point for each dosage of both drugs. For 

further clarification an example of the equation used to calculate the y values for 

each drug dosage is shown below, which is referred to as the % maximal response 

in Figure 19.  

 

Equation 1 

[Time to synaptic failure of a single preparation in the presence of HL3 containing 

2.25 mM H2O2 and a specific dosage of either fly2 or resveratrol (in minutes)] - 

[Mean time to synaptic failure of HL3 + 2.25 mM H2O2 control larvae (in minutes) 

or 41.66667 minutes]= Value A obtained from equation 1 

 

Equation 2 

[Value A obtained from equation 1] / [(Mean time to synaptic failure of HL3 alone 

control larvae (in minutes) or 120.9166 minutes) - (Mean time to synaptic failure of 

HL3 + 2.25 mM H2O2 control larvae (in minutes) or 41.66667 minutes) or the value 

of 79.24993 minutes]= Value B obtained from equation 2 

 

Equation 3  

[Value B obtained from equation 2] * [100]= % maximal response of 1 preparation 
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For example, if a preparation took 100 minutes to reach synaptic failure in the 

presence of HL3 containing 2.25 mM hydrogen peroxide containing 5 nM fly2. In 

this instance, the calculations below would be used to determine the % maximal 

response for the preparation that took 100 minutes to reach synaptic failure.  

 

[100 minutes to reach synaptic failure in 1 preparation treated with HL3 containing  

2.25 mM H2O2 and 5 nM fly2] - [41.66667 minutes to reach synaptic failure in the 

average w1118 wild-type preparation treated with HL3 containing 2.25 mM H2O2]= 

58.33333  

 

[58.3333 or Value A obtained from equation 1] / [79.24993 minutes or the 

difference in the amount of time it takes the average w1118 wild-type control 

preparation treated with HL3 to reach synaptic failure compared to the amount of 

time it takes the average w1118 wild-type control preparation treated with HL3 

containing 2.25 mM H2O2 to reach synaptic failure]= 0.736  

 

[0.736 or Value B obtained from equation 2] * 100= 73.6% maximal response of 

this preparation treated with HL3 containing 2.25 mM H2O2 and 5 nM fly2.  

 

 This 73.6% value would be plotted on the y-axis and the corresponding x 

value would be 0.699 since log10(5)=0.699. The % maximal response of each 

preparation was calculated for each dosage group (0.1 nM, 0.5 nM, 1 nM, 5 nM, 

and 25 nM) using the equation shown above for each drug (resveratrol and fly2). 
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The average and S.E.M. of the % maximal response (for all preparations of a given 

drug at every drug dosage) was calculated for each dosage group and plotted on 

the y-axis for Figure 19, respectively.  

 A line was used to connect the data points for fly2 and resveratrol in the line 

graph presented in Figure 19, respectively. The point on the line connecting these 

data points at which 50% maximal response was reached for fly2 was determined. 

The corresponding point on the x-axis was determined on the line connecting the 

data points or drug dosages for fly2. This corresponding value on the x-axis was 

determined to be (-0.6767) for fly2. In other words, the point on the axis where fly2 

reached 50% of the maximal effectiveness of a drug using this assay was 

determined (top right corner of box in Figure 19) (this value was determined to be 

-0.6767). The anti-log of the corresponding log10 dosage (on the x-axis in nM) of 

fly2 that correlated with 50% of the maximal effectiveness of fly2 using this assay 

was determined. In other words, anti-log(-0.6767)» 0.21 nM dosage of fly2 at the 

50% maximal response. Consistently, this value was determined to be »0.21 nM 

for fly2 using the calculations described above. Meaning that the effective 

concentration 50 (EC50) value (dosage where fly2 is 50% effective in protecting 

synaptic transmission from 2.25 mM H2O2) of fly2 was determined to be »0.21 nM. 

Thus, the graph was constructed and EC50 values were obtained from the data 

plotted in Figure 19 using a previously described method to determine the EC50 of 

different pharmacological agents (Alexander et al. 1999). However, the 

calculations used to calculate the % maximal response or y values for each drug 
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dosage plotted in Figure 19 were calculated using the series of equations 

previously described in chapter 3 of this dissertation.  

Acknowledged Contributions 

 Almost all of the experiments, data collection, calculations, and statistical 

analysis were performed by the author of this dissertation (in chapter 3 of this 

dissertation). The exception being that some of the data incorporated into chapter 

3 of this dissertation was collected by Nadia Sial. Also, the custom-made 

resveratrol analogs were synthesized and provided by Dr. Salvatore Lepore's lab. 

Additionally, all the chemical structures presented in this dissertation were 

provided by Shannon Dougherty and Samantha Maki.  

Results  

 To test resveratrol's efficacy in protecting neurotransmission from 2.25 mM 

H2O2-induced stress, we employed the exact same protocol outlined in chapter 2 

of this dissertation. Initially we performed a dose response curve of resveratrol 

dissolved in HL3 saline and 2.25 mM H2O2 (to determine the dose-dependent 

neuroprotective properties of resveratrol) (Figure 18). We dissolved resveratrol in 

ddH2O at a dosage where resveratrol is highly soluble in ddH2O (Davidov-Pardo 

and McClements 2014) to eliminate the problem of dissolving resveratrol in 

compounds, such as dimethyl sulfoxide (DMSO), which has been shown to be 

neuroprotective (Di Giorgio et al. 2008). The neuroprotective effects of dissolving 

resveratrol in DMSO or other compounds besides ddH2O may affect our results; 

consequently, we only dissolved resveratrol and any other drugs utilized in chapter 

3 of this dissertation in ddH2O. We found that 1 µM resveratrol completely inhibited 
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synaptic transmission (EJP amplitude <1 mV) without causing spontaneous 

muscle contractions, suggesting that resveratrol inhibits synaptic transmission at 

this high dosage (data not shown). Consistent with this finding it has been shown 

that resveratrol inhibits EPSPs in mammalian hippocampal Schaffer collateral-CA1 

synapses by desensitizing post-synaptic glutamate receptors (Gao, Chen, and Hu 

2006). These published findings and our results at the Drosophila NMJ suggest 

that resveratrol inhibits synaptic transmission in a dose-dependent manner at 

glutamatergic synapses (Gao, Chen, and Hu 2006).   

 We find that resveratrol inhibits neurotransmission at higher dosages (at the 

1 µM dosage) (data not shown); consequently, we utilized a lower dosage of 

resveratrol to avoid the deleterious effects we find that resveratrol has on synaptic 

transmission (at the 1µM dosage) (data not shown) (Gao, Chen, and Hu 2006). 

We find that preparations treated with HL3 containing 2.25 mM H2O2 and 25 nM 

resveratrol take longer to reach synaptic failure (third bar from far left), when 

compared to control preparations treated with HL3 saline containing 2.25 mM H2O2 

(second bar from far left) [one-way ANOVA, F(5,46) = 3.219, P = 0.123; Figure 

15]; suggesting that resveratrol is slightly neuroprotective at this dosage. However, 

these results are not statistically significant, but rather trending towards 

significance, implying that resveratrol only possesses mild neuroprotective 

properties at the 25 nM dosage. Together, these results imply that higher dosages 

of resveratrol (1 µM) inhibit synaptic transmission, while lower dosages of 

resveratrol (25 nM) protect neurotransmission from acute oxidative stress.  
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 We did test preparations treated with HL3 containing 2.25 mM H2O2 and 50 

nM resveratrol. The reason we did not test dosages of resveratrol between 50 nM-

1 µM was that 50 nM resveratrol severely reduced EJP amplitude or modified 

synaptic transmission in the presence of HL3 containing 2.25 mM H2O2 (data not 

shown). These results imply that resveratrol may disrupt synaptic transmission at 

higher dosages by altering glutamate receptor function; given that resveratrol 

disrupts synaptic transmission in mammalian brain slices by inhibiting glutamate 

receptor function (Gao, Chen, and Hu 2006). Therefore, our results suggest that 

low dosages of resveratrol are slightly neuroprotective (at dosages between 100 

pM and 25 nM); however, we also find that low dosages of resveratrol do not 

possess strong neuroprotective properties (in the presence of HL3 containing 2.25 

mM H2O2) (Figures 15,18). Consequently, the primary goal of our research was to 

identify a more effective version of resveratrol since resveratrol's neuroprotective 

properties were modest using our synaptic transmission assay (Figures 15,18).  

 It has been shown that 15 µM resveratrol confers modest cell protective 

effects, which limit 250 µM H2O2-induced cell death (C. Y. Chen et al. 2005). 

Therefore, low dosages of resveratrol protect PC12 cells from H2O2-induced 

oxidative stress (C. Y. Chen et al. 2005). Since resveratrol has already been shown 

to protect cells from acute stress (Lopez, Dempsey, and Vemuganti 2015; 

Bastianetto, Ménard, and Quirion 2015; Z. Li et al. 2012; C. Li et al. 2010); we 

wanted to identify novel compounds (with a chemical structure similar to 

resveratrol's) that protect neurotransmission from acute oxidative stress. To 

accomplish this task, we utilized novel compounds with a resveratrol-like chemical 
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structure (Figure 16). We named these custom-designed compounds fly1, fly2, and 

fly3 (labelled chemical structures shown in Figure 16). Through our initial screen 

of these novel compounds, we found that preparations treated with HL3 containing 

2.25 mM H2O2 and 25 nM fly1 (third bar from far right) or preparations treated with 

HL3 containing 2.25 mM H2O2 and 25 nM fly3 (bar on far right) did not take 

significantly more time to reach synaptic failure, when directly compared to control 

preparations treated with HL3 containing 2.25 mM H2O2 (white bar or second bar 

from far left) (HL3 containing 2.25 mM H2O2 and 25 nM fly1 group compared to 

HL3 containing 2.25 mM H2O2 control group P=0.058) (HL3 containing 2.25 mM 

H2O2 and 25 nM fly3 group compared to HL3 containing 2.25 mM H2O2 control 

group P=0.341) (Figure 15). This result suggests that two of these compounds 

(fly1, fly3) were not more effective than resveratrol in protecting neurotransmission 

from acute oxidative stress at the 25 nM dosage. The reason being that 

preparations treated with HL3 containing 2.25 mM H2O2 and 25 nM resveratrol 

(third bar from far left) took the same amount of time to reach synaptic failure, when 

compared to control preparations treated with HL3 containing 2.25 mM H2O2 (white 

bar or second bar from far left), preparations treated with HL3 containing 2.25 mM 

H2O2 and 25 nM Fly1 (third bar from far right), and preparations treated with HL3 

containing 2.25 mM H2O2 and 25 nM Fly3 (bar on far right) (P>0.123) (Figure 15). 

Despite the negative results from these two resveratrol-like compounds, (fly1, fly3) 

we found that preparations treated with HL3 containing 2.25 mM H2O2 and 25 nM 

fly2 (second bar from far right) took significantly longer to reach synaptic failure, 

when directly compared to control preparations treated with HL3 containing 2.25 
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mM H2O2 (white bar or second bar from far left) (P<0.01) (Figure 15). These results 

suggest that the fly2 resveratrol-like compound is more effective at protecting 

neurotransmission from acute oxidative stress, when directly compared to fly1, 

fly3, and resveratrol (at the 25 nM dosage). Additionally, we find that fly2 inhibits 

synaptic transmission at the 1 µM dosage with and without 2.25 mM H2O2 just like 

resveratrol does (data not shown). This suggests that resveratrol and fly2 protect 

neurotransmission from acute oxidative stress at low dosages (25 nM), but inhibit 

synaptic transmission at higher dosages (1µM).  

 To compare the efficacy of resveratrol and fly2 in protecting synaptic 

transmission from acute H2O2-induced stress, we tested fly2 and resveratrol at 

dosages lower than 25 nM. We find that preparations treated with HL3 containing 

2.25 mM H2O2 and 1 nM fly2 (bar on far right) take significantly longer to reach 

synaptic failure, when directly compared to preparations treated with HL3 

containing 1 nM resveratrol and 2.25 mM H2O2 (third bar from far left) [one-way 

ANOVA, F(5,47) = 7.484, P < 0.05; Figure 17A] (Figure 17A). Also, preparations 

treated with HL3 containing 2.25 mM H2O2 and 1 nM fly2 take significantly longer 

to reach synaptic failure, when compared to control preparations treated with HL3 

containing 2.25 mM H2O2 (second bar from far left) (P>0.01) or preparations 

treated with HL3 containing 2.25 mM H2O2 and 1 nM resveratrol (third bar from far 

left) (P>0.05) (Figure 17A). Consequently, these results imply that fly2 possesses 

stronger protective effects (in protecting synaptic transmission from oxidative 

stress), when directly compared to an identical dosage of resveratrol. These 

results imply that our custom-made resveratrol analog (fly2) possesses more 
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potent neuroprotective properties, when directly compared to resveratrol (Figures 

15,17,18). Additionally, we find that fly2 possesses an EC50 (or half maximal 

effectiveness in protecting synaptic transmission from 2.25 mM H2O2) of »0.21 nM, 

implying that fly2 protects synaptic transmission at very low dosages (Figure 19). 

Additionally, we find that resveratrol does not possess an EC50 because resveratrol 

does not dose dependently protect synaptic transmission from 2.25 mM H2O2. In 

other words, resveratrol possesses mild protective effects at most dosages tested; 

which do not increase as the dosage of resveratrol increases (Figures 18,19).  

 Also, these results imply that fly2 has an extremely low (EC50) (»0.21 nM) 

and possesses more potent neuroprotective effects at dosages above 0.1 nM, 

when directly compared to resveratrol (neuroprotective effects of increasing 

synaptic transmission's tolerance to acute oxidative stress) (Figures 18,19). We 

also find that low dosages of fly2 do not affect the characteristic parameters of the 

EJP (EJP shape, EJP amplitude) in the presence (Figure 22) and absence of 2.25 

mM H2O2 (Figure 23) at the 0.5 nM and 1 nM dosages. Our results suggest that 

fly2 protects synaptic function from acute oxidative stress at extremely low 

dosages (<1 nM), without affecting the EJP.  Taken together, these results suggest 

that low dosages of a custom-designed resveratrol analog (0.5 nM, 1nM, and 25 

nM fly2) protect synaptic function from acute oxidative stress at the Drosophila 

NMJ.  

 We find that fly2 possesses more potent neuroprotective effects than 

resveratrol (Figure 15,17,18). Therefore, we wanted to determined which 

functional groups on fly2's chemical structure were responsible for its potent 
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neuroprotective effects. To accomplish this task, we generated a fly2 analog that 

lacked two acetyl groups on fly2's bicyclic ring to determine if fly2's acetyl groups 

were required for its neuroprotective effects (Figure 20). We named this fly2 analog 

that lacked fly2's acetyl groups fly2A (Figure 20). We find that preparations treated 

with HL3 containing 2.25 mM H2O2 and 500 pM fly2A (bar on far right) take the 

same amount of time to reach synaptic failure, when directly compared to control 

preparations treated with HL3 containing 2.25 mM H2O2 (second bar from far left) 

[one-way ANOVA, F(6,77) = 5.719, P = 0.953; Figure 20] (Figure 21). This result 

shows that removing the acetyl groups from fly2's chemical structure attenuates 

fly2's neuroprotective properties because preparations treated with HL3 containing 

2.25 mM H2O2 and 500 pM fly2 (fourth bar from far left) take longer to reach 

synaptic failure, when directly compared to control preparations treated with HL3 

containing 2.25 mM H2O2 (second bar from far left) and preparations treated with 

HL3 containing 2.25 mM H2O2 and 500 mM fly2A (P<0.05) (Figure 21). Therefore, 

these results imply that removing fly2's acetyl groups reduces fly2's 

neuroprotective properties at the 500 pM dosage. Taken together, these results 

imply that fly2's acetyl groups are required for its neuroprotective effects at the 500 

pM dosage.  

 Our results indicate that fly2's acetyl groups may be required for its 

neuroprotective properties (Figures 20,21); therefore, we generated a fly2 analog 

with acetyl groups located at different positions of fly2's bicyclic ring (to determine 

if the positioning of fly2's acetyl groups affect its neuroprotective properties) 

(Figure 20). We named this custom-designed fly2 analog fly2B (Figure 20). Initially 
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we hypothesized that the position of fly2's acetyl groups may control its 

neuroprotective effects. Consistent with this hypothesis, we find that rearranging 

the acetyl groups on fly2's chemical structure increases fly2's neuroprotective 

properties (Figure 21). We find that preparations treated with HL3 containing 2.25 

mM H2O2 and 100 pM fly2B (third bar from far right) take significantly longer to 

reach synaptic failure when directly compared to preparations treated with HL3 

containing 2.25 mM H2O2 and 100 pM fly2 (third bar from far left) and control 

preparations treated with HL3 containing 2.25 mM H2O2 (second bar from far left) 

[one-way ANOVA, F(6,77) = 5.719, P < 0.05; Figure 21] (Figure 21). Therefore, 

these results suggest that fly2B possesses more potent neuroprotective properties 

than fly2 (at the 100 pM dosage) because 100 pM fly2B significantly increases 

neurotransmission's tolerance to acute oxidative stress, while 100 pM fly2 does 

not increase synaptic transmission's tolerance to acute oxidative stress (Figure 

21). Therefore, our results suggest that the positioning of the acetyl groups on 

fly2's chemical structure control fly2's neuroprotective effects (Figures 20,21). 

Thus, optimizing the chemical structure of fly2 may lead to the development of a 

custom-made compound that protects synaptic function from oxidative stress at 

sub picomolar dosages. Developing a fly2 analog that protects cellular processes 

from oxidative stress at sub picomolar dosages may finally lead to the development 

of a drug that effectively protects humans from the deleterious effects of acute 

oxidative stress, which include aging-induced neurodegeneration, stroke-induced 

brain damage, and Alzheimer's-induced neurodegeneration.  

Discussion 
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 Fly2 may protect synaptic transmission from H2O2-induced stress by 

scavenging free radicals. However, resveratrol has been shown to increase 

translation of several neuroprotective genes that participate in a plethora of 

different biochemical pathways (Lopez, Dempsey, and Vemuganti 2015; G. Wang 

et al. 2015; Bastianetto, Ménard, and Quirion 2015; Z. Li et al. 2012; C. Li et al. 

2010). Therefore, fly2 may enhance translation of a specific gene(s) to protect 

neurotransmission from acute oxidative stress. Thus, we propose that acute 

inhibition of protein translation (in the presence of HL3 containing 25 nM fly2 and 

2.25 mM H2O2) will significantly reduce fly2's ability to protect neurotransmission 

from acute oxidative stress. Cyclohexamide has been shown to acutely inhibit 

protein translation in Drosophila (Bendena et al. 1989; Marcos et al. 1982). As a 

result, we hypothesize that adding cyclohexamide (to acutely inhibit protein 

translation) to the larval NMJ will significantly reduce the amount of time until 

synaptic failure is reached in the presence of HL3 containing 25 nM fly2 and 2.25 

mM H2O2, when compared to preparations only treated with HL3 containing 25 nM 

fly2 and 2.25 mM H2O2. This result would suggest that fly2 modifies translation of 

specific gene(s) to protect neurotransmission from acute oxidative stress. This 

result would be transformative in that it would identify the first drug that acutely 

manipulates gene expression to protect synaptic function from acute stress.  

 Alternatively, if cyclohexamide fails to inhibit fly2's ability to protect 

neurotransmission from acute stress it would suggest that fly2 does not acutely 

modify protein translation to protect neurotransmission from acute oxidative stress. 

This negative result would present the unique possibility that fly2 is inhibiting K+ 
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channel conductance to increase neurotransmission's tolerance for acute oxidative 

stress. Data from this dissertation and previously published work from our lab 

strongly suggests that inhibiting K+ channel conductance increases 

neurotransmission's tolerance for acute oxidative stress (Figures 8, 11-13) (S. L. 

Caplan, Milton, and Dawson-Scully 2013). Thus, we hypothesize that increasing 

K+ channel conductance with DCA will reduce fly2's ability to protect 

neurotransmission from acute stress (E D Michelakis et al. 2002; Evangelos D 

Michelakis et al. 2003; Bonnet et al. 2007; K. Dawson-Scully et al. 2010). This 

result would present the possibility that fly2 is inhibiting K+ channel conductance to 

increase neurotransmission's tolerance for acute oxidative stress. Conversely, 

activating K+ channel conductance (in the presence of HL3 containing 25 nM fly2 

and 2.25 mM H2O2) may not reduce fly2's ability to protect neurotransmission from 

acute oxidative stress; suggesting that fly2 functions independently of K+ channel 

conductance to protect neurotransmission from acute oxidative stress. This result 

would imply that fly2 functions independently of K+ channel conductance to 

modulate neurotransmission's tolerance for acute oxidative stress, implying that 

fly2 does not protect neurotransmission by reducing the K+ current. Specifically pin 

pointing the mechanism fly2 functions through to protect neurotransmission from 

acute oxidative stress may provide valuable insight into how cells can be protected 

from acute oxidative stress in vivo. However, there are many plausible 

mechanisms fly2 could be functioning through to protect an essential cellular 

process (neurotransmission) from H2O2-induced oxidative stress.  
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 A number of methods have been developed to detect the production of free 

radicals in biological tissue samples (Sanchez-Moreno 2002; Forman et al. 2015; 

Zweier and Kuppusamy 1988; Dormandy 1980). It would be interesting to 

determine whether or not fly2 and resveratrol reduce the amount of free radicals 

in NMJ tissue treated with 2.25 mM H2O2 during the synaptic transmission protocol 

outlined in this dissertation. Alternatively, fly2 and resveratrol may be protecting 

neurotransmission from oxidative stress by modulating Ca2+ influx since Ca2+ influx 

is used as a marker for synaptic transmission (K Dawson-Scully et al. 2007). To 

determine how fly2 and resveratrol protect neurotransmission from H2O2-induced 

stress it may be useful to quantify Ca2+ influx (in pre-synaptic nerve terminals) 

during synaptic transmission (In the absence and presence of H2O2). Our lab 

previously quantified pre-synaptic Ca2+ influx at the larval NMJ in response to heat-

induced stress using the fluorescent Ca2+ reporter GCaMP 3.0 (L. Tian et al. 2009; 

Krill and Dawson-Scully 2016). Utilizing a similar protocol may provide insight into 

whether or not resveratrol and fly2 protect neurotransmission from H2O2 by 

modulating intracellular Ca2+ signals during stimulus-induced neurotransmission.  

 The chemical structures of fly1, fly2, and fly3 are very similar (Figure 16), 

but have dramatically different effects on protecting neurotransmission from acute 

oxidative stress (Figure 15). Despite this knowledge, the specific chemical 

modification fly2 functions through to protect neurotransmission from acute 

oxidative stress remains elusive. Future research into whether or not fly2 passes 

through the blood brain barrier (BBB) in mammalian models will provide insight 

into whether or not fly2 can be developed into an effective neuroprotective drug in 
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humans. The structure of fly2 is very small (around 400 Daltons) and highly 

hydrophilic (forms several hydrogen bonds) (Figure 16). As a result, fly2 most likely 

will pass through the BBB in mammals (Pardridge 2012). Developing fly2 as a 

novel neuroprotective drug may serve as a means to prevent synaptic transmission 

failure and neural death associated with free radical generation. Very few effective 

neuroprotective drugs have been developed to treat the detrimental effects of free 

radical generation, which is triggered by strokes, heart attacks, and O2 deprivation 

(Fisher 2011). Therefore, developing fly2 as a neuroprotective treatment may 

provide an effective means to protect cells and brain function during strokes, heart 

attacks, brain swelling, and other neurological stresses, which normally induce 

cellular damage. Taken together, the results from this chapter have identified 

resveratrol and fly2 (a novel resveratrol analog) as novel drugs that protect 

synaptic function (neurotransmission) from acute H2O2-induced oxidative stress.  
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Figure 14. Chemical structure of resveratrol. 

Resveratrol is composed of conjugated aromatic rings 

bonded to alcohol (-OH) groups. The hydrogens on the 

alcohol groups indicated by the blue arrows have a 

partial positive charge.  
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Figure 15. A novel resveratrol analog (fly2) possesses 

stronger neuroprotective effects (25 nM), when compared 

to a similar dosage of resveratrol (25 nM). A). We find that 

wild-type preparations treated with HL3 containing 2.25 mM 

H2O2 and 25 nM fly2 (second bar from far right) and wild-type 

preparations treated with HL3 containing 2.25 mM H2O2 and 25 

nM resveratrol (third bar from far left) take slightly longer to 

reach synaptic failure, when compared to wild-type control 

preparations treated with HL3 containing 2.25 mM H2O2 (second 

bar from far left) (P>0.01). A One Way ANOVA with a Holm-

Sidak post hoc test was used to determine statistically 

significant differences between means. The bar graph is 

displayed as mean ± s.e.m., n=4-19 preparations per group. The 

highest mean is denoted as A and a statistically significant 

difference (P<0.05) is indicated by different letters on the 

different bars in the graph, with the second highest mean 

denoted as B.  
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Fly 1 Fly 2 Fly 3

Figure 16. Chemical structure of resveratrol analogs. The chemical 

structures of fly1 below the label (Fly1), fly2 below the label (Fly2), and fly3 

below the label (Fly3). The chemical structure of fly2 is identical to fly3 with 

the exception that fly3 has a carbohydrate group containing silicon attached 

to the end of the carboxylic acid group present in fly2. Fly1 differs from fly2 in 

that it possesses a large carbohydrate group attached to the carbon adjacent 

to the carbon where the carboxylic acid group is present in fly2 and fly1.  
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Figure 17. A resveratrol-like compound (fly2) increases neurotransmission's 

tolerance to acute oxidative stress. A). Wild-type preparations treated with HL3 

containing 2.25 mM H2O2 and 1 nM fly2 (far right bar) and wild-type preparations treated 

with HL3 containing 2.25 mM H2O2 and 0.5 nM fly2 (second bar from far right) take 

significantly longer to reach synaptic failure, when compared to wild-type control larvae 

treated with HL3 saline containing 2.25 mM H2O2 (second bar from far left) (P<0.01). 

Additionally, wild-type preparations treated with HL3 containing 2.25 mM H2O2 and 1 nM 

fly2 (bar on far right) and wild-type preparations treated with HL3 containing 2.25 mM H2O2 

and 0.5 nM fly2 (second bar from far right) take a significantly longer duration of time to 

reach synaptic failure, when directly compared to preparations treated with HL3 containing 

2.25 mM H2O2 and 1 nM resveratrol (third bar from far left) (P<0.05). A One Way ANOVA 

with a Holm-Sidak post hoc test was used to determine statistically significant differences 

between means. The bar graph is displayed as mean ± s.e.m., n=6-10 preparations per 

group. The highest mean is denoted as A and a statistically significant difference (P<0.05) 

is indicated by different letters on the different bars in the graph, with the second highest 

mean denoted as B. B). Line graph of EJP amplitude decline (utilizing the same larvae 

from panel A) in mV until stimulus-induced synaptic failure is reached. The line graph is 

plotted as individual time points until synaptic failure is reached. The individual time points 

are plotted as mean ± s.e.m.  
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Figure 18. Dose response curve of fly2 compared to resveratrol. 

Comparison of resveratrol and fly2 at protecting neurotransmission 

from acute oxidative stress at different drug dosages. Fly2 

dramatically increases the amount of time it takes to reach synaptic 

failure in the presence HL3 containing 2.25 mM H2O2 at the 25 nM, 

5nM, 1 nM, and 500 pM dosages. In contrast, resveratrol does not 

dramatically increase the amount of time it takes to reach synaptic 

failure at any dosage (in the presence of HL3 containing 2.25 mM 

H2O2). n= 6-21 preparations per group.  The dose response curve is 

presented as the mean time to synaptic failure (in minutes) of 

resveratrol and fly2 at the 0.1 nM, 0.5 nM, 1 nM , 5 nM, and 25 nM 

dosages in the presence of HL3 saline containing 2.25 mM H2O2. 

Data points for individual drug dosages are plotted as mean ± S.E.M.  
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Figure 19. EC50 determination of fly2's and resveratrol's 

potency. The log of the same concentrations plotted in figure 18 

are plotted on the x axis. The y axis is the percentage of the 

maximum time until synaptic failure is reached utilizing each 

respective drug (utilizing the same preparations treated with a 

specific dosage of a specific drug shown in figure 18). From this 

graph we determined that the EC50 of fly2 is »0.21 nM. n=6-21 

preparations per drug dosage (of fly2 and resveratrol). The data 

points are presented as mean ± S.E.M. Over 100% of the % 

maximal response can be obtained at specific dosages of fly2 

because certain preparations treated with HL3 containing 2.25 

mM H2O2 and higher dosages of fly2 (5 nM, 25 nM fly2) lasted 

much longer than control preparations that were treated with HL3 

saline.  
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Fly2A Fly2B 

Figure 20. Chemical structures of fly2 analogs tested. Fly2B (right) possesses 

an almost identical chemical structure when compared to fly2. The main difference 

between the chemical structures of fly2 and fly2B would be that fly2B possesses 

the same acetyl groups, but those acetyl groups are located in different positions 

on fly2B's bicyclic ring, when compared to fly2. Fly2A (left) possesses an almost 

identical chemical structure when compared to fly2B. The main difference 

between fly2B and fly2A would be that fly2A does not possess the two acetyl 

groups fly2B and fly2 possess. 
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Figure 21. Rearranging fly2's neuroprotective acetyl groups 

increases fly2's neuroprotective properties. Preparation treated 

with HL3 containing 2.25 mM H2O2 and 0.1 nM Fly2B (third bar from 

far right) take significantly longer to reach synaptic failure, when 

compared to preparations treated with HL3 containing 2.25 mM H2O2 

and 0.1 nM Fly2 (third bar from far left) or control preparations treated 

with HL3 containing 2.25 mM H2O2 (second bar from far left) (P<0.05), 

n= 7-20 preparations per group. A One Way ANOVA with a Holm-Sidak 

post hoc test was used to determine statistically significant differences 

between means. The bar graph is displayed as mean ± s.e.m. The 

highest mean is denoted as A and a statistically significant difference 

(P<0.05) is indicated by different letters on the different bars in the 

graph, with the second highest mean denoted as B and the third 

highest mean denoted as C.  
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Figure 22. Low dosages of resveratrol and fly2 do not significantly affect the 

characteristic properties of the EJP in the presence of 2.25 mM H2O2. The curved black 

lines are the representative EJPs from wild-type larvae (in HL3 saline) one minute before the 

recording bath was replaced with HL3 containing 2.25 mM H2O2 and a specific dosage of a 

specific drug. The EJPs from the same larvae are over laid on top of one another where the 

black EJPs are the representative EJPs in HL3 alone and the red lines are the EJPs that have 

been treated with HL3 containing a specific dosage of a drug and 2.25 mM H2O2. The top curved 

red line is the representative EJP from wild-type larvae ten minutes after the recording bath has 

been replaced with HL3 containing 2.25 mM H2O2 and 1 nM resveratrol. The middle curved red 

line is the representative EJP ten minutes after the recording bath was replaced with HL3 

containing 2.25 mM H2O2 and 1 nM fly2. The bottom curved red line is the representative EJP 

ten minutes after the recording bath was replaced with HL3 containing 2.25 mM H2O2 and 500 

pM fly2.  
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Figure 23. Low dosages of resveratrol and fly2 do not significantly affect the 

characteristic properties of the EJP in the absence of 2.25 mM H2O2. The curved black 

lines are the respective representative EJPs from wild-type larvae (in HL3 saline) one minute 

before the recording bath was replaced with HL3 containing a specific dosage of a specific 

drug (without H2O2). The EJPs from the same larvae are over laid on top of one another where 

the black EJPs are the representative EJPs in HL3 alone and the red lines are the EJPs that 

have been treated with HL3 containing a specific dosage of a drug. The top curved red line is 

the representative EJP from wild-type larvae ten minutes after the recording bath was replaced 

with HL3 containing 1 nM resveratrol (without H2O2). The middle curved red line is the 

representative EJP ten minutes after the recording bath was replaced with HL3 containing 1 

nM fly2 (without H2O2). The bottom curved red line is the representative EJP ten minutes after 

the recording bath was replaced with HL3 containing 500 pM fly2 (without H2O2).  
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CHAPTER 4. ROLE OF PSEUDOPTEROSIN A ISO D ISOMER IN 

PROTECTING SYNAPTIC FUNCTION

Introduction 

 Our lab has determined that the PKG pathway, BK K+ channels, and 

resveratrol-like compounds protect neurotransmission from acute oxidative stress 

(S. L. Caplan, Milton, and Dawson-Scully 2013). Additionally our lab has shown 

that Pseudopterosin A (PsA), a marine chemical produced by the soft coral, 

Pseudopterogorgia elisabethae, protects neurotransmission from acute NaN3-

induced stress (Stacee Lee Caplan et al. 2016; S Look et al. 1986; Fenical 1987; 

Sally a. Look et al. 1986; Vassilios et al. 1990). Intriguingly, pseudopterosins have 

been shown to be effective drugs for treating human medical conditions, including 

pain, cancer, inflammation, wounds, bacterial infections, viral infections malarial 

infections, and tuberculosis in both in vivo and in vitro studies (S Look et al. 1986; 

Sally a. Look et al. 1986; Dayan, Grove, and Sivalenka 2009;  a M. Mayer et al. 

1998; Correa et al. 2009; Ata et al. 2003; Montesinos et al. 1997; A. M. S. Mayer 

et al. 2010; Ata et al. 2004; Correa et al. 2011; Rodríguez et al. 2004; Fenical 1987; 

Vassilios et al. 1990).  

 This implies that pseudopterosins confer numerous biological benefits, 

possibly by modulating activity of several different biochemical signaling pathways. 

The previous study from our lab determined that PsA protects neurotransmission 

from both NaN3 and H2O2-induced oxidative stress, suggesting that PsA 
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represents a novel neuromodulator in the presence of acute stress (Stacee Lee 

Caplan et al. 2016). This study also showed that PsA was able to pass the BBB in 

rodents, suggesting that a mixture of PsA isomers could be developed into a novel 

neuromodulator that exerts potent neuroprotective effects within the human brain 

(Stacee Lee Caplan et al. 2016).  

Materials and Methods 

 The only differences between the methods utilized in chapter 2 and chapter 

4 of this dissertation would be that a different drug, electrode resistance, fly line, 

solvent to dissolve the drug in, and acute stressor were utilized. In chapter 4 of this 

dissertation previously published wandering L3 Canton-S larvae were the only 

larvae utilized (Stacee Lee Caplan et al. 2016). The Canton-S flies were a gift from 

Dr. Stacee Caplan. Additionally, the Iso D isomer of PsA was the only drug that 

was utilized in this chapter. The Iso D isomer of PsA was dissolved in DMSO 

instead of ddH2O unlike chapters 2 and 3 of this dissertation. The Iso D isomer of 

PsA was a gift from Dr. Lyndon West's lab. Finally, 75 µM NaN3 was used as the 

acute stressor to reduce time until synaptic failure instead of 2.25 mM H2O2 

because our lab has shown that 75 µM NaN3 reduces time until synaptic failure is 

reached (Stacee Lee Caplan et al. 2016). NaN3 and DMSO were purchased from 

Sigma Aldrich Inc. Finally, a 40 mW electrode was used instead of a 60-90 mW 

electrode unlike chapters 2 and 3 of this dissertation.  

Acknowledged Contributions 

 All data, statistics, and figures utilized in chapter 4 were provided by the 

author of this dissertation.  
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Results 

  Our lab finds that a mixture of PsA isoforms protects neurotransmission 

from NaN3-induced anoxic stress (Stacee Lee Caplan et al. 2016). NaN3 induces 

acute anoxic stress by inhibiting ATP production, superoxide dismutase, and 

cytochrome c oxidase (Bennett et al. 1996; Noumi, Maeda, and Futai 1987; Misra 

and Fridovich 1978). Consequently, we hypothesized that the Iso D isomer of PsA 

(included in our lab's original published mixture of PsA (Stacee Lee Caplan et al. 

2016)) would protect neurotransmission from acute NaN3-induced anoxic stress. 

To test our hypothesis, we measured the effectiveness of PsA's Iso D isomer in 

protecting synaptic transmission from NaN3-induced stress. We utilized the same 

synaptic transmission protocol described in chapter 2 of this dissertation; the main 

difference being that we added 75 µM NaN3 as the stressor instead of H2O2.  

 We find that the Iso D isoform of PsA does not increase synaptic 

transmission's tolerance to NaN3 (P=0.27) (Figure 24 A,B), suggesting that the Iso 

D isoform of PsA does not protect neurotransmission from NaN3-induced stress. 

Additionally, we find that the Iso D isomer of PsA does not affect any of the 

characteristic properties of the EJP in the presence of 75 µM NaN3 (Figure 25). 

This negative result suggests that the Iso D isomer of PsA does not protect 

neurotransmission from acute NaN3 exposure. Our lab has tested all the isomers 

of PsA and their effectiveness in protecting neurotransmission from NaN3 

exposure. However, through this dissertation we find that the Iso D isomer of PsA 

does not protect synaptic transmission from acute NaN3-induced stress.  
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Discussion 

 The results from this chapter show that another isomer(s) of PsA protects 

synaptic transmission from acute NaN3 exposure given that our lab has shown that 

a PsA mixture protects neurotransmission from NaN3 (Stacee Lee Caplan et al. 

2016). Pin pointing the specific isomers of PsA that protect against acute stressors, 

such as NaN3, H2O2, and anoxia may provide further insight into PsA's 

neuroprotective mechanism of action. Determining how a PsA isoform mixture 

protects neurotransmission from acute stress requires further investigation. One 

possibility is that acute PsA exposure (with the published cocktail of isomers 

(Stacee Lee Caplan et al. 2016)) enhances translation of specific neuroprotective 

gene(s) to protect neurotransmission from NaN3 and H2O2 exposure. Consistent 

with this notion, preliminary findings suggest that pseudopterosins do not confer 

cell protection by scavenging negatively charged free radicals (Mydlarz and 

Jacobs 2004). This would imply that a PsA mixture does not protect 

neurotransmission from acute stress by scavenging free radicals. Pseudopterosins 

have been proposed to modulate cell membrane receptors, including G protein 

coupled receptors (GPCRs) (Mydlarz and Jacobs 2004; Moya and Jacobs 2006); 

suggesting that specific isomers of PsA may activate a single or multiple GPCRs 

to protect neurotransmission from acute stress. One GPCR that has been shown 

to modify neurotransmission at the Drosophila NMJ is CCKLR-17D1 (X. Chen and 

Ganetzky 2012). Loss-of-function mutants for CCKLR-17D1 (which encodes 

CCKLR-17D1) have reduced EJP amplitudes (at the fly NMJ), suggesting that 

CCKLR-17D1 modulates neurotransmission (X. Chen and Ganetzky 2012). Thus, 
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it is possible that specific isomers of PsA activate GPCR(s) (for example CCKLR-

17D1) to protect neurotransmission from acute stress elicited by NaN3 and H2O2 

exposure. Future work identifying which specific GPCRs are modulated in a PsA-

dependent manner may help elucidate how a PsA mixture protects 

neurotransmission from acute stress.  
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Figure 24. The Iso D isomer of PsA does not protect neurotransmission from NaN3-

induced stress. A). Wild-type preparations (Canton-S) treated with HL3 containing 75 µM 

NaN3 and a 5µM dosage of the Iso D isomer of PsA (bar on right) take the same amount 

of time to reach synaptic failure, when directly compared to wild-type control preparations 

treated with HL3 containing 75 µM NaN3 (bar on left) (P=0.27). A two-tailed student's t test 

was used to compare the differences between means. The vertical bar chart is presented 

as mean ± s.e.m., n= 4-5 preps per group. The highest mean is denoted as A and a 

statistically significant difference (P<0.05) is indicated by different letters on the different 

bars in the graph. B). The line graph displays the gradual decline in EJP amplitude (in mV) 

until synaptic failure is reached in wild-type (Canton-S) preparations treated with HL3 

containing 75 µM NaN3 and wild-type preparations treated with HL3 containing 75 µM 

NaN3 and a 5 µM dosage of the Iso D isomer of PsA.  
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Figure 25. The Iso D isomer of PsA does affect the characteristic properties of the EJP (in 

wild-type larvae) during NaN3 exposure. A). The curved black line (top) is a representative EJP 

from wild-type (Canton-S) larvae (in HL3 saline) one minute before the recording bath was 

switched out. The curved red line (top) is a representative EJP from the same wild-type larvae 

(from the top black EJP) ten minutes after the recording was replaced with HL3 containing 75 

µM. B). The curved black line (bottom) is a representative EJP from wild-type larvae (Canton-S) 

one minute before the recording bath was switched out. The curved red line (bottom) is a 

representative EJP (from the same wild-type larvae in HL3 saline or the bottom black 

representative EJP) ten minutes after the recording bath was replaced with HL3 containing 75 

µM and a 5 µM dosage of the Iso D isomer of PsA.  
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CHAPTER 5. CONCLUSION

 This dissertation provides evidence supporting previously published 

findings, suggesting that K+ channel conductance strongly modulates 

neurotransmission's tolerance for acute stress (Money et al. 2009; Armstrong et 

al. 2011; Rodgers, Armstrong, and Robertson 2010; Robertson 2004; S. L. Caplan, 

Milton, and Dawson-Scully 2013). We find that inhibiting or genetically eliminating 

a portion of K+ channel conductance (encoded by BK channels) increases synaptic 

transmission's resistance to acute oxidative stress. In other words, data from this 

dissertation implies that only inhibiting a small portion of BK channel mediated K+ 

channel conductance can dramatically increase neurotransmission's tolerance to 

acute stress. Additionally, we find that acutely activating K+ channel conductance 

in BK channel mutants (Slo4 mutants that are more tolerant to acute oxidative 

stress) significantly reduces synaptic transmission's tolerance to acute oxidative 

stress. This implies that overall K+ channel conductance (not only BK K+ channels) 

modulates neurotransmission's tolerance for acute oxidative stress. Future work 

determining why reduced K+ channel conductance prevents synaptic transmission 

failure during acute stress may provide insight into how the brain shuts down 

during stressful conditions.  

 Previous work from our lab has shown that inhibiting the PKG pathway 

protects neurotransmission from acute stress by modulating downstream K+ 

channel conductance (S. L. Caplan, Milton, and Dawson-Scully 2013). This 
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dissertation expanded upon these results by determining that PKG and BK 

channels at least partially act through independent cellular mechanisms to 

modulate synaptic transmission's tolerance for acute oxidative stress. This 

suggests that PKG does not act through downstream BK channels to protect 

synaptic transmission from acute oxidative stress. Activation of the PKG pathway 

protects Drosophila from acute anoxic stress implying that the PKG pathway and 

BK channels may protect cells from anoxic stress through independent cellular 

processes (K. Dawson-Scully et al. 2010; Wingrove and O’Farrell 1999). 

Interestingly, BK channels have been shown to play a well-defined role in 

protecting cells from acute stress (Liao et al. 2010; M. Chen et al. 2013; McFerrin 

et al. 2012; Ma et al. 2012, 2010; Han et al. 2008; Bentzen et al. 2014). Despite 

this knowledge, the precise role BK channels play in protecting cells from acute 

stress remains unclear. One recent study provided data, suggesting that lack of 

BK channels makes mice more susceptible to stroke-induced death and brain 

damage (Liao et al. 2010). This suggests that lack of BK channel conductance 

makes animals more prone to acute stress (Liao et al. 2010). These findings 

should be interpreted in the context that the authors utilized a global knock out of 

BK channels (elimination of BK channels in the entire mouse) (Liao et al. 2010). 

Consequently, knocking out BK channels in specific neuronal tissues may not 

increase stroke-induced cellular damage (Liao et al. 2010). Additionally, this BK 

channel knock out mouse line eliminated BK channels throughout development 

(Liao et al. 2010). This implies that the results the authors obtained (implicating BK 

channels in stroke-induced cellular damage) may only be attributable to the 
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developmental modifications that occur in response to eliminating BK channels 

throughout development (Liao et al. 2010). Moreover, a conflicting study was 

recently published indicating that pharmacological inhibition of BK conductance 

protects rodents from stroke-induced cellular damage (M. Chen et al. 2013). This 

study also provided data, suggesting that acute activation of BK channel 

conductance increases stroke-induced cellular damage (M. Chen et al. 2013). 

Thus, the results from this study are in line with the results from this dissertation, 

suggesting that acute inhibition of BK channel conductance protects essential 

cellular processes (example given neurotransmission) from acute stress (M. Chen 

et al. 2013). Furthermore, defining the role BK channels play in protecting cells 

from acute stress may provide valuable insight into how BK channel blockers can 

be fine-tuned to protect human cells. 

 This dissertation provides evidence implying that a low dosage of 

resveratrol (25 nM) protects neurotransmission from acute oxidative stress. This is 

in line with resveratrol's well-defined role as a neuroprotective agent (Lopez, 

Dempsey, and Vemuganti 2015; Bastianetto, Ménard, and Quirion 2015; C. Li et 

al. 2010; Z. Li et al. 2012). However, the precise mechanism resveratrol may be 

acting through to increase synaptic transmission's tolerance to H2O2-induced 

oxidative stress remains elusive. Resveratrol has been shown to be an antioxidant 

and a free radical scavenging drug (Hussein 2011; Shang et al. 2009). This 

presents the unique possibility that resveratrol is protecting neurotransmission 

from damaging free radicals generated by H2O2 exposure. Resveratrol has also 

been shown to elicit its neuroprotective effects by increasing expression of 
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numerous proteins including sirtuins and adenylate monophosphate (AMP) kinase 

(Lopez, Dempsey, and Vemuganti 2015; Wood et al. 2004; G. Wang et al. 2015). 

This presents another unique possibility, suggesting that resveratrol may protect 

synaptic transmission from acute oxidative stress by increasing expression of 

different neuroprotective gene(s) in response to H2O2 exposure. Elucidating the 

mechanism resveratrol is functioning through to protect neurotransmission from 

acute oxidative stress may provide insight into how resveratrol protects cellular 

functions (example given neurotransmission) from acute stress.  

 In addition to identifying resveratrol as a novel compound that protects 

neurotransmission from acute oxidative stress this dissertation also identified a 

novel resveratrol analog (fly2) that protects neurotransmission from acute stress. 

Unlike resveratrol we hypothesize that fly2 is protecting neurotransmission from 

the deleterious effects of H2O2-induced oxidative stress by increasing expression 

of specific neuroprotective gene(s). The reason we hypothesize this is that the 

structure of fly2 lacks the free radical scavenging alcohol groups resveratrol 

possesses, but contains a similar hydrocarbon back bone, which is very similar to 

resveratrol's (Figures 14,16) (Hussein 2011; Shang et al. 2009). Therefore, 

determining the changes in gene expression acute fly2 exposure induces may 

provide extremely valuable insight into its neuroprotective mechanism of action.  

Additionally, fly2 is small enough that it most likely will pass through the human 

BBB, thereby presenting the possibility that fly2 could be developed into a very 

effective neuroprotective drug (Pardridge 2012). Further characterization of fly2 as 

a neuroprotective compound utilizing biological assays may prove transformative 
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in understanding the structural chemistry behind developing effective 

neuroprotective drugs.  

 Taken together, this dissertation has identified and characterized multiple 

drugs (fly 2, iberiotoxin, resveratrol) and a highly conserved gene (slo) that play a 

pivotal role in protecting an essential cellular process (neurotransmission) from 

acute oxidative stress. Interestingly, very few if any neuroprotective drugs have 

been developed that actually protect patients from stroke-induced brain damage 

(Fisher 2011). Therefore, identifying novel neuroprotective drugs utilizing a new 

approach (protecting neurotransmission from acute stress) may prove 

transformative in developing neuroprotective drugs (fly2, iberiotoxin) that 

effectively protect human cells from stroke-induced stress.  
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