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ABSTRACT 

 Dual transmission, or the ability of a neuron to signal with more than one 
neurotransmitter, is now a well-established phenomenon in the field of neuroscience. 
However, many questions about this type of signaling process still remain with regards to 
its mechanisms and its impacts on neural circuitry and organism behavior. In particular, 
the mode of neurotransmitter release from synaptic vesicles can have significant 
profoundly affects elements on neural circuitry and, subsequently, on behaviors of an 
organism. In Drosophila melanogaster, a particular subset of neurons important for the 
behaviors of courtship and aggression signal with the neuromodulator octopamine and 
the excitatory neurotransmitter glutamate. Whether these two neurotransmitters are 
released simultaneously (co-release) or are housed for separate synaptic release (co-
transmission) is unknown. The mechanism of release for these neurotransmitters in this 
population of neurons is investigated here through the development of synaptic vesicle 
visualization tools, synaptic vesicle isolation, and an examination of the expression of 
octopamine and glutamate receptors; I explored the hypothesis that receptor expression 
downstream of dual transmitting neurons will provide information about the co-release or 
co-transmission of octopamine and glutamate. Results from these experiments 
demonstrated release of octopamine and glutamate from the same synaptic site, with 
some variation, and a significant amount of presynaptic receptor expression. The results 
indicate these dual transmission neurons may release octopamine and glutamate at the 
same synapse for both post-synaptic signaling as well as pre-synaptic signal modulation. 
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CHAPTER ONE 

INTRODUCTION 

Dual Transmission 

 Since the first proposal of its existence in 1976, dual neuro-transmission, or the 

ability of a neuron to package and release multiple neurotransmitters, neuropeptides, or 

neuromodulators, has been well established as a widely occurring phenomenon in 

invertebrates and vertebrates (Aguilar et al., 2017; Borisovska, Bensen, Chong, & 

Westbrook, 2013; Burnstock, 1976; El Mestikawy, Wallen-Mackenzie, Fortin, 

Descarries, & Trudeau, 2011; Fattorini, Antonucci, Menna, Matteoli, & Conti, 2015; 

Hnasko et al., 2010; Hnasko & Edwards, 2012; Jonas, Bischofberger, & Sandkuhler, 

1998; S. Lee, Kim, & Zhou, 2010; Mintz & Scott, 2006; Nassel, 2018; Ottem, Godwin, 

Krishnan, & Petersen, 2004; Seal & Edwards, 2006; Trudeau & El Mestikawy, 2018; 

Zander et al., 2010). Prior to this research, neurons were defined by the neurotransmitter 

they were known to release, a doctrine known as Dale’s Principle. Originally proposed by 

Eccles’ interpretation of Dale’s work (Eccles, Fatt, & Koketsu, 1954), the principle that 

one neuron releases one type of neurotransmitter has been a belief in neuroanatomical 

circuitry since its inception.  

 Some of the first experiments in dual transmission demonstrated neuropeptides 

and small molecules being transmitted with neurotransmitters or other neuropeptides, 

such as ATP and acetylcholine (Ach) in the electric organ of Torpedo californica 

(Whittaker, Dowdall, & Boyne, 1972). Researchers soon discovered, however, that 
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multiple neurotransmitters, such as glycine and γ-aminobutyric acid (GABA), can be 

released together at a synapse (Jonas et al., 1998). Since these early discoveries, studies 

investigating dual transmission neurons examine the identification of the transmitted 

molecules, the regulation, packaging, and release mechanisms of the individual 

neurotransmitters as they co-exist in neurons, and the behavioral effects of dual 

transmission (Filippi, Mueller, & Driever, 2014; Gras et al., 2008; Hnasko et al., 2010; 

Mintz & Scott, 2006; Samano, Cifuentes, & Morales, 2012).  

Each of these facets of dual transmission can affect the overall circuitry output of 

neurons and, with efficient tools, can be manipulated to study behavior in these 

organisms. In particular, the release mechanism of dual transmission, which involves how 

and where each neurotransmitter is being released by a single neuron, provides integral 

information as to how neurotransmitters are packaged and the profound impacts on the 

function of these circuits. Two release mechanisms, termed co-release and co-

transmission have been experimentally demonstrated in a variety of  

 
Figure 1.1. Co-release vs. Co-transmission. Reprinted from Current opinion in 
neurobiology, Vol. 29. Vaaga, C. E., Borisovska, M., & Westbrook, G. L. Dual-
transmitter neurons: Functional implications of co-release and co-transmission, pp. 25-32. 
(2014), with permission from Elsevier. License no. 4762030690361. 
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model organisms (Fig.1). 

Co-Release 

 Co-release refers to the packaging of two neurotransmitters or neuropeptides into 

the same synaptic vesicle and released in response to an action potential (Fig.1A) (Jonas 

et al., 1998; Tritsch, Granger, & Sabatini, 2016). The filling of substrates in synaptic 

vesicles depends on both a chemical gradient (∆pH) and membrane potential (∆ψ) 

(Hnasko et al., 2010; Hnasko & Edwards, 2012). Together, these two energies comprise 

the H+ electrochemical gradient (∆𝜇H!), which is produced by the vacuolar-type H+-

ATPase (vATPase) (vGlut for glutamate, vMAT for monoamines, vAChT for 

acetylcholine, vGAT for GABA). These vesicular transporter H+ pumps use ATP 

hydrolysis to drive proton transport into synaptic vesicles (Forgac, 2007), changing both 

∆pH and ∆ψ inside the synaptic vesicle. Depending on the stoichiometry of H+ coupling 

and the charge of the substrate being transported into the vesicle, different substrates (in 

this case, neurotransmitters) have different transport activities and may depend more 

heavily on either ∆pH or ∆ψ for loading (Hnasko et al., 2010; Hnasko & Edwards, 2012). 

 For example, vAChT and vMAT both exchange two luminal H+ for one charged 

neurotransmitter molecule, which results in more movement of H+ than charge, 

indicating a favorable dependence on the ∆pH for vesicle loading of acetylcholine and 

monoamines, respectively (Hnasko & Edwards, 2012). vGlut, by contrast, loads the 

anionic neurotransmitter glutamate into vesicles, dissipating the ∆ψ, thereby promoting 

the vATPase to pump more H+ to produce a greater ∆pH, a phenomenon that is also 

accomplished with Cl" (Hnasko et al., 2010; Hnasko & Edwards, 2012). Glutamate co-
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release can therefore function to promote the loading of other neurotransmitters whose 

vesicular transporters rely more heavily on ∆pH, a phenomenon commonly known as 

vesicular synergy (El Mestikawy et al., 2011; Gras et al., 2008; Hnasko et al., 2010; 

Mintz & Scott, 2006; Munster-Wandowski, Zander, Richter, & Ahnert-Hilger, 2016; 

Trudeau & El Mestikawy, 2018).  

VGlut vesicular synergy influences behavioral functions in addition to 

physiological ones. VGLUT3, the third isoform of VGLUT in the mammalian CNS, is 

not confined to glutamatergic neurons, but is expressed in neurons primarily signaling 

with other neurotransmitters, such as serotonin, GABA, and acetylcholine (Fremeau et 

al., 2002; Gras et al., 2002; Schafer, Varoqui, Defamie, Weihe, & Erickson, 2002). 

Deletions of the VGLUT3 gene produce mice that are completely deaf and have 

infrequent seizures (Seal et al., 2008). A separate study reported VGLUT3 -/- mice 

resulted in decreased serotonergic projections, decreased serotonergic autoreceptor-

mediated transmission, and increased anxiety-related behaviors, for which serotonin has 

an established role (Amilhon et al., 2010). Accordingly, identifying a dual transmission 

neuron as co-releasing can have multiple physiological and functional implications for 

the organism as a whole.  

Co-Transmission 

 Co-transmission, by contrast, defines the process of packaging different 

neurotransmitters into separate synaptic vesicles (Fig. 1B). This allows for the possibility 

of temporal and/or spatial segregation of the release of these neurotransmitters. If the 

synaptic vesicles are located at the same synapse, a temporal regulatory mechanism may 
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control the release of different neurotransmitters. For example, in GABA-ACh dual 

transmitting starburst amacrine cells in the vertebrate retina, differential calcium 

sensitivity was found to regulate the release of GABA or ACh to elicit post-synaptic 

responses in downstream direction-selective ON-OFF ganglion cells. Dual patch-clamp 

recordings demonstrated direction selectivity was controlled via GABA release whereas 

motion sensitivity was controlled via ACh release. Together, these findings provided 

functional evidence that Ach and GABA are released from separate synaptic vesicle 

populations in starburst amacrine cells in a manner consistent with co-transmission 

without spatial segregation (S. Lee et al., 2010).  

 If, however, synaptic transmission is spatially segregated in the same neuron, 

unique information may be signaled to separate post-synaptic targets to coordinate 

various physiological functions. This was demonstrated in the stomatogastric ganglion 

(STG) of the crab Cancer borealis. Here, the modulatory projection neuron (MPN) was 

shown to co-transmit the peptide proctolin and the inhibitory transmitter (GABA) which 

form synaptic connections with stomatogastric ganglion neurons (SGNs) and 

commissural neurons (CNs), respectively. While proctolin activated the SGN network, 

MPN had no proctolin-mediated influence on the CNs, though it did inhibit their motor 

pattern function via GABA release (Blitz & Nusbaum, 1999). This study demonstrated 

how a single neuron used spatial segregation of its co-transmitters to regulate separate 

circuitry. 

 Likewise, cultured periglomerular interneurons co-expressing precursor enzymes 

for both dopamine and GABA evoked fast inhibitory post-synaptic currents (ISPCs) upon 
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stimulation. Slow amperotromic events indicative of dopamine release were also detected 

seconds after stimulation (Borisovska et al., 2013). This disparity in post-synaptic signals 

additionally suggests differential release of the two neurotransmitters in these neurons. 

 By either co-release or co-transmission mechanisms, dual transmission neurons 

are able to encode and signal a variety of information to postsynaptic neurons due to their 

ability to package and release multiple neurotransmitters. The specific mode of release 

supplies additional information on the functional implications of the neurotransmitters/ 

neuropeptides signaled.  

Other factors also play important parts in dual transmission modulation of 

circuitry. Figure 1.2 details the additional complexity of receptor involvement in dual 

transmission signaling. Receptors may be located pre-synaptic (Fig. 1.2b, c), post-

synaptic (Fig. 1.2a), or extra-synaptically (Fig.1.2a number 3). Likewise, signaling 

molecules may function to modulate pre-synaptic release (Fig. 1.2b number 5), 

 

Figure 1.2. Presynaptic Modulation of Dual Transmission. Reprinted from Current 
opinion in neurobiology, Vol. 29. Vaaga, C. E., Borisovska, M., & Westbrook, G. L. 
Dual-transmitter neurons: Functional implications of co-release and co-transmission, pp. 
25-32. (2014), with permission from Elsevier. License no. 4762030690361. 
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effect post-synaptic second messenger signaling cascades or post-synaptic currents (Fig. 

1.2b numbers 4, 1) or even modulate receptors (Fig. 1.2a number 3). 

The location of receptors can provide additional information about the mechanism 

of release in dual transmission neurons. For example, if a neuron releases a fast-acting 

neurotransmitter along with a neuromodulator or monoamine and expresses the receptor 

for the latter, that neuron may potentially signal with the fast-acting neurotransmitter and 

regulate its release pre-synaptically via the neuromodulator (Fig. 1.2B). This was recently 

demonstrated when glutamate excitatory post-synaptic currents (EPSCs) and dopamine 

post-synaptic transients were found to originate from the same optogenetically stimulated 

terminals in the nucleus accumbens shell and were differentially affected by cocaine 

(Adrover, Shin, & Alvarez, 2014). Furthermore, presynaptic dopamine receptors 

modulated the release of dopamine and glutamate, as presynaptic dopamine agonists 

depressed post-synaptic responses, while antagonists fully reversed this depression. 

Interestingly, cocaine depressed the EPSCs but enhanced dopamine transmission 

(Adrover et al., 2014). For this reason, examining receptor expression and localization is 

also critical for understanding the implications of dual neurotransmitter release (see 

Chapter 4). 

 Overall, research has demonstrated individual neurotransmitters in dual 

transmission neurons have specific signaling roles affecting a variety of behaviors and 

thus it is paramount to consider the possibility of multiple neurotransmitter usage when 

investigating neural circuits. Spatially segregated co-transmission is particularly difficult 

to detect and manipulate, requiring powerful visualization tools, genetic manipulation, or 



8 
 

 

electrophysiological assays. D. melanogaster is an excellent model organism in which to 

study dual transmission due to its existing genetic toolbox and potential for further 

genetic tool development. Using novel intersectional genetic techniques, work in the 

Certel and Stowers labs identified a specific subset of neurons with an established role in 

aggressive behavior that dually transmit the neurotransmitters glutamate and octopamine 

(Oct), the invertebrate homolog of norepinephrine. The behavioral effects of these dual 

transmitting neurons were previously described (Sherer et al., 2020) and the mechanism 

of release and receptor properties of these neurons is investigated here. 

Dual Transmission in Drosophila 

 While few studies have investigated functional effects of dual transmission 

circuitry in Drosophila, there are many reports of the co-localization of neuroactive 

compounds in the CNS. Many neuropeptides, in particular, colocalize with other 

neuropeptides as well as neurotransmitters in the fly (Croset, Treiber, & Waddell, 2018; 

Nassel, 2018). For example, neuropeptide F, (NPF) a neuromodulator and homolog of the 

mammalian Neuropeptide Y, co-transmits with a variety of other neuroactive substances 

in Drosophila (Croset et al., 2018; Nassel, 2018). As NPF is involved in the regulation of 

sleep and circadian gene expression (Hamasaka, Suzuki, Hanai, & Ishida, 2010; G. Lee, 

Bahn, & Park, 2006), mating and courtship behavior (Erion, King, Wu, Hogenesch, & 

Sehgal, 2016; Liu et al., 2019), alcohol sensitivity (Wen, Parrish, Xu, Wu, & Shen, 

2005), among others, NPF may have a robust role in co-transmission, with the potential 

for impacting multiple systems. 
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 Recent single cell transcript analyses in Drosophila provides more information on 

single-cell genetic profiles, which is essential in establishing a basis for understanding 

neural connectivity. Drop-seq analysis of dopamine midbrain neurons revealed a vast 

number of different neuropeptides and neurotransmitters, as well as a surprisingly high 

number of neurotransmitters, are co-expressed in single cells (Croset et al., 2018). 

Notably, 40-50% of octopaminergic clusters expressed markers for the glutamate 

vesicular transporter vGlut (Croset et al., 2018). 

Though many studies have examined neuropeptide co-transmission, less is 

understood about multiple small molecule neurotransmission in single neurons. The 

limiting factor in researching this, however, is that the existing genetic methods for 

neurotransmitter manipulation largely rely on the use of transgenes, which are subject to 

position effects resulting from transgenic insertion sites. By contrast, the tools described 

were designed via Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)-mediated genome editing at the endogenous locus of each gene. In addition, 

these tools can simultaneously identify the expression of a neurotransmitter within a 

subset of neurons of interest as well as create a null allele of the gene. This renders the 

ability to phenotype dual neurotransmitter usage and perform functional assays 

manipulating neurotransmitter usage. 

Intersectional Genetic Tools 

The intersectional genetics tools described here, as well as in Sherer et al. (2020), 

allow conditional labeling of subsets of neurons. These tools combine the Gal4 and LexA 

driver systems in Drosophila (del Valle Rodriguez, Didiano, & Desplan, 2011) to 
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identify dual transmission neurons (Fig. 1.3). Briefly, two B3 recombination target sites 

(B3RTs) were CRISPR’d into the endogenous locus of the vGlut gene, flanking essential 

vGlut coding exons, along with a LexA transcription factor downstream of the 3’ B3RT 

(Fig. 1.3A). A Gal4 driver of interest drives the B3 recombinase to excise the DNA in 

vivo between the two B3RTs, creating both a vGlut null allele and a vGlut-LexA driver, 

which allows visualization of the subset of Gal4-driven neurons that express vGlut with 

the presence of a LexAop reporter (Fig. 1.3B). 

With the “B3RT method,” any Gal4 driver of interest can be used to drive both a 

UAS reporter (e.g., GFP) and the B3 recombinase (Fig. 1.4A, green circles). The LexA 

driver created after the B3RT-mediated excision within those neurons will exhibit 

expression expressed if any of the Gal4-driven neurons are glutamatergic.  

                                                    
Figure 1.3 B3RT-vGlut-LexA Schematic. Adapted and reprinted with permission from 
the authors of Sherer et al., 2020. PLoS Genetics. A) Two B3RTs are inserted within the 
5’ and 3’ untranslated regions of the vGlut gene. Before excision, there is no LexA driver 
expression B) After excision by the B3 recombinase, a vGlut loss of function (LOF) 
allele and a vGlut-LexA driver are created C) Control image with B3RT-vGlut/UAS-B3 
crossed to GFP and LexAop reporters, with no Gal4, showing little to no expression of 
the reporters D-D’) Tdc2-Gal4 driving UAS-B3 and UAS-GFP (green) with B3RT-vGlut-
LexA driving LexAop-mCherry (red) expression in a subset of Tdc2-Gal4 driven neurons. 
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These neurons are visualized with a LexAop reporter, such as LexAop-6XmCherry (red) 

(Fig. 1.4B ) and overlap with the  Gal4 expressing neurons (green) will be visualized as 

yellow (Fig. 1.4, 1.5). 

Using these tools, our labs recently identified a subset of Tdc2-expressing neurons 

that also express the vGlut transporter (Fig. 1.5). Tyrosine is converted to  

tyramine (TA) via the Tdc2 enzyme, which is then converted to octopamine (Oct) via 

tyrosine-β-hydroxylase (TβH) (Roeder, 1999). The Tdc2-Gal4 driver thus drives 

expression in TA- and Oct-expressing neurons, which are the invertebrate homologs of 

epinephrine and norepinephrine, respectively (Roeder, 1999, 2005). Using the Tdc2-Gal4 

and B3RT-vGlut-LexA, a subset of in the subesophageal ganglion (SEZ) of the fly were 

seen to co-express Tdc2 and vGlut (Fig. 1.5 B-B’, white arrows), described as 

octopamine-glutamate neurons (OGNs).   

 
Figure 1.4 Intersectional Genetics Summary. A) Gal4 driver of interest drives both the 
GFP reporter and B3 recombinase B) The B3 recombinase creates a LexA driver after 
excision within these neurons and is visualized with the mCherry reporter. 

Octopamine-Glutamate Neurons (OGNs) 

Norepinephrine and epinephrine, or noradrenaline and adrenaline, respectively, are 

neurotransmitters and hormones that comprise the vertebrate adrenergic system. The 

adrenergic system is widely studied in a variety of behavioral and physiological  



12 
 

 

 
Figure 1.5 Intersection Genetics Reveals Co-Expression of Two Neurotransmitters. 
Adapted and reprinted with permission from (Sherer et al., 2020). A) B3RT-vGlut-LexA 
shows no expression without presence of a Gal4 driver B-B’) The Tdc2-Gal4 drives 
expression of the UAS-GFP (green) and UAS-B3, which causes vGlut-LexA>LexAop-
mCherry expression in the glutamatergic subset of Tdc2 neurons (red) 

processes in vertebrates, including metabolism (Ciccarelli, 2016), stress (Snyder & 

Silberman, 2019), and neuropsychiatric diseases (Langer, 2015; Moret & Briley, 2011; 

Sallee, Connor, & Newcorn, 2013). Like norepinephrine, Oct is required for a diverse 

range of behaviors in the fly. Multiple studies demonstrate Oct as a wake-

promoting/arousal signal (Crocker & Sehgal, 2008; Crocker, Shahidullah, Levitan, & 

Sehgal, 2010). Octopamine and its mushroom body receptor, OAMB, have roles in 

associative olfactory learning, as deficits in Oct signaling produce deficits in appetitive 

olfactory learning, while ectopic Oct re-establishes this phenotype (Kim, Lee, Lim, & 

Han, 2013; Schwaerzel et al., 2003).  
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 Oct’s role in courtship and aggression is also well established in the literature 

(Andrews et al., 2014; Certel et al., 2010; Certel, Savella, Schlegel, & Kravitz, 2007; 

Sherer et al., 2020; Watanabe et al., 2017; Yu, Kanai, Demir, Jefferis, & Dickson, 2010; 

Zhou, Rao, & Rao, 2008; Zwarts, Versteven, & Callaerts, 2012). Oct null mutant males 

show significant decreases in aggressive behavior (Baier, Wittek, & Brembs, 2002; Certel 

et al., 2010; Certel et al., 2007; Hoyer et al., 2008), as well as changes in courtship 

behavior directed toward other males (Andrews et al., 2014; Certel et al., 2010; Watanabe 

et al., 2017) and changes in courtship conditioning (Zhou et al., 2012).  

Neurons in the SEZ of male flies are understood to integrate sensory information 

about another male fly through male pheromone-receiving Gr32a gustatory receptor 

neurons to promote aggression and inhibit male-male courtship (Andrews et al., 2014; 

Zhou et al., 2008). In particular, specific sets of Oct neurons in the SEZ have separate for 

roles in aggression (Zhou et al., 2008) and courtship (Certel et al., 2007). Oct/Fruitless 

M+ (FruM+) neurons, which co-express Oct and the male-specific gene fruitless, a 

transcription factor known to influence both courtship and aggression (Demir & Dickson, 

2005; Manoli et al., 2005; Vrontou, Nilsen, Demir, Kravitz, & Dickson, 2006), are 

particularly important in suppressing male-male courtship behaviors (Certel et al., 2010). 

In addition, TβH driven in less than five Oct neurons in the SEZ rescues the aggression 

phenotype produced by the TβH null mutants (Zhou et al., 2008). Overall, the neurons of 

the SEZ, particularly in male flies, are an important neuroanatomical location in the 

behaviors of aggression and courtship in flies. 
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With the discovery of dual octopamine-glutamate neurons (OGNs) in the SEZ, 

then, how does this affect courtship and aggression? Glutamate has been investigated in 

vertebrate aggression (Takahashi & Miczek, 2014; Wang et al., 2011) and has an 

established role in neuropsychiatric disorders (Farber, Newcomer, & Olney, 1998; 

O'Donovan, Sullivan, & McCullumsmith, 2017), though far less is known about its role 

in aggression in Drosophila. Utilizing the genetic tools described here, glutamate 

function, via vGlut, in OGNs can be specifically targeted and knocked down, and 

courtship and aggression assayed.  

In doing this, Sherer et al. (2020) found male lacking vGlut function only in 

OGNs had significantly decreased aggressive behavior, as measured by the number of 

lunges and wing threats, two behaviors commonly measured in male fly aggression 

(Certel & Kravitz, 2012; Certel et al., 2010; Dierick, 2007). In addition, reduced 

glutamate function in OGNs did not affect male-male courtship as measured by unilateral 

wing extensions (UWEs), a behavior associated with the courtship mating song in flies 

(Ejima & Griffith, 2007). These results suggest a novel role for glutamate in OGNs 

separate from octopamine’s role in suppressing male-male courtship from these same 

neurons (Sherer et al., 2020). Given these behavioral results, a number of questions 

remain about the mechanisms of dual transmission from these OGNs. The following 

research goals describe the approaches to answering these questions. 

Research Goals 

 The aforementioned B3RT method provides an accurate transcriptional report of 

the expression individual neurotransmitters, which is efficient for the neurotransmitter 
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identification and physiological manipulation of the neuron’s use of neurotransmitters. In 

order to visualize localization of the vesicular transporter proteins on synaptic vesicles, 

however, tools were needed to conditionally tag the vesicular transporters themselves 

without affecting function. Thus, the first goal of this research was to develop protein 

tags to accurately visualize synaptic vesicles (see Chapters 2 and 3), resulting in an 

original method to create multimerized protein epitope tags for better visualization (see 

Chapter 2). 

 After developing tools to determine and visualize the use of multiple 

neurotransmitters in any given subset of neurons, the mode of release of Oct and 

glutamate in OGNs remained to be delineated. To investigate this, various methods were 

employed. First, attempts were made to over-express epitope-tagged vesicular 

transporters to better visualize their localization within OGN projections. Next, 

biochemical isolation of synaptic vesicles followed by Western Blot analyses were 

performed to determine if tagged vesicular transporters were pulled down together, or 

separately, on synaptic vesicles. Lastly, higher acuity visualization via electron 

microscopy with gold-conjugated secondary antibodies was attempted to visualize 

vesicular transporters for octopamine and glutamate on synaptic vesicles. These three 

methods provided foundational data which, along with behavioral and visualization 

results from Sherer et al. (2020), allowed for preliminary deliberation of the spatial 

distribution of vGlut and vMAT (see Chapter 3). 

 As previously stated, localization of neurotransmitter receptors can provide 

information with regards to the spatial distribution of the release of neurotransmitters 
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(Fig. 1.2). Following previous attempts to determine release mechanisms in OGNs, the 

third focus of this research was to examine pre- and post-synaptic Oct and glutamate 

receptor expression with the hypothesis that receptor localization will provide 

information on the pre-synaptic release of Oct and glutamate. The results from this 

publication suggested a large number of Oct receptors localize pre-synaptically and may 

function as autoreceptors in dual transmission neurons (see Fig. 1.2b). Additionally, 

glutamate receptor GluRIA and Oct receptors were found to co-localize, suggesting they 

may be putative post-synaptic targets from dual transmitting OGNs (see Chapter 4). 

Concluding remarks on these results and discussion of future directions regarding the 

investigation of dual transmission are discussed in Chapter 5. 
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CHAPTER THREE 

DISTINGUISHING CO-RELEASE VS. CO-TRANSMISSION 

Co-Release vs. Co-Transmission Investigation 

 Various methods were employed across a wide range of studies in invertebrates 

and vertebrates investigating the question of co-release versus co-transmission in dual 

transmitting neurons. This chapter describes three ways in which I investigated this topic 

in the dual octopamine (Oct)-glutamate (glut) transmitting neurons (OGNs) described in 

Chapter 1. First, ectopic expression clones were constructed such that they may be paired 

with a Gal4 line of interest to ectopically express a tagged version of either the vesicular 

glutamate transporter (UAS-OLLAS-vGlut) or the vesicular monoamine transporter (UAS-

GFP-vMAT). Secondly, attempts were made to biochemically isolate tagged synaptic 

vesicles (SVs) from whole brain head homogenates in order to examine if vGlut and 

vMAT reside on the same, or separate, SVs. Lastly, electron microscopy (EM) was used 

in an effort to visualize epitope-tagged SVs in adult whole brain slices.  

Over-Expression Clones 

 In an effort to examine the localization of both vMAT and vGlut on the same or 

separate SV, over-expression clones were created such that the tagged vesicular 

transporters can be expressed within neurons of interest using the Gal4/UAS system 

(Caygill & Brand, 2016). Historically, over-expression of vesicular transporters can alter 

the behavior or function of the organism itself. For example, over-expression of DvMAT-



30 
 

 

A in dopaminergic and serotonergic cells can alter sexual behaviors, motor activity, and 

cocaine sensitivity (Chang et al., 2006). Widespread over-expression of vGlut causes 

increased glutamate release, which can lead to excitotoxicity and lethality (Daniels, 

Miller, & DiAntonio, 2011). Increasing vGlut expression can increase SV quantal content 

(Daniels et al., 2004). Notwithstanding potential functional changes, neither tags or nor 

overexpression seemed to alter the trafficking of the vesicular transporters in these cases. 

Furthermore, in dual glutamate/dopamine neurons of the rodent mesoaccumbens fibers 

known to segregate respective SVs at separate synapses, over-expression of VMAT2 did 

not change the segregation of VMAT2 and VGlut2, suggesting highly regulated 

mechanisms by which this segregation occurs (Zhang et al., 2015). 

 While one long-term goal is to understand mechanisms of SV segregation in 

spatially segregated co-transmission scenarios, first co-transmission or co-release of the 

neurotransmitters must be determined. Thus, the following tools were created and tested 

for their ability to increase visualization of vMAT and vGlut in Drosophila larvae, larval 

neuromuscular junctions (NMJ), and adult brains. 

Methods 

Fly lines To reduce the chances of aberrant subcellular localization due to ectopic 

expression above endogenous levels, a 5XUAS entry clone was used for these constructs 

instead of the more typical 10XUAS or 20XUAS. The 5XUAS-GFP-vMAT and 5X-UAS-

OLLAS-vGlut expression clones were assembled using Gateway MultiSite cloning as 

previously described (Petersen & Stowers, 2011; Shearin, Dvarishkis, Kozeluh, & 

Stowers, 2013) using the entry clones: L1-5xUAS-L4, R4-GFP-R3, R4-2xOLLAS-R3, L3-
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vMAT-L2, L3-vGlut-L2, and the destination vector pDESTp10aw. 5XUAS-GFP-vMAT 

and 5X-UAS-OLLAS-vGlut were inserted at the third chromosomal landing sites VK05 

(75A) and JK66B (66B), respectively. Injections were performed by BestGene, Inc. in 

Chino Hills, CA. Tdc2-Gal4 (BDSC #52243), MB113C-split-Gal4 (BDCS #68264), 

vGlut-Gal4-DBD (BDSC #2015), and Tdc2-Gal4-AD (BDSC #70862) were obtained 

from the Bloomington Drosophila Stock Center. 

Immunohistochemistry Immunostaining was performed as previously described 

(Certel & Thor, 2004). Primary antibodies and dilution factors: SYN (3C11) mAb 1:50 

developed by Buchner, E. (Klagges et al., 1996) was obtained from the Developmental 

Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The 

University of Iowa, Department of Biology, Iowa City, IA 52242; mouse anti-vMAT 

(mAb, unpublished, developed by Brian McCabe’s lab at the Brain Mind Institute, EPFL) 

1:200; mouse anti-vGlut (Sherer et al., 2020) 1:200; rat anti-OLLAS 1:400 (Novus 

NBP1-06713); rabbit Abfinity anti-GFP (Thermo-Fisher) 1:400; mouse anti-mCherry 

1:400 (Biorbyt orb256058). Secondary antibodies and dilution factors: goat anti-rat 

JF646 (Novus NBP1-75398JF646) 1:200; goat anti-rabbit Alexa 488 (Thermo-Fisher 

A32731) 1:400; donkey anti-mouse JF549 (Novus NBP1-75119JF549) 1:200. 

Results 

 Figure 3.1 reveals the distribution of vMAT and vGlut in the larval ventral nerve  
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Figure 3.1. Over-Expression Clones in Larvae. A-A”) Control larval image with no Gal4 
driving UAS-OLLAS-vGlut, showing background expression of the anti-OLLAS 
antibody (A, red), appropriate expression of endogenous vMAT (A’), and merged (A”). 
B-B”) Larval expression of Tdc2-Gal4>UAS-OLLAS-vGlut showing OLLAS-vGlut 
pattern (B), endogenous vMAT pattern (B’, compare to A’), and merged (B”). C-C”) 
Tdc2-Gal4>UAS-GFP-vMAT showing endogenous vGlut pattern (C, compare to B), 
GFP-vMAT pattern (C’, compare to B’ and A’) and merged (C”). Scale bars=75𝜇m. 
Antibodies used: anti-OLLAS (red), anti-vMAT (green), anti-vGlut (red), anti-GFP 
(green). 

cord using newly developed anti-vMAT and anti-vGlut, monoclonal antibodies 

developed by collaborator Brian McCabe’s lab in Lausanne, Switzerland co-labeled with 
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the new ectopic expression constructs. UAS-OLLAS-vGlut (henceforth “OLLAS-vGlut”) 

and UAS-GFP-vMAT (henceforth “GFP-VMAT”) were individually crossed to the 

octopaminergic/tyraminergic Tdc2-Gal4 to examine expression patterns independent of 

each other in larval (Fig. 3.1, 3.2) and adult brains (Figure 3.3). 

Some background is observed with the OLLAS antibody due to recognition of an 

endogenous antigen in the fly and corroborate the background seen in Fig. 3.1A. 

However, the expression seen in Tdc2>OLLAS-vGlut (Fig. 3.1B) larvae is a clear subset 

of the total endogenous expression of vGlut (Fig. 3.1C) and is much more pronounced 

than the background (Fig. 3.1A). Tdc2>GFP-vMAT (Fig.3.1C’) likewise expressed as a 

subset of the endogenous vMAT expression (Fig. 3.1A’, B’). Endogenous vMAT 

colocalized with Tdc2>OLLAS-vGlut (Fig. 3.1B’) and endogenous vGlut co-localized 

with Tdc2>GFP-vMAT (Fig. 3.1C”) in the Tdc2-Gal4 larval pattern (Vomel & Wegener, 

2008) as expected. 

Glutamate is the major excitatory neurotransmitter found robustly at the larval 

neuromuscular junctions (NMJs) (T. H. Han, Dharkar, Mayer, & Serpe, 2015). Oct has 

also been shown to pre-synaptically inhibit synaptic transmission at the larval NMJ 

(Nishikawa & Kidokoro, 1999). Thus, there exists the possibility of dual Oct-Glut dual 

transmission at the larval NMJ, in which glutamate may be signaled to post-synaptic 

targets and octopamine modulates pre-synaptic transmission of glutamate. We utilized  
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Figure 3.2. Larval Neuro-Muscular Junction With vGlut Over-Expression. (A) OLLAS-
vGlut over-expression (red). (B) Endogenous vMAT expression at NMJ. (C) Merged 
vMAT and OLLAS-vGlut showing overlap in three separate areas (white arrows). Scale 
bar=55𝜇m. Antibodies used: anti-OLLAS (red), anti-vMAT (green). 

the Tdc2-Gal4 driver to ectopically express OLLAS-vGlut for assessment of vGlut and 

vMAT distribution at the Type II larval NMJ. Similar anti-OLLAS background is seen in 

Figure 3.2A as in Fig. 3.1. However, the puncta can be clearly seen in both the anti-

OLLAS and anti-vMAT stains (Fig. 3.2A-C, white arrows). Here, vMAT and vGlut are 

shown to co-localize, and there were no areas where vMAT or vGlut were separated. 

However, this level of resolution (~250 nm) does not indicate if the two transporters are 

indeed colocalized on the same puncta or are segregated to distinct puncta adjacent to 

each other as individual SVs cannot be resolved. 

 In adult brains, the vGlut and vMAT antibodies showed broad expression, making 

the observation of co-localization of the vesicular transporters difficult (Fig. 3.3A-B”). 

By contrast, clear Tdc2+ neuronal patterns were seen using the over-expression clones 

driven by Tdc2-Gal4 (Fig. 3.3A’, B’) and background was only seen with the OLLAS 

antibody (Fig. 3.3B’) as predicted. Using a mushroom body octopaminergic neuron split  

Gal4 driver, MB113C-Gal4, which expresses in one to three neurons in the adult (Aso et 

al., 2014), much sparser expression was seen using both over-expression reporters (Fig.  
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Figure 3.3. Adult Brains with Over-Expression. (A-A”) Tdc2-Gal4>UAS-GFP-vMAT 
showing over-expressed vMAT (A’), endogenous vGlut (A”) and merged (A) Antibodies 
used: anti-GFP (green), anti-vGlut (red). (B-B”) Tdc2-Gal4>UAS-OLLAS-vGlut showing 
over-expressed vGlut (B’), endogenous vMAT (B”) and merged (B) Antibodies 
used:anti-OLLAS (green), anti-vMAT (red). (C-C”) MB113C-Gal4>UAS-GFP-vMAT, 
UAS-OLLAS-vGlut showing over-expressed vMAT (C’), over-expressed vGlut (C”) and 
merged (C). Antibodies used: anti-syn (blue), anti-OLLAS (red), anti-GFP (green). Scale 
bars=50𝜇m. 

3.3C-C”), quite similar to the CD8-GFP pattern seen with this driver (Sayin et al., 2019).  
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These experiments demonstrate the effectiveness and ease of the ectopic system in Gal4-

driven examination of single neuron types over antibody staining alone.  

 After these preliminary examinations of the ectopic expression reporters, I 

utilized the split Tdc2-Gal4-AD; vGlut-Gal4-DBD to examine the localization of vMAT 

and vGlut specifically in OGNs. In the split-Gal4 system, the Gal4 protein is separated 

into the activation domain (AD) and the DNA-binding domain (DBD), which reconstitute 

a functional complete Gal4 protein when expressed in the same cells (Caygill & Brand, 

2016). Thus, with Tdc2- and vGlut-Gal4 hemi-drivers, UAS expression should only be 

reported in neurons that express both Tdc2 and vGlut and endogenously express vMAT 

and vGlut. 

Figure 3.4 shows the majority of OGN cell bodies located in an anatomical area 

known as the subesophageal zone (SEZ), an area extensively examined for the behavioral 

implications of OGN dual transmission (Sherer et al., 2020). High magnification (100x) 

of a single confocal section (Fig. 3.4B-C”) clearly delineates GFP-vMAT and OLLAS-

vGlut along CD8-Cherry-labeled puncta (Fig. 3.4C-C”). Gray arrows point to areas of 

clear co-expression of OLLAS-vGlut and GFP-vMAT. While intensity of signal varied, 

of the areas examined, vMAT and vGlut were localized together.  

Immuno-Isolation  

Immuno-isolation is a method of isolating SVs from lysed synaptosomes sub-

fractionated from whole brain homogenates (Depner, Lutzkendorf, Babkir, Sigrist, & 

Holt, 2014). After SV isolation, if tagged vGlut and vMAT exist on the same SV, 

incubation of the isolated SVs with anti-vMAT followed by probing with anti-vGlut, or 
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vice versa, should produce a visible Western Blot (WB) band. Likewise, if vMAT and 

vGlut are on separate SVs, then incubation of SVs with an antibody to one vesicular 

transporter and probing with the other should not produce a WB band. Isolation of SVs 

and examination of the tagged vesicular transporters on the SVs could thus provide 

 

Figure 3.4. Over-Expression in Dual Transmission Neurons. Using the split Gal4 Tdc2-
Gal4-AD; vGlut-Gal4-DBD to drive UAS-CD8mCherry; 5xUAS-GFP-vMAT, 5xUAS-2X-
OLLAS-vGlut. A-A”) 40x confocal stack showing over-expressed vMAT (A’, green), 
overexpressed vGlut (A”, blue) with plasma membrane marker (red). Scale bar=50𝜇m. 
B-B”) 100x image from box in (A) Scale bar=75𝜇m. C-C”) Enhanced box from (B). 
Scale bar=30𝜇m. Antibodies used: anti-OLLAS (blue), anti-GFP (green), anti-mCherry 
(red). 
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preliminary evidence for co-transmission or co-release of glutamate and octopamine in 

OGNs. 

Our highly specialized genetic tools, able to conditionally tag our vesicular 

transporters of interest (vMAT and vGlut) provide advantages to previous methods of 

isolation. First, the conditional tags on our vesicular transporters allow specific targeting 

of vesicular transporters expressed solely in our dual transmitting neurons of interest. 

Second, by narrowing down the neuron population with these conditional tags, we can 

also use antibodies specific to the tags, such as GFP and mCherry, instead of antibodies 

to vesicular transporter. Antibodies to protein tags are more widely used across a variety 

of species, for WB in particular, than are antibodies to Drosophila-specific vesicular 

transporters, which may not be reliable for WB experiments. Third, these conditional, 

tagged vGlut and vMAT proteins are expressed at endogenous levels in the neurons of 

interest and thus should not be mis-localized due to ectopic expression.  

 In preparation for the ultimate goal of utilizing the two conditionally tagged 

vesicular transporters in one fly, and to optimize methodology, germline excisions of 

tagged vMAT (RSRT-STOP-RSRT-6X-V5-VMAT)(Sherer et al., 2020) and a tagged SV 

protein Rab3 (B2RT-STOP-B2RT-GFP-Rab3)(Williams, Shearin, & Stowers, 2019) were 

used first in these experiments. These germline excision flies contain a larger fraction of 

tagged vesicular transporters than those conditionally expressed in much smaller subsets 

of OGNs and thus positive and negative results on WB should be clearer. In addition, as 

the germline excisions of the STOP cassette for both the RSRT-STOP-RSRT-6X-V5-

VMAT (hereafter “V5-vMAT”) and B2RT-STOP-B2RT-GFP-Rab3 (hereafter “GFP-
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Rab3”) rescue their respective mutants (Sherer et al., 2020; Williams et al., 2019), their 

localization should be accurate given their function is not disrupted.  

Synaptic Vesicle Fractionation Methods 

Protocol for the preparation of crude homogenate, differential centrifugation, 

synaptosome lysis, and membrane recovery from adult Drosophila brain tissue was 

performed as previously described (Depner et al., 2014). Briefly, three-day-old adult flies 

were frozen at -800C, placed through a sieve, with liquid nitrogen (N#) to keep chilled, to 

separate heads. Heads were then ground into a head powder, homogenized with buffer, 

spun for 10 minutes at 1,000g, then spun for 15 minutes at 15,000g, and osmotically 

lysed. Subfractions with the following abbreviations and anticipated contents were 

isolated: HH (head homogenate), S1 (supernatant 1), P1 (pellet 1, head debris), S2 

(supernatant 2), P2 (pellet 2, mitochondria and synaptosomes), LS1 (lysis supernatant 1, 

synaptic vesicles), LP1 (lysis pellet 1, presynaptic membranes). Subfractions were 

subject to Western Blot, by protocols previously described (Koelle et al., 1991), for 

analysis of synaptic vesicle protein content (see Fig. 3.5). After consideration, it was 

decided that the HH fraction be used for co-immuno-isolation experiments as a putative 

amount of synaptic vesicle protein was seen in this fraction (Fig. 3.5). HH fractions for 

yw (hereafter “WT” for “wildtype”), germline excision V5-vMAT (for methods see 

(Sherer et al., 2020)), germline excision GFP-Rab3 (for methods see (Williams et al., 

2019)), and germline excision B2RT-STOP-B2RT-mCherry-Rab3, hereafter “mCherry-

Rab3” (for methods see (Williams et al., 2019)) were utilized for these experiments. 

Co-Immuno-Isolation Methods 
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Protein G DynabeadsTM (Invitrogen) were bound with primary antibodies as 

suggested by the manufacturer (Publication No. MAN0015809), with increasing 

incubation times tested, ranging from 10 minutes to three hours. Samples were incubated 

with antibody-bound beads and rotated up to 12 hours at 40 C. Supernatant was removed 

and set aside, then beads were washed three times with wash buffer [1mM β-

mercaptoethanol (βME), 0.1% CHAPS, 50mM HEPES, 150mM KCl, EDTA-free 

Protease Inhibitor Tablet (Pierce)]. Beads and supernatant were separately added to an 

equal volume of cracking buffer (Koelle et al., 1991), then boiled for ten minutes, then 

size-fractionated on an SDS-PAGE gel, transferred protein to a membrane,  probed the 

membrane with primary and secondary antibodies and imaged on Molecular Imager ® 

Versa DocTM MP 4000 Imaging System (Bio-Rad). 

Antibodies Used 

Primary antibodies: mouse anti-cysteine string protein antibodies CSP-1, ab49 

(Zinsmaier et al., 1990) 1:100, and CSP-2, 6d6 (Zinsmaier, Eberle, Buchner, Walter, & 

Benzer, 1994) 1:100 were obtained from the Developmental Studies Hybridoma Bank 

developed under the auspices of the NICHD and maintained by the Department of 

Biology, University of Iowa (Iowa City, IA); rabbit anti-DSYT2 (Littleton, Bellen, & 

Perin, 1993) 1:2000; mouse anti-n-syb (anti h/mVAMP-2 mouse, MAB5136; h/mVAMP-

1/VAMP-2 mab5958; R&D Systems) 1:1000. Antibodies from McCabe Laboratories 

(unpublished) include: mouse anti-vMAT (1:1000), mouse anti-vGlut (1:100), mouse 

anti-vGAT (1:100), mouse anti-vAChT (1:1000), chicken anti-vGlut (1:1000). Secondary 

antibodies: goat anti-rabbi-HRP (Jackson ImmunoResearch, 323-005-032); goat anti-



41 
 

 

mouse-HRP (Jackson ImmunoResearch, 115-035-062); goat anti-chicken-HRP (Jackson 

ImmunoResearch, 103-035-155). 

Results 

Anti-CSP was utilized to examine each step in the process of the fractionation of 

the head homogenate. The CSP protein is about 35 kDa and, though it does not contain a 

transmembrane domain, it is considered a membrane-associated protein and is not 

displaced from the membrane using high salts or deacetylation (Arnold et al., 2004; van 

de Goor & Kelly, 1996). In addition, anti-CSP  

Figure 3.5 Fractionation of Wildtype Head Homogenate. Western blot of each 
subfraction from vesicle purification process of yw flies, stained with mouse anti-CSP-2 
and secondary HRP. CSP protein appears most prominently in HH fraction and thus HH 
fraction was used for most experiments.  

was utilized by the authors of this protocol for verification of process (Depner et al., 

2014).  
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As the majority of CSP seemed to reside in the HH with a tapering off, moving 

forward HH was used for the majority of the experiments. This result may also indicate 

an error in the purification process for the synaptic vesicles, as published protocol 

indicates a higher amount of CSP is associated with each progressive fraction (Depner et 

al., 2014). LS1 and LP1 fractions were tested in some co-immuno-isolation experiments, 

with very weak signal shown in immunoblots (not shown). A lane with no primary 

antibody was tested with all secondary HRP antibodies and showed no background 

antibody signal (not shown). Further antibody testing performed with WT, V5-vMAT, 

and GFP-Rab3 revealed best results with chosen antibodies (not shown). Antibody testing 

with vesicular transporter antibodies revealed a lack of HRP signal on WB for all 

vesicular transporter antibodies, though these were tested for their ability to bind to beads 

pulling down SVs from HH fraction (see Table 3.1). 

Table 3.1 shows the first attempts at co-immuno-isolation experiments. In Table 

3.1A, WT HH was used followed by a lane of the supernatant pulled off from the beads 

before washing (see Co-Immuno-Isolation Methods) to test for residual proteins not 

binding to beads, in each experiment. Thus, each section within the table shows the HH 

band on the left and supernatant band on the right. Columns indicate antibodies incubated 

with beads for pull downs and rows indicate antibodies used to probe WBs. While early 

attempts indicated anti-Syt as a decent WB synaptic vesicle probe, when no antibody was 

incubated with the beads, a 50 kDa band for Syt was still seen (Table 3.1, “None”). This 
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Table 3.1. Immuno-Isolation of WT and V5-vMAT HH. This figure is compiled of over 
30 WBs completed in co-immuno-isolation assays.  Top row details antibodies used for 
IP, which were bound to beads prior to incubation with HH as described in Methods. Side 
column details antibodies used to probe WB and predicted protein sizes A) Immuno-
isolation using WT HH. B) Immuno-isolation using V5-vMAT HH. 

 
could indicate that the beads pull down synaptotagmin without antibody binding, or a 

problem with the synaptotagmin antibody on WBs. 

 To verify the bead-antibody binding protocol, HH of germline excision GFP-

Rab3 was incubated with anti-GFP and probed with a separate antibody against GFP. 

This resulted in a clean band around 50 kDa, which is consistent with the predicted size 

of the GFP-Rab3 protein (Fig. 3.6A). This same band was seen in GFP-Rab3 HH run on 

the gel without prior incubation with beads (Fig. 3.6A). In addition, GFP-Rab3 HH 

incubated with plain beads with no antibody bound resulted in no band, though the 

diluted supernatant showed a faint 50 kDa band, which was expected (Fig. 3.7B). 

Likewise, WT HH probed with anti-GFP showed no GFP-Rab3 band.  

A 

B 
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This experiment demonstrated the functionality of the Dynabeads antibody 

protocol and verified other WB methods were performed correctly. Rab3, however, is not 

an integral SV membrane protein and can reversibly dissociate from SVs (Fischer von 

Mollard, Sudhof, & Jahn, 1991). Thus, the ability to pull down GFP-Rab3 may not be 

indicative of SV pull-down from HH fractions. To ascertain this, the same gel was re-

probed with anti-CSP to test for SV pull- down. Only the GFP-Rab3 and WT HH 

fractions showed bands for CSP at 35 kDa (not shown), indicating the GFP-Rab3 is 

potentially separated from SVs during the pull-down process, though SVs may still be 

present in the HH fractions.  

 To independently elucidate whether SVs were indeed in HH fractions, sectioned 

 
Figure 3.6 Proof of Principle Rab3 Pull-down. A) GFP-Rab3 HH was incubated with 
beads bound by anti-GFP. Beads were washed and run next to supernatant (as described 
in methods) and probed with a different anti-GFP antibody. GFP-Rab3 HH not incubated 
with beads was also probed with anti-GFP. Both the GFP pull down and GFP-Rab3 HH 
showed 50 kDa band, with no band shown for supernatant. B) GFP-Rab3 HH was 
incubated with beads without an antibody bound. Probed with anti-GFP, a faint 50 kDa 
band was seen for the diluted supernatant of this incubation, as to be expected, though no 
band was seen for the beads, also as expected. WT HH was also run on the same gel and 
probed with anti-GFP, showing no band, as expected. 
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beads of V5-vMAT HH incubated with anti-V5 were examined by EM. Little to no SVs 

were seen on the beads, which may indicate synaptosomes resealed at some point during 

the isolation process (Michaelis, Jiang, & Michaelis, 2017), preventing the antibody on 

the beads and the SV epitope tag from interacting. Thus, efforts moved to observe whole 

brain sections on the EM to visualize co-localization, or lack thereof, of vGlut and vMAT 

at individual synapses.  

Electron Microscopy 

 While immuno-isolation techniques can preliminarily indicate co-release or co-

transmission, questions still remain as to the spatial segregation of SVs. High 

magnification visualization of synapses by EM, though, have clearly shown co-release 

and co-transmission in a variety of dual transmission scenarios. By probing thinly 

sectioned brains or SV isolations with primary antibodies to vesicular transporters and 

gold-conjugated secondary antibodies, one could determine, based on gold particle sizes, 

whether vesicular transporters are located together or separately at individual synapses. 

 Here, EM methods were performed in an effort to observe if tagged versions of 

vGlut and vMAT exist on the same or separate SVs in the projection from OGNs. Flies 

with germline excisions of both tagged versions of these vesicular transporters were 

dissected for sectioning and observation on the EM. These flies, hereafter “double GE’s”, 

contain a germline excision of V5-vMAT from the previous experiments, as well as a 

germline excision of a GFP-tagged vGlut (GFP-vGlut) (Williams et al., 2019) within the 

same fly, so as to increase the amount of tagged vesicular transporters in the fly. This fly 

was utilized in control images of anatomical structure (see Fig. 3.7A-A’). A WT fly was 
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also screened on EM to calibrate methods, and used as a control with antibody testing, 

and no gold-conjugated secondary antibodies were seen in these brain slices (not shown). 

In addition, non-germline excision versions of these tagged vesicular transporters were 

crossed to Tdc2-Gal4, in which only Tdc2 neurons expressing vMAT and vGlut will 

express tagged versions of these transporters, hereafter referred to as the “conditionally 

tagged” fly.  

Antibodies 

Primary antibodies: rabbit anti-GFP (Abfinity) 1:20, mouse anti-V5 (Biorbyt) 

1:20. Secondary antibodies: donkey anti-mouse IgG Gold-6nm (Abcam ab105276) 1:10; 

donkey anti-rabbit IgG Gold-12nm (Abcam ab 105295) 1:10. 

Methods 

Flies were dissected in PBS, fixed for 45 minutes with 1:4 of potassium sodium 

phosphate buffer (PSPB, pH7.2): 4% paraformaldehyde/1% glutaraldehyde. Brains were 

rinsed three times for 10 minutes each in PSPB, twice for 15 minutes in 0.2M sucrose, 

rinsed briefly with PSPB, and placed in a glass container for 15 minutes with 0.5% 

Osmium (OsO4, Fischer Scientific). After rinsing with PSPB, brains were dehydrated 

stepwise with decreasing dilutions of ethanol and infiltrated with LR White (Ted Pella). 

Flies were left overnight in 40C, then placed at 350C overnight to cure. Occasionally, 

spontaneous curation at room temperature occurred due to osmium. Attempts were also 

made to accelerate curation without heat using LR Accelerator (Ted Pella), though often 

this resulted in an incompletely cured block. After curation, blocks were thick-sectioned 

with a glass knife and thin-sectioned with a diamond knife. After adhering overnight to 
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200 mesh copper grids coated with formvar resin (EMS), grids were placed in blocking 

solution (1%BSA in PBST), incubated in primary antibody for 4 hours, washed in block 

and incubated in secondary antibody for 2 hours, then washed in block, PBS-Tween (pH 

7.2), and PBS briefly. Grids were then placed in 10% glutaraldehyde for 10 minutes then 

rinsed with PBS and water. Grids were left to dry overnight, then stained with uranyl 

acetate and lead as previously described (Mokotoff, 1973; Pease, 1964; Sjostrand, 1967). 

Optimization of the methods was attempted, including varying incubation times and 

concentration of osmium, with no difference to results shown here. 

Results 

 Figure 3.7 shows the various results similarly screened in hundreds of sections of 

Drosophila brains. Figure 3.7A-A’ shows neuropil sections of the double GE without 

antibody labeling. Recognizable structural anatomy can be seen here, including 

mitochondria and synaptic vesicles (pink arrows), measured roughly 30-50nm in 

diameter (Zhan, Bruckner, Zhang, & O'Connor-Giles, 2016). Primary and secondary 

antibodies were tested using the conditionally tagged fly crossed to Tdc2-Gal4 (Fig. 

3.7B-D). Figure 3.7B shows the conditionally tagged fly brain with a primary antibody 

only to V5, though both gold-conjugated secondary antibodies were used to test for cross-

reaction. As the conditional tags were driven in Tdc2+ neurons, which comprise a rough 

total of 100 neurons (Busch, Selcho, Ito, & Tanimoto, 2009), gold particles were scarce 

(Fig. 3.7B, pink arrows). In sections stained only with anti-GFP primary antibody, but 

with both gold secondaries, agglutination of gold particles was seen (Fig. 3.7C, pink 

arrows). No cross-reaction was seen with the antibodies, and when sections were stained  
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Figure 3.7 Electron Microscopy of synaptic vesicles. A-A’) Double germline excision 
with no antibody stains. Putative vesicles (pink arrows) are seen in neuropil regions of 
brain sections. B-D) Double conditional flies were crossed to Tdc2-Gal4 and tested for 
each of the primary and secondary antibody cross-reactions. B) Double conditional fly 
with only anti-V5 primary and both gold-conjugated secondaries showing only 6nm gold 
particles (pink arrows) C) Double conditional fly with only anti-GFP primary and both 
gold-conjugated secondaries showing only 12 nm gold particle agglutination D) Double 
conditional fly with no primaries and both gold-conjugated secondaries. No gold particles 
were seen.  

 

only with secondaries, no gold particles were seen (Fig. 3.7C). When both primaries and 

both secondaries were utilized, synaptic vesicles were difficult to see and the gold 

particles that were observed were often agglutinating as in Fig. 3.7C. 

 Protocols using no osmium caused difficulties in visualization of the anatomy of 

the neurons (not shown). However, utilization of osmium may have affected the protein 

tags on the vesicular transporters (Deetz & Behrman, 1981). Various other buffers were 
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tested in a number of protocols with differing time points of osmium incubation (not 

shown), yielding little to no differences in results.  

Conclusions 

 The research goal of these three experiments was to gain independent data to 

support a claim for co-transmission or co-release of octopamine and glutamate in OGNs. 

While functional effects have been indicated when vesicular transporters are over-

expressed, there exists the possibility that the over-expression utilizes endogenous 

mechanisms of protein expression and simply increases the amount of expression at the 

correct location of the protein (Zhang et al., 2015). The over-expression clones made here 

have been demonstrated as excellent tools for an enhanced visualization in neurons where 

vMAT and vGlut are already endogenously expressed and can be used in future 

functional studies. Initial results from these experiments indicate vMAT and vGlut co-

localize at distinct puncta. However, given the mechanism of the visualization involves 

an over-expression scenario, these results cannot be conclusive on their own. 

 Co-immuno-isolation and EM visualization were attempted to discern the location 

of vGlut and vMAT on SVs. Previous studies in mammals and insects have utilized both 

of these methods to supplement investigations of dual transmission. In rodent neurons of 

the mesoaccumbens, which are known to co-release dopamine and glutamate, VMAT2 

and VGluT2 were found to segregate to different subcellular compartments within the 

same axon (Zhang et al., 2015). This EM finding was supplemented with 

immunoprecipitation and WB showing VGlut2 detection only in IP samples pulled down 
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with anti-VGlut2 antibodies, and VMAT2 detection only in IP samples pulled down with 

anti-VMAT2 antibodies.  

By contrast, WB, EM, and neurotransmitter uptake analysis in rat cerebellar 

cortices together showed VGLUT2 and VGAT (vesicular GABA transporter) can coexist 

on the same SVs (Zander et al., 2010). Furthermore, VGLUT enhanced GABAergic 

filling in these vesicles (see Chapter One)(Zander et al., 2010). Thus, both co-immuno-

isolation and EM images can be crucial data in deciphering the location of vesicular 

transporters with respect to synaptic vesicles. While the attempts here were ultimately 

unsuccessful, these preliminary experiments began to optimize methods that can be 

useful for future scientists studying this neuronal subset in Drosophila. 

Co-release vs. Co-transmission in OGNs 

Previous examination of OGN function in courtship and aggression found vGlut 

function in OGNs was not required for the regulation of intermale courtship, though 

vGlut function was required to promote aggression in these neurons (Sherer et al., 2020). 

Multiple experiments from this study have implications for potential OGN circuitry and 

provide evidence for further study of co-release and co-transmission from OGNs. 

Their visualization of vMAT and vGlut using the RSRT-STOP-RSRT-V5-vMAT 

used here along with the vGlut antibody corroborated experiments here (Fig. 3.4), 

showing vGlut co-localizes with vMAT and synaptotagmin in Tdc2-Gal4-driven neurons, 

though some V5-vMAT was seen independently of both, indicative of its presence on 

large dense core vesicles (LDCVs) (Sherer et al., 2020). However, in the MB113C-split 
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Gal4, the authors found visualized vMAT and vGlut in independent areas, which 

potentially indicate spatial segregation of signaling from this neuron. 

While the arborization patterns of individual neurons can be difficult to visualize 

and analyze, as high magnification is often required, behavioral assays can provide 

further evidence for dual transmission signaling mechanisms. For example, if vGlut 

presence on the same SV as vMAT serves to increase octopamine loading in SVs (see 

Chapter One), then a knockdown of vGlut will result in a similar behavioral phenotype to 

the knockdown of vMAT. Likewise, if glutamate and octopamine are spatially segregated 

in signaling, they are likely acting on separate circuitry and thus will produce distinct 

behavioral phenotypes with the decrease of each vesicular transporter or 

neurotransmitter.  

In the previous study, increasing the excitatory amino acid transporter (EEAT1), 

which removes glutamate from a synapse after exocytosis (Jensen, Fahlke, Bjorn-

Yoshimoto, & Bunch, 2015; Martin & Krantz, 2014), in glia recapitulated aggressive 

behavior results seen with the decrease in vGlut alone, though courtship was not assayed 

in these flies. This result indicates glutamate is indeed released from these neurons and 

thus vGlut is not likely functioning to enhance octopamine packaging (see Chapter One).  

Using a T𝛽HnM18 null mutant fly (Monastirioti, Linn, & White, 1996) with vGlut-

RNAi driven in Tdc2+ neurons (Sherer et al., 2020), the phenotypic decrease in the 

unilateral wing extensions (UWE, see Chapter One) seen via Glut knockdown in all 

neurons was restored to normal levels. This could indicate the presence of other 

neurotransmitter actions, or the suppression of inter-male courtship by octopamine may 
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occur distinct from glutamate release (Sherer et al., 2020). The overall research finding 

that vGlut is required for aggression but its loss does not affect octopamine-mediated 

inhibition of inter-male courtship is further evidence that octopamine may be signaling 

via a different circuitry in which glutamate or vGlut does not participate (Sherer et al., 

2020). 

While the courtship circuitry may be glutamate-independent, behavioral evidence 

from this study also indicated that octopamine and glutamate may signal to a shared 

aggression circuit. Using the same double knockdown of vGlut and TβH as mentioned 

previously, no additive deficits were seen in aggressive behaviors (Sherer et al., 2020). 

With ample evidence of octopamine’s involvement in aggression (see Chapter One) and 

the lack of an additive aggressive phenotype with the decrease in glutamate transmission 

in octopaminergic neurons, it follows that glutamate and octopamine may signal to a 

shared aggression circuitry (Sherer et al., 2020). Examination of post-synaptic receptor 

localization may, therefore, be a way forward in understanding the mechanisms of dual 

transmission in OGN circuitry.  
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Abstract

Octopamine, the invertebrate analog of norepinephrine, is known to modulate a large

variety of behaviors in Drosophila including feeding initiation, locomotion, aggression,

and courtship, among many others. Significantly less is known about the identity of

the neurons that receive octopamine input and how they mediate octopamine-

regulated behaviors. Here, we characterize adult neuronal expression of MiMIC-

converted Trojan-Gal4 lines for each of the five Drosophila octopamine receptors.

Broad neuronal expression was observed for all five octopamine receptors, yet dis-

tinct differences among them were also apparent. Use of immunostaining for the

octopamine neurotransmitter synthesis enzyme Tdc2, along with a novel genome-

edited conditional Tdc2-LexA driver, revealed all five octopamine receptors express in

Tdc2/octopamine neurons to varying degrees. This suggests autoreception may be

an important circuit mechanism by which octopamine modulates behavior.

K E YWORD S

autoreception, drosophila, octopamine, octopamine receptor, RRID:AB_221568,

RRID:AB_2340686, RRID:AB_2340850, RRID:AB_2536611, RRID:AB_2633280,

RRID:AB_2814891, RRID:BDSC_27392, RRID:BDSC_42119, RRID:BDSC_43050, RRID:

BDSC_57940, RRID:BDSC_59133, RRID:BDSC_60312, RRID:BDSC_60313, RRID:

BDSC_67636, RRID:BDSC_68264

1 | INTRODUCTION

The vertebrate adrenergic system is integral to countless behavioral

and physiological processes, including stress response (Snyder &

Silberman, 2019), metabolic maintenance (Ciccarelli, Sorriento,

Coscioni, Iaccarino, & Santulli, 2016), and neuropsychiatric diseases

(Langer, 2015; Sallee, Connor, & Newcorn, 2013). Adrenergic signaling

occurs via the release of adrenaline (epinephrine) and noradrenaline

(norepinephrine). Both adrenaline and noradrenaline exert their various

effects by binding to G-protein coupled receptors (GPCRs). These

receptors are classified as either α-adrenergic or β-adrenergic and trig-

ger numerous downstream signaling events, including the activation of

protein kinases and increased gene transcription, through the second

messengers cyclic AMP (cAMP) and calcium (Ca2+) (Ciccarelli et al.,

2016; Cole & Sood, 2012; Santulli & Iaccarino, 2013; Vaniotis et al.,

2011). In addition to the complexity of downstream signaling, the loca-

tion of adrenergic receptors is multifaceted with receptors located pre-

synaptically as well as postsynaptically (Langer & Angel, 1991). While

many studies in recent decades have examined the role of post-

synaptic adrenergic receptors, the impact of presynaptic receptors, or

autoreceptors, on circuits that regulate behavior and as targets for drug

discovery remains poorly examined.

Drosophila melanogaster offers several advantages to investigating

adrenergic receptor localization and function including a sophisticated

genetic toolbox, a simpler nervous system, and a reduced number of

neurotransmitter receptors as compared to vertebrates. In Drosophila,

Received: 19 November 2019 Revised: 31 January 2020 Accepted: 9 February 2020

DOI: 10.1002/cne.24883

J Comp Neurol. 2020;1–21. wileyonlinelibrary.com/journal/cne © 2020 Wiley Periodicals, Inc. 1



56 
 

 

 



57 
 

 

 



58 
 

 

 



59 
 

 

 



60 
 

 

 



61 
 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 



74 
 

 



75 
 

 

 

 



76 
 

 

CHAPTER FIVE 

CONCLUDING REMARKS 

 Octopamine (Oct) is an extensively researched neurotransmitter and 

neuromodulator (Andrews et al., 2014; Balfanz, Strunker, Frings, & Baumann, 2005; 

Certel et al., 2010; Certel et al., 2007; El-Kholy et al., 2015; K. A. Han, Millar, & Davis, 

1998; Maqueira, Chatwin, & Evans, 2005; McKinney, Sherer, Williams, Certel, & 

Stowers, 2020; Monastirioti, 2003; Monastirioti et al., 1996; Watanabe et al., 2017; 

Yurkovic, Wang, Basu, & Kravitz, 2006; Zhou et al., 2008), though the discovery of 

glutamatergic (Glu) signaling in Oct neurons (Sherer et al., 2020) is an added signaling 

complexity we are only beginning to understand. This dissertation describes the 

investigation of the properties of dual octopamine-glutamate transmitting neurons 

(OGNs) through synaptic vesicle (SV) isolation and visualization techniques (Chapter 3) 

and receptor expression (Chapter 4, McKinney et al. 2020). While the exact mechanism 

of neurotransmitter release from OGNs remains unknown, the combination of behavioral 

data (Sherer et al., 2020) and receptor localization (McKinney et al., 2020) provide 

foundational evidence from which this phenomenon may be investigated further. 

 As described in chapters one and four, receptor locations offer vital information 

for dual transmission circuitry (Fig. 1.2). Results from McKinney et al. (2020) indicate a 

number of Oct neurons utilize pre-synaptic receptors for Oct and potentially Glut (Fig. 

6.1A), many of which are located in the subespophageal ganglion (SEZ, see Chapters 1 

and 4). Surprisingly, an average of 11.5 OGNs in the SEZ, identified by the split-Tdc2-

vGlut-Gal4, express the Drosophila Glut receptor GluRIA (McKinney et al., 2020). 
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Figure 5.1 Dual Transmission Autoreception Scenarios. McKinney et al (2020). 
Reprinted with permission from the authors. “Dual transmission and postsynaptic 
receptor scenarios. In dual transmitting neurons, neurotransmitters are either packaged in 
synaptic vesicles together (a, presynaptic) or separately (b,c, presynaptic) and may be 
released at the same synapse (a, presynaptic) or separate ones (b,c, postsynaptic). From 
our experiments here, we show OctR expression in Tdc2+ neurons, which are indicate 
autoreception properties as shown in (a) and (c). Additional data indicates potential 
GluRIA autoreception as seen in (a) and (b). Postsynaptically, receptors may be 
expressed together (a, postsynaptic) or on different neurons (b,c, postsynaptic). Our data 
indicate a number of neurons express OctR and a GluRIA, as in (a).” 
 

This suggests OGNs either receive glutamatergic input from other neurons or pre-

synaptically facilitate Glut and/or Oct release from OGNs themselves through GluRIA 

(Fig. 6.1a, pre-synaptic). Figure 6.2 expands upon the pres-synaptic scenarios of dual 
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transmission and autoreception in OGNs presented in Figure. 6.1. With the possibility of 

either co-release or co-transmission (see Chapter 1) up for determination in OGNs, the 

number of probable autoreceptor scenarios with OctR and/or GluRIA is compounded 

(e.g., Fig. 6.2A-C compared to D-F). Function of a receptor as pre- or post-synaptic can 

be elucidated in a variety of ways, including visualization of receptor location along the 

neuron and behavioral assays. Here, a behavioral model can help discern the most likely 

signaling mechanisms in OGNs.  

When vGlut was conditionally knocked out in OGNs, aggression, measured by 

lunges and wing threats, as well as the latency to lunge, or the time it takes for a male to 

make the first lunge, decreased. However, the inter-male courtship phenotype associated 

with the Oct null mutant (Andrews et al., 2014; Certel et al., 2007) remained unchanged 

(Sherer et al., 2020). This result was also seen when the expression of excitatory amino 

acid transporters (EAATs), which reuptake Glu from neuronal synapses, were increased, 

suggesting Glu is released from OGNs and does not function for vesicular synergy of Oct 

packaging (see Chapter 3, Sherer et al., 2020). Therefore, Fig. 6.2D-F scenarios are 

unlikely in these dual transmission neurons. 

If Glu from OGNs signals to an agression circuitry and presynaptically facilitates 

neurotransmitter release, scenarios A, C, G, H, and J in Fig. 6.2 are possible. To assess 

this behaviorally, a GluRIA conditional knockdown in OGNs would likely produce 

decreases in total aggression events, as seen with vGlut knockdown. If only the 

aggression phenotype is altered with a conditional GluRIA knockdown, scenario G in  
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Figure 5.2 Other Autoreception Scenarios. This figure summarizes the possibilities of 
autoreception in co-transmission (A-C, G) and co-release scenarios (D-F), or mixtures of 
the two (H-J). Pink hexagons=Oct, Green stars=Glut, pink receptrs=OctR, green 
receptors=dGluRIA. 
 

Fig. 6.2 is likely. However, if Glu also presynaptically facilitates Oct release, a GluRIA 

knockdown would affect Oct-mediated inter-male courtship behavior as well, and 

scenarios A, C, H, and J in Fig. 6.2 would be possible. Given with vGlut conditional 

knockouts, inter-male courtship remains at control levels (Sherer et al., 2020), if GluRIA 
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is an autoreceptor in these neurons, it either only facilitates pre-synaptic Glu release or 

there may be other pre-synaptic facilitation mechanisms for Oct, such as OctR 

autoreceptors (Fig. 6.2H).  

Within the SEZ where OGNs reside, many OctRs were seen to co-express with 

Tdc2 (see Chapters 1 and 4). The highest number of OctR-Tdc2 co-expression in the SEZ 

was seen with Octα2R and Octβ2R (McKinney et al., 2020). Predicted behavioral 

phenotypes, if OctR’s are indeed functioning as autoreceptors in OGNs, depend on which 

OctRs are expressed; OAMB, upon Oct binding, induces an increase in intracellular 

calcium ([Ca#!]$) (K. A. Han et al., 1998). The three β-adrenergic-like GPCRs (Octβ1R, 

Octβ2R, and Octβ3R) increase [cAMP]$ levels with Oct binding (El-Kholy et al., 2015; 

Maqueira et al., 2005), though Octβ1R also has an inhibitory role in the larval NMJ 

(Koon & Budnik, 2012). Octα2R decreases [cAMP]$ levels upon Oct binding (Qi et al., 

2017).   

Localized decreases in [Ca#!]$ would reduce the likelihood of further synaptic 

release, while an increases can facilitate release (Sudhof, 2012), which could quickly 

alter Oct-mediated inter-male courtship in behavior assays. Increases and decreases of the 

second messenger cAMP can produce long-term changes in the neuron through protein 

kinase A (PKA) (Meinkoth et al., 1993), a pathway associated with memory and learning 

in Drosophila (Horiuchi, Yamazaki, Naganos, Aigaki, & Saitoe, 2008; Li, Tully, & 

Kalderon, 1996). If an OctR autoreceptor facilitates an increase in [cAMP]$ in OGNs, its 

conditional knockout may result in a learning-based behavioral phenotype, such as 

demonstrated in the “loser effect” (Trannoy & Kravitz, 2015) and courtship conditioning 
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(Zhou et al., 2012). Future directions in this research may aim at developing conditional 

OctR mutants, such as B3RT-Tdc2 (Sherer et al., 2020), which would make possible 

conditional targeting of Oct autoreceptor usage specifically in OGNs. 

The latest research along with the data presented in this dissertation provide 

ample evidence for the significant role of dual transmission in neuronal signaling and 

total organism behavior. Aggression and courtship are two of many behaviors potentially 

governed through dual transmission neurons. As human brains and behaviors are 

drastically more complex than that of fruit flies, the influence of dual transmission 

governing our own neuronal processes and decisions is exponential compared to the 

model organisms in which we study this phenomenon. While we examine the role of 

individual neurotransmitters in the biological basis of psychology, it will be imperative to 

consider dual transmission in the progressive study of psychological and neurological 

disorders of the human mind. 
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