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Measurements of Dopamine in Drosophila using Fast-Scan Cyclic Voltammetry 

 

Abstract: 

Drosophila melanogaster, the fruit fly, is homologous to mammals in primitive 

neurobiology making it an advantageous model system in which to study the dynamics of 

dopamine regulation. However, there are few methods for measuring real-time release of 

dopamine in the intact fly nervous system because the size of the central nervous system 

(CNS) is so small. My dissertation research overcomes critical instrumentation barriers to 

develop the first real-time detection method for dopamine release in the fruit fly.  Two 

methods using fast-scan cyclic voltammetry were developed to characterize dopamine 

homeostasis in an intact Drosophila CNS. In the first method, stimulated release was 

measured in Drosophila genetically modified to specifically express Channelrhodopsin2 

(ChR2), a blue-light activated cation channel, in only dopaminergic neurons.  In the 

second method, a micropipette back-filled with dopamine was implanted 15-20 µm away 

from a carbon-fiber microelectrode and clearance measured after dopamine was pressure 

ejected into the CNS. These novel methods open up the fly as a model system for 

studying basic mechanisms of neurotransmission.  
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If the world were merely seductive, that would be easy. If it were merely challenging, that would be no 

problem. But I arise in the morning torn between a desire to improve the world and a desire to enjoy the 

world. This makes it hard to plan the day. 

~E.B. White
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Chapter 1: Introduction 

1.1: Fast-Scan Cyclic Voltammetry 

1.1.1. Overview of fast-scan cyclic voltammetry:  

The overall goal of this work was to develop a method to measure changes in 

dopamine in an intact Drosophila larval CNS using fast-scan cyclic voltammetry at 

carbon-fiber microelectrodes. Therefore, the introduction to this thesis will focus on the 

principles of fast-scan cyclic voltammetry, dopamine neurotransmission, detection of 

dopamine, and the neurobiology of Drosophila.   

Fast-scan cyclic voltammetry (FSCV) is an electrochemical detection method that 

has been extensively used to detect small, electroactive molecules, such as monoamine 

neurotransmitters, in vivo as well as in situ (1–11). In fast-scan cyclic voltammetry (> 100 

V/s), the potential at the working electrode is linearly swept as a function of time from a 

starting potential to a final, holding potential, and then swept back from the final potential 

to the starting potential (Figure 1.1). Typically during the sweep, the analyte of interest is 

oxidized, releasing electrons, and is subsequently reduced, gaining electrons. The 

movement of electrons during these reactions produces a current that is measured at the 

working electrode, which is relative to the reference electrode. The current is proportional 

to the number of molecules changing redox state. These redox events often occur at 

unique potentials for a given analyte, and can be measured on a millisecond timescale, 

which is necessary to evaluate neurotransmitter events. The working electrode used in 

FSCV is typically made from a carbon fiber (12), which is small in diameter (single-digit 

to tens of micrometers), and causes minimal damage to tissue (13). Therefore, FSCV 

offers chemical identification, and high spatial and temporal resolution. In addition,  
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FSCV has a limit of detection in the range of tens of nanomolar (nM) for catecholamine 

neurotransmitters, such as dopamine (14). These characteristics make FSCV at carbon 

fiber microelectrodes an adequate method for in vivo and in situ detection of dopamine.  

 

1.1.2: The FSCV waveform for dopamine detection 

With fast-scan cyclic voltammetry (FSCV), a triangular waveform is 

intermittently applied to an electrode (Figure 1.1). The electrode is kept at a holding 

potential for a relatively long time to ensure that analytes have sufficient time to absorb 

onto the carbon-fiber electrode surface (15). Once the triangular waveform is applied, the 

potential is increased linearly to the switching potential and decreased linearly back to the 

holding potential at a fast rate of several hundred volts per second. This cycle is repeated 

at regular intervals sufficient to detect the analyte of interest. For a reversible redox 
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process, during the forward, or anodic, part of the scan, the analyte is oxidized and during 

the back, or cathodic, part of the scan, the analyte is reduced back to its original form.  

For detection of dopamine using FSCV at a carbon-fiber microelectrode (vs., 

Ag/AgCl), the holding potential is typically -0.4 V(15). Dopamine is positive at a 

physiological pH; therefore, holding the electrode at a sufficiently negative potential 

creates an electrostatic attraction between dopamine and the electrode surface. Potentials 

lower than -0.4 V typically are not used due to the possible reduction of other species, 

including oxygen (16), and instabilities in background current (17).  The longer the time 

spent at the holding potential, the more time dopamine has to absorb onto the electrode 

surface (17). However, the longer the time spent at the holding potential, the slower the 

temporal resolution. The switching potential for dopamine detection is 1.3 V. Scanning to 

a 1.3 V switching potential increases the possible adsorption sites at the carbon-fiber 

microelectrode, and when coupled with a -0.4 V holding potential, increases the 

sensitivity of the electrode (17). The switching potential must be kept at or below 1.5 V 

to prevent the electrolysis of water.  

Once the potential applied to the electrode during the anodic portion of the sweep 

reaches 0.25 V, dopamine begins to be oxidized into dopamine-o-quinone. The current 

produced from oxidation reaches a maximum at 0.6 V. During the cathodic portion of the 

sweep, dopamine-o-quinone is reduced back to dopamine, producing a maximum current 

at -0.2 V (15). Typically the scan rate for dopamine detection is 400 V/s (17, 18). Thus, 

the time that it takes to complete the sweep is 8.5 ms with the sweep repeated every 100 

ms. Dopamine neurotransmission occurs on the timescale of ms to s; therefore, FSCV is a 
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suitable technique for measuring neurotransmission (19). Variation of the scan rate, 

switching and holding potentials and frequency affect selectivity, temporal resolution, 

and sensitivity (18, 20). 

 

1.1.3: Current and the cyclic voltammogram 

Application of potential to the electrode results in both faradic and non-faradic 

current. Faradic current is produced during the transfer of electrons between the analyte 

and electrode that occur during redox reactions. Faradic current is proportional to the 

number of moles that react; therefore, concentration can be calculated (Equation 1). In 

FSCV, faradic current is typically produced in the presence of the analyte of interest or 

electroactive interferents. However, at carbon-fiber microelectrodes, some faradic current 

is also produced from the oxidation and reduction of functional groups on the surface of 

the electrode (21).  

                                                                                                    Equation 1.1 

                Q = the charge passed across the electrode  

 n = the number of electrons per molecule transferred  

 F = Faraday’s constant (96,485 C/mol) 

              ΔN = number of moles that react 

 

 Non-faradic current is produced due to double layer charging (Figure 1.2A). As 

potential is applied to the electrode, a charge imbalance is created at the electrode-

solution interface, which causes a rearrangement of charged species in the solution near 

the electrode. The electrode-surface interface can be modeled by a capacitor (Equation 

1.2) (22). When potential, E, is applied to the electrode, charged species in solution 

rearrange so that q satisfies Equation 1.2. The current produced during this rearrangement 
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of charged species is called charging current. The charging current is proportional to the 

capacitance at the electrode and increases linearly with scan rate (Equation 1.3) (22). 

Thus, the large scan rates used in FSCV create a large charging current.  The capacitance 

of the electrode, however, is proportional to the area of the electrode (Equation 1.4) (23); 

therefore, the charging current at carbon-fiber microelectrodes, which have small surface 

areas, decays rapidly (Equation 1.5) (24).   

 

C   
 

 
                                                                                                  Equation 1.2 

                                                   

                                                       

                  C  = capacitance  
 

ic =  C                                                                                                  Equation 1.3 

                  ic = charging current 

                              
 

 

C = 
A 0

d
                                                                                                  Equation 1.4 

                  A                 

                  0                      

                  d  = distance between electrode and double-layer 
 

                                                                                                       Equation 1.5 

                                       
                                              
   

 Together, the faradaic current from the oxidation of the functional groups at the 

surface of the carbon-fiber microelectrode and the non-faradaic current from double-layer 

charging produce a large background current that is stable over time (90 s). Typically in 
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FSCV, the background current is large in comparison to the current produced from 

analyte detection, and must be subtracted. Due to background subtraction, FSCV is best 

for measuring quick changes in analyte, such as those associated with dopamine 

neurotransmission, and is not typically used to measure the baseline concentration of 

analytes. In order to measure dopamine, the background current from a scan without 

dopamine is subtracted from a scan of the faradaic current produced in the presence of 

dopamine (Figure 1.2A). The resulting cyclic voltammogram (Figure 1.2B) for dopamine 

has an oxidation peak at approximately 0.6 V and a reduction peak at -0.2 V. The 

dopamine signal was produced by stimulating dopamine release from an intact, 

Drosophila central nervous system. 

 The background-subtracted cyclic voltammogram provides chemical identity for 

dopamine, but temporal information is also available. Current, voltage and time can be 

visualized simultaneously on a color plot (Figure 1.2C). Applied potential is on the y-

axis. The y-axis is the holding potential, where the waveform begins, the middle is the 

switching potential, and the bottom is the holding potential, where the waveform ends. 

Time is on the x-axis. Baseline data is collected for 30 s followed by application of 

dopamine (red line). Color is used to represent changes in current. Green represents 

increases in current produced from the oxidation of dopamine to dopamine-o-quinone, 

and blue represents decreases in current produced from the reduction of dopamine-o-

quinone to dopamine. The vertical white line runs through the time point at which 

maximal dopamine oxidation occurs, and is the time point that for the cyclic 

voltammogram in Figure 1.2B. 
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In addition to the cyclic voltammogram and color plot, data can be visualized with 

a current vs. time plot. In Figure 1.2C, the horizontal white line runs through the potential 

at which maximal dopamine oxidation occurs. The resulting current vs. time plot is 

shown in Figure 1.2D. The red line shows the time course of dopamine release. The 

decay of current from maximal dopamine oxidation can be used to estimate the uptake or 

clearance of released dopamine by the dopamine transporter into dopaminergic neurons 

(25, 26). FSCV allows for chemical identity, and provides temporally resolved 

measurement of dopamine and information regarding dopamine uptake.  
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1.1.4 Carbon-fiber microelectrodes 

 Carbon fiber microelectrodes (CFMEs) have been used extensively as 

biochemical sensors since the late 1970’s (27, 28). In comparison to other biosensors, 

CFMEs have small dimensions, cost-effective construction, reduced biofouling, high 

surface area to volume ratios, and fast electron transfer rates. The carbon fibers used to 

make CMFEs are manufactured by spinning and stretching acrylic fibers, such as 

polyacrylonitrile, followed by heating the fibers to high temperatures (>1000 ºC). During 

the heating process, the material becomes carbonized and heteroatoms are removed, 

yielding a material that is >90% carbon (29). The resulting fibers have high tensile 

strength, are good conductors, and are biologically inert. In addition, oxygen-containing 

defect sites form along the length of the fibers, which provides electron transfer sites 

during electrochemical detection (21, 30).  

 

CMFEs are constructed by aspirating a single carbon fiber into a glass capillary, 

and heating and pulling the capillary into two tapered electrodes. The carbon fiber 

protrudes out of the capillary at the tapered end and is trimmed either at the glass-fiber 

interface to form a disk-shaped electrode or at a short distance from the interface (40 – 

100 µm) to form a cylinder-shaped electrode (Figure 1.3). Both electrode geometries are 

commonly used with FSCV (18). The active area of disk electrodes is easy to calculate, 

making them more spatially resolved than cylinder electrodes; however, cylinder 

electrodes are more commonly used in vivo because they have a larger surface area and 
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increased conduction along the length of the fiber, making them more sensitive than disk 

electrodes.  

 The average cylinder CMFE has 

tip diameter of 5-20 µm, and an active 

length of 40-100 µm, giving CMFE’s 

high spatial resolution (Figure 1.3)  (31). 

Other biosensors, such as microdialysis 

probes, are typically larger than 200 

µm, which make them less spatially 

resolved and more prone to cause 

tissue damage upon implantation (13). 

Although electrodes can also be made from other materials, such as gold or 

platinum wire (on the order of tens of µm), these electrodes are prone to bio-

fouling, particularly in the presence of thiols. In addition, the potential window for 

redox reactions and dopamine detection with metal electrodes is smaller. For 

example, when scanning gold electrodes above potentials of 1.1 V, corrosion 

currents are observed (32). 

 The CFME has negatively charged functional groups, such as hydroxyl and 

carbonyl, in aqueous environments. Therefore, at a physiological pH the CMFE is 

slightly more selective for positively charged compounds, such as dopamine. This 

selectivity, the small size of the fiber, and potential window make CFMEs good 

electrodes to use with FSCV for dopamine detection.  

Figure 1.3: Scanning electron microscopic image 

of a cylindrical carbon-fiber microelectrode under 

×1200 magnification. The diameter of the fiber is 

∼5 μm. The length of the exposed carbon fiber 

extending from the glass seal is the electroactive 

area of the electrode. Image from Robinson 2003.  
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1.1.5 Comparison to other techniques 

In addition to FSCV, there are several common methods to measure dopamine 

such as imaging, microdialysis, amperometry, and chronoamperometry. Two major 

imaging methods are functional magnetic resonance imaging (fMRI) and positron 

emission tomography (PET). The benefit of imaging methods is that they are non-

invasive and can be used with humans and non-human primates. In fMRI, brain activity 

in a particular region is measured by detecting the blood-oxygen-level-dependent signal. 

If an area of the brain is active, blood will flow to that area resulting in a change in 

oxygen levels (33). This technique has been used to study the role of dopamine in 

decision making and reward showing that dopaminergic activity in the striatum 

influences decision-making (34). However, the spatial resolution of this technique is 

limited to 2 to 3 mm, and direct dopamine neurotransmission cannot be observed. 

In PET neuroimaging, a radioactive ligand is injected into the blood stream. Once 

in the brain, the tracer emits positrons that are used to construct a three dimensional 

image of the brain and its activity. Several dopamine-specific radioligands, such as the 

dopamine antagonist [
11

C]raclopride, have been developed and used to study dopamine 

receptor activity. For example, PET has been used to show that the number of dopamine 

receptors decrease during chronic cocaine self-administration in non-human primates 

(35). However, PET imaging is not spatially resolved (2.0 mm). While the radiation from 

radiotracers is usually low, PET is commonly coupled with computed tomography (CT) 

in humans, which poses a risk of radiation exposure. Additionally, direct 
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neurotransmission cannot be measured, nor can neurotransmitter concentrations be 

determined by this method.  

Another common technique, microdialysis, has served as a powerful tool for the 

direct measurement of neurotransmitters. In microdialysis, a large probe (typically around 

200 – 400 µm) with a semipermable membrane is implanted into the brain region of 

interest. The probe is perfused with artificial cerebral spinal fluid, and small molecules, 

such as neurotransmitters, diffuse across the membrane according to their concentration 

gradients. The fluid fractions are collected and typically separated using high-

performance liquid chromatography or capillary electrophoresis. Coupling to separation 

techniques allows microdialysis to separate multiple analytes at one time and measure 

their analyte concentration simultaneously. Microdialysis has been used to determine that 

the basal level of dopamine is approximately 1 – 3.5 nM (36, 37). In addition, changes in 

basal levels of dopamine have been monitored using microdialysis to understand the 

effects of drugs of abuse, such as cocaine, on neurotransmission (38). Although 

microdialysis is sensitive and selective, the large size of the probe causes brain trauma 

and tissue damage, such as edema, adulteration of the blood-brain barrier, and glucose 

metabolism near the insertion site (39). Microdialysis also has low temporal resolution 

(usually on the order of 10 min); however, recently, methods to improve temporal 

response have been developed (40, 41). 

With constant-potential amperometry, a voltage sufficient to oxidize the analyte 

of interest is continuously applied to the electrode. As shown in Equation 1.3, current is 

proportional to concentration. Thus, currents can be measured continuously, which gives 
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amperometry high temporal resolution. However, amperometry does not provide 

chemical selectivity. Any analyte, including electroactive interferents, that can undergo a 

redox reaction at the potential applied to the electrode, will be detected and will be 

indistinguishable from the analyte of interest. Therefore, amperometry is often used in 

measurements of single cells where the released substance is already known. For 

example, amperometry has been used extensively to detect dopamine during exocytosis at 

undifferentiated PC12 cells (30, 42–45).  

Another voltammetric technique commonly used to detect dopamine is 

chronoamperometry. In chronoamperometry, a square waveform is applied to an 

electrode. An initial potential where no redox reactions occur is applied and then the 

voltage is stepped down to a potential sufficient to oxidize the analyte of interest. The 

current during the initial potential step is proportional to the concentration of analyte. As 

the potential is stepped back down, the analyte is reduced. The ratio of oxidative and 

reductive current is calculated for a particular time point. Because some analytes have 

unique ratios, this method has some chemical selectivity. Thus, chronoamperometry has 

been used to determine dopamine diffusion and uptake in the rat brain (46). However, the 

chemical resolution is not as good as that found with FSCV (7). In comparison to other 

techniques, FSCV offers a good mix of spatial and temporal resolution as well as 

chemical identity.  

FSCV has a comparable temporal resolution to chronoamperometry, greater 

temporal resolution than microdialysis, but less temporal resolution than amperometry. In 

a complex, in vivo environment there are many compounds that are electroactive, and 
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have the potential to interfere with dopamine detection; therefore, chemical identity is 

important (47). While amperometry is faster than FSCV, amperometry offers no chemical 

identity, and is not preferable when testing a new model system, such as Drosophila. 

Although FSCV offers greater chemical identity than amperometry, and greater speed 

than microdialysis, microdialysis offers the better chemical resolution. Several 

catecholamine neurotransmitters such as dopamine, norepinephrine, and epinephrine have 

similar cyclic voltammograms. These catecholamines cannot easily be distinguished from 

each other using FSCV, but can be using microdialysis. However, the timescale for 

microdialysis is too long to measure quick changes in neurotransmitter concentration, and 

the probes are too large for small tissue preparations, such as those used for Drosophila. 

In order to improve the chemical selectivity of FSCV and distinguish between similar 

compounds, pharmacological agents can be introduced that cause the analyte 

concentration to increase or decrease. For example, α-methyl-DL-p-tyrosine (AMPT), an 

inhibitor of tyrosine hydroxylase, is often administered to confirm the identity of 

dopamine (1). If after drug administration, the concentration of evoked dopamine 

decreases and the cyclic voltammogram has redox peaks corresponding to dopamine, 

chemical identity is confirmed. Thus, FSCV is a suitable method for subsecond 

measurements in complex environments.   

 

1.2: Measuring Dopamine in vivo 

1.2.1: Dopamine neurotransmission 
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Dopamine is a neurotransmitter of interest because it is involved in human 

behaviors such as movement, reward, addiction, appetite, arousal, learning and memory. 

In addition, atypical dopaminergic neurotransmission is involved in diseases such as 

Parkinson’s disease, ADHD, schizophrenia, addiction, and restless leg syndrome. The 

exact mechanisms of dopaminergic signaling dysfunction for these diseases are not well 

understood. Therefore, studying the 

regulation of dopamine can lead to a better 

understanding of both human behavior and 

disease. 

Neurons are composed of three main 

parts: the cell body, axons and dendrites 

(Figure 1.4). The cell body is where the 

nucleus of the cell is located, and the axons 

form connections called synapses with the 

cell bodies and the dendrites of other 

neurons. Neurons communicate with one 

another through either electrical or chemical 

transmission across a junction called a 

synapse. During electrical transmission, 

dendrites from adjacent neurons 

communicate through an electrical synapse 

(Figure 1.4). During chemical transmission, 
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neurotransmitters are released at the interface between an axon of one neuron and the 

dendrite of another neuron. The axon forms the presynaptic portion of the neuron and the 

dendrite forms the postsynaptic portion of the neuron. The region between the two 

neurons is called a synaptic cleft and is typically on the order of tens of nanometers. 

Neurotransmitter release is initiated by an action potential resulting from a change in 

potential across a cell membrane. Once initiated, the action potential propagates down the 

axon to terminals causing the opening of calcium ion channels. Calcium influx causes the 

release of neurotransmitter. 

The catecholamine neurotransmitter, dopamine, is synthesized from the amino 

acid L-tyrosine (Figure 1.5). Once synthesized, dopamine is packaged into membrane-

bound spheres called vesicles by the vesicular monoamine transporter protein. Upon 

exocytosis, the synaptic vesicles dock near the presynaptic membrane and dopamine is 

released into the synaptic cleft where it can interact with postsynaptic dopamine 

receptors, which perpetuate dopaminergic signaling. Dopamine can also interact with 

presynaptic dopamine receptors, which serve as autoreceptors regulating dopamine 

synthesis and exocytosis. Dopamine diffuses out of the synaptic cleft into the 

extracellular space and can be taken back into the dopaminergic neuron by the 

transmembrane protein called the dopamine transporter. Once taken back into the neuron, 

dopamine can be repackaged in vesicles or metabolized.  
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Dopaminergic signaling between neurons occurs in two modes: tonic and phasic 

signaling (14, 48). During tonic signaling, a steady-state level of dopamine is achieved by 

slow dopamine release. Phasic signaling occurs on top of tonic signaling, and is caused 

by concerted burst firing of dopaminergic neurons, which leads to high concentrations of 

dopamine to be released over a brief periods of time, <10 s (49).  Because tonic signaling 

is slow and steady, microdialysis is commonly used to measure basal dopamine levels, 

which are estimated to be 1-3.5 nM (36, 37).  Microdialysis is too slow to measure phasic 

signaling, which often occurs during behavior or sensory input. FSCV, on the other hand, 
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is commonly used to measure phasic signaling, which can be induced by electrical 

stimulation in an anesthesititzed animal or introduction of novel stimuli in an awake, 

behaving animal (50). Understanding the dynamics of tonic and phasic dopaminergic 

signaling in animal models will help us understand, and eventually treat, the many 

diseases involving dopamine dysregulation.  

 

1.2.2: FSCV and dopamine detection 

As previously discussed, FSCV is an advantageous method to measure dopamine 

neurotransmission in vivo and in vitro. Wightman et al. conducted the first in vivo 

measurements of dopamine using FSCV in anesthetized rats (1). They electrically 

stimulated the median forebrain bundle of an anesthetized rat, giving rise to dopamine 

release in the striatum. Dopamine release was confirmed with a cyclic voltammogram as 

well as with pharmacology. Since this initial study, FSCV with electrically stimulated 

dopamine release has been used extensively because it mimics neuronal firing and is 

highly reproducible. Typically, electrically stimulated release occurs by stimulation of the 

substantia nigra, ventral tegmental area or the medial forebrain bundle using a stimulation 

train, and release is measured at an electrode implanted along the nerve terminals. FSCV 

with electrical stimulation has been used, mostly in rodent models, to characterize 

dopamine release, dopamine uptake kinetics, the role of dopamine receptors, and changes 

in dopamine concentration in the presence of pharmacological agents (2, 25, 50). Studies 

using FSCV to detect dopamine, have led to an understanding of the underlying regional 

specificity of dopaminergic signaling. For example, FSCV has been used to determine 
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how uptake of dopamine varies within brain regions. Analysis of clearance curves (the 

signal decay in Figure 1.2 D), has provided the maximum rate of uptake and transporter 

affinity for dopamine in various brain regions as well as in the presence of cocaine (51, 

52).  

FSCV has also been used to investigate dopamine neurotransmission in rat and 

mouse brain slices (1, 53, 54). In these studies, thin slices of the brain are perfused with 

oxygenated artificial cerebral spinal fluid, an electrode is implanted into an area of 

interest, and release is electrically stimulated. Brain slices are often used to study the 

local effect of drug application. The exact concentration of the drug is known and 

systemic effects of the drug are eliminated. An advantage of using brain slices is that 

anatomical structures can be visualized more easily compared to using stereotaxic 

coordinates in whole animal preparations, allowing more precise electrode implantation. 

Brain slice experiments have been used to study dopamine uptake kinetics, and to study 

dopamine release in genetic mutants, such as dopamine transporter knock-out mice (52, 

55).  

Early FSCV studies focused on experiments in anesthetized animals and brain 

slice preparations. However, more recently, FSCV has been used to investigate dopamine 

transients or burst firing in awake, behaving rats. The first measurements of dopamine 

transients were reported by Rebec et al. (56). Upon entry to a novel environment, sharp 

increases in current at the oxidation potential of dopamine were observed. Subsequent 

studies, have measured dopamine levels during sexual arousal (49), novel stimuli (57), 

and cocaine self-administration (58). During self-administration of cocaine by rats, 
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dopamine levels increased about 4 s before the lever press, and after the lever press (58). 

This observation shows that one role of dopamine is as an anticipatory signal. Real-time 

studies of dopamine transients in awake, behaving animals provide an idea of the role of 

dopamine in learning, reward and addiction. 

Despite the advances made in understanding dopaminergic signaling using FSCV, 

the role that dopamine plays in human diseases is not fully understood, nor is the way 

that dopaminergic machinery such autoreceptors and transporters work together to 

regulate signaling. Although mouse lines mimicking human diseases, such as Parkinson’s 

disease, are increasing in number, it still takes 1-2 years before these lines are available.  

Therefore, it would be advantageous to expand this method to other model organisms, 

such as Drosophila. This goal of this thesis is to open up the fly as a model system for 

studying basic mechanisms of dopamine neurotransmission using FSCV. 

 

1.2.3: Kinetic Modeling 

 After dopamine is released, dopamine is removed from the extracellular space by 

the dopamine transporter. Recent studies have shown that uptake is the primary pathway 

for the clearance of released dopamine, and occurs on a second time scale (26). Uptake 

by the dopamine transporter can be modeled using the Michaelis-Menten equation 

(Equation 1.6) (59). At high concentrations, dopamine is transported back into the neuron 

at rate that is linear with time and that is given by the maximal rate of uptake,     . At 

lower concentrations, the dopamine transporter is unsaturated and can be modeling using 

first order kinetics so that    
      

  
  (60). The substrate concentration at half of the 
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maximal rate of uptake, Km, can be used as an approximation for transporter affinity of 

DAT for dopamine. Low values of Km indicate high affinity and high values of Km 

indicate low affinity. The overall reaction rate can be described by:    

             
     

  
   

             

          
      Equation 1.6 

                                                 

                                                                       

                                            

 Dopamine release and uptake has been studied extensively in animal models 

using Michaelis-Menten kinetics.      and    values have been determined for various 

regions of the rat brain, such as the caudate putamen, and release events from single 

nerve terminals have been studied. In addition, dopamine release and uptake in the 

presence of pharmacological agents has been studied. For example, psychostimulants 

such as cocaine and amphetamine inhibit dopamine transporter activity, prolong 

dopamine clearance and increase stereotypic behavior (52). Mice lacking functional 

dopamine transporters exhibit prolonged dopamine signaling and show limited 

responsiveness to dopamine transporter inhibitors; mice overexpressing dopamine 

transporters show increased rates of uptake and increased locomotor response to 

amphetamine (5, 61). While mice with genetically altered transporter expression levels 

can provide a model system to study dopamine release and uptake, mouse genetic models 

are difficult and time-consuming to make. Therefore, more tractable models are desirable.   

 

1.3: Drosophila  
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1.3.1: Drosophila as a model  

Simple model systems are useful in understanding basic neurobiological 

mechanisms. Models can help elucidate the genetic basis for a neurodegenerative disease, 

cellular mechanisms for disease phenotypes, and a model system for treatment. Since the 

early 20
th

 century, the fruit fly has been as a useful model system used to understand 

chromosome theory and developmental genetics. Studies looking at systematic disruption 

during development led to the discovery that genes essential to normal development were 

conserved between humans and Drosophila (62, 63). After both the human and 

Drosophila genomes were decoded, it was determined that 75% of all human disease 

genes have a Drosophila homolog, and approximately 700 out of 2,309 human disease 

genes are well-conserved enough to use Drosophila directly as a model (64). Many of 

these human diseases are neurological in origin and include Parkinson’s, Alzheimer’s and 

Huntington’s disease.  

Drosophila has been used to study neurotransmitter systems for over 30 years (65, 

66). Many neurotransmitter systems are highly conserved between Drosophila and 

mammals.  These include glutamate, GABA, dopamine, serotonin, acetylcholine, and 

histamine (67). The location and development of biogenic amines, such as dopamine, in 

Drosophila was first studied by Budnik et. al (68, 69), and refined by Lundell et. al (70). 

The development of histochemical and immunocytochemical techniques allowed for the 

identification of aminergic neurons and biosynthetic pathways in the nervous system 

during all stages of Drosophila development (71–73). In addition to labeling, the ease of 

developing genetic models targeting a specific aminergic pathway or set of neurons has 
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eased the barrier to understanding how neurotransmitter signaling precisely influences 

function and behavior. Currently, several thousand mutant flies are available from 

Drosophila stock centers.  The biological conservation, short life span, and ease of 

making genetic models make Drosophila an excellent model. 

 

1.3.2: The UAS-GAL4 system 

 One of the most useful genetic tools for Drosophila is the UAS-GAL4 system, 

which allows the over expression of a transgene or gene of interest in a specific tissue 

type (74). This system was developed by Andrea Brand and Norbert Perrimon in 1993 

and consists of two parts: GAL4 and UAS (74). Gal4 is a protein from the yeast 

Saccharomyces cerevisiae. In yeast, GAL4 is responsible for regulation of galactose 

metabolism. In flies, GAL4 can activate transcription, but only under promoters that have 

GAL4 binding sites (75). The upstream activating sequence (UAS) is an enhancer that 

GAL4 specifically binds to activate transcription. Therefore, GAL4 is benign unless in 

the presence of UAS.  

 For this thesis, I bred a line of flies that express Channelrhodopsin-2 (ChR2), a 

blue-light activated cation channel found in blue-green algae, in neurons containing 

tyrosine hydroxylase (TH). A Drosophila line containing the TH-GAL4 mutation was 

crossed with a line containing the UAS-ChR2 (Figure 1.6). Once crossed, the GAL4 

protein binds to UAS. Transcription of ChR2 is then activated in tissue containing 

tyrosine hydroxylase (Figure 1.6). 
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1.3.3: ChR2 and Drosophila 

 Optical stimulation methods, which control cellular function with light, were 

pioneered by the Miesenbock lab (76, 77). Miesenbock used naturally occurring 

photosensitive proteins from Drosophila, and transfected them into both Xenopus oocytes 

and hippocampal cultures. Upon illumination, both cell types responded to the light, 

depolarizing for several seconds (76). The Miesenbock lab then expressed and 

successfully activated photosensitive proteins in Drosophila neurons responsible for 
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escape movements such as jumping and wing beating (77). Around the same time, Nagel 

et al. showed that the seven transmembrane, light-gated ion channel from 

Chlamydomonas reinhardtii, ChR2, could also be used to depolarize cells with light-

stimulation (78).     

Due to the genetic palpability of Drosophila, Schroll et al. generated a transgenic 

Drosophila mutant expressing ChR2 under the control of the UAS-GAL4 system (79). 

The UAS-ChR2 lines allow expression of ChR2 in specific neuron types when UAS-

ChR2 lines are crossed with GAL4 driver lines. In the Schroll et al. study, ChR2 was 

expressed in motorneurons to show that distinct neuronal populations can be activated by 

blue light. ChR2 was then expressed in Th neurons and behavioral studies demonstrated 

that dopaminergic neurons paired with an odor stimulus induced aversive memory 

formation (79). The ability to use optical illumination to control neuron firing in 

Drosophila makes this organism a highly favorable model. Currently, there are thousands 

of GAL4 lines – many of these are dopamine-related, including those mimicking 

dopamine diseases. Therefore, developing a method to measure real-time dopamine 

release in disease models, will hopefully lead to a better understanding of the role that 

dopamine plays in these diseases.    

 

1.3.4: Dopamine in the larval ventral nerve cord 

 Flies go through several stages of development (80). Embryogenesis and the first 

two larval stages (L1 and L2) are each 24 hours. The third larval stage takes two days 

followed by a pupae stage (4-5 days) and adulthood. Typically, larvae are hatched onto a 
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food source. After reaching the third larval stage of development, larvae leave the food 

source and are called 3
rd

 instar wandering larvae (L3W). At this late stage of L3 

development, the 3
rd

 instar larval central nervous system (CNS) becomes fully developed 

and persists into the adult stage (81). Thus, the 3
rd

 instar larval CNS can be used to study 

the neurobiology of a fully developed nervous system.  

 Figure 1.7A shows a light microscope image of a larval CNS that has been 

dissected from a wandering 3
rd

 instar larva. The larval CNS is composed of optic lobes 

(left) and a ventral nerve cord (VNC, right). The ventral nerve cord is bilaterally 

symmetric with individual segments that contain approximately 400 neurons. The three 

segments of the VNC are the subesophageal, thoracic and abdominal ganglia. Of the 

approximate 400 neurons, there are 80 neurons that have been identified as dopaminergic 

in the CNS (70). The dopaminergic cell pattern consists of four clusters of neurons in 

each side of the optic lobes, and a stereotyped pattered of lateral and medial neurons in 

each of the segments of the VNC.   

 Although the dopaminergic neurons are highly ordered throughout the CNS, their 

projections (dendrites and axons) extend throughout the CNS alongside other neuron 

types and their projections. Thus typical methods for inducing neurotransmitter release, 

which work by stimulating a specific neuron type, cannot be easily used. In addition, the 

size of the larval CNS is approximately 200 µm by 50 µm and 8 nL. Both stimulating 

electrodes and microdialysis probes are on the order of 200 µm and cannot be used with 

the Drosophila CNS. 
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Analytical techniques for measuring dopamine in Drosophila have, therefore, 

focused on homogenization of one or more CNS samples followed by analysis with 

HPLC or capillary electrophoresis. Capillary electrophoresis with electrochemical 

detection can detect neurotransmitters, neuromodulators and metabolites from head 

homogenates, individual heads and individual brains (82–84). From such analyses, it has 

been reported that the larval CNS of wild type flies (Canton S) has dopamine 

concentrations ranging from 125 ± 15 to 74 ± 2 fmol/brain (85). Analysis of tissue 

homogenates provides total neurotransmitter concentration, but this method lacks 

information regarding real-time signaling.  
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1.3.5: Using FSCV to characterize dopamine neurotransmission in Drosophila 

 Direct, real-time measurement of dopamine signaling in Drosophila remains little 

understood despite the great potential for this model system to aid in understanding the 

underlying neurobiology of dopamine regulation. In this thesis, I develop a method to use 

FSCV at carbon-fiber microelectrodes for detection of real-time dopamine in the intact, 

larval CNS of Drosophila. This work overcomes a critical instrumentation barrier for 

measuring real-time dopamine release in Drosophila opening it up as a model system for 

studying mechanisms of neurotransmitter release.  
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I could not, at any age, be content to take my place by the fireside and simply look on. Life was meant to be 

lived. Curiousity must be kept alive. One must never, for whatever reason, turn his back on life.  

~Eleanor Roosevelt  
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Chapter 2: Detection of endogenous dopamine changes in Drosophila melanogaster 

using fast-scan cyclic voltammetry 

 

 

Abstract 

In this chapter, fast-scan cyclic voltammetry (FSCV) was used to develop a 

method to detect endogenous dopamine in the fruit fly. Drosophila melanogaster, the 

fruit fly, is a commonly used model organism because of its homology to mammals and 

facile genetic manipulations. However, the size of the nervous system is very small.  We 

report a method to evoke and detect rapid changes in extracellular dopamine in a single 

nerve cord isolated from a Drosophila larva. Flies were genetically modified to express 

Channelrhodopsin-2, a blue-light activated cation channel, in only dopaminergic neurons. 

Extracellular dopamine changes were measured with fast-scan cyclic voltammetry at an 

implanted carbon-fiber microelectrode.  Seven-second stimulations with blue light result 

in an average peak dopamine concentration of 810 ± 60 nM, similar to electrically-

stimulated release in mammals. Stimulations repeated at 15-minute intervals are stable 

for 65 minutes, allowing pharmacological experiments in the same sample. Peak duration 

is extended after cocaine or nisoxetine, inhibitors of the dopamine transporter (DAT). 

Release was reduced upon exposure to reserpine, which inhibits vesicular packaging.  

Chronic administration of NSD-1015, a dopamine synthesis inhibitor, decreased 

dopamine release and inhibited pupation, showing a link between neurotransmission and 

physiology. This is the first method to measure endogenous dopamine in an intact larval 

Drosophila nervous system and will allow studies of genetic and pharmacological 

manipulations of dopamine release and uptake.
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2.1: Introduction 

Drosophila melanogaster, the fruit fly, has been used for nearly 100 years as a 

model organism for understanding complex biological processes. For example, 

Drosophila has been used to study synaptic structure and neural circuitry (1–3) and as a 

model for human neurodegenerative diseases such as Amyotrophic lateral sclerosis, 

Parkinson’s disease and Alzheimer’s disease (4–6). About 75 % of human genes have a 

functional ortholog in the fruit fly (7, 8). Drosophila has a short life span, large number 

of progeny, and can be easily genetically manipulated. These traits are amenable for the 

development of high throughput screenings because Drosophila genetic mutants can be 

created much quicker than in mammalian systems. For example, genetically-altered 

Drosophila can be produced in 1-2 months, while creating a knockout mouse can take up 

to 2 years. The limitation for using Drosophila to study neurotransmission has been lack 

of rapid measurement techniques.    

Dopamine is an important neurotransmitter that is implicated in many human 

behaviors such as cognition, reward, addiction, motivation and motor function. 

Understanding dopamine regulation is essential for the treatment of many diseases 

including schizophrenia, attention-deficit disorder, and Parkinson’s disease.  Dopamine 

regulatory functions such as synthesis and uptake are conserved between humans and 

Drosophila (9, 10).  Dopaminergic neurons have been characterized in Drosophila by 

immunohistochemistry (11, 12), which provides an understanding of neuronal 

morphology but not a direct measurement of neurotransmission.  To quantitate dopamine 

tissue content in the fly central nervous system (CNS), tissue homogenates have been 
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analyzed with HPLC or CE. These studies have estimated that total dopamine content 

ranges from 10 (13) to 74 pg (14) in adult fly brains and 12 -14 pg (15) in the larval CNS. 

While these methods can measure multiple neurotransmitters, homogenization destroys 

the tissue so repeated measurements cannot be made in the same sample.  In addition, 

they do not measure the functional pool of dopamine that is released by exocytosis and 

acts in the extracellular space as a neurotransmitter.   

Direct measurement of dopamine in an intact Drosophila melanogaster CNS has 

been hindered both by the small size of the CNS and lack of a method to evoke 

endogenous release specifically from dopaminergic neurons.  For Drosophila, small 

probes are needed because the CNS is only 100 µm wide and approximately 8 nL in 

volume.  Therefore, the VNC is too small for both microdialysis probes and 

electrophysiology arrays, which are typically 100-200 µm. Detection of fast changes in 

dopamine concentrations has traditionally been performed in mammalian systems using 

fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes (16). FSCV is 

advantageous because of its high sensitivity and subsecond temporal resolution (17). The 

7 µm diameter carbon-fiber microelectrode is small enough to be implanted in the tiny fly 

CNS.  The Ewing lab has developed a method using carbon-fiber microelectrodes to 

detect exogenously-applied dopamine in the adult Drosophila CNS (18).  They evaluated 

dopamine clearance in normal flies and after pharmacological or genetic manipulation of 

the dopamine transporter (DAT), which is responsible for uptake.  However, because this 

method does not measure endogenous dopamine, dopamine release cannot be studied.   
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Recently, our lab has developed a microelectrode method to detect endogenous 

serotonin release and uptake in the intact ventral nerve cord of a single Drosophila larva 

(19).  While mammalian experiments have often evoked release using electrical 

stimulation, the bipolar electrical stimulating electrode used in rodents is larger than the 

length of the entire larval Drosophila VNC.  Utilizing Drosophila’s genetic palpability, 

we have developed a method to evoke endogenous neurotransmitter release by 

genetically modifying flies to express Channelrhodopsin-2 (ChR2).  ChR2 is a blue-light 

activated ion channel that can be inserted specifically into dopaminergic neurons using 

the commonly employed yeast GAL4/UAS system (20). Upon blue-light stimulation, 

ChR2 opens and the inward flow of calcium and sodium depolarizes the membrane, 

leading to exocytosis (21).  

In this study, we develop and characterize a method to measure dopamine release 

in a single, isolated larval Drosophila CNS.  Dopamine release is evoked by blue-light 

activation of ChR2 and detected using FSCV at carbon-fiber microelectrodes.  The 

advantages of this method are that endogenous dopamine can be measured repeatedly in 

the same sample in an intact Drosophila CNS.  Characterization using pharmacological 

agents that disrupt synthesis, uptake and vesicular packaging shows that the Drosophila 

dopaminergic system is similar to mammals. In addition, chronic administration of a 

synthesis inhibitor also disrupts pupation, a physiological process requiring dopamine.  

Therefore, our technique can be used to measure physiologically relevant dopamine 

changes and will allow Drosophila to be utilized as a model system to study dopamine 

regulation. This chapter is adapted from a paper published in Analytical Chemistry (22). 
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2.2: Results and Discussion 

2.2.1: Overview 

 Dopaminergic signaling regulates a variety of complex behaviors in both flies and 

mammals including addiction, learning and sexuality (23, 24).  In flies, dopamine also 

regulates pupation.  Because these signaling pathways have been previously shown to be 

conserved between species, Drosophila is a good model system to study dopamine 

regulation (10, 25, 26).  We used 5-day old, 3
rd

 instar larvae, which have been shown to 

have fully developed dopaminergic neurons (12, 27). Drosophila larvae are also 

advantageous over adult flies because their CNS is easily removed and immobilized.  

 

2.2.2: Anatomy of Drosophila dopamine neurons 

 The larval Drosophila CNS is composed of optic lobes and a segmented ventral 

nerve cord (VNC). The CNS is small: approximately 100 m wide and 250 m in length. 

To visualize the location of dopamine neurons in a larva, a CNS was imaged from a fly 

expressing green-fluorescent protein in dopamine neurons. In Figure 2.1 A, the optic 

lobes are the large round features on the left and the ventral nerve cord (VNC) extends 

out from them. Dopaminergic cell bodies are visualized as white circles and are evident 

throughout the CNS.  In the ventral nerve cord (box), which is similar to the spinal cord 

in vertebrates, many cell bodies are located near the midline (dashed line). On either side 

of the midline, there is a region called the neuropil composed of a dense network of 
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synapses and neurotransmitter release sites 

including dopaminergic terminals. For 

electrochemistry experiments, the whole CNS 

was dissected from the larva and the optic 

lobes of the CNS were removed to facilitate 

electrode insertion. Dissection and incubation 

of CNS tissue in a modified Schneider’s buffer 

has previously been shown to keep tissue 

viable for up to 6 hours after dissection (19, 

27). The electrode was implanted in the 

neuropil to measure release from the dopamine 

terminals (Figure 2.1 B). 
 

 
 

2.2.3: Measurements of endogenous dopamine 

evoked by Channelrhodopsin2 stimulation  

 In order to elicit release from only one type 

of neuron, we expressed Channelrhodopsin-2 

(ChR2) specifically in dopaminergic neurons using 

the yeast-based GAL4/UAS system.  Flies 

containing ChR2, which are controlled by the 

upstream activating sequence (UAS) element, were crossed with flies containing GAL4. 

GAL4 was specifically targeted to cells containing tyrosine hydroxylase (th), a 

Figure 2.1: A) Fluorescence 

microscopy image of GFP-labeled 

dopaminergic neurons in a 5-day-old, 

3
rd

 instar larva CNS. The blue box 

indicates the ventral nerve cord, and the 

dashed line marks the midline, where 

many cell bodies (white circles) are 

located.  On either side of the midline is 

the neuropil region, which is rich in 

dopamine terminals. B) Schematic of 

microelecrode placement into the 

neuropil region of the ventral nerve 

cord with blue-light stimulation.  The 

optic lobes have been removed from 

the CNS.  
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dopaminergic synthesis enzyme. Transcription of UAS requires GAL4; therefore, both 

UAS and GAL4 must be present in a cell for ChR2 to be expressed. The activation of 

ChR2 expressed in dopaminergic neurons causes depolarization and exocytosis (21).  

 This method of neuron-specific ChR2-mediated stimulation has numerous 

advantageous in comparison to electrical stimulation. First, it is specific and activates 

only one type of neuron.  The dopaminergic projections are closely intertwined with other 

neurons, such as serotonergic projections, so electrical stimulation would be nonspecific. 

Second, larval dopaminergic neurons are small and the whole is nerve cord is smaller 

than most electrical stimulating electrodes, which are hundreds of microns in diameter.  

Finally, ChR2 stimulation is not action potential dependent, which might facilitate future 

studies that manipulate basal firing to determine the effects on stimulated release.   

 Evoked dopamine was measured at a carbon-fiber microelectrode that was 

inserted in the neuropil (Figure 2.1 B).  A triangular waveform (-0.4 V to 1.3 V and back 

at 400 V/s, 10 Hz) was constantly applied to the electrode. Figure 2A shows cyclic 

voltammograms collected after a 7 s stimulation with blue light. The cyclic 

voltammogram collected from a larva expressing ChR2 exhibits a peak shape and redox 

features consistent with dopamine release. However, a cyclic voltammogram from a 

parent fly lacking the ChR2 insertion (th-GAL4) contains no characteristic oxidation or 

reduction peaks for dopamine.  Therefore, ChR2 expression is required to elicit dopamine 

release.  Figures 2.2 B and C show all the data collected in a three-dimensional false-

color plot for the ChR2-expressing larva and the parent larva without ChR2, respectively. 

Consecutive cyclic voltammograms are plotted in time on the x-axis and the applied 
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voltage is plotted on the y-axis. Change in current is represented by color. In Fig. 2.2 B, 

the green area on the color plot corresponds to the oxidation of dopamine and the blue 

area to the reduction of dopamine. In the control sample with ChR2, a small change in 

current is observed at the switching potential (1.3 V) but there is an absence of dopamine 

oxidation or reduction peaks. 

 

A concentration vs time profile can be plotted by converting the current at the 

maximal oxidation potential for dopamine to concentration using an in vitro calibration. 

Figure 2.2 D shows the evoked dopamine signal in the ChR2-expressing VNC increases 

quickly upon stimulation and decays rapidly after the blue-light is turned off, which is 

consistent with evoked dopamine release and fast clearance. In the larva without the 

ChR2 insertion, a small change in current is observed when the current at the oxidation 

potential for dopamine is plotted over time (Figure 2.2 D). The change in current is not 

Figure 2.2: Characterization of dopamine signal evoked by ChR2 activation. Each larva was stimulated 

for 7 s. The electrode was scanned from −0.4 to 1.3 V and back at 400 V/s every 100 ms. (A) 

Background subtracted cyclic voltammogram from a larva expressing ChR2 (dashed line) and one 

without ChR2 (solid line). The larva lacking the ChR2 insertion does not exhibit characteristic dopamine 

reduction and oxidization peaks. (B) Color plot showing a 7 s blue light stimulation (denoted by line 

under figure) in a larva expressing ChR2. The green and blue areas show the oxidation and reduction 

peaks, respectively, for dopamine. (C) Color plot from a larva without ChR2. The largest change in 

current corresponds to the switching potential. No dopamine peaks are present. The white dashed line 

marks the oxidation potential for dopamine. (D) Current vs. time plots show that the dopamine signal in a 

ChR2 expressing larva increases upon blue-light stimulation and decreases after the blue light is turned 

off. The duration of the blue light stimulus is marked as a line under the trace. The current at the 

oxidation potential has been converted to concentration using a postcalibration value. The larva without 

ChR2 has a small change at the oxidation potential for dopamine, not from dopamine release but due to 

ionic changes in response to blue light. 
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due to dopamine release, as confirmed by the cyclic voltammogram, but is detected at all 

potentials.  This error is observed upon exposure to blue light, and not other wavelengths, 

and is likely due to changes in the background current caused by ionic changes during 

blue light activation. The current change in larva without ChR2 is only about 13 % of the 

average stimulated release and defines the lower limit of detection (~110 nM).   

The average concentration of evoked dopamine measured in ChR2 expressing 

larvae is 810  60 nM (n = 7), which is similar to concentrations observed in mammalian 

experiments. For example, stimulating a rat brain slice with a single electrical pulse 

results in approximately 2300 ± 400 nM dopamine in the caudate-putamen and from 540 

± 90 nM to 1500 ± 600 nM in the nucleus accumbens core (28, 29). In vivo, peak 

dopamine concentrations between 250 and 600 nM have been observed after short, 

electrical stimulation pulse trains (0.4 to 2 s duration) (30–32). This similarity in 

magnitude of endogenous dopamine release between Drosophila and mammals validates 

using Drosophila as a model system. Longer stimulations were necessary to evoke ChR2-

mediated neurotransmitter changes in Drosophila similar to electrically-stimulated 

experiments in mammals. This is most likely due to the low wattage of the halogen lamp 

and the difficulty of the light to penetrate the outermost glial cell layer of the nerve cord.  

Additionally, the extent to which ChR2 is expressed is unknown, so not all neurons may 

be depolarized as with electrical stimulation.  

   

2.2.4: Effects of stimulation parameters on evoked dopamine release.  
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Stimulated release must be stable over a prolonged time interval in order to 

evaluate changes induced by pharmacological agents in the same sample. Stability 

parameters were established by varying stimulation length and recovery time. A stable, 

reproducible signal was achieved with repeated 7 s, blue-light stimulations every 15 

minutes. For example, Figure 2.3 A shows an initial 7 s stimulation and the fifth 

stimulation evoked 60 minutes later in the same VNC. The peak concentration evoked by 

each stimulation is nearly identical.  Figure 3B demonstrates that repeating 7-s long 

stimulations at 15-minute intervals produces stable release for approximately 65 minutes.  

At longer times, evoked dopamine begins to decrease.  

In order to evaluate the stability of the time course of signaling, the time to half 

decay (t50) was calculated from the individual current versus time profiles.  t50 is defined 

as the time from the end of the stimulus until the half maximal concentration is reached 

(Figure 2.3 C). This value can be used as an estimate of uptake by the dopamine 

transporter. Figure 2.3 D shows t50 is constant for approximately 65 minutes, 

demonstrating that uptake is stable.  Prolonged stability of both release and uptake during 

stimulated release experiments confirms that Drosophila is a viable model system for 

making repeated measurements of dopamine in the same sample.  
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Figure 2.3: Effect of repeated stimulations. Each VNC was stimulated for 7 s at 15 min intervals. (A) 

Concentration vs time profiles from stimulations within the same VNC taken for 60 min. (B) Pooled data 

(mean +/− SEM, n = 7) show that the evoked dopamine concentration is stable for over an hour 

following nerve cord isolation. (C) Diagram of the definition of t50. The half decay time is defined as the 

time from the end of the stimulation until the signal decays to 50 %. (D) Pooled data (mean +/− SEM n = 

7) show that t50 is stable for 65 min. 

 

To test the effect of stimulation length on evoked dopamine, the duration of the 

blue-light stimulation was varied.  VNCs were exposed to 3, 5, 7, 10, 12 or 15 s of blue-

light stimulation, in that order, with 15 minutes rest between stimulations to allow the 

releasable pool of dopamine to recover (Figure 2.4).  As the duration of activation 

increases, the amount of dopamine released also increases until a saturation point is 

reached around 10 s.  For stimulations over 10 s, the peak height plateaus but the duration 

of signaling is longer.  This suggests that either a maximal amount of release has been 

reached or that uptake is able to clear enough of the released dopamine during the longer 

stimulations that a steady-state curve is evident. Previously, ChR2 activation has been 



V i c k r e y  | 49 

 

 

Figure 2.4: Effect of stimulation duration on dopamine 

signaling. Stimulations were performed for 3, 5, 7, 10, 

12, or 15 s in one ventral nerve cord with 15 min of 

recovery time in between each stimulation. The 

stimulation start time is indicated by the black arrow. 

 

shown to occur on a millisecond time scale after which the channel reaches a steady state 

(33). Once open, ChR2 is responsive 

to continuous light for almost a full 

minute. Therefore, it is unlikely that 

the plateaus in peak height observed 

for longer stimulations are a result of 

desensitization of ChR2. A complete 

return by the signal to baseline is not 

observed for every stimulation, 

which is commonly observed in in 

vitro FSCV experiments (34). 

Therefore, the 7 s stimulation was chosen for pharmacology experiments, due to its 

robust, reproducible signal. However, in future experiments, 5 s stimulations may also be 

useful because evoked dopamine is well below maximal peak height.    

 

2.2.5: Characterization of dopamine release using pharmacology 

 While fast-scan cyclic voltammetry provides a CV that allows chemical 

identification of the measured species, many neurotransmitters have CVs that are difficult 

to distinguish.  For example, dopamine and norepinephrine have identical CVs, although 

the fly does not contain norepinephrine or epinephrine (23) so they are not possible 

interferents in Drosophila. Another method to identify the species being detected is to 

pharmacologically manipulate the specific neurotransmitter system (35).  Therefore, in 
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order to verify that dopamine was being detected, we inhibited dopamine synthesis 

pharmacologically with NSD-1015, which blocks the aromatic L-amino acid 

decarboxylase (AADC) enzyme. AADC catalyzes the decarboxylation of L-DOPA into 

dopamine, which is the second step in the dopamine synthesis pathway.  

Twenty M NSD-1015 was mixed with yeast and fed to larvae for 2 days prior to 

the experiment. When a larva is chronically exposed to NSD-1015, the amount of evoked 

dopamine decreases significantly (Figure 2.5 A). The concentration of dopamine 

measured on the initial stimulation was 410  80 nM (n = 6), significantly less than 

normal flies (unpaired t-test, p = 0.0038, Figure 5B). While stimulations repeated at 15-

minute intervals evoke constant release in normal flies, subsequent stimulations from 

larvae fed NSD-1015 showed even lower release. For example, the second stimulation 

evokes on average only 43 ± 8 percent of the first, a significant decrease (n = 5, paired t-

test, p = 0.004).  The decrease in evoked release after NSD-1015 demonstrates that the 

measured neurotransmitter is dopamine and that synthesis is necessary to maintain the 

releasable pool of dopamine. 

In order to pupate, Drosophila metabolizes dopamine into melanin (23).  

Interestingly, larvae fed NSD-1015 exhibited delayed pupation by 3-4 days or failed to 

pupate at all.  Our electrochemistry data show a loss of releasable dopamine and the lack 

of pupation demonstrates that lower dopamine has a physiological effect. Because NSD-

1015 was chronically administered to larvae, this technique is suitable for future studies 

of the effects of chronic drug exposure on dopamine levels.  

 



V i c k r e y  | 51 

 

 

 

To test whether the dopamine release is vesicular, we dissected and incubated 

VNCs in reserpine.  Reserpine inhibits the vesicular monoamine transporter (VMAT) and 

prevents dopamine from being packaged into vesicles. In mammals, reserpine has been 

shown to diminish stimulated dopamine release (36) . Because Drosophila possess a 

functional ortholog of VMAT, the isoform dVMAT-A, the response to reserpine should 

be conserved between species (37). Figure 5A shows that 30 min incubation in reserpine 

significantly reduces dopamine signaling.  Evoked release was 180 ± 10 nM, significantly 

less than buffer-incubated animals (n = 7, unpaired t-test, p < 0.0001), but higher than in 

control subjects without ChR2 (n = 7, unpaired t-test, p < 0.0001), indicating that a small 

amount of dopamine is still detected (Figure 2.5 B). Because reserpine effectively 

Figure 2.5: Effect of 

pharmacological agents on 

evoked dopamine concentration. 

(A) Concentration vs time 

profiles from individual VNCs 

show that peak dopamine 

concentration is reduced when 

larva are chronically fed NSD-

1015 (6.6 μM), a synthesis 

inhibitor, or are incubated in 

reserpine (100 μM), a VMAT 

inhibitor that disrupts vesicular 

packaging. (B) The 

concentration of dopamine 

elicited by the first stimulation 

is significantly less for NSD-

1015 (∗∗, p < 0.01) and 

reserpine (∗∗∗, p < 0.001) than 

in samples dissected in buffer 

but more than control 

experiments where ChR2 was 

not expressed. ∗, p < 0.05; ∗∗, p 

< 0.01; ∗∗∗, p < 0.001. 
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reduced the evoked dopamine signal, dopamine release is indeed vesicular.  Therefore, 

Drosophila is useful in studying mechanisms of vesicular packaging and exocytosis.  

 

2.2.6: Characterization of dopamine uptake using pharmacology  

Dopamine is taken up from the extracellular space back into the cell by the 

dopamine transporter (DAT). Therefore, if the transporter is blocked, the dopamine 

clearance rate decreases and dopamine signaling is prolonged, which has been observed 

in mammalian systems (38). To test the effect of blocking uptake in Drosophila, VNCs 

were dissected and incubated in 50 M cocaine, a drug of abuse, and known DAT 

inhibitor (25, 38).  Figure 2.6A shows example traces of dopamine after uptake 

inhibition.  The evoked peak height is similar for the cocaine and buffer traces, but the 

signal takes longer to return to baseline after cocaine.  The peak concentration elicited by 

the initial stimulation was 910  80 nM, which is not significantly different from buffer 

controls (n = 7, unpaired t test, p = 0.6107) (Figure 2.6B). The half decay time (t50) for 

cocaine-exposed nerve cords increased by nearly 50 % and was significantly larger than 

buffer-incubated controls (n = 6, unpaired t-test, p = 0.0001, Figure 2.6C), which 

indicates uptake plays a role in dopamine clearance.   
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 While cocaine has been traditionally used to inhibit DAT in mammals, in 

Drosophila, cocaine has a higher affinity for the serotonin transporter (SERT) than DAT 

(21). Therefore, to prove that DAT is specifically responsible for dopamine clearance, we 

performed measurements 

in a different experimental 

group that was treated 

with nisoxetine.  

Nisoxetine has a Ki value 

three orders of magnitude 

higher for DAT than 

SERT in Drosophila (5.6 

and 5000 M, 

respectively). An example 

trace after 20 M 

nisoxetine shows an 

increase in clearance time 

compared to samples 

incubated in buffer (Figure 

2.6 A). The concentration 

of evoked dopamine after 

nisoxetine incubation is 930 

Figure 2.6: Effect of DAT inhibitors on dopamine signaling. (A) 

Concentration versus time profiles from individual VNCs dissected 

in buffer or incubated in 50 μM cocaine or 20 μM nisoxetine. DAT 

inhibition increases the clearance time for dopamine. (B) The initial 

concentration of dopamine measured in VNCs in the presence of 50 

μM cocaine (n = 6) or 20 μM nisoxetine (n = 6) was not significantly 

different than that measured in buffer (n = 7). (C) The half decay 

time (t50) for VNCs dissected in buffer (n = 7) is significantly less 

(∗∗∗, p < 0.001) than for cocaine (n = 6) or nisoxetine (n = 6). (D) 

Concentration versus time profiles from a same-sample experiment. 

An initial 7 s blue-light stimulation was performed, then the nerve 

cord was incubated in 20 μM nisoxetine, and another stimulation was 

performed 30 min later. DAT inhibition increases the clearance time 

and concentration of dopamine. (E) Evoked release significantly 

increased (∗∗, p < 0.01) in the same-sample experiment after 

nisoxetine was added (n = 6). (F) The half decay time (t50) 

significantly increased (∗∗∗, p < 0.001) after nisoxetine. 
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 150 nM, which is not significantly different from the buffer group (n = 7 unpaired t 

test, p = 0.6351) (Figure 6B). Nisoxetine also significantly increased t50 (Figure 2.6C, n = 

7, unpaired t test, p = 0.0001) in a similar manner as cocaine. However the dose is lower 

for nisoxetine, indicating nisoxetine has a higher affinity for DAT, as has been reported 

for in vitro studies (10). These studies indicate that the dopamine transporter is 

specifically responsible for dopamine uptake.   

Slowed clearance time after uptake inhibition is consistent with results found in 

mammalian studies.  Measurements in the rat striatum show that cocaine increases the 

time course of signal decay by 50% (39). Additionally, uptake inhibition is expected to 

increase the peak concentration, since no dopamine will be cleared during the 

stimulation.  For example, brain slice measurements in the nucleus accumbens and 

striatum of rats have shown significant increases in maximal dopamine concentration 

after cocaine administration (28, 40). Peak height increases after cocaine have been also 

been attributed to diffusion from distant sites or release effects (41, 42).   We observed a 

trend towards higher release after uptake inhibition, but observing a significant increase 

in Drosophila might require a large number of samples because of the biological 

variability between samples.  Within subject studies might better elucidate these 

differences.    

Thus, we repeated the experiments with nisoxetine in the same sample for 

comparison. For these experiments, a VNC was dissected in buffer and an initial 7 s, 

blue-light stimulation performed.  Then, nisoxetine was added to the Petri dish to provide 

a final concentration of 20 M and the same VNC stimulated at 15 min intervals. The 
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example traces from the same-sample experiment show both an increase in peak height 

and decay time 30 min after nisoxetine application (Figure 2.6D). Evoked dopamine 

increased on average from 810 ± 60 nM to 960 ± 50 nM, which is statistically significant 

(n = 6, paired t test, p = 0.0046, Figure 2.6E).  This 20 % increase is similar to increases 

in peak height after uptake inhibition observed in mammalian experiments (42). In same-

sample measurements, addition of nisoxetine significantly increased clearance time as 

well (n = 6, paired t-test, p = 0.0005). The t50 values from the separate group and same 

sample experiments are not significantly different (p=6, unpaired t-test p = 0.6943, 

compare Figures 2.6 C and F). Therefore, the prior stimulation in the same sample 

experiment has no effect on the clearance time. These experiments demonstrate that our 

technique makes Drosophila amenable for studies of dopamine uptake inhibitors and 

drugs of abuse.  

 

2.2.7: Comparison to other techniques.   

We demonstrate the first direct, real-time measurement of endogenous dopamine 

release in a single Drosophila larva.  Previously, HPLC and CE studies measured total 

dopamine tissue content in Drosophila, but provided no time course information about 

extracellular dopamine signaling (13, 14).  Dopamine uptake has been measured in adult 

fruit flies by the Ewing group (18). They implanted a microelectrode in the protocerebral 

anterior medial brain area of an immobilized, intact adult fly.  The time course of 

clearance of exogenously applied dopamine was measured using FSCV or amperometry.  

This experimental design provides information about uptake and they found that 
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dopamine signaling was prolonged in mutant flies lacking DAT function or after 

administration of cocaine. Our data using cocaine in the larval CNS is consistent with 

their findings that dopamine uptake in Drosophila is slowed in the presence of a DAT 

inhibitor.  For measuring uptake, our method and the Ewing method are complementary 

and both indicate Drosophila is a valid model system. 

The primary advantage of our method is that we are able to evoke and detect 

endogenous dopamine release.  The ChR2 stimulation is specific to one neuronal type 

and permits optical control of dopamine release.  Our method will allow a range of 

experiments that test the effects of different pharmacological and genetic manipulations 

on dopamine release.  For example, we could study exocytosis or the function of 

dopamine autoreceptors on the regulation of release.  While it is not possible to make 

measurements in the intact larva because of body-wall contractions, our method takes 

advantage of whole CNS culture techniques that have been standardized in Drosophila.  

Therefore, neuronal connections are maintained, an advantage of using Drosophila larvae 

over mammalian brain slice experiments.  
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2.3: Conclusions 

In this chapter, I have shown that fast-scan cyclic voltammetry at carbon-fiber 

microelectrodes can be used to measure endogenous dopamine release evoked in an 

isolated Drosophila melanogaster larval ventral nerve cord. The release of dopamine 

measured in the presence of pharmacological agents in Drosophila is consistent with data 

collected from mammalian studies; therefore, dopaminergic signaling in Drosophila is 

homologous to signaling in mammals. Drosophila is a valuable model system to study 

dopamine regulation and the results could be useful for designing better mammalian 

experiments to reduce the use of higher order animals. For example, our method could be 

used to examine how chronic cocaine administration or cocaine withdrawal influences 

dopamine clearance in Drosophila.  In the next chapter of this thesis, I use this method to 

study the function of dopamine2-like receptors, proving that this method is also useful for 

determining previously unknown neurobiology in Drosophila.  Once dopamine 

regulation is better characterized in Drosophila, this system could be used to study flies 

with genetic mutations mimicking human diseases.  
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2.4: Experimental  

2.4.1: Chemicals  

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO) and used as received. All solutions were prepared using Milli-Q water 

(Millipore Billerica, MA). A modified Schneider’s buffer (15.2 mM MgSO4, 21 mM 

KCl, 3.3 mM KH2PO4, 36 mM NaCl, 5.8 mM NaH2PO4, 5.4 mM CaCl2, 11.1 mM 

glucose, 5.3 mM trehalose, pH = 6.2) was used in all calibration experiments and 

dissections. 50 M cocaine and 20 M nisoxetine solutions were made using the 

modified Schneider’s buffer. Similarly, a 100 M reserpine solution in buffer was made 

by dilution of a 10 mM stock solution of reserpine dissolved in DMSO. A 20 M NSD-

1015 solution was made in water and mixed with the Drosophila food, Red Star yeast 

(Milwaukee, WI) mNSD-1015 concentration 6.6 M. The drug-yeast mixture was fed to 

3-day-old Drosophila larvae for 2 days prior to experimentation. Larvae were observed 

under a microscope and appeared healthy, but failed to show signs of pupation after 5 

days.  

 

2.4.2: Electrochemical Measurements 

Carbon-fiber microelectrodes were fabricated by aspirating a single T-650 carbon 

fiber (Cytec Engineering Materials, West Patterson, NJ) into a 1.2 mm x 0.68 mm glass 

capillary (A-M systems, Carlsburg, WA). A vertical pipette puller (Narishige, model PE-
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21, East Meadow, NY) was used to form two electrodes. The carbon fiber was trimmed 

to a length of 40 – 60 µm with a scalpel. In order to seal the fiber in the glass, the 

electrodes were epoxied with Epon Resin 828 (Miller-Stephenson, Danbury, CT) mixed 

with 14% (w/w) m-phenylenediamine hardener (Fluka, Milwaukee, WI). The epoxy and 

hardener were heated to approximately 85°C and the electrodes were dipped into the 

mixture for 30 s and allowed to dry overnight. They were then cured in an oven at 100°C 

for two hours followed by 150°C overnight. The electrodes were soaked in isopropanol 

for 10 minutes and backfilled with 1 M KCl prior to use.  

 A Dagan Chem-Clamp potentiostat with modified gain settings was used to 

collect data (Dagan, Minneapolis, MN). Tar Heel CV software (gift of Mark Wightman, 

University of North Carolina) was used for data collection and analysis. A homemade 

breakout box and 2 computer interface boards (PCI 6052 and PCI 6711, National 

Instruments, Austin TX) were used to apply the cyclic voltammogram waveform and to 

collect data as previously described (43). The electrode was scanned at a scan rate of 400 

V/s from -0.4 to 1.3 V and back at a repetition rate of 10 Hz. A Ag/AgCl wire was used 

as a reference electrode and was placed in the buffer bath outside the nerve cord.  

Electrodes were calibrated with a 1 µM dopamine solution before and after implantation 

into a VNC.  

 Statistics were performed using GraphPad Prism software.  Data are reported as 

mean +/- standard error of the mean (SEM) for n number of different samples.  Data were 

considered significantly different at the 95 % confidence level.   
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2.4.3: Preparation of ventral nerve cords 

Flies containing UAS-ChR2 (a gift from Christian Schroll, Universitat Wurzburg) 

were crossed to flies expressing th-GAL4 (a gift from Jay Hirsh, University of Virginia) 

to generate homozygous lines with a th-GAL4;UAS-ChR2 genotype. Flies expressing th-

GAL4 were crossed with flies containing UAS-GFP (Bloomington, IN) to generate 

homozygous lines with a th-GAL4;UAS-GFP genotype. 3-day-old larvae were fed yeast 

containing a 1 mM trans-retinal supplement for 2 days prior to dissection and were 

shielded from light. 5-day-old wandering 3
rd

 instar larvae were dissected in the modified 

Schneider’s buffer unless otherwise noted. The entire CNS was removed and the optic 

lobes were removed by a horizontal cut across the anterior thorax region. The isolated 

ventral nerve cord (VNC) was adhered to the bottom of a plastic Petri dish (Becton 

Dickinson, Franklin Lakes, NJ) containing 4 mL of buffer. The dish was placed on a 

fluorescent microscope and a 40x water immersion lens was used to visualize the nerve 

cord while an electrode was inserted into the neuropil region using a micromanipulator.  

The electrode was inserted a distance of 4-5 segments away from the cut edge. For acute 

pharmacological experiments in different nerve cords, samples were dissected in the 

presence of drug and incubated for 20-30 minutes prior to electrode implantation to allow 

the drug to diffuse into the nerve cord. For experiments in the same nerve cord, a sample 

was dissected and placed in 3 mL modified Schneider’s buffer, an electrode implanted 

and 1 mL of 80 M nisoxetine was added to the Petri dish to provide a final 

concentration of 20 M nisoxetine. 
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 All experiments were performed in a dark room. The electrode was allowed to 

equilibrate after implantation for at least 5 minutes before the initiation of data collection.  

Unless otherwise indicated, 30 s of baseline electrochemistry data was collected before 

VNCs were exposed to 7 s of blue-light illumination from a 10 W halogen microscope 

bulb with a standard fluorescein emission filter (450 – 490 nm). Stimulations were 

repeated at 15 minute intervals to allow for recovery. 

 

2.4.4: Immunohistochemistry Experiments 

Flies expressing green fluorescent protein (GFP) in their dopaminergic neurons 

(th-GAL4;UAS-GFP) were mounted and stained using anti-chicken GFP polyclonal 

antibodies (Aves Labs, Tigard, Oregon) (44). Dopamine cell bodies were imaged with an 

Olympus 1x70 microscope with a Fluoview 3.3 laser scanning confocal system (Olympus 

America, Melville, NY). Image reconstitutions were performed with Volocity 2.0 

(Improvision, Waltham, MA).  
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“The saddest aspect of life right now is that science gathers knowledge faster than society gathers 

wisdom.”  

~Isaac Asimov 
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Chapter 3: Drosophila Dopamine2-like receptors function as autoreceptors 

 

 

Abstract 

Dopaminergic signaling pathways are conserved between mammals and 

Drosophila and D2 receptors have been identified in Drosophila.  However, it has not 

been demonstrated whether Drosophila D2 receptors function as autoreceptors and 

regulate the release of dopamine.  In this chapter of my thesis, I determine if Drosophila 

D2 receptors act as autoreceptors by probing the extent to which D2 agonists and 

antagonists affect evoked dopamine release.  Fast-scan cyclic voltammetry was used to 

measure stimulated dopamine release at a carbon-fiber microelectrode implanted in an 

intact, larval Drosophila nervous system.  Dopamine release was evoked using 5-second 

blue light stimulations that open Channelrhodopsin-2, a blue light activated cation 

channel that was specifically expressed in dopaminergic neurons.  In mammals, 

administration of a D2 agonist decreases evoked dopamine release by increasing 

autoreceptor feedback.  Similarly, we found that the D2 agonists bromocriptine and 

quinpirole decreased stimulated dopamine release in Drosophila. D2 antagonists were 

expected to increase dopamine release and the D2 antagonists flupenthixol, butaclamol, 

and haloperidol did increase stimulated release. However, another D2 antagonist, 

raclopride, decreased evoked release but increased basal dopamine levels. The effect of 

raclopride on basal levels was not as large in genetic mutants underexpressing D2 

receptors (th-Gal4;UAS-ds-DD2R), demonstrating that the effect is mediated by D2 

receptors. In addition, agonists did not significantly modulate dopamine uptake although 

the modulatory effects of D2 drugs on release were affected by prior administration of the 
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uptake inhibitor nisoxetine. These results demonstrate that the D2 receptor functions as 

an autoreceptor in Drosophila.   The similarities in dopamine regulation validate 

Drosophila as a model system for studying the basic neurobiology of dopaminergic 

signaling. 
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3.1 Introduction 

 The monoamine neurotransmitter dopamine plays a major role in many human 

behaviors such as movement, cognition, reward, addiction, and motivation.  

Abnormalities in dopaminergic signaling are implicated in diseases such as 

schizophrenia, Parkinson’s disease, and drug addiction. Dopaminergic signaling is 

mediated by receptors that are located either postsynaptically, where they regulate 

downstream signaling, or presynaptically, where they act as autoreceptors regulating 

release (1). D2 receptors (D2Rs) are the predominant dopamine autoreceptor and 

dysfunction of D2 autoreceptors is involved in disease etiology (2).  Therefore, D2 

receptors are important drug target sites (2).  For example, patients with schizophrenia 

have a higher expression of D2 receptors and higher basal levels of dopamine; thus many 

antipsychotics target the D2 receptor (3).  Other studies have shown that mice without the 

D2R gene have significant neurological impairments and Parkinson-like symptoms (4).  

Consequently, D2Rs are targets for Parkinson treatment (5).  In addition to their 

implication in specific diseases, D2Rs have also been shown to modulate locomotion (6, 

7). Thus, autoreceptors are critical for regulating dopamine release and maintaining 

dopaminergic function.   

Drosophila is a popular biological model system because of its short life span, 

high fecundity, and facile genetics. Genetic mutants mimicking human diseases can be 

constructed and studied more rapidly in Drosophila than in mammals. Cellular machinery 

that controls dopamine regulation, such as transporter proteins, synthesis enzymes, and 

vesicles are conserved between Drosophila and mammals (8, 9).  Our lab has recently 
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developed a method to directly measure dopamine release in Drosophila and has verified 

that release and reuptake rates are similar to mammals (10, 11).  However, the extent to 

which dopamine receptors in Drosophila act as autoreceptors has not been tested.      

 Three mammalian isoforms of D2R, differing by up to 29 amino acids, have been 

isolated: the D2 short (D2S), D2 long (D2L), and D2 extra long (12, 13). The D2S receptor 

subtype is located presynaptically and functions as an autoreceptor, while the D2L is 

located postsynaptically (14).  Both isoforms are found in many species: human, rat, 

mouse, bovine, c. elegans, and xenopus (15–19). Eight isoforms of a Drosophila D2-like 

receptor (DD2R) have been identified.  These DD2Rs are G-protein coupled receptors 

with a high affinity for dopamine that have homologous amino acid sequences to 

mammalian D2-like receptors (20).  It is unclear whether these receptors are D2L or D2S 

and identifying the cellular locations and function of these DD2R receptors is difficult.  

Immunohistochemistry studies have identified DDR2 localization in larva and DD2R 

staining is co-localized with both dopaminergic cell bodies and projections, although the 

expression presynaptically or postsynaptically has not been determined (21). DD2Rs 

were expressed in HEK293 cells and pharmacological evaluation with mammalian D2R 

agonists and antagonists showed that the agonist bromocriptine and the antagonists 

flupenthixol and butaclamol had high affinity binding.  In contrast, the agonist quinpirole 

and the antagonist haloperidol had little to no affinity for the DD2Rs (20).  However, 

some drugs with poor affinity cause behavioral effects in Drosophila.  For example, the 

agonist quinpirole increases locomotor activity in adults (22, 23).  Another tool to study 

DDR2 function is an RNA interference (RNAi) Drosophila mutant with decreased 
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expression of DD2R (th-GAL4;UAS-ds-DD2R) (21).  These mutants exhibit decreases in 

locomotor response, which can be rescued by the agonist bromocriptine (21). Molecular 

biology, behavioral, and genetic results suggest that D2 autoreceptor functionality may be 

conserved in Drosophila.  Chemical measurements of dopamine release would provide 

direct evidence and establish the relative effectiveness of DD2R drugs in an intact 

Drosophila CNS.   

 In this study, we used fast-scan cyclic voltammetry at carbon-fiber 

microelectrodes to characterize changes in evoked dopamine release in Drosophila larvae 

following pharmacological manipulation with different D2 agonists and antagonists. We 

show D2 agonists decreased stimulated dopamine release and D2 antagonists increased 

dopamine release. While the antagonist raclopride did not increase stimulated release, it 

did increase basal dopamine levels, an effect that was reduced in flies under-expressing 

DD2Rs (th-Gal4;UAS-ds-DD2R).   These studies demonstrate that the Drosophila D2 

receptor functions as an autoreceptor and regulates dopamine release, thus validating 

Drosophila as a model system to study dopaminergic diseases. This chapter is adapted 

from my published work in ACS Chemical Neuroscience (24). 



V i c k r e y  | 73 

 

 

3.2: Results and Discussion 

 

3.2.1: Overview 

 Fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes has been 

used extensively to measure electrically-stimulated dopamine release in animal models in 

vivo, in brain slices, and at single cells (25–27).  In mammals, FSCV has been used to 

measure the effects of D2 receptor agonists and antagonists on evoked dopamine release 

(28, 29).  For example, in rat brain slices, the dopamine agonist quinpirole decreases 

stimulated dopamine release (29) and in anesthetized rats, the dopamine antagonist 

flupenthixol increases stimulated dopamine release (30).  The combination of specific 

stimulation of the dopaminergic terminals and rapid measuring technique allow 

presynaptic effects of the drugs to be probed so these studies verify that D2 receptors act 

as autoreceptors, regulating a feedback loop that controls release (31).  While electrical 

stimulation works well in mammalian experiments, the Drosophila ventral nerve cord is 

smaller than a typical stimulating electrode. Therefore, optical stimulations are used 

instead of electrical stimulations.   Channelrhodopsin-2, a blue-light sensitive ion 

channel, is specifically expressed in dopaminergic neurons.  Dopamine release is 

measured with FSCV at a carbon-fiber microelectrode implanted in an isolated 

Drosophila larva nerve cord after blue-light stimulation (10, 11). Presynaptic effects of 

the drugs are investigated as this experimental protocol is analogous to the mammalian 

protocols because dopaminergic terminals are specifically activated and release measured 
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on a rapid time scale (31).  The effects of D2R agonists and antagonists were tested on 

ChR2-mediated dopamine release to determine autoreceptor function.  

 

3.2.2: Dopamine agonists decrease evoked dopamine release   

In humans, bromocriptine is a potent D2R agonist used in the treatment of 

Parkinson’s disease. Administering bromocriptine to mammals decreases striatal 

dopamine synthesis through activation of the D2R (32).  In Drosophila, bromocriptine 

restores locomotion to mutants exhibiting Parkinsonian-like behavior (21). Bromocriptine 

had a similar affinity for Drosophila D2R (DD2R) as for human D2R and has the highest 

affinity binding of several common dopamine receptor agonists for DDR2 receptors 

transfected into HEK293 cells (33).   

To test the effects of drugs in Drosophila, an electrode was implanted into a 

ventral nerve cord dissected from a 5-day-old larva and an initial, 5 s blue-light 

stimulation performed to assess dopamine release before drug administration. Two, 

subsequent 5 s blue-light stimulations were performed 15 and 30 min after drug 

administration. Figure 3.1 A shows that in a control experiment where buffer is added 

instead of drugs, the stimulations after 15 and 30 min produced the same dopamine signal 

as the initial stimulation.  While there was a large variation in release between samples 

due to variance in ChR2 expression (average evoked dopamine release was 490 ± 60 nM 

for all flies, n = 42), stimulated release at 15 min intervals within each sample was stable.   

Figures 3.1 B and C show example cyclic voltammograms and concentration 

versus time profiles for evoked release in the fly before and after bromocriptine was 
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administered to bring the concentration in the bath around the nerve cord to 50 µM.  Peak 

concentration decreased and there was a larger effect 30 min (47% decrease) after 

bromocriptine than after 15 min (24% decrease). Pooled data are plotted as a percentage 

of the initial stimulation (Figure 3.1 D) and bromocriptine decreased evoked dopamine 

release.  To test significance, evoked release before and after drug were compared with a 

paired t-test and release was significantly decreased both 15 and 30 min postdrug. 

Figure 3.1: Effect of D2 agonist 

bromocriptine on evoked dopamine. 

(A) Control data show that when 

buffer is added instead of drug, 

stimulations evoked 15 and 30 min 

after the initial stimulation are stable 

(n = 5). (B) Background-subtracted 

cyclic voltammogram from a single 

nerve cord comparing evoked 

dopamine release before the 

addition of drug and 15 and 30 min 

after application of 50 μM 

bromocriptine. (C) Concentration vs 

time profile showing the effect of 

bromocriptine on stimulated 

dopamine release in a single nerve 

cord. The bar underneath marks the 

duration of the blue-light 

stimulation. (D) Pooled data (n = 7) 

show 50 μM bromocriptine 

decreased evoked dopamine release. 

Data are normalized to the initial 

stimulation in each animal. Statistics 

were determined via comparison of 

evoked release before and after 

addition of drug using paired t tests. 

**p < 0.01; ***p < 0.001. (E) 

Preincubation with 50 μM 

bromocriptine also decreased 

evoked dopamine release (n = 6). 

Significance is determined using an 

unpaired t test. *p < 0.05. (F) 

Dopamine clearance (t50) is not 

significantly different in the 

presence of bromocriptine (paired t 
test; n = 6). 
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In order to ensure that pre-stimulation did not deplete the population of dopamine-

loaded vesicles or change synaptic physiology, nerve cords were also incubated with 

bromocriptine 15-20 minutes before any stimulations were performed. Figure 1E shows 

evoked dopamine release is significantly less after bromocriptine incubation than in 

control samples.  The effect of bromocriptine is the same regardless of prior stimulation, 

although the decrease in release (57%) is slightly larger.  The larger decrease after 

incubation could be due to the experimental protocol facilitating more bromocriptine 

diffusion, as the optic lobes were removed in bromocriptine and more drug could have 

entered during the cutting when no glial barrier would have formed.  However, the 

concentration of stimulated release after bromocriptine was about the same for both the 

pre-stimulated and unstimulated groups.  The control data for this experiment had larger 

than average release so these data show why it is useful to do pre-stimulation to be able 

to directly compare drug to control data in the same sample.  

In addition to evoked concentration, dopamine clearance kinetics can be 

determined from current vs. time plots. The time from the end of the stimulus until the 

signal decays to the half maximal concentration is reached, t50, can be used as an estimate 

of uptake by the dopamine transporter. The t50 increased slightly for nerve cords after 

bromocriptine (Figure 3.1 F), although the effect was not significant.   
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 The D2R agonist quinpirole 

was also tested. In mammalian brain 

slice experiments, quinpirole 

significantly decreases the amount of 

stimulated dopamine release, while in 

behaving rats quinpirole modulates 

locomotion in a concentration 

dependent manner (21, 34).
 
 In 

Drosophila, administration of 

quinpirole to the nerve cord of 

decapitated adult flies stimulates 

locomotion and grooming responses 

(22).  However, quinpirole had no 

significant affinity for DD2R in cells 

transfected with Drosophila D2R 

isoforms (20).  Fifty µM quinpirole was 

administered, the same dose for 

bromocriptine and similar to that used in behavioral experiments (22, 29, 35).  Figure 3.2 

shows that stimulated dopamine release decreased after quinpirole administration.  On 

average release was 35% and 69% less 15 and 30 min after quinpirole, respectively, 

which is consistent with mammalian results (36, 37).  We observed a significant effect on 

evoked release with quinpirole, whereas significant binding was not seen in transfected 

Figure 3.2: Effect of D2 agonist quinpirole. (A) 

Concentration–time traces show 50 μM quinpriole 

decreased evoked dopamine release. (B) Averaged 

data demonstrate (n = 7) evoked release is 

significantly decreased 15 and 30 min after addition 

of quinpirole (paired t test comparing evoked release 

before and after addition of drug). (C) Dopamine 

clearance (t50) is not significantly reduced in the 

presence of quinpirole (paired t test; n = 6). *p < 

0.05. **p < 0.01. 
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cells (20). It is common for drug binding in vivo to be different than in transfected cells; 

thus, an in vivo method to test drugs is valuable (38, 39).  For quinpirole, the t50 did not 

significantly change (Figure 3.2 C), and the trend towards a higher t50 was similar to that 

observed with bromocriptine.  

 In summary, both D2R agonists bromocriptine and quinpirole significantly 

decreased dopamine release.  This decrease in release suggests that the Drosophila D2R 

functions as an autoreceptor, regulating dopamine release.  

 

3.2.3: Dopamine antagonists increase evoked dopamine release 

If the DD2R is an autoreceptor, then D2 antagonists should increase stimulated 

dopamine release.  Flupenthixol is a D2 antagonist used to treat schizophrenia (40).  

Acute flupenthixol upregulates dopamine synthesis in mammals (41) and increases 

stimulated dopamine release in rats (30).  In HEK293 cells transfected with DD2R 

isoforms, flupenthixol showed the highest affinity among antagonists tested (20).  Figure 

3.3 A shows an example concentration versus time profile for evoked dopamine after 5 

µM flupenthixol. The highest release was observed 15 min after antagonist 

administration, although release was still elevated after 30 min.  Figure 3.3 B 

demonstrates that on average endogenous dopamine release doubled 15 minutes after 

flupenthixol administration, a significant increase.  The increase in dopamine release 

after flupenthixol is similar to mammalian studies and is consistent with the DD2R acting 

as an autoreceptor. The t50 increased significantly for nerve cords after flupenthixol 
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(Figure 3.3 B). Flupenthixol is a weak human dopamine transporter inhibitor; therefore, it 

is not surprising that clearance was significantly decreased (42).  

 

 Butaclamol is another D2R antagonist that was developed to treat schizophrenia, 

but showed a high incidence of extrapyramidal side effects and was never marketed (43).  

In mammalian models, butaclamol has a high affinity for D2 receptors and in DDR2-

transfected cells, butaclamol has a significant affinity for DD2R (20, 44).  Butaclamol 

significantly increased stimulated dopamine release 15 min after 5 µM was administered 

Figure 3.3: Figure 3.3: Effect of dopamine D2 antagonists. (A) An example concentration–time 

profile shows 5 μM flupenthixol increased dopamine release. Release is higher 15 min than 30 min 

after addition of drug. (B) Averaged data for 5 μM flupenthixol show that release was significantly 

increased 15 and 30 min after addition of drug and that the time for dopamine clearance significantly 

increases after addition of 5 μM flupenthixol (n = 6). (C) Averaged data for 5 μM butaclamol show 

that evoked release is significantly increased 15 min after addition of drug but not 30 min, and t50is 

not significantly different (n = 5). (D) Averaged data for 5 μM haloperidol show a significant increase 

in release after 15 min and no change in t50 (n = 6). All statistics are from paired t tests of release or 

clearance before and after addition of drug. *p < 0.05. **p < 0.01. ***p < 0.001.  
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but not after 30 min (Figure 3.3 C). The t50 was not significantly different after 

butaclamol (Figure 3.3 C).   

Haloperidol is a common antipsychotic used in humans, with significant affinity 

for D2R (45).  Haloperidol has been used extensively in mammalian autoreceptor studies 

(20).  For example, haloperidol increases electrically-evoked dopamine release in freely-

moving animals (46, 47).  In cells transfected with DD2R, haloperidol had a lower 

affinity than flupenthixol and butaclamol (20). Evoked dopamine release was 

significantly increased 15 min after 5 µM haloperidol but not at 30 min (Figure 3.3 D). 

Figure 3.3 D shows that t50 did not significantly change after haloperidol.  

The increase in stimulated dopamine release after flupenthixol, butaclamol, or 

haloperidol provides further evidence that the DD2Rs act as autoreceptors and that 

Drosophila is a homologous model system to mammals.  The similarity of the response 

in Drosophila and mammals suggests that while the D2 receptor isoforms may be 

different, basic biology is conserved.  Interestingly, the effect of the D2 antagonist was 

greatest after 15 min. This could be caused by D2-mediated increases in basal dopamine 

levels, which could deplete the pool for stimulated release. Another cause for the greater 

effect at 15 min could be that receptor density is increased after prolonged exposure to 

the antagonist, which is observed in mammals on a longer time scale (48, 49). 

Flupenthixol had the greatest effect of all antagonists tested, consistent with flupenthixol 

having the highest affinity for DD2R in transfected cells (20).  Butaclamol and 

haloperidol produced very similar results, even though haloperidol had a lower affinity 

for DDR2 in transfected cells.  Thus, electrochemical detection of dopamine release in 
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Drosophila provides an easy test for pharmacological efficacy of D2 agonists and 

antagonists.    

 

3.2.4: Raclopride increases basal dopamine levels 

 Raclopride is a potent D2 antagonist in mammals, and in vivo voltammetry 

studies in rats have shown raclopride increases the concentration of evoked dopamine 

(50).  Raclopride also attenuates locomotor activity in rats (51). In Drosophila, raclopride 

administration to nerve cords of decapitated adult flies also decreased locomotor activity 

(22). However, raclopride exhibited little to no affinity for the Drosophila D2 receptor in 

transfected cells (20). Figure 3.4 A shows a concentration vs. time profile for stimulated 

release before and after 5 µM raclopride.  While the other antagonists increased 

stimulated dopamine, evoked dopamine after raclopride decreased.  Figure 4 B shows 

that average release significantly decreased both 15 and 30 min after raclopride.  A closer 

look at the raclopride concentration vs time traces reveals an interesting observation.  The 

signal doesn’t decay back to baseline after raclopride and a CV taken after stimulated 

dopamine is cleared has characteristics of dopamine, suggesting additional dopamine is 

released (Figure 3.4 A inset).  

Previous in vivo studies in rats using differential pulse voltammetry have shown 

that raclopride can increase basal dopamine levels in the nucleus accumbens 190 % in 30 

minutes (50).  Thus, to investigate changes in basal levels, we repeated our experiment by 

continuously recording voltammetry data before and after 5 µM raclopride. Figure 3.4 C 

shows a non-background subtracted current versus time profile from before the initial  
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Figure 3.4: Effect of raclopride. A) Concentration vs. time profile of stimulated release before and after 5 

µM raclopride administration. The basal level of dopamine increases after raclopride addition and the inset 

CV, taken after stimulated dopamine has cleared, is consistent with dopamine. B) Raclopride significantly 

decreased evoked dopamine release (*, p < 0.05, n = 7). C) Non-background subtracted current vs. time 

profile after the addition of raclopride showing the increase in baseline current.  The inset CV is from the 

basal increase and is not stimulated release. The inset concentration vs. time profile shows a small, surge of 

spontaneous dopamine release. D) Non-background subtracted current vs. time profile from a rat brain 

slice after the addition of raclopride shows basline current increase similar to that found in Drosophila. The 

inset CV verifies the increase is due to dopamine.  E.) Comparison of surges of basal dopamine after 

raclopride in flies with reduced DD2R expression and control flies. Dopamine events last longer and are of 

greater magnitude in controls. The CV for basal change in flies with underexpressing DDR2 has an 

additional peak at -0.1 V likely due to a pH shift.  F) Average number of dopamine surge events in 20 min 

after raclopride addition. Flies with reduced levels of DD2Rs have significantly fewer dopamine surges 

compared to control flies (Pearson chi squared test, * p ≤ 0.05, n = 7).  
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blue-light stimulation to 30 min after raclopride addition.  The CV inset in Figure 3.4 C 

was taken 2 minutes post drug addition, and has a clear dopamine oxidation and 

reduction peak. This CV is not stimulated release but due to changes in basal dopamine.  

Long-term changes in basal levels are not typically studied with FSCV because the initial 

basal concentration cannot be determined and carbon-fiber microelectrodes are not stable 

over long periods of time (52).  However, the change in basal current can be used to 

estimate the magnitude of a dopamine basal change.  On average the baseline increases 

by about 4.3  1 nA, which would correspond to 370  100 nM if the changes were due 

to only dopamine release. This large increase in basal dopamine might deplete internal 

stores leading to the lower levels of stimulated release.  The increases in basal levels also 

confirm the action of the D2 receptor as an autoreceptor, as autoreceptors would be 

expected to regulate both basal and stimulated release. Although raclopride does not 

cause an increase in stimulated dopamine release, it does mediate dopaminergic signaling 

because basal increases are observed. 

 To investigate whether this large basal release of dopamine was an effect specific 

to Drosophila, similar experiments were performed in rat brain slices. Figure 3.4 D 

shows a non-background subtracted current versus time profile for the addition of 

raclopride to a rat brain slice of the caudate-putamen. A similar increase in baseline 

current was observed after raclopride and the CV is consistent with dopamine (inset).  

Therefore, raclopride can cause large increases in dopamine basal levels in mammals as 

well as Drosophila.  The similarity between the response in Drosophila and mammals 
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suggests that while the D2 receptor isoforms of the two species may be different, basic 

biology is conserved.  

In addition to an overall increase in baseline, small surges of dopamine were 

observed in Drosophila after 5 µM raclopride addition that were not elicited by the 

stimulation. The inset of Figure 3.4 C shows an approximately 80 s surge with a 

dopamine concentration of 60 nM.  Because these small changes occurred simultaneously 

with the large changes in baseline dopamine, the signal does not return to baseline.  

Figure 3.4 E displays another example dopamine surge after raclopride administration 

that was measured in a th-GAL4 wild-type fly that did not express ChR2 and was not 

stimulated.  This surge is about 150 nM and lasts 80 s.  The duration of dopamine surges 

ranged from 20 to 80 s and the concentration ranged from 50 nM to 200 nM.   The length 

of these dopamine surges is much longer than transient increases in dopamine detected in 

rats during behavioral experiments (ranging from 0.5 to 2 seconds) (53, 54) or after D2R 

antagonist addition (1 to 5 s) (55); thus they may not be due to burst firing but to changes 

in basal firing.  Raclopride has two effects on dopamine release in Drosophila, increasing 

overall basal levels and causing transient surges in dopamine release. 

 In order to demonstrate that the increase in dopamine after raclopride was due to 

DD2R, we investigated the effect of raclopride on dopamine release in flies with reduced 

levels of DD2R (th-GAL4;UAS-ds-DD2R).  Large increases in baseline dopamine were 

not observed after raclopride; however, low concentration surges of dopamine were 

occasionally still observed (Figure 3.4 E). The CV from the fly with reduced DDR2 

expression has a peak consistent with dopamine but also has an additional peak at -0.1 V, 



V i c k r e y  | 85 

 

 

which has previously been associated with an acidic pH shift (56).  The concentration of 

dopamine surges in control flies (th-GAL4) was on average 30 % greater in control flies 

than in flies with reduced DDR2 expression (Figure 3.4 E).  Dopamine events were also 

shorter in flies underexpressing DDR2, lasting only 5 to 15 s instead of 20 to 80 s.  Figure 

3.4 F shows that the number of dopamine surges was significantly larger for control flies 

compared to those underexpressing DD2Rs (n = 7, p = 0.05). These experiments 

demonstrate that flies underexpressing DDR2 do not have overall increases in basal 

dopamine levels and have fewer dopamine surges than control flies.  Thus, DDR2 

receptors are required for raclopride to affect dopamine levels.  These experiments in the 

genetic mutant fly help distinguish that the effects of raclopride are mediated by DDR2 

and not another autoreceptors, such as D3 receptors.  Combining pharmacology and 

genetic mutant experiments make Drosophila a powerful model organism for 

neuroscience studies. 

 

3.2.5: Interactions of D2 receptors and DAT 

 In mammals, an interaction between D2 receptors and the dopamine transporter 

(DAT) has been postulated because D2 agonists have been found to increase the kinetics 

of DAT, speeding up clearance (57). The extent of this effect is debated and varies by 

brain region and electrochemical detection method.  Meiergerd et al. found a large effect 

of agonists on clearance in the striatum using rotating disk voltammetry, while Joseph et 

al. and Mathews et al. found no effect using FSCV in the striatum and nucleus 

accumbens, respectively (34, 58, 59). Our study provides no evidence that D2 agonists 
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Figure 3.5: Effects of the DAT inhibitor with D2R agonists and antagonists. (A) Concentration–

time profile for a VNC incubated in 50 μM nisoxetine followed by addition of 50 μM 

bromocriptine. (B) Clearance of dopamine is significantly increased in the presence of both 

nisoxetine and bromocriptine (n = 6). The effect of 50 μM bromocriptine is suppressed in the 

presence of 50 μM nisoxetine (n = 6). (C) Concentration–time profile for a VNC incubated in 5 

μM nisoxetine followed by addition of 5 μM flupenthixol. (D) Clearance is not significantly 

changed in VNCs incubated in nisoxetine followed by flupenthixol. The effect of flupenthixol is 

suppressed in the presence of nisoxetine. All statistics are from paired t tests of release or 

clearance before and after addition of drug. *p < 0.05. **p < 0.01. ***p < 0.001. 

 

increase DAT kinetics in Drosophila.  For the agonists, bromocriptine and quinpirole 

non-significantly increase t50, the opposite of the expected effect.  For the antagonists, 

only flupenthixol slowed clearance while butaclamol and haloperidol did not, suggesting 

this is not a widespread effect of antagonists.  An interaction between the D2 receptor and 

DAT may not occur or the effect may not be measured with FSCV.  
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To examine this possible interaction further, nisoxetine, an inhibitor of the 

Drosophila dopamine transporter (dDAT), was administered before a D2 agonist or 

antagonist (Figure 3.5).  The t50 increases significantly after nisoxetine and 

bromocriptine, similar to data for bromocriptine alone, and opposite of the effect 

expected if the D2 agonist had a facilitatory effect on DAT.   Therefore, these data do not 

reveal any cooperative effect of an agonist on DAT activity.  After nisoxetine and 

bromocriptine there is a non-significant (p = 0.0523) trend towards increased release 

compared to nisoxetine alone (Figure 3.5 A and B).  Uptake inhibition causes the D2 

agonist to have the opposite effect it had when administered alone.  Increased basal 

dopamine levels after nisoxetine may saturate D2 receptors, and thus there is no decrease 

in release after D2 agonist administration.   

When the same experiments were repeated with a D2 antagonist, there was no 

difference in either release or clearance after the addition of flupenthixol compared to 

nisoxetine alone.  (Figure 3.5 C and D).  Thus, there does not appear to be any facilitatory 

interaction of D2 receptors for uptake that is blocked by the antagonist.  However, 

administration of an uptake inhibitor does inhibit the effect of a D2 antagonist on release.  

In mammals, D2R administration after DAT inhibition did not increase high-frequency 

stimulated release in rats (60) and DAT inhibitors and D2 antagonists increase basal 

levels of dopamine, which may lead to less DA available for stimulated release (55).  

Similarly, our results show that nisoxetine blocked the ability of the antagonist to 

increase dopamine release in Drosophila.  While DAT inhibition affected the regulation 

of stimulated release by autoreceptors, a direct interaction of D2 receptors and DAT for 
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clearance was not identified.  Future experiments could further probe the complex 

regulation of release governed by uptake and autoreceptors in Drosophila.    
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3.3: Conclusion 

We have chemically investigated the effect of the Drosophila dopamine-2 

receptor on regulating dopamine release. The decrease in stimulated dopamine release in 

the presence of dopamine agonists and the increase in release in the presence of 

antagonists is consistent with the DDR2 acting as an autoreceptor.  These studies were 

modeled after mammalian studies, which probed autoreceptor functionality by 

electrically stimulating dopaminergic fibers and detecting dopamine with fast-scan cyclic 

voltammetry (28, 34, 60, 61).   This specific stimulation protocol and the fast nature of 

the detection led to a probing of presynaptic effects (31). Similarly, in our study, optical 

stimulation of ChR2 located specifically in dopaminergic terminals would also 

investigate primarily presynaptic regulation.  Thus, the pharmacological effects are 

unlikely to be due to downstream effects caused by activation of postsynaptic dopamine 

receptors.  The effects of D2 agonists and antagonists on stimulated dopamine release in 

Drosophila are analogous to results in mammals; this supports the conclusion that the 

DD2R is functioning as an autoreceptor, regulating the release of dopamine.   While no 

interaction facilitating uptake was observed for D2 receptors and DAT, disruption of 

dopamine signaling with an uptake inhibitor did alter the effects of D2 drugs on 

dopamine release.  Because autoreceptors play such an important role in human disease 

etiology, the conservation of autoreceptors between species makes Drosophila a useful 

model for studying dopaminergic diseases.   
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3.4: Experimental Methods 

 

3.4.1: Chemicals 

Unless specified, all chemicals were from Sigma-Aldrich (St. Loius, MO). All 

solutions were made using MilliQ water (Millipore, Billerica, MA). All calibrations and 

dissections were made in a modified Schneider’s buffer (15.2 mM MgSO4, 21 mM KCl, 

3.3 KH2PO4, 36 mM NaCl, 5.8 mM NaH2PO4, 5.4 mM CaCl2, 11.1 mM glucose, 5.3 mM 

trehalose, pH 6.2). 10 mM stock solutions of all agonists and antagonists were made in 

DMSO and were diluted with modified Schneider’s buffer.  The final concentration in the 

bath around the Drosophila CNS was 50 µM bromocriptine, 50 µM quinpirole, 5 µM 

flupenthixol, 5 µM butaclamol, 5 µM haloperidol, or 5 µM raclopride. For nisoxetine 

experiments, the final concentration in the bath was 50 µM nisoxetine for agonist and 5 

µM nisoxetine for antagonist experiments. A 10 mM stock solution of dopamine for 

electrode calibration was made in 0.1 M perchloric acid and diluted to 1 µM with 

modified Schneider’s buffer. Larvae were fed 10 mM all trans-retinal mixed with Red 

Star Yeast (Milwaukee, WI) and water. 

 

3.4.2: Electrochemical Measurements 

 Carbon-fiber microelectrodes were made by aspirating single T-650 carbon fibers 

(Cytec Engineering Materials, West Patterson, NJ) into 1.2 mm X 0.68 mm glass 

capillaries (A-M Systems, Carlsburg, WA). After pulling in a vertical pipette puller 
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(Narishige PE-21, East Meadow, NY), electrodes were trimmed to 40-60 µm. Electrodes 

were then dipped for 30 s into heated (85 ºC) Epon Resin 828 (Miller-Stephenson, 

Danbury, CT) mixed with 14% (w/w) m-phenylenediamine hardener (Fluka, Milwaukee, 

WI). After curing in an oven at 100 ºC for 2 h followed by 150 ºC overnight, the 

electrodes were soaked in isopropanol and backfilled with 1 M KCl before use. 

 Tar Heel CV software (gift of Mark Wightman, University of North Carolina) was 

used to collect and analyze data from a Dagan Chem-Clamp potentiostat (Dagan, 

Minneapolis, MN).  A triangular waveform was generated and data digitized by a 

homemade breakout box with PCI 6052 and 6711 boards (National Instruments, Austin, 

TX). Every 100 ms the electrode was scanned from -0.4 to 1.3 V and back at a scan rate 

of 400 V/s.  An Ag/AgCl reference electrode was placed in the Petri dish near the ventral 

nerve cord.  

 Electrodes were allowed to cycle for 15 minutes prior to implantation. Peak 

oxidation current from the collected cyclic voltammograms was converted into 

concentration using a postelectrode calibration with 1 µM dopamine.  For all drug 

experiments, a second calibration was performed in the presence of drug to account for 

possible drug effects on the electrode sensitivity.  

 

3.4.3: Preparation of Ventral Nerve Cords 

Flies containing UAS-ChR2 were crossed to flies expressing th-GAL4 (a gift from 

Jay Hirsh, University of Virginia) to generate homozygous lines with a th-GAL4;UAS-

ChR2 genotype. Flies expressing th-GAL4 were crossed with flies containing UAS-ds-
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DD2R (a gift from Jay Hirsh, University of Virginia) to generate heterozygous lines with 

a th-GAL4;UAS-ds-DD2R genotype. Three-day-old, wandering 3
rd

 instar th-GAL4;UAS-

ChR2 larvae were selected based on size and activity level, fed trans-retinal for 2 days 

and kept in the dark. Five-day-old larvae were selected based on size, the CNS was 

dissected out in modified Schneider’s buffer and the optic lobes removed as previously 

described.(10, 11) Once isolated, the ventral nerve cord (VNC) was adhered to the 

bottom of a Petri dish (Becton Dickinson, Franklin Lakes, NJ) with 3 mL of buffer. Using 

a 40x water immersion lens, an electrode was inserted into the neuropil, a region dense 

with dopamine cell bodies and terminals.  For control experiments, an initial 5 s blue 

light stimulation was used to evoke dopamine release followed by the addition of 1 mL 

buffer and 5 s stimulations were repeated at 15 min intervals.  For drug experiments, an 

initial 5 s blue light stimulation was performed, then 1 mL of a solution containing the 

drug was added to the buffer around the nerve cord, and 5 s stimulations repeated at 15 

min intervals.(10) For pre-incubated experiments, dissected nerve cords were incubated 

with drug in the dark for 15-20 min prior to blue-light stimulation. 

 

3.4.4: Statistical Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA). 

Paired t-tests were used to compare release before and after drugs with the exception of 

pre-incubation with drug, where unpaired t-tests were used.  Data were considered 

different at a 95% confidence level. Error bars are standard error of the mean.  

Spontaneous changes in baseline dopamine were identified using CV matching software 
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in TarHeel CV.  A Pearson’s chi squared test was used to determine if the number of 

dopamine release events after raclopride was significantly different in flies with reduced 

levels of dopamine compared to controls (SPSS, Somers, NY).   Dopamine event CVs 

were compared to a dopamine template voltammogram generated from stimulated release 

in a larval ventral nerve cord expressing Channelrhodopsin2 in dopaminergic 

neurons.(52) A template of stimulated release CV could not be obtained in the flies with 

reduced DD2R expression or control flies because they lack Channelrhodopsin2.  A 

correlation coefficient of 0.70 was used as the criteria for the change being identified as 

dopamine.  Because the template voltammogram was obtained from a different animal, 

the correlation coefficients were not as high as for experiments where stimulated release 

is compared to spontaneous release in the same animal.(55) 

 

3.4.5: Rat brain slice experiment 

Adult, male Sprague-Dawley rats (250-350 g) purchased from Charles River were 

housed in a vivarium and given food and water ab libitum.  All experiments were 

approved by the Animal Care and Use Committee of the University of Virginia, and were 

performed by Megan Pajaski.  

Rat brain slice experiments were performed as previously described.(62)  Briefly, 

rats were anesthetized with isoflurane and then beheaded.  The brain was removed and 

placed for 2-3 minutes ice-cold artificial cerebral spinal fluid (aCSF) saturated with 95% 

O2:5% CO2 (aCSF: 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 2.4 mM CaCl2
.
2H2O 

, 1.2 mM MgCl2
.
6H2O, 25 mM NaHCO3, 11 mM glucose and 15 mM 
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tris(hydroxymethyl) aminomethane, with the pH adjusted to 7.4).  400 µm slices through 

the caudate-putamen were made using a vibratome (Leica VT1000S, Bannockburn, IL) 

and allowed to recover in aCSF for at least an hour before the experiment.  

In the brain slice chamber, room temperature aCSF was pumped over the slice at 

a rate of 1 mL/min with a multi-channel, manual-control pump (Watson-Marlo 205U, 

Wilmington, MA).  The carbon-fiber microelectrode was inserted so that the tip was 

approximately 75 µm below the top of the slice and the waveform was applied for 30 

minutes before data was collected.  The electrode position corresponded to approximately 

the following coordinates from bregma:  +1.2 mm anterior-posterior, +2.1 to +2.3 mm 

medial-lateral and -4.2 to -4.5 mm dorsal-ventral.  The bipolar stimulating electrode 

(Plastics One, Inc., Roanoke, VA) was placed about 500 µm from the working electrode, 

so that the prongs of the stimulating electrode and the working electrode formed a 

triangle.  The slice was stimulated with one 300 µA biphasic pulse, 4 ms long, using a 

BSI-950 Biphasic Stimulus Isolator (Dagan). 
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Chapter 4: Voltammetric assessment of dopamine transporter activity in Drosophila 

 

 

Abstract 

 

Dopamine transporters regulate neurotransmission and are important in diseases 

such as addiction and ADHD. The Drosophila dopamine transporter (dDAT) has 

previously been shown to be highly analogous to the mammalian DAT; however, 

characterization of dopamine transporter kinetics in intact, Drosophila larvae has not 

been reported. In this study, we use a carbon-fiber microelectrode implanted into a larval 

CNS to measure clearance kinetics of dopamine with fast-scan cyclic voltammetry. To 

examine endogenous release, Channelrhodopsin2 was expressed in dopamine neurons, 

and different amounts of release were optically evoked to estimate the Michaelis-Menten 

kinetics constants.  However, with endogenous release it is not possible to evoke 

concentrations close to saturation, so pressure ejection was used to apply exogenous 

dopamine from a micropipette implanted 15-20 µm away from the microelectrode.  The 

maximal rate of uptake, Vmax, was estimated to be 0.13 ± 0.1 μM/s and Km was estimated 

to be 1.7 ± 0.8 μM. Clearance of exogenously-applied dopamine was significantly 

reduced in fumin mutants, which lack a functional DAT, and kinetic constants in these 

mutants were used to estimate and correct for diffusion of dopamine. Clearance was also 

significantly reduced following treatment with 50 µM cocaine, a DAT inhibitor. Flies 

overexpressing DAT showed an increased rate of clearance. In addition, a line of 

dopamine deficient flies had no significant changes in clearance. This method will be 

useful for assessing the role of the dopamine transporter in regulating neurotransmission 

and in understanding the underlying mechanisms of drug addiction. 
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4.1: Introduction 

The neurotransmitter dopamine mediates critical functions such as locomotor 

activity, reward, cognition and motivation. Dopamine dysregulation is implicated in the 

pathophysiology of disorders such as attention deficit hyperactivity disorder (ADHD), 

schizophrenia and Parkinson’s disease. The dopamine transporter (DAT) is a plasma 

membrane protein expressed in dopaminergic neurons. DATs act to regulate dopamine by 

rapidly transporting released dopamine from the extracellular space back into 

dopaminergic neurons, which is the main mechanism of synaptic dopamine clearance (1). 

Consequently, DAT is responsible for regulating the duration of dopamine signaling and 

the amount of dopamine available for signaling. DAT is also a target for drugs of abuse, 

such as cocaine and amphetamine, and drugs used to treat ADHD, which inhibit DAT 

activity and result in increased synaptic dopamine levels (2).  

Real-time, in vivo and in situ measurements of dopamine release and dopamine 

clearance due to DAT activity have been studied in rodents using both pharmacological 

and genetic approaches (3–6). Psychostimulants such as cocaine and amphetamine inhibit 

DAT activity, prolong dopamine clearance and increase stereotypic behavior (4). Mice 

lacking functional dopamine transporters exhibit prolonged dopamine signaling, show 

limited responsiveness to DAT inhibitors, and are hyperlocomotive; mice overexpressing 

DAT show increased rates of uptake and increased locomotor response to amphetamine 

(1, 7, 8). While mice with genetically altered DAT expression levels can provide a model 

system to study the role of DAT in dopamine homeostasis, mouse genetic models are 
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more difficult and take more time (1-2 years versus 1-2 months) to produce compared to 

Drosophila genetic models.    

Drosophila is an advantageous model organism because in comparison to 

mammalian models, Drosophila is easier to genetically modify, has larger numbers of 

progeny and shorter life spans. Genes are highly conserved between Drosophila and 

vertebrates including the basic components responsible for dopaminergic signaling (9). 

Genes encoding the Drosophila DAT (dDAT) share approximately 50% sequence 

identity with mammalian DAT genes, and both transporters have similar protein motifs 

and substrate affinities for dopamine (9). Drosophila fumin mutants, which lack a 

functional dopamine transporter, show hyperactivity and disrupted sleep. These 

phenotypes are strikingly similar to those observed in DA knockout mice, and are likely 

caused by elevated dopamine persistence and release (7, 10–12). Development of a large-

scale screening method to assess DAT activity in Drosophila-DAT mutants would help 

elucidate the underlying homeostatic mechanisms that control dopaminergic signaling.  

Few real-time measurements of dopamine release and clearance have been made 

in Drosophila due to the small size of its central nervous system (CNS), which is 

approximately 50 µm x 150 µm. Our lab has recently developed a method to measure 

dopamine release and clearance in Drosophila using fast-scan cyclic voltammetry at 

carbon-fiber microelectrodes, which are approximately 7 µm in diameter and amenable to 

the small size of the CNS. To evoke dopamine release, Channelrhodopsin-2 (ChR2), a 

blue-light activated cation channel, is expressed only in dopaminergic neurons and 

dopamine is released when blue-light is applied. Using ChR2-mediated dopamine release, 
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we characterized dopamine signaling in the larval CNS (13, 14). However, we were 

unable to determine kinetic values such as Km and Vmax because evoked release did not 

result in dopamine concentrations high enough for saturation. In addition, to evaluate 

dopamine clearance in Drosophila DAT (dDAT) mutants using ChR2-mediated release, 

both the ChR2 mutation and DAT mutation would need to be co-expressed, which is 

difficult. To address these issues, a method that can measure clearance of larger 

concentrations, and can be used to quickly screen existing DAT mutants without 

additional genetic manipulation is needed.     

Recently, the Ewing group used electrochemical techniques to measure clearance 

of exogenously applied dopamine in the protocerebral anterior medial region of the adult 

Drosophila brain (12, 15). They found that clearance of exogenously applied dopamine 

decreased following treatment of cocaine as well as decreased in fumin mutants. 

However, kinetic values such as Km and Vmax were not determined, and exogenous 

dopamine clearance was not compared to stimulated dopamine clearance. Development 

of a complementary method to use in larvae would allow dDAT to be studied throughout 

development, which could be important for understanding the relationship between DAT 

activity, dopamine homeostasis, and disease.   

In this paper, we report two methods for the quantitative analysis of dopamine 

transporter activity in an intact, Drosophila larval CNS. We use fast-scan cyclic 

voltammetry at carbon-fiber microelectrodes to measure exogenous and endogenous 

dopamine clearance. We provide the first values for maximum velocity of uptake, Vmax, 

and transporter affinity for dopamine, Km, measured in intact, Drosophila tissue. We 
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show that clearance is decreased in fumin mutants, and use these mutants to correct for 

dopamine diffusion. Clearance is also decreased in the presence of cocaine, and 

transporter affinity for dopamine in the presence of cocaine (Km,obs) calculated. The 

method was used to test dDAT activity in a dopamine deficient mutant, DTHgFS±; ple, 

which had normal clearance, indicating dopamine deficiency does not affect dDAT 

activity in Drosophila. Finally, a Drosophila mutant overexpressing dDAT, 

NP2785;dDAT, was tested and showed an overall increase in clearance. These studies 

demonstrate that this method can be used to screen Drosophila genetic mutants, and 

further validates Drosophila as a model system to study dopaminergic diseases.  
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4.2 Results and Discussion 

 

4.2.1: Drosophila uptake via stimulated release 

Real-time measurement of DAT activity in Drosophila larvae has been limited by 

a lack of rapid detection techniques that are suitable for the small size of the Drosophila 

central nervous system (CNS). The CNS contains a dense network of different types of 

neurotransmitter terminals and synapses, called the neuropil. The lack of segmentation in 

the neuropil makes it difficult to initiate release from a single neuron type. Previously, we 

developed a method to initiate dopamine-specific release using Channelrhodopsin2 

(ChR2) expressed in only dopaminergic neurons (13). In chapter 2 of this thesis, this 

method was used to demonstrate that release was neuronal, and to characterize dopamine 

release in the fly. Here, we use this same method to investigate Michaelis-Menten uptake 

parameters for DAT in an intact Drosophila tissue for the first time. 

A carbon-fiber microelectrode was implanted into the CNS of a homozygous 

UAS-ChR2;th-GAL4 Drosophila larva and the duration of blue-light was varied. Figure 

2.4 shows dopamine release for 3, 5, 7, 10, and 12 s of blue-light stimulation. Maximal 

dopamine concentration reaches a plateau after about 7 s of blue light exposure, and 7 s 

and 15 s stimulations are not significantly different (n = 5, paired t-test, p = 0.86). This 

plateau suggests that either maximal dopamine release has been achieved or that 

dopamine is cleared during the stimulation by dDAT, leading to a steady-state 

concentration.  
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In order to estimate transporter affinity, Km, and maximal rate of uptake, Vmax, we 

must assume that all clearance is due to uptake. As described by Sabeti et al., we fit the 

decay portion of each peak with a single exponential decay function using a non-linear 

regression analysis: 

                             Equation 4.1   

where [DA] is the dopamine concentration at any given time, t, [DA]max is the maximum 

dopamine concentration and k is the first order rate constant (16). Figure 4.1A shows a 

current versus time plot with a 7 s blue-light stimulation (black line) that has been 

superimposed with a first-order exponential fit (yellow). Optimal fit (r
2
 ≥ 0.98) of the 

decay curve was achieved when the signal decay was fit from the time the stimulation 

ended until 80% of the signal decayed, similar to previous studies (16, 17). The first-

order rate constants were then used to calculate the initial velocity, V, of dopamine 

clearance (Equation 4.2).  

          Equation 4.2 

 The initial velocity was plotted against the maximal dopamine concentration from 

multiple peaks obtained during variable length stimulations (n = 28 from 8 different 

CNS’s). A non-linear regression analysis was performed by fitting the collected data to 

the Michaelis-Menten equation:  

          Equation 4.3 

However, the range of concentrations of dopamine released during blue-light stimulations 

was not large enough to accurately estimate Vmax or Km (Figure 4.1 C). In addition, in 

order to evoke dopamine release in Drosophila, UAS-ChR2;th-GAL4 must be 
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Figure 4.1: Modelling DAT with stimulated release. A) The decay portion of a 7s blue-light 

stimulation was fit with a first order exponential decay  curve (yellow). The rate constant, k, 

(0.081 s
-1

, r
2
 = 0.9959) is used to determine initial velocity, V. B) The initial velocity of dopamine 

clearance data (red circles) were fit to the Michaleis-Menten equation (line).  

 

homozygous. Drosophila has a total of 4 chromosomes: 3 autosomal and 1 gonosomal. 

The UAS-ChR2;th-GAL4 homozygote has two copies of ChR2 on the second 

chromosome and two copies of th on the third chromosome. Although genetic 

manipulations are easier in Drosophila in comparison to mammals, it is still difficult to 

co-express multiple mutations on the same chromosomes and have them be homozygous. 

A method that could measure real-time variations in dopamine clearance that does not 

rely on stimulated release, and that could measure clearance of higher concentrations of 

dopamine is desirable. Therefore, we developed an additional method using exogenously 

applied dopamine that could be used to quickly assess dDAT activity in existing dDAT 

mutants and that could reach concentrations closer to saturation.  

 

 

4.2.3 Drosophila uptake via application of exogenous dopamine 

 A carbon fiber microelectrode was implanted into the neuropil region of a 

homozygous UAS-ChR2;th-GAL4 Drosophila larval CNS. A capillary micropipette was 
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backfilled with varying concentrations of dopamine and simultaneously implanted into 

the neuropil approximately 15-20 µm from the electrode (Figure 4.2 A). An additional 

horizontal cut was made on the posterior of the CNS to facilitate capillary implantation. 

Small volumes (pL) of dopamine were pressure-ejected into the neuropil and dopamine 

clearance observed. Figure 1B shows the concentration versus time profile for a 50 ms 

application of 210 pL of 25 µM dopamine pressure-ejected (arrow) into the neuropil. The 

cyclic voltammogram is used to confirm that the change in current is from dopamine. 

Due to the close distance between the electrode and pipette, dopamine is detected during 

the onset of pressure ejection. The difference between the amount of dopamine applied 

and detected is due primarily to uptake, but diffusion also plays a role. Figure 4.2C shows 

the concentration versus time profile for the pressure-ejection of varying amounts of 

dopamine in a single CNS. As concentration increases, so does the maximal dopamine 

concentration [DA]max. The time course of signal decay from [DA]max can be used 

characterize dopamine clearance. 

 Picoliter volumes (< 1 nL) of dopamine were applied and the signal decay from 

68 (n = 18) current vs time plots was fitted with a first-order exponential decay function 

(Equation 4.1), and the rate constant, k, was calculated (r
2
 ≥ 0.98). From this, initial 

velocity, V, was determined (Equation 4.2), was plotted against [DA]max, and fit to the 

Michaelis-Menten equation (Equation 4.3). Figure 4.2D shows the graph of both 

exogenous clearance (black squares) and stimulated release (red circles). The thatched 

green line indicates the fitted curve. Vmax is estimated to be 0.35 ± 0.04 µM/s and Km is 

estimated to be 4.5 ± 0.4 µM (r
2
 = 0.65). One problem with these estimates, however, is 
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Figure 4.2: Application of exogenous dopamine in a Drosophila CNS. A) A carbon-fiber 

microelectrode and picospritzing capillary were simultaneously implanted approximately 15-20 µM 

apart in the neuropil of a Drosophila CNS. B) A picoliter (210 pL) volume of a 25 µM dopamine 

solution was “spritzed” (arrow) into the tissue and .dopamine detected (CV inset). C) Representative  

trace of different volumes of  exogenously applied dopamine in a single CNS. D) Initial velocity 

versus dopamine concentration (black squares) were fit with the Michaelis-Menten equation (green 

thatched line) and then corrected for diffusion (solid black line). Data from stimulated release is also 

shown (red circles). 

 

that they do not take into account diffusion. Although the distance between the spritzing 

pipette and electrode is small (15-20 µm), when dopamine is applied, it can be cleared 

from the electrode by either uptake or diffusion. Without taking into account diffusion in 

intact tissue, Km values can be distorted, and affinity will appear higher (18).   Therefore, 

to try to estimate the contribution of diffusion to these data, we tested fumin mutants, 

which lack a functional dDAT.  
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4.2.4 Drosophila uptake in fumin mutants 

 Fumin (fmn) mutants have abnormally high levels of activity and reduced rest 

(10). Fmn  mutants have been used to determine that dopamine plays a role in 

temperature regulation in Drosophila (19); however, real-time assessment of dopamine 

clearance in fmn has been limited. Makos et al. observed that clearance of applied 

dopamine in fmn adults was decreased, but clearance in larvae has not yet been reported. 

Thus, dopamine uptake in a larval fmn mutants was investigated. Figure 4.3A shows the 

clearance of a similar concentration of detected dopamine in a larval fmn mutant 

compared to a UAS-ChR2; th-GAL4 larva. There is a clear decrease in the rate of 

clearance. Interestingly, when comparing amount of dopamine applied, rather than 

concentration detected, fmn mutants exhibit increased peak height. In Figure 4.3B, the 

same amount of dopamine (approx. 1000 femtomol) is applied to both fmn and UAS-

ChR2; th-GAL4, resulting in an almost 7-fold increase in peak height. The dramatic 

increase in peak height is likely because no dopamine is cleared by uptake. In DAT 

knockout mice, 5-fold increases in extracellular concentration of dopamine have been 

reported (20). Increases in peak height following dopamine transporter inhibition have 

been reported in mammalian brain slice experiments (4, 21) and Drosophila larvae (13). 

Thus, it is not surprising that peak height is also increased in fmn. 

One-phase exponential decay has been used to determine the rate constant of 

dopamine clearance in DAT KO mice (21). Similarly, 21 decay curves from fmn mutants 

(n = 6) were fit with a first-order decay function (r
2
≥0.98). Figure 4.3C shows that there 

is a significant decrease in k for fmn mutant flies (unpaired t-test, p<0.0001). The average 



V i c k r e y  | 113 

 

 

rate constant for UAS-ChR2; th-GAL4 larvae is 0.062 ± 0.004 s
-1

 whereas the average 

rate constant for fmn larvae is 0.020 ± 0.002 s
-1

. These results indicate that this method 

can be used to assess dDAT activity. 

 Data obtained from fmn mutants was used to correct Vmax and Km values for 

clearance not due to dDAT. The total rate of clearance depends on uptake and diffusion. 

Although some dopamine may be cleared by other transporters, such as the serotonin 

transporter (SERT), which has been shown to transport dopamine (9). Metabolism may 

also play a role; however, the time-scale for metabolic processes is longer, on the order of 

minutes (22), and monoamine oxidase, the enzyme responsible for metabolizing 

dopamine in mammals has not been identified in Drosophila. Because fmn lack a 

functional transporter, observed dopamine clearance at the electrode is assumed to be 

primarily due to diffusion. The average rate of decay from fmn mutants (0.020 ± 0.002 s
-

1
) was used to correct the fitting parameters (Equation 4.3) used in our initial velocity 

versus dopamine concentration plot. Equation 4.3 now becomes:  

          Equation 4.4 

Correcting for diffusion, Vmax was estimated to be 0.13 ± 0.1 µM/s and Km was estimated 

to be 1.7 ± 0.8 µM (r
2
 = 0.72). Figure 4.2D shows the curve-fit that has been corrected for 

diffusion (black). Although both curve-fits appear similar, the values for Vmax and Km are 

approximately 3-fold different. Without taking diffusion into account, DAT appears to 

have a lower affinity for dopamine (4.5 ± 0.4 µM versus 1.7 ± 0.8 µM). Similar 

distortions due to diffusion have been reported in chopped versus intact tissue (18).  
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Figure 4.3: Application of exogenous dopamine in a fmn mutant. A) Concentration versus time profile 

for a fmn larva compared to a UAS-ChR2;th-GAL4 larva. For a similar concentration of dopamine 

detected, clearance in fmn is decreased. B) Peak height is larger in fmn compared to UAS-ChR2;th-

GAL4 when the same amount of dopamine is applied (approx. 1000 femtomoles). C) Comparison of the 

rate constant, k, of UAS-ChR2;th-GAL4 (n = 60) and fmn (n = 21) larvae. Fmn mutants have 

significantly slower decay (unpaired t-test, p<0.0001). 

 

Our corrected Km is consistent with measurements of dDAT activity in transfected 

cells (9). Porzgen et al. reported a transporter affinity of 4.8 ± 0.4 µM, which is in fair 

agreement with our reported value of 1.7 ± 0.8 µM. They also report a Vmax = 1.4 µM/s, 

which is 10 times larger than our measurement of 0.13 ± 0.1 µM/s. Vmax is dependent 

upon cell densities, and there are likely to be differences in Vmax in a cell culture versus 

intact tissue. Therefore, this discrepancy is not surprising. Regardless of DAT density, 

transporter affinity should remain the same, making our overall results consistent with the 

only other kinetic estimates of dDAT. Furthermore, Porzgen et al. report a binding 

affinity of human DAT in transfected cells as 3.7 ± 1.1 µM, which is in good agreement 

with other reported dopamine Km values found in mammalian studies (9, 16, 23, 24). A 

similar binding affinity in both hDAT and dDAT suggests that dDAT can be used to 

investigate human diseases involving dopamine dysregulation in a Drosophila model.  
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4.2.4 Drosophila uptake in the presence of cocaine 

 We have previously shown that cocaine, a known DAT inhibitor, significantly 

prolongs blue-light evoked dopaminergic signaling in the CNS of Drosophila larvae (13). 

Similar results were found when exogenous dopamine was applied to the brain of  

Drosophila adults in the presence of cocaine (15). Here, we use our picospritzing method 

to investigate the effect of cocaine on the larval CNS, and calculate the first apparent 

affinity for dDAT in the presence of cocaine in intact tissue.  

 The CNS was incubated in 50 µM cocaine for 15 minutes before exogenous 

dopamine was applied (13, 17). Figure 4.4A shows example traces of dopamine after 

uptake inhibition. The concentration of dopamine that is detected is similar in the 

presence of cocaine compared to buffer, but the signal takes longer to return to baseline 

after cocaine. The signal decay for 9 curves (n = 3) was fit with a first-order exponential 

decay function and the average rate constant was 0.026 s 
-1

, which is significantly slower 

than buffer alone (unpaired t-test, p<0.01, Figure 4.4B). 

 In order to estimate the apparent affinity of DAT in the presence of cocaine, we 

used the rate constant to calculate initial velocity, and plotted V versus [DA]max. We 

constrained Vmax to 0.13 µM/s and fit the plot to Equation 4.4 to correct for diffusion 

(Figure 4.4C). Cocaine is a competitive inhibitor of DAT (25). In the presence of a 

competitive inhibitor less dopamine is able to bind to DAT. The observed affinity, Km,obs, 

of  DAT with cocaine is 8.8 ± 3.0 µM, which is approximately 5 times higher than 

compared to buffer alone (Figure 4.4C).  
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Figure 4.4: Application of exogenous dopamine in the presence of cocaine. A) Concentration versus 

time profile for the application of dopamine in a larva exposed to cocaine compared to buffer alone. For 

a similar concentration detected, clearance in the presence of cocaine is slowed. B) Comparison of the 

rate constant, k, of UAS-ChR2;th-GAL4 (n = 60)  in buffer versus cocaine (n = 9). Larvae exposed to 

cocaine have significantly slower decay (unpaired t-test, p<0.001). C) Velocity versus concentration plot 

comparing uptake in the presence of cocaine (green) versus buffer (black). The observed affinity 

increases in the presence of a competitive inhibitor (Km,obs = 8.8 ± 0.2 µM). D) Dopamine clearance in 

fmn mutants with and without 50 µM cocaine. In the presence of cocaine the overall rate of decay does 

not change significantly (n = 3, paired t-test, p = 0.2127).   

 

 

Although cocaine has traditionally been used to study DAT in mammals, in 

Drosophila cocaine has a higher affinity for the serotonin transporter (dSERT) than 

dDAT (464 and 2,660 nM, respectively) (9). In addition, dSERT has been shown to have 

a limited ability to transport dopamine, but has not been widely studied (9). In mammals, 

transport of neurotransmitters by other cell types has been reported, including dopamine 

by SERT (26, 27). To assess this effect in Drosophila, we first applied dopamine into the 

neuropil of a  fmn mutant, which lacks a functional DAT, then incubated the CNS in 50 
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µM cocaine to inhibit dSERT (17). The same volume of dopamine was applied to the 

neuropil in the presence of cocaine. Cocaine did not significantly alter the rate constant 

(Figure 4.4D, n = 3, paired t-test, p = 0.2127). We also compared the rate constants from 

UAS-ChR2;th-GAL4 with cocaine (n = 9) to fmn (n = 21) and found no significant 

difference (unpaired t-test, p = 0.0869). These results indicate that dSERT is not 

contributing significantly to dopamine uptake. 

   

4.2.5 Uptake in Drosophila mutants 

 To assess whether our method can be used to as a screening tool for Drosophila 

mutants, we tested dopamine deficient and overexpressed DAT larvae. A line of 

dopamine deficient flies (DTHgFS±;ple) has recently been generated that lack tyrosine 

hydroxylase, the rate limiting enzyme in dopamine synthesis in neuronal cells, but still 

maintains tyrosine hydrozylase in non-neuronal cells (28). These flies show reduced 

activity, extended sleep time, locomotor deficits, and altered feeding patterns similar to 

those observed in dopamine deficient mice (28, 29). Although these flies lack dopamine, 

the overall morphology of the dopaminergic system remains intact. To test whether 

dDAT functions normally in these flies, we compared the rate of decay of exogenously 

applied dopamine in dopamine-deficient mutants. Figure 4.5A shows a concentration 

versus time profile for a similar amount of dopamine detected in dopamine deficient 

compared to UAS-ChR2;th-GAL4 larvae. The initial velocity of dopamine clearance is 

strikingly similar, although the curves deviate close to the baseline. In FSCV it is 

common that a complete return to baseline is not observed for every signal decay (13, 
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Figure 4.5: Signal decay in Drosophila mutants.  A) Concentration versus time profile for the 

application of dopamine in a dopamine deficient larva compared to a UAS-ChR2;th-GAL4 larva. For a 

similar detected concentration, clearance is similar. B) Concentration versus time profile for 

overexpressed DAT compared to a UAS-ChR2;th-GAL4 larva. Clearance of dopamine is faster in 

overexpressed mutants. C) The decay rate of larvae overexpressing DAT is significantly faster than 

UAS-ChR2;th-GAL4  larvae (unpaired t-test, p = 0.0291). The decay rate of dopamine deficient larvae is 

not significantly different.   

30). Fitting the rate constant function from the time the signal ended until 80% of the 

signal decays helps account for baseline variance. The decay rate of dopamine-deficient 

larvae is 0.061 ± 0.004 s
-1

 (n = 5), which is not significantly different than UAS-ChR2;th-

GAL4 (Figure 4C, unpaired t-test, p = 0.8175). 

 

 Our method was also tested on a newly generated Drosophila line overexpressing 

dDAT (NP2785;dDAT), which have dDAT overexpression in the population of neurons 

that become the posterior inferiorlateral protocerebrum (PPL1) cluster in adult 

Drosophila (31). The PPL1 neurons have projections throughout the neuropil in adults, 

and in the larval CNS (31, 32). The function of PPL1 or other distinct dopaminergic 
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neuron populations in Drosophila is not well characterized, but recent evidence suggests 

that PPL1 neurons are involved in aversive olfactory learning and appetitively reinforced 

learning (32, 33). However, the effect of overexpression of DAT in Drosophila has not 

been studied behaviorally or through real-time measurements of dopamine.  

Figure 4.5B shows a concentration versus time plot of a similar amount of 

dopamine detected for overexpressed dDAT and UAS-ChR2;th-GAL4 larvae. The decay 

of the overexpressed dDAT mutant is faster, indicating faster clearance of dopamine. For 

pooled results, the overexpressed dDAT mutant has a decay rate of 0.093 ± 0.004 s
-1

 (n = 

7), which is significantly faster than UAS-ChR2;th-GAL4 larvae (Figure 4.5C, unpaired t-

test, p = 0.0291). Overexpression of DAT in mammals results in increased sensitivity to 

psychostimulants and increased impulsive behavior (8, 34). FSCV measurements in mice 

overexpressing DAT have established that dopamine uptake is faster in the striatum (35). 

Understanding how DAT overexpression affects dopamine homeostasis is important 

because increased levels of DAT are implicated in diseases such as ADHD. By 

characterizing overexpression of DAT in distinct neuron populations in Drosophila, we 

hope to better understand the function of these neurons, and the role they play in 

dopamine regulation.  



V i c k r e y  | 120 

 

 

 

4.3 Conclusion 

 We have shown that we can use fast-scan cyclic voltammetry to measure 

clearance of exogenously applied dopamine by the Drosophila dopamine transporter, and 

have provided the first Vmax and Km estimates for the dopamine transporter in an intact 

Drosophila CNS. Our reported transporter affinity is consistent with previously reported 

values of dDAT in transfected cells, and is homologous to human DAT affinity. The 

similarity of real-time dopaminergic signaling in Drosophila and mammals not only 

validates Drosophila as a model system for studying DAT, but also could reduce the use 

of higher order animals. Modeling clearance of exogenously applied dopamine allows a 

rapid method to screen transporter activity in Drosophila genetic mutants as well as 

studying disease models in Drosophila. Rapid screening of genetic mutants could help 

identify the genetic elements that are critical for DAT regulation of dopamine, and will 

lead to an increased understanding of dopamine homeostasis.  
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4.4 Experimental Methods 

 

4.4.1 Chemicals 

Chemicals were purchased by Sigma-Aldrich (St. Louis, MO) and used as 

received unless otherwise specified. Solutions were made using Milli-Q water (Millipore, 

Billerica, MA). All electrode calibrations, drug solutions and Drosophila preparations 

were made using a modified Schneider’s buffer (15.2 mM MgSO4, 21 mM KCl, 3.3 

KH2PO4, 36 mM NaCl, 5.8 mM NaH2PO4, 5.4 mM CaCl2, 11.1 mM glucose, 5.3 mM 

trehalose, pH 6.2). Larval food for stimulated release experiments was prepared with 10 

mM all trans-retinal mixed with yeast and water. 

 

4.4.2: Electrochemical Measurements 

 Carbon-fiber microelectrodes were constructed by aspirating individual T-650 

carbon fibers (Cytec Engineering Materials, West Patterson, NJ) into a 1.2 mm X 0.68 

mm glass capillary (A-M Systems, Carlsburg, WA). Electrodes were formed by pulling 

the capillary with a vertical pipette puller (Narishige PE-21, East Meadow, NY). The 

length of the carbon fiber was trimmed to 40-60 µm with a scapel. To seal the fiber-glass 

interface, electrodes were expoxied with Epon Resin 828 (Miller-Stephenson, Danbury, 

CT) mixed with 14% (w/w) m-phenylenediamine hardener (Fluka, Milwaukee, WI). 

After curing in an oven at 100 ºC for 2 h followed by 150 ºC overnight, the electrodes 

were soaked in isopropanol and backfilled with 1 M KCl before use. 
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 A Dagan Chem-Clamp potentiostat (Dagan, Minneapolis, MN; custom modified) 

and Tar Heel CV software (gift of Mark Wightman, University of North Carolina) were 

used to collect data. The cyclic voltammogram waveform was generated and applied by a 

homemade breakout box with PCI 6052 and 6711 boards (National Instruments, Austin, 

TX). The electrode was scanned from -0.4 to 1.3 V and back at a scan rate of 400 V/s. 

The repetition rate for all data collected was 10 Hz with the exception of DTHg
FS±

; ple 

larvae and calibrations, which were collected at 60 Hz. An Ag/AgCl reference electrode 

was placed in the Petri dish near the ventral nerve cord. Electrodes were allowed to cycle 

in buffer for 15 min prior to implantation and calibrated with a 1.0 µM dopamine solution 

before and after use in situ. For cocaine experiments, a second calibration was performed 

in the presence of drug to account for possible drug effects on the electrode sensitivity. 

 Picospritzing capillaries were made by pulling a 1.2 mm X 0.68 mm glass 

capillary (A-M Systems, Carlsburg, WA) with a vertical pipette puller (Narishige PE-21, 

East Meadow, NY). The capillary surface was polished on a beveling wheel (K.T. Brown 

Type; Sutter Instrument Co. Model BV-10, Novoto, CA) at an angle of 30˚. Capillaries 

were back filled with dopamine solutions ranging from 10-100 µM. Dopamine solution 

was pressure ejected using a Picospritzer III (Parker Hannifin, Fairfield, NJ). Each pipette 

was calibrated by ejecting dopamine solution into vegetable oil, measuring the radius of 

the ejected droplet with a reticle, and calculating the volume (volume = 4/3πr
3
).  

 

4.4.3 Preparation of the Drosophila CNS 
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Flies containing UAS-ChR2 (Bloomington Stock Center, Bloomington, IN) were 

crossed to flies expressing th-GAL4 (a gift from Jay Hirsh, University of Virginia) to 

generate homozygous lines with a th-GAL4;UAS-ChR2 genotype. Fmn, DTHg
FS±

-

GAL4;UAS- ple, and NP2785-GAL4;UAS-dDAT flies were a gift from Jay Hirsh, 

University of Virginia. For stimulated release experiments, 3-day-old L3W larvae were 

allowed to feed on a mixture of all-trans retinal mixture in the dark for two days prior to 

experimentation. For all experiments, 5-day-old L3W larvae were dissected in a modified 

Schneider’s buffer. The CNS was dissected-out and optic lobes removed by making a 

horizontal cut in the anterior-most portion of the ventral nerve cord. For picospritzing 

experiments, an additional horizontal cut was made at the posterior-most portion of the 

ventral nerve cord. Isolated ventral nerve cords were adhered neuropil side down in a 

Petri dish (Becton Dickinson, Franklin Lakes, NJ) with 3 mL of buffer. For all 

experiments an electrode was inserted with a micromanipulator (Siskiyou, Grants Pass, 

OR) into the neuropil using the 40x water immersion lens on a Axio Examiner 

microscope (Carl Zeiss, Thornwood, New York). The electrode was inserted 4-6 

segments away from the cut edge. For picospritzing experiments, the picospritzing 

capillary was inserted 15-20 µm away from the electrode. The electrode and capillary 

were allowed to equilibrate after implantation for 5 min prior to data collection.  

 

4.4.4: Data Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA). 

Unpaired t-tests were used to compare rates of decay for pharmacological and mutant 



V i c k r e y  | 124 

 

 

experiments, while paired t-tests were used to compare decay rate or stimulated release 

within the same animal. Data were considered different at a 95% confidence level. Error 

bars are standard error of the mean. All single exponential decay functions were fit with 

Graphpad and had an r
2
 ≥ 0.98. Non-linear regression analysis was also done with 

Graphpad. 
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“The price of anything is the amount of life you exchange for it.” 

 ~ Henry David Thoreau 
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Chapter 5: Conclusions and Future Directions 

 In this thesis, I have described methods using fast-scan cyclic voltammetry at 

carbon-fiber microelectrodes to measure dopaminergic signaling in Drosophila. This 

chapter summarizes the main conclusions and looks ahead to future studies in Drosophila 

that could be used to improve understanding of dopamine homeostasis and the role that 

dopamine plays in human diseases. 

 

5.1: Investigating real-time dopamine in Drosophila adults and in disease models 

In chapters 2 and 3 of this dissertation, I described a novel method to characterize 

real-time dopamine release in Drosophila larvae using optogenetics. This method 

provided the first real-time measurements of dopaminergic signaling in the fruit fly. I 

showed that dopamine release was vesicular in nature, and that the response to 

pharmacological agents, such as synthesis disrupters or DAT inhibitors, is consistent with 

mammalian studies. I was also able to prove that Drosophila D2 receptors function as 

autoreceptors, and have a similar response to dopamine receptor agonists and antagonists 

as mammalian receptors – a result that could not be achieved without real-time 

measurements. Previous investigations in Drosophila, such as genetic, behavioral and 

immunohistochemical studies, suggest that dopamine signaling is homologous to that of 

mammals, and my work was able to confirm this.  

A logical next step in this research is to develop a method to characterize release 

in adults, so that dopaminerigic signaling across multiple stages of development can be 
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studied. This would be useful particularly for understanding dopamine signaling across 

the life span in neurodegenerative disease models, such as Parkinson’s. Parkinson’s 

disease afflicts over 1.5 million people in the US alone, and typically is not diagnosed 

until approximately 80% of striatal dopamine (DA) and 30 % of substantia nigra neurons 

have degenerated (1, 2). Due to dramatic neuron loss before diagnosis, treatment regimes 

are often ineffective and short-lasting and early therapeutic intervention is uncommon. 

Therefore, detecting early abnormalities in dopaminergic signaling could improve our 

understanding of the changes that may precede clinically diagnosable Parkinson’s 

disease, and lead to the development of screens for pre-Parkinson’s disease symptoms. 

I have completed some preliminary work on optical stimulation of dopamine in 

adults, which focused on immobilization of awake adults and microdissection of the skull 

cap.  Figure 5.1A shows an awake adult immobilized in dental wax and skull cap 

removed. An electrode has been implanted into the brain (Figure 5.1B); however, a 

measurable dopamine signal was not produced (data not shown).  Future work should 

focus on visualizing dopaminergic cell bodies in the adult brain with GFP before 

implantation to insure that the electrode is implanted into the correct area. In addition, in 

Figure 5.1B the brain tissue appears “pinched”, which could be alleviated by relaxing the 

extracellular matrix in the brain with collagenase (3). 
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Once dopaminergic signaling is fully characterized in th-GAL4;UAS-ChR2 lines, 

additional flies could be bred that express both ChR2 and Parkinson’s-like mutations in 

dopaminergic neurons using the Gal4/UAS system. The phenotypes of the currently 

known Parkinson’s disease-associated genes have been well-characterized in Drosophila, 

including α-synuclein, PINK1, and parkin, which are associated with familial Parkinson’s 

disease (4). Alpha-synuclein is of interest because it is an abundant neuronal protein 

implicated in Parkinson’s disease, but its function in disease etiology is unclear; in 

Drosophila it produces locomotor defects and adult-onset dopaminergic cell loss (5, 6). 

Parkin and PINK1 are of interest because they both are involved in mitochondrial 

recycling pathways; in Drosophila defects of these mitochondria-associated proteins 

usually lead to locomotor dysfunction, degenerated wing muscles, shortened life-span, 

and eventual dopaminergic cell death (7). Coupling the extensive behavioral and genetic 

results in these disease models with real-time dopaminergic signaling, would help 

elucidate early changes in signaling occurring before onset of classical Parkinson’s 

Figure 5.1: Immobilization (A) and electrode implantation (B) in adult Drosophila.  



V i c k r e y  | 133 

 

 

disease symptoms and may provide a useful, simple model for studying pre-

parkinsonism. 

 

5.2: Investigation of transporters and large scale screening methods 

 In chapter 4 of this dissertation, I report a method to model clearance of 

exogenously applied dopamine, providing the first estimates of DAT kinetics in an intact 

CNS. To prove the utility of the method for screening mutant flies, dopamine clearance 

was compared in dopamine deficient flies and flies overexpressing DAT. Dopamine 

deficient flies have no significant changes in uptake, while flies overexpressing DAT 

have increased uptake. The ability to screen transporter mutants will help identify the 

genetic elements that are critical for DAT regulation of dopamine, and will lead to an 

increased understanding of dopamine homeostasis. 

The next step of this research would be to complete a large scale screening of 

dDAT mutants. A variety of GAL4 drivers for distinct dopaminergic populations of 

neurons have been developed (8). Once Drosophila lines with DAT mutations in each of 

these populations are made (our collaborator, Jay Hirsh, has several of these mutant lines 

ready to test), our method can be used to assess differences in DAT activity. Not only 

will screening assist with understanding the functional nature of the dopaminergic 

populations, but also by testing flies with specific mutations of dDAT, the domains of the 

protein crucial for uptake to function will be indentified.      

Another important extension of this method will be to investigate additional 

neurotransmitter transporters such as the serotonin transporter (SERT). SERT is of 
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particular interest because polymorphisms in SERT in humans are linked to behavioral 

traits such as anxiety and depression as well as autism, eating disorders, and substance 

abuse (9). In addition, SERT is the target for the class of anti-depressants called SSRIs. 

The efficacy of SSRIs appears to be highly dependent on SERT polymorphisms (10–12). 

Therefore, a characterization of uptake mechanisms in Drosophila SERT mutants would 

allow us to determine the genetic components critical for SERT regulation of serotonin. 

Additional studies could be performed in the presence of SSRIs, and drug effects on 

serotonin homeostasis could be determined.  

 

5.3: Final Remarks 

 Overall, this dissertation provides two useful methods that can be used to detect 

real-time dopamine signaling in Drosophila. These methods have the potential to provide 

an increased understanding of the basic neurobiology of dopamine regulation as well as 

human diseases.  
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