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Measurements of optically and chemically stimulated neurotransmitter 

release in Drosophila 

 

Abstract 

Model systems are needed in the study of neurotransmission mechanisms and in 

the search for treatments for diseases of the central nervous system. Drosophila 

melanogaster, the fruit fly, is an attractive model organism because it has a complex 

nervous system that has many conserved pathways with mammals and it is easy to 

genetically alter. To use Drosophila as a model system to study the molecular and 

genetic basis for neurological diseases, a comprehensive understanding of its 

neurotransmitter systems is necessary.  

My dissertation research focuses on measurements of real-time neurotransmitter 

changes in Drosophila central nervous system using fast-scan cyclic voltammetry at 

carbon-fiber microelectrodes. My research concentrates on developing methods in three 

aspects: the sensor for detection, the modeling method and the control of 

neurotransmitter release. Chapter 2 introduces a method to modify the microelectrode 

with aligned carbon nanotube forests. The aligned carbon nanotube forests greatly 

improved electrode sensitivity and selectivity, and facilitated faster measurement. 

Chapter 3 describes optogenetic control of serotonin or dopamine release with pulsed 

optical stimulations. A modeling method which has been well established in mammalian 

models was exploited to estimate dopamine and serotonin release and clearance 

kinetics in Drosophila larva. We found the Vmax and Km for serotonin and dopamine in 

Drosophila were similar to their values in mammals, but the amount of neurotransmitter 

released per pulse was smaller. Chapter 4 employs a chemical stimulation method to 

investigate the releasable and reserve dopamine pools in Drosophila larva. With 

ATP/P2X2 mediated stimulation, we found both synthesis and reuptake were needed to 
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maintain the releasable dopamine pool, with synthesis playing a major part in long-term 

replenishment and reuptake being more important for short-term replenishment and 

there was no cocaine-activated reserve pool of dopamine in Drosophila. These studies 

overcome critical technical barriers to get a better understanding of dopamine and 

serotonin regulation in Drosophila, and strengthen the use of this model organism for the 

study of mechanisms underlying human behaviors and neurodegenerative diseases. 
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Chapter 1: Introduction 

In the search for drugs to treat disorders of the central nervous system, system 

biology is emerging as a very important area. By placing a specific molecular within a 

given biological system, the complex interactions between the molecular and its targets 

which lead to changes in behavior or development can be monitored. Such approach 

has become an important avenue of central nervous system drug discovery. Drosophila 

melanogaster has been extensively used as an effective model organism due to its 

conserved chemical signaling pathways with mammals, as well as the power of 

sophisticated genetic modifications. While the fly is quite similar in many respects to 

mammals, there are likely key differences which need to be taken into account when 

using Drosophila as a model to study fundamental neuropharmacological processes 

relevant to human diseases. Our lab has concentrated on developing methods to 

measure neurotransmitter changes in an intact Drosophila larval central nervous system 

using fast-scan cyclic voltammetry at carbon-fiber microelectrodes. The goal of this work 

was to gain a better understanding of the basic mechanisms behind serotonin and 

dopamine signaling in this simple organism. 

 

1.1 Brief Overview of neurotransmission 

Most of the chemical communication between cells of neuronal networks in the 

brain involves small molecules as chemical messengers.  The process of information 

flowing from one neuron to another happens at a specific structure called a synapse. 

Figure 1.1 shows the structure of a typical neuron, which is composed of three main 

parts: a cell body (often called the soma), dendrites and an axon. The cell body is where 

the nucleus is located, and the axonal terminals form the presynaptic portion while the 

cell bodies or the dendrites of other neurons form the postsynaptic portion (Figure 1.1 

bottom). The space between the two neurons is the synaptic cleft and is typically tens of 
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nanometers in width. Neurons are excitable cells and have a resting membrane potential 

due to ionic concentration gradients across the cell membrane. An action potential is 

produced when the neuron is stimulated and propagates down the axon to the terminal. 

The signal is passed to the targeted cells through the synapses. Neurotransmitters are 

small molecules which transmit a message from one neuron to another across a 

chemical synapse. Before a molecule can be identified as a neurotransmitter, it must 

satisfy certain criteria1: (i) The molecule must be present in the presynaptic portion. (ii) 

The precursors and enzymes which are necessary for the synthesis of the molecule 

must be present in the presynaptic portion. (iii) The molecule must be released in 

response to activation of the presynaptic neuron and must produce a postsynaptic 

response, and the release should be Ca2+ dependent. (iv) Specific receptors for the 

molecule binding to should be present on the postsynaptic membrane. (v) Mechanisms 

for inactivation of the molecule must be present. Neurotransmitters are synthesized and 

stored in vesicles in the presynaptic element. The possibility of a neurotransmitter being 

released to the synaptic cleft is very low in the absence of presynaptic activity, but 

increases strongly when the presynaptic neuron is depolarized by an action potential 

which caused the elevations of intracellular Ca2+ concentration. Once released, the 

neurotransmitters can interact with receptors, diffuse out of the synapse, and be taken 

up by the transporters or deactivated by certain metabolic pathways.  
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Figure 1.1 The top shows the structure of a typical neuron. Dendrites receive input signal 
from other neurons, the signal is propagated along the axon, and output to other 
targeted cells at the axon terminals. The box at the bottom is an enlarged view of a 
synapse structure. The neurotransmitters are synthesized and packaged into vesicles. 
Upon an action potential, vesicles release neurotransmitters into the synapse, where 
they can interact with receptors, diffuse out of the synapse, or be taken up by the 
transporters. The neuron structure was adapted from website of Wikipedia.  

Based on their chemical nature, neurotransmitters can be divided into several 

categories, including amino acids, monoamines, neuropeptides and some other 

neurochemicals like acetylcholine (ACh). The significance of developing sensors to track 

extracellular neurotransmitter changes in the brain is that by following the temporal 

fluctuations of these signaling molecules, chemists are able to explain how animal 

behavior is chemically regulated and determine the neurobiological mechanisms behind 

neurogeneative diseases. For example, dopamine is a neurotransmitter of interest in the 

catecholamine family. Dopamine is involved in a number of functions in the brain such 

as regulation of motor behavior, reward, addiction, appetite, arousal, learning and 

memory. In addition, dysfunction of dopaminergic neurotransmission is related to 

diseases such as Parkinson’s disease, attention-deficit hyperactivity disorder (ADHD), 
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and schizophrenia. Another important neurotransmitter is serotonin, an indolamine 

molecule, which regulates multiple functions in the brain. Serotonin signaling plays a key 

role in the regulation of development, mood and behavior and is of special interest 

because it is a contributor to feelings of well-being and happiness. Drugs which 

modulation of extracellular serotonin levels are used in treatment for several mental 

disorders including depression, generalized anxiety disorder and social phobia. 

  

1.2 Electrochemical measurements of neurotransmitters in vivo 

1.2.1  Requirements for in vivo electrochemical sensor 

Electroanalytical techniques have been widely developed and applied to 

investigate many neurotransmitters and their metabolites which are electrochemically 

active. Such techniques have led to a better understanding of neurochemical events 

ranging from exocytosis of isolated cells to in vivo neurotransmission.2,3 However, the 

brain is a challenging environment for chemical sensing. There are several requirements 

to make effective electrochemical measurements in vivo. First, the electrochemical 

sensor should have enough sensitivity for the detection of targeted species in its 

physiological concentration range. For instance, low concentrations of neurotransmitters 

from tens of nanomolar to micromolar are released upon various stimulations4 and the 

binding affinities of many neurotransmitter receptors range from nanomolar to 

micromolar.5,6  

Second, low concentrations of analytes must be detected in the presence of 

large amount of interferences, which are electrolyzed at similar potentials and give 

similar response, obscuring the signals for the analytes. For example, the oxidations of 

ascorbic acid and 3,4-dihydroxyphenylacetic acid (DOPAC) occur in the same voltage 

range as that of catecholamines and the problem is particularly aggravating because 

http://en.wikipedia.org/wiki/Major_depressive_disorder
http://en.wikipedia.org/wiki/Generalized_anxiety_disorder
http://en.wikipedia.org/wiki/Social_anxiety_disorder
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these interferences are present at concentrations 100- to 1000-fold greater than that of 

catecholamine neurotransmitters in the extracellular fluid.7 Similarly, uric acid and 5-

hydroxyindoleacetic acid (5-HIAA) could interfere the electrochemical detection of 

serotonin. In addition, various processes inherent to the biological system which could 

change surface properties of the sensor and affect the sensor response, should also be 

considered. For example, electrical stimulation has been used for evoking 

neurotransmitter release in mammalian brain but could cause a alkaline pH shift due to 

changes in blood flow.8 The pH shift can interfere with detection of many 

neurotransmitters such as dopamine by altering background charging current in many 

electroanalytical techniques.9  

Another important aspect for in vivo measurement is temporal resolution. Many 

neurobiological changes occur on the order of millisecond scale. For example, the 

dopaminergic neurons fire action potentials in two patterns, tonic and phasic.10 The tonic 

firing happens at low frequencies ranging 2-5 Hz, resulting in a steady basal level of 

extracellular dopamine concentration, which is estimated to be several nanomoles by 

using microdialysis.11,12 The phasic firing occurs at higher frequencies of 15-100 Hz, 

resulting in a transient increase of the extracellular dopamine concentration to a level 

much higher than the basal level, which is estimated to be from ten of nanomoles to as 

high as micromole.4,13,14 The phasic neuronal firing happens upon various stimuli and 

after dopamine is released, it is rapidly cleared by diffusion and uptake, maintaining the 

relative steady basal level. To examine the mechanisms of neurotransmitter release and 

clearance, electroanalytical techniques should have fast temporal resolution.  

Last but not least, the sensors for measuring neurobiological events should be 

small enough to cause minimal tissue disturbance. Sensors with enough spatial 

resolution could enable the sampling of discrete regions of the brain, allowing for the 

exploration of homogeneity of a specific area. In addition, for direct measurement in 
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small biological samples like the fly brain, only microelectrodes with enough spatial 

resolution can be used.15-17 Thus, to effectively monitor neurochemical events in vivo, 

electroanalytical techniques should be have sufficient sensitivity, good chemical 

selectivity, and high temporal and spatial resolution.  

1.2.2  Fast-scan cyclic voltammetry with carbon-fiber microelectrode 

Fast-scan cyclic voltammetry (FSCV) is an electrochemical technique which has 

been widely used in field of neuroscience to detect electroactive molecules such as 

monoamine neurotransmitters. FSCV has a limit of detection in the tens of nanomolar for 

catecholamine neurotransmitters like dopamine10 and provides a cyclic voltammogram 

(CV) fingerprint for the species identified. The temporal resolution of FSCV is in the 

subsecond range, thus allowing real-time measurement of extracellular neurotransmitter 

changes in vivo. The most common sensor coupled with FSCV is carbon-fiber 

microelectrode, which offers micrometer-dimension spatial resolution. Combing all these 

qualities, it is the most suitable technique currently to investigate the rapid events 

associated with neurotransmission in vivo.  

1.2.2.1  Basic electrochemistry 

When a potential is applied to the electrode, two types of processes occur at the 

electrode surface. One type comprises redox reactions in which electrons are 

transferred across the electrode-solution interface. Electron transfer accompanies 

oxidation or reduction of the analyte. This process is called faradaic process and 

governed by Faraday’s law, i. e. the amount of chemical reaction caused by the flow of 

current is proportional to the amount of electron passed. Thus, the number of moles of 

analytes which react can be calculated using the faradaic current (Equation 1).18 
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Q = nF∆N                                                                                                        Equation 1.1 

Q = amount of charge passed across the electrode (in Coulombs), 

n = number of electrons per molecule of reaction, 

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

∆N = the number of moles which react (in mole) 

 However, processes such as changes in the structure of electrode-solution 

interface or solution composition can occur and produce currents. But no actual electron 

exchange happens at the electrode-solution interface, thus these processes are called 

non-faradaic processes and the current produced is called non-faradaic current. When a 

potential is applied to electrode, a charge gradient is created between the electrode and 

solution which causes movement of ions through the solution, rearrangement of charged 

species near the electrode-solution interface until equilibrium is reached. This process is 

usually called double layer charging of the electrode-solution interface and can be 

modeled as charging a capacitor.18  The charging current is proportional to both the rate 

of potential change (i. e. scan rate) and the capacitance of the electrode which is 

proportional to the electrode surface area.18-20  

 1.2.2.2  FSCV data collection 

 With FSCV, a triangular waveform is typically used for the detection of 

catecholamine such as dopamine. The methodology of FSCV is illustrated in Figure 1.2. 

The potential at the working electrode is scanned as a function of time. The electrode is 

scanned linearly from a negative holding potential to a positive switching potential and 

then swept back to the holding potential at a high scan rate (> 100 V/s). The scan rate 

and potential limits determine the length of the triangle waveform. For the typical 

conditions for the detection of dopamine, the potential is ramped from -0.4 V to 1.0 V, vs 

a Ag/AgCl reference electrode and back at 400 V/s (Figure 1.2A) The entire triangle 
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scan takes only 7 ms, and is repeated every 100 ms. The electrode is held at the holding 

potential between scans, and this relatively long time at the negative holding potential 

allows for adsorption of positively charged analytes like dopamine on the electrode 

surface, thus increasing sensitivity.7 During the forward scan, analytes with oxidation 

potentials within the range of potential scanned are oxidized and produce an 

oxidation/anodic current. During the back scan, the oxidized analytes are reduced back 

to their original form and a reduction/cathodic current is produced. Measurements with 

FSCV are typically performed in aqueous solutions, thus the holding potential is usually 

kept above -0.6 V to avoid reducing of oxygen while the switching potential is always 

kept below 1.5 V to avoid oxidizing water.21  

As mentioned earlier, when a potential applied to the electrode, both faradaic and 

non-faradaic processes can happen and produce currents. The double layer charging 

current is proportional to scan rate. During FSCV, a large background charging current is 

produced due to the fast scan rate used (Figure 1.2C, black solid line) and the oxidation 

and reduction currents of electroactive analytes, such as dopamine, can only make a 

small increase in the background current (Figure 1.2C, red dashed line). Furthermore, 

the oxidation and reduction of electroactive functional groups on the electrode surface 

also contributes to the background current.22 However, because the background current 

for carbon-fiber microelectrodes is stable for approximately 90 s8,23, the background 

current can be digitally subtracted from the total current, leaving only current resulting 

from oxidation and reduction of the analyte. The resulting background-subtracted cyclic 

voltammogram has several features which are used to obtain information about the 

analyte: the potentials at the oxidation peak Ep,a and the reduction peak Ep,c are used to 

identify the detected species; the potential difference between oxidation and reduction 
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∆Ep is an indicator of electron transfer kinetics; the magnitude of the oxidation peak 

current ip,a indicates the concentration of the analyte (Figure 1.2D).  

For the detection of dopamine, during the forward scan, the current begins 

increasing at 250 mV where the potential is sufficient for the oxidation of dopamine to 

dopamine-o-quinone. The current continues to increase and reaches a maximum at 600 

mV.22 When the dopamine molecule adsorbed on the electrode surface is completely 

consumed, the oxidation current goes to zero. During the back scan, the reduction 

current increases as dopamine-o-quinone generated during the forward scan is reduced 

and the current peaks at -200 mV. The reduction current decays to zero when 

dopamine-o-quinone adjacent to the electrode is consumed. The reduction current is 

smaller than the oxidation current because of diffusional loss of the dopamine-o-quinone 

produced.    

A false color plot is used to view all of the data collected and provide information 

about current, voltage and time simultaneously (Figure 1.2F). Voltage is plotted on the y-

axis. For a triangle waveform, the bottom shows the beginning of the waveform (i. e. 

holding potential), the middle is the switching potential and the top is where waveform 

ends (i. e. holding potential). Time is shown on the x-axis, and current is represented in 

color. Green indicates increases in current produced from oxidation, while blue indicates 

decreases in current produced form reduction. As shown in the example of dopamine 

detection, a green area centered around 600 mV due to dopamine oxidation to 

dopamine-o-quinone and a blue area centered around -200 mV due to reduction of 

dopamine-o-quinone to dopamine. If a vertical slice of the color plot is taken, a 

background-subtracted CV is produced at a given time.  If a horizontal slice is taken, the 

current over time changes can be observed and it is usually taken at the oxidation peak 
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of the analyte. By in vitro calibrating the electrode, this current vs time curve can be 

converted to concentration over time trace (Figure 1.2F, right).  

 

Figure 1.2 (A) Typical triangular waveform for dopamine detection. The applied potential 
is ramped from -0.4 V to 1.0 V, vs a Ag/AgCl reference, and back at a scan rate of 400 
V/s. The waveform is repeated every 100 ms. (B) Redox reaction of dopamine. On the 
forward (anodic) scan, dopamine is oxidized to dopamine-o-quinone. On the reverse 
(cathodic) scan, dopamine-o-quinone is reduced back to dopamine. (C) Total current 
collected during the scan. The solid black line is collected in plain Tris buffer and the red 
dashed line is collected in the presence of 1 µM dopamine. Subtracting the black line 

from the red line results in (D), the background-subtracted CV for 1 µM dopamine. 

Important pieces of information in the CV, including oxidation/anodic peak current (ip,a), 
reduction/cathodic peak current (ip,c), oxidation peak potential (Ep,c), reduction peak 
potential (Ep,c) as well as the potential difference between oxidation and reduction (∆Ep) 

provide a chemical fingerprint for the detected species. (F) Color plot showing stimulated 
dopamine release during in vivo detection. The x-axis is time, the y-axis is voltage and 
the current is indicated in color (scale bar on the right). The vertical line shows where the 
CV is taken from and the horizontal line shows where the current vs time is taken from. 
By in vitro calibration, the current vs time trace is converted to concentration changes 
over time, as shown on the right.  
 
 Variation of the scan rate and potential limits affects the selectivity and sensitivity 

of the detection.24,25 Modifications of the triangle waveform have been developed for the 
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detection of analyte with different electrochemical properties. Figure 1.3 shows a 

modified waveform developed for the detection of serotonin. The oxidation products of 

serotonin and other hydroxyindoles are found to be very reactive and during slow scans, 

insulating polymers can be formed on the electrode after electrooxidation, thus 

preventing detection on the subsequent scans.26 Furthermore, the primary electroactive 

products and serotonin itself tend to strongly adsorb on the electrode surface and slow 

the response time. The modified waveform is scanned from a holding potential of 0.2 V 

to 1.0 V, then to -0.1 V and back to 0.2 V at 1000 V/s every 100 ms. The scan rate of 

1000 V/s enables the side reactions which lead to the formation of strongly adsorbed 

products to be outrun. And the holding potential is kept positive to reduce adsorption. 

This modified waveform has proved to be sensitive for serotonin over dopamine, and 

greatly alleviates electrode fouling by serotonin oxidation.27 

 

Figure 1.3 (A) Modified waveform for serotonin detection. The applied potential is 
scanned form 0.2 V to 1.0 V, then to -0.1 V and back to 0.2 V at 1000 V/s every 100 ms, 
to improve sensitivity and to alleviate electrode fouling. (B) The redox reaction of 
serotonin. (C) Total current collected under the modified waveform without (black line) 
and with 1 µM serotonin (red line). (D) Background-subtracted CV for 1 µM serotonin.  
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1.2.2.3  Carbon-fiber microelectrode 

Carbon-fiber microelectrodes (CFMEs) are currently the most commonly used 

electrode with FSCV. There are two common types of CFMEs based on the fabrication 

process. One type is cylindrical microelectrode (Figure 1.4, left). The cylindrical CFMEs 

are made by inserting a single carbon-fiber into a glass capillary, then heating and 

pulling the capillary into two taped electrodes. The remaining space between the fiber 

and the glass is sealed with epoxy. The carbon-fiber is trimmed to form an electrode. 

The exposed carbon-fiber is the electroactive area and is 50~100 µm in length for a 

typical cylindrical microelectrode. The other type is disk microelectrode (Figure 1.4, right) 

and its fabrication is quite similar to that of the cylindrical CFMEs. After the capillary is 

pulled into two taped electrodes, the electrode is trimmed at the glass and then epoxied 

to seal the space. After the epoxy, the electrode is cut again to make a net and flat tip, 

and the tip is polished on a polishing wheel at a 25-45⁰ angle to expose an elliptical 

electroactive surface. The cylinder CFMEs have larger surface area, thus providing 

greater sensitivity, and are preferred for in vivo experiments.28 However, the small 

surface area of disk CFMEs grants them better spatial resolution, and is suitable for 

measurements where high spatial resolution is required. Furthermore, with some 

electrode modification methods, which will be discussed in the next section, the 

sensitivity of disk CFMEs can be greatly improved without changing the geometrical 

surface area.  
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Figure 1.4 Scanning electron microscopic images of a cylindrical (left) and a disk (right) 
carbon-fiber microelectrode. A 7 µm diameter T-650 carbon-fiber is placed inside a 

pulled glass capillary and trimmed to form a cylinder electrode with a typical length of 
50~100 µm. The space between the fiber and glass is sealed by epoxy. For the disk 

electrode, the fiber was trimmed at the glass and the space is sealed by epoxy. The disk 
electrode was polished at a 30⁰ angle to create an elliptical active area. The image of 

cylindrical electrode is taken from D. L. Robinson et al. (2003)29 
 
 The carbon-fibers are made by heating a carbon-based precursor to a high 

temperature of several hundred or thousand degrees Celsius. The polymer is spun and 

pulled into a fiber, resulting in higher conductance along the length than at the edge.30,31 

Two typical carbon-fiber precursors are polyacrylonitrile (PAN) or pitch, which is a 

byproduct of petroleum processing. When the temperature goes higher than 300 ⁰C, 

heteroatoms such as oxygen and nitrogen decompose out of the material causing 

carbonization, and above 1700 ⁰C, the material becomes increasingly sp2-hybridized 

known as graphitization.31 With greater heat treatment temperatures, the final product 

contains fewer heteroatoms and is more conductive. A wide variety of carbon-fibers with 

different precursors and conductivities are now commercially available, such as the 

PAN-based T-650 fibers, which are the most commonly used fibers for in vivo 

measurements of FSCV.  

 Same as other forms of conductive carbon materials such as highly-ordered 

pyrolytic graphite (HOPG) and glassy carbon (GC), the basic structure of carbon-fibers is 

composed of layers of sp2-hybridized graphitic sheets organized at varying degrees of 



 
 

 

 

15 

order.32 The extended benzene-based ring sheet forms the basal plane and is 

chemically stable in aqueous solution, while the terminating ends of these sheets form 

the edge planes. At the edge plane, carbon atoms have open orbitals and form bonds 

with oxygen-containing functional groups such as hydroxyl groups, ketones, and 

carboxyl groups and these sites are often referred to as “defect sites”(Figure 1.5).7 It is 

commonly accepted that the edge planes are more electrochemically active because 

these defect sites are important sources of electron transfer and act as adsorption sites 

for some surface-dependent species.32-34 Electrode modifications such as flame 

etching35 and electrochemical overoxidation21 have shown to increase defect sites and 

therefore increase electrode sensitivity.  

 

Figure 1.5 A selection of surface functional groups found on carbon materials. Taken 
from K. T. Kawagoe et al. (1993)7 
 
 The CFMEs provides high spatial resolution with minimized tissue damage when 

used for in vivo measurements with FSCV. Furthermore, as mentioned earlier, the 

background charging current is the most difficult obstacle to overcome with FSCV 

detection because of the large scan rate. However, the double layer charging current is 

also proportional to the electrode surface area. The small surface area of CFMEs helps 

to reduce the difference between faradaic and non-faradaic currents, thus allowing fast 

scan rates to be used. In addition, microelectrodes detect significantly less ohmic drop 

comparing to traditional bulk carbon electrodes. The ohmic drop is the product of the 
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working electrode current and solution resistance and causes a reduction to the applied 

potential at the working electrode. Conventional electrolysis setups used three 

electrodes: a working electrode, a reference electrode and an auxiliary electrode which 

is used to compensate for the ohmic drop. With CFMEs, the ohmic drop can be 

disregarded and the auxiliary electrode is not used in FSCV detection. Finally, the 

carbon-fiber material has more resistance to drift than metal electrodes when exposed to 

biological tissue, and thus is more suitable for in vivo use.7 

1.2.3  Microelectrode modifications 

 The structure and chemical composition of carbon electrode surface is vitally 

important to electrochemical detections, particularly those involving electrocatalysis or 

selectivity. To improve the sensitivity and selectivity of carbon-fiber microelectrodes, 

many treatments have been developed to change the surface chemistry. In this section, 

three commonly used modifications are discussed in detail, including overoxidation, 

polymer coating and carbon nanotube modification. 

The sensitivity of CFMEs can be increased by electrochemical treatments. For 

example, pretreatment of carbon-fiber microelectrodes by repetitive excursions to + 3.0 

V vs Ag/AgCl at 70 Hz could increase the sensitivity for dopamine.36,37 Another strategy 

is applying an extended waveform (1.4 potential limit vs Ag/AgCl).21 The use of the 

extended waveform showed substantial increases in sensitivity toward the detection of 

catechols.38 Studies with AFM monitoring changes in carbon surface morphology and 

with XPS tracking surface-localized fluorine atoms proved that excursions to an 

extended anodic potentials in aqueous solution caused oxidative etching of the carbon 

surface and constantly renewed the electrochemically active surface.38 The increase in 

sensitivity arose from oxidative etching which resulted in increased surface roughness 

thus increasing electroacive surface area and increased surface oxides which act as 
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adsorption sites for the catechols.21,38 Similar results have also been achieved by flame-

etching, which fabricated electrode tip with diameter of 1 to 3 µm and nanometer-scale 

surface features.35 However, even through overoxidation of the CFME surface either by 

electrochemical etching or flame-etching improves electrode sensitivity, the time 

response for cationic neurotransmitter is slower than bare electrode. Electrode 

overoxidation adds oxide groups and promotes adsorption, resulting slower temporal 

response.21,38 Thus, with such modifications, there is always a trade-off between 

sensitivity and fast measurements of adsorbed species. 

 Another approach to improve microelectrode selectivity and sensitivity is to coat 

the electrode with an ion exchange polymer, such as Nafion and overoxidized 

polypyrrole. Nafion is a perfluorinated cation exchange polymer. Nafion can form a 

memmbrane on microelectrode etither by dip-coating or electrodeposition method.39,40 

The memmbrane can exclude anions from electrode surface and accumlated cations, 

thus improving senstitivty for cationic neurtoransmitters and enhances selectivity over 

anion interferences. Furthermore, Nafion-coated microelectrodes has been used in the 

mammalian brain for the detection of serotonin and proved to alleviate electrode fouling 

by serotonin oxidation.41 Although Nafion provides increased sensitivity and selectivity, it 

also distort the temporal response of the electrode.40,42 The analyte needs to diffuse 

through the polymer to the get to the electrode surface to be detected, thus slowing the 

temporal response of the electrode. A study showed the permeation of dopamine at 

electrode with the ion exchange polymer thinner than 200 nm is sufficiently fast and the 

distortion of the time response is not apparent, but the increase in sensitivity is modest.39 

However, with the commonly used dip-coating procedures, it is hard to coat a uniform 

film at cylindrical electrode surface. Polypyrrole is a postive charged conducting polymer 

and upon overoxidation, it loses conductivity and charge.43,44 Overoxidation also results 

in addition of carbonyl and carboxylic groups to this polymer.45-47 These functional 
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groups could attract cations like dopamine and reject anions such as ascorbate and 

DOPAC, thus improving electrode sensitivity and selectivity. Overoxidized polypyrrole 

films have been proposed as an alternative to Nafion polymer as it can easlily coat 

cylindrical electrodes.48 The electrostatic of this type of film is not as strong as the Nafion 

films, and it was initially proposed to have less of an effect on temporal solution.49 

However, detection with FSCV at the overoxidized polypyrrole film modified 

microelectrodes is slower than at bare electrodes.39 

 Carbon nanotubes (CNTs) are a new class of material which have a profound 

impact on a wide range of applications. Recently, many researchers have demonstrated 

that CNTs have good properties in the field of electrochemistry. The basic structure of 

CNT can be thought as seamless rolled up single or multiple layers of graphene sheets. 

CNTs are generally categorized into single-walled carbon nanotubes, which are 

considered as a single rolled up graphene sheet, and multi-walled carbon nanotubess 

which are two or more rolled up graphene sheets.32 Such structue results in many 

inherently properties of CNTs, such as enhanced electronic properties, a large 

edge/basal plane ratio, and rapid electron kinetics.50,51 CNT-based electrodes have 

shown enchance electrochemcial performance including higher sensitivities, lower limits 

of detection and faster electron transfer kinetics than traditional used carbon 

electrodes.52,53 The CNT ends have similar properties as graphitic edge planes and are 

oxide functionalized during some purification process.32,34,54 Thus the ends of CNTs have 

been proposed to be the best sites for electron transfer and for cationic analytes 

adsorption.24,34,55 CNT-modified CFMEs show increased sensitivty without compromising 

the temporal response.56,57 The CNT-modified microelectrodes are commonly fabricated 

by dipping CFMEs into a CNT suspension, or a CNT/polymer soultion such as 

CNT/Nafion soltuon.58-62 On one side, the polymer could help to suspend the CNTs, on 

the other hand, the modified electrodes combine the good properties of both the CNTs 
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and the polymer. However, the dip-coating method can only deposit CNT films on the 

electrode surface with nanotubes randomly distributed, and the reproductibiltiy of this 

method is relatively low.57 Chapter 2 describes a method which could deposit CNTs on 

the microelectrode surface with controlled orientation and density based on a chemical 

self-assembly mechanism. The modified electrodes fully benefit from the good properties 

of CNT ends, and showed greatly improved electrochemcial performance. 

 

1.3 Drosophila 

1.3.1  Drosophila as a model organism 

Drosophila melanogaster, the fruit fly, has been extensively used as a model 

organism in developmental biology and genetics research. Research utilizing Drosophila 

has made significant contributions to the molecular, cellular and evolutionary 

understanding of human behaviors. After both the human and Drosophila genomes have 

been decoded, it was estimated that over 60% of human genes have functional 

orthologs in Drosophila.63 Flies also exhibit a wide range of complex behaviors relevant 

to mammals, including circadian rhythms, sleep, learning and memory, courtship, 

feeding, aggression, grooming, and flight navigation, and the molecular and genetic 

basis of these behaviors helped to elucidate that in mammalian systems.64,65 Recently, 

research has focused on study of neurotransmitter systems in Drosophila and used this 

model organism to elucidate the genetic basis for neurodegenerative diseases, cellular 

mechanisms for disease phenotypes, and to search for treatments for disorders of the 

central nervous system.66-68 Drosophila has neurotransmission pathways largely 

homologous to mammals. Many neurotransmitter systems including serotonin, dopamine, 

glutamate, GABA, acetylcholine and histamine are present in Drosophila and involved in 

physiological processes comparable to mammals.67,69-73 Key molecules involved in 
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synaptic transmission including synthesis enzymes, receptors, and transporters are also 

highly conserved between Drosophila and mammals.74-77 For example, Drosophila 

express serotonin transporter and four receptor subtypes that are similar to their human 

orthologs78, making this sample organism useful in studying drugs of abuse and 

treatment of depression and anxiety, which are associated the extracellular serotonin 

level.79-81 In addition, the phenolamines octopamine and tyramine in Drosophila mediate 

analogous functions to the adrenergic neurotransmitters norepinephrine and epinephrine 

in mammals.67,82 But in contrast to the situation found in vertebrates, there is not a 

significant level of monoamine oxidase in Drosophila. 

The most attractive aspects of Drosophila as a model organism include the rapid 

generation time and compact genome size. Flies go through several stages of 

development and the life cycle is 10-12 days 25 °C.67 The embryogenesis and first two 

larval stages each takes 24 hours and the third larval stage two days. At the third stage, 

the larva crawls out of the food substrate and is called 3rd instar wandering larva (L3W). 

The 3rd instar larval central nervous system becomes fully developed and persists into 

the adult stage and thus can be used to study the neurobiology of a fully developed 

nervous system.83,84 The larva undergoes a pupae stage (5-7 days) then into adulthood 

and a single female fly can lay hundreds of eggs within a few days. This short life span 

and large number of progeny make it relatively easy to produce mutants with desired 

genetic manipulations in few weeks, compared to years in rodents. Drosophila has 4 

chromosomes, only 3 of which carry the bulk of the genes. The entire Drosophila 

genome has been sequenced and annotated, and about 14,000 genes are predicted.85 A 

variety of sophisticated genetic manipulations have been developed for Drosophila, 

allowing large-scale screening of mutants as well as specific control of both temporal 

and spatial expression of any given genetic sequence.67 A number of useful Internet-

based sources are now available. For example, the Flybase (http://www.flybase.org), a 
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database of the Drosophila genome, contains cross-referenced data regarding all 

annotated fly genes, phenotypes of mutants, references, and reagents. Several large fly 

stock centers such as the Bloomington Stock Center in Bloomington, Indiana 

(http://fly.bio.indiana.edu/) provide thousands of mutant alleles of many genes to 

researchers. These resources greatly ease large-scale screens of mutants to assess the 

mechanisms underlying human behaviors and neurodegenerative diseases. 

1.3.2  Neurotransmitter systems in Drosophila 

In Drosophila, there are biogenic amines, which act as significant neuroactive 

molecules in distinct cell populations of the larval and adult nervous system. Studies 

have demonstrated the presence of biosynthetic machineries, uptake and degradation 

mechanisms as well as specific receptors coupled to signaling pathways, suggesting 

theses biogenic amines serve as neurotransmitters in the Drosophila CNS.65,67 Serotonin 

(5-HT), dopamine (DA), histamine (HA), and octopamine (OA) are the major 

neurotransmitters in Drosophila and their distributions, metabolic pathways and functions 

in the fly have been extensively studied. Tyramine primarily acts as the biosynthetic 

intermediate precursor for octopamine, but evidences of its role in producing 

physiological/behavioral effects and existence of specific tyramine receptors strongly 

indicate that it is also utilized as a neurotransmitter in Drosophila.86 The biosynthetic 

pathways of these neurotransmitters are shown in Figure 1. 6. In most instances, 

immunochemical localization has revealed the stereotypic patterns of neurons containing 

these neurotransmitters and each of these systems exhibits a pattern of a small number 

of neurons that are widely distributed in the Drosophila CNS.83 

http://fly.bio.indiana.edu/
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Figure 1.6 Biosynthetic pathways for octopamine, dopamine, serotonin and histamine. 
 
 
1.3.2.1  The serotonergic system in Drosophila 

The development and morphology of the serotonergic system in Drosophila has 

been well characterized by immunocytochemistry using an antibody directed against 

serotonin.87,88 The serotonergic pattern is composed of a small number of neurons, 84 in 

larval CNS and 106 in adult CNS87, only a small fraction of the total neurons 

(approximately 105 in the adult fly).89 Although few in number, the serotonergic neurons 

are widely distributed and send projections and varicosities throughout large neuropil 

regions. In the fly CS, serotonergic neurons are distributed in clusters composed of one 

to five neurons.87 The majority of serotonergic neuronal patterns are preserved 

throughout the larval stage, undergoing reorganized circuitry into the adult stage during 

pupation.83  

Figure 1.7(A) shows a photomicrograph of the distributions of serotonin 

immunoreactive neurons visualized after immunofluorescent staining in a late 3rd instar 

larva. Figure 1. 7(B) is a schematic tracing adapted from the photomicrograph. The 

larval CNS is a fused ganglion composed of optic lobes (top) and a ventral nerve cord 

(bottom). The ventral nerve cord (VNC) is a segmental ganglion analogous to human 

spinal cord and is composed of the subesophageal, the thoracic and the abdominal 
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ganglia. The serotonergic neurons in the VNC are distributed in a bilaterally symmetrical 

fashion. Each neuron sends its axons across the midline to the contralatral hemisegment 

where they form extensive intrasegmental arborizations with a highly stereotyped 

pattern.87,88 

 

Figure 1.7 (A) A photomicrograph of a whole-mount preparation showing serotonin 
immunoreactive neurons distribution visualized after immunofluorescent staining of a 
late 3rd instar larva. (B) A schematic tracing adapted from the photomicrograph in (A). 
Abbreviations: A, abdominal ganglia; T, thoracic ganglia; SE, subesophageal ganglia; 
SP, supraesophageal ganglia. Adapted from A.M. Valles et al. (1988)87 
 
 Serotonin can activate multiple receptor subtypes in Drosophila with distinct 

expression patterns and signaling properties. Several putative serotonin receptors have 

been cloned and 4 known serotonin receptor subtypes appear to share sequence 

similarities with their human orthologs.67 In addition, a gene encoding for a serotonin 

transporter (dSERT) has been found in Drosophila. Pharmacological study of dSERT 

indicated its sensitivity to cocaine and antidepressants.90 The study of dSERT could 

contribute to the understanding of the structure and function of human serotonin 

transport and can ultimately inform the design of new selective serotonin reuptake 

inhibitor (SSRI) and other antidepressants based on transporter inhibition mechanisms. 

 Several analytical techniques have been developed for measuring serotonin 

levels in the CNS of Drosophila. One common method is immunohistochemistry for 

serotonin, which provides imaging of neuronal serotonin tissue levels. This method could 
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monitor the intracellular serotonin in real time, but only provides a rough estimate of 

serotonin content and is not reliable for measuring extracellular serotonin levels.91 

Another widely used method is homogenization of one or more CNS samples followed 

by analysis with capillary electrophoresis (CE), high-performance liquid chromatography 

(HPLC), or mass spectrometry (MS).92,93 The analysis of tissue homogenates provides 

information of total concentration of serotonin and its metabolites, but has little temporal 

and spatial resolution and cannot be used for real-time measurements. Analytical 

techniques with the ability to precisely record neurotransmitter changes in the fly sample 

in real time could acquire direct physiological information, which will bridge the gap 

between observed behaviors and the chemical signaling pathways that underlie those 

behaviors. FSCV with carbon-fiber microelectrode has good temporal and spatial 

resolution, and thus is the ideal candidate technique for the study of neurotransmitter 

signaling in Drosophila. 

1.3.3  Tools for stimulating neurotransmitter release in Drosophila  

Utilizing Drosophila’s genetic palpability, targeted control of specific neuronal 

activity has been developed with the use of light-activated or ligand-gated ion channels 

and the yeast GAL4/UAS system.  

Channelrhodopsin-2 (ChR2) is a directly light-switched cation-selective ion 

channel from the green alga Chlamydomonas reinhardtii identified by Nagel et al.94 The 

ChR2 protein is composed of seven transmembrane domains and the chromophore all-

trans retinal. Upon blue-light illumination, the all-trans retinal absorbs a photon and 

undergoes isomerization to 13-cis retinal, resulting in a conformational change of the 

channel to generate a large permeability for monovalent and divalent cations.95,96 The 

inward flow of cations triggers neuronal depolarization and thus induces exocytosis. 

When exposed to continuous light illumination, the channel desensitizes to a smaller 
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steady-state conductance.94 As shown in Figure 1.8B, in a voltage-clamped ChR2-

expressing neuron, large light activated currents is observed rapidly upon stimulation, 

and the photocurrent decays to a steady-state level, i. e., desensitizes in continuous light. 

Boyden et al. expressed ChR2 proteins in mammalian neurons and reported they could 

drive neuronal depolarization following a series of brief pulses of light.97 

 

Figure 1.8 (A) Schematic for ChR2 function. Upon blue light stimulation, ChR2 
undergoes a conformational change, opening the channel for the passage of cations. 
Adapted from T. J. Foutz et al. (2011)98 (B) Inward current in voltage-clamped neuron 
expressing ChR2 evoked by 1 s blue light (indicated by black bar). The channel opens 
rapidly upon stimulation and then decays to a steady-state with lower conductance. 
Adapted from E. S. Boyden, et al. (2005)97 
 
 P2X2 is another non-selective cation channel that is activated by ATP. It is a 

trimeric channel and each subunit is composed of two transmembrane domains, a large 

extracellular loop and intracellular N and C terminals.99,100 It has been suggested that 

there are three ATP binding sites on the receptor and P2X2 undergoes three sequential 

ATP binding steps in a cooperative manner.101 Once fully liganded, the channel opens 

rapidly and inward flow of cations leads to neuronal excitation.102 Compared to other 

channels in the P2X family, P2X2 is distinguished by its slow desensitization. It has been 

proved that currents at P2X2 receptors decline little during sustained ATP application of 

a few seconds.103,104 The Drosophila genome does not encode a P2X2 receptor 

homology105 and previous studies suggest that there are no acute behavioral or 

physiologic effects of ATP in the absence of transgenic P2X2 in Drosophila.106,107 Thus, 

P2X2 can be used in Drosophila for targeted neural stimulations.   
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Controlling the expression of an ion channel in a specific type of neuron is 

achieved with the galactosidase-4-upstream activating sequence (GAL4/UAS) system. 

This system was developed by Brand and Perrimon in 1993 and is composed of two 

parts: GAL4 and UAS.108 GAL4 is a gene which encodes for the yeast transcription 

activator protein the Gal4 protein and its transcription can be targeted in specific cell 

type by altering the promoter linked to GAL4. The yeast UAS is an enhancer that Gal4 

protein binds to specifically to activate transcription and servers as a promoter for 

inserted genetic elements. In tissues where Gal4 protein is expressed, UAS is activated 

and the inserted gene is transcribed. As the example shown in Figure 1.9, the Tph-GAL4 

driver line produces flies having Gal4 protein only in neurons where tryptophan 

hydroxylase (Tph), the enzyme involved in the rate limiting step of serotonin synthesis, is 

present. Gal4 remains inactive until it binds to an UAS with the Gal4 binding sites. In the 

UAS-ChR2 responder line, the UAS serves as a promoter for the inserted ChR2 gene. 

Thus, when the flies are crossed, Gal4 protein is expressed in only serotonergic neurons, 

where UAS is activated and the inserted ChR2 gene is transcribed. Thus, by genetically 

expressing ChR2 in serotonergic neurons, serotonin release can be evoked by blue-light 

stimulation in Drosophila.   
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Figure 1.9 Schematic for the GAL4-UAS system in Drosophila. Flies carrying the yeast 
transfection factor GAL4 under the control of enhancer element of a specific gene, are 
crossed with flies carrying a transgene linked to the upstream activating sequence (UAS). 
Once crossed, the progeny express the transgene exclusively in the specific cell or 
tissue defined by the specific promoter. 
 

1.3.4  Measurements of neurotransmission in Drosophila with FSCV 

The initial characterization of FSCV for real time measurements of serotonin and 

dopamine in Drosophila has been performed in previous studies.109-111 Results of these 

studies indicated the basic serotonergic and dopaminergic signaling mechanisms in the 

fly are analogous to that of mammals. This dissertation describes further development of 

this method in study of neurotransmitter systems in Drosophila, with some critical 

technical improvements. Chapter II focuses on developing a highly sensitive 

microelectrode modified with self-assembled SWCNT forests. The high sensitivity 

enables improved temporal resolution up to 90 Hz detection, facilitating enhanced 

electrochemical measurements of neurotransmitter release in vivo. Chapter III focuses 

on optimizing stimulation of serotonin release in Drosophila with a pulsed optical 

stimulation train. The short pulsed stimulations allow for mimicking physiologically 

neuronal firing patterns and furthermore, the kinetics of optical induced neurotransmitter 

release can be determined by the same modeling method which has been well 

established in mammals with electrical stimulations. Chapter IV characterizes ATP/P2X2 

mediated dopamine release and evaluates the roles of synthesis and reuptake in 

maintaining the releasable dopamine pool in Drosophila . Finally, chapter V discusses 

the future perspectives in this field. The work discussed here greatly expands the utility 

of the fruit fly for understanding the underlying neurobiology for neurotransmitter 

regulation, and explodes the potential for this model organism to aid in drug discovery 

relevant to human neurodegenerative diseases. 
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Chapter 2: Rapid, sensitive detection of neurotransmitters at microelectrodes 

modified with self-assembled SWCNT forests  

Abstract 

Carbon nanotube (CNT) modification of microelectrodes can result in increased 

sensitivity without compromising time response.  However, dip coating CNTs is not very 

reproducible and the CNTs tend to lay flat on the electrode surface which limits access 

to the electroactive sites on the ends.  In this study, aligned CNT forests were formed 

using a chemical self-assembly method, which resulted in more exposed CNT ends to 

the analyte. Shortened, carboxylic acid functionalized single-walled CNTs were 

assembled from a DMF suspension onto a carbon-fiber disk microelectrode modified 

with a thin iron hydroxide-decorated Nafion film. The modified electrodes were highly 

sensitive, with 36-fold higher oxidation currents for dopamine using fast-scan cyclic 

voltammetry than bare electrodes and 34-fold more current than electrodes dipped in 

CNTs.  The limit of detection for dopamine was 17 ± 3 nM at a 10 Hz repetition rate and 

65 ± 7 nM at 90 Hz. The LOD at 90 Hz was the same as a bare electrode at 10 Hz, 

allowing a 9-fold increase in temporal resolution without a decrease in sensitivity.  

Similar increases were observed for other cationic catecholamine neurotransmitters and 

the increases in current were greater than for anionic interferents such as ascorbic acid 

and 3,4-dihydroxyphenylacetic acid (DOPAC).  The CNT forest electrodes had high 

sensitivity at 90 Hz repetition rate when stimulated dopamine release was measured in 

Drosophila.  The sensitivity, temporal resolution, and spatial resolution of these CNT 

forest modified disk electrodes facilitate enhanced electrochemical measurements of 

neurotransmitters release in vivo. 
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2.1 Introduction 

Carbon-fiber microelectrodes have been extensively used to probe electroactive 

species in the brain with high spatial resolution and minimal tissue damage.1-5 In vivo 

measurements are challenging because the amount of neurotransmitter is low, as 

evidenced by the nanomolar to micromolar binding affinities of many neurotransmitter 

receptors,6,7 and many electroacive endogenous intereferents are present in the 

extracellular fluid.3,5,8 Fast-scan cyclic voltammetry (FSCV) is the most popular 

electrochemical technique for measuring changes in electroactive neurotransmitters and 

neuromodulator concentrations because it has fast temporal resolution and provides a 

cyclic voltammogram fingerprint of the species identified.1,3,9 Electrochemical detection of 

many cationic neurotransmitters, such as dopamine, is highly dependent on adsorption 

to the carbon electrode.8,10,11 With FSCV, scans are normally repeated at 10 Hz, as a 

trade-off between fast measurements and sensitive detection of adsorbed species.12 To 

improve sensitivity and selectivity, many treatments have been developed to change the 

surface chemistry including polymer coatings13,14 and overoxidation of the electrode 

surface.15,16 While these treatments increase the sensitivity of the electrodes, they also 

slow the time response, because polymer coatings restrict diffusion to the electrode 

surface and electrode overoxidation adds oxide groups and promotes adsorption. Thus, 

electrode treatments that increase sensitivity while maintaining high temporal resolution 

still need to be developed. 

Recently, many researchers have demonstrated that carbon nanotubes (CNTs) 

have good electrochemical properties and can increase the sensitivity and electron 

transfer of traditional electrodes, such as glassy carbon electrodes.17-20 CNT-modified 

electrodes exhibit faster electron transfer kinetics, reduced electrode fouling, and 

increased sensitivity and selectivity for adsorption-controlled species.21-23 CNT-modified 

microelectrodes show increased sensitivity without compromising the temporal 
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response,22,23 an advantage over polymer-coated and electrochemically treated 

electrodes. The most popular method to deposit CNT films on a microelectrode surface 

is to dip carbon-fiber microelectrodes into either a CNT suspension or a CNT/polymer 

solution.21-25 Two main drawbacks limit the optimization of this method. First, nanotubes 

are randomly distributed throughout the CNT films and thus most of the area exposed to 

the analyte solution is the sidewall of the CNTs.  However, the ends of the CNTs are 

likely to be the best sites for electron transfer because they have similar properties to 

graphitic edge planes and are oxide functionalized during CNT purification process.26-31 

Second, a dense and uniform layer of single CNTs is hard to deposit on the electrode 

surface and large CNT agglomerations are easily formed, causing high noise and low 

reproducibility.23 Therefore, to fully benefit from the CNTs, an electrode modification 

strategy must be developed to deposit CNTs on the microelectrode surface with 

controlled orientation and density.  

Fabrication of vertically aligned CNTs has also received much attention recently 

and two main strategies have been developed.32-34 One strategy is to directly grow CNTs 

in an aligned manner through chemical vapor deposition with a solid-phase catalyst 

deposited on the substrate surface.35 This strategy can be robust but requires 

specialized equipment and is less amenable to mass production. Another strategy is to 

chemically self-assemble vertically aligned CNTs on a substrate with a solution 

deposition method.36-38 The immobilization is based on strong interactions between 

functional groups at the end of CNTs and the modified electrode surface, and alignment 

is driven by hydrophobic interactions between the sidewalls of CNTs. Chemical self-

assembly does not require specialized equipment so it should be possible to fabricate an 

ordered, dense coating of CNTs on a microelectrode surface to preferentially expose the 

ends of the CNTs to the solution.   
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In this study, we used a chemical self-assembly mechanism to deposit shortened, 

carboxylic acid functionalized single-walled CNTs onto a disk carbon-fiber 

microelectrode modified with a thin iron hydroxide-decorated Nafion film.37,39 These 

shortened assembled CNT layers are referred to as CNT forests because of their 

needlelike domains.37 The CNT forest modified microelectrodes showed greater than 30-

fold increases in current for cations such as dopamine. The time response of the 

electrodes did not change after coating and the large increases in sensitivity facilitated 

measurements using faster repetition rates with FSCV. Finally, these CNT forest 

electrodes were used to detect endogenous dopamine changes in the ventral nerve cord 

of Drosophila melanogaster and were able to maintain both high sensitivity and rapid 

measurements in vivo. 

 

2.2 Results and Discussion 

2.2.1  Fast-scan cyclic voltammetry of dopamine at SWCNT forest electrodes  

Previous studies have modified larger substrates, such as pyrolytic graphite 

electrodes (PGEs) with self-assembled CNT forests.37,39 Here, we coated disk carbon-

fiber microelectrodes because they have a flat surface that is easier for CNT self-

assembly than cylindrical electrodes. With a high concentration of CNTs (0.1 mg/ml) and 

long assembly time (30 min) similar to that used with PGEs, large oxidation currents (29 

± 7 nA for 1 µM dopamine) were observed but the response was slow and did not return 

to baseline (Figure 2.1). CFMEs have an area five orders of magnitude smaller than 

PGEs so those conditions caused a thick film to be deposited that trapped and 

accumulated dopamine, leading to high currents. Restricted diffusion in and out of the 

thick film caused the slow temporal response. 
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Figure 2.1 Representative cyclic voltammogram and current vs. time trace of 1 µM 
dopamine at electrodes modified with 0.1 mg/ml CNT and 30 min assembly time. A. The 
oxidation current of dopamine was large in the background subtracted cyclic 
voltammogram.  B. The time response to a square pulse of dopamine in a flow injection 
analysis experiment was slow. The time when dopamine was present is marked with a 
line.  

 
To optimize the response, shorter coating times and lower CNT concentrations 

were used. A representative cyclic voltammogram from the optimized procedure is 

shown in Figure 2.2A, where CNTs were assembled from a 0.02 mg/ml suspension for 5 

min. The SWCNT forest electrode has a 15-fold larger background current than a bare 

electrode, indicative of about a 15-fold increase in electroactive surface area. The 

oxidation current of 1 µM dopamine is approximately 30-fold greater than the bare 

electrode in the background subtracted cyclic voltammograms in Figure 2.2B. Thus, the 

increase in oxidation current is greater than the increase in background current. The 

shape of the current vs time curve at the SWCNT forest electrode (Figure 2.2C) is 

similar to the bare electrode so the sensitivity is increased without compromising time 

response. 

  

1 µM Dopamine

A. B. 

-0.4 V 1.0 V

-10 nA

35 nA

3 s

10 nA
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Figure 2.2 Comparison of a bare (solid line) and a SWCNT forest modified (dotted line) 
disk carbon-fiber microelectrode for the detection of 1 µM dopamine. (A) Modified 

electrode exhibits a 15-fold higher background current than the bare electrode. The inset 
is the background CV for the bare electrode. (B) Oxidation current of 1 µM dopamine is 

30-fold higher at the SWCNT forest electrode. The inset shows the dopamine CV for the 
bare electrode. (C) Current vs time responses for a flow injection analysis experiment. 
The responses were averaged from 10 electrodes each (error bars are not shown for 
clarity). The inset shows traces normalized to the same peak height for better 
comparison in peak shapes. 
 

Carbon nanotube coating could increase electrode sensitivity by increasing 

electroactive surface area or adding more adsorption sites for adsorption controlled 

species.22,23 The ends of the CNT are proposed to have similar electrochemical activity 

to edge plane graphite30 and are functionalized with carboxyl groups during the 

shortening process.26 Here, it is highly likely that the functionalization is more 

responsible for the greatly improved sensitivity because electrochemical detection of 

dopamine is inner sphere, surface dependent, and kinetically dominated by adsorption 

processes at the electrode surface.10,12  The self-assembly mechanism results in highly 

organized CNTs on the electrode surface and would preferentially expose the ends of 

the CNTs. If these ends preferentially adsorb dopamine, this would increase Faradaic 

current compared to the background current, which scales with area.   

Table 2-1 shows the average oxidation and reduction currents for bare and 

SWCNT forest electrodes and the ratio of the two currents. The modified electrodes had 

both increased oxidation and reduction currents.  The increase in the reduction current 

A. Background Currents B. Dopamine Currents C. Current vs Time Curves

-0.4 V 1.0 V

-35 nA

35 nA

-0.4 V 1.0 V

-0.45 nA

0.45 nA

-0.4 V 1.0 V

-400 nA

400 nA

SWCNT forest electrode

Bare electrode

-0.4 V 1.0 V

-15 nA

15 nA

3 s

5 nA
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was larger than for the oxidation current so the ratio of the reduction to oxidation current 

was significantly higher at the SWCNT forest electrodes than bare electrodes (p < 0.05). 

This higher ratio indicates stronger adsorption and slower desorption kinetics of 

dopamine-o-quinone at the nanotubes, causing more dopamine-o-quinone to be 

recycled back to dopamine on the electrode surface where it may be oxidized again.  

This recycling may partly account for the high oxidation current at the modified 

electrodes. Table 2-1 also lists ∆Ep values and the ∆Ep values were not significantly 

different between bare and modified electrodes (p = 0.314). This result is consistent with 

a previous study that showed increased electron transfer kinetics at SWCNT dip-coated 

electrodes were not observed at traditional FSCV waveforms.22 The rise time from 10% 

to 90% of peak was calculated to quantitate the time response and the rise times were 

not significantly different between bare and SWCNT forest electrodes (p = 0.404).  

 

 ip,a (nA) ip,c (nA) ip,c/ ip,a ∆Ep (V) rise time 
(s) 

Bare disk electrodes, 
n=18 

0.43 ± 0.03 
 

0.22± 
0.02 

0.49 ± 0.03 0.65 ± 
0.01 

0.51 ± 
0.07 

SWCNT forest 
electrodes, n=46 

14 ± 2*** 8.0 ± 
0.9*** 
 

0.61 ± 
0.04* 

0.67 ± 
0.01 

0.58 ± 
0.04 

Table 2-1 Anodic and cathodic peak currents, peak separation and rise time values for 1 
µM dopamine. Data are mean ± SEM. Significant differences between bare and modified 
electrodes were determined by unpaired t-test (*** p < 0.001, * p < 0.05). 
 

For in vivo measurements, cylindrical electrodes are preferred because they 

have larger surface area and thus higher sensitivity.40 However, a highly sensitive disk 

electrode would be advantageous for spatially resolved measurements.  The average 

oxidation current of 1 µM dopamine at SWCNT forest electrodes was 14 ± 1 nA, 

compared to 0.38 ± 0.03 nA at bare disk electrodes. The currents at SWCNT forest 

modified disk electrodes were higher than 30 µm long, bare cylindrical electrodes which 

averaged 4.3 ± 0.3 nA. To correct for differences in current due to surface area, the 
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apparent geometric area of each electrode was determined from the electrode 

dimensions and then the current was divided by that area.  The apparent current density 

for the SWCNT forest modified disk electrodes was 184 ± 19 pA/µm2, larger than the 5.0 

± 0.4 pA/µm2 for bare disk electrodes and 6.1 ± 0.5 pA/µm2 for bare cylindrical 

electrodes (p < 0.001). The 30-fold larger current density is likely due to enhanced 

surface roughness and increased adsorption sites for dopamine.   

2.2.2  Effects of different coating methods  

To confirm the effect of the self-assembly of SWCNT forests, three control 

experiments were performed.  First, electrodes were coated only in the dilute Nafion 

solution and second, by iron hydroxide-decorated Nafion. Third, bare electrodes (without 

Nafion/FeO(OH) bilayer) were dipped in the same CNT-DMF suspension used for self-

assembly. Figure 2.3 shows that the oxidation currents for all three control groups are 

not significantly different from the bare electrodes, while the SWCNT forest electrodes 

show a significant difference from all groups (p < 0.001).  While Nafion is known to 

increase the sensitivity of electrodes, the concentration used here was 25-fold more 

dilute than the typical Nafion coating procedure,41 so a complete film may not form in 5 

min. Elemental analysis of the electrode surface by energy dispersive X-ray 

spectroscopy (EDS) comparing the Nafion and Nafion/FeO(OH) groups revealed the 

presence of iron hydroxide on the Nafion/FeO(OH) electrode (Figure 2.4). The small 

currents for electrodes dip coated with SWCNTs might be due to the low concentration 

of CNTs compared to previous studies.22,23,25 The large increases for the SWCNT forest 

group compared to the dip coated group demonstrate an effect of the self-assembly 

procedure, not just CNTs.  
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Figure 2.3 Comparison of different coatings on the oxidation current of 1 µM dopamine. 

The Nafion only electrodes were dipped in 0.1% Nafion for 15 min. The Nafion-FeO(OH) 
electrodes were dipped sequentially in 0.1% Nafion for 15 min and 0.5% FeCl3 for 15 
min and washed with high pH DMF. For the SWCNT dip-coated group, bare electrodes 
were dipped in 0.02 mg/mL SWCNT DMF suspension for 5 min. The SWCNT forest 
electrodes were modified with Nafion-FeO(OH) and dipped in SWCNT for 5 min. Error 
bars are standard error of the mean, and the number of replicates is the number in the 
bars. The oxidation current of the SWCNT forest group is significantly different from all 
the control groups (*** p < 0.001, one-way ANOVA with Bonferroni post-test). 
 

 

Figure 2.4 Elemental analysis of the electrode surface by energy dispersive X-ray 
spectroscopy (EDS) comparing A. Nafion and B. Nafion/FeO(OH) bilayer electrode 
surface. The presence of the Fe peak with the increase in O indicated the loading of iron 
hydroxide.  
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SEM images revealed that only random, small bundles of SWCNTs were present 

on the dip-coated electrode surface (Figure 2.5A). A previous study using phase contrast 

AFM imaging observed a more patchy appearance after SWCNT forests with 20-30 nm 

thickness assembled on a mica/Nafion/FeO(OH) substrate.42 Here the SEM images 

show that the microstructure of FeO(OH) precipitate (Figure 2.5B) were filled in by 

aligned CNTs after the assembly of SWCNT forests (Figure 2.5C). The electrochemistry 

and SEM results prove that self-assembly deposits CNTs on the electrode surface in a 

controllable way which facilitates a highly increased current. 

 

Figure 2.5 Scanning electron micrographs of electrodes.  A. For the electrode dip-coated 
in SWCNTs, only occasional small bundles of CNTs are found on the dip-coated 
electrodes. B. After Nafion/FeO(OH) coating, there is an additional microstructure.  C. 
An image of a SWCNT forest on a Nafion/FeO(OH) bilayer shows that structure is 
largely filled in with SWCNTs after self-assembly of SWCNT forest on the surface.  
Scale bar is 100 nm.   
 

The SWCNT forest electrodes also showed a significant 1.6-fold increase in S/N 

ratios compared to bare electrodes and a significant 1.8-fold increase compared to 

SWCNT dip-coated electrodes (p < 0.01). Dip-coated electrodes can have large 

agglomerations on the surface that cause large amounts of noise and decreased S/N 

ratios.22,23,25 With self assembly, the CNT forest layer maximizes the accessible 

electroactive surface area. 

 

A. Dip-coated  SWCNTs B. Nafion-FeO(OH) C. SWCNT forest
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2.2.3  Enhanced electrochemical detection for other neurochemicals 

Figure 2.6 and Table 2-2 compare the response for other electroactive 

neurochemicals using SWCNT forest electrodes. Norepinephrine and epinephrine are 

catecholamine neurotransmitters and have similar electrochemical properties to 

dopamine, while serotonin is an indolamine neurotransmitter with a similar oxidation 

potential to dopamine.8 These compounds are cationic at physiological pH. 

Norepinephrine and epinephrine had similar trends as dopamine, with higher increases 

in oxidation current than background current. However, for serotonin, the oxidation 

current increase was similar to the background current increase.  Serotonin has different 

adsorption properties than dopamine and CFMEs are highly sensitive to serotonin.8,43 

Thus, the CNT ends might not preferentially adsorb serotonin as they do catecholamines. 

Future studies with further chemical modification of the ends of the CNT forests could 

test the preference for serotonin adsorbing to specific functional groups. Ascorbic acid 

and 3,4-dihydroxyphenylacetic acid (DOPAC) are anionic compounds, present in high 

concentrations in the brain, that can interfere with dopamine detection.3 5-

hydroxyindoleacetic acid (5-HIAA) is an anionic metabolite of serotonin that interferes 

with its detection.8 The increases in oxidation current for these anionic species were 

smaller than that for dopamine and similar to increase in background current. Because 

the current for catecholamines increased more than for the anions, the SWCNT forest 

electrodes have better selectivity than bare electrodes.   
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Figure 2.6 Detection of different neurochemicals at SWCNT forest electrodes. (top) CVs 
at SWCNT forest electrodes. (bottom) CVs at bare electrodes. The anionic species show 
smaller increases in oxidation current than the cationic species. Serotonin has a smaller 
increase than other cationic species. See Table 2-2 for average values. 
 

Analytes Bare 
electrodes 
(n=13) 

SWCNT 
forest electrodes (n=12) 

Ratio 
(Modified/Bare) 

Dopamine (1 µM) 0.40 ± 0.04 11 ± 3 28 

Epinephrine (1 µM) 0.14 ± 0.01 5 ± 1 36 

Norepinephrine (1 µM) 0.21 ± 0.03 7 ± 1 33 

Serotonin (1 µM) 1.8 ± 0.1 25 ± 4 14 

Ascorbic acid (200 µM) 2.0 ± 0.1 33 ± 5 17 

DOPAC (200 µM) 3.1 ± 0.1 61 ± 12 20 

5-HIAA (200 µM) 10.0 ± 0.5 203 ± 45 20 

Table 2-2 Average oxidation currents for different neurochemicals at bare and SWCNT 
forest electrodes. Values are mean ± SEM. The ratios (modified/bare) are calculated 
from the mean values.  
 

2.2.4  Improved temporal resolution at highly sensitive microelectrodes 

The high sensitivity of the SWCNT forest electrodes allows them to be used at 

higher repetition rates, improving temporal resolution. With traditional FSCV, the entire 

scan of the triangle waveform takes less than 10 ms, but the scans are only repeated 

every 100 ms to allow time for dopamine to adsorb.12 As shown in Figure 2.7A, the 

oxidation current of 1 µM dopamine decreases for both SWCNT forest and bare 

electrodes at higher repetition frequencies. However, the modified electrodes still 

maintain a large current at 90 Hz, which is higher than the bare electrode at 10 Hz 

(Figure 2.7B). The increased sensitivity of the modified electrodes facilitates faster 

measurements and will allow more accurate determinations of the kinetics of 

neurotransmitter release events under physiological conditions.12,44 
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Figure 2.7 Comparison of bare and SWCNT forest modified electrodes at higher 
repetition frequencies. (A) Modified electrodes and bare electrodes both exhibit 
decreases in current at higher frequencies, but the modified electrodes still maintain a 
high current at 90 Hz. The inset shows data for the bare electrodes. (B) A bare electrode 
at 10 Hz and a SWCNT forest modified electrode at 90 Hz for the detection of 1 µM 

dopamine. The modified electrode has a 10-fold higher current with 9-fold better 
temporal resolution. 

 
Different concentrations of dopamine were tested with bare and SWCNT forest 

electrodes at 10 Hz and 90 Hz, respectively (Figure 2.8). At 10 Hz, bare disk electrodes 

exhibited a limit of detection (LOD, S/N = 3) of 63 ± 10 nM while the SWCNT forest 

electrodes had a LOD of 17 ± 3 nM.  At 90 Hz, the LOD was 190 ± 35 nM for bare 

electrodes and 65 ± 7 nM for the SWCNT forest electrodes.  Thus, the SWCNT forest 

electrodes not only exhibit a 3-fold better LOD than the bare electrodes at 10 Hz, but 

notably can be used at 9-times faster repetition rate while maintaining the same LOD as 

traditional bare electrodes. The linear range for the SWCNT forest electrodes was 

comparable to the bare electrodes, with linear response up to 25 µM dopamine.    
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Figure 2.8 Measuring different concentrations of dopamine at 10 Hz and 90 Hz 
frequencies. A. SWCNT-modified electrodes were used at 10 Hz with concentrations 
from 0.05 µM to 100 µM dopamine. B. SWCNT-modified electrodes at 90Hz repetition 
rates with concentrations from 0.2 µM to 100 µM dopamine. C. Bare electrodes at 10Hz 
with concentration plotted from 0.5 µM to 100 µM dopamine. D. Bare electrodes at 90Hz 
from 0.5 µM to 100 µM dopamine. Left insets show linear range is up to 25 µM for all the 
electrodes. Right insets show the example CVs of dopamine at the lowest concentration 
detected. 

 

2.2.5  Measurements in Drosophila 

To validate that the SWCNT forest electrodes maintained the high sensitivity and 

improved temporal resolution in vivo, these electrodes were used to measure 

endogenous dopamine changes in the ventral nerve cord (VNC) of the fruit fly, 

Drosophila melanogaster. The flies were genetically modified to express 

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

Dopamine release was stimulated by a pulse train (60 Hz, 500 pulses) of a 473 nm laser.  
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Figure 2.9A shows a representative color plot of stimulated dopamine release 

recorded at 10 Hz with a bare disk microelectrode. The current is small, only 0.1 nA, 

because the disk microelectrode has a small surface area and no current was detected 

when the repetition rate was increased to 90 Hz. Figure 2.9B shows a representative 

color plot recorded with a SWCNT forest electrode at 90 Hz. The currents are larger than 

the bare electrode at 10 Hz. Figure 2.9C shows the SWCNT forest electrodes maintain 

significantly higher currents than the bare electrodes at both 10 Hz and 90 Hz.  The 

SWCNT forest electrodes in Drosophila also showed a slight decrease in current at 

higher frequencies, but the decrease was not as great as in vitro.  

After use, electrodes were calibrated at the respective frequencies and then the 

currents in vivo were converted to concentrations. Figure 2.9D shows representative 

concentration traces recorded in the same sample with a SWCNT forest electrode at 10 

Hz and 90 Hz. The maximal evoked dopamine concentrations was 0.32 ± 0.04 µM for 

bare electrodes at 10 Hz, 0.42 ± 0.07 µM for SWCNT forest electrodes at 10 Hz, and 

0.46 ± 0.11 µM at 90 Hz. As expected, these concentrations were not significantly 

different. The time from the start of stimulation to peak concentration and the time from 

peak to half decay of each trace were also compared at SWCNT forest electrodes at 10 

Hz and 90 Hz and the results were not significantly different.  In brain slices, Kile et al 

reported that dopamine evoked by a single pulse electrical stimulation rose slower and 

took longer to return to baseline with FSCV recorded at 10 Hz compared to 60 Hz.44 

With our long stimulations, no differences in rise time or decay time were detected.  

Future work examining shorter stimulations might reveal more differences.  However, the 

SWCNT forest electrodes showed potential for measuring small amounts of 

neurotransmitters with a fast repetition rate.  
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Figure 2.9 Comparison of bare and SWCNT forest modified electrodes for dopamine 
detection in Drosophila. A pulse train (4 ms, 60 Hz, 500 pulses, denoted by line under 
figure) of a 473 nm laser was applied to stimulate dopamine release (A) detected with a 
bare electrode at 10 Hz and (B) with an SWCNT forest electrode at 90 Hz. The 
electrodes were placed in different samples. The color plots show all data, and 
dopamine oxidation is the green feature in the middle of the plot. (C) Average current 
detected with bare electrodes at 10 Hz was significantly lower than with SWCNT forest 
electrodes at 10 and 90 Hz (* p < 0.05, ** p < 0.01, 1-way ANOVA with Bonferroni post-
test, n = 6 for bare and n = 5 for SWCNT forest electrodes). (D) Representative 
concentration traces in the same nerve cord recorded with a SWCNT forest electrode at 
10 and 90 Hz. 

 

2.3 Conclusions 

Highly sensitive, disk carbon-fiber microelectrodes were fabricated using a 

chemical self-assembly method to deposit SWCNTs on the surface. This method 

allowed deposition of a dense, aligned SWCNT forest on the electrode surface in a 

controlled fashion. Large increases in current were observed after SWCNT forests 

formation, likely due to the exposure of the CNT ends to the analyte. The high sensitivity 

of the modified electrodes facilitated the use of faster repetition rate, improving temporal 

resolution. The increased sensitivity as well as the improved temporal resolution were 
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maintained after implantation in Drosophila, thus these modified electrodes showed 

great promise for studying neurotransmitter release events in biological systems. 

 

2.4 Methods 

2.4.1  Solutions 

Dopamine hydrochloride (DA), epinephrine (Epi), norepinephrine (NE), serotonin 

hydrochloride (5-HT), ascorbic acid (AA), 3,4-Dihydroxyphenylacetic acid (DOPAC) and 

5-hydroxyindoleacetic acid (5-HIAA) were purchased from Sigma-Aldrich (St. Louis, 

MO). Stock solutions were made in 0.1 M HClO4 and were 50 mM for AA, DOPAC, 5-

HIAA and 1 mM for DA, Epi, NE, 5-HT. Daily, solutions of 200 µM AA, DOPAC, 5-HIAA 

or 1 µM DA, Epi, NE, 5-HT were made by diluting the stock solutions in Tris buffer. The 

Tris buffer solution was 15 mM Tris(hydroxymethyl)aminomethane, 3.25 mM KCl, 140 

mM NaCl, 1.2 mM CaCl2, 1.25 mM NaH2PO4, 1.2 mM MgCl2 and 2.0 mM Na2SO4 with 

the pH adjusted to 7.4. A modified Schneider’s buffer (15.2 mM MgSO4, 21 mM KCl, 3.3 

mM KH2PO4, 53 mM NaCl, 5.8 mM NaH2PO4, 5.4 mM CaCl2, 11.1 mM glucose, 5.3 mM 

trehalose, pH =6.2) was used for Drosophila experiments and electrode calibrations. All 

chemicals were purchased from Fisher (Suwanee, GA) and solutions were made with 

deionized water (Milli-Q Biocel, Millipore, Billerica, MA). 

2.4.2  Electrochemistry  

Carbon-fiber microelectrodes were fabricated from T-650 carbon fibers (a gift of 

Cytec Engineering Materials, West Patterson, NJ). A single fiber was vacuum-aspirated 

into a glass capillary (1.2 mm diameter, A&M Systems, Carlsborg, WA) and pulled on an 

electrode puller (Narishige, PE-21, Tokyo, Japan). The fiber was trimmed at the glass 

seal to make the disk electrodes. For cylindrical electrodes, the fiber was cut 

approximately 50 µm from the glass seal. The electrodes were epoxied with Epon Resin 
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828 (Miller-Stephenson, Danbury, CT) mixed with 14% (w/w) 1,3-phenylenediamine 

hardener (Sigma-Aldrich, St. Louis, MO) heated to 85 °C. Electrodes were dipped in the 

epoxy for 30 s. Cylindrical electrodes were dipped in acetone for another 3 s 

immediately following the epoxy step. The epoxied electrodes were cured overnight at 

room temperature and then heated to 100 °C for 2 h and at 150 °C overnight. Disk 

electrodes were polished at a 30° angle on a fine diamond abrasive plate (Sutter 

Instruments model BV-10, Novato, CA) to create an elliptical active area. The geometric 

surface area of the cylindrical electrode was calculated by measuring the length of the 

fiber under the microscope using the formula A = 2 rl +  r2, where r is the radius of the 

electrode and l is the length. For disk electrode, the formula A =  ab was used for an 

elliptical area and a=r, b=2r at 30° angle polishing angle. All electrodes were soaked in 

isopropanol overnight before use and were back-filled with 1 M KCl to provide an 

electrical connection between the fiber and the wire to the headstage. 

Fast-scan cyclic voltammograms were collected using a ChemClamp (Dagan, 

Minneapolis, MN, n = 0.01 headstage), PCI 6711 and 6052 computer interface cards 

(National Instruments, Austin, TX) and a home built break-out box. Data collection was 

computer controlled by the TarHeel CV software program. For all neurochemical 

measurements, the electrode was scanned with a triangular waveform from – 0.4 V to 

1.0 V vs. a Ag/AgCl reference electrode at a scan rate of 400 V/s. The repetition rate is 

10 Hz unless noted in the text. Electrodes were tested using flow-injection analysis as 

previously described22 with 4 s analyte injections. Cyclic voltammograms (CVs) were 

calculated by subtracting the average of ten background scans taken before analyte was 

injected from the average of five scans when analyte was present.  The current vs. time 

traces were obtained by integrating the current in a 100 mV window centered at the 

oxidation peak for each CV. 
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2.4.3  Electrode modification 

The functionalization of single-walled carbon nanotubes (SWCNTs) and the 

assembly process were adapted from Chattopadhyay et al.37,39 SWCNTs (HiPCO, 

Carbon Nanotechnologies, Inc. Houston, TX) were sonicated in a 3:1 mixture of 

HNO3/H2SO4 for 4 hours at 70 °C and then were filtered with 0.22 µm pore filter 

membrane (Durapore Membrane; Millipore) and washed repeatedly with deionized water 

until pH was neutral. During the filtration, the short (below 0.22 µm) nanotubes passed 

through the membrane pores initially, but the pores were quickly blocked with longer 

nanotubes. The shortened CNTs were dried in vacuum overnight and then suspended in 

DMF by sonication for 15 hours at a concentration of 0.02 mg/ml. CNT suspensions 

were stable for several months. TEM imaging confirmed that there were some short 

nanotubes, tens of nm long, in the CNT suspensions (Figure 2.10). Disk carbon-fiber 

microelectrodes were sequentially dipped in 0.1 % Nafion (5 wt % stock solution from 

Liquion-1105-MeOH, Ion Power, New Castle, DE, diluted with 9:1 v/v MeOH:H2O) for 15 

minutes and freshly made aqueous FeCl3 (0.5 wt %, pH=2.2) for 15 minutes. The 

electrodes were washed with basic DMF (pH~12, adjusted with 1% NaOH), immersed in 

the CNT suspension (pH~8, adjusted with ammonium hydroxide) for 5 minutes, and 

washed immediately with isopropanol to remove loose nanotubes. Electrodes were dried 

in vacuum for at least 24 hours before use. 
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Figure 2.10 TEM image of shortened single-walled carbon nanotubes. CNT DMF 
suspension was spread onto a lacey carbon 200 mesh grid and then imaged. The 
diameter of each nanotube ranges from 0.8 to 1.2 nm. Nanotubes tens of nm long are 
found in the sample, as indicated by arrows. Scale bar is 5 nm. 

 

2.4.4  Surface structure characterization 

High resolution transmission electron microscope (TEM) investigation was 

carried out using a FEI Titan 80-300 system (Hillsboro, OR) with the voltage set at 300 

kV and the CNT suspension was spread onto a lacey carbon 200 mesh grid. 

Energy dispersive X-ray spectroscopy (EDS) and scanning electron microscopy 

(SEM) images were acquired using a JEOL JSM-6700F cold field-emission microscope 

(Tokyo, Japan).  The EDS spectra were acquired for 300 seconds on both the Nafion 

and Nafion/FeO(OH) bilayer electrodes with an acceleration voltage of 15 kV at a 

working distance of 15 mm.  Secondary electron images were acquired with an 

acceleration voltage of 10 kV at a working distance around 8 mm.  All of the samples 

were sputter-coated with a conductive layer of carbon (0.1 Å/s, 3 min) using an precision 

etching coating system (PECS, 682, Gatan Inc, Pleasanton, CA).  
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2.4.5  Drosophila experiments 

Ventral nerve cord (VNC) preparation and data collection were performed as 

described previously.
45 Homozygous 3-day-old larvae with a th-GAL4; UAS-H134R-

ChR2 genotype were fed all-trans retinal for 2-3 days prior to the dissection and were 

shielded from light. The central nervous system of a wandering 3rd instar larva (5 day-

old) was removed in modified Schneider’s buffer and the optic lobes cut to yield an 

isolated VNC, which was adhered to the bottom of a plastic Petri dish containing 3 mL of 

buffer. An electrode was implanted into the VNC 4-6 segments away from the cut edge 

and the VNC was allowed to equilibrate for 5 minutes before data collection. 30 seconds 

of baseline electrochemistry data were collected before a pulse train (4 ms, 60 Hz, 500 

pulses) of a 473 nm diode laser was applied (IkeCool Corporation, Los Angeles, CA). A 

FFT Filter smoothing (Origin-Lab OriginPro 7.5) with a cutoff frequency of 1 Hz was used 

for the in vivo data to remove noise. All experiments were performed in a dark room.  

Each individual electrode was tested in a separate VNC. 

2.4.6  Statistics 

All values are given as mean ± standard error of the mean (SEM) for n number of 

electrodes and all error bars are given as SEM. Unpaired t-tests were performed to 

compare properties between two groups including differences between bare and 

SWCNT forest electrodes and the time response of SWCNT forest electrodes at two 

different frequencies in Drosophila experiment. A one-way ANOVA with Bonferonni post-

tests was used to compare effects among multiple groups. All statistics were performed 

in GraphPad Prism (GraphPad Software,Inc., La Jolla, CA).  
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Chapter 3: Optogenetic control of serotonin and dopamine release in Drosophila 

larvae 

Abstract 

Optogenetic control of neurotransmitter release is an elegant method to 

investigate neurobiological mechanisms with millisecond precision and cell type-specific 

resolution. Channelrhodopsin-2 (ChR2) can be expressed in specific neurons, and blue 

light used to activate those neurons. Previously, in Drosophila, neurotransmitter release 

and uptake have been studied after continuous optical illumination. In this study, we 

investigated the effects of pulsed optical stimulation trains on serotonin or dopamine 

release in larval ventral nerve cords. In larvae with ChR2 expressed in serotonergic 

neurons, low frequency stimulations produced a distinct, steady-state response while 

high frequency patterns were peak shaped. Evoked serotonin release increased with 

increasing stimulation frequency and then plateaued. The steady-state response and the 

frequency dependence disappeared after administering the uptake inhibitor fluoxetine, 

indicating that uptake plays a significant role in regulating the extracellular serotonin 

concentration. Pulsed stimulations were also used to evoke dopamine release in flies 

expressing ChR2 in dopaminergic neurons and similar frequency dependence was 

observed. Release due to pulsed optical stimulations was modeled to determine the 

uptake kinetics. For serotonin, Vmax was 0.54 ± 0.07 μM/s and Km was 0.61 ± 0.04 μM; 

and for dopamine, Vmax was 0.12 ± 0.03 μM/s and Km was 0.45 ± 0.13 μM. The amount 

of serotonin released per stimulation pulse was 4.4 ± 1.0 nM, and the amount of 

dopamine was 1.6 ± 0.3 nM. Thus, pulsed optical stimulations can be used to mimic 

neuronal firing patterns and will allow Drosophila to be used as a model system for 

studying mechanisms underlying neurotransmission.  
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3.1 Introduction 

Optogenetic control of neuronal activity is an elegant method to selectively 

activate neurons with widespread applications in the investigation of brain functions. 

Channelrhodopsin-2 (ChR2), is a blue-light activated cation channel found in C. 

reinhardtii and can be inserted into specific neurons with genetic manipulations.1,2 Upon 

blue light stimulation, ChR2 opens rapidly, and inward flow of cations leads to neuronal 

excitation.1,2 In contrast to traditional stimulation methods such as electrical or 

pharmacological stimulations, optical stimulation of neurons can be controlled with 

millisecond precision, and allows targeted activation of specific neurons in one location. 

In mammals, optical stimulation with ChR2 has been utilized in diverse applications such 

as understanding neuronal circuitry that underlies behavior and neurological disorders.3-6 

Optical stimulation is especially useful for small model organisms, such as Drosophila 

melanogaster, the fruit fly, because the bipolar electrical stimulating electrode is large 

compared to the fly central nervous system (CNS). Drosophila are attractive for 

investigating basic neurobiological mechanisms because of their simple nervous system, 

analogous mechanisms of neurotransmitter release and uptake to mammals, short life 

cycle, and ease of genetic manipulation.7 Using cell-specific promoter elements, ChR2 

can be inserted into specific neurons in Drosophila and those neurons activated by blue 

light illumination.8,9 

Structural and functional studies of ChR2 reveal that the channel opens rapidly 

upon blue light stimulation to generate a large transient photocurrent, and upon 

continuous illumination, the photocurrent decays to a lower steady-state level, i.e. it 

desensitizes.1,2 When a second pulse is applied after a short dark phase, the transient 

current component is smaller than the first one.1 ChR2 reliably drives defined trains of 

spikes when the frequency of pulsed light is below 40 Hz;2 however, the correlation 

between light pulses and cell firing weakens above this frequency.10-14 Recent studies of 
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ChR2-mediated, optically-stimulated dopamine release in vivo reveal U-shaped 

frequency dependence curves with 40 Hz evoking the maximal signal with 4-ms pulse 

width, indicating ChR2 kinetics may play a role in stimulated release.15,16 The pulsed, 

optically-stimulated dopamine release was modeled to determine the kinetics of release 

and uptake.15 In contrast to the pulsed optogenetic trains used in mammals, only 

continuous illumination stimulations have been used to measure evoked 

neurotransmitter release in Drosophila.8,9,17,18 Long continuous stimulations do not mimic 

physiological neuronal firing and the kinetics of release and uptake cannot be directly 

modeled.  

In this study, we characterized the effect of pulsed optical stimulation trains on 

serotonin and dopamine release in Drosophila larval ventral nerve cords. When 

Drosophila serotonergic and dopaminergic neurons are selectively activated in vivo, 

there are large increases in the amount of firing in the 30-100 Hz range, as well as a 

smaller increase in the 2-6 Hz range.19 The pulsed stimulations we tested (10-100 Hz) 

mimic the faster expected firing rates. We concentrated on serotonin, as serotonin 

signaling plays a key role in biological processes such as mood and sleep, and the 

serotonin transporter is a target for many drugs designed to treat psychiatric disorders.20-

22 Release was measured using fast-scan cyclic voltammetry at a carbon-fiber 

microelectrode implanted in the neuropil of the fly CNS, where ChR2 has been 

expressed in specific neurons using the yeast GAL4/UAS system.8,9,23 Evoked serotonin 

release was controlled by different light parameters, including pulse frequency, pulse 

width and pulse number. Administration of fluoxetine, a serotonin transporter inhibitor, 

eliminated the frequency dependence of evoked serotonin. Pulsed stimulations were 

also conducted in dopaminergic neurons to evaluate the generalizability of our method, 

and frequency dependent release was observed. The pulsed optical stimulations allowed 

the release and uptake kinetics to be directly modeled. Our results demonstrate that 
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pulsed optical stimulations combined with FSCV detection can be used to study the 

effect of different neuronal firing patterns on uptake and release, strengthening the utility 

of Drosophila as a model system for studying mechanisms underlying neurotransmission. 

 

3.2 Results and Discussion 

3.2.1  The shape of optically-stimulated serotonin release is frequency dependent 

Enodgenous serotonin had previously been detected in Drosophila larval ventral 

nerve cords (VNC) using continuous, blue light stimulation. Larvae expressing ChR2 

only in serotonergic neurons, which express tryptophan hydroxylase, were used to 

ensure stimulation specificity.8,17 With continuous stimulation, the peak concentration 

increases as a function of stimulation duration until saturation is reached at 10 s.8 With 

stimulations longer than 10 s, the peak concentration no longer increases but plateaus, 

due to depletion of the releasable serotonin pool and a balance between release and 

uptake.  

To compare pulsed and continuous stimulations, a variety of stimulations were 

performed with 2 s of light illumination. Figure 3.1 shows serotonin release in the same 

larval CNS evoked by 2 s continuous illumination, a 4 ms pulse width stimulation at a low 

frequency (20 Hz), and a 4 ms pulse width stimulation at a high frequency (100 Hz). 

Continuous illumination with 2 s of light produces a peak-shaped response (Figure 3.1A). 

With the low stimulation frequency, the concentration of serotonin increases rapidly upon 

stimulation but then reaches a steady-state level (Figure 3.1B). In contrast, with the high 

frequency train, the serotonin concentration increases during the entire stimulation to a 

maximum and then falls to baseline after stimulation stops (Figure 3.1C), similar to the 

continuous stimulation (Figure 3.1A). The maximum concentration evoked by the high 
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frequency train is much higher than by the low frequency, but is less than that evoked by 

the 2 s continuous illumination. 

 

Figure 3.1 Representative serotonin release evoked by (A) 2 s continuous stimulation, (B) 
a pulsed stimulation train of 4ms pulse width, 500 pulses at 20 Hz, and (C) a pulsed 
stimulation train of 4ms pulse width, 500 pulses at 100 Hz in the same ventral nerve cord. 
The bottom panel shows false color plots with time on the x-axis, applied voltage on the 
y-axis and background-subtracted faradaic current in pseudocolor. The duration of the 
stimulation is marked as the black bar below the color plot. The concentration versus 
time profiles are plotted on top of the color plots by converting the current at the maximal 
oxidation potential for serotonin to concentration through in vitro calibration. The insets 
are background-subtracted cyclic voltammograms which confirm that serotonin is 
detected. 
 

3.2.2  The amount of serotonin released is frequency dependent 

The effect of different stimulation train parameters on evoked serotonin release 

was evaluated. First, the effect of stimulation frequency was tested with three pulse 

widths: 4, 10 and 20 ms, a range which has been used for study of optical stimulation in 

rats.15 This experiment was performed in two patterns, both commonly used in 

investigating the frequency effect in mammals.15,24-26 In the first pattern, the total amount 

of time that the light was illuminated was fixed at 2 s, that is, the product of pulse width 

and pulse number was kept constant at 2 s (Figure 3.2 A-C). For pulsed stimulations, 

this means that the total stimulation duration was greater than 2 s.  In the second pattern, 

the total duration of the stimulation was fixed at 2 s; thus, the pulse number was 

adjusted to keep the product of frequency and pulse number constant at 2 s (Figure 3.2 

D-F). Evoked release varies for different samples, so for each fly CNS, serotonin release 
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was first evoked with 2 s continuous stimulation and then the peak concentration for 

each pulse train was normalized to that of the 2 s continuous stimulation. This ratio is 

plotted in Figure 3.2. 

The peak concentrations evoked by pulsed stimulation trains were all lower than 

that evoked by the 2 s continuous illumination (all the ratios in Figure 3.2 are below 1). 

While continuous stimulation produced the highest serotonin concentration, the pattern 

and timing of action potentials fire are not known. ChR2 can drive irregular spikes under 

continuous illumination1, and the high concentration evoked by the continuous light is 

likely due to an increased probability of ChR2-driven spikes in a short amount of time, as 

well as less time allowed for uptake.  

For pulsed stimulations, a clear frequency dependence is observed in all the 

panels of Figure 3.2 and the general trend is that more serotonin is evoked with higher 

frequency. There was a significant effect of stimulation frequency on the amount of 

serotonin released for each graph (one-way ANOVA, all p<0.0001, see figure legend for 

F values). In the first pattern (Figure 3.2 A-C), the release plateaued at higher 

frequencies. Bonferroni post-tests showed no significant differences in release for any 

points over 40 Hz for 4 ms (Figure 3.2 A) and 10 ms (Figure 3.2 B) duration stimulations 

and over 20 Hz for 20 ms (Figure 3.2 C) stimulations (p˃0.05). The peak concentrations 

were lower in the second pattern compared to the first pattern (Figure 3.2 D-F), due to 

shorter duration of the applied stimulation train. Bonferroni post-tests in one way ANOVA 

analysis showed release plateaued over 80 Hz for 4 ms (Figure 3.2 D) and 60 Hz for 10 

ms (Figure 3.2 E), with no plateau observed for 20 ms (Figure 3.2 F). Below the plateau 

frequency, release increased linearly with stimulation frequency (Figure 3.2 D-E, linear 

regression, R2˃0.95).  
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Figure 3.2 Frequency dependency of stimulated serotonin release for three different 
pulse widths: 4, 10, and 20 ms. The frequency dependency is tested in two patterns. 
(A−C) The total amount of light illumination is fixed at 2 s. (D−F) The total simulation 
duration is fixed at 2 s. It is 20, 40, 80, 120, 160, 200, and 240 pulses for 10, 20, 40, 60, 
80, 100, and 120 Hz, respectively. Data are expressed as the ratio of serotonin release 
by pulsed stimulation to that released by 2 s continuous illumination, which normalizes 
for different release amounts in different samples. Each panel was evaluated with a one-
way ANOVA: (A) F[6,41] = 11.27, p < 0.0001; (B) F[4,27] = 35.46, p < 0.0001; (C) F[2,15] 
= 16.14, p < 0.001; (D) F[6,50] = 24.89, p < 0.0001; (E) F[4,34] = 55.29, p < 0.0001; (F) 
F[2,21] = 44.35, p < 0.0001. Data are mean ± SEM, and n = 5−9. 
 

Next, the effect of pulse width was investigated by using three different 

frequencies and fixing the total stimulation time at 2 s. All data are normalized to that of 

2 s continuous illumination. Evoked serotonin increased as the pulse width increased 

(Figure 3.3). A one way ANOVA revealed a significant main effect of pulse width on the 

amount of serotonin released at all the selected frequencies (p<0.0001). The 40 ms 

pulse width could not be used with 40 Hz stimulation because the width of the pulse is 

greater than the period between pulses. At all the selected frequencies, release 

increased linearly with pulse width (Figure 3.3, linear regression, R2˃0.98). 
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Figure 3.3 Pulse width dependency of stimulated serotonin release with three different 
stimulation frequencies: (A) 10 Hz (one-way ANOVA, F[3,27] = 55.34, p < 0.0001), (B) 
20 Hz (F[3,28] = 77.24, p < 0.0001), and (C) 40 Hz (F[2,21] = 24.49, p < 0.0001). The 
total stimulation duration is 2 s. Data are expressed as the ratio of serotonin release by 
pulsed stimulation to that of the 2 s continuous illumination. Data are mean ± SEM, and 
n = 7−8. 
 

Stimulated serotonin and dopamine release in mammals follows similar patterns 

to those observed for Drosophila larvae. A steady-state response is seen at low 

frequencies and release is frequency dependent.27,28 The frequency dependence varies 

with uptake rate26 and frequency independent evoked serotonin is found in areas with 

low uptake rates and in both serotonin transporter knockout and overexpressing mouse 

brain slices.24,29 Pulse width dependence has also been reported for electrically 

stimulated serotonin and dopamine release in anesthetized rats, with greater release 

observed for wider stimulus pulses.30 

The frequency dependence of serotonin release might also depend on the ChR2 

photocycle kinetics. During blue light stimulation, the photocurrent of ChR2 increases 

rapidly and transiently and then decays to a lower steady-state level.1,2 The efficiency of 

optical stimulation at higher stimulation rates is limited by ChR2 photocycle kinetics31-33, 

but can also be affected by its distribution, the tissue properties, and the characteristics 

of the light pulse.34 Computations and experiments in the hippocampus have confirmed 

that higher light irradiance levels, longer light pulses, and increased channel density 

could evoke action potentials with greater probability.2,34 In our experiments in 

Drosophila larval VNCs, stimulated serotonin release increased with longer pulse width 

and with higher light intensity (Figure 3.8), consistent with those electrophysiological 
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studies2,34 as well as studies of optogenetic control of dopamine release in anesthetized 

rats and rat brain slices.15,16  

Electrophysiological studies with ChR2-expressing cells have demonstrated that 

many cells fail to follow the ChR2-driven spikes above the 40 Hz range in sustained 

trains2,10,11 due to slow recovery from inactivation of ChR231-33 or host cell–specific 

properties of potassium and sodium channel activation/inactivation kinetics.35,36 In 

anesthetized rats, the optically stimulated dopamine response peaked at 40 Hz with 4-

ms pulse width and then decreased, suggesting that ChR2 photocycle kinetics might 

limit stimulated release.15 However, in Drosophila, with short stimulation pulses, the 

serotonin concentration is linear with frequency up to 80 Hz, indicating that release may 

not be as dependent on ChR2 kinetics.  

3.2.3  The amount of serotonin release is dependent on the number of stimulation 

pulses 

The effect of pulse number on stimulated serotonin release was tested with a low 

stimulation frequency (20 Hz, Figure 3.4 A and C) and a high frequency (60 Hz, Figure 

3.4 B and D).  All stimulations have a 4 ms pulse width and all data are normalized to 

that of 2 s continuous illumination. Figure 3.4 A-B show evoked serotonin increases with 

larger pulse numbers and then plateaus. One way ANOVA analysis showed a significant 

overall effect of pulse number on the amount of serotonin released for both frequencies 

(F[8,45] = 3.01, p < 0.01 for 20 Hz and F[13,56] = 19.18, p < 0.0001 for 60 Hz). The 

lower frequency stimulation plateaus at a lower number of pulses than the higher 

frequency stimulation (40 pulses for 20 Hz vs 240 pulses for 60 Hz). This is illustrated in 

Figure 3.4 C and D, where the 60 Hz stimulations were peak shaped for 120 pulses but 

steady-state profile for 480 pulses, while the 20 Hz stimulations had a steady-state 

profile by 100 pulses. The steady-state serotonin level for 60 Hz stimulations is much 
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higher than that of 20 Hz stimulations (Figure 3.4 C and D). Notably, even for the high 

stimulation frequency (60 Hz), the plateau concentration was much lower than plateau 

concentration of long duration continuous stimulations,8 indicating the plateau 

concentration at large pulse numbers is a balance between release and uptake, not due 

to depletion of the releasable serotonin pool. 

 

Figure 3.4 Effect of pulse number on stimulated serotonin release. The effect is tested at 
two different frequencies (A) 20 Hz and (B) 60 Hz with a 4 ms pulse width. Data are 
expressed as the ratio between serotonin release by pulsed stimulation and that of the 2 
s continuous illumination. Data are mean ± SEM, (A) n = 4−7 and (B) n = 6. Insets are 
enlarged view of the first 120 pulses. (C) Data from one representative nerve cord at 4 
ms, 20 Hz stimulation with two pulse numbers (20 pulses and 100 pulses). A steady-
state is achieved with the higher pulse number while not with the lower one. (D) Similarly, 
data recorded from one nerve cord with 4 ms, 60 Hz stimulation using two pulse 
numbers (120 pulses and 480 pulses). The duration of the stimulation is marked below 
the concentration traces (black solid bar for the shorter stimulation and orange solid bar 
for the longer stimulation). The y scale in (D) is 10 times larger than the y scale in (C). 
 

3.2.4  Serotonin release and uptake kinetics following pulsed optical stimulation 

trains 

The most attractive application of pulsed optical stimulations in Drosophila is 

modeling of neurotransmitter release and uptake kinetic parameters directly from 

individual response curves. The extracellular neurotransmitter concentrations were 
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modeled as a balance between release and uptake. According to the commonly used 

model of pulsed electrical stimulation in mammals, release is a discontinuous process 

whereby each stimulus pulse results in a discrete release of neurotransmitter causing an 

instantaneous increase in extracellular concentration, and uptake is treated as a 

continuous process that follows Michaelis-Menten kinetics.27,28,37,38 This model is 

simplified, particularly because it assumes that the release per pulse is constant. 

Frequency dependent modulation by autoreceptors might result in different amounts 

released per pulse.26,27 The changes in extracellular neurotransmitter levels during and 

after stimulation were fit using the equation: 

d[A]/dt = f * [A]p – Vmax/(Km/[A]+1) 

where f is the stimulation frequency (Hz), [A]p is the concentration of neurotransmitter 

release per stimulus pulse, Vmax is the maximal rate of uptake, which is dependent on 

the number of related transporters, and Km is the transporter affinity. We used this 

simplified model to extract basic parameter estimates by fitting the raw data from 

Drosophila larval VNCs. 

 Figure 3.5 shows representative serotonin responses evoked by pulsed 

stimulation trains with a steady state concentration (4 ms, 20 Hz) and a non-steady state 

concentration (4 ms, 60 Hz) from the same sample, fit with the Michaelis-Menten model. 

Both curves were fit with the same set of parameters. The average [Serotonin]p was  4.4 

± 1.0 nM, Vmax was 0.54 ± 0.07 µM/s and Km was 0.61 ± 0.04 µM (35 curves from 28 

animals).  
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Figure 3.5 Kinetic modeling of pulsed optically stimulated serotonin release. Data from 
one representative nerve cord (black lines) with two different stimulation frequencies 
were fit to a Michaelis−Menten kinetic model to determine the parameters for serotonin 
release and uptake. Curves with steady-state (A) and non-steady-state (B) were 
selected for the kinetic modeling. Scale bar is the same for both panels. Simulation lines 
(orange) were calculated from best-fit parameters ([serotonin]p = 4.3 nM, Vmax = 0.48 
µM/s and Km = 0.61 µM). The duration of the stimulation is indicated by the black bar 

under the curves. 
 

3.2.5  The effects of uptake inhibition on optically stimulated serotonin response 

To evaluate the effects of uptake on optically stimulated serotonin response, we 

blocked serotonin transporter function with 100 µM fluoxetine. Fluoxetine is a selective 

serotonin reuptake inhibitor in humans. Although it has a lower affinity and selectivity in 

Drosophila compared to mammalian systems,39,40 fluoxetine has also been used to 

effectively inhibit serotonin reuptake in Drosophila.8,17 The ability of fluoxetine to block 

uptake in the larval VNC was confirmed by testing 2 s continuous stimulation. An initial 2 

s continuous stimulation was performed, then the VNC bathed in 100 μM fluoxetine for 

15 min and the same VNC stimulated again. The half decay time (t50) significantly 

increased after fluoxetine (n = 15, paired t test, p < 0.001, Figure 3.6 A). Thus, 100 µM 

fluoxetine effectively blocks serotonin uptake and was used to investigate the effect of 

uptake inhibition on pulsed stimulations. 

Figure 3.6B shows serotonin release in the same VNC evoked by low frequency 

(20 Hz) and high frequency (100 Hz) stimulations before and after fluoxetine. After 

fluoxetine, the time response for both frequencies was slowed and the steady-state 
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response at the low frequency became peak-shaped with a larger peak concentration. 

The low and high stimulation frequencies produced similar serotonin peak 

concentrations after fluoxetine; thus uptake regulates concentration and causes the 

steady-state response for low frequency stimulations. The frequency dependence of 

evoked serotonin release was investigated in the presence of uptake inhibitor with 4 ms 

pulses and the total amount of light illumination fixed at 2 s (Figure 3.6 C). There was no 

significant effect of stimulation frequency on the amount of serotonin released (F[4,45] = 

1.403, p = 0.2483, one way ANOVA), in contrast to the frequency dependence observed 

in the low frequency range without an uptake inhibitor (Figure 3.2A). Our results in 

Drosophila larvae are consistent with results in mouse brain slices where electrically 

evoked serotonin transients were not frequency dependent in serotonin transporter 

knockout mice or in wild type mice after uptake inhibition.29 Furthermore, with the uptake 

blocker, there was no significant difference on the peak concentration of evoked 

serotonin release among different stimulation frequencies, indicating ChR2 kinetics was 

not a limiting factor in our study. 

Finally, serotonin release and uptake kinetics were evaluated in the presence of 

an uptake inhibitor. As a competitive uptake inhibitor, fluoxetine should increase the 

apparent value of Km with little effect on release and Vmax.
27 Thus, we fixed [serotonin]p 

and Vmax at the predrug values and floated Km. Figure 3.6D shows a representative 

serotonin response in the presence of 100 µM fluoxetine fit with the Michaelis−Menten 

model. The average of Km after fluoxetine was 5.8 ± 0.4 µM (20 curves from 10 animals), 

a 9-fold increase. This increase is of similar magnitude to those observed in the 

substantia nigra reticulata and the dorsal raphe of rat brain slices after application of 

fluoxetine.27 
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Figure 3.6 Effects of serotonin uptake inhibitor fluoxetine. (A) With 2 s continuous 
stimulation, the half decay time (t50) significantly increased 15 min after 100 µM 

fluoxetine was applied (***p < 0.001, paired t test, n = 15). (B) Concentrations versus 
time profiles showing the effect of 100 µM fluoxetine on serotonin release by 4 ms pulse 

width stimulations at a low (20 Hz) and a high (100 Hz) frequency in the same nerve 
cord (black bar marks the stimulation duration). (C) Serotonin release is not frequency 
dependent after 100 µM fluoxetine (data mean ± SEM and n = 9-11). Data are 

expressed as the ratio of serotonin release by pulsed stimulation to that released by 2 s 
continuous illumination in the presence of fluoxetine. (D) Kinetic modeling of pulsed 
optically stimulated serotonin release in the presence of 100 µM fluoxetine. Simulation 

line (orange) to fit the representative data (black) is calculated with the parameters: 
[serotonin]p = 4.4 nM, Vmax = 0.54 µM/s, and Km = 6.4 µM, with R2 = 0.93. 

 

3.2.6  Dopamine release and uptake kinetics following pulsed optical stimulation 

trains 

To evaluate the generality of the parameters for optically-induced release, pulsed 

stimulations were also conducted in Drosophila larval VNC expressing ChR2 in neurons 

containing tyrosine hydroxylase, a dopaminergic synthesis enzyme. Figure 3.7A shows 

the frequency dependence of 4 ms pulse width train evoked dopamine release with the 

total stimulation duration fixed at 2 s. One-way ANOVA analysis showed a significant 

effect of stimulation frequency (F[6,21] = 15.21, p < 0.0001). The frequency response of 

dopamine is similar to that of serotonin (Figure 3.2D) and the release plateaued after 60 

Hz (any two frequencies over 60 Hz are not significantly different, Bonferroni post-tests 

in one way ANOVA, p˃0.05). Figure 3.7C shows a representative dopamine response fit 
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well with the kinetic model. The average [dopamine]p was 1.6 ± 0.3 nM, Vmax was 0.12 ± 

0.03 µM/s, and Km was 0.45 ± 0.13 µM  (11 curves from 5 animals). 

 

Figure 3.7 Dopamine release evoked by pulsed optical stimulations. (A) Frequency 
dependence of stimulated dopamine release with 4 ms pulse width and the total 
stimulation duration is fixed at 2 s. Data are expressed as the ratio of dopamine release 
by pulsed stimulation to that of the 2 s continuous illumination. Data are mean ± SEM, n 
= 4. (B) Representative color plot of dopamine release evoked by a pulsed stimulation 
train of 4 ms, 40 Hz, 80 pulses. The green and blue areas show the oxidation and 
reduction peaks of dopamine, respectively. (C) The concentration versus time profile 
(black) is plotted, and kinetic modeling (orange) was calculated from the parameters: 
[dopamine]p = 2.4 nM, Vmax = 0.13 µM/s, and Km = 0.45 µM, with R2 = 0.91. (D) 

Background-subtracted cyclic voltammogram confirms that dopamine is detected. 
 

3.2.7  Kinetics values compared to other studies 

The uptake values for Drosophila larvae were similar to those previously found in 

mammals. Vmax depends on the density of transporter expression, which can vary in 

different brain regions and in different tissue preparations. The Vmax reported here for 

serotonin was similar to that in the substantia nigra reticulata in rat brain slices,27,38 and 

the Vmax of dopamine was similar to that in the nucleus accumbens and prelimbic cortex 

areas of mice brain slices.41 The Km values for both monoamines are of the same order 

of magnitude as values reported in mammals using electrical stimulations.15,24,38 Our Km 

for serotonin uptake is also similar to the value of 0.64 ± 0.10 µM obtained from studies 
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expressing Drosophila serotonin transporter in transfected cells,40 but the Km of 

Drosophila dopamine transporter in transfected cells (4.8 ± 0.4 µM) is an order of 

magnitude larger than the value we report here.39 The Km values may vary with 

preparations as well, so methods to measure it in intact tissue are valuable. Previous 

studies of electrically evoked serotonin release in mammals have reported that the 

magnitude of the [Serotonin]p was much smaller in vivo compared with values from slice 

preparations, likely due to tighter control mechanisms in vivo.27,30,42 The [Serotonin]p in 

the fly larval VNC was similar to the in vivo value of [Serotonin]p in mammals.42 However, 

the [dopamine]p in flies was much smaller than mammalian [dopamine]p values of both 

electrical stimulated release28 and optically stimulated release in anesthetized rat with 

similar stimulation parameters.15 The expression of ChR2 may vary in Drosophila, and 

with the different drivers used to express it, affecting how many action potentials are 

evoked.  

The clearance kinetics of monoamine neurotransmitters in intact Drosophila 

tissue have been estimated previously with electrochemistry. With these methods, the 

clearance portion of individual curves from stimulated release or exogenously applied 

monoamine is fit with an exponential decay and the initial rate of clearance used to make 

a Michaelis-Menten plot.8,43 The uptake parameters were determined for serotonin after 

continuous optical stimulations; however, the evoked peak concentrations are not high 

enough to produce Vmax. Thus, a full Michaelis-Menten curve is difficult to acquire and 

the kinetic parameters of clearance might be underestimated.8 The Vmax and Km for 

serotonin in Drosophila larval VNC using this method were 0.17 ± 0.04 µM/s and 0.35 ± 

0.08 µM,8 respectively, both significantly smaller than the values reported here (unpaired 

t test, p < 0.0001 for Vmax and p < 0.05 for Km). For dopamine, exogenously applied 

neurotransmitter in Drosophila larval VNC was employed to span a wider range of 
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analyte concentrations.43 A diffusional distortion has been reported with exogenous 

application, which could lower the apparent rates of uptake and result in a high Km 

value44 and this was corrected for using fumin flies that are dopamine transporter 

knockouts. The Vmax and Km were 0.11 ± 0.02 µM/s and 1.3 ± 0.6 µM, respectively, in 

that study, which are not significantly different from the dopamine values reported here 

(unpaired t test, p˃0.05). However, this method cannot provide any information about 

release. Pulsed stimulations are easy to perform, and modeling endogenous release 

provides an easy way to obtain kinetic values for uptake as well as the amount of 

neurotransmitter released per stimulation pulse. 

 

3.3 Conclusions 

Pulsed optical stimulations can be used in Drosophila to evoke neurotransmitter 

release, and the release is dependent on pulse width, pulse number, and stimulation 

frequency. With the same number of pulses, low-frequency stimulations have a distinct, 

steady-state response compared to high frequency patterns, which are peak shaped. 

Release evoked by pulsed stimulations is lower than that evoked by continuous 

stimulation because there is more time for uptake between stimuli. The main advantage 

of using pulsed stimulations is that the release and uptake kinetics of serotonin and 

dopamine can be estimated without the need to produce large concentrations to reach 

Vmax. Vmax and Km for serotonin and dopamine in Drosophila are similar to their values in 

mammals. Our results demonstrate that pulsed optical stimulations combined with FSCV 

detection can be used to measure the effect of firing patterns on release and uptake 

kinetics, strengthening the utility of Drosophila as a model system for studying 

mechanisms of neurotransmission during behavior and neurological disorders. 
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3.4 Methods 

3.4.1  Chemicals 

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Solutions were 

made with Milli-Q water (Millipore, Billerica, MA). Electrode calibrations and Drosophila 

dissections were conducted using 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). 

3.4.2  Electrochemical Measurements 

Cylindrical carbon-fiber microelectrodes were fabricated in house from T-650 

carbon fibers (a gift of Cytec Engineering Materials, West Patterson, NJ) as previously 

described.45 Fast-scan cyclic voltammetry data were collected using a ChemClamp 

potentiostat (Dagan, Minneapolis, MN, n=0.01 headstage), PCI 6711 and 6052 

computer interface cards (National Instruments, Austin, TX) and a home built break-out 

box. Data collection was computer controlled by the TarHeel CV software program (gift 

of Mark Wightman, University of North Carolina). To detect serotonin, we applied a 

modified waveform, from 0.2 V to 1.0 V, then to -0.1 V and back to 0.2 V vs. a Ag/AgCl 

reference electrode at a scan rate of 1000 V/s with a repetition rate of 10 Hz.46 To detect 

dopamine, the electrode was scanned from -0.4 to 1.3 V and back at a scan rate of 400 

V/s at 10 Hz. Electrodes were calibrated with 1 µM serotonin or 1 µM dopamine before 

and after use in situ. 

3.4.3  Preparation of Ventral Nerve Cords 

Fly stocks were made as described previously.8,18 Flies containing wild-type 

Channelrhodopsin-21,47 with the genotype UAS-ChR2 (a gift from Christian Schroll, 

Universitat Wurzburg) were crossed to flies expressing Tph-GAL4 (a gift from Jaeson 
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Kim, Korea Advanced Institute of Science and Technology) to generate homozygous 

lines with a Tph-GAL4; UAS-ChR2 genotype. Flies containing UAS-H134R-ChR2 

(Bloomington stock center) were crossed to flies expressing Th-GAL4 (a gift from Jay 

Hirsh, University of Virginia) to generate homozygous lines with a UAS-H134R-ChR2; 

Th-GAL4 genotype. The H134R ChR2 single mutant has been proved in previous 

studies to show increased photocurrent size and higher reliability at low-frequency 

spiking but a drop-off in spike reliability at frequencies above 40 Hz.12,48 Homozygous, 3-

day-old larvae were shielded from light and fed all-trans retinal, mixed with Red Star 

yeast (Red Star, Milwaukee, WI), for 2-3 days prior to the dissection. The fly dissection 

and all the measurements were performed at room temperature. The central nervous 

system of a 5-day-old wandering third instar larva (L3W) was dissected out in modified 

Schneider’s buffer, and the optic lobes were removed by a horizontal cut across the 

anterior thorax region to yield an isolated ventral nerve cord (VNC).8 The isolated VNC 

was adhered neuropil side down onto the bottom of a Petri dish with 3 mL of buffer. The 

VNC was visualized under a 40×water immersion objective of a microscope (Carl Zeiss 

Microscopy, LLC) and an electrode was implanted using a micromanipulator into the 

VNC four to six segments away from the cut edge. The electrode was allowed to 

equilibrate for at least 5 min before data collection. Thirty seconds of baseline data were 

collected before each stimulation. 
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3.4.4  Optical Stimulation  

The optical stimulation setup consisted of a 473 nm diode laser (IkeCool 

Corporation, Los Angeles, CA) with a built-in optical fiber of core diameter 200 µm and 

1.5 m in length. The optical fiber was coupled to the fluorescent microscope and the 

laser beam was focused on the sample via the microscope objective lens. The laser was 

modulated with the Transistor-Transistor Logic (TTL)-input control port on the laser 

power supply, which was connected to the breakout box. The TTL input of the laser was 

driven by electrical pulses controlled by the TarHeel program. The program controlled 

the frequency, pulse width, and pulse number of the TTL pulses. 

The maximum output of the laser was 50 mW. However, we measured the 

optical power at the specimen plane with a commercial power meter (Coherent 

Incorporation, Santa Clara, CA) and found an approximately 94% power loss through the 

microscope. The effect of laser illumination intensity on stimulated serotonin release was 

tested with 2 s continuous stimulation (Figure 3.8). The evoked serotonin release 

increased with increasing illumination power (from 0.1 mW to 2.5 mW, 1-way ANOVA, 

p<0.01). The minimum illumination power required to induce detectable serotonin 

release was 0.1 mW and the 2.5 mW power intensity was chosen for all the stimulations 

in this work because it evoked the highest serotonin release without producing any 

artifacts.16 As shown in a recent study with optical stimulation in rat brain slices, a 

stimulation artifact can be observed when a carbon-fiber microelectrode is not placed 

deep enough in the brain tissue and can be eliminated by inserting the electrode deeper 

in the tissue or by reducing the laser power.16 Similar stimulating artifacts are observed 

in flies when the optical fiber of the laser was projected directly on top of the fly VNC or 

when the electrode was simply sitting in buffer. Laser radiation activates the carbon 

surface49-51; thus, the artifact signals were probably due to laser activation of the carbon-
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fiber surface and a change in the background current. No artifact was observed when 

the laser was coupled through the microscope, likely due to the low power. 

 

Figure 3.8 The effect of illumination power on stimulated serotonin release. 2 s 
continuous blue light was delivered via the light path of the fluorescent microscope 
through a 40× water immersion lens and the illumination power is tested to be from 0.1 
mW to 2.5 mW. (A) Representative serotonin responses with different illumination 
intensity values (0.1, 0.5, 1.5, 2.5 mW from bottom) in the same nerve cord. (B) Average 
effect of illumination intensity on serotonin release. Data are means ± SEM, n = 7. 
 

3.4.5  Statistics and Data Analysis 

 Data are presented as mean ± standard error of the mean (SEM) for n number 

of fly samples and all error bars are given as SEM. One-way ANOVA with Bonferonni 

post-tests was used to compare effects among multiple groups. All statistics were 

performed in GraphPad Prism (GraphPad Software,Inc., La Jolla, CA). Curve fitting for 

release and uptake kinetics was performed using a nonlinear regression with a simplex 

minimization algorithm52,53 and the goodness of fit was described by the square of 

regression coefficient (R2). All R2 values for curve fitting were greater than 0.83. In most 

mammalian studies, Km is fixed at an accepted value determined in brain synaptosomes 

or slices, and the program determines Vmax and release per pulse.24,26,27,42 As there is no 

well published Km value in fly synaptosomes, we chose to float all three parameters. An 

upper limit of Km was set as a limitation of the iteration number, which was determined 

from the highest reporter literature values (0.8 µM for Drosophila serotonin 

transporter8,39,40 and 4.8 µM for Drosophila dopamine transporter39,43). Thus, the program 

was stopped either when Km reached the upper limit or a point where the iteration 
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number kept increasing but the three parameters did not change. The average values of 

kinetic parameters were obtained from multiple stimulation curves with 4-ms pulse width 

at 4 different frequencies (20 Hz, 40 Hz, 60 Hz and 80 Hz).  
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Chapter 4: Characterization of dopamine releasable and reserve pools in 

Drosophila larva using ATP/ P2X2 mediated stimulation 

Abstract 

The dopaminergic signaling pathways are conserved between mammals and 

Drosophila, but the factors important for maintaining the functional pool and the time 

course of regulation for dopamine are not fully understood in Drosophila. In this study, 

we characterized the releasable and reserve dopamine pools in Drosophila larva using 

ATP/ P2X2 mediated stimulation. During repeated stimulations, dopamine release was 

stable with stimulations performed at least every 5 min, but decayed with stimulations 

performed 2 min apart or less, indicating the replenishment of the releasable pool 

occurred on a time scale between 2 and 5 min. Dopamine synthesis or reuptake was 

pharmacologically inhibited to evaluated their contributions to maintaining the releasable 

dopamine pool. We found that both synthesis and reuptake were needed to maintain the 

releasable dopamine pool, with synthesis playing a major part in long-term 

replenishment and reuptake being more important for short-term replenishment. The 

time scale of synthesis and reuptake on the regulation of dopamine release in 

Drosophila is analogous to mammals. Furthermore, there was no cocaine-activated 

reserve pool of dopamine in Drosophila, a difference between the fly and mammals. Our 

study shows that both synthesis and reuptake replenish the releasable pool, providing a 

better understanding of dopamine regulation in Drosophila.  
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4.1 Introduction 

Dopamine signaling plays a major role in a variety of brain functions, including 

emotion, reward, cognition, memory, learning, locomotion and motor control.1,2 In the 

central nervous system, dopamine is released by exocytosis upon an action potential 

and acts in the extracellular space as a neurotransmitter. The amount of dopamine 

available for exocytosis determines the functional pool. Two main sources contributing to 

the releasable pool are newly synthesized dopamine and dopamine that is recycled from 

the extracellular space through reuptake by the dopamine transporter 3. Understanding 

dopamine regulation is essential for the treatment of many neurological and psychiatric 

diseases such as Parkinson disease, Huntington disease, schizophrenia, and drug 

addiction. Dopamine pools have been studied extensively in mammalian models. For 

example, in mice, cocaine can increase dopamine release by activating a synapsin-

dependent reserve pool of dopamine 4,5. 

Compared to rodent mammalian models, Drosophila melanogaster, the fruit fly, is 

an attractive model organism because of its simple nerve system, relatively short life 

cycle, and ease of molecular and genetic manipulation 6. While genetically altered mice 

can take years to make, Drosophila genetic models can be produced in a few months. A 

variety of sophisticated genetic manipulations have been developed for Drosophila, 

allowing large-scale screening of mutants to model some aspect of human diseases.6,7 

Our lab has developed methods for directly measuring dopamine in Drosophila and has 

verified that dopamine regulatory functions such as synthesis, uptake and vesicular 

release are conserved between Drosophila and mammals 8,9. However, the factors 

important for maintaining the releasable dopamine pool in Drosophila are not fully 

understood. 

Taking advantage of the fly genetics, several neural excitation methods with 

genetically encoded triggers have been successfully used in Drosophila 10. Among these, 
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ATP/P2X2 mediated stimulation has become an elegant method for targeted control of 

neuronal activities. P2X2 is a member of the ligand-gated cation channel P2X family 

which is active by extracellular ATP. P2X2 undergoes three sequential ATP binding steps 

in a cooperative manner 11. Once fully bound, the channel opens rapidly and inward flow 

of cations leads to neuronal excitation 12. A distinguishing characteristic of this channel is 

its slow desensitization, as currents at P2X2 receptors decline little during sustained ATP 

application of a few seconds 13,14. This feature makes it more suitable for inducing large 

concentration of neurotransmitter release compared to other cation channels. The 

Drosophila genome does not encode a homologous P2X2 receptor homologous 15 and 

previous studies suggest that there are no acute behavioral or physiologic effects of ATP 

in the absence of transgenic P2X2 in Drosophila 16,17. Thus, through genetic modification, 

P2X2 can be inserted into specific neurons and with exogenous applied ATP, those 

P2X2-expressing neurons can be excited. ATP/P2X2 mediated stimulation has been 

established in both larval and adult fly nervous systems to attain targeted neural 

excitation during behavioral and electrophysiology experiments 17-19, but no ATP/P2X2 

mediated neurotransmitter release has been directly detected in Drosophila. Thus, for 

this methodology to be employed on a wider basis, it is essential to evaluate the 

parameters of ATP/P2X2 mediated stimulation on neurotransmitter release in Drosophila. 

In this study, we characterized ATP/P2X2 mediated dopamine release and 

evaluated the roles of synthesis and reuptake in maintaining the releasable dopamine 

pool in Drosophila. Dopamine release was measured with fast-scan cyclic voltammetry 

(FSCV) at a carbon-fiber microelectrode implanted in the neruopil of an isolated larval fly 

ventral nerve cord (VNC), which was genetically modified to express P2X2 in 

dopaminergic cells. ATP was applied at various intervals with synthesis or reuptake 

pharmacologically inhibited to evaluate the recovery of the releasable pool. We found 

that both synthesis and reuptake are needed to maintain the releasable dopamine pool, 
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with synthesis playing a major part in long-term replenishment and reuptake being more 

important for short-term replenishment.  There was no cocaine-activated reserve pool of 

dopamine in Drosophila. Our study facilitates a better understanding of dopamine 

regulation in Drosophila, strengthening this model organism for the study of 

dopaminergic diseases. 

 

4.2 Results 

4.2.1  Characterizing ATP/P2X2 mediated dopamine release in Drosophila 

 To provide neuron-specific stimulation, we expressed P2X2 in dopaminergic 

neurons using the yeast-based GAL4/ UAS system. Flies containing P2X2, which is 

controlled by the upstream activating sequence (UAS) element, were crossed with flies 

containing GAL4 which is targeted to cells expressing tyrosine hydroxylase (th), a 

dopaminergic synthesis enzyme. Only one copy of the P2X2 is needed and the flies work 

well as heterozygotes.  A microelectrode was implanted into the neuropil and a capillary 

micropipette filled with ATP was inserted from the other side approximately 15-20 µm 

away from the electrode.  

Picoliter volumes of ATP were pressure-ejected into the neuropil, and the 

dopamine response was monitored with FSCV. When 2 pmol of ATP is injected into 

buffer (Figure 4.1 A), the color plot and cyclic voltammogram show the characteristics of 

ATP with a primary oxidation peak close to the switching potential on the back scan 20. 

Figure 4.1B shows that injection of 2 pmol ATP into a th-GAL4; UAS-P2X2 larval VNC 

elicits dopamine release. The large green and blue areas on the color plot correspond to 

the oxidation and reduction of dopamine which are also confirmed by the characteristic 

oxidation and reduction peaks of the background-subtracted cyclic voltammogram. The 

dopamine response is slightly delayed after ATP injection, primarily because ATP has to 



 
 

 

 

90 

diffuse from the micropipette to the area of the microelectrode where stimulated 

dopamine can be detected. Close to switching potential, there is a small current 

fluctuation upon ATP injection, which is also seen in a larval VNC without P2X2 (Figure 

4.1 C), likely due to changes in the background current caused by pressure changes. In 

the larval VNC without P2X2, no dopamine response is observed when ATP is injected. 

In the fly tissue (Figure 4.1 B and C), no characteristic ATP peak is detectable. The 

oxidation potential for ATP is right around 1.3 V, which is the switching potential used for 

the dopamine waveform, and the  electron transfer kinetics at the carbon-fiber 

microelectrode are slower in tissue.  Thus, ATP oxidation peak cannot be easily 

detected with the 1.3 V switching potential, although we could modify the waveform in 

the future to scan to 1.45 V if we wanted to better measure the ATP.  

 
Figure 4.1 Characterization of ATP evoked dopamine signal in P2X2 flies. Left column: 

false color plots with time on the x-axis, applied voltage on the y-axis and background-

subtracted faradaic current in pseudo-color. Injection of ATP is denoted by the arrow 

under the figure. Right column: background-subtracted cyclic voltammograms. (A) 2 

pmol ATP was injected into buffer and the color plot and CV confirms it is ATP. (B) 2 

A. 2 pmol ATP pressure ejected in buffer

B. 2 pmol ATP pressure ejected in larval VNC expressing P2X2

C. 2 pmol ATP pressure ejected in larval VNC without P2X2

-0.4 V 1.3 V

-12 nA

12 nA

-0.4 V 1.3 V

-12 nA

12 nA

-0.4 V 1.3 V

-12 nA

12 nA
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pmol ATP was injected into a larval VNC expressing P2X2 and the color plot and CV 

show that upon ATP stimulation, dopamine is released. (C) 2 pmol ATP was injected into 

a control larval VNC without P2X2 expression and the color plot shows minor fluctuations 

upon ATP injection corresponding to pressure error, but the CV does not show any 

characteristic dopamine peaks. 

 

The peak dopamine concentration detected varies with the amount of ATP 

injected (Figure 4. 2). The data show a non-significant trend that the dopamine release 

increases as the amount of ATP increases until saturation is reached around 2 pmol 

ATP.  At that level of ATP, approximately 0.4 µM of dopamine is released. Thus, 2 pmol 

of ATP was applied for the rest of the experiments.  

 
Figure 4.2 Evoked peak dopamine concentration varies with the amount of pressure-
injected ATP. Data are presented as mean ± SEM with n =7 samples. The pipette was 

filled with 200 µM ATP and placed 15-20 µm away from the electrode. The data show a 

non-significant trend with the dopamine concentration increases with the amount of ATP 
applied until a plateau is reached around 2 pmol. 
 

4.2.2  Effect of stimulation intervals on dopamine release   

 The stability of ATP/P2X2 induced dopamine release during multiple stimulations 

was tested (Figure 4. 3) by repeating stimulations at 0.5, 1, 2, 5 or 10 min intervals. For 

each animal, data were normalized to the peak concentration of the initial stimulation for 

easier comparison. Two-way ANOVA analysis shows a significant interaction of 

stimulation interval and stimulation number (F[28,220] = 5.291, p<0.0001) and significant 
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main effects of stimulation interval (F[4,220] = 236.7, p<0.0001) and stimulation number 

(F[7,220] = 14.98, p<0.0001). Dopamine release decayed when stimulations were 

performed at 0.5, 1 or 2 min interval but is relatively stable at 5 or 10 min interval, 

suggesting the replenishment of the releasable dopamine pool occurs between 2 and 5 

min. For stimulations at 0.5, 1, or 2 min interval, dopamine release decreased sharply 

after the initial stimulation, and then decayed to a stable low level. On the second 

stimulation, the signal is 26%, 57% and 68% of the initial value for 0.5, 1 and 2 min 

interval, respectively. The dopamine concentration at this low level of the 0.5 min interval 

is significantly lower than that of the 1 and 2 min interval, while the difference between 1 

and 2 min interval is not significant (Bonferroni post-test, see Table 4-1 for all statistics). 

We focused our analysis on the first five stimulations for pharmacological experiments.  

 
Figure 4.3 Dopamine release during stimulations repeated at 0.5, 1, 2, 5 or 10 min 

intervals. 2 pmol ATP was pressure injected and the pipette tip was kept 15-20 µm away 

from the electrode. Data are normalized to the peak concentration of the initial 

stimulation for each animal and are presented as mean ± SEM, n= 6-7. Dopamine 

release decays when stimulations are performed at 0.5, 1 and 2 min interval but is stable 

at 5 or 10 min interval.   
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30 s vs 1 min 1 min vs 2 min 2 min vs 10 min 

Stim 
Number 

t P value Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 3.674 P<0.01 Stim 2 1.369 P > 0.05 Stim 2 4.411 P<0.001 

Stim 3 2.85 P < 0.05 Stim 3 1.400 P > 0.05 Stim 3 5.986 P<0.001 

Stim 4 2.092 P > 0.05 Stim 4 2.254 P > 0.05 Stim 4 6.228 P<0.001 

Stim 5 2.664 P > 0.05 Stim 5 2.059 P > 0.05 Stim 5 6.152 P<0.001 

Stim 6 2.619 P > 0.05 Stim 6 1.703 P > 0.05 Stim 6 6.524 P<0.001 

Stim 7 2.492 P > 0.05 Stim 7 1.910 P > 0.05 Stim 7 6.431 P<0.001 

Stim 8 2.48 P > 0.05 Stim 8 1.827 P > 0.05 Stim 8 6.634 P<0.001 

30 s vs 2 min 1 min vs 5 min 5 min vs 10 min 

Stim 
Number 

t P value Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 5.042 P<0.001 Stim 2 4.464 P<0.001 Stim 2 1.216 P > 0.05 

Stim 3 4.250 P<0.001 Stim 3 5.449 P<0.001 Stim 3 1.814 P > 0.05 

Stim 4 4.346 P<0.001 Stim 4 6.447 P<0.001 Stim 4 1.875 P > 0.05 

Stim 5 4.619 P<0.001 Stim 5 7.300 P<0.001 Stim 5 1.101 P > 0.05 

Stim 6 4.219 P<0.001 Stim 6 7.231 P<0.001 Stim 6 1.198 P > 0.05 

Stim 7 4.304 P<0.001 Stim 7 6.803 P<0.001 Stim 7 1.716 P > 0.05 

Stim 8 4.211 P<0.001 Stim 8 7.278 P<0.001 Stim 8 1.382 P > 0.05 

30 s vs 5 min 1 min vs 10 min  

Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 7.993 P<0.001 Stim 2 5.726 P<0.001 

Stim 3 8.188 P<0.001 Stim 3 7.332 P<0.001 

Stim 4 8.457 P<0.001 Stim 4 8.393 P<0.001 

Stim 5 9.860 P<0.001 Stim 5 8.443 P<0.001 

Stim 6 9.747 P<0.001 Stim 6 8.474 P<0.001 

Stim 7 9.197 P<0.001 Stim 7 8.584 P<0.001 

Stim 8 9.661 P<0.001 Stim 8 8.712 P<0.001 

30 s vs 10 min 2 min vs 5 min 

Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 9.256 P<0.001 Stim 2 3.149 P < 0.05 

Stim 3 10.07 P<0.001 Stim 3 4.104 P<0.001 

Stim 4 10.40 P<0.001 Stim 4 4.281 P<0.001 

Stim 5 11.00 P<0.001 Stim 5 5.051 P<0.001 

Stim 6 10.99 P<0.001 Stim 6 5.326 P<0.001 

Stim 7 10.98 P<0.001 Stim 7 4.715 P<0.001 

Stim 8 11.10 P<0.001 Stim 8 5.252 P<0.001 

 

Table 4-1 Statistics for dopamine release during stimulations repeated at 0.5, 1, 2, 5 or 

10 min intervals. Two way ANOVA shows a significant interaction of stimulation interval 



 
 

 

 

94 

and stimulation number (F[28,220] = 5.291, p<0.0001) and significant main effects of 

stimulation interval (F[4,220] = 236.7, p<0.0001) and stimulation number (F[7,220] = 

14.98, p<0.0001). The table shows Bonferroni post test comparisons. Significant values 

are highlighted. 

 

4.2.3  Effect of synthesis inhibition and reuptake inhibition on stimulated release 

To evaluate the role and time course of synthesis and reuptake on replenishing 

the releasable dopamine pool, dopamine synthesis or reuptake was pharmacologically 

inhibited during repeated stimulations at 1 or 5 min intervals. Dopamine reuptake was 

inhibited with 60 µM cocaine, a known dopamine transporter inhibitor 21. Cocaine 

significantly prolongs evoked dopamine signaling in Drosophila larva 8,9 and slows 

clearance of exogenous dopamine in Drosophila adults 22. Dopamine synthesis was 

inhibited by 100 µM 3-iodotyrosine. 3-iodotyrosine inhibits the activity of tyrosine 

hydroxylase, the rate-limiting enzyme in dopamine synthesis and significantly decreased 

steady-state amounts of dopamine after 2 days of feeding to Drosophila larvae 23. In this 

study, we stimulated dopamine release in buffer first and then allowed 5 min for the 

dopamine pool to fully recover.  After that we applied drug for 15 min and stimulated 

again. The dopamine signaling was compared before and after drug application. Our 

results showed after cocaine application, there was a significant increase in evoked 

dopamine concentration and the time to half decay (t50) (Paired t test, n=16, p<0.0001), 

due to inhibition of dopamine reuptake. There is no significant change in dopamine 

concentration and t50 value after 3-iodotyrosine application (Paired t-test, n=14, p= 

0.2484 for concentration and p= 0.2508 for t50). 

 Figure 4.4 shows the effects of cocaine and 3-iodotyrosine incubation on 

dopamine release during repeated stimulations performed at 1 and 5 min intervals. Two-

way ANOVA shows a significant interaction of stimulation number and drug (F[14,168] = 

3.47, p<0.0001) and significant main effect of stimulation number (F[7,168] = 86.58, 
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p<0.0001) and drug (F[2,168] = 67.61, p<0.0001) for the 1 min interval stimulation. The 

dopamine concentration decays significantly more in the cocaine group than in buffer 

(Bonferroni post-test, see Table 4-2 for all statistics). At the second stimulation, the 

dopamine release decreased to 15 ± 3 % of the initial value in cocaine compared to 57 ± 

7 % in buffer. The decay in dopamine concentration for multiple stimulations in the 3-

iodotyrosine is not significantly different from that in buffer. For the 5 min interval 

stimulation, there is also a significant interaction of stimulation number and drug 

(F[14,121] = 11.77, p<0.0001) and significant main effect of stimulation number (F[7,121] 

= 24.26, p<0.0001) and drug (F[2,121] = 405.17, p<0.0001). While the release in buffer 

is stable, there is a significant decay both in the cocaine and 3-iodotyrosine, with the 3-

iodotyrosine group decaying significantly more (Bonferroni post-test, see Table 4-2 for all 

statistics). For the second stimulation, dopamine release in 3-iodotyrosine is 49 ± 5 % of 

the initial value compared to 68 ± 3% in cocaine. For stimulations performed at 1 or 5 

min interval, the decay is very similar with 3-iodotyrosine, while with cocaine, the decay 

at 1 min interval is significantly more than at 5 min interval (two way ANOVA with 

Bonferroni post-test, see Figure 4.5 and Table 4-3). Therefore, cocaine and 3-

iodotyrosine have different effects on dopamine release based on the interval during 

repeated stimulations.  
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Figure 4.4 Effect of cocaine and 3-iodotyrosine on repeated stimulations. Stimulations 
were performed every 1 min (A) or 5 min (B). Dopamine reuptake was inhibited by 60 
µM cocaine (triangles) or synthesis was inhibited by 100 µM 3-iodotyrosine (diamonds). 
Control samples in buffer are black circles. 2 pmol ATP was pressure injected and the 
pipette tip was kept 15-20 µm away from the electrode. Data are normalized to the peak 
concentration of the initial stimulation for each animal and are presented as mean ± 
SEM, n= 5-7. The representative concentrations vs time profiles are shown on the right 
for the first stimulation and the fifth stimulation for stimulations at 1 min interval (C) or 5 
min interval (D). The dopamine concentration is larger and the time response is slower in 
cocaine at the 1st stimulation, while there is no difference in 3-iodotyrosine. Note the 
concentration scale for cocaine is different from the buffer and 3-iodotyrosine groups. 
 

Stimulations 1 min apart 

buffer vs cocaine buffer vs 3-iodotyrosine cocaine vs 3-iodotyrosine 

Stim 
Number 

t P value Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 6.381 P<0.001 Stim 2 1.137 P > 0.05 Stim 2 5.406 P<0.001 

Stim 3 5.880 P<0.001 Stim 3 1.462 P > 0.05 Stim 3 4.541 P<0.001 

Stim 4 4.839 P<0.001 Stim 4 1.889 P > 0.05 Stim 4 3.007 P < 0.05 

Stim 5 4.496 P<0.001 Stim 5 2.398 P > 0.05 Stim 5 2.109 P > 0.05 

Stimulations 5 min apart  

buffer vs cocaine buffer vs 3-iodotyrosine cocaine vs 3-iodotyrosine 

Stim 
Number 

t P value Stim 
Number 

t P value Stim 
Number 

t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 4.230 P<0.001 Stim 2 6.859 P<0.001 Stim 2 2.888 P < 0.05 

Stim 3 3.705 P<0.01 Stim 3 9.004 P<0.001 Stim 3 5.299 P<0.001 

Stim 4 4.586 P<0.001 Stim 4 10.77 P<0.001 Stim 4 6.186 P<0.001 

Stim 5 5.967 P<0.001 Stim 5 12.86 P<0.001 Stim 5 6.897 P<0.001 
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Table 4-2 Statistics for cocaine and 3-iodotyrosine on repeated stimulations. Two way 

ANOVA shows a significant interaction of stimulation number and drug (F[14,168] = 3.47, 

p<0.0001) and significant main effect of stimulation number (F[7,168] = 86.58, p<0.0001) 

and drug (F[2,168] = 67.61, p<0.0001) for the 1 min interval stimulation. There are also a 

significant interaction of stimulation number and drug (F[14,121] = 11.77, p<0.0001) and 

significant main effect of stimulation number (F[7,121] = 24.26, p<0.0001) and drug 

(F[2,121] = 405.17, p<0.0001) for the 5 min interval stimulation. The table shows 

Bonferroni post test comparisons. Significant values are highlighted. 

 

 

 
Figure 4.5 (A) In the presence of cocaine, dopamine release decays faster during 
repeated stimulations performed at 1 min interval than 5 min interval. (B) In the presence 
of 3-iodotyrosine, the decay is similar at 1 min and 5 min intervals. 
 
 

Cocaine 1 min vs 5 min 3-iodotyrosine 1 min vs 5 min 

Stim Number t P value Stim Number t P value 

Stim 1 0.000 P > 0.05 Stim 1 0.000 P > 0.05 

Stim 2 9.673 P<0.001 Stim 2 0.078 P > 0.05 

Stim 3 10.62 P<0.001 Stim 3 0.731 P > 0.05 

Stim 4 9.885 P<0.001 Stim 4 0.821 P > 0.05 

Stim 5 9.133 P<0.001 Stim 5 1.399 P > 0.05 

 

Table 4-3 Comparison of drug effect between 1 min and 5 min intervals. For cocaine, 

two way ANOVA shows a significant interaction of stimulation number and stimulation 

interval (F[7,106] = 12.01, p<0.0001) and significant main effect of stimulation number 

(F[7,106] = 58.25, p<0.0001) and stimulation interval (F[1,106] = 480.94, p<0.0001). For 

3-iodotyrosine, there is no significant interaction of stimulation number and stimulation 

interval (F[7,95] = 0.48, p=0.8491) and no significant main effect of stimulation interval 

(F[1,95] = 7.68, p=0.0067) but a significant main effect of stimulation number (F[7,95] = 

405.17, p<0.0001). The table shows Bonferroni post test comparisons. Significant values 

are highlighted. 
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4.2.4  Investigating potential cocaine-activated reserve dopamine pool in Drosophila  

In mammals, cocaine increases the extracellular dopamine level by inhibiting 

reuptake but also by increasing dopamine release 24,25. Cocaine can augment dopamine 

release after depletion of the readily releasable pool by activating release of a synapsin-

mediated vesicle reserve pool 4,5. Here, we investigated if a cocaine-sensitive reserve 

pool existed in Drosophila. Dopamine synthesis was inhibited with 100 µM 3-

iodotyrosine and the releasable pool was depleted with consecutive stimulations at 1 min 

interval. Figure 4.6A shows after 8 simulations, the dopamine concentration decayed 

from 0.37 ± 0.07 µM to 0.05 ± 0.01 µM. Then the sample was incubated with 60 µM 

cocaine for 15 min, and another four stimulations were performed. The dopamine signal 

increased to 0.19 ± 0.02 µM after cocaine application, and then progressively decayed to 

0.04 ± 0.01 µM on the last stimulation. To confirm the effect of cocaine, a separate 

control group was conducted with the same experiments, except that the sample was 

incubated in buffer for 15 min after the depletion of releasable pool (Figure 4.6B). A 

similar trend was observed in the control group. The dopamine concentration decreased 

from 0.63 ± 0.09 µM to 0.05 ± 0.02 µM after 8 stimulations, then increased to 0.20 ± 0.01 

µM after 15 min incubation in buffer, and progressively decayed to 0.03 ± 0.01 µM on the 

last stimulation. Thus, there is no significant difference in dopamine release between the 

cocaine or buffer group after the 15 min incubation (unpaired t test, p= 0.8306). Our 

results indicate that cocaine does not significantly increase dopamine release after 

depletion of the readily releasable pool. However, there was a small increase of 

dopamine signal after 15 min incubation in either cocaine or buffer. It is likely that this 

dose of 3-iodotyrosine did not fully block synthesis, and thus the 15 min incubation time 

allowed dopamine to be partially re-synthesized.  
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Figure 4.6 Effect of cocaine on dopamine release after repeated stimulations in the 

presence of a synthesis inhibitor. 100 µM 3-iodotyrosine was applied for 15 min before 

the initial stimulation. (A) Eight consecutive stimulations were performed at 1 min 

intervals. At the end of the 8th stimulation, 60 µM cocaine was applied for 15 min, and 

another four stimulations were performed at 1 min interval, n=8. (B) 60 µM of buffer was 

applied instead of cocaine, n=5. Data are presented as mean ± SEM. 

 

4.3 Discussion 

 While several groups have used electrophysiology studies to confirm the ability of 

ATP/P2X2 to stimulate targeted neurons 18,19, this is the first time that ATP/P2X2 

stimulated neurotransmitter release has been directly monitored in Drosophila. The 

amount of dopamine released increased with higher amounts of ATP applied, and then 

plateaued at 0.4 µM with around 2 pmol ATP, indicating that P2X2 channels have been 

saturated or the releasable pool of dopamine was depleted. Previously, optically-

stimulated dopamine release has been measured in flies which are genetically modified 

to express Channelrhodopsin-2 (ChR2), a blue-light activated cation channel in 

dopaminergic neurons 8. Seven-second long stimulations resulted in 0.81 ± 0.06 µM of 

dopamine in those flies 8, which is higher than that evoked by ATP/P2X2 in this study. 

This is likely because we used heterozygote flies with only one copy of the P2X2 gene 

and thus the expression density of the P2X2 channel is lower compared to the ChR2 flies, 

which are homozygous and have two copies of ChR2. Future studies with flies 
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homozygous in P2X2 may have higher dopamine release, but the ability to stimulate 

release with only one copy of P2X2 makes it useful for genetic studies in combination 

with other genetic mutants. Furthermore, the ATP/P2X2 mediated release is suitable for 

measurements in brain regions where light penetration through the tissue is difficult. This 

might be useful in deeper neuropil in the adult fly, for example.   

4.3.1  The releasable dopamine pool is maintained by both synthesis and reuptake 

The time course of the recovery of the releasable dopamine pool was 

investigated by performing repeated stimulations at different intervals. Dopamine release 

was stable when stimulations were performed at least every 5 min, while the signal 

decayed with stimulations performed 2 min apart, indicating the replenishment of the 

releasable dopamine pool occurred on a time scale between 2 and 5 min. To investigate 

the contribution of synthesis and reuptake to the recovery of the releasable dopamine 

pool, pharmacological experiments were performed. During closely repeated 

stimulations (1 min apart), dopamine release decreased faster when reuptake was 

blocked, while the decay with synthesis inhibition was similar to that in buffer. Therefore, 

on the short time scale, reuptake is responsible for maintaining about 40% of the 

releasable pool.  On the longer time scale, newly synthesized dopamine makes up about 

50% and recycled dopamine about 30% of the releasable pool. 

The control of dopamine release is similar in mammalian models. In mice striatal 

brain slices, the dopamine release elicited by a single stimulation pulse is steady with 

stimulation interval of 5 min but progressively decreases with stimulation interval of 3 

min or less 5. In the caudate nucleus of anesthetized rats, when long (10 s) stimulations 

are performed, a stimulation interval of approximately 20 min is required to achieve a 

reproducible response, but the dopamine release regains 80 % by 5 min 26. The 5 min 

time scale is consistent with our study in Drosophila. In anesthetized rats, the inhibition 
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of synthesis affect stimulations performed 10 min apart, but not when they are less than 

2 min apart, but the recycling of dopamine via uptake contributes to the short-term 

recovery of the releasable pool 26,27. Thus, the timescale of synthesis and reuptake on 

maintaining the releasable dopamine pool in Drosophila is similar to that in mammals.  

The role of synthesis and reuptake and their time courses on recovery of the 

releasable serotonin pool has also been investigated in Drosophila 28. Reuptake is more 

important for the short time scale and synthesis on the longer time scale for serotonin as 

well as dopamine.  However, in contrast to the fact that dopamine release recovery is 

independent of synthesis on the 1 min timescale, synthesis plays a role in the recovery 

of serotonin release at 1 min intervals 28. This discrepancy suggests that synthesis 

functions on a different time scale for dopamine and serotonin signaling in Drosophila. 

4.3.2  There is no cocaine-activated reserve dopamine pool in Drosophila 

Study of electrically stimulated dopamine release in the striatum of anesthetized 

mice found that cocaine could elevate dopamine release by mobilization of a synapsin-

dependent reserve pool of dopamine-containing vesicles 4,5. Synapsins are 

phosphoproteins that bind to the cytosolic surface of synaptic vesicles and are important 

regulators of synaptic transmission. Biochemical studies suggest that the balance 

between the readily releasable and the reserve pool of synaptic vesicles is regulated by 

the phosphorylation status of synapsins with dephosphorylated synapsins caging 

synaptic vesicles and preventing the release of neurotransmitter, while synapsin 

phosphorylation initiates vesicle mobilization 29-32. It is hypothesized that cocaine 

facilitates dopamine release by increasing presynaptic Ca2+ influx and thereby triggers 

release of the reserve pool as a result of Ca2+ dependent phosphorylation of synapsins 

4,5. Studies have identified two functionally and topographically distinct pools of synaptic 

vesicles in the boutons of the Drosophila larval neuromuscular junction 33-36. Only one 
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synapsin gene is found in the genome of Drosophila 37, and evidence shows the 

synapsin mediates mobilization of the reserve pool during intense stimulations 34. No 

reserve pool has been reported in the dopaminergic neurons in Drosophila.  

We investigated the existence of the synapsin mediated reserve pool in 

dopaminergic neurons by depleting the readily releasable pool with inhibiting synthesis. 

Our results showed the dopamine release after cocaine application was not significantly 

different from that in the control group. Even though the possibility of a reserve 

dopamine pool cannot be ruled out, our study indicated there was no cocaine-sensitive 

reserve pool in the dopaminergic neurons in Drosophila larval VNC. This discrepancy 

between Drosophila and mammals should be taken into consideration when using 

Drosophila as a model organism for the study of cocaine addiction. Studies of serotonin 

regulation in Drosophila found that cocaine does not activate a large serotonin reserve 

pool, but immunohistochemistry indicates that not all serotonin content in the 

serotonergic neurons is available for release 28. Thus, further study with 

immunohistochemistry staining nerve cords after depletion of the readily releasable pool 

could help to identify if reserve dopamine pool exists in Drosophila. 

 

4.4 Conclusions 

We have characterized ATP/P2X2 mediated dopamine release in Drosophila 

larval ventral nerve cord and shown that ATP/P2X2 mediated stimulation can be used as 

a substitute for light-activated channels. Two sources for releasable dopamine pool are 

identified, the newly synthesized dopamine and dopamine recycled via reuptake. These 

two sources act on a different time scale with reuptake responsible for rapid 

replenishment of the releasable pool and synthesis critical for longer term maintaining 

the releasable pool. The role and timescale of synthesis and reuptake on the regulation 

of dopamine signaling in Drosophila is analogous to mammals. Furthermore, even 



 
 

 

 

103 

though two distinct pools of synaptic vesicles exist in Drosophila, there is no cocaine 

activated reserve pool in the dopaminergic neurons. Our study promotes a better 

understanding of dopamine regulation in Drosophila, thus facilitating the use of this 

model organism for the study of dopaminergic diseases. 

 

4.5 Methods 

4.5.1  Chemicals 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Solutions 

were made with Milli Q water (Millipore, Billerica, MA). Electrode calibrations and 

Drosophila dissections were conducted in phosphate buffer (131.25 mM NaCl, 3.0 mM 

KCl, 10.0 mM NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, and 1.2 mM CaCl2) with 11.1 

mM glucose, 5.3 mM trehalose and pH adjusted to 7.4. ATP solutions filled in the 

picospritzing capillaries, ranging from 0.2 to 1 mM, were made with phosphate buffer. 

Stock solutions (1 mM) of cocaine, fluxoetine and 3-iodotyrosine were made in water 

and the final concentration in the bath around the Drosophila VNC was 60 µM cocaine, 

60 µM fluoxetine and 100 µM 3-iodotyrosine.  

4.5.2  Preparation of Ventral Nerve Cords 

Flies containing UAS-P2X2 on the third chromosome (a gift from Jayaraman Lab, 

Janelia Farm Research Campus) were crossed to files containing th-GAL4 on the 

second chromosome (a gift from J.Hirsh, University of Virginia) to generate a 

heterozygous line. The fly dissection and all the measurements were performed at room 

temperature. The central nervous system of a 5-day-old wandering third instar larva 

(L3W) was dissected out in phosphate buffer (with 11.1 mM glucose, 5.3 mM trehalose). 

The optic lobes were removed by a horizontal cut across the anterior thorax region to 

yield an isolated ventral nerve cord (VNC) and then an additional horizontal cut was 
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made at the posterior-most portion of the ventral nerve cord to facilitate micropipette 

insertion. The isolated VNC was adhered neuropil side down onto the bottom of a Petri 

dish with 3 mL of buffer. The VNC was visualized under a 40× water immersion objective 

of a microscope (Carl Zeiss Microscopy, LLC), an electrode was implanted using a 

micromanipulator into the VNC four to six segments away from the cut edge and a 

picospritzing micropipette was inserted 15-20 µm away from the electrode. The 

electrode and micropipette were allowed to equilibrate after implantation for 10 min prior 

to data collection. Ten seconds of baseline data were collected before each stimulation. 

4.5.3  Electrochemical Measurements 

Cylindrical carbon-fiber microelectrodes were fabricated in house from T-650 

carbon fibers (a gift of Cytec Engineering Materials, West Patterson, NJ) as previously 

described 38. Fast-scan cyclic voltammetry were performed using a ChemClamp 

potentiostat (Dagan, Minneapolis, MN, n = 0.01 headstage), PCI 6711 and 6052 

computer interface cards (National Instruments, Austin, TX) and a home-built breakout 

box. Data collection was computer controlled by the TarHeel CV software program (gift 

of Mark Wightman, University of North Carolina). The electrode was scanned from −0.4 

to 1.3 V and back at a scan rate of 400 V/s every 100 ms vs a Ag/AgCl reference 

electrode. Electrodes were calibrated with 1 µM dopamine before and after use in situ. 

For drug experiments, a second calibration was conducted in the presence of drug to 

account for possible drug effects on the electrode sensitivity. 

Picospritzing micropipettes were made by pulling a 1.2 mm × 0.68 mm glass 

capillary (A-M Systems, Carlsburg, WA) using a vertical pipette puller (Narishige, Japan). 

The tip of the micropipette was trimmed to make an opening. Micropipettes were filled 

with ATP solutions ranging from 0.2 to 1 mM, and ATP was pressure ejected with a 

Picospritzer III instrument (Parker Hannifin, Fairfield, NJ). The pipette was calibrated by 
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ejecting ATP solution into oil and the diameter of the ejected droplet was measured to 

calculate the volume (volume = 1/6πd3) 

4.5.4  Statistics and Data Analysis 

All values are presented as mean ± standard error of the mean (SEM) for n 

number of fly samples and all error bars are given as SEM. All statistics were performed 

in GraphPad Prism (GraphPad Software,Inc., La Jolla, CA) and significance was 

considered at the 95% confidence level (p < 0.05). Paired t-test was performed to 

compare date before and after drugs in the same sample and unpaired t-test was used 

to compare date in two different groups. A one-way ANOVA with Bonferroni post-tests 

was performed to evaluate the effect of the amount of ATP on stimulated dopamine 

release. A two-way ANOVA with Bonferroni post-test was used to evaluate stimulation 

interval and drug effects during repeated stimulations.  
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Chapter 5: Conclusions and Future Directions 

This dissertation has focused on measurements of neurotransmitter signaling in 

Drosophila larval ventral nerve cord. I have described a method to modify 

microelectrodes with aligned carbon nanotube forests for enhanced electrochemical 

detection of neurotransmitters. Next, I investigated optically stimulated serotonin release 

with pulsed stimulation trains and studied the kinetics of serotonin release and clearance 

in Drosophila. Finally, a chemical stimulation method was exploited to characterize 

dopamine releasable and reserve pools in Drosophila. This final chapter summarizes the 

main conclusions and discusses future directions. 

  
5.1 Carbon nanotube-based microelectrodes for in vivo use 

 In chapter II, I described a method to fabricate aligned CNTs on the surface of 

carbon-fiber microelectrodes using self-assembly techniques. The modified electrodes 

were highly sensitive and facilitated improved temporal resolution for the detection of 

neurotransmitters with FSCV. By aligning CNTs on the electrode surface, the ends of the 

CNTs which have similar properties to graphitic edge planes and are functionalized,1 

were exposed to the analyte. This study supported the concept that the CNT ends 

provided the best electrochemistry for adsorption controlled molecules, such as 

dopamine. However, this modification increased the electrochemical complexity of the 

electrode. The fabrication went through multiple steps, true alignment of CNTs was 

difficult to achieve and the kinetics of CNTs were convoluted with the kinetics of carbon 

fibers. A logical next step is to develop electrodes made of pure, aligned CNTs. 

Our group and another group have developed and characterized new CNT-yarn 

microelectrodes. 2,3 By borrowing spinning techniques from the textile industry, CNTs 

grown using chemical vapor deposition techniques can be pulled and spun onto a 

rotating spool to make a yarn composed of nanotubes aligned and bundled together in a 
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continuous macro-scale fashion.4,5 These CNT yarns are highly conductive, and are 

commercially available with controllable diameters ranging from 10 to 50 µm.6  

Microelectrodes made of CNT yarns showed increased sensitive and selective, faster 

electron transfer kinetics and scan repetition frequency-independent dopamine 

current.2,3 Thus these CNT yarn electrodes are promising for in vivo use. Future studies 

could fabricate CNT yarn electrodes with a smaller size which can be implanted into the 

fly CNS. These electrodes would be useful for monitoring fast changes of small amount 

of neurotransmitter release in Drosophila. For example, the current modeling method for 

neurotransmitter release and clearance kinetics is based on the assumption that the 

release per pulse is constant during a pulsed stimulation train.7,8 This model is simplified, 

leaving out the regulation of autoreceptors.7,9 With the CNT yarn electrodes, the amount 

of neurotransmitter released by a single pulse during a pulsed stimulation train can be 

directly measured, thus helping to develop a more accurate kinetics modeling method.  

Another alternative way to make CNT-based microelectrodes is to directly grow 

vertically aligned CNTs on a metal micro-wire. The metal substrate should be 

electrochemical inactive for the detection of neurotransmitters, and thus only the 

characteristics of CNTs show. Compared to the CNT yarn electrodes, microelectrodes 

with CNT grown on micro-wire are more robust, thus facilitating penetration into the fly 

brain tissue, as each individual neuropil is surrounded by a glial sheath.10 Furthermore, 

measurements of neurotransmitter release in discrete regions of adult fly brain are 

challenging because each region may only be 20-50 µm in diameter. The tip of the 

micro-wire can be controlled on the nanometer scale to be localized in discrete 

Drosophila brain regions without destroying them.  
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5.2 Future studies in Drosophila 

 In chapter III and IV, I have described the use of two different ion channels, 

Channelrhodopsin-2 (ChR2) and P2X2, to stimulate neurotransmitter release in 

Drosophila. Utilizing Drosophila’s genetic palpability, we have genetically modified flies 

to express an ion channel in specific neural populations to evoke endogenous release of 

a specific neurotransmitter. These two ion channels have been proved to be robust to 

stimulate physiologically relevant neurotransmitter concentrations in Drosophila. Future 

study can explore the use of other ion channels to further improve the stimulation 

efficiency. For example, a new red light driven channelrhodopsin, Chrimson, has been 

identified recently. Chrimson is activated around 590 nm, which is red shifted 100 nm 

more than ChR-2 and has been used in neurobehavioral studies in Drosophila to 

minimize visual system-mediated behavioral interference.11 Our lab is incorporating this 

new channelrhodopsin for targeted stimulation of neurotransmitter release. Compared to 

blue light stimulation, the red light has stronger cuticle penetration and thus allows for 

low level of light intensity to be used. Low level of red light would reduce tissue damage 

and stimulation artifact caused by blue light activation.12 Our preliminary work with this 

channel has shown it has higher stimulation efficiency than ChR2 and robust 

neurotransmitter release can be detected in heterozygote flies with only one copy of the 

Chrimson gene. The ability to stimulate release with only one copy of Chrimson gene 

makes it useful for genetic studies in combination with other genetic mutants, thus 

facilitating optogenetic control of neurotransmitter release in a variety of fly mutants. 

 In chapter III, I reported a method to model release and clearance of endogenous 

serotonin, providing estimates of release and clearance kinetics in an intact CNS. The 

serotonin transporter (SERT) is of particular interest because polymorphisms in SERT in 

humans are linked to behavioral traits such as anxiety and depression13 and the 

selective serotonin reuptake inhibitors (SSRIs) are a class of anti-depressants. SSRIs 
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are thought to improve mod in depressed patient by raising extracellular serotonin 

level.13 Studies have shown acute and chronic SSRI treatments affect serotonin 

synthesis in different ways. While acute SSRI application can suppress serotonin 

synthesis,14,15 chronic SERT inhibition and SERT knockout mutants in mammals has 

shown elevated synthesis, likely as an adaptation to decreased reuptake.16-18 The 

modeling method described in this dissertation allows the release and uptake kinetics to 

be estimated simultaneously and thus can be used to probe the basic mechanisms of 

tissue response to acute or chronic SERT inhibition. Using Drosophila as a model 

organism, these studies would be informative for future development of psychiatric 

treatments. 

 Another future study in the fly larvae is to probe the existence of serotonin 

autoreceptors. Although a serotonin autoreceptor has not yet been identified in 

Drosophila, studies have suggested serotonin release in the fly could be controlled by 

autoregulatory feedback. For example, the application of large amounts of exogenous 

serotonin elicits the retraction of serotonergic projections.19 Furthermore, pan-neural 

over-expression of drosophila 5-HT1A receptor causes a significant decrease in the 

response to light of foraging 3rd instar larvae, suggesting that 5-HT1A might act on 

serotonergic neurons as an autoreceptor thus modifying the larval response to light.20 

The serotonin autoreceptor could be probed with our technique by monitoring stimulated 

release after administration of putative serotonin autoreceptor agonist and antagonist. 

This study will provide a better understanding of serotonin regulation in Drosophila. 

 Measurements of neurotransmitter signaling in Drosophila larvae have proven 

the basic mechanisms underlying dopamine and serotonin regulation are analogous to 

mammals. The future direction in this research is to characterize dopamine and 

serotonin release in adult flies. Data from flies of different ages would be useful to 

understand dopaminerigic or serotonergic signaling across multiple stages of 
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development and thus the effects of ageing on the monoaminergic systems can be 

explored. Mutants can be used to model the monoaminergic signaling changes across 

the life span in some in neurodegenerative diseases, such as Parkinson’s and help to 

detect early abnormalities during these diseases. Furthermore, measurements in adult 

Drosophila could be directly correlated with behavioral and morphological changes, thus 

providing insight into the underlying neurological mechanisms. 

 

5.3 Final Remarks 

Overall, this dissertation describes methods to monitor changes in extracellular 

monoamine concentrations in Drosophila larvae. Targeted expression of either light-

activated or ligand-activated ion channels allowed specific depolarization of serotonergic 

or dopaminergic neurons. The stimulated neurotransmitter release was detected with 

sub-second resolution using FSCV at carbon-fiber microelectrodes. Aligned carbon 

nanotube modification of the electrode surface greatly improved sensitivity and 

selectivity without compromising temporal responses. With pulsed optical stimulation in 

ChR2-expressing flies, a modeling method which has been well established in 

mammalian models was exploited to estimate dopamine and serotonin release and 

clearance kinetics in Drosophila. We found the Vmax and Km for serotonin and dopamine 

in Drosophila are similar to their values in mammals, but the amount of neurotransmitter 

released per pulse is smaller. With ATP/P2X2 mediated stimulation, the releasable and 

reserve dopamine pools in Drosophila larva was characterized. We found both synthesis 

and reuptake were needed to maintain the releasable dopamine pool, with synthesis 

playing a major part in long-term replenishment and reuptake being more important for 

short-term replenishment and there was no cocaine-activated reserve pool of dopamine 

in Drosophila. These studies lead to a better understanding of dopamine and serotonin 
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regulation in Drosophila, and strengthen the use of this model organism for the study of 

mechanisms underlying human behaviors and neurodegenerative diseases.  
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