
ABSTRACT 

HUGHES, STEPHANIE CRISTINA.   Electrochemical Studies of Neuroactive Molecules 

with Fast-Scan Cyclic Voltammetry at Carbon-Fiber Microelectrodes.  (Under the direction 

of Dr. Leslie A. Sombers.) 

 

Understanding the chemical dynamics of neuroactive molecules is critical to 

understanding the mechanisms underlying neurodegenerative disease states such as 

Parkinson’s Disease (PD).  Electrochemical techniques are well-suited to monitor the 

chemical dynamics of neuroactive molecules.  In particular, fast-scan cyclic voltammetry 

(FSCV) at carbon-fiber microelectrodes is a prominent neuroanalytical tool that combines 

unparalleled micron spatial resolution and sub-second temporal resolution to monitor 

dynamic changes in neuroactive molecules in real-time to elucidate the chemical dynamics 

that underlie brain function and dysfunction in neurodegenerative disease states such as PD.   

This research aims to provide the framework for developing and modifying analytical tools 

to monitor neuroactive molecules such as nitric oxide (NO), and builds upon current 

techniques to monitor dopamine (DA) dynamics following pharmacological treatment with 

L-3,4-dihydroxyphenylalanine (L-DOPA) in living brain tissue in real-time. 

NO is a highly reactive free radical reactive nitrogen species (RNS) that has been 

implicated in the pathogenesis and progression of PD.  NO quickly reacts to produce more 

aggressive RNS such at peroxynitrite that interrupt normal cell signaling and ultimately lead 

to cell death.  In this study, FSCV at carbon-fiber microelectrodes was used to detect NO in 

vitro with a well-established waveform.  The use of Nafion-coated carbon-fiber 

microelectrodes enhanced the detection of NO.  Future studies examining NO with FSCV 

should focus on optimizing FSCV parameters to better-resolve the voltammetric signature of 

NO in addition to establishing selectivity against common interferents both in vitro and in 



brain slice tissue.  In the future, this approach will enable the detection of NO in living tissue 

capable of addressing the role of RNS such as NO, in oxidative stress in PD.   

The effects of L-DOPA on DA dynamics from single pulse electrical stimulations, as 

well as artificial phasic stimulation paradigms in striatal brain slices were assessed.  In the 

presence of 50 μM L-DOPA the ability to detect DA at Nafion-coated carbon-fiber 

microelectrodes in vitro was hindered and caused irreversible fouling of the electrode.  A 

more clinically relevant dose of L-DOPA (1 μM) significantly increased electrically-evoked 

DA release at Nafion-coated carbon-fiber microelectrodes in a phasic firing paradigm.  

Release and reuptake parameters of DA by way of the DA transporter (DAT) were assessed 

and DA reuptake was decreased following a more clinically relevant dose of L-DOPA.   This 

work builds on the understanding DA release and reuptake dynamics following L-DOPA 

treatment and will provide the foundation to assess the effects of L-DOPA on DA release and 

reuptake parameters in Parkinsonian animals to build a more complete picture of the 

chemical dynamics underlying neurodegenerative disease states such as PD.  
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CHAPTER 1 

Electrochemical Measurements of Biological Molecules  

1.1 Chemical Communication in the Brain 

Neurons are the fundamental components of the nervous system.  Communication 

between neurons occurs via the synapse by means of chemical messengers known as 

neurotransmitters.  Action potentials begin at the neuron’s axon hillock and are generated 

from the opening and closing of sodium (Na
+
) and potassium (K

+
) ion-gated channels. At a 

resting membrane potential, these ion-gated channels are closed. Depolarization of the 

resting membrane potential causes ion-gated channels to open allowing the influx of Na
+
. 

The membrane potential then continues to rise and current increases until all available Na
+
 

ion-gated channels are opened. Following a change in polarity of the membrane, Na
+
 ion-

gated channels are closed and Na
+
 ions are actively transported out of the cell, activating K

+ 

ion-gated channels.  This generates an efflux of K
+
 and restores the resting membrane 

potential.  This depolarization causes neurotransmitters to be released from synaptic vesicles 

via exocytosis. Once expelled into the synaptic cleft, neurotransmitters diffuse away from the 

presynaptic neuron and bind to receptors on the post synaptic neuron to other neurons to 

propagate the message.
1
  

1.2 Dopamine Synthesis 

Dopamine (DA) is a monoamine neurotransmitter that is involved in the regulation of 

motor behavior, reward and motivation through interacting brain nuclei such as the 

mesolimbic, nigrostriatal and tuberinfundibular dopaminergic pathways.
2
 The amino acid 

tyrosine is the first precursor molecule in the biological synthesis of DA. Tyrosine is 



 

2 

hydroxylated to L-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine hydroxylase 

(TH).  L-DOPA is then decarboxylated to form DA by aromatic L-amino acid decarboxylase 

(AADC), interchangeably called DOPA decarboxylase. The rate-limiting step for the 

formation of DA is the enzymatic activity of TH, thus DA formation will only proceed at the 

rate of the conversion of tyrosine to L-DOPA.
1
  A schematic of the synthesis of DA from 

tyrosine is shown in Figure 1.1. 

 

 

  

 

 

 

 

 Once synthesized, DA must be packaged into synaptic vesicles. This is accomplished 

by way of a protein called vesicular monoamine transporter (VMAT).  When a cell is 

activated, depolarization triggers an influx of calcium ions into the synaptic terminal.  This 

causes vesicles containing DA to fuse to the cell membrane and expel their contents into the 

extracellular space via exocytosis.
1
  

 

 

Figure 1.1 Synthesis of Dopamine.  Tyrosine is converted to L-DOPA via the enzyme tyrosine hydroxylase.  

L-DOPA is then converted to DA via DOPA decarboxylase. Synthesis is limited by the activity of tyrosine 

hydroxylase. 
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1.3 Dopamine Reuptake and Catabolism 

DA reuptake and catabolism are controlled by several mechanisms. The majority of DA 

released into the synaptic cleft is recycled.  It is actively transported back across the neuronal 

membrane into the presynaptic terminal, via the DA transporter (DAT). Alternatively, DA 

can be catabolized through enzymatic reactions.
3
  The primary enzymes responsible for the 

metabolism of DA are catechol-o-methyl transferase (COMT) and monoamine oxidase 

(MAO).  COMT is present in the brain in non-neuronal compartments, whilst MAO is found 

intracellularly; the pathway of DA catabolism will depend on the location where breakdown 

takes place.
3,4

 COMT and/or MAO break DA down into various metabolites including 3-

methoxy-4-hydroxyphenethylamine (3-MT), 3,4-dihydroxyphenylacetic acid (DOPAC) and 

3-methoxy-4-hydroxyphenylactic acid (HVA) also called homovanillic acid.  A schematic of 

the pathways for DA catabolism is shown in Figure 1.2.  In addition to reuptake and 

catabolism mechanisms, DA release is regulated by receptors and autoreceptors expressed on 

post and pre-synaptic neurons, respectively.  These act to regulate neuronal function through 

feedback loops.  
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1.4 Neurodegeneration  

The progressive loss of neurons or nerve function is known as neurodegeneration and is 

seen in such diseases as Parkinson’s disease (PD) and Alzheimer’s disease (AD).  Cell death 

proceeds by means of two dominate mechanisms, apoptosis, necrosis, or a combination of 

both.  Programmed cell death or apoptosis, is genetically directed and used to remove cells 

that no longer function or are damaged beyond repair. Although cells may enter apoptosis 

naturally, cells can be forced into apoptosis when toxins, DNA damage, and oxidative stress 

cause the cell to improperly function triggering a cascade of chemical messages inducing cell 

death.
5
  Necrosis is cell death that arises in response to external factors.  Neurons that are 

destroyed through these processes are not regenerated. This often results in terminal 

Figure 1.2 Metabolic Pathways of Dopamine. DA is converted to DOPAC via monoamine 

oxidase (MAO) and aldehyde dehydrogenase. Catechol-o-methyl transferase (COMT) will then 

metabolize DOPAC to homovanillic acid (HVA). Similarly, COMT will metabolize DA to 3-

methoxy-4-hydroxyphenethylamine (3-MT). MAO will then metabolize 3-MT into HVA 
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neurodegenerative disease states characterized by various symptoms according to the area of 

the brain affected or physical symptoms that present.
6
 

1.5 Parkinson’s Disease 

Neurodegenerative diseases affect more than a million Americans. PD is the second most 

common neurodegenerative disorder, and typically affects people beginning in their sixties.
7,8

 

The Parkinson’s Disease Foundation has determined that approximately 60,000 individuals 

are diagnosed with PD in the United States annually.  The clinical manifestations associated 

with PD include rigidity, resting tremor, bradykinesia (slow movement), akinesia (lack of 

movement) and dyskinesia (involuntary movements).
9
  The disease was first described in 

1817 by James Parkinson in a discourse entitled “An Essay on the Shaking Palsy”, though 

PD was not formally named until some 60 years later by Jean-Martin Charcot.
10,11

   PD is 

characterized by a selective loss of dopaminergic cell bodies in the substantia nigra (SN) that 

project to the dorsal striatum.
12,13

 This neural circuit is known as the nigrostriatal 

dopaminergic pathway and is critical to motor movement.
14

  The neuronal circuitry involved 

in PD is depicted in a rodent model in Figure 1.3.  

 Once symptoms present in PD patients, as much as 85 % of dopaminergic projections 

from the SN to the dorsal striatum are irreversibly destroyed.
15

 The remaining DA neurons 

can compensate for this loss to a certain extent by increasing their firing rate.
16

 However, 

once a certain level of DA denervation has occurred, the remaining neurons cannot maintain 

dopaminergic tone and thus the characteristic PD motor symptoms begin to present.  
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1.6 Oxidative Stress and Parkinson’s Disease  

The cause of PD remains elusive; however there are various hypotheses linking 

oxidative stress to the pathogenesis and progression of the disease.
7, 17 

The oxidative stress 

hypothesis proposes that oxidative molecules present in the brain are responsible for causing 

an increase in oxidant species that induce subsequent damage.  These reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) include superoxide, nitric oxide, peroxynitrite 

and hydrogen peroxide (H2O2).  They are capable of oxidizing molecules, including DA, to 

form quinones and other species that are broken down into radicals, leading to cellular 

dysfunction and ultimately cell death.
17, 18

   Furthermore, analysis of post-mortem tissue 

Figure 1.3 Nigrostriatal Dopaminergic Pathway in the rat brain is depicted above as a cartoon 

representation with the cerebellum to the left and the cerebrum to the right. The nigrostriatal pathway 

projects from the substantia nigra (SN), shown in blue, to the dorsal striatum, the upper neuronal circuit 

depicted above.  



 

7 

samples show increased iron concentrations in the SN of patients with PD, suggesting that 

Fenton chemistry contributes to oxidative stress and the formation of damaging radicals in 

this brain region.
7
  

It is difficult to detect radical species due to short half-lives and rapid diffusion times, 

thus direct evidence for the role of oxidative stress in PD is lacking.  Some indirect evidence 

comes from common animal models of PD, which are widely used research tools. 

Neurotoxins such as 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP), rotenone and paraquat can be used to selectively destroy DA 

neurons and cause a Parkinsonian-like state.
19

 It is hypothesized that the oxidation of the 

toxins generates ROS and paraquinones that cause DA denervation.
18,20

  Radical species such 

as Nitric oxide (NO) can react with ROS (such as superoxide radical) to form peroxynitrite, a 

powerful oxidizing agent that breaks down into other radical species.
20

  Furthermore, the 

expression of the enzyme responsible for the synthesis of NO, nitric oxide synthase (NOS), is 

increased in the SN in PD.
21

 The excessive production of ROS and RNS that lead to 

oxidative stress can also oxidize integral proteins, lipids and DNA within neurons leading to 

their death.
7
 

Mitochondrial dysfunction has also been hypothesized to play a role in the 

pathogenesis of PD.  The origin for this hypothesis stems from studies using the neurotoxin 

MPTP, one of the classic PD model toxins known as a mitochondrial poison.
20

  The 

mechanism that leads to mitochondrial dysfunction occurs when MPTP crosses the blood-

brain-barrier and is converted to 1-methyl-4-phenylpyridinium (MPP
+
) in the SN by the 

enzyme MAO.  It is actively transported into DA cells by the DAT and subsequently 
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concentrated in mitochondria, where it can inhibit Complex I.
22

 The inhibition of 

mitochondrial Complex I can deplete the levels of adenosine triphosphate (ATP).  This leads 

to oxidative stress by way of the increased production of ROS, such as superoxide, which can 

be converted to H2O2.
22, 23

 A schematic demonstrating the production of ROS and oxidative 

stress in mitochondria is shown in Figure 1.4.  H2O2 is a relatively stable ROS, and thus, it 

can serve as an indicator molecule alerting to the presence of more reactive radical species.
24

 

 

 

 

 

 

 

 

Figure 1.4: Mitochondrial Dysfunction and Oxidative Stress. Respiring mitochondria generate ROS 

such as superoxide anion, which is then converted to other ROS/RNS. When there is an imbalance in 

the ROS/RNS present, oxidative stress occurs and causes mitochondrial dysfunction.  
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 Several other mechanisms contribute to the pathogenesis of PD.  The ways in which 

protein aggregation and misfolding contribute to the disease are widely controversial.  This is 

in part due to the post-mortem tissue analysis of patients with PD in which the presence of 

protein aggregates known as Lewy bodies varies from significant to non-existent.
17

  It has 

been hypothesized that the misfolding and improper distribution and release of the protein α-

synuclein is key to the pathogenesis of PD.
25

 Aggregation of misfolded proteins can also lead 

to protein sequestration of components that are vital to cell survival.   Oxidative stress can 

contribute to protein aggregation and misfolding as well. 
7, 26

  

1.7 Treatment for Parkinson’s Disease 

 Currently there is no cure for PD and the treatment for PD has remained relatively 

unchanged since the 1960’s.
7
  Treatment for is aimed at restoring the DA deficit created by 

the loss of DA neurons. This is accomplished by L-DOPA therapy.  Though this does not 

restore DA neurons, it can restore dopaminergic tone.  DA is not capable of crossing the 

blood-brain-barrier due to its size, polarity and limited interactions with the protein 

responsible for transport across the blood-brain-barrier, large amino acid transporter (LAT). 

However, L-DOPA the precursor to DA is actively moved across the blood-brain-barrier by 

LAT.  Thus, PD therapy is aimed at increasing DA levels in the brain by increasing the 

amount of L-DOPA present for the conversion to DA. To prevent the conversion of L-DOPA 

to DA peripherally (before crossing the blood-brain-barrier), an AADC inhibitor is given 

with L-DOPA.  Furthermore, MAO inhibitors, COMT inhibitors can be coupled with L-

DOPA to further increase DA levels in the brain.  



 

10 

 L-DOPA has successfully been used to treat the symptoms of PD by increasing DA 

available for release in the remaining neurons. However, the therapeutic window for L-

DOPA therapy narrows and its efficacy wanes over time. As the disease progresses, the 

efficacy of L-DOPA therapy is hindered by the development of L-DOPA induced dyskinesia. 

This is characterized by involuntary movements often involving the arms and legs as well as 

the trunk.
27,28

 The cause of L-DOPA induced dyskinesia remains unknown, though studies 

have implicated oxidative stress as a contributing factor to L-DOPA induced dyskinesia.
29

  In 

order to make progress in understanding the molecular mechanisms that underlie basic brain 

function as well as dysfunction in PD, we must be able to quantitatively measure 

neurochemicals in real-time.  

1.8 Current Techniques to Monitor Chemicals in the Brain 

 Communication between neurons is complex as it involves a complex interplay of 

chemical and electrical signals.  Neurotransmitters and other chemicals present in the brain 

rapidly fluctuate with sub-second temporal resolution to elicit a specific biological or 

physiological response.  Because the brain is a complex mixture of a vast number of 

chemicals and hundreds of billions of living cells, understanding the chemical mechanisms 

that underlie brain function is a difficult task.   

The most commonly used method for studying neurotransmitters in the brain is a 

sampling technique known as microdialysis.  A microdialysis probe is designed to mimic a 

blood capillary, consisting of a shaft (1-4 mm in diameter) with a semi-permeable membrane 

at its tip, which is connected to inlet and outlet tubing. This probe is surgically placed into a 

brain region of interest and artificial cerebrospinal fluid (aCSF), is perfused at a low flow rate 
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of approximately 0.1 – 5 μL·min
-1

.  Small solutes present in the brain can cross the semi-

permeable membrane by passive diffusion.  The solution leaving the probe (dialysate) is 

collected at timed intervals, separated and quantified.  Typically this is accomplished with 

high performance liquid chromatography (HPLC), a technique that is well-suited for this type 

of analysis.
30

 Figure 1.5 illustrates a typical microdialysis probe that is inserted into the brain 

to monitor neurotransmitters.  However, sample collection requires multiple minutes—this is 

not commensurate with the timescale of neuronal signaling (sub-second). Furthermore, the 

size of the microdialysis probe (1-4 mm) precludes measurements in discrete brain regions.
30

 

 

 

 

 

 

Figure 1.5 Microdialysis Probe. A microdialysis probe is generally 1-4 mm in length and 200-400 μm 

in diameter.  The inset shows the probe/tissue interface.  Perfusate is flowed down an inlet tube to a 

semi-permeable membrane the perfusate interacts with the analyte and diffuses back into the membrane 

as dialysate that then is collected for separation and quantification through an outlet tube. 
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1.9 Electrochemical Techniques to Monitor Chemicals in the Brain 

 Electrochemistry is well-suited for the quantitative analysis of neurotransmission 

because real-time measurements can be made using microelectrodes that impart minimal 

tissue damage.  Electrochemical techniques to monitor neurotransmitters include 

amperometry and voltammetry.
31

 Amperometry is commonly used to study neurotransmitters 

in biological systems.  In this technique a single potential is applied to an electrode, and any 

molecules that exhibit redox activity at that potential contribute to the signal.  A variation of 

this technique is chronoamperometry in which a potential step is repeatedly applied.
32

 

However; these approaches do not provide selectivity to discriminate between species 

detected at the electrode surface. Fast-scan cyclic voltammetry (FSCV) is an electrochemical 

technique that combines selectivity with sensitivity.
33

 FSCV is a potential sweep method in 

which the potential applied to the electrode is varied linearly with time.  Specifically, FSCV 

employs sweep rates that are much faster than those applied to conventional electrodes 

(greater than 100 V·s
-1

) and have been used up to 10
6
 V·s

-1
 when coupled to 

ultramicroelectrodes.
 31, 34

 A triangular waveform is typically used.  This consists of a holding 

potential that is varied linearly up to a maximum potential, also called the switching 

potential, and then returned to the holding potential. This is then repeated at a specific rate, 

typically 10 Hz. The applied waveform is chosen based on the oxidation or reduction 

properties of the analyte of interest, and can be tailored to monitor specific molecules 

depending on the properties of the system.   

FSCV is most often coupled with carbon-fiber microelectrodes. Carbon materials are 

used as sensing surfaces because they operate in a wide potential window and are chemically 
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inert, allowing for the detection of many types of analytes.
31

 They are compatible in 

biological systems and resist biofouling that can distort voltammetric peaks and alter electron 

transfer kinetics much better than metal-based electrodes. These carbon sensors are also 

inexpensive and easy to fabricate. Furthermore, the small size of carbon-fiber 

microelectrodes enables high speed measurements, and the small current results in a smaller 

ohmic drop that may alter electrochemical measurements. This eliminates the requirement for 

an auxiliary electrode.
32

 The use of carbon-fiber microelectrodes with FSCV also creates a 

unique situation in which the carbon sensing surface is regenerated through the application of 

the waveform, with each scan oxygen-containing functional groups are regenerated and help 

maintain the sensitivity of an electrode when the applied potential is scanned up to 1.3 V vs. 

Ag/AgCl.
35

 An image of a typical carbon-fiber microelectrode used with FSCV is shown in 

Figure 1.6.  The dimensions of a typical carbon-fiber microelectrode used with FSCV are 5-7 

μm in diameter and the exposed  carbon fiber is 100-300 μm in length.
31
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1.10 Detecting Dopamine with FSCV in Living Brain Tissue 

  The use of FSCV at carbon-fiber microelectrodes  is a powerful tool to monitor 

rapidly fluctuating molecules such as neurotransmitters in living brain tissue in real-time.
36

  

The rapid sweep rate associated with FSCV provides sub-second temporal resolution 

necessary to observe dynamic changes in neurotransmitters.  Additionally, the small size of 

the probe imparts minimal tissue damage and provides the necessary spatial resolution to 

distinguish between discrete brain regions that can vary significantly.   

The most commonly used waveform for monitoring DA has a negative holding 

potential of -0.4 V vs. Ag/AgCl during the ~90 msec between scans. Thus, positively-

charged DA molecules pre-concentrate at the electrode surface. The potential is then linearly 

Figure 1.6 SEM Image of a Carbon-Fiber Microelectrode. A  carbon-fiber microelectrode is 

composed of an exposed sensing surface, generally cut with a surgical scalpel to a length of 100-300 

μm. The diameter of the  carbon-fiber is 5-7 μm.  

50 μm 
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swept at a rate of 400 V·s
-1

 up to +1.3 V  and back to -0.4 V a rate of 10 Hz.
37

 Figure 1.7 

illustrates the established waveform used for the detection of DA. A large background or 

capacitative current is generated when recording in a buffer solution or brain tissue.  This 

background current is a result of non-faradaic processes occurring at the electrode surface.  

When an analyte of interest is oxidized or reduced at the electrode surface an additional 

faradaic current is generated. Since the non-faradaic background current is stable over time it 

can be subtracted to reveal the smaller faradaic current. As the potential is ramped upward on 

the anodic scan toward the switching potential DA is oxidized (0.6 V vs. Ag/AgCl.) to 

dopamine-o-quinone in a two-electron transfer process. On the cathodic return scan, 

dopamine-o-quinone (-0.2 V vs. /AgCl.) is reduced back to DA.  When the background 

subtracted faradaic current is plotted with respect to applied voltage a unique voltammogram 

for DA is generated (Figure 1.8).  

 

 

 

 

 

 

 

Figure 1.7 Fast-Scan Cyclic Voltammetry.   With FSCV a triangular waveform is applied to the  carbon-

fiber microelectrode ranging from -0.4 V to 1.3 V vs. Ag/AgCl.  On the anodic scan DA is oxidized to 

dopamine-o-quinone.  It is reduced back to DA on the cathodic scan.  The flow of electrons is measured as 

current that is proportional to the concentration of DA at the electrode surface.   
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 The faradaic current can be converted to concentration during post-calibration 

enabling quantification of real-time DA fluctuations. Therefore this technique provides both 

qualitative and quantitative data in brain tissue.  The process of background subtraction 

reveals the cyclic voltammogram (current vs. potential) used to identify DA is shown in 

Figure 1.8. Data is generally collected at a frequency of 10 Hz. Therefore for a 30 second file 

we generate 30,000 data points. In order to better understand this large volume of data at a 

glance we plot the linear voltammograms with respect to time in a color plot. 

 

 

 

  

Figure 1.8 Background Subtracted FSCV. Applying the waveform in a buffer solution or in living 

tissue generates a large background, non-faradaic current. Upon introduction of the analyte, the current 

slightly changes. A background subtracted cyclic voltammogram unique to DA, is obtained from 

subtracting the cyclic voltammogram of the faradaic and background current from the background 

current.  
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The applied voltage is plotted as the ordinate, time is plotted as the abscissa and changes in 

current are plotted using a color representation on the z-axis. This allows visualization of 

data collected at all of the potentials. As different analytes have distinct voltammograms, 

multiple chemical species can be visually discriminated in the data at any given point.  Figure 

1.9 demonstrates how a colorplot for DA is obtained. 

 

 

 

 

 

 

Figure 1.9 Displaying the Data.  Each voltammogram obtained is unfolded at the switching potential 

and concatenated. The data is presented as a three dimensional colorplot with potential on the y-axis, 

time on the x-axis and the current plotted on the z-axis as false color.  
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1.11 Chemical Modification of  Carbon-Fiber Microelectrodes 

 Although FSCV at carbon-fiber microelectrodes is a powerful technique for 

monitoring molecules in neuroscience, there are interferents in the brain that can limit the 

applicability of the technique.  Some molecules, including serotonin and a variety of 

neuropeptides, have been shown to polymerize at the electrode surface decreasing electrode 

sensitivity and reproducibility to the analyte of interest.
38

  For these reasons, many 

permselective membranes have been coated onto carbon-fiber microelectrodes to improve 

performance.  

 Nafion-coated carbon-fiber microelectrodes have been used extensively to increase 

the sensitivity of cationic analytes and expel anionic interfering species that oxidize or reduce 

in a similar potential window.  Nafion  is a perfluorinated cation-exchange polymer 

developed by Walther Grot of DuPont in the 1960s.  The polymer is synthesized from the 

Teflon  monomer, perfluorinated alkyl vinyl ether, and sulfonyl acid that is treated with 

sodium hydroxide to yield sulfonate groups that are terminally functionalized on the 

polymer.
39

 The structure is shown in Figure 1.10. The terminal sulfonate group is key to the 

ion-exchange properties of Nafion. 
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The use of Nafion to detect cationic neurotransmitters in the central nervous system 

(CNS) at carbon electrodes was first described by Ralph Adams in 1985.
40

 Since then, the  

polymer has been widely used and has been shown to be beneficial in detecting 

neurotransmitters with primary amines (serotonin, DA, and norepinephrine) while excluding 

interfering anionic species (ascorbic acid) and biogenic amine metabolites.
40

  Furthermore, 

the use of Nafion can increase the sensitivity of electrodes to these cations without 

significantly slowing the time response on the electrode.
41

  

1.12 Conclusion 

Understanding the chemical dynamics underlying brain function and dysfunction 

remains one of the greatest modern scientific challenges.  Advances in technology have 

provided us with the necessary tools to uncover the chemical dynamics underlying brain 

Figure 1.10 Structure of Nafion. The perfluorinated polymer, Nafion, is made from a Teflon 

backbone. The polymer was first synthesized by Walther Grot of DuPont in the 1960s. The terminal 

sulfonate group allows Nafion to be selectively permeable to cationic macromolecules present in brain 

tissue and has been used to exclude anionic interferences in electrochemical studies. 
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function.  Despite these advances, some molecules have been elusive and some studies 

inconclusive.  A complete understanding of the brain and neurodegenerative disease states 

relies exclusively in the continued advancement of investigative tools including advances in 

neuroanalytical techniques.  Electrochemical techniques, FSCV in particular, have provided 

us with the ability to monitor neuroactive molecules in real-time.  The unique properties of 

FSCV and future advancements in neuroanalytical tools and neuroscience from continued 

research in the field will lend themselves to unprecedented discoveries that can help us 

understand neurodegenerative disease states like PD, and form the foundation for which new 

therapies can be developed.  
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CHAPTER 2 

Electrochemical Detection of Nitric Oxide  

2.1 Introduction to Reactive Nitrogen Species  

 RNS are highly reactive nitrogen and oxygen containing molecules that are known to 

contribute to nitroxidative and oxidative stress.
1,2,3

 In particular, NO, a highly reactive, free 

radical RNS, is involved in a diverse array of biological functions including signal 

transduction in the nervous system as a gaseous neurotransmitter.
4,5

 NO is endogenously 

produced within a cell from the reduction of L-arginine through a family of enzymes known 

as NOS and can quickly and easily diffuse across cell membranes.
6,7

   

NO has been implicated in the onset and progression of various neurodegenerative 

diseases including PD by contributing to oxidative stress. Though NO has been shown to be 

cytoprotective, evidence suggests that derivatives of NO such as peroxynitrite and nitrogen 

dioxide contribute to oxidative stress resulting in both cell dysfunction and cell death.
1,2

  Due 

to the role that NO and its derivatives play in nitroxidative and oxidative stress, 

understanding the various functions of NO in the brain and the extent to which this central 

molecule contributes to oxidative and nitroxidative stress is crucial to understanding the 

mechanisms underlying neurodegenerative disease states such as PD.   

2.2 Measuring Nitric Oxide in Biological Systems  

 The detection and quantification of NO in biological systems is generally 

accomplished in one of three ways, by means of spectrophotometric techniques, indicator 

species, and electrochemical techniques.
8
 Spectrophotometric techniques provide the 

capacity to eliminate interferences and are capable of measuring NO more directly than 
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indicator techniques. However, spectrophotometric analyses often require derivitization of 

NO to induce a signal, such as with chemiluminesence and fluorescence methods. In these 

types of analyses, derivitization of NO induces spectrophotometric signals that cannot be 

easily quenched, thus signals cannot be isolated limiting the selectivity of this technique for 

NO.  Indicator techniques such as the Griess assay are commonly used as this is the most cost 

effective method of detecting NO. The Griess assay requires a secondary molecule, in this 

case nitrite, which can only be detected once bound to sulphanilic acid producing a color 

change to estimate initial concentrations of NO in biological systems.
9
  It was recently shown 

that the Griess assay is significantly less effective in various physiological buffers used to 

quantify NO than both chemiluminesence and electrochemical techiques.
10

  

 The electroactive properties of NO make electrochemical techniques an inherently 

viable method for the quantification and identification of NO. Electrochemical sensors can be 

made from a variety of materials and tailored to provide discrete spatial resolution in samples 

such as single cells and brain nuclei.
11

 NO diffuses rapidly, approximately 3300 μm
2
·s

-1
, and 

readily reacts with many species often found in physiological buffers, including oxygen and 

carbon dioxide.
12,13

  Electrochemical techniques provide the ability to make rapid chemical 

measurements of NO in living tissue and biological media providing the necessary temporal 

resolution to quantify a rapidly fleeting analyte such as NO.   

2.3 Electrochemical Measurements of Nitric Oxide  

 The oxidation of NO is a three electron process that proceeds in multiple steps as an 

electrochemical chemical electrochemical (ECE) reaction.  The oxidation of NO is typically 

observed between +0.6 and +0.9 V versus Ag/AgCl.
14

  In the initial electrochemical step NO 
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is converted to NO
+
, in a single electron transfer step.  NO

+
 then reacts in an immediate 

chemical step.  In the third and final electrochemical step, nitrate and hydrogen ions are 

produced.  The reaction scheme for the oxidation of NO is shown in equations 2.1-2.3.
8
  

 

                                                    (2.1) 

                                                                                (2.2) 

                                
                                  (2.3) 

 

The majority of electrochemical sensors used in biological media have utilized the 

electrochemical oxidation of NO; however, some electrochemical approaches rely on 

monitoring its reduction. 
8
 This occurs in a single electron transfer step between - 0.5 and -

1.4 V versus Ag/AgCl. The electron transfer of the reduction of NO is presented in equation 

4.
15

 Although the electrochemical reduction of NO proceeds in a single step process, various 

obstacles complicate detection. The reduction potentials of NO (-0.5 and -1.4 V vs. 

Ag/AgCl) and oxygen (-1.4 V vs. Ag/AgCl) are sufficiently close that oxygen may interfere 

with the detection of NO.
15, 16

   Furthermore, other chemical species present in biological 

media make NO sensors operating via electroreduction particularly prone to the irreversible 

adsorption of molecules in solution (also called fouling).
8, 11

 These are also sensitive to pH 

shifts, such that observing dynamic fluctuations of NO are obscured.
11

  

 

                                
                                        (2.4) 
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There are also a number of interferents that could mask the detection of NO via 

oxidation, including nitrite (produced in the second electron transfer step of the oxidation of 

NO), dopamine (+0.6 V vs. Ag/AgCl),uric acid (+0.3 V vs. Ag/AgCl) and ascorbic acid 

(+0.4 V vs. Ag/AgCl) which are electroactive in similar potential windows.
8, 11,17

 However, 

polymeric permselective membranes, such as Nafion have been successfully used to improve 

selectivity.  

To date, the overwhelming majority of sensors for the detection of NO in biological 

systems rely on amperometry.
18

  Though this technique provides a wide dynamic range (pM-

mM), amperometric sensors lack selectivity, thus any species present in the solution that 

oxidizes or reduces at a similar potential contributes to the signal.
11

  In comparison, the use 

of FSCV provides sub-second temporal resolution, micron spatial resolution as well as high 

sensitivity and selectivity for analytes of interest.  Cyclic voltammograms provide a unique 

chemical signature, enabling discrimination of specific analytes in complex biological 

mixtures. This is particularly important due to the vast number of chemical components and 

present in the brain.  This work demonstrates the foundation and preliminary work of 

quantifying and characterizing RNS, specifically NO, using FSCV at carbon-fiber 

microelectrodes. 

2.4 Materials and Methods  

2.4.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and used as 

received unless otherwise noted.  Phosphate buffered saline (PBS) solution adjusted to pH 
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7.40 was used in all flow injection analysis experiments. Aqueous solutions were prepared 

using doubly distilled deionized water (Milli-Q Millipore, Billerica, MA). 

2.4.2 Electrode Fabrication  

Carbon-fiber microelectrodes were constructed in house. A single T-650 carbon fiber 

(Cytec Industries, West Patterson, NJ), 7 μm in diameter, is aspirated through a 0.4 mm inner 

diameter borosilicate glass capillary (A-M systems, Inc., Sequim, WA) and tapered with a 

heat puller (Narishige, Japan) to create a tight seal around the exposed carbon fiber.  Each 

electrode was then cut to approximately 100 μm under a microscope (Zeiss Primostar) using 

a surgical scalpel.  Electrodes were then inspected for cracks in the seal and for the 

appropriate length.  A metal lead coated in conductive silver paint (GC Electronics, Silver 

Print II, Rockford, IL) was then inserted into the electrode and secured with heat shrink 

tubing.  

2.4.3 Data Acquisition 

All in vitro studies were performed using a flow injection apparatus.  For all experiments a 

triangular waveform from -0.4 to +1.4 V vs. Ag/AgCl was applied at a scan rate of 400 V·s
-1

 

at a frequency of 10 Hz.  The instrument used to apply the potential to the electrochemical 

cell and for signal transduction was custom built (United World Dominion, Mebane, NC).  

Waveform output was accomplished using TarHeel CV software (UNC-Chapel Hill, Chapel 

Hill, NC) with a DAC/ADC card (NI 6251 M).  Triggering and synchronization of 

electrochemical experiments with flow injection was accomplished using a NI 6711 card. 

Background subtraction, averaging and filtering was controlled using a 4-pole Bessel Filter at 

2.5 kHz.   
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2.4.4 Flow Injection  

Carbon-fiber microelectrodes were placed in a custom-built electrochemical cell 

(NCSU Chemistry Machine Shop) using a micromanipulator (World Precision Instruments, 

Inc. Sarasota, FL).  Buffer was continuously supplied at a flow rate of 1 mL·min
-1

 across the 

working and reference electrode using a syringe pump (NE 300, New Era Pump Systems, 

Inc., Farmingdale, NY).  Analytes were introduced to the microelectrode surface in 5 second 

bolus injections via a six-port HPLC valve attached to an air actuator by means of a digital 

pneumatic solenoid valve kit (Valco Instruments, Houston, TX).  The flow injection 

apparatus was housed in a home-built Faraday cage.  Unless otherwise specified, all 

experiments were performed at room temperature.  

2.4.5 Preparation of Nafion-Coated Electrodes  

Bare carbon-fiber microelectrodes were electrochemically pre-treated by applying the 

waveform for 10 minutes at 60 Hz and subsequently for 10 minutes at 10 Hz.  Electrodes 

were then initially tested for ascorbic acid sensitivity, rinsed with doubly deionized water, 

and cleaned for 30 minutes in filtered isopropyl alcohol. A solution of 5 % Nafion in 

methanol (Ion Power DuPont 10521 Nafion Solution, New Castle, DE) was electro-deposited 

onto the electrode by applying a potential of +1.0 V versus Ag/AgCl for 30 seconds forming 

a membrane. Electrodes were then dried in an oven at 70°C for ten minutes to ensure that the 

methanol was evaporated.  Each Nafion-coated electrode was then tested for sensitivity to 

ascorbic acid, to verify the integrity of the Nafion membrane.  Only those exhibiting less than 

25 % of the initial response to ascorbic acid were used in subsequent experiments.   
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2.4.6 Nitric Oxide Sample Preparation 

All NO stock solutions were graciously supplied courtesy of Dr. Mark Schoenfisch in 

the department of Chemistry at UNC-Chapel Hill.  Solutions of filtered PBS at pH 7.40 were 

placed on ice in centrifuge tubes and capped with a rubber septum.  A stainless steel cylinder 

containing saturated potassium hydroxide was used to scavenge any oxygen present in the 

argon used to purge the solution and the NO used to prepare the stock solution.  PBS 

solutions were bubbled with argon for approximately 30 minutes, followed by NO gas for 20 

min.  The resulting stock solution contained 1.9 mM NO.
7
  Standard solutions (10-38 μM) 

were freshly prepared using the saturated NO solution in argon-bubbled PBS (pH 7.40).  All 

standard solutions were prepared in an oxygen-free atmosphere (courtesy of Dr. Reza Ghiladi 

at NCSU).   

2.4.7 Statistics  

For all studies, n refers to the number of electrodes.  Statistical significance was designated at 

P < 0.05 using a one-tailed Student’s t-test.  All graphical and statistical analyses were 

accomplished using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).   

2.5 Results and Discussion 

2.5.1 Nitric Oxide Cyclic Voltammetry 

For all NO studies, data was collected in an in vitro flow injection apparatus.  The 

potential applied to the electrode was ramped linearly from -0.4 to 1.4 V versus Ag/AgCl at 

400 V·s
-1 

and
 
at a frequency of 10 Hz to oxidize NO in solution.  A representative 

voltammogram following the introduction of a 5 s bolus injection of 10 μM NO solution is 

presented in Figure 2.1 A. Two oxidative peaks are present in the voltammogram.  The first 
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peak occurs at approximately 1.35 V versus Ag/AgCl on the  anodic scan. This may possibly 

correspond to the first electrochemical step generating NO
+
.  A second oxidative peak 

appears near the switching potential.  These two oxidative peaks are also present in the 

representative colorplot as shown in Figure 2.1 B.   

 

 

 

 

 

 

 

The final electrochemical step in the oxidation of NO produces nitrate and hydrogen 

ions.  If detected at our electrode, this would result in a pH shift in the data.  The cathodic 

current evident in the NO voltammograms is likely due to an acidic pH shift. For 

Figure 2.1 Nitric Oxide Representative Voltammogram and Colorplot.  (A)  Representative cyclic 

voltammogram for the oxidation of NO.  Two oxidative peaks are present. The first occurs on the anodic 

scan at 1.35 V vs. Ag/AgCl. The second peak occurs on the cathodic scan at 1.0 v vs. Ag/AgCl. Some 

cathodic current is evident at approximately 0.28 V vs. Ag/AgCl on the return scan.   (B)  Corresponding 

colorplot, both oxidative peaks are present in the colorplot  
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comparison, representative voltammograms and the corresponding color plot for an acidic pH 

shift (7.30 or ΔpH = -0.1) are shown in Figure 2.2 A-B. 

 

 

 

 

 

The relationship between current and NO concentration was characterized (10-38 

μM).    Figure 2.3 A demonstrates representative cyclic voltammograms for increasing 

concentrations of NO and the corresponding calibration curve is shown in Figure 2.3 B (n = 

1).  The current increases with increasing concentrations of NO.  However, the response 

between electrodes was highly variable, as seen in Figure 2.3 C-D. The maximum current is 

expected to correspond to the highest concentration of NO; however, this was not always the 

case and this contributes to the variability inherent to Figure 2.3 A-D.  The variability can be 

attributed to several possibilities.  All dilutions prepared from the stock NO solution (1.9 

mM) were prepared in PBS bubbled with argon.  The argon used to purge the PBS of oxygen 

Figure 2.2: Acidic pH Shift Representative Voltammogram and Colorplot.  (A) Representative cyclic 

voltammogram for an acidic pH shift of 7.30 or ΔpH = -0.1 (B) Corresponding colorplot 



 

35 

did not include passage through a stainless steel cylinder containing saturated potassium 

hydroxide as described in the preparation of calibration and stock solutions of NO.
7
  

Although gases used in this study were high purity, traces of oxygen and other oxidant 

species may have been present in the argon, differentially affecting each solution.  A second 

possibility is excessive aeration of the samples.  Although samples were prepared in an 

oxygen-free atmosphere, the flow injection apparatus was not housed in an oxygen-free 

atmosphere. Samples were drawn from vials via 5 mL syringes and injected into the six-port 

HPLC valve.  Any aeration of the samples may have changed the concentration of NO 

present in solution, affecting the voltammetric response. The variability in the 

electrochemistry of NO was then exacerbated upon serial dilution of the samples. 
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2.5.2 Variability in Nitric Oxide Electrochemistry  

The variability in the electrochemistry of NO was also evident between batches of 

stock solution.  As seen in Figure 2.4, voltammograms collected from different stock 

solutions in different months and years lack reproducibility. Again, this may be attributed to 

non-ideal argon bubbling or aeration of samples.  The voltammogram in Figure 2.4 for the 

Figure 2.3: Current Response to Varying Concentrations of NO. (A) Representative voltammograms 

for n=1 electrode. (B) Corresponding calibration curve showing increasing current with increasing 

concentration. (C)  Representative voltammograms for n=1 electrode.  Variability in current response to 

varying concentrations of NO is also seen here.  (D) Corresponding calibration curve demonstrating 

variability between electrodes assessed on the same day.   
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February injection appears to be an acidic pH shift. This can be compared with the 

voltammogram from Figure 2.2 A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.3 Nitric Oxide Detection at Nafion-Coated Electrodes 

 Due to the variability exhibited in preliminary electrochemical experiments, Nafion 

was used to coat the carbon-fiber microelectrodes.  Recall that Nafion is a cation exchange 

polymer that has been shown to increase sensitivity to NO and expel interfering anionic 

species.
 17, 19  

Figure 2.5 A depicts representative voltammograms for varying concentrations 

of NO collected at Nafion-coated carbon-fiber microelectrodes (n = 2).  As expected, with 

increasing concentrations of NO, the current increases as seen in  Figure 2.5 B.   

Figure 2.4 Variability in NO Voltammetry between Batches. The voltammograms for a 10 μM 

bolus injection of NO varied from solution to solution.  
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 A direct comparison of bare versus Nafion-coated carbon-fiber electrodes is shown in 

Figure 2.6 A-C.  For each concentration, the current response at Nafion-coated electrodes is 

greater than that of the bare electrodes.  The Nafion-coated electrode current response is 

significantly greater than that of bare electrodes for both the 10 and 20 μM solutions (Figure 

2.6 D , P < 0.05, n = 2, Student’s t-test). 

Figure 2.5 FSCV of Nitric Oxide at Nafion-Coated Electrodes (A) Cyclic voltammograms of 

increasing concentrations of NO for n = 2 electrodes. (B) Increasing current with increasing 

concentrations of NO at Nafion-coated electrodes, the current increases with increasing concentration.   
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 The current response of the highest concentration of NO solution (38 μM) at Nafion-

coated electrodes was not significantly different than the current response of bare electrodes.  

When using a bare electrode, some samples produce more current for the 20 μM solution of 

NO than the 38 μM solution of NO (Figure 2.3). This may have contributed to the lack of 

significance at the highest concentration.  Nafion is a cation exchange polymer, therefore a 

Figure 2.6 Comparison of Bare and Nafion-Coated Electrodes (A-C) Representative 

voltammograms of the current response of bare carbon and Nafion -coated electrodes to NO. (D) 

Comparison of bare and Nafion –coated electrodes at various concentrations using a one-tailed 

Student’s t-test (significance P < 0.05, n=2).  The current was significantly increased at Nafion-coated 

electrodes for both 10 and 20 μM NO.  There was no difference in the current at bare and Nafion-

coated electrodes for 38 μM NO.  
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Nafion membrane at a carbon-fiber microelectrode surface has the capacity to exclude 

interfering anionic species that may interfere with the detection of an analyte of interest.  

Nitrite produced during the oxidation of NO may interfere with the detection .
8
  The 

enhancement in signal seen with Nafion-coated carbon-fiber microelectrodes may in part be 

due to expelling nitrite present at the electrode surface.   

2.6 Conclusion  

 The data presented in this study provide a foundation for the quantification and 

characterization of NO with FSCV at carbon-fiber microelectrodes.  A unique voltammetric 

signature for NO was obtained and found to contain two oxidation peaks. The first oxidation 

peak is present at approximately 1.35 V versus Ag/AgCl, and the second is evident near the 

switching potential.  A reduction peak was also present at approximately 0.28 V versus 

Ag/AgCl.  This could be attributed to an acidic pH shift due to nitrate and hydrogen ions 

generated in the final electrochemical step of the oxidation of NO (equation 2.3).  There was 

significant variability in the data, possibly due to the introduction of oxygen to NO solutions.  

The use of Nafion as a permselective membrane significantly enhanced the current in 

response to concentration at calibration standards of 10 and 20 μM NO solutions.  In order to 

optimize and validate the detection of NO with FSCV, further studies should investigate 

various parameters to discriminate NO from other ROS and RNS, and to better define the 

chemical transformations at the electrode surface. The linear dynamic range for NO detected 

with FSCV should be assessed.  Although the concentrations evaluated in this study 

produced a signal, the concentrations may have surpassed the linear dynamic range for NO 

detected with FSCV.  This could be evaluated by assessing the current response of lower 
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concentrations of NO at Nafion-coated carbon-fiber microelectrodes if aeration and improper 

bubbling of the samples can be controlled. The switching potential should be optimized to 

produce well-resolved peaks.  Although the waveform employed in this study was sufficient 

to oxidize NO, the oxidation peaks are poorly resolved. Varying the scan rate would also 

help to determine if the chemical step, defined in equation 2 is taking place. At 400 V·s
-1

, we 

may be outrunning this reaction.  A slower scan rate on the order of 0.1-10 V·s
1 

would allow 

us to investigate this further.  However, maintaining a fast scan rate is necessary for detection 

in live tissue, as these chemical species are short-lived.  Selectivity versus common 

interferents must be assessed.  Next, the approach should be validated in live tissue using a 

controlled condition, such as application of exogenous NO to a brain slice.  Finally, 

validation by pharmacological manipulation is necessary.  The use of a drug to manipulate 

the signal in a predictable manner will build confidence in the approach.      
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CHAPTER 3 

Investigating the Effect of L-DOPA Treatment at Microelectrodes with Fast-Scan 

Cyclic Voltammetry in Brain Slice Tissue  

3.1 Introduction 

 PD is a neurodegenerative disease in which DA neurons that project from the SN to 

the dorsal striatum selectively degenerate.
1,2

  Clinical manifestations of this disease are 

characterized by motor deficits such as rigidity, resting tremor, bradykinesia and akinesia.
3,4

 

Typically, symptoms do not present until 60-85% of DA neurons are destroyed.
5
 There is 

currently no cure for PD and the treatment for PD has remained unchanged since the 1960s.
6
 

The goal of PD pharmacotherapy is aimed at decreasing the DA deficit by restoring 

dopaminergic tone through increasing the available L-DOPA , the precursor to DA.  Despite 

the effectiveness of L-DOPA therapy to treat symptoms of PD, serious complications are 

associated with prolonged treatment with L-DOPA.
7
  Thus creating the need to understand 

the molecular mechanisms underlying DA potentiation with L-DOPA therapy in PD.     

 The effects of L-DOPA on DA release have been studied in both intact and 

Parkinsonian-like rodent models using doses of L-DOPA ranging from  6 mg·kg
-1

 to 250 

mg·kg
-1 

and have demonstrated that L-DOPA can significantly increase DA levels in the 

brain .
8,9,10,11,12

  
 
Furthermore, significant increases in electrically-evoked DA release have 

been elicited in single cells and brain slice studies with concentrations of L-DOPA ranging 

from 60-100 μM.
13,14,15

   This work aims to investigate the  effect of L-DOPA on DA 

dynamics at a more clinically relevant dose of L-DOPA in a rat  brain slice.  Brain slice 

tissue preparations can be used to study the effects of L-DOPA treatment on DA release 
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since many biological functions are preserved in the brain slice.
16

  Specifically, striatal brain 

slices preserve the terminals of neurons originating in the SN, and these can be 

pharmacologically manipulated with ease, and without the confounding effects of afferent 

projections to the region. The rates of DA release and reuptake can be quantified by 

comparing data collected in response to an electrical stimulation using the electrochemical 

form of the Michaelis-Menten equation.  This model is well characterized and takes 

advantage of the unparalleled temporal and spatial resolution of FSCV to quantify the 

maximum DA release and the rate of its reuptake into the presynaptic terminal by way of the 

DAT.
 11,12,17

  The electrochemical form of the Michaelis-Menten equation is presented in 

equation 3.1.   

               
     

  
        

    

 
  
    

   
                     (3.1) 

DA release is a function of the DA evoked per stimulus pulse ([DA] p) and the frequency (f) 

at which the stimulus is delivered.  Reuptake is defined in the second term of the equation. 

Vmax is the maximum reuptake rate of DA achieved by the DAT.  Km is the Michaelis 

constant; a measure of the affinity of DA for the DAT, the value of Km in the dorsal striatum 

is accepted to be 0.16 μM.
18, 19

 The instantaneous [DA] is found by determining the 

difference between release and reuptake. The model is capable of predicting changes in Vmax 

and Km following pharmacological manipulation.
20

 Changes in Vmax and Km will 

differentially alter the slope of the curve shown in Figure 3.1.   
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DA neurons in the brain fire in both tonic and phasic modes.
21

 Tonic DA firing occurs 

at frequencies less than 20 Hz and is constant over longer periods of time.  Phasic DA firing, 

or burst firing, occurs at greater than 20 Hz.  Phasic firing events elicit prominent DA 

‘transients’ in the striatum of intact rats.
22

  The burst firing of DA neurons is highly 

implicated in motivated behavior, and in well-trained animals striatal DA transients occur 

time-locked to the delivery of cues that predict reward availability.
23, 24, 25

 Thus, there is 

broad interest in understanding phasic DA firing because these events, and the DA that is 

released, may be a target in pharmacotherapies for drug abuse and addiction.   This work 

examined the effects of L-DOPA on the dynamics of DA released in response to single pulse 

electrical stimulations, as well as to artificial ‘bursts’ in healthy control animals.  

Figure 3.1 Modeling Michaelis-Menten Kinetics with FSCV. [DA]p is the DA released 

per stimulus pulse as a function of the frequency of the stimulus pulse, Vmax corresponds to 

the maximum uptake rate of DA. Km is the Michaelis constant for DA at the DAT, and a 

value of 0.16 μM is accepted for the dorsal striatum. 
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Understanding the parameters that govern the rates of  DA release and reuptake in response 

to L-DOPA treatment in this control group will provide a framework enabling  us to interpret 

the effects of this drug on Parkinsonian animals with compromised DA systems.   

3.2 Materials and Methods  

3.2.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and used as 

received unless otherwise noted.  Phosphate buffered saline (PBS) solution adjusted to pH 

7.40 was used in all flow injection analysis experiments. Aqueous solutions were prepared 

using doubly distilled deionized water (Milli-Q Millipore, Billerica, MA). 

3.2.2 Electrode Fabrication  

Carbon-fiber microelectrodes were constructed in house. A single T-650 carbon fiber 

(Cytec Industries, West Patterson, NJ), 7 μm in diameter, is aspirated through a 0.4 mm inner 

diameter borosilicate glass capillary (A-M systems, Inc., Sequim, WA) and tapered with a 

heat puller (Narishige, Japan) to create a tight seal around the exposed carbon fiber.  Each 

electrode was then cut to approximately 100 μm under a microscope (Zeiss Primostar) using 

a surgical scalpel.  Electrodes were then inspected for cracks in the seal and for the 

appropriate length.  A metal lead coated in conductive silver paint (GC Electronics, Silver 

Print II, Rockford, IL) was then inserted into the electrode and secured with heat shrink 

tubing.  

3.2.3 Data Acquisition 

All in vitro studies were performed using a flow injection apparatus.   For all 

experiments a triangular waveform from -0.4 to +1.3 V vs.  Ag/AgCl was applied at a scan 
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rate of 400 V·s
-1

 at a frequency of 10 Hz.   The instrument used to apply the potential to the 

electrochemical cell and for signal transduction was custom built (United World Dominion, 

Mebane, NC).   Waveform output was accomplished using Demon Voltammetry and 

Analysis with a DAC/ADC card (NI 6251 M).   Triggering and synchronization of 

electrochemical experiments with flow injection was accomplished using a NI 6711 card.   

3.2.4 Flow Injection  

Carbon-fiber microelectrodes were placed in a custom built electrochemical cell 

(NCSU Chemistry Machine Shop) using a micromanipulator (World Precision Instruments, 

Inc.  Sarasota, FL).   aCSF buffer was continuously supplied at a flow rate of 1 mL·min
-1

 

across the working and reference electrode was accomplished using a syringe pump (NE 300, 

New Era Pump Systems, Inc., Farmingdale, NY).   Analytes were introduced to the 

microelectrode surface in 5 second bolus injections via a six-port HPLC valve attached to an 

air actuator by means of a digital pneumatic solenoid valve kit (Valco Instruments, Houston, 

TX).   The flow injection apparatus was housed in a home built Faraday cage.   Unless 

otherwise specified, all experiments were performed at room temperature.   

3.2.5 Preparation of Nafion-Coated Electrodes  

Bare carbon-fiber microelectrodes were electrochemically pre-treated by applying the 

waveform for 10 minutes at 60 Hz and subsequently for 10 minutes at 10 Hz.   Electrodes 

were then initially tested for ascorbic acid sensitivity, rinsed with doubly deionized water, 

and cleaned for 30 minutes in filtered isopropyl alcohol.  A solution of 5 % Nafion
 
 in 

methanol (Ion Power DuPont 10521 Nafion Solution, New Castle, DE) was electro-deposited 

onto the electrode by applying a potential of +1.0 V versus Ag/AgCl for 30 seconds forming 
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a membrane.  Electrodes were then dried in an oven at 70°C for ten minutes to ensure that the 

methanol was evaporated.   Each Nafion-coated electrode was then tested for sensitivity to 

ascorbic acid; only those exhibiting less than 25 % of the initial response to ascorbic acid 

were used in experiments.    

3.2.6 Animals  

Adult male Sprague-Dawley rats (275-300 g) were purchased from Charles River (Raleigh, 

NC).   Rats were housed individually with a 12-h light/dark cycle; food and water were made 

available ad libitum.  Animal care and protocols were in compliance with the university 

IUACUC and NIH guidelines. 

3.2.7 Brain Slices 

Rats were anesthetized with 1.0 g/mL of urethane, decapitated and their brains were quickly 

removed and placed in ice-cold, oxygenated (95 % O2 and 5 % CO2) 20 mM HEPES acid 

artificial cerebrospinal fluid (aCSF) containing 124 mM NaCl, 3.7 mM KCl, 26 mM 

NaHCO3, 2.4 mM CaCl2, 1.3 mM MgCl2, 1.3 mM NaH2PO4, 1.3 mM D-glucose and 0.6 mM 

L-ascorbate adjusted to pH 7.40.   Coronal brain slices (400 μm thick) containing the 

striatum, identified by a rat brain atlas, were prepared using a manual vibrotome (World 

Precision Instruments, Sarasota FL).   Prior to the experiment, slices were kept in oxygenated 

HEPES acid aCSF.   Slices used in the experiment were housed in a locally- constructed 

brain slice chamber where aCSF was perfused at 1 mL·min
-1

 in aCSF at 34°C for 

approximately one hour until equilibrated.   A borosilicate glass carbon-fiber microelectrode, 

approximately 100 μm in length and 6-7 μm in diameter (bare or Nafion-coated, depending 

on the particular experiment), was positioned 75 μm below the surface of the slice in the 
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dorsal striatum.   Electrical stimulation was accomplished using a biphasic stimulation (2 ms 

each phase) with an amplitude of 400 μA at a bipolar stimulating electrode (FHC, Bowdoin, 

ME) positioned at a distance of 100-200 μm from the working electrode using a 

micromanipulator (World Precision Instruments Inc., Sarasota, FL) and an inverted confocal 

microscope (Nikon Instruments Inc, Melville, NY).   The duration of the pulse train for each 

experiment was kept constant (1 s) and the number of pulses was varied from 20 to 60 

(frequencies of 20 and 60 Hz) in addition to a single pulse 400 μA amplitude stimulation.   

Successive stimulations were separated by 120 sec. Following equilibration, the DA response 

to electrical stimulation was evaluated at various frequencies and slices were then saturated 

with either 1 or 50 μM L-3, 4-dihydroxyphenylalanine (L-DOPA) methyl ester for 45 

minutes.   Electrically-evoked DA was again evaluated for up to 100 minutes past initial 

saturation with L-DOPA.   Finally, fresh aCSF was reintroduced (washout)  for 45 minutes, 

and electrically-evoked dopamine was again evaluated. 

3.2.8 Michaelis-Menten Kinetic Analysis 

 Kinetic analysis was performed using the Michaelis-Menten modeling package in 

Demon Voltammetry and Analysis Software (Wake Forest University Health Sciences, 

Winston-Salem, NC).   Release ([DA]p )and  reuptake kinetics (Vmax ) were determined by 

evaluating [DA]p and Vmax  using equation 3.1.
12 

 

          
     

  
        

    

 
  
    

   
                     (3.1) 
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[DA] is the instantaneous extracellular concentration of dopamine, f is the frequency of the 

stimulus pulse train, [DA]p is the dopamine concentration released per pulse, Vmax is the 

maximum reuptake rate for dopamine (by the dopamine transporter), and Km is the Michaelis 

constant for the affinity of dopamine for the dopamine transporter.  Changes in the rates of 

release and reuptake were determined using the following assumptions of equation 3.1: 1) A 

fixed quantity of DA is released from pre-synaptic DA neurons for each stimulus pulse 2) 

uptake is saturable and not finite 3) DA clearance from the extracellular space predominantly 

occurs via the DAT.
12, 20

  Km was held for the entire experiment at 0.16 μM, as this value has 

previously been determined for the striatum.
18,19

 Vmax was determined for each experiment.  

Changes in uptake were attributed to changes in Vmax.   

3.2.9 Statistics  

 All data is presented as +/- standard error of the mean (SEM).   For all in vitro studies 

n refers to the number of electrodes.  In all brain slice studies, n represents the number of 

slices, from different animals.  Statistical significance was designated as P < 0.05 using one-

way ANOVA with Tukey Post-Hoc test.  Data is presented as normalized concentration.   All 

graphical and statistical analyses were accomplished using GraphPad Prism 5 (GraphPad 

Software, Inc., La Jolla, CA).    

3.3 Results and Discussion 

3.3.1 Background Subtracted Fast-Scan Cyclic Voltammetry of Dopamine  

 Cyclic voltammograms were collected in vitro in the flow injection apparatus (in vitro 

studies) and in striatal brain slices following electrical stimulation.  The potential applied to 

the electrode was varied from a holding potential of -0.4 V to 1.3 V vs.  Ag/AgCl and back at 
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a scan rate of 400 V·s
-1

 every 100 ms depicted in Figure 3.2 A.   A large non-faradaic 

background current was generated as shown in Figure 3.2 B (solid line).   The introduction of 

a 5 s bolus injection of DA (in vitro) or electrical stimulation to evoke DA release in the 

vicinity of the electrode  produces faradaic current resulting from the transfer of two 

electrons in which  DA is oxidized to dopamine-o-quinone and reduced back to DA.  This 

current adds to  the background non-faradaic current, as shown in Figure 3.2 B (dashed line).   

Dopamine-specific voltammograms were obtained by subtracting the background current as 

shown in Figure 3.2 C.  The oxidation potential of DA is approximately 0.6 V vs. Ag/AgCl 

and the reduction peak is observed at approximately -0.2 V vs. Ag/AgCl.   Voltammograms 

collected over a period of 30 seconds are unfolded at the switching potential, concatenated 

and plotted in three-dimensions with the applied potential as the ordinate, time as the 

abscissa and current plotted in false color as shown in Figure 3.2 D.    
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3.3.2 In Vitro Assessment of Bare and Nafion-Coated Carbon-Fiber Microelectrodes 

L-DOPA can interfere with the detection of DA.
17

   The triangular waveform may 

oxidize L-DOPA and initiate polymerization of the converted quinones at the electrode 

surface, compromising electrode sensitivity to DA.
2,26

 The response to a 1 μM injection of 

DA in the absence or presence of L-DOPA (1 or 50 μM) was evaluated at bare and Nafion-

Figure 3.2 Background Subtracted FSCV (A) The applied potential was varied from a holding 

potential of -0.4 V vs. Ag/AgCl to 1.3 V and back at a scan rate of 400 V·s
-1

 every 100 msec. (B) 

The  scan rate generates a large non-faradaic background current that is stable over time (solid 

line).  Upon the introduction of an analyte of interest an additional faradaic current is evident 

(dashed line).  (C) Background subtracted voltammogram for dopamine.  The oxidation is seen at 

approximately 0.6 V vs.  Ag/AgCl, the reduction is seen at approximately -0.2 V vs.  Ag/AgCl. 

(D) Colorplot with voltammograms  of DA collected over 30 s.  The ordinate is the applied 

potential, the abscissa is the time and current (nA) is plotted in false color.   



 

54 

coated carbon-fiber microelectrodes in a flow injection apparatus.  The experiment consisted 

of three parts.   1) The current response to a 1 μM injection of dopamine in aCSF was 

evaluated.  2)  The buffer was then altered to contain either 50 μM or 1 μM L-DOPA in 

aCSF and the current response to a 1 μM injection of dopamine was then re-evaluated.   3) 

The aCSF was then restored to its original state and the current response to a 1 μM injection 

of dopamine was evaluated again. 

At both bare and Nafion-coated carbon-fiber microelectrodes the presence of 50 μM 

L-DOPA in the buffer significantly decreased the current response to an injection of 1 μM 

DA (P<0.05, n = 6 and n = 3, respectively), as shown in Figure 3.3 A and B.   In both cases 

re-introduction of clean aCSF did not restore electrode sensitivity, suggesting that there may 

be fouling of the electrode surface.  A lower, more physiologically-relevant concentration of 

L-DOPA (1 μM) was also evaluated.  Interestingly, the presence of 1 μM L-DOPA in the 

buffer solution did not alter the sensitivity for a 1 μM injection of DA (Figure 3.3 C).   

However, we did notice that Nafion-coated carbon-fiber microelectrodes exhibited less 

sensitivity to DA in the washout phase of the experiment (P< 0.05, n = 3) as shown in Figure 

3.3 D.   These results suggest that Nafion may initially prevent fouling of the electrode; 

however, prolonged exposure or exposure to higher concentrations of L-DOPA may degrade 

the Nafion membrane and cause the electrode to irreversibly foul.  
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3.3.3   Assessing the Effects of L-DOPA on Dopamine Dynamics in Striatal Brain Slices 

 Electrically-evoked DA release was assessed in coronal brain slices containing the 

striatum.  The working electrode was positioned in the dorsal striatum. The stimulating 

electrode was positioned approximately 200 μm from the working electrode. Figure 3.4 A 

Figure 3.3 In Vitro Assessment of Bare and Nafion–Coated Carbon-Fiber Microelectrodes in 

the Absence and Presence of L-DOPA.  Data are expressed at +/- SEM (P < 0.05) evaluated with a 

one-way ANOVA and Tukey post-hoc comparison. Current (nA) is normalized to the pre-drug 

sensitivity (nA·μM
-1

) of DA in vitro. When exposed to 50 μM L-DOPA both bare and Nafion
-
coated 

carbon-fiber microelectrodes sensitivities were significantly decreased (P < 0.05, n = 6, n = 3, 

respectively). At 1 μM L-DOPA the Nafion-coated carbon-fiber microelectrodes decreased 

significantly in sensitivity in the washout phase of the experiment (P <0.05, n = 3) 
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illustrates the location of DA recordings in striatal slices.  Representative colorplots and 

concentration versus time plots of DA release resulting from a single 400 μA stimulation is 

shown in Figure 3.4 B-E.  These data were collected at Nafion-coated carbon-fiber 

microelectrodes before and after the addition of either 1 or 50 μM L-DOPA.   Following 50 

μM L-DOPA treatment, the amount of  DA release was attenuated as shown in Figure 3.4 B 

and C.  The data collected for each dose with Nafion-coated and bare electrodes were then 

plotted as several bar graphs to establish the significance of each of the factors (Figure 3.5 A-

D).  Additionally, the L-DOPA causes DA release to occur over a longer time course. This is 

likely due to fouling of the electrode surface. Following 1 μM L-DOPA, electrically-evoked 

DA release remained unchanged as can be observed in the representative colorplots and 

concentration versus time traces in Figure 3.4 D-E.    
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Figure 3.4 Representative Colorplots from Single Pulse Experiments. (A) Diagram of a coronal slice 

of the rat brain containing the striatum. Electrodes were positioned 75 μm below the tissue in the dorsal 

striatum. The stimulating electrode was positioned 100-200 μm away.(B-C) Representative colorplots and 

corresponding concentration vs. time plot of electrically-evoked DA collected at a Nafion-coated carbon-

fiber microelectrode before and after 50 μM L-DOPA. DA release appears to decrease after exposure to 

L-DOPA. (D-E) Representative colorplots and corresponding concentration vs. time plot of electrically-

evoked DA before and after 1μM L-DOPA, evoked DA remains unchanged following L-DOPA 

treatment.  
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 An identical set of experiments were performed at bare carbon-fiber microelectrodes, 

and the data comparing the two approaches is summarized in Fig 3.5.  Here, data is also 

included from the ‘washout’ phase of the experiment.  At both bare and Nafion-coated 

electrodes 50 μM L-DOPA significantly reduced the amount of DA detected (P< 0.05, n = 

4) Figure 3.5 A-B. Our in vitro experiments suggest that this is likely due to high 

concentrations of L-DOPA fouling the electrode surface and decreasing electrode sensitivity 

to DA.   A lower dose (1 μM) that did not exhibit this fouling effect in vitro was assessed in 

brain slice tissue.  L-DOPA is a DA precursor, and should increase the amount of DA 

available for release.  Because the in vitro study at Nafion-coated carbon-fiber 

microelectrodes suggested that 1 μM L-DOPA did not significantly compromise electrode 

sensitivity to 1 μM DA, it was expected that1 μM L-DOPA applied to striatal brain slices 

would potentiate evoked DA.  However, Figure 3.5 D shows that evoked DA remained 

unchanged after treatment with 1 μM L-DOPA.  This surprising result may be due to several 

factors.  Treatment with 1 µM L-DOPA may be insufficient to alter electrically-evoked DA 

release.  Alternatively, this treatment may increase the basal levels of DA in the extracellular 

space; despite the buffer flowing over the slice.
27  

Changes in basal DA are not seen with 

background-subtracted voltammetry, as it is a differential approach.   DA release is tightly 

regulated, and higher basal levels of DA in the extracellular space may activate DA 

autoreceptors, triggering a negative feedback loop and decreasing evoked DA release.  

Indeed, a prior  chronoamperometric study in anesthetized rats presented this argument to 

explain data collected in intact animals following a 4 mg·kg
-1

 dose of L-DOPA.
27

 Similarly, 

in a separate study in intact animals, administration of a 5 μM dose of L-DOPA attenuated 
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DA concentrations.
28

  However, it is not possible to directly correlate these studies as the 

preparations are so different, and the doses are difficult to compare.  It is important to note 

that a single pulse stimulation was used to evoke these data.  This models tonic DA firing 

such that DA release is essentially steady-state, the rate of release and reuptake are balanced 

and DA release is a function of the stimulus frequency.
11,12

   Thus, with a single pulse 

stimulation, increases in DA following L-DOPA treatment may not be seen.   

 

 

 

 

Figure 3.5 Assessment of DA Release in Brain Slice Tissue Treated with L-DOPA.  Data are 

expressed at +/- SEM (P < 0.05) evaluated with a one-way ANOVA and Tukey post-hoc comparison. 

(A-B) Exposure to 50 μM L-DOPA significantly decreased evoked DA at both bare (P < 0.05, n = 4) 

and Nafion-coated electrodes (P< 0.05, n = 5). (C) 1 μM L-DOPA appeared to significantly decrease 

DA release at bare electrodes in the ‘washout’ step (P <0.05, n = 4. (D) 1 μM L-DOPA did not decrease 

sensitivity to DA when using Nafion-coated electrodes (n = 5) 
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3.3.4 Electrically-Evoked Dopamine as a Function of Stimulus Frequency and Number of 

Applied Pulses 

 In order to address both tonic and phasic neuronal firing, stimulation paradigms have 

been established whereby the frequency of applied pulses is altered.
12

 Those paradigms were 

adopted in the following set of experiments performed using Nafion-coated carbon-fiber 

microelectrodes that correspond to the single pulse studies presented above.  DA was 

electrically-evoked at frequencies of 20 (tonic) and 60 (phasic) Hz while maintaining a 

constant stimulation time of one second.  The stimulus paradigm for 20 Hz stimulations 

consisted of 20 pulses of a 400 μA amplitude. Similarly, 60 Hz stimulations consisted of 60 

pulses with an individual pulse amplitude of 400 μA.  50 μM L-DOPA significantly 

increased the DA release evoked using a 20 Hz, 20 pulse stimulation (Figure 3.6 A, P<0.05, 

n = 5). Dopamine remained significantly elevated in the washout even up to and extending 

beyond 100 minutes after initial saturation with L-DOPA (P<0.05, n =5).  Interestingly, 50 

μM L-DOPA did not initially alter the dynamic profile of DA release evoked by the phasic, 

60 Hz stimulation.  However, the DA release did significantly increase in the washout 

portion of the experiment (P< 0.05, n =5) as seen in Figure 3.6 B.  The reason for this is 

unclear.  During the washout step of the experiment, aCSF is reintroduced to the brain slice.  

However, L-DOPA is taken into the slice and converted slowly to DA by enzymes.  

Although L-DOPA is no longer in the buffer in the washout step it is still in the brain tissue 

and may have an effect long after the washout.   
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Decreasing the concentration of L-DOPA to 1 μM did not significantly alter evoked 

DA release when using a 20 Hz pulse train, but did increase release when using the 60 Hz 

stimulation paradigm (Figure 3.6 C, D, P < 0.05, n=5).  In both cases, DA release in the 

washout was significantly greater than the pre-drug value (P< 0.05, n =5).  These data agree 

Figure 3.6 Assessment of Multiple Pulses at 20 and 60 Hz Frequencies of Evoked DA at Nafion-

Coated Carbon-Fiber Microelectrodes.  Data are expressed at +/- SEM (P < 0.05) evaluated with a 

one-way ANOVA and Tukey post-hoc comparison. (A) Electrically-evoked DA following a 20 Hz pulse 

train was significantly increased (n = 5) following 50 μM L-DOPA and in the washout step. (B)  

Electrically-evoked DA following a 60 Hz pulse train was significantly increased (n = 5) in the washout 

step. (C) Electrically-evoked DA following a 20 Hz pulse train was significantly increased (n = 5) in the 

washout step after 1 μM L-DOPA treatment. (D)  Electrically-evoked DA following a 60 Hz pulse train 

was significantly increased (n = 5) following 1 μM L-DOPA and in the washout step. 
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with previously published work that shows that tonic excitation of DA neurons may not alter 

DA overflow.
12

 Release and reuptake are tightly regulated.  A stimulation  frequency that is  

less than 20 Hz  may not be sufficient to reveal the effects of 1 μM L-DOPA on DA release 

dynamics.  Because the stimulation time was held constant, increases in DA overflow cannot 

be attributed to stimulation duration.
12

 Rather, the response is a function of the number of 

pulses applied, as well as the frequency of the applied pulse train.  

3.3.5  The Effect of L-DOPA on Dopamine Release and Reuptake Kinetics  

 The next set of experiments is aimed at quantitative assessment of the effects of L-

DOPA on the kinetics of DA release and reuptake.  DA release was electrically-evoked in 

striatal brain slice tissue using a 60 Hz stimulation paradigm before and after treatment with  

1 μM L-DOPA.  Data were collected using  Nafion-coated carbon-fiber microelectrodes. 

These data were compared to a well-established mathematical model that uses the 

electrochemical form of the Michaelis-Menten (equation 3.1) in which the DAT is likened to 

the enzyme, and the DA in the extracellular space is the enzyme substrate.
12, 20

 This is shown 

in Figure 3.1.  

              
     

  
        

    

 
  
    

   
                     (3.1) 

 Dopamine release corresponds to the rising phase of evoked DA signal and mean values of 

dopamine concentration released per stimulus pulse ([DA]p)  are determined from the 

maximum evoked DA.  The falling phase corresponds to DA uptake, and decreases in Vmax 

(maximal uptake rate of DA) will alter the slope of the falling phase.
12, 20

 Km describes the 

Michaelis constant for the affinity of dopamine for the dopamine transporter.   For these 
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analyses Km was held constant at 0.16 μM based on previous studies that utilized DA 

synaptosomes in the striatum.
18,19

   Furthermore, L-DOPA does not compete with DA for the 

DAT.
29

   The mean [DA]p  was not altered by L-DOPA treatment , as shown in Figure 3.7 

A.
30  

This may be a dose-dependent response, and a different result may be evident when 

using a higher dose of L-DOPA.  Indeed, 1 μM L-DOPA did not significantly increase the 

amplitude of DA release in the single pulse experiments in striatal brain slices (Figure 3.4 B-

E and Figure 3.5).  Thus, it is not surprising that the per pulse concentration of DA ([DA]p) 

was not significantly different when calculated using the Michaelis-Menten model.   In 

investigating Vmax, however, a different result was found.  Baseline electrical stimulations 

prior to L-DOPA treatment established a Vmax value of 3.5 +/- 0.1 μM·s
-1

, a value that is 

comparable to other reports for the DAT Vmax in the striatum.
30

 However, treatment with 1 

μM L-DOPA significantly decreased Vmax (Figure 3.7 C, P< 0.05, n =5).  This value 

continued to decrease in the  washout phase of the experiment
 
(P < 0.05, n = 5).  The fit of 

the kinetic model and the kinetic data for the analyses produced an average coefficient of 

determination of 0.87.  These data are in agreement with a previous study using 60 μM L-

DOPA in brain slice tissue that determined that L-DOPA decreases the clearance rate of DA 

following L-DOPA treatment.
15

 This effect that may be due to DA’s ability to inhibit its own 

uptake.
31

 However, other voltammetric studies using high stimulus pulse trains and non-

therapeutic doses of L-DOPA (greater than 60 μM in brain slice tissue and up to 250 mg·kg
-1

 

in intact animals) have not shown L-DOPA to decrease Vmax.
 11-12

 Changes in DA release and 

reuptake parameters may therefore be dose-dependent.  Multiple doses should be assessed to 
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determine if there are changes in release and reuptake kinetics following pharmacological 

manipulation of brain tissue. 

 

 

 

 

 

 

 

 

 

3.4 Conclusion  

 In conclusion, we have used FSCV at Nafion-coated carbon-fiber microelectrodes to 

examine electrically-evoked DA release in striatal brain slices following pharmacological 

manipulation with L-DOPA at various frequencies, applied pulses and L-DOPA 

concentrations.  We have shown that L-DOPA hinders the detection of DA and fouls the 

Figure 3.7 Kinetic Analysis of DA Release and Reuptake Parameters Following 1 μM L-DOPA 

Treatment. Data are presented at +/- SEM analyzed with one-way ANOVA and Tukey post-hoc 

comparison.  (A)  [DA]p (nM) of 60 Hz pulse train before and after 1 μM L-DOPA.  There was no 

change in [DA]p after L-DOPA treatment.  (B) Vmax was significantly decreased following treatment 

with 1 μM L-DOPA and farther in the washout step (P < 0.05, n =5)   
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electrode surface.  Increasing the applied pulses in the stimulation paradigm significantly 

increases the evoked DA in striatal slices with a lower concentration of L-DOPA (1 μM).  At 

a more clinically relevant dose of L-DOPA (1 μM), DA reuptake is decreased, contrary to 

what has previously been reported.  These data have provided an improved tool to monitor 

sub-second DA dynamics in living brain tissue and have indicated that with multiple pulses 

and at frequencies above 20 Hz (phasic firing), there is increased DA release at a lower, more 

clinically relevant dose than has previously been reported.  Future work should focus on the 

phasic firing mode using a lower dose in 6-OHDA lesioned rats in order to establish sub-

second DA dynamics in a decreased DA paradigm.  Data such as these will inform us of 

changes in DA dynamics throughout the progression of PD and could potentially help us 

examine other potential pharmacotherapies.   
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Appendix A 

Glossary of Abbreviations 

 

3-MT  3-methoxytyramine.  A metabolite of dopamine. 

 

6-OHDA 6-hydroxydopamine.  A neurotoxic compound used to selectively destroy 

dopaminergic neurons to induce Parkinsonian-like symptoms in animal 

models. 

 

AADC  L-aromatic amino acid decarboxylase, also known as DOPA decarboxylase.  

  An enzyme that catalyzes the decarboxylation of various reactions including 

  L-DOPA to dopamine. 

 

 

ADC Analog-to-digital converter.  A device that converts analog signals to digital 

signals. 

 

 

aCSF Artificial cerebrospinal fluid. A mimetic biological matrix that envelops the 

brain and spinal cord composed of various salts used as a buffer in 

electrochemical studies. 

 

 

AD Alzheimer’s Disease. A neurodegenerative disease that destroys memory and 

cognitive functions.  

 

 

ATP Adenosine triphosphate.  A nucleotide triphosphate used to transport chemical 

energy within cells for metabolism. 

 

 

CFME Carbon-fiber microelectrode.  An electrode composed of a single carbon-fiber 

cut to a specified length typically 6-7 μm in diameter and 100-400 μm in 

length, typically sealed in a glass capillary tube used to measure 

neurochemicals in-vivo and in-vitro.  
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COMT   Catechol-o-methyl transferase. One of several enzymes that catabolizes 

dopamine into its metabolites. 

 

[DA] Instantaneous concentration of extracellular dopamine.  

 

 

[DA]p  Dopamine concentration release per stimulus pulse. A measure of dopamine 

release assessed with Michaelis-Menten kinetics.   

 

 

DA Dopamine. A monoamine neurotransmitter with various important functions 

including involvement in reward and addiction and movement within the 

brain. 

 

 

DAC Digital-to-analog converter. A device that converts digital signals to analog 

signals.  

 

 

DAT Dopamine transporter.  An integral membrane protein of dopamine neurons 

responsible for the active reuptake of dopamine in the extracellular space. 

 

 

DOPAC 3,4-Dihydroxyphenylacetic acid. A metabolite of dopamine. 

 

 

DNA Deoxyribonucleic acid.  A molecule that encodes all of the genetic 

information necessary for development and function in all living organisms. 

 

 

ECE  Electrochemical-chemical-electrochemical reaction.   

 

 

 

FSCV Fast-scan cyclic voltammetry. An electrochemical technique in which the 

potential is varied linearly at a very fast sweep rate. 

 

 

H2O2 Hydrogen peroxide.   
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.  A zwitterionic chemical 

buffering agent commonly used to help maintain cell cultures and living tissue 

viable by maintaining physiological pH.   

 

 

HPLC  High-performance liquid chromatography. A chromatographic technique used 

to identify and quantify an analyte of interest. 

 

 

HVA 3-Methoxy-4-hydroxyphenylactic acid or homovanillic acid. A metabolite of 

dopamine. 

 

 

IUACUC Institutional Animal Care and Use Committee.  

 

 

K
+ 

 Potassium ion. 

 

 

Km The Michaelis constant.  A measure of the affinity of a substrate for the 

enzyme.  It is defined as one-half of the maximum reuptake rate achieved by 

the system. 

 

 

LAT Large amino acid transporter.  A protein responsible for the transport of L-

DOPA across the blood-brain-barrier. 

 

 

L-DOPA L-3,4-Dihydroxyphenylalanine. The precursor molecule to dopamine and gold 

standard therapy of Parkinson’s Disease. 

 

 

MAO  Monoamine oxidase. An enzyme responsible for the catabolism of dopamine. 

 

 

MPP
+ 

1-methyl-4-phenylpyridinium. A chemical toxin that causes Parkinsonism by 

interfering with oxidative phosphorylation in mitochondria and depletion of 

ATP leading to cell death. 

 

 

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine. A neurotoxin precursor to 

MPP
+
 used to cause symptoms of Parkinson’s disease in animal models.    
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Na
+
  Sodium ion. 

 

 

NOS Nitric oxide synthase.  A family of enzymes that catalyze the production of 

nitric oxide from L-arginine. 

 

 

NO Nitric oxide. A free radical molecule produced from NOS that an important 

signaling both peripherally and in the brain. 

 

 

PD Parkinson’s Disease. A neurodegenerative disease resulting from the selective 

loss of dopaminergic neurons in the substantia nigra that project to the dorsal 

striatum.  It is characterized by motor abnormalities. 

 

 

RNS Reactive nitrogen species. A family of molecules derived from nitric oxide 

and superoxide anion that are highly reactive and can cause nitrosative and 

oxidative stress. 

 

 

ROS Reactive oxygen species.  Oxygen containing molecules derived from the 

metabolism of oxygen that are involved in cellular function and chemical 

modulation and can cause oxidative stress leading to cell death.   

 

 

SEM Scanning Electron Microscope.  An electron microscope that obtains sample 

images by scanning a sample with a focused beam of electrons, generally in a 

vacuum.   

 

   

SN Substantia nigra.  A brain structure that is part of the mesencephalon and the 

location of cell degeneration in Parkinson’s disease.  

 

TH Tyrosine hydroxylase.  An enzyme that catalyzes the conversion of tyrosine to 

L-DOPA. 

 

 

VMAT Vesicular monoamine transporter.  A protein present in presynaptic neurons  

that transports monoamines into synaptic vesicles.   
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Vmax The maximum uptake rate achieved by an enzymatic reaction at maximum 

saturating concentrations.   

 

 

 

 

 

 

 

 


