ABSTRACT
QI, LINGJIAO. Development and Application of Fast-scan VVoltammetric Technology for
Examining Neurochemical Mechanisms In Vivo. (Under the direction of Dr. Leslie A.
Sombers.)

Dopamine (DA) is a neurotransmitter that plays a key role in the regulation of various
motor functions, motivated behavior, and reward-associated learning by acting in various
brain regions. Understanding real-time DA neurotransmission in the brain is necessary to
understand how DA neurochemically underlies these behaviors. Electrochemical techniques
are well-suited to monitor the chemical dynamics of neurotransmitters in vivo. Particularly,
fast-scan cyclic voltammetry (FSCV) coupled with carbon-fiber microelectrodes provides an
ideal combination of chemical selectivity, sensitivity, spatial and temporal resolution. These
are essential for monitoring rapid fluctuations of DA in live brain tissue and correlating these
signals with discrete aspects of real-time behaviors. The research presented here describes
the application of FSCV to investigate unknown neurochemical mechanisms underlying
motor disorders and drug addiction in vivo. It also describes the improved protocols and
sensors for longitudinal DA measurements in freely moving animals.

L-DOPA has been the gold standard treatment for Parkinson’s disease since the
1960s. However, remarkably little is known about how L-DOPA therapy alters real-time DA
dynamics in the brain. Additionally, reports on the effects of L-DOPA on oxidative stress are
contradictory. To address these questions, a reliable procedure for fabricating cylindrical,
Nafion-coated, carbon-fiber microelectrodes was developed to prevent electrode fouling by
L-DOPA. These sensors were then utilized to simultaneously monitor the effects of L-DOPA
on DA and hydrogen peroxide dynamics in the brains of both intact animals and a 6-

hydroxydopamine lesioned animal model of PD.



Endogenous opiates play a critical role in reward processing and motivation, as well
as the response to pain. Mu opioid receptors (MOR) in the ventral tegmental area (VTA) are
of particular interest, as this region contains DA neurons which are highly implicated in
various aspects of reward and motivation. However, our understanding of the mechanisms by
which these MORs underlie VTA function is limited. This limits our understanding of
important medical problems, such as pain and drug addiction.  This work monitored the
effects of intra-VTA infusion of MOR specific drugs on sub-second DA dynamics in the
NAc of awake, freely moving rats using FSCV, and directly correlated these measurements
with conditioned place preference experiments, in order to improve the current understanding
of the neuronal mechanisms underlying opioid actions in the VTA.

Recent advances in wireless systems are being coupled to FSCV technology, allowing
animals more natural motion and behavior by removing the wire tether. However, data
transfer and collection requirements are stringent, and present a hurdle that might
significantly limit further development and application of these systems. Traditionally, in
vivo FSCV protocols collect 10 cyclic voltammograms per second with 1000 data points per
cyclic voltammogram. In this work, the in vivo performance of FSCV was evaluated at
reduced sampling rates and with reduced data points per cyclic voltammogram. This research
characterized the integrity of the chemical information obtained using these reduced
parameters in freely moving animals. Adoption of this approach reduces the quantity of data
generated per second by two orders of magnitude compared to the traditional protocol.

Overall, the work presented herein will advance our understanding of the brain’s DA
neuronal circuitry and help advance FSCV technology for additional studies of motor

disorders and drug addiction behaviors.
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CHAPTER 1

Real-time Monitoring of Dopamine Neurotransmission In Vivo with Fast Scan Cyclic

Voltammetry

1.1 Dopamine Neurotransmission in the Brain

Neurons are the basic structural units of the central nervous system, allowing the
brain to communicate with the body (1). Neurons are diverse in both shape and size, but
typically they consist of the dendrites for input, a cell body where the nucleus is located and
information is processed, and the axon for output. The synaptic junction where the axon
terminal of one neuron meets with other neurons’ cell bodies or dendrites is primarily where
chemical communication between neurons takes place. When neurons are stimulated, they
can generate a rapid potential change across the cell membrane, termed the action potential,
which propogates down the axon to the terminal. At the terminal, this electrical impulse can
trigger release of that neuron’s specific neurotransmitters that have been synthesized,
packaged, and stored within synaptic vesicles. Once these brain chemicals are released into
the synaptic cleft, they can bind to specific receptors to promote intracellular responses.
Ultimately, specific brain regions and neuronal circuits transmit particular information to

regulate various behaviors. This neuron signaling is depicted in Figure 1.1.
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Figure 1.1. Neuron signaling in the brain. Neuron consists of dendrites, cell body (soma),
and an axon with terminal regions. Generation of an action potential causes terminal release
of specific neurotransmitters stored in the synaptic vesicles to the extracellular space.
(http://neuroscience.uth.tmc.edu/s1l/introduction.html)

One of the most extensively studied neurotransmitters is dopamine (DA). DA is a
monoamine neurotransmitter that is highly involved in the regulation of various motor
functions, motivated behavior, and reward-driven learning by acting in various brain regions
such as the nigrostriatal and mesolimbic dopaminergic pathways (2). The biosynthesis of DA

within dopaminergic neurons involves the precursor tyrosine (3), which is converted to L-

dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase (TH) (Figure 1.2). The activity


http://neuroscience.uth.tmc.edu/s1/introduction.html

of TH is the rate limiting step for DA synthesis. The rate of tyrosine hydroxylation can be
regulated by various factors, such as: (1) activation of synthesis-modulating autoreceptors
and (2) end-product inhibition by increased intraneuronal DA. The second step in DA
biosynthesis is the conversion of L-DOPA into DA by the enzyme aromatic amino acid
decarboxylase (AADC), also called dopa decarboxylase. AADC is abundant in dopaminergic
neurons, so the amount of DA synthesized primarily depends on the amount of L-DOPA
available in the brain (4).

Once synthesized in the cytosol of the dopaminergic terminal, DA is rapidly packed
into synaptic vesicles via the vesicular monoamine transporter (VMAT), located on the
vesicle’s outer membrane. When a dopaminergic neuron is stimulated, an action potential
triggers fusion of vesicles with the outer terminal membrane to release DA and other
vesicular contents into the extracellular space where receptor-binding, re-uptake, and
breakdown take place. DA can bind to the post-synaptic receptors or diffuse into the
extracellular space to chemically communicate via volume transmission (1). Re-uptake is
controlled by the presynaptically located dopamine transporter (DAT), which removes nearly
85% of the released DA from the extracellular space. The recycled DA is then repackaged
into vesicles and in this “in and out” manner, DA can be cycled many times. Additionally, as
some of the released DA can diffuse away from the synapse, it will either bind to distant DA
receptors or will be enzymatically broken down by monoamine oxidase (MAO) and catechol-

O-methyltransferase (COMT) (1, 3-4).



Dopamine Synthesis
HO, HO,

COOH COOH
| Tyrosine hydroxylase | DOPA Decarboxylase
HO—@*CHZCHNHZ HO CHZCHNH2 Y — HO CH5CH,NH,

Tyrosine L-DOPA Dopamine

Figure 1.2. Schematic of the synthesis of dopamine (DA). With tyrosine hydroxylase,
tyrosine is metabolized to L-DOPA. After this step, DOPA decarboxylase can convert L-
DOPA to DA.

DA neurotransmission is thought to occur on two distinct timescales (2). The first type
of DA transmission is tonic, occurring over the course of minutes to hours; the other type of
DA transmission is phasic, occurring on a sub-second to second time scale (5). Low
frequency (2-10 Hz), basal firing of dopaminergic neurons is thought to generate a steady
state or basal level of extracellular DA. On the other hand, phasic DA release is thought to be
a result of burst firing (>30 Hz) of dopaminergic neurons (6-7), which produces transient
increases in extracellular DA concentrations in the striatum (8).

Since DA signaling has been highly implicated in multiple disease states including
schizophrenia (9), Parkinson’s disease (10), and substance abuse and learning disorders (11),
it’s vital to understand how it dynamically contributes to various biological and behavioral
responses, in order to logically advance the treatment for various disease states, pain and

addiction.

1.2 Analytical Methods for Studying Dopamine Neurotransmission
The complex environment of the brain presents an extreme analytical challenge to

those wishing to study neurotransmission in vivo. The requirements for the analytical



methods are quite stringent. They need to be sufficiently selective in order to measure
responses that are unequivocally due to the molecule(s) of interest. In addition, the technique
needs to be sufficiently sensitive to detect these substances within the physiological range.
Last but not least, the detection method must have a high time resolution in order to elucidate

the molecule’s precise role in the execution of the investigated behavior.

1.2.1 Microdialysis

To date, the most widely used technique to monitor in vivo neurotransmitter release is
microdialysis, a diffusion-based sampling method that is well suited to investigate steady-
state levels of species in the extracellular fluid over the course of minutes to hours (12). In
this method a dialysis membrane probe of 200-400 um in diameter and about 400 mm in
length is implanted in brain tissue and a perfusion solution, usually artificial cerebrospinal
fluid, is pumped through the probe. Small molecules in the brain can diffuse down their
concentration gradient, across the membrane and pass through the probe. After allowing
some time for analyte collection, the dialysate containing the molecules of interest is
extracted for further analysis. Usually microdialysis is coupled with a separation technique,
such as high performance liquid chromatography (HPLC) for the unequivocal identification
of the substances within the dialysate. Although this method provides excellent chemical
selectivity and sensitivity for the identification and quantification of neurotransmitter,
microdialysis has several drawbacks. Tissue damage upon insertion of a microdialysis probe
is likely because its size (typically >200 um in diameter), is very large compared to that of

nerve terminals (~1 pm). Histological studies have shown that brain tissue can be perturbed



over 1 mm from the implantation site, and the probe itself is larger than many brain nuclei.
Furthermore, most microdialysis experiments are done with a flow rate of 1 pL/min, and this
typically restricts sampling to 10 min intervals so that sufficient dialysate is collected for
handling and analysis. However, cell firing occurs on a subsecond time scale, and the
neurochemistry accompanying this activity is likely to change on the same time scale. Thus,
real-time measurements are required to evaluate the role of specific chemical fluctuations on

discrete behavioral events.

1.2.2 Electrochemical Technigues

In contrast with microdialysis, electrochemical techniques are especially useful for
monitoring rapid chemical changes resulting from discrete neurochemical events due to rapid
sampling rates (micro- to millisecond time scale). Usually, the techniques that involve
current flow at an electrode under potential control can be divided into two groups:
amperometry and voltammetry (13).

Controlled-potential amperometry is an electrochemical technique in which a
constant potential is applied to the working electrode with respect to a reference electrode.
The fixed potential is set to be sufficient to oxidize or reduce an analyte of interest, which
would undergo an electron transfer reaction at the electrode surface without any delay for
adsorption and pre-concentration. The presence of the electroactive species that undergoes
electron transfer at this potential generates a measurable current. With constant-potential
amperometry, very high time resolution can be achieved. With sampling rates in the kHz

range, constant-potential amperometry can resolve signals on the sub-millisecond time scale.



However, constant potential amperometry is inherently nonselective. All electroactive
compounds (including interferences) that can oxidize or reduce at the holding potential will
produce a faradaic current detected at the electrode. Therefore it is important to use
independent measures to identify the molecules responsible for the detected currents to

confirm amperometric traces.

1.2.2.1 Fast-scan Cyclic Voltammetry

Of all of the electrochemical techniques, fast-scan cyclic voltammtery (FSCV)
provides an ideal combination of temporal resolution, sensitivity and chemical selectivity.
These features are essential for the detection of rapid neurotransmitter fluctuations in vivo. A
triangle waveform is ramped at scan rates faster than 100 V/sec and repeated every 100 ms.
Potential limits are selected such that the formal reduction potential (E®) of the
oxidized/reduced couple lies within the potential range. For example, in the case of DA
detection, the most commonly employed waveform holds the working electrode at -0.4 V vs.
Ag/AgCI with periodic ramping to +1.3 V and back to -0.4 V at a rate of 400 V/s and a
frequency of 10 Hz (Figure 1.3). The time between scans when the working electrode is
held at a negative potential (-0.4 V) allows positively charged DA to be pre-concentrated at
the negatively charged electrode surface due to electrostatic interaction. The potential limit
(1.3V) was set because over-oxidation of the carbon fiber leads to an increase in DA
adsorption compared with other less positive potential limits (14). When DA is present at the
surface of the electrode during a voltammetric scan, it is oxidized during the positive sweep

to form dopamine-o-quinone, which is reduced back to DA in the reverse sweep. The ensuing



flux of electrons is measured as current and is directly proportional to the number of
molecules that undergo the electrolysis. Due to the fast scan rate, scanning generates a large
capacitive charging current at the electrode surface, which is significantly larger than
faradaic currents resulting from redox processes of DA at the microelectrode surface. These
background currents are stable over tens of seconds, which allows for their subtraction,
revealing the interesting faradaic responses. The resulting background-subtracted cyclic
voltammogram (CV) provides information on the identity, redox potentials, reversibility, and
electron transfer kinetics of DA. The amplitude of the peaks can be correlated to the
concentration of the analyte at the electrode surface with in-vitro calibration, and the shape of

the CV can aid DA identification against interferences.
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Figure 1.3. Principles of background subtracted FSCV. (A) A triangular potential waveform
is applied to a working electrode. (B) The redox reaction of DA will exchange electrons at
the electrode surface, generating faradaic current. (C) Application of this waveform generates
a stable non-faradaic background current. (D) At low analyte concentrations, the faradaic
response is small compared to the background current. (E) The stable non-faradaic
background current can be subtracted from the faradaic current arising from the redox
reaction. The resulting CV is an electrochemical fingerprint to identify the analyte.

Because CVs are collected at 10 Hz and each CV contains 1000 individual data
points, an entire set of CVs is background-subtracted and easily visualized in three-
dimensions with a color plot that shows acquisition time as the abscissa, applied voltage as
the ordinate, and current in false color. This allows the presence of specific substances to be
discriminated from electrical or chemical noise and statistically verified (Figure 1.4A) (15).
Green corresponds to an increase in current from the background (oxidation) and blue

indicates a reduction in current compared to the background (reduction). The scale bar

indicates the intensity of the change in current, thus providing means for quantification. A



CV can be extracted from a color plot at a specific time (vertical line) to serve as a molecular
identifier (Figure 1.4B), or the change of current vs. time can be extracted to study the

kinetics associated with dynamic changes (horizontal line) (Figure 1.4C).
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Figure 1.4. The color plot. (A) 3-D color plot of DA detection with applied potential on the
y-axis, time on the x-axis, and collected current represented in color. (B) CV extracted at
time indicated by vertical line aids in analyte identification. (C) Current vs. time extracted at
the potential indicated by horizontal line in (A) provides dynamic information.

1.3 Carbon-fiber Microelectrodes

The microelectrodes typically used with FCSV are cylindrically shaped carbon-fiber
microelectrodes (13). The small size of microelectrodes results in a low time constant that
enables high speed measurements. In addition, carbon materials are beneficial as the sensing
substrate for in vivo applications due to their wide potential window, biocompatibility, inert
chemical nature, and low cost (13). Their surface is rich in oxygen containing functional

groups which play a significant role in electron-transfer reactions. Carbon fibers with a
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diameter ranging between 5 and 15 pm are commonly employed for the fabrication of
microelectrodes (13). A single fiber is aspirated into a glass capillary which works as the
insulating material. Using a micropipette puller, the capillary tube containing the fiber is
heated and pulled, leaving two glass insulated carbon-fiber microelectrodes. Finally, the fiber
length at the sensing tip is adjusted to about 100 um, using a blade and optical microscope
(Figure 1.5). This carbon-fiber electrode is approximately 40-fold shorter and 50-fold
smaller in diameter than a typical microdialysis probe, and thus it is particularly well suited
to probe brain regions that have gradations in the density of neuronal terminals over these

dimensions (16).

Glass Insulation

Carbon Fiber

Figure 1.5. Representative image of a cylinder carbon-fiber microelectrode. Carbon-fiber
microelectrodes are fabricated by aspirating a single fiber into a glass capillary which works
as the insulating material. The carbon-fiber of the electrode tip is around 100 pm in length
and 7um in diameter.
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In addition to the relatively easy and cost-effective construction, the surface of carbon-
fiber microelectrodes can be regenerated by electrochemical oxidation (17). Regeneration of
a fresh electrode in real time is advantageous during many electrochemical experiments. It
allows for consistency in the electrochemical properties of carbon electrodes and can also
help avoid biofouling. Because of all of these advantages, carbon-fiber microelectrodes have

enabled real progress in advancing in vivo FSCV for the past 30 years.

1.4 Detecting Dopamine with FSCV in the Brain

Background-subtracted FSCV for the detection of electroactive DA has proven to be
sensitive and selective, with detection limits in the nanomolar range for DA when using a
cylindrical electrode, approximately 5x100 pum (13). Also, FSCV allows for an assessment of
the Kinetics of release and uptake of DA in the brain. Thus, this technique has proven to be a
valuable tool for studying the dopaminergic system, which is heavily implicated in control of

movement (4, 10) and reward-seeking behavior (7, 11, 18-19).

1.4.1 Electrically stimulated DA release in the brain

DA release in striatum can be generated via electrical stimulation of dopaminergic
cell bodies in the ventral tegmental area (VTA)/substantia nigra (SN) or dopaminergic axons
in the medial forebrain bundle (MFB) (20-21) (Figure 1.6). In a typical experiment, the
computer controlled stimulation is delivered with a biphasic stimulus isolator to the
stimulating electrode. The waveform applied to the stimulating electrode is a biphasic square

wave with a frequency, amplitude, pulse width, and number of pulses consistent with the
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experimental goals. Typical stimulation parameters are: 60 rectangular pulses, 24 Hz, 150
MA, 2 ms/phase. DA release from a mild stimulation train is highly reproducible, with no
significant effects on animals’ behavior. Thus, the effects of a pharmacologic manipulation
on electrically-evoked DA release and uptake can be evaluated by comparing the evoked
signal collected before and after drug administration.

m Dorsal Striatum

Substantia Nigra (SN)

Figure 1.6. Stimulating electrode in SN in a schematic representation of the rat brain.
Bipolar stimulation electrode can be positioned near dopaminergic cell bodies or
dopaminergic axons in a rat’s brain. Application of mild electrical pulses elicits DA release
from DA terminals in the striatum. A carbon-fiber microelectrode positioned in the striatum
can detect dynamic chemical release events.

1.4.2 Naturally Occurring DA Dynamics in Freely-moving Animals

With the increased sensitivity and stability of both electrodes and instrumentation in
recent years, FSCV has been applied to monitor spontaneous, brief, local fluctuations of DA
that naturally occur in the striatum of freely-moving animals. These DA transients have been
well characterized in the dorsal and ventral striatum of awake rats (5, 22-24). These DA

fluctuations are generated by the burst firing of dopaminergic neurons (8). The first
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neurochemical measurement of a naturally occurring DA transient was in the NAc of male
rats at their first-time entrance to a novel environment, reported by Rebec et al. (25). Lately,
phasic DA signals have been detected and shown to be directly associated with sexual
behavior (22), drug-seeking behavior (26) and reward related learning and decision making
(27). Thus, transient DA release is now regarded as the functionally relevant mode of DA
neurotransmission that mediates the reinforcing properties of drug reward and modulates
goal-directed behavior (19).

In a typical FSCV experiment in a freely-moving animal, the rat is placed in a
behavioral chamber located inside a grounded Faraday cage ((13), Figure 1.7). The Faraday
cage shields the animal and sensitive components from extraneous electric fields. A set of
rotating contacts (slip rings) contained in a swivel is fixed on the top of the behavioral
chamber. It allows all of the electrical signals to be passed to and from a tethered headstage
(current amplifier) located on the animal’s head and allows the animal free movement
throughout the box. This headstage connects through the swivel to a modular Universal
Electrochemical Instrument (UEI) mainframe, which controls the input potential to, and
collects the current from, the working electrode. The UEI is interfaced to a breakout box
through front panel BNC connectors. The voltammetric part of the experiment is controlled
by a computer with National Instruments cards that are connected to the breakout box, which
interfaces the digital to analog converter and analog to digital converter. The detected signal

is high-pass filtered on the computer.
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Figure 1.7. Diagram of experimental set up for behavioral experiments. The animal is placed
in the behavioral chamber. It is tethered using the stimulator cable on which the headstage is
mounted. The headstage makes voltammetric recordings, while the animal is freely behaving
in the operant chamber. The arrows indicate the direction of information flow.

After the rat is placed into the operant box, a micromanipulator containing a retracted
microelectrode is locked in place and the working and reference electrodes are connected to
the headstage. The electrode is slowly lowered into tissue in small increments until
electrically stimulated DA release is repeatedly observed. The electrode is then secured in
position by a locking device on the micromanipulator and the experiment is initiated. Figure
1.8 shows an example 15 sec voltammetric recording obtained in the NAc of a resting,
freely-moving rat. At this recording site, both electrically evoked and naturally-occurring
frequent DA transients were observed. Electrical stimulation of the VTA (red arrow) causes

immediate DA release in the NAc (white triangle).The individual background subtracted
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voltammograms establish that the signals are due to DA. DA is oxidized at ~0.6V and its
quinone form is reduced at ~-0.2V. The current at ~0.6V on the color plot increases rapidly
upon electrical stimulation due to release of DA from multiple varicosities near the
microelectrodes. After the stimulation, DA concentration decreases as a result of uptake in
terms of DAT as well as diffusion away from recording site (13). Naturally occurring DA
fluctuations (white stars) are also evident in this trace, prior to electrical stimulation. The
CVs corresponding to the transients are statistically correlated with those elicited by
electrical stimulation, using a pearson correlation coefficient. Under basal conditions, DA
transients occur at highly variable frequencies with duration of ~1s and a mean maximal
concentration of 40-100 nM (28). They have been shown to be enhanced upon
pharmacological manipulations (29), and in response to cues that predict reward availability

(26, 30).
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Figure 1.8. Representative color plot depicting electrically-stimulated (inverted white
triangle) and naturally-occurring (white stars) DA transients measured in an awake rat. The
color plot shows a 15s time window of voltammetric data with the current (color) at various
applied potentials (y-axis) across time (x-axis). The oxidation potential of DA versus the
reference electrode is depicted by the white dotted line. Electrical stimulation (24 pulses,
60Hz, 150 mA) occurred at the time indicated by the orange arrow. Above the color plot,
current measured at the oxidation potential of DA is plotted over time and converted to DA
concentration via post-experiment electrode calibration. The background-subtracted CVs for
DA (right) are identical to those for DA measured in vitro (data not shown).

1.5 Advancing FSCV for longitudinal real-time neurotransmitter measurements in
freely- moving animals
Recent advances have enabled FSCV to make long-term electrochemical
measurements in the same animal over a period of days to months. This allows tracking of

longitudinal changes in neurotransmitter dynamics over the course of disease progression in
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animal models or throughout various learning paradigms (27, 31). Additionally, efforts are
underway to adopt wireless technology for in vivo measurements and eliminate the cable
between the animal and the recording equipment, permitting the animal more unrestricted
motion and reducing susceptibility to ambient electrical noise (32-36). However, the amount
of data generated and transferred in a typical FSCV experiment can impose a significant
hurdle for the continued development and application of long-term data measurements and
wireless data transmission (36). Existing FSCV protocols to measure neurotransmitter
signalling in the brain were created without consideration for data generation or data transfer
rates. Traditionally, 10 cyclic voltammograms are collected per second with 1000 data points
per cyclic voltammogram. Therefore, in a single 30 second file, there are 300,000 data points
collected. Thus, a chronic experiment lasting several days to months, generates a tremendous

amount of data.

1.6 Dissertation overview
This dissertation consists of seven additional chapters that build on the topics
discussed in this introduction chapter, with a focus on applying FSCV to investigate
unknown neurochemical mechanisms underlying motor disorders and drug addiction in vivo,
and advancing FSCV protocols and sensors for longitudinal DA measurements in feely
moving animals.
Chapter 2 describes a reliable procedure for fabricating cylindrical, Nafion-coated,
carbon-fiber microelctrodes to prevent fouling by L-DOPA and enable rapid measurement of

L-DOPA’s effects on dopamine signaling. Chapter 3 describes how this technology can be
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used to assess electrically-evoked DA release and spontaneous H,O, dynamics in intact and
6-OHDA lesioned rats. The 6-OHDA lesion provides an animal model of PD. Chapter 4 is
aimed at improving the understanding of the neuronal mechanisms underlying opioid actions
in the VTA. It describes work done to monitor the effects of intra-VTA infusion of mu opioid
receptor-specific drugs on sub-second DA dynamics in the NAc of awake, freely moving rats
using FSCV, and directly correlates these measurements with conditioned place preference
experiments. Chapter 5 details the development of a tungsten-based carbon microelectrode
as an alternative to the conventional glass capillary-sealed carbon-fiber microelectrode, and
assesses electrochemical performance of this sensor for monitoring DA dynamics in vivo.
Significant research in this work focuses on adapting various parameters in current
FSCV protocols to reduce the amount of data generated and transferred without significantly
compromising the information obtained. This work characterized the effects of a reduced
sampling rate and a reduced number of data points on the quantity and quality of generated
data. This work will enable increased data transfer rates, and might also have an impact on
reducing power consumption in the FSCV system, which will aid the development of
wireless FSCV for chronic measurements and will benefit animal behavior studies in the near
future. Chapter 6 describes the electrochemical performance of FSCV with reduced
sampling rate, in an effort to reduce the large amount of data generated and collected in
FSCV experiments. To expand the work done in Chapter 6, Chapter 7 reports on
performance of FSCV when using a reduced number of data points collected per CV, in
addition to the reduced sampling rate. Finally, Chapter 8 presents data demonstrating that

FSCV applied at reduced sampling rate (1Hz) with reduced data points collected per CV (100
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data points) retains the ability to detect spontaneous DA fluctuations in freely moving
animals and to interpret the effects of a simple pharmacological manipulation (cocaine). This
decreases the quantity of data generated per second by two orders of magnitude compared to
the traditional protocol, and is expected to reduce the data storage by a similar value. All
findings described herein will advance our understanding of DA neuronal circuitry and help
advancing FSCV technology for additional studies of motor disorders and drug addiction

behaviors.
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CHAPTER 2

Nafion-coated Carbon-fiber Microelectrodes for Rapid Detection of L-DOPA’s Effects on

Dopamine Signalling in Rat Brain

This work was completed in collaboration with: Stephanie Hughes and Leslie A. Sombers.
The author designed the experiments, collected, and analyzed the data presented in this
chapter.

2.1 Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that affects more than a
million people in the United States (1). It is characterized by motor deficits including
bradykinesia, rigidity, and resting tremor, resulting from a progressive loss of nigrostriatal
dopamine (DA) neurons (2-3). DA does not readily cross the blood-brain barrier, thus its use
for treating the symptoms of PD is precluded (4). 3, 4-dihydroxyphenyl-L-alanine (L-
DOPA), the metabolic precursor to DA, has routinely been used for symptomatic treatment
of PD since the late 1960s (3, 5-6). However, the efficacy of prolonged L-DOPA treatment
wanes over time and patients develop serious motor complications (3, 7-8). Despite common
use in the therapeutic management of PD, remarkably little is known about how L-DOPA
replacement therapy alters the dynamics of pulsatile DA fluctuations that occur on a fast
(seconds) timescale.

The vast majority of studies that have investigated these questions have analyzed

dialysate collected in the striatum (9-12). Microdialysis is a diffusion-based sampling
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method that is well suited to examine steady-state or slowly changing levels of analytes in
the extracellular fluid (13-15). Thus, these studies have significantly advanced our
knowledge on how L-DOPA serves to gradually increase striatal DA levels (9-12). However,
quantification of the effects of L-DOPA on rapid DA dynamics is also important, because
rapid DA signalling in both the ventral medial and sensorimotor striatum have been shown to
play keys roles in controlling specific aspects of behaviour (15-17). Over the past twenty
years, electrochemical techniques have proven to be particularly useful for monitoring rapid
changes in DA concentration resulting from discrete neurochemical events. However,
electrochemical studies investigating the effects of L-DOPA administration on electrically-
evoked DA release in intact animals have reported conflicting results with significant
variability (18-21). Clarifying this question is critical to developing improved therapies for
the treatment of PD.

We hypothesize that much of the uncertainty in the electrochemical data is due to
complications associated with the chemical nature of L-DOPA and DA. Both species self-
polymerize in a mechanism that likely involves oxidation of the catechol to a quinone (0-DQ)
(22). Near neutral pH, the amine group inherent to this 0-DQ can serve as a nucleophile,
initiating an intramolecular cyclization to generate leucodopachrome (LDC) (23). Further
oxidation generates dopachrome (DC), which may polymerize to melanin by a free radical
polymerization (24) (Figure 2.1). The oxidative cross-linking generates robust water
resistant bonds that enable the formation of thin, surface-adherent films on a wide range of
materials, including the surface of electrodes (25-27). This reduces the active surface area of

the sensor and attenuates sensitivity (28-30).

27



¢pH >5.5

OX|dat|0n O NHj
+ 2e” + 2H*
@)

oxidation HO
+2e +2HY -—— :@E\ +H*
HO N

LDC
+ DAiradical polymerization

HHN HO}_{)H HN
R 7\
Yan s
OH HN HO OH
Melanin

Figure 2.1. DA polymerization pathway.

Nafion, a perfluorinated ion exchange polymer, has been extensively used on the
surface of sensors to repel interfering and adsorbing species (31-33). However,
electrochemical data collected using Nafion-coated electrodes can be highly variable,
presumably due to inconsistent adhesion with the electrode surface. This problem is
exacerbated at carbon-fiber microelectrodes, as electrochemical conditioning changes the
chemical functionalities inherent to the carbon surface (34). There are numerous protocols
for creating a Nafion membrane at the electrode surface (31, 35-42), and reliable generation
of a good membrane is confounded by the fact that the morphology of Nafion (hydrophobic

and hydrophilic regions) is very sensitive to the nature of the solvent in which it is dissolved
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(40). We have systematically optimized the procedure for Nafion coating cylindrical carbon-
fiber microelectrodes for in vivo applications. We use fast-scan cyclic voltammetry (FSCV)
to demonstrate that generation of a Nafion membrane after electrochemical conditioning
reliably produces a uniform film on the sensor surface that preserves a rapid response to DA
while preventing fouling. We then use this approach to assess the effects of various
concentrations of systemic L-DOPA administration on DA dynamics measured in the
striatum with sub-second temporal resolution. In addition to providing chemical information
that is highly relevant to the most common therapy used in the treatment of PD, this work
serves to benefit a wide variety of studies plagued by electrode fouling because Nafion is so

commonly used in electroanalytical chemistry.

2.2 Experimental section

2.2.1 Chemicals

See Appendix A.

2.2.2 Carbon-Fiber Microelectrode Fabrication

See Appendix A.

2.2.3 Data Acquisition

A triangular cyclic waveform ramped from -0.4 V to +1.4 V with a resting potential

of -0.4 V versus Ag/AgCl was applied to the electrodes at a scan rate of 400 V- s and at a
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frequency of 10 Hz, as described previously (43). More details about data acquisition process

are described in Appendix.

2.2.4 Flow Injection Apparatus

See Appendix A.

2.2.5 Nafion-Coating Protocols

Prior to use, all bare carbon-fiber microelectrodes were soaked in filtered isopropyl
alcohol purified with Norit A® activated carbon (MP Biomedicals, LLC, Solon, OH) for at
least 30 min to remove surface impurities (44). Two different protocols were used to create
the Nafion membrane: dip-coating and electrodeposition. For the dip-coating procedure, the
tip of the microelectrode was immersed in the Nafion solution (DE520, lon Power, DE) for 5
min, then lifted out, allowed to air dry for 10-15 s, and then dried in an oven for 10 min at
70°C. For electrodeposition, the carbon-fiber microelectrode tip was lowered into the Nafion
solution for 30, 60, or 90 s. A continuous potential (+0.5, +1.0, or +1.5 V vs. Ag/AgCl) was
applied to generate the Nafion layer. The electrodes were then raised from the solution,
allowed to air dry for 10-15 s, and subsequently dried in an oven for 10 min at 70°C. All
electrodes were stored at room temperature. Prior to Nafion coating, some carbon-fiber
microelectrodes were electrochemically conditioned with a triangular waveform ranging
from -0.4 V to 1.4 V vs. Ag/AgCl, applied at a scan rate of 400 V/s at a frequency of 60 Hz

for 10 min, and subsequently at a frequency of 10 Hz for an additional 5 min.

30



2.2.6 Surgery

See Appendix A.

2.2.7 In-vivo Experimental Design

Following electrode implantation, carbon-fiber microelectrodes were cycled at 10 Hz
for 15 min to stabilize the background current. L-DOPA methyl-ester and benserazide-
hydrochloride, a peripheral DOPA decarboxylase inhibitor (46), were dissolved together in
physiological saline. After baseline data collection, each animal received an acute treatment
with L-DOPA methyl-ester/benserazide cocktail at a clinically-relevant dose (6 mg/kg + 10
mg/kg benserazide, i.p.), followed by a higher dose (250 mg/kg + 400 mg/kg benserazide,
I.p.). These doses of L-DOPA methyl-ester are equivalent to 5 mg/kg and 200 mg/kg of L-

DOPA, respectively (21). Data was collected for one hour after each drug administration.

2.2.8 Statistics

See Appendix A.

2.3 Results and Discussion

2.3.1 Microelectrode Fouling by L-DOPA Administration

Initial experiments assessed the effects of L-DOPA administration on real-time
striatal DA dynamics using bare carbon-fiber microelectrodes in intact Sprague-Dawley rats.
Representative color plots, each containing 150 background-subtracted voltammograms, are

shown in Figure 2.2A. These plots provide a two-dimensional representation of all changes
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in current collected across the entire potential window, enabling discrimination of specific
electroactive species as they fluctuate over time (47). The left panel shows DA dynamics
elicited in response to electrical stimulation of the MFB (arrow) prior to any pharmacological
manipulation. A current versus time trace extracted at the oxidation potential of DA (~0.6
V), and converted to concentration following post-calibration of the electrode, is shown in
the middle panel. A cyclic voltammogram that serves to identify DA is also shown (lower
panel). In this representative example, electrical stimulation elicited the release of 595 nM
DA in the vicinity of the carbon-fiber recording electrode positioned in the dorsal striatum.
Surprisingly, this value appeared to decrease to 482 nM after administration of a
physiologically relevant dose of L-DOPA (5 mg/kg, i.p. middle). Electrically-evoked DA
release appeared to further decrease to 292 nM after a higher dose of L-DOPA (200 mg/kg,
I.p. right) was administered. Figure 2.2B summarizes the entire data set (n = 5 animals) by
plotting the concentration of electrically-evoked DA release measured after L-DOPA
injection as a percentage of the baseline DA concentration. Twenty minutes after an i.p.
injection of L-DOPA (5 mg/kg, orange arrow), electrically-evoked DA release was decreased
from 529 + 19 nM to 488 + 36 nM. This DA signal was significantly decreased to 362 + 54
nM after 50 min (* p<0.05). Subsequent administration of L-DOPA at a higher dose (200
mg/kg, red arrow) further decreased the amplitude of electrically-evoked DA to ~45% of
baseline (207 + 33 nM, *** p< 0.001). These results were surprising, because very large
increases in extracellular L-DOPA are observed in the brain after systemic L-DOPA

administration (48-50).
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Figure 2.2. L-DOPA decreases electrically-evoked DA release recorded at bare carbon-fiber
microelectrodes. (A) Representative data collected at a bare carbon-fiber microelectrode
before L-DOPA administration (left column), 20 min after administration of L-DOPA (5
mg/kg, i.p., middle), and 20 min after administration of a higher dose (200 mg/kg, i.p., right).
Top: Color plots depicting all changes in current (false color) collected over a 15-s window
(x-axis) across all potentials (y-axis). Electrical stimulation of the MFB is indicated by the
black arrow. Middle: Current vs. time traces extracted at the oxidation potential of DA
(+0.6V). Bottom: Cyclic voltammograms extracted from the data. (B) Across the entire data
set, there is a significant decrease in electrically-evoked DA release upon acute L-DOPA
treatment (n =5, *p < 0.05, **p<0.01, ***p<0.001, one-way repeated measures ANOVA).

The catechol moiety inherent to both DA and L-DOPA is easily oxidized to the
reactive o-quinone by the potentials used in this study (-0.4 V to 1.4 V) (15, 51-52), and both
molecules can also be enzymatically oxidized in the brain. As described above, the oxidized
form can then immediately undergo a series of complex chemical polymerization reactions to
produce melanin (53-57). Thus, the decrease in electrically-evoked DA release measured at
the bare carbon-fiber electrodes following L-DOPA treatment (Figure 2.2) may be attributed
to reduced electrode sensitivity, resulting from polymerization of some combination of L-
DOPA or DA on the electrode surface. To investigate this, electrode sensitivity to DA was

assessed in vitro. It was not compromised following exposure tol uM L-DOPA (Figure
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2.3A); however, 50 uM L-DOPA significantly attenuated sensitivity (Figure 2.3B, n = 6,
*** p<0.001). Indeed, Spina and Cohen have reported a peak value of 50 uM L-DOPA in the
rat striatum after acute i.p. administration of 100 mg/kg L-DOPA (58). Thus, the decrease in
evoked DA detected at bare carbon-fiber microelectrodes after a 200 mg/kg L-DOPA
treatment suggests fouling of the electrode surface. If not taken into account, this

significantly skews interpretation and quantification of in vivo data.
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Figure 2.3. L-DOPA fouls carbon-fiber microelectrodes. Normalized response of bare
carbon-fiber microelectrodes to 1 uM DA in the absence (black) and presence (grey) of (A) 1
MM or (B) 50 uM L-DOPA in vitro. Sensitivity was significantly attenuated in the presence
of 50 uM L-DOPA (n = 6, paired t- test,*** p<0.001).

2.3.2 Systematic Characterization of Nafion-Coating Procedure

Nafion is a cation-exchange polymer. Thus, when coated on the carbon-fiber
electrode surface it serves to increase sensitivity to positively-charged species, such as DA, at
physiological pH (35-38, 40-41). It also decreases sensitivity to several negatively-charged
species, including AA, which is ubiquitous in the brain (35). This is demonstrated by the

representative cyclic voltammograms presented in the upper panel of Figure 2.4, which were
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collected in vitro using bare and Nafion-coated carbon-fiber microelectrodes. The entire data
set is summarized in the lower panel. Nafion-coated electrodes provided a 71% increase in
sensitivity to DA, and decreased sensitivity to AA to 57% of the value inherent to uncoated
electrodes. Thus, the presence of a Nafion layer can be confirmed by reporting a sensitivity
ratio for these species (the quotient of the sensitivities measured before and after coating). A

large deviation from unity indicates robust Nafion membrane performance.
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Figure 2.4. The presense of a Nafion membrane significantly affects sensitivity to DA and
AA. Upper panel shows representative cyclic voltammograms for bare and Nafion-coated
electrodes for DA (500 nM) and AA (200 uM). Lower panel: the values are averages = SEM.
(n =5 for Nafion-coated electrodes, n = 9 for bare electrodes, unpaired t-test, *p <0.05).
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Figure 2.5 plots normalized sensitivity ratios for electrodes prepared using a variety
of Nafion deposition procedures. The most straightforward protocol is dip-coating, in which
the electrode surface is covered with Nafion by dipping the electrode in the polymer solution
and evaporating the solvent (33, 35, 40, 42, 59-60). Alternatively, Nafion can be
electrodeposited onto the carbon surface by application of a potential sufficient to generate a
cathodic current (36-38). The data demonstrate that coating cylindrical carbon-fiber
electrodes by way of electrodeposition is more effective than a simple dip-coating procedure.
Thus, all subsequent studies presented herein utilized electrodeposition to generate a Nafion

membrane.
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Figure 2.5. Systematic characterization of Nafion-coating procedures. (A) Dip-coating
versus electrodeposition, (B) Electrochemical pretreatment before vs. after Nafion
electrodeposition, (C) Various electrodeposition potentials, (D) Various electrodeposition
times. Data are presented as normalized sensitivity ratio (n = 6 —17 electrodes per protocol,
one way ANOVA, * p<0.05; ** p< 0.01; *** p<0.001).

It is well established that electrochemical pretreatment of the carbon-fiber surface can
enhance electron-transfer kinetics and significantly improve electrochemical performance
(34, 61-65). Thus, carbon-fiber microelectrodes are commonly conditioned immediately
prior to data collection (43). It has also more recently been established, using various
spectroscopic techniques including X-ray photoelectron spectroscopy (66), thermal

desorption mass spectrometry (67), enzyme-immobilized fluorescence microscopy (68-70),

optical spectroscopy (71), and Raman spectrometry (34), that application of potentials greater
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than ~1.3V can chemically alter, or even etch, the electrode surface (34, 65, 72). Thus, we
hypothesized that electrochemical conditioning with a commonly-used waveform (triangular,
ranging from -0.4 V to 1.4 V vs. Ag/AgCl) would exacerbate the generally inconsistent
adhesion of Nafion to the electrode surface. We quantitatively compared the performance of
Nafion-coated carbon-fiber microelectrodes that were electrochemically pre-treated before
Nafion deposition with those that were conditioned immediately prior to measurement. The
data unequivocally demonstrate that Nafion eletrodeposition was significantly more effective
when electrodes were conditioned prior to the deposition procedure (Figure 2.5B). Based
on this, all subsequent protocols included electrochemical pretreatment of bare carbon-fiber
microelectrodes prior to electrodeposition of Nafion.

Next, the potentials employed to electrodeposit the Nafion membrane were
systematically investigated. Three potentials were selected: +0.5, +1.0 and +1.5 V vs.
Ag/AQCI, as these have all been previously reported in the literature (38, 41, 73-74). The
results indicate that +1.0 and +1.5 V were more effective than +0.5 V in generating a reliable
membrane (Figure 2.5C). However, as described above, the application of positive potentials
can modify the surface of the carbon fiber, making it highly absorptive and potentially
slowing electrode response time, convoluting electrochemical performance (63, 65). Thus,
1.0 V (vs. Ag/AgCI) was selected as the most appropriate potential for the electrodeposition
of Nafion.

It is important to note that the Nafion membrane itself presents a diffusion barrier
that reduces electrode response time. To maintain the rapid temporal response required for

detection of neurotransmitter fluctuations in vivo, a thin Nafion layer is required. Indeed,
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previous studies have demonstrated that Nafion membranes can be generated such that
electrode response times are not significantly different from uncoated microelectrodes (31,
33). Figure 2.5D shows that with our approach, an electrodeposition time of 90 s produced
the best membrane performance. The membrane thickness was estimated to be 310 + 18 nm,
using a previously described model (75), (Figure 2.6, n = 4). Previous reports have shown
that Nafion membranes less than ~340 nm thick do not significantly affect the sub-second
response time of the electrode to the stimulated secretion of DA in an intact brain (18, 31, 33,
38, 75). Finally, Nafion-coated electrodes prepared using different electrodeposition times
were tested in vivo. Figure 2.7 shows representative data collected in the striatum after
administration of 5 mg/kg (orange arrow) and 200 mg/kg (red arrow) L-DOPA. These data
demonstrate that the Nafion-coated electrodes prepared using electrodeposition times of 30 s
(blue) and 60 s (green) did not resist L-DOPA induced fouling as efficiently as the Nafion-
coated electrode prepared using an electrodeposition time of 90 s (brown), which was able to

detect a robust increase in electrically-evoked DA release following L-DOPA treatment.
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Figure 2.6. Determination of Nafion thickness (Ip). Representative normalized peak current
response (open circles) averaged for three replicates of 500 nM DA at an electrode. C (t)
refers to the concentration of DA at the surface of the Nafion-coated electrode, C° refers to
the concentration of DA in bulk solution outside the Nafion film. Values are fit to a well-
established model described previously (33, 38, 75), assuming the diffusion coefficient for
DA in Nafion = 1.0 e® cm? - s (33).
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Figure 2.7. Representative DA concentration traces upon L-DOPA treatment recorded at
different Nafion-modified electrodes. Electrical stimulation was used to evoke striatal DA
release every 5 minutes. X-axis shows the 2- h window of data collection. Y-axis represents
the normalized amplitude of electrically-evoked DA release. Arrows indicate the time at
which L-DOPA was administrated (orange: 5 mg/kg, red: 200 mg/kg).

2.3.3 The Effects of L-DOPA on Striatal DA Dynamics

The optimized Nafion deposition procedure (electrodeposition using 1.0 V for 90 s)
was used to investigate the effects of L-DOPA treatment on electrically-evoked striatal DA
release. Representative color plots with corresponding DA concentration traces and cyclic
voltammograms are shown in Figure 2.8. Contrary to our results collected using bare
electrodes (Figure 2.2), the data shown in Figure 2.8 demonstrate that acute administration
of L-DOPA at a clinically relevant dose of 5 mg/kg had no significant effect on electrically-
evoked DA release; however, L-DOPA administered at dose of 200 mg/kg significantly

increased DA release (~200%, from 620 £21 nM to 1313 + 206 nM) 20 min after drug
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administration (n =4, *p < 0.05, **p < 0.01, ***p<0.001). This suggests that following acute
administration of a clinically relevant dose of L-DOPA (5 mg/kg), the regulatory
mechanisms of the intact animals are capable of regulating extracellular DA very efficiently.
However, administration of a higher dose of L-DOPA (200 mg/kg) is capable of enhancing
DA overflow. These data are consistent with previous reports using microdialysis in which
striatal DA was increased by ~200% in intact animals following a 200 mg/kg or higher dose

of L-DOPA (10, 20, 76).

A- Pre L-DOPA Post L-DOPA (S mg/kg) Post L-DOPA (200 mg/kg) B

T 15 30 45 60 15 30 40 60 (min)
5 mg/kg L-DOPA

Figure 2.8. L-DOPA increases electrically-evoked DA release. (A) Representative data
collected at a Nafion-coated carbon-fiber microelectrode in an intact animal before L-DOPA
administration (left column), 20 min after administration of L-DOPA (5mg/kg, i.p (middle),
and 20 min after administration of a higher dose of L-DOPA (200 mg/kg, i.p.right). (B)
Across all animals, the amplitude of DA release was increased, but was not significantly
increased until 200 mg/kg was administered (red, n = 4, *p < 0.05, **p<0.01, one-way
repeated measures ANOVA).

Figure 2.9 directly compares the response of bare (n=5, black trace) and Nafion-
coated (n=4, blue trace) carbon-fiber microelectrodes to evoked DA release upon L-DOPA

treatment in intact animals. The results confirm that an intact Nafion membrane is necessary
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to successfully prevent the fouling caused by L-DOPA at carbon-fiber microelectrodes, and
to accurately report the effects of this treatment on DA dynamics in vivo when using
electrochemical measurements.
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Figure 2.9. Direct comparison of bare vs. Nafion-coated carbon-fiber microelectrodes in
vivo. Nafion-coated carbon-fiber microelectrodes (blue, n =4), recorded an increase in
evoked DA release in response to acute L-DOPA treatment in intact animals, in direct
contrast to the results collected at bare electrodes (black, n = 5, repeated measures two-way
ANOVA , *p <0.05 **p<0.01, ***p< 0.001).

2.4 Conclusions
In conclusion, the data indicate that L-DOPA polymerizes onto the carbon-fiber
microelectrode surface in the brain, resulting in decreased sensitivity to DA. Thus, Nafion-

coated electrodes were prepared using an optimized electrodeposition protocol. This
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successfully prevented fouling by L-DOPA and maintained a rapid electrode response time.
An acute dose of 5 mg/kg L-DOPA had no significant effect on DA release, demonstrating
the highly efficient compensation methods at work in the intact brain. These compensatory
processes likely underlie the preclinical phase of PD, such that symptoms do not present until
the degeneration of nigrostriatal DA neurons is nearly complete (77-78). In contrast,
administration of 200 mg/kg L-DOPA was capable of significantly increasing evoked DA
release. Further investigations will focus on applying these optimized sensors to determine
the effects of L-DOPA on DA dynamics in 6-hydroxydopamine lesioned rats, and the
voltammetric measurements will be directly correlated to behaviors associated with PD in
real-time. Importantly, this research will shed new light on the effects of L-DOPA therapy
and the molecular mechanisms that underlie the emergence of motor complications

associated with PD.
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CHAPTER 3

Simultaneously Monitoring the Effects of Levodopa Treatment on Dopamine and H,0,
Dynamics in Intact and 6-OHDA Lesioned Striatal Tissue Using Fast-scan Cyclic

Voltammetry

This work was conducted in collaboration with: Christie Lee, Kristen Blanton, Leslie Wilson
and Leslie Sombers.

3.1 Introduction

Parkinson’s disease (PD) is an age-related neurodegenerative disorder that affects
more than a million people in the United States at an estimated annual cost of ~$30 billion
(1-2). Clinically, PD is characterized by motor deficits including bradykinesia, rigidity, and
resting tremor (3-4). In this disease, a large proportion (85%) of the nigrostriatal
dopaminergic neurons is destroyed before mild motor symptoms present. The mechanisms
underlying neurodegeneration in PD are complex, and remain to be fully understood.
However, growing evidence suggests that mitochondrial dysfunction and oxidative stress
largely contribute to the degeneration of nigrostrial dopaminergic neurons (5-7). This is
supported by studies demonstrating that decreased mitochondrial complex | activity, which
causes the enhanced generation of reactive oxygen species (ROS), is evident in postmortem
PD tissue (8). Furthermore, administration of toxins that cause oxidative stress including

rotenone, 1,1’-dimethyl-4,4’-bipyridinium dichloride, 1-methyl-4-phenyl-1,2,3,6-
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terahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) can cause motor dysfunction
in animals (9-13). However, direct evidence demonstrating a role for ROS in PD is still
lacking.

Among all of the available clinical therapies for PD, treatment with 3, 4-
dihydroxyphenyl-L-alanine (L-DOPA), the metabolic precursor to dopamine (DA), has been
the most efficacious in relieving Parkinsonian symptoms since the late 1960s (4, 14-16).
However, the efficacy of prolonged L-DOPA treatment wanes over time and patients develop
serious motor complications (4, 17-18). Despite common use in the therapeutic management
of PD, remarkably little is known about how L-DOPA alters the real-time DA dynamics in
the brain of animals. Additionally, reports on the effects of L-DOPA on oxidative stress are
contradictory (4, 19). Some studies have suggested that L-DOPA treatment may damage
dopaminergic neurons, since free radical and quinone metabolites of L-DOPA are toxic (20-
23). Other studies indicate that L-DOPA may act as a neuroprotectant in animal models of
PD, as it can decrease lipid peroxidation and reduce tissue content of ROS in striatum (24-
25). The reason for these opposing results may be partially attributed to the static nature of
the techniques used to measure ROS. These measurements are accomplished utilizing
microdialysis sampling coupled with a trapping compound, or a fluorescence imaging
approach (26-29).

Fast-scan cyclic voltammetry (FSCV) is a proven technology for monitoring rapid
chemical changes in the brain (30). Coupled with carbon-fiber microelectrodes, background-
subtracted FSCV provides fast, sensitive, and selective quantification of analytes within a

small spatial location. Over the past 30 years, FSCV has been extensively utilized to study
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rapid DA dynamics in the brain, and to relate these dynamics to behaviour and disease states
(31-32). Recently, the Sombers lab has expanded FSCV to the detection of endogenous H,0;
fluctuations in intact brain (33-34). In this work, we seek to monitor the complex interplay
between rapid DA and H,0, fluctuations in the striatum of intact rats, and to compare these
measurements to data collected in 6-OHDA lesioned rats, an animal model of PD. 6-OHDA
IS a neurotoxin which shares some structural similarities with DA, and exhibiting a high
affinity for DA transporter (DAT). DAT at the terminals is a uniqgue membrane protein which
is responsible for reuptake of DA back into dopaminergic terminals from the extracellular
space (32). Thus, 6-OHDA can enter dopaminergic terminals via DAT and cause selectively
damage to dopaminergic neurons (35). This type of lesion generates a DA denervation,
serving as a robust experimental model of PD (36). Furthermore, this work investigates the
effects of L-DOPA on the dynamics of DA and H,0, in the animals, using single carbon-
fiber microelectrodes. L-DOPA dose dependently decreased the rate of DA uptake and
decreased the frequency of H,O, fluctuations in intact brain. Conversely, L-DOPA at 200

mg/kg had no significant effects in 6-OHDA lesioned rats.

3.2 Materials and Methods

3.2.1 Chemicals

See Appendix A.

57



3.2.2 Carbon-Fiber Microelectrode Fabrication

Details about carbon-fiber microelectrode fabrication are shown in Appendix A. All

electrodes were coated with Nafion following the procedures described in Chapter 2.

3.2.3 Data Acquisition

A triangular cyclic waveform ramped from -0.4 V to +1.4 V with a resting potential
of -0.4 V versus Ag/AgCl was applied to the electrodes at a scan rate of 400 V- s™ and at a
frequency of 10 Hz, as described previously (31). Details about data acquisition are shown is

Appendix A.

3.2.4 Surgery and In-vivo Experiments

Anesthetized surgical procedures are shown in Appendix A.

Following electrode implantation, carbon-fiber microelectrodes were cycled at 60 Hz
for 10 min and 10 Hz for 5 min to stabilize the background current. L-DOPA methyl-ester
and benserazide-hydrochloride, a peripheral DOPA decarboxylase inhibitor (37), were
dissolved together in physiological saline. After baseline data collection, a group of intact
animals received an acute infusion of L-DOPA methyl-ester/benserazide cocktail at a
clinically-relevant dose (6 mg/kg + 10 mg/kg benserazide, i.p.). Other animals received a
higher dose of L-DOPA methyl-ester (250 mg/kg + 400 mg/kg benserazide, i.p.). These
doses are equivalent to 5 mg/kg and 200 mg/kg of L-DOPA, respectively (38). Data were
collected for one hour after each drug administration. All experimental procedures were

approved by the Institutional Animal Care and Use Committee at the North Carolina State
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University.

3.2.5 Data and Statistical Analysis

After data were collected, substances were resolved with principal component
regression. DA reuptake was modelled using Demon Voltammetry Analysis Software (39)
(Wake Forest University, Winston-Salem NC). H,O, transients were characterized with Mini

Analysis Software (Synaptosoft). Details about statistics analysis are shown in Appendix A.

3.3 Results

3.3.1 Electrically-evoked DA dynamics in the CPu of intact and 6-OHDA lesioned rats

FSCV has proven to be a powerful technique for studying the kinetics of rapid DA
dynamics in vivo. With FSCV, we first assessed electrically-evoked DA release in intact and
6-OHDA lesioned rats. Electrical stimulation of the MFB elicited DA release in the dorsal
striatum in all rats. Representative color plots, each containing 300 background-subtracted
voltammograms, are shown in Figures 3.1A and 3.1B. These plots provide a two-
dimensional representation of all changes in current collected across the entire potential
window, enabling discrimination of specific electroactive species as they fluctuate over time.
A representative voltammogram that serves to identify DA is shown in the corner of color
plots. The current versus time traces were extracted at the oxidation potential of DA (~0.6
V), and were converted to concentration following post-calibration of the electrode (Figure
3.1C). The blue curved line shows the non-linear regression fitting of the decay constant, tau,

which is the inverse of the DA uptake rate. DA depletion in the lesioned striatum produced
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an expected and dramatic decrease on the amplitude of electrically-evoked DA release when
compared with the intact striatum. In this representative example, electrical stimulation
elicited the release of 601 nM DA in the vicinity of the carbon-fiber recording electrode
positioned in the intact dorsal striatum and 191 nM DA in the lesioned dorsal striatum.
Across all animals, the amplitude of evoked DA release was 621 + 81 nM in intact rats (n =
5), and 174 = 25 nM in 6- OHDA lesioned rats (n = 2) (Figure 3.1D), which is ~30% of the
value measured in intact rats. This is consistent with previous reports by demonstrating that
extracellular DA release in the striatum is significantly reduced in this animal model of PD
(38, 40). Indeed, DA can be synthesized and released in serotonergic neurons in the DA-
depleted striatum (41-44). Furthermore, the uptake rate of DA was also changed in DA-
depleted striata. In this specific example, the decay constant, tau, was 1.18 s in the intact rat
and 1.73 s in the lesioned rat. Across all animals, tau increased from 0.9 + 0.2 s in intact rats
to 1.8 £ 0.3 s in lesioned rats (Figure 3.1E). Thus, the DA uptake rate was reduced by an
average of 50% in the lesioned animals, consistent with previous reports (38, 45). Indeed, the
amount of extracellular DA release is dependent on DA content in the vesicles and DA
uptake rate is dependent on the number of DAT on the terminals. Both of these have been

reported to decrease in denervated striatum, in proportion to the loss of DA terminals (46).
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Figure 3.1. Electrically-evoked DA dynamics recorded in intact and 6-OHDA lesioned rats.
Color plots depicting raw data collected in intact striatum (A) and lesioned striatum (B).
White dashed line indicates the oxidation potential of DA (~0.6V). Arrowhead indicates
time of electrical stimulation. (C) Concentration vs. time traces extracted from color plots at
the oxidation potential for DA. Blue curved line shows the non-linear regression fitting of
tau. Bar graphs quantitatively compare the amplitude (D) and uptake (E, tau) of evoked DA
release in intact (black, n = 5) and lesioned (red, n = 2) rats.

3.3.2 H,0, dynamics in the CPu of intact and 6-OHDA lesioned rats

Under normal physiological conditions, ROS are generated in the brain in various

biological processes. H,O, has attracted particular attention since it is tightly linked to more
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aggressive radical species and it is thought to be stable enough to accumulate to significant
concentrations (47). H,O, is thought to act as a signaling molecule on timescales that range
from relatively slow (mins to hours) to fast (subsecond) in the brain ((29, 48, for review, see
(49)) . We have recently enabled the selective detection of rapid H,O, signaling in vitro with
FSCV, and quantitatively characterized H,O, dynamics in brain under basal conditions and
in response to local application of a neurotoxin (33-34). Here, we utilized this technique to
quantify spontaneous H,O, fluctuations in intact and 6-OHDA lesioned striatum.
Spontaneous H,0, events in the dorsal striatum were monitored in both intact and 6-OHDA
lesioned rats. Representative color plots are shown in Figures 3.2A (intact) and 3.2B
(lesioned). Voltammograms that serve to identify H,O, are shown in the corner of the color
plots. The current versus time traces were extracted at the oxidation potential of H,0, (~1.2
V), and were converted to concentration following post-calibration of the electrode. These
depict a highly dynamic concentration profile for endogenous H,O, in both intact and
lesioned striatum. Across all animals, transient H,O, events were measured with an
amplitude of 9.0 + 0.9 pM and a frequency of 24 + 6 min * in intact animals. An amplitude
of 7 + 2 uM and a frequency of 20 + 7 min * was measured in 6-OHDA lesioned animals
(Figures 3.2C, D). Statistical tests reveal that there is no significant difference in these
measurements between these groups. However, evidence has shown that levels of the
antioxidant glutathione are decreased in the substania nigra and striatum of postmortem PD
tissue. Decreased mitochondrial complex | activity is also evident in postmortem PD tissue

(8), which causes the enhanced generation of ROS, including H,0, (50).

62



A. Intact rat B. Lesioned rat

e WNVM/W W

30 seC m——> —_— 3056 ——>

C.

O

H,0, Amplitude®
(nM)

H,0, frequency
(min 1)

. 0-
Intact lesioned Intact lesioned

Figure 3.2. Spontaneous H,0, fluctuations in intact and lesioned rats. Color plots depicting
raw data collected in intact (A) and lesioned (B) striatum. White dashed line indicates the
oxidation potential of H,O, (~1.2V). Panels below color plots depict concentration vs. time
traces extracted from the data in (A) and (B) at the oxidation potential for H,O,. Bar graphs
quantitatively comparing the amplitude (C) and frequency (D) of spontaneous H,O,
dynamics in intact (black, n = 5) and lesioned (red, n = 5) rats.

3.3.3 Effects of L-DOPA treatment on DA and H,O, dynamics: intact rats.

Next, we simultaneously monitored the effects of acute L-DOPA treatment on evoked

DA release and spontaneous H,O, dynamics using FSCV in the dorsal striatum of drug-
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naive, intact animals. Data were collected for an hour after acute treatment with L-DOPA at a
clinically relevant dose (5 mg/kg, i.p.), or a high dose (200 mg/kg, i.p.). Representative color
plots showing electrically-evoked DA and spontaneous H,O, fluctuations before (left) and
after (right) L-DOPA administration are shown in Figure 3.3A. The blue line indicates the
oxidation potential of H,O,. Red arrow indicates the time of electrical stimulation and white
double arrow shows the timescale of the evoked DA event.

The graphs in Figures 3.3B, C show that acute administration of L-DOPA at dose of
5 mg/kg (black) had no significant effect on either the amplitude or the uptake rate of DA
dynamics, while administration of L-DOPA at 200 mg/kg (red) significantly decreased the
rate of DA uptake (increased tau) (n = 5, one-way ANOVA). These data suggest that the
intact brain is capable of efficiently self-regulating extracellular DA concentration upon L-
DOPA treatment at 5 mg/kg. The 200 mg/kg dose of L-DOPA had no significant effect on
the amplitude of evoked DA release, but did slow the rate of DA uptake into the pre-synaptic
terminals. These data conflict with reports from studies that used microdialysis sampling to
demonstrate that L-DOPA administration significantly augmented striatal DA concentration
in intact striatum (51). This is likely due to fundamental differences between microdialysis
and FSCV. While microdialysis examines steady-state or slowly changing levels of analytes
in the extracellular fluid over mins to hours (32, 52-53), FSCV is a differential technique
which measures rapid change in DA concentration above the basal level. The decreased
uptake rate of DA affected by L-DOPA at 200 mg/kg suggests reduced function of DAT, and
would likely result in increased levels of DA in the extracellular space. Indeed, L-DOPA has

been shown to decrease the clearance rate of DA (54), which may be due to DA’s ability to
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inhibit its own uptake (55). This would serve to activate DA autoreceptors and consequently,
down-regulate evoked release of L-DOPA loaded vesicles.

The graph in Figures 3.3D, E shows that the acute administration of L-DOPA at dose
of 5 mg/kg (black) had no significant effect on either the amplitude or the frequency of
spontaneous H,O, dynamics. Conversely, L-DOPA treatment at dose of 200 mg/kg (red)
significantly decreased the frequency of H,0, fluctuations (~50% decrease from baseline) in
the striatum in the intact animals (n = 5, one way ANOVA). The data suggest that there is a
dose-dependent effect of L-DOPA treatment on H,O, dynamics with effects observed at the
higher dose. H,O, fluctuations could indicate the presence of more aggressive ROS. Thus,
this suggests that L-DOPA could play a neuroprotective role by decreasing oxidative stress in

striatum of drug-naive, non-lesioned animals (19, 56-58).
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Figure 3.3. Effects of L-DOPA on DA and H,0O, dynamics in intact rats. (A) Representative
data collected before (left) and after (right) L-DOPA treatment. The blue line indicates the
oxidation potential of H,O,. Several H,O, fluctuations are evident (stars). Evoked DA release
is depicted with a white arrow. Plots who the effects of L-DOPA treatment (5 mg/kg (black);
200 mg/kg (red)) on (B) amplitude of evoked DA release, (C)DA uptake rate, (D) amplitude
of H,O, events and (E) frequency of H,0O, events (n = 5, one-way ANOVA, * p <0.05, ** p
<0.01, *** p < 0.001).
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3.3.4 Effects of L-DOPA treatment on DA and H,O, dynamics: of 6-OHDA lesioned rats

Due to the degeneration of DA-containing terminals in DA-depleted striatum, only 2
out of 21 6-OHDA lesioned rats exhibited a robust DA signal. Interestingly, all recording
sites in all lesioned rats showed evidence of spontaneous H,O, fluctuations. 5 animals
received L-DOPA treatment at 200 mg/kg. Data were collected for an hour after L-DOPA
administration. Representative color plots showing electrically evoked DA release and H,0,
fluctuations before exposure to L-DOPA (left) and upon L-DOPA treatment (right) are
shown in Figure 3.4A. The blue line indicates the oxidation potential of H,O,. Red arrow
indicates the onset of electrical stimulation, and white double arrows show the time course of
the evoked DA release. Although L-DOPA (200 mg/kg) altered DA and H,0, dynamics in
intact animals, the graphs in Figures 3.4B, C, D, E reveal that acute administration of L-
DOPA at 200 mg/kg had no significant effect on these chemical dynamics in lesioned tissue.
The amplitude and the uptake rate of electrically-evoked DA release remained unchanged.
These results were surprising, as microdialysis studies have demonstrated that L-DOPA
administration increases DA in the extracellular space (51, 59-61). Again, this result may be
due to the differences between microdialysis and FSCV (see above). Further, figure 4D,E
demonstrate that acute L-DOPA treatment at 200 mg/kg had no significant effect on either
the amplitude or the frequency of H,O, events in the lesioned striatum (n = 5, one way
ANOVA). The data here further support the view that L-DOPA administration does not
induce oxidative stress, as evidenced by remained H,O, dynamics in the lesioned striatum of

animal model of PD (58, 62-63).
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Figure 4. Effects of L-DOPA on DA and H,0, dynamics in lesioned rats. (A) Representative
data collected before (left) and after (right) L-DOPA administration. The blue line indicates
the oxidation potential of H,0,, the time course of evoked DA release is depicted with a
white arrow. Effects of L-DOPA treatment (200 mg/kg) on (B) amplitude of evoked DA
release (n = 2), (C) DA uptake rate (n = 2), (D) amplitude and (E) frequency of H,O, events
(n =5, one-way ANOVA, p > 0.05).
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3.4 Conclusions

The contribution of oxidative stress to the initiation and progression of idiopathic PD
is unknown and the effects of the gold standard therapy L-DOPA on ROS has been
controversial. In present study, FSCV was applied to simultaneously monitor rapid DA and
H,0, dynamics at single recording sites in rat brain. Our results show that L-DOPA dose-
dependently slowed DA uptake and decreased H,O, fluctuations in intact brain. By contrast,
L-DOPA at 200 mg/kg had no effect on these dynamics in 6-OHDA lesioned rats, an animal
model of PD. These data suggest that L-DOPA therapy might actually serve as a
neuroprotective agent in treating symptomatic PD. Future work will investigate the effects of
chronic L-DOPA treatment on DA and H,0, dynamics in awake, freely moving animals, and
will correlate these chemical measurements with the motor complications associated with
PD. Importantly, this research will shed new light on the effects of L-DOPA therapy and the

molecular mechanisms that underlie the emergence of debilitating manifestations of PD.
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CHAPTER 4

Phasic Dopamine Release in the Nucleus Accumbens is associated with Reward and
Aversion in Rats: A Novel Modulatory Role of Mu Opioid Receptors

within the Ventral Tegmental Area

This work was completed in collaboration with Christie Lee, Kristen Blanton, Xiaohu Xie,
and Leslie Sombers.

4.1 Introduction

Identifying the neurochemical signals that underlie motivated behavior and reward-
related decision making is a key step in developing appropriate therapies for treating a
variety of addictive, compulsive, or depressive disorders that implicate dopaminergic
systems. Mesolimbic dopamine (DA) neurons in the ventral tegmental area (VTA) that
innervate the nucleus accumbens (NAc) provide a critical modulatory influence on
motivational valence, reward learning, and the reinforcing effects of natural and drug rewards
(1-5). Mesolimbic DA is critical for reward-related aspects of motivated behavior (6-10)) and
NAc phasic DA release is evident in natural ((11)) and drug reward ((6, 12-13)). Serving
overlapping yet related functions, endogenous opioids mediate hedonic and motivational
aspects of reward processing (14-18) and modulate the rewarding properties of abused drugs
(19-24). In this regard, enkephalinergic opioids can bind to the mu-opioid receptors (MORS)

within dopaminergic brain circuits that centrally govern motivation, stress, and addiction (25-
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27). However, the functional effects of this manipulation remain unclear in regards to NAc
phasic DA release.

MORs have been demonstrated to be necessary for the acquisition of systemic opiate-
reward in rodents (28-30) and animals will readily self-administer MOR agonists directly
into the VTA (31-33). Stimulation of MORs in the VTA can elicit reinforcing effects as rats
exhibit conditioned place preferences (CPP) (31, 33). Similar to the augmentation of DA
release by other drugs of abuse, MOR agonists given systemically (34-36) or microinjected
directly into the VTA (37-38) increase tonic measurements of DA in the rat ventral striatum.

Optogenetically-induced phasic firing of VTA DA neurons is sufficient to mediate
CPP in rats (39), therefore it is reasonable to assume that increases in phasic DA release in
NAc may also be a key aspect of MOR-induced reward. The prevailing theory for the acute
reinforcing properties of opioids posits that MOR agonists act on VTA GABAergic
interneurons to indirectly disinhibit DA cell firing (40), and thereby increase DA release in
the NAc. However, there are a variety of aversive pharmacological and behavioral
treatments that increase ventral striatal DA release (41-42). Moreover, emerging literature
supports an adaptation of this canonical disinhibition model to account for the heterogeneous
nature of opioid-reward (43). Indeed, although blocking VTA MORs produces conditioned
place aversion (CPA) (44), at least one study has shown that VTA MOR antagonism can also
increase DA concentrations in the ventral striatum (45). Thus, in the VTA, the exact
mechanism governing MOR-reward remains elusive. As such, it is important to investigate

MORs in the VTA on phasic DA release in the NAc and the relationship to reinforcement.
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The current study investigated the effects of VTA MOR modulation on conditioned
place preference in rats to assess changes in the incentive salience of the drug-paired context.
Additionally, we have utilized fast-scan cyclic voltammetry (FSCV) to monitor real-time,
sub-second DA release in NAc after intra-VTA administration of the selective MOR agonist
DAMGO and the MOR antagonist CTOP. We hypothesized that DAMGO would evoke
robust phasic DA and that CTOP would have an opposing influence or produce no change
compared to saline. We found that intra-VTA infusion of DAMGO (1.5 pg) significantly
increased the frequency of DA transients and elicited CPP, while intra-VTA infusion of
CTOP (160 ng) significantly increased the frequency and amplitude of DA transients and
elicited a CPA. These findings suggest that there might be a more complex mechanisms
underlying VTA MOR-mediated opioid-reward as phasic DA release in the NAc may not be

sufficient for the development of conditioned place preference in rats.

4.2 Materials and Methods

4.2.1 Chemicals

See Appendix A.

4.2.2 Carbon-fiber Microelectrode Fabrication

See Appendix A.

4.2.3 Electrochemical Data Acquisition

A triangular cyclic waveform ramped from -0.4 V to +1.3 V with a resting potential
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of -0.4 V versus Ag/AgCl was applied to the electrodes at a scan rate of 400 V- s™ for all

electrochemical data. More details about data acquisition please see Appendix A.

4.2.4 Animals and Surgical Procedures

Details about animals and survival surgical procedures, please see Appendix A.

4.2.5 Conditioned Place Preference

The conditioned place preference test was performed in a custom-built plexiglass
two-compartment apparatus enclosed in a sound-attenuating enclosure. The two
compartments (40 cm *40 cm * 60 cm each) were separated by a removable partition. Each
compartment had distinct visual and textile cues. One conditioning compartment had
horizontal black strips on transparent plastic walls and a white rough floor, while the other
had vertical black strips on transparent plastic walls and a black smooth floor. For the pre-
and post-tests, time spent (in seconds) in each compartment was monitored by a video
camera located on the ceiling of the enclosure and later scored via video-analysis software
(Clever Sys, Reston, VA). Between all sessions, the chambers were sanitized with 70%
ethanol to minimize influence from olfactory cues. During session 1 (habituation) and 2 (pre-
test), animals were allowed to freely explore the two compartments for 15 minutes. We used
a bias-like protocol and designated the compartment in which each animal spent less time
during session 2 (pre-test) as their drug-paired compartment. Animals were pseudo-
randomly assigned to drug condition based on this baseline preference score in order to

counterbalance the drug-paired chamber across all groups. During the daily conditioning
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sessions, injector needles (33 gauge) were acutely inserted and one minute later animals
received bilateral intra-VTA injections (0.5 pl per side at a rate of 0.25 pl/min) of saline
(session 3, 5, and 7) or the treatment condition (amounts per hemisphere: 1.5 ug DAMGO,
160 ng CTOP, or the cocktail of 1.5 pg DAMGO + 160 ng ug CTOP; session 4, 6, and 8).
Injectors remained in place for 2 minutes to allow adequate time for diffusion. Upon
removal, animals were immediately placed in the designated chamber of the CPP box
(partition in place) to freely explore only that chamber for 30 minutes. For session 11 (post-
test), no drug was administered and animals were allowed to freely explore the two
compartments for 15 minutes. The CPP behavioral scores (in seconds) were calculated by
subtracting the time spent in the drug-paired compartment during the pre-test from the time

spent in the same compartment during the post-test.

4.2.6 Electrochemical Experiments

Animals were assigned to one drug treatment condition for infusion of saline
followed by MOR manipulation (1.5 pg DAMGO, 160 ng CTOP, or the cocktail of 1.5 pg
DAMGO + 160 ng CTOP). On the experimental day, a detachable micromanipulator
containing a fresh carbon-fiber microelectrode was inserted into the guide cannula and the
electrode was lowered into the NAc. The electrodes were connected to a head-mounted
amplifier attached to a commutator (Crist Instrument Co., Hagerstown, Maryland).
Electrodes were conditioned at 60 Hz for 10 min, followed by 5 min of cycling at 10 Hz. The
microelectrode position was optimized by monitoring naturally occurring and electrically

evoked (biphasic, 2ms/phase, 24 pulses, 150 pA) DA release. All microinfusions were
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administered via microinjector (33 gauge). The injector was inserted into the implanted guide
for 1 minute before administration (0.5 pl volume at 0.25 pl/min). After the 2 minutes of
administration elapsed, the injectors remained in place for an additional 2 minutes prior to
removal to permit adequate time for drug diffusion. For each animal, 2 min of baseline was
collected and then saline was microinfused into the VTA and data were collected for 30 min.
Next, intra-VTA administration of DAMGO, CTOP or the cocktail was performed while
collecting electrochemical data for at least 1 hour. Values were expressed as a ratio of drug
post-infusion to saline post-infusion measurements. Dopamine signals were characterized

with Mini Analysis software (Synaptosoft, Fort Lee, NJ).

4.2.7 Statistical Analysis

After data were collected, substances were resolved with principal component
regression. DA transients were characterized with Mini Analysis Software (Synaptosoft). All
data are presented as the mean + standard error of the mean (SEM), unless otherwise noted.
Statistical and graphical analyses were carried out using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA). Two-tailed paired student’s t tests were used to determine

statistical differences in all experiments. Statistical significance was designated at p < 0.05.

4.2.8 Histology for Verification of Electrode Placements

Animals were deeply anesthetized with sodium urethane (1 g/kg, i.p.). Recording
sites in the electrochemical group were marked via an electrical lesion. Following

decapitation, brains were removed and post fixed in 10% formalin for at least 24 hours at 4-
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8°C before being placed in a cryoprotection solution (10% formalin + 30% sucrose) and
stored at 4-8°C. Next, individual brains were rapidly frozen on powdered dry ice and
coronally sectioned at 50 um on a freezing slide microtome (Leica Microsystems, Buffalo
Grove, lllinois). Brains were mounted onto glass microscope slides and stained with cresyl
violet for microscopic verification of electrode placement for the NAc or VTA with the

stereotaxic rat atlas (46).

4.3 Results

4.3.1 Direct Administration into the Ventral Tegmental Area Reveals Different Motivational

Properties of the Mu-opioid Receptor Agonist and Antagonist

Various treatments (saline control, DAMGO, CTOP, and cocktail) were compared to
evaluate the influence of VTA MORs on conditioned place reinforcement behavior. The
difference between the pre and post-conditioning time spent in the drug-paired chamber is
depicted in Figure 4.1. All values were normalized to the saline group. Administration of the
selective MOR agonist DAMGO into the VTA resulted in significant preferences for the
drug-paired chamber (* p < 0.05). Microinfusion of the MOR antagonist, CTOP, into the
VTA resulted in significant place aversion (* p < 0.05). Microinfusion of the mixture of

DAMGO and CTOP failed to produce any significant place preference (p > 0.05).
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Figure 4.1. Pharmacological manipulation of VTA MORs generates conditioned place
preference and aversion in rats. Each column represents the difference between the post and
pre CPP score. The vertical bar represents the S.E.M. All values were normalized to saline
group. Positive values indicate preference and negative values indicate aversion (n = 7-9, * p
<0.05).

4.3.2 MOR in the VTA Requlate Phasic Dopamine Fluctuations in NAc

Local administration of both MOR agonist DAMGO and antagonist CTOP into the
VTA dramatically affected the occurrence of dopamine transients in the NAc. Representative
color plots, each containing 300 background-subtracted voltammograms, are shown in
Figure 4.2. These plots provide a two-dimensional representation of all changes in current
collected across the entire potential window, enabling discrimination of specific electroactive
species as they fluctuate over time (47). A current versus time trace was extracted at the

oxidation potential of DA (~0.6 V vs Ag/AgCl), and was converted to concentration
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following post-calibration of the electrode (upper panel). A cyclic voltammogram, which
serves to identify DA, is also shown (lower panel). In this representative example, two DA
transients with amplitudes of ~50 nM (indicated by asterisk) occurred during the 30 s time
interval shown after the intra-VTA saline microinfusion (Figure 4.2A). Following intra-VTA
administration of the selective MOR agonist DAMGO (Figure 4.2B), five dopamine
transients with an amplitude of ~ 64 nM were evident. When the MOR antagonist CTOP
(Figure 4.2C) was microinfused into the VTA, 10 dopamine transients with amplitude of
~95 nM were evident. Finally, Figure 4.2D shows data collected immediately following the
intra-VTA administration of a cocktail of DAMGO and CTOP, where 13 dopamine
transients (mean amplitude of 149 nM) were evident in the 30 s file. Figure 4.3 quantifies
these effects for all animals (n= 6-7). The frequency of transients was significantly increased
by DAMGO, CTOP and the cocktail infusions (*, p < 0.05, ** p < 0.01). Additionally, the
CTOP and the cocktail infusions also significantly augmented the amplitude of dopamine

transients (* p < 0.05).
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Figure 4.2. Representative data collected 2 min after saline (A), DAMGO (B), CTOP (C)
and cocktail of DAMGO and CTOP (D) microinfusion into the VTA. Top: Concentration vs.
time traces extracted at the oxidation potential of DA. Middle: Color plots depicting all
changes in current (false color) collected over a 30 s window (x-axis) across all potentials (y-
axis). Bottom: Cyclic voltammogram extracted from the data.
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Figure 4.3. Pharmacological manipulation of VTA MORs augments DA transients recorded
in the NAc. DA transient (A) frequency and (B) amplitude (n = 6-7, * p < 0.05, ** p <0.01).
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4.3.3 Histology

Verifications not shown. Work in progress.

4.4 Discussion

We sought to investigate the modulatory effects of VTA MOR agonism and
antagonism on phasic DA release in the NAc based on two widely accepted theories: (1)
MORs located on GABAergic neurons excite VTA DA neurons by disinhibition (48) and (2)
phasic firing of VTA DA neurons that produces phasic DA release is sufficient to produce
CPP (39). Although our DAMGO data support these ideas, several lines of evidence
critically demonstrate that these are not absolute as (1) there are complex mechanisms
underlying MOR actions in the VTA that are not accounted for by the classic disinhibition
model (43) and (2) there are a variety of pharmacological treatments and experimental
manipulations that do not cause positive reinforcement, in spite of the fact that they increase
ventral striatal DA release. We used FSCV to monitor the effects of intra-VTA infusions of
the MOR agonist (DAMGO), the MOR antagonist (CTOP), or a cocktail of both DAMGO
and CTOP on sub-second DA release in the NAc of awake, freely moving rats. Additionally,
the reinforcing effects of these MOR drugs were assessed in a classic CPP paradigm. We
found that intra-VTA infusions of DAMGO increased the frequency of DA transients and
elicited CPP. Interestingly, intra-VTA infusion of CTOP also increased the frequency and
amplitude of DA transients despite the fact that it elicited a conditioned place aversion

(CPA). These findings directly demonstrate that there are complex mechanisms underlying
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MOR mediated neuromechanisms in the VTA, and that robust phasic DA release can be
dissociated from the development of CPP.

The widely accepted opioid-reward model posits that opiates excite DA neurons via
inhibition of tonic GABAergic control of the VTA (40). Inhibition of GABA release by
VTA MOR activation has been demonstrated (49) and inhibition of VTA GABAergic
interneurons or afferent projections to the VTA permits increases in VTA DA neuron activity
(50-52)). Furthermore, optogenetic activation of VTA GABA neurons decreases NAc DA
(53) and can drive conditioned place aversion (54) in mice. However, MOR activation in the
VTA can elicit a variety of additional effects, and therefore this classic disinhibition model
might be an oversimplification. Indeed, the VTA is comprised of several cell types (DA,
GABA, Glu, etc) and MOR agonists can also inhibit glutamate release onto most VTA
neurons (55-56). Furthermore, subsets of VTA neurons of dopaminergic (57-58),
GABAergic, and glutamatergic (55, 59) are directly hyperpolarized by stimulation of MORs
(60). Surprisingly, there is also evidence for a direct excitatory effect of MOR activation on
VTA neurons (61). Since it has not been directly demonstrated that disinhibition is required
per se, for VTA opioid receptor mediated reinforcement, these other mechanisms also likely
play a role. Together, these observations demonstrate that a closer look at VTA MOR control
of DA release in downstream target nuclei is warranted to elucidate how VTA MORs
modulate reward-related behavior.

It is well established that drugs of abuse cause an increase in DA levels in the ventral
striatum, and it is widely believed that this DA release plays a key role in positive drug

reinforcement (6-7). However, there are a variety of pharmacological treatments and
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experimental manipulations that do not cause positive reinforcement, in spite of the fact that
they increase ventral striatal DA release. For instance, in naive rats’ intra-VTA
microinfusion of delta opioid receptor agonists, glial cell-line derived neurotrophic factor, or
cholecystokinin increases DA in the NAc, but does not produce CPP (38, 62-66). Further,
aversive treatments, including tail pinch (41), restraint stress (67-68), and social defeat stress
(69) also increase DA release in the ventral striatum. However, to the best of our knowledge,
robust phasic DA release has only been reported in rewarding paradigm or upon
administration of drugs of abuse, consistent with the popular hypothesis of the involvement
of DA in reward. Herein, we have decoupled robust phasic DA release from reward and
reinforcement. The data show that phasic NAc DA release may not always be sufficient to
produce positive reinforcement, as described by Tsai and colleagues (39). Intra-VTA
infusion of the MOR antagonist CTOP elicits a conditioned place aversion, but also increases
the frequency and amplitude of DA transients recorded in NAc (Figure 3). Additionally,
intra-VTA infusion of the cocktail of DAMGO and CTOP had no significant effect on the
conditioned preference of the animal, but significantly raised the frequency and amplitude of
spontaneous DA transients.

In conclusion, growing evidence is demonstrating that the role of MOR in the VTA,
and that of DA in the striatum, has been oversimplified. Here we provide unequivocal
confirmation that there are complex mechanisms underlying MOR actions in the VTA, and
demonstrate that robust DA release may not be sufficient to establish CPP. Our findings shed
new light on MOR modulation of the mesolimbic DA system and improve our current

understanding of the role of DA in reward-related behaviors. Importantly, these findings will
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inform countless studies related to a variety of disorders with motivational symptoms

including drug addiction, compulsive eating, and depression.
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CHAPTER 5

Tungsten-Based Carbon Microelectrodes Fabricated from Pyrolyzed Parylene-C for

Biochemical Measurements using Fast-Scan Cyclic Voltammetry

This work was completed in collaboration with: Alison Amos, James G. Roberts, Leslie A.
Sombers and Gregory S. McCarty, and is in preparation for submission to Analytical
Chemistry. This work was part of a collaborative effort and only a portion constitutes the
author’s personal dissertation research (the in vivo section): however, all results are shown to
allow for a complete interpretation of the findings.

5.1 Introduction

There has been considerable interest recently in developing systems that report
biochemical changes in functioning tissue or in behaving animals. These types of
measurements are expected to provide insights into a wide variety of disease states and their
treatments. Electroanalytical techniques have shown incredible promise for making these
types of measurements. When coupled with microsensors, these techniques have
demonstrated the ability to invasively probe changes in the biochemical environment with
minimal damage. Due to the complexity of biological systems, microsensors that have
versatility across a number of analytes and tissue types are of particular interest.

Because they resist biofouling and have a large potential window in aqueous
solutions, carbon-based microelectrodes are becoming widely used microsensors for the
electroanalytical characterization of biochemical signaling in functioning tissue (2, 4, 5, 7,

17, 18, 21, 22). Carbon fiber microelectrodes (CFMs) are the most common microsensor for
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electroanalytical measurements due to their ease of fabrication and ability to demonstrate
consistent and accurate voltammetric measurements across a variety of analytes (7).
Fabrication of a CFM is done by hand. A carbon fiber is encapsulated in a glass capillary
drawn to a sharp tip. The carbon fiber extending past the tip is manually cut to the desired
length and the capillary glass is backfilled with electrolyte and fitted with wires for electrical
contact. Despite their popularity as a microsensor, the design of CFMs is not well-suited for
in vivo measurements in behaving animals. Specifically, the flimsy nature of the carbon fiber
combined with the fragility of the glass seal is not ideal for long-term, sustainable
microelectrodes. This limitation hampers the types of measurements that can be done with
CFMs in behaving animals. Due to these limitations, efforts are being made to improve or
replace CFMs as a sensor for electroanalytical measurements (4, 6, 7, 14, 21, 22).

Fast scan cyclic voltammetry (FSCV) is an electroanalytical technique frequently
used with CFMs for measuring fluctuations in the concentration of electroactive analytes in
tissue (19). FSCV provides the required sensitivity and selectivity to monitor electroactive
species in vivo.

Here, we present a tungsten-based carbon microelectrode (WCME) as an alternative
to the conventional CFM. A tungsten wire treated to have a carbonous surface is used instead
of a carbon fiber, and a flexible polymer is used for insulation instead of traditional capillary
glass. This type of microelectrode is advantageous over the CFM in that the tungsten base is
stronger and more rigid than the carbon fiber, and the polymeric insulation has increased
flexibility compared to the capillary glass. This combination of properties makes the WCME

less fragile than the CFM. These conditions are important for in vivo measurements and the

104



overall lifetime of the microelectrode. This work discusses the fabrication of WCMEs and
the electrochemical performance of this sensor for monitoring dopamine (DA), a commonly

studied electroactive neurotransmitter.

5.2 Methods

5.2.1 Materials and Chemicals

Unless otherwise noted, all chemicals were analytical grade and purchased from
Sigma Aldrich or Fisher Scientific. Sodium hydroxide was used to electrochemically etch the
tungsten wire, and buffered oxide etch (Transene Company, Inc., Danvers, MA) was used to
remove surface oxides from tungsten wires. Parylene-C dimer was used as received
(Specialty Coating Systems, Indianapolis, IN). Paraffin wax was used to mask the tips of the
electrodes. Phosphate buffered saline (PBS) (10mM Na,HPQO,4, 138 mM NaCl, 2.7 mM KCI)
was used in all flow injection experiments. Stock solutions of analyte were prepared in PBS,
and dilutions were prepared in PBS on the day of use. Artificial cerebral spinal fluid (aCSF)
(124 mM NaCl, 3.7 mM KCI, 26mM NaHCO3;, 2.4 mM CaCl,, 1.3 mM MgCl,, 1.3 mM

Na;HPO,, 10 mM Glucose) was used in all ex vivo experiments.

5.2.2 Scanning Electron Microscopy Imaging

Scanning electron microscopy (SEM) was carried out with a Hitachi S-3200N SEM
(Analytical Instrumentation Facility, North Carolina State University) in variable pressure

(VPSEM) mode to characterize the size and geometry of the electrodes after fabrication.
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Energy-dispersive x-ray spectroscopy (EDS) was performed to chemically characterize the

exposed carbon surface at the active area of the electrode and the electrode’s insulation.

5.2.3 Raman Spectroscopy

Raman spectroscopy was used to verify the conversion of Parylene-C to a graphitic
carbon during pyrolization. Samples of unpyrolyzed and pyrolyzed Parylene-C were excited
using a 12 mW HeNe laser (Thorlabs Newton, NJ) coupled to an inverted microscope
(Nikon, Melville, NY) with a 100X dry objective (Nikon, Melville, NY). The Raman signal
was analyzed through a spectrograph (Princeton Instruments, Acton, MA) and detected with

a liquid nitrogen cooled CCD camera (Princeton Instruments, Acton, MA).

5.2.4 In Vitro Characterization of Microelectrodes using FSCV

In vitro FSCV experiments were performed using a procedure similar to previously
reported studies (1). Briefly, the working electrode for the FSCV experiments was either a
WCME or a CFM for comparison. The working electrode and Ag/AgCI reference electrode
(World Precision Instruments, Sarasota, FL) were placed in a custom-made electrochemical
cell housed in a Faraday cage. PBS buffer was continuously supplied across the working and
reference electrodes via a syringe pump at 1 mL/min. Single injections of analyte were
delivered to the electrodes using an HPLC valve and air actuator controlled by a digital valve
interface (Valco Instruments Co., Inc., Houston, TX). Cyclic voltammograms were acquired
at a frequency of 10 Hz using a triangular waveform ranging from -0.4 V to +1.3 V and back

to -0.4 V at 400 V/s. The standard FSCV waveform was applied to the electrochemical cell
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within the flow injection apparatus using custom built instrumentation (University of North

Carolina at Chapel Hill, Department of Chemistry, Electronics Facility).

5.2.5 Ex Vivo and In Vivo Methods

For ex vivo methods, male Sprague-Dawley rats (300 - 500 g, Charles River
Laboratories, Raleigh, NC) were anesthetized with urethane (4 g/kg i.p.) before decapitation
to rapidly remove the brain. Coronal slices (400 um thick) containing the striatum were
prepared using a vibratome (World Precision Instruments, Sarasota, FL). Slices were
incubated in aCSF buffer with 20 mM HEPES, at pH 7.4, continually saturated with 95 %
02, 5% CO,, and allowed to equilibrate in buffer for 45 minutes. Slices were then placed in a
heated recording chamber (Warner Instruments, Hamden, CT) and superfused with aCSF at
34 °C to perform electrochemical measurements. DA was detected simultaneously at both a
CFM and WCME placed in the caudate putamen (CPu) (1.2 mm anterior to bregma).
Neurotransmitter release was electrically evoked using a biphasic constant current pulse (500
MA, 2 ms each pulse, 60 pulses, 60 Hz) delivered by a bipolar stimulating electrode (FHC
Inc., Bowdoin, ME). The working electrode and stimulating electrode placements were made
with the aid of a microscope (Nikon Instruments, Inc., Melville, NY), and the electrodes
were positioned ~50 um below the surface of the slice. The tips of the CFM and WCME
were located 1 mm away from the stimulating electrode. All procedures were performed in
accordance with the North Carolina State University Institutional Animal Care and Use

Committee (IACUC).
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For in vivo methods, male Sprague-Dawley rats (300-500 g, Charles River
Laboratories, Raleigh, NC) were deeply anesthetized with sodium urethane (1.5 g/kg i.p.)
and placed in a stereotaxic frame (Kopf Instrumentation, Tujunga, CA). The skull was
exposed to reveal reference points (bregma and lamda) that aided leveling and electrode
placement. A WCME was positioned in the dorsal striatum (+1.2 mm AP, +1.5 mm ML, -4.5
mm DV) and a bipolar stimulating electrode was placed in the medial forebrain bundle
(MFB) (-4.6 mm AP, +1.3 mm ML, -8.8 mm DV). A Ag/AgCI reference electrode was
positioned in the contralateral hemisphere, relative to the WCME. The electrochemical
waveform was applied to the WCME as described earlier to monitor electrically evoked DA
fluctuations. The stimulating electrode was used to drive the electrically evoked release of
DA in the dorsal striatum (60 Hz, 60 pulses, 150pA). The animal’s body temperature was
maintained at 37 °C by a heating pad. Animal care and use was in accordance with North

Carolina State University IACUC guidelines.

5.3 Results and Discussion

5.3.1 Fabrication of Tungsten-based Carbon Microelectrodes

5.3.1.1 Creating a Conical Active Tip

Bare tungsten wires were cut to length and etched to a conical tip using an
electrochemical etching procedure, schematically shown in Figures 5.1A, B. The etching
parameters were tailored to acquire the desired conical geometry of the microelectrode, so as
to minimize tissue damage. Previously fabricated microelectrodes have been etched in

sodium hydroxide (NaOH) (7, 8, 15) and potassium hydroxide (KOH) (5, 8, 10, 11) at
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concentrations ranging from 1.0 M - 3.0 M. Both platinum and iridium loops have been
reported as counter electrodes (5, 7, 8, 10). For this work, a 2.0 M NaOH etching solution
and a platinum coil as counter electrode were selected. Electrochemical etching potential and
rate has also been studied relating to microelectrode fabrication (5, 7, 8, 10, 11, 15). In this
work, an etching potential of 5.0 VDC and a motion rate of 5.0 um/sec was experimentally
determined to yield the desired geometry for the WCMEs. Typically, the tungsten wire was
lowered into the etching solution for 2 minutes at the desired motion rate and allowed to sit
in the solution for 30 seconds before being removed from the solution at the same motion
rate. This procedure resulted in a conical tip that was ~200 um long with an average cone

angle of 8.11° £ 3.74° (n = 9).
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Electrochemical Coat with Pyrolyze Insulate with
Etch Parylene-C Parylene-C

a) b) c) d) €)

Figure 5.1. Fabrication of tungsten-based carbon microelectrodes. (a) untreated tungsten
wire, (b) tungsten wire wet etched in 2.0M NaOH at 5.0 um/sec, 5.0VDC, (c) tungsten wire
coated with 10 um of Parylene-C, (d) graphitic carbon replacing Parylene-C on surface of
tungsten wire after pyrolization, (e) carbonized tungsten wire insulated with 10 um Parylene-
C.

5.3.1.2 Generating a Carbonous Surface

The quality of the graphitic carbon surface of the microelectrode is central to its
performance. The graphitic carbon surface must be free of defects and have good
conductivity. For these reasons, it is important to choose a starting material that evenly coats
the tungsten with no pin holes and that can be readily converted to graphitic carbon. Both
photoresist and Parylene-C have been shown to pyrolyze into high conductivity graphitic
carbon films in a reproducible and repeatable manner (8, 14, 16). In this work, Parylene-C
was selected as the precursor polymeric film for pyrolyzation because it evenly coats

irregular surfaces without defects (13).
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Prior to deposition of Parylene-C on the tungsten wires, a cleaning step was used to
remove any surface oxides. Oxides reduce the adhesion of Parylene-C to the tungsten,
resulting in the loss of the graphitic carbon from the surface of the tungsten during
electrochemical testing. Detection of analyte species could not be carried out without the
presence of carbon at the electrode surface. The formation of tungsten oxides has been
characterized at approximately 1 nm/day when exposed to air (5, 12, 15). Several different
methods have been reported for removing tungsten’s surface oxide (7, 8, 15). Here, buffered
oxide etch was used to remove any surface oxides present on the tungsten.

Immediately after surface oxides were removed from the etched tungsten wires,
deposition of 10 um Parylene-C was carried out using a commercially available chemical
deposition system (Specialty Coating Systems, Indianapolis, IN), Figure 5.1C. Pyrolysis of
the Parylene-C layered tungsten wires was performed in a tube furnace (Sentro Tech
Corporation, Strongsville, OH) under a forming gas environment, Figure 5.1D, converting
the Parylene-C to a conductive graphitic carbon. Verification of a graphitic carbon surface
was done using Raman spectroscopy, Figure 5.2A. The pyrolyzed Parylene-C showed peaks
characteristic with previously reported Raman signals for glassy carbon (9, 21). The Raman
spectrum of graphitic carbon is dominated by two peaks. A peak at about 1600 cm™, called
the graphite band (G), corresponds to the organized carbon rings in a graphite structure.
Additionally, a defect band (D1) is present around 1380 cm™ that originates from the
disorder in the graphitic film. The presence of these two peaks indicates a successful

pyrolization of Parylene-C to a graphitic carbon.
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Figure 5.2. Raman spectra for pyrolyzed and unpyrolyzed Parylene-C. (a) Raman spectrum
of Parylene-C coated tungsten wire and tungsten wire treated to have a graphitic carbon
surface after pyrolization. (b) SEM images of a representative tungsten-carbon electrode.

5.3.1.3 Insulation of Tungsten-based Carbon Microelectrodes

The graphitic carbonized tungsten wires were insulated with a second layer of 10 um
Parylene-C, Figure 5.1E to isolate the conductive carbon, except for the tip that would serve
as the active part of the microelectrode. A custom fixture was designed to lower and secure
the tungsten wires in paraffin wax using a micromanipulator prior to the second deposition of
Parylene-C. The paraffin wax was used to mask the tips of the electrodes and prevent them
from being coated with Parylene-C. After Parylene-C deposition, the fabricated WCMEs
were removed from the fixture, and excess paraffin wax was removed from the electrode tips
using turpentine. Scanning electron microscopy images characterized the size and geometry

of the WCMEs, with representative images shown in Figure 5.2B. Elemental analysis
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confirmed electrodes with a carbon surface on top of a tungsten base, insulated by Parylene-

C (data not shown).

5.3.2 Comparison of Tungsten-based Carbon Microelectrodes to Carbon Fiber

Microelectrodes

5.3.2.1 Mechanical Strength of Electrode Fabrication

In an effort to visualize the difference in fragility between the WCMEs compared to
the traditional CFMs, electrodes of each type were inserted into 1.0 % agar (3), and displaced
medially and laterally in 200 pm increments between 200 and 1000 pm. Displacement was
simultaneously demonstrated visually with the aid of a microscope (Nikon Instruments,
Melville, NY) and voltammetrically by looking at the background CV during the incremental
movements. Figure 5.3A shows a representative CFM inserted 500 um in agar before
displacement (left) and the corresponding voltammetric background CV (right). Figure 5.3B
displays a representative CFM inserted 500 um in agar with a 600 um displacement (left),
and corresponding background CVs for 4 incremental displacements (right). The collected
background current increases for the CFMs when it is incrementally displaced. Taking
measurements in vivo in complex and heterogeneous brain tissue requires an electrode with
strength and some flexibility while maintaining a stable background. 80 % of the CFMs
tested failed at a displacements between 200 pum and 800 pum (n = 5 electrodes). The
WCMEs did not experience a bend like the CFMs. In fact, the strength of tungsten base kept
the overall electrode straight, even when attempting to displace them in a similar fashion as

the CFMs. The WCME displacement test was repeated in 2.0 % agar to verify their
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performance in a stiffer media, and the same results were observed. These data allude to the
WCMEs offering a stronger base compared to the CFMs, suggesting they may be better
suited for making measurements in behaving animals. Though some flexibility was observed
with the CFMs, the displacement resulted in a substantial change in the background of the
electrode, making it difficult to obtain stable measurements over time. Additionally, the glass
insulation has the potential of breaking upon electrode failure, potentially leaving small

pieces of glass behind and making it difficult to use another electrode in the vicinity.
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Figure 5.3. Mechanical strength of microelectrodes. (a) Representative CFM inserted in 500
pum 1.0% agar (left) and resulting background CV (right). (b) Representative CFM inserted
500 um in 1.0% agar, then displaced 600 um using a micromanipulator (left); resulting
background-subtracted CVs of incremental CFM displacement (right).

5.3.2.2 Responsivity and Limit of Detection for Dopamine

The real-time electroanalytical detection of catecholamines in tissue is becoming a
more routine measurement in neuroscience research (16). At this time, the standard protocol
for making in vivo catecholamine measurements utilizes fast scan cyclic voltammetry
(FSCV) at CFMs. For this reason, the electrochemical performance of the WCME is

compared to the performance of the conventional CFM for DA detection using the
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conventional FSCV protocol. Due to its biological importance and existing detection
protocols, DA is a commonly studied catecholamine. Figure 5.4 summarizes the
electrochemical response of WCMEs to a 2 second injection of a 2 uM DA solution and
compares it to a typical response with CFMs. An electrochemical color plot of the response
of the sensor is shown in Figure 5.4A. This color plot is comprised of 300 individual CVs
taken in series over 30 seconds. Time is plotted on the x-axis, applied potential on the y-axis
and current shown in false color. The color plot provides detailed information on the
performance of the measurement. The DA injection is signified by the white arrow, and the
response to DA is apparent from the features in the color plot. After the injection, the current
signal returns to near baseline, indicating that no fouling occurred.

The electrochemical response can be visualized more traditionally by plotting the
collected current versus time and the CV during the injection. The normalized current
response at the peak oxidation potential of DA over time is shown in Figure 5.4B for both
the CFM and proposed WCME. The DA injection caused a large increase in current that
rapidly cleared after the injection. The slight shift in baseline after the analyte injection is
commonly observed during this measurement. A background-subtracted CV of both
electrodes’ response to a DA injection is given in Figure 5.4C. This CV has peaks at the
accepted oxidation and reduction potentials for DA at carbon using FSCV and has a similar
magnitude of response to CFMs. These results suggest that the WCMEs are performing as

well as CFMs electrochemically.
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Figure 5.4. Electrochemistry results of tungsten-based carbon microelectrodes using FSCV.
(a) Color plot response of a representative tungsten electrode to a 2 uM DA solution in PBS
using a potential of -0.4 V to +1.3 V and back to -0.4 V. Injection of DA is given by the

white arrow. (b, ¢) Normalized current response over time and background subtracted CVs
for injections of DA using a CFM (1uM) and a WCME (2uM).

To further explore the electrochemical performance of the WCMEs, the current
response was collected at four biologically relevant concentrations of DA and compared to
the response of CFMs. Figure 5.5 depicts the current density of the peak oxidation potential
versus concentration of DA for both electrode types. Average peak current density is reported
with error bars representing standard deviation. To estimate the area of the microelectrodes,
their backgrounds were compared. The WCME had a similar background to the CFM,
suggesting their surface areas were also similar. From this information, the responsivity to
DA and the theoretical limit of detection (LOD), defined as three times the RMS noise, were
calculated. The responsivity of the WCMEs to DA was 38 + 20 nA/uM with a LOD of 20
nM, similar to CFMs with a responsivity of 25 = 10 nA/uM, and a LOD of 5 nM. Values are
given as the average * standard deviation, n = 5 electrodes. While the WCMEs exhibited a

larger LOD compared to the CFM, it is still lower than physiological concentrations found in
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the brain. The results indicate that using the proposed WCMEs has great capability to

monitor DA when used with the standard FSCV protocol.
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Figure 5.5. Microelectrode responsivity to dopamine. Average response of tungsten-based
carbon microelectrodes and conventional carbon fiber microelectrodes to various
concentrations of dopamine (n=5 electrodes). Values are average * standard deviation.

5.3.2.3 Chemical Selectivity of WCMEs

After determining the responsivity and limit of detection for DA, the WCMESs were
tested for chemical selectivity. The selectivity of the electrochemical response was assessed
for several biologically relevant analytes by calculating correlation factors between the CVs
of DA and those of hydrogen peroxide (H202), pH, adenosine, ascorbic acid, and 3, 4-
dihydroxyphenylacetic acid (DOPAC). Figure 5.6 reports the background subtracted CVs for
these analytes at the WCMEs (solid line) and the CFMs (dotted line). Inspection of the CVs

in Figure 5.6 suggests similar electrochemical selectivity between the CFMs and WCME. To
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further evaluate the selectivity, correlation factors were calculated for the two microelectrode

types.

1 uM Dopamine 20 uM DOPAC

Figure 5.6. Selectivity of tungsten-based carbon microelectrodes. Representative
background-subtracted CVs of response to several biologically relevant analytes using
conventional CFM (dashed line) and the proposed tungsten microelectrodes (solid line).
Arrows indicate direction of the scan.

Table 5.1 reports correlation factors between the DA CV and the other analytes tested
for both types of electrodes (n = 5 electrodes, values are given as the average + standard

deviation). To determine the correlation factor, CVs of DA and each analyte were compared,
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and the r® value reported. A correlation factor of 1 represents a true CV match. Molecules
with CVs similar to DA exhibit higher correlation factors than those with significantly
different CV shapes, or oxidation and reduction potentials, when compared to DA. Resulting
correlation factors for the WCME were similar to those of the CFM, showing that the
WCMEs exhibited similar selectivity for these species as the CFMs. Subtle differences in
peak location and amplitude are expected between the two electrode types due to the

difference in their conductivity and surface properties.

Table 5.1. Correlation factors depicting voltammetric discrimination between analytes.

DOPAC AA Adenosine | H,0O, pH

WEME 0.83+0.05 ] 070+£0.07 | 0.11+0.04 | 0.03+0.04 | 0.53+0.05

CFM

0.89+003 | 0.71+0.03 10.01+0.005] 0.0£0.0 0.41+0.03

5.3.2.4 Ex Vivo Electrode Performance

After determining that the electrochemical performance of the WCMEs and the CFM
were comparable in vitro, the electrodes were tested in tissue. Initial experiments were
performed in coronal slices of rat brain to see if the WCMEs could detect electrically elicited
DA release in live tissue. A CFM and WCME were placed together in the dorsal striatum
region of an excised rat brain slice and DA was elicited using external electrical stimulation.
A stainless steel stimulating electrode provided 60 pulses of 500 pA amplitude at 60 Hz to

the striatum and the CFM and WCME recorded the elicited DA response to the stimulation.

120



Figure 5.7 reports the results of the stimulated DA release for both the CFM and the WCME.
In Figure 5.7A, a color plot of the DA release is shown for each electrode, with the
stimulation pulses occurring at the white arrows. Figure 5.7B reports the same stimulated
DA release in a background-subtracted CV for each electrode type. From these data, it was
determined that the WCME could detect stimulated DA release similarly to that of a CFM in

excised striatal tissue.
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Figure 5.7. Ex vivo response of microelectrodes to electrically stimulated dopamine in a rat
brain slice. Color plot response (a) and background-subtracted CVs (b) of electrically elicited
dopamine for a CFM and WCME, stimulated with 60 pulses, 500pA, at 60 Hz. Stimulation
of DA release is indicated by the white arrows.

Lastly, the operation and stability of the WCME was verified for in vivo
measurements. Many in vivo experiments can span several hours, and an electroanalytical
sensor needs to be able to detect analytes reliably for at least this time period. The operation

and stability of the WCME was tested in vivo by implanting one into the dorsal striatum of an
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anesthetized rat. Electrically evoked DA release was monitored over a period of six hours
and compared to a control experiment with a CFM. Figures 5.8A, B show the color plot
response and background-subtracted CVs of evoked DA release, measured by both the CFM
and WCME. White arrows mark the time of the electrical stimulation. Figure 5.8C reports
the average percent change in peak DA concentration evoked from the initial time point over
a six hour period for both electrode types. The WCME reported a 78 % = 12 % change in
current over time, with the CFM showing a 71 % + 18 % change in current over time. From
these data, it was concluded that the WCME detected evoked DA release over time

comparably to the traditional CFM.
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Figure 5.8. In vivo response of microelectrodes to evoked dopamine release in the caudate
putamen. (a, b) Color plots and background-subtracted CVs of evoked DA release for both
electrode types. (c) Percent change in peak DA concentration compared to the initial
concentration elicited at time 0 over a six hour period for both a standard CFM and WCME.
Stimulation to evoke DA release occurs at the white arrows shown in (a).

5.4 Conclusions

Pyrolyzed Parylene-C was used in conjunction with a tungsten wire to create
microelectrodes that enable FSCV measurements. These sensors are expected to be more
practical for measurements in large animal models and for longer-term voltammetric
measurements in tissue compared to traditional CFMs. In this work, a tungsten-based carbon
microsensor is demonstrated for measuring fluctuations in DA and other biologically-
relevant analytes. The tungsten-based carbon microsensor has comparable electrochemical

performance to CFMs both in vitro and in vivo, and over several hours of use. Using tungsten
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wire as the base of the microelectrode provides more strength and rigidity compared to a
carbon fiber. Additionally, use of a polymer for insulation is advantageous over capillary
glass in that it provides more flexibility, and reduces the size of electrode and the risk of
breaking during use. Overall, the tungsten-based microsensor provides a more robust design
than the conventional CFMs. Improving the ease of fabrication of these electrodes is being

examined.

124



5.5 References

1.

A. N. Amos, J. G. Roberts, L. Qi, L.A. Sombers, and G. S. McCarty. Reducing the
sampling rate of biochemical measurements using fast-scan cyclic voltammetry for in
vivo applications. IEEE Sensors 14, 2975-2980 (2014).

J. C. Conti, E. Strope, R. N. Adams, and C. A. Marsden. Voltammetry in brain-tissue
- chronic recording of stimulated dopamine and 5-hydroxytryptamine release. Life
Sci. 23, 2705-2715 (1978).

R. Das, D. Gandhi, S. Krishnan, L. Saggere, and P. J. Rousche. A benchtop system to
assess cortical neural interface micromechanics. IEEE Trans. Biomed. Eng. 54, 1089-
1096 (2007).

A. G. Ewing, and R. M. Wightman. Monitoring the stimulated release of dopamine
with in vivo voltammetry. 2. Clearance of released dopamine from extracellular fluid.
J. Neurochem. 43, 570-577 (1984).

O. L. Guise, J. W. Ahner, M. C. Jung, P. C. Goughnour, and J. T. Yates.
Reproducible electrochemical etching of tungsten probe tips. Nano Letters 2, 191-193
(2002).

M. L. A. V. Heien, P. E. M. Phillips, G. D. Stuber, A. T. Seipel, and R. M.
Wightman. Overoxidation of carbon-fiber microelectrodes enhances dopamine
adsorption and increases sensitivity. Analyst 128, 1413-1419 (2003).

A. Hermans, and R. M. Wightman. Conical tungsten tips as substrates for the

preparation of ultramicroelectrodes. Langmuir 22, 10348-10353 (2006).

125



10.

11.

12.

13.

14.

15.

R. Hobara, S. Yoshimoto, S. Hasegawa, and K. Sakamoto. Dynamic electrochemical
etching technique for tungsten tips suitable for multi-tip scanning tunneling
microscopes. E-Journal of Surface Science andNanotechnology5, 94-98 (2007).

J. Jakabovic, et al. Preparation and properties of thin parylene layers as the gate
dielectrics for organic field effect transistors. Microelectron. J. 40, 595-597 (2009).
B. Ju, Y. Chen, M. Fu, Y. Chen, and Y. Yang. Systematic study of electropolishing
technique for improving the quality and production reproducibility of tungsten STM
probe. Sensors and Actuators A-Physical 155, 136-144 (2009).

B. Ju, Y. Chen, and Y. Ge. The art of electrochemical etching for preparing tungsten
probes with controllable tip profile and characteristic parameters. Rev. Sci.
Instrum.82, 013707 (2011).

R. S. Lillard, G. S. Kanner, and D. P. Butt. The nature of oxide films on tungsten in
acidic and alkaline solutions. J. Electrochem. Soc. 145, 2718-2725 (1998).

G. E. Loeb, M. J. Bak, M. Salcman, and E. M. Schmidt. Parylene as a chronically
stable, reproducible microelectrode insulator. IEEE Trans. on Biomed. Eng. 24, 121-
128 (1977).

K. C. Morton, C. A. Morris, M. A. Derylo, R. Thakar, and L. A. Baker. Carbon
electrode fabrication from pyrolyzed Parlyene-C. Anal. Chem.83, 5447-5452 (2011).
A. D. Muller, et al. Characterization of electrochemically etched tungsten tips for

scanning tunneling microscopy. Rev. Sci. Instrum. 70, 3970-3972 (1999).

126



16.

17.

18.

19.

20.

21.

22.

M. Perry, Q. Li, and R. T. Kennedy. Review of recent advances in analytical
techniques for the determination of neurotransmitters. Anal. Chim. Acta 653, 1-22
(2009).

S. Ranganathan, R. L. McCreery, S. M. Majji, and M. Madou. Photoresist-derived
carbon for microelectromechanical systems and electrochemical applications. J.
Electrochem. Soc.147, 277-282 (2000).

S. Ranganathan, and R. L. McCreery. Electroanalytical performance of carbon films
with near-atomic flatness. Anal. Chem.73, 893-900 (2001).

J. G. Roberts, B. P. Moody, G. S. McCarty, and L. A. Sombers. Specific oxygen-
containing functional groups on the carbon surface underlie an enhanced sensitivity to
dopamine at electrochemically pretreated carbon fiber microelectrodes. Langmuir26,
9116-9122 (2010).

D. L. Robinson, B. J. Venton, M. L. Heien, and R. M. Wightman. Detecting
subsecond dopamine release with fast-scan cyclic voltammetry in vivo. Clin.
Chem.49, 1763-1773 (2003).

D. Takagi, Y. Suzuki, and N. Kasagi. Pyrolyzed Parylene structure as selective
emitter for high-efficiency thermophotovoltaic power generation. Proceedings of the
IEEE Twentieth Annual International Conference on Micro Electro Mechanical
Systems, Vols 1 and 2, 710-713 (2007).

M. K. Zachek, J. Park, P. Takmakov, R. M. Wightman, and G. S. McCarty.
Microfabricated FSCV-compatible microelectrode array for real-time monitoring of

heterogeneous dopamine release. Analyst135, 1556-1563 (2010).

127



23. M. K. Zachek, P. Takmakov, B. Moody, R. M. Wightman, and G. S. McCarty.
Simultaneous decoupled detection of dopamine and oxygen using pyrolyzed carbon

microarrays and fast-scan cyclic voltammetry. Anal. Chem. 81, 6258-6265 (2009).

128



CHAPTER 6

Reducing the Sampling Rate of Biochemical Measurements using Fast-Scan

Cyclic Voltammetry for In Vivo Applications

The following work was reprinted with permission from: Alison N. Amos, James G. Roberts,
Lingjiao Qi, Leslie A. Sombers and Gregory S. McCarty, IEEE Sensors 2014, 14, 2975-
2980., Copyright 2014 IEEE Sensors. This work was part of a collaborative effort and only a
portion constitutes the author’s personal dissertation research (the in vivo experiments
section); however, all results are shown to allow for a complete interpretation of the findings.

6.1 Introduction

Biochemical signaling can be used as a reporter for tissue health and function, or to
study pharmacological effects. As such, real-time biochemical measurements in functioning
tissue can provide valuable insight into health and well-being, and has been an area of intense
research. Electroanalytical measurements can be made in situ and without sample
purification, making these techniques particularly well suited for real-time biochemical
measurements in functioning tissue. In addition, electroanalytical sensors can be produced
that are quite small, require minimal power, and are relatively inexpensive to construct (3),
(29). These advantages make electrochemical detection methods ideal for chronic and
wireless monitoring of biochemical signaling in behaving animals or medical patients.

The inherent advantages of electroanalytical biochemical measurements have led to
the rapid expansion of their use in neuroscience research. In this field, electrochemical

techniques have been adapted and continually developed to monitor rapid fluctuations in the
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concentration of neurotransmitters and neuromodulators in live brain tissue. For example,
monoamines are a group of electroactive neurotransmitters involved in numerous brain
functions, including voluntary movement, attention, learning, and reward (24). The
concentration of these important signaling molecules can be monitored in functioning brain
tissue using electroanalytical protocols based on fast-scan cyclic voltammetry (FSCV) at
carbon-fiber microelectrodes (CFMs). FSCV protocols for monitoring dopamine (DA) (5, 8-
11, 13-16, 25-28), norepinephrine (7, 10), pH (21, 23), oxygen (23, 27), hydrogen peroxide
(12, 18, 20) and serotonin (4, 5, 8) in brain tissue have been reported. In FSCV, a potential
waveform is applied to the working electrode and the resulting current response is recorded.
These currents are plotted versus the applied voltage as a cyclic voltammogram (CV),
providing information about the redox reactions occurring at the sensor surface. The identity
and concentration of the species undergoing redox reactions can be determined from peak
location and magnitude, respectively (1). For biochemical measurements, CVs are recorded
at regular intervals to provide temporal information about the fluctuations in the
concentrations of electroactive species. Unfortunately, the existing FSCV protocols were
developed with no regard for data transfer rates or power consumption. These engineering
parameters are becoming more important as there is a critical need to move to longer term
experiments and to wireless systems to allow behaving animals more freedom of motion.

DA is the most commonly monitored neurotransmitter using FSCV due to its
importance in guiding behaviors and its relatively high signaling concentrations in vivo (15).
The protocol for DA detection applies a triangular potential waveform to the sensor that

starts at -0.4 V, ramps up to +1.3 V and back down to -0.4 V at a scan rate of 400 V/s. Each
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scan, or CV, takes 8.5 ms to complete. For in vivo DA measurements, the waveform is
typically applied to the sensor to sample the environment at the electrode surface every 100
ms, resulting in a 10 Hz sampling rate with 10 CVs collected per second. Typical acute
experiments, both in vitro and in vivo, last several hours. Chronic experiments can last days
or weeks, generating a tremendous amount of data.

In this work, the sampling rate was reduced from the standard 10 Hz to 1 Hz, and this
protocol was evaluated for efficacy in monitoring DA in living brain tissue. In vitro studies
showed that sensor responsivity and sensitivity for DA was maintained at the reduced
sampling rate. Despite the reduced temporal resolution, in vivo experiments demonstrated
that the proposed FSCV protocol was capable of monitoring dynamic fluctuations in DA
concentration in vivo. The decreased sampling rate will reduce the overall volume of data
collected and the amount of power needed to operate the electrochemical system. Power
consumption was not measured in this study because the electrochemical measurements are
made using a traditional bench-top potentiostat and would not accurately reflect power
savings in a compact wireless low-power potentiostat. However, reducing the power and
amount of data generated will assist in the miniaturization of FSCV systems, while

preserving the applicability of this powerful approach for in vivo measurements.

6.2 Methods

6.2.1 Materials and Chemicals

See Appendix A.
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6.2.2 Microelectrode Fabrication

See Appendix A.

6.2.3 In Vitro Methods

See Appendix A.

6.2.4 In Vivo Methods

Please see Appendix A for anesthetized surgery methods.

6.3 Results and Discussion

6.3.1 Electrochemical Performance of CFMs at Reduced Sampling Rates

FSCV has become a common method for monitoring electroactive neurotransmitters,
such as DA, in functioning tissue (15, 16), and is commonly paired with a CFM as the
sensor. The typical DA protocol employed is referred herein as the “standard protocol.” The
standard protocol involves applying the potential waveform at a sampling rate of 10 Hz,
generating 10 CVs each second. In this work, the sampling rate was reduced to 1 Hz with the
goal of reducing the volume of data acquired and transferred. Figure 6.1 outlines the work
presented in this article. A potential waveform was applied from -0.4 V to +1.3 V and
scanned back to -0.4 V at 400 V/s. This waveform had an 8.5 ms duration and was applied at
either 10 Hz or 1 Hz to a cylindrical CFM, Figure 6.1A. A scanning electron micrograph
image of a typical glass-insulated cylindrical CFM is shown in Figure 6.1B. The application

of the potential waveform results in large non-faradaic background currents that are largely
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capacitive in nature and stable over short periods of time (10s of seconds). Figure 6.1C plots
representative background voltammograms collected using both the 1 Hz waveform (solid
line) and the 10 Hz waveform (dashed line). The addition of an electroactive species, such as
DA, induces the generation of faradaic current that is superimposed on this stable
background. The background current is then subtracted from the fluctuating signal, resulting
in a background-subtracted CV. The characteristics of this voltammogram serve to
quantitatively identify the redox-active molecule detected. Peak intensity correlates with
analyte concentration, and peak location is used in analyte identification. Figure 6.1D shows
representative background-subtracted CVs for a 1 pM change in DA concentration collected

using the 1 Hz (solid line) and 10 Hz (dashed line) sampling rates.
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Figure 6.1. Overview of fast-scan cyclic voltammetry. (a) Fast-scan cyclic voltammetry is
applied to CFMs at the standard 10 Hz and reduced 1 Hz sampling rates for the
characterization of monoamines. (b) Scanning electron micrograph of a typical CFM. (c)
Representative background CVs collected using 10 Hz and 1 Hz sampling rates. (d)
Background-subtracted CVs for 1 uM DA collected using the standard and reduced sampling
rates.

To evaluate the effect of sampling rate on the responsivity of the sensing protocol for
DA, four sampling rates (0.5, 1, 5, and 10 Hz) were tested. Physiological changes in
concentrations of monoamines in the body occur on the second-to-sub-second time scale
(15). Sampling rates were selected to encompass the expected requirements to monitor
physiological monoamine signaling. In the flow injection apparatus, a CFM was immersed in
a flowing solution that was rapidly changed from PBS to a solution of 1 uM DA in PBS.
Figure 6.2 shows representative background-subtracted CVs for a 1 uM change in DA using

the four chosen sampling rates, including the standard 10 Hz rate. All three sampling rates
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tested against the standard rate of 10 Hz elicited an increased current response to DA. This
increase can be explained by the increased time available for DA to adsorb to the surface of
the CFM between sampling points. This adsorption is dependent on electrode charge and
surface chemistry (2, 6, 14). Sampling rates of 0.5, 1, 5, and 10 Hz result in 1991.5, 991.5,
191.5, and 91.5 ms available for adsorption to the carbon surface, respectively. However, a
diminished current response was observed using a sampling rate of 0.5 Hz when compared to
the 1 Hz sampling rate. The carbon surface has been shown to “renew” itself in a self-
cleaning process when the electrode experiences sufficiently anodic potentials (~1.3V) (22).
We speculate that the sensor is susceptible to more fouling at the 0.5 Hz sampling rate,
because it experiences less time at higher potentials. Examining peak anodic current in the
CV, it was determined that the 1 Hz sampling rate had an average responsivity for DA of 105
+ 5 nA/uM, compared to 62 £ 12 nA/uM at 0.5 Hz, 56 + 11 nA/uM at 5 Hz, and 27 + 5
nA/UM at the standard 10 Hz sampling rate (n = 5 electrodes, values are given as the average

+ the standard deviation).
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Figure 6.2. Characterization of various sampling rates. Average background-subtracted CVs
for 1 uM dopamine collected at 4 different sampling rates. These were investigated to
determine the lowest rate that could be used without compromising the responsivity of the
sensor.

Additionally, the limit of detection (LOD) for DA was calculated as 3 times the root
mean squared (RMS) noise for each of the sampling rates investigated. All sampling rates
exhibited a LOD of 3-5 nM. While some variation in the detection limit was observed, the
small differences were not statistically significant (n = 5 electrodes, p = 0.26, 2-tailed, paired
Student’s t-test). The 1 Hz sampling rate was chosen for further in vitro and in vivo study,

given that the responsivity was increased and the LOD was unaffected.

6.3.2 Selectivity of CFMs at Reduced Sampling Rate

After verifying that the 1 Hz sampling rate maintained the necessary responsivity and

LOD for in vitro studies, the reduced sampling rate was tested for chemical selectivity.
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Several biologically relevant analytes (hydrogen peroxide (H202), pH, adenosine, ascorbic
acid, and 3, 4-dihydroxyphenylacetic acid (DOPAC)) were evaluated to verify that they
could be effectively distinguished from DA and determine any correlation between their
electrochemical properties and those of DA. Figure 6.3 shows the background-subtracted
CVs for these analytes collected at the reduced sampling rate (1 Hz), as compared to the

standard sampling rate (10 Hz).
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Figure 6.3. Selectivity of reduced sampling rate. Representative background-subtracted CVs
for several biologically relevant analytes collected at a CFM using a sampling rate of 1 Hz
(solid line) and 10 Hz (dashed line). Arrows indicate direction of the scan.
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Table 6.1 lists the correlation factors calculated for a comparison of the
voltammogram for each analyte to that of DA, using both sampling rates (n = 5 electrodes,
values are given as the average + the standard deviation). A correlation factor of 1 represents
an exact match, and lower correlation factors indicate voltammetric discrimination between
species. DOPAC and ascorbic acid have CVs that are somewhat similar to the
voltammogram for DA, thus the correlation factors are much higher than those generated
when comparing the voltammograms for adenosine and hydrogen peroxide to that of DA.
These molecules exhibit significantly different redox chemistry. Importantly, the correlation
factors were consistent for both sampling rates across all analytes tested, and were similar to
those previously reported (6, 19). From these findings, it was concluded that the reduced
sampling rate did not compromise the chemical selectivity of the voltammetric approach to

molecular monitoring.

Table 6.1. Correlation factors quantifying voltammetric discrimination between species.

DOPAC Ascorbic Acid Adenosine H,O, pH
1Hz 0.85+ 0.03 0.64 +0.02 0.020 + 0.005 0.0+0.0 0.44 +0.03
10 Hz 0.89 +0.03 0.71+0.03 0.010 + 0.005 0.0+0.0 0.41+0.03
6.3.3 Stability

Typical in vivo experiments can span several hours, so a reliable in vivo measurement
protocol requires stable analyte detection for at least this time frame. The stability of the
reduced sampling rate was tested in vitro against the standard sampling rate over the course

of six hours, using an in vitro flow injection apparatus. PBS was continuously supplied and
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several short injections of DA were presented to the sensor every fifteen minutes.
Representative data from three time points comparing 10 Hz and 1 Hz sampling rates are
shown in Figures 6.4A and 6.4B, respectively. There was no significant change in sensor
performance observed over this time period. Figure 6.4C shows the current response of the
sensor over a six hour time period when scanning at 1 Hz. These data verify the stability of
the sensor at the reduced scanning rate, further demonstrating the utility of this protocol.
Small variations in current response are typical in long-term experiments, and can be
attributed to changes in the surface chemistry of the sensor. However, a paired t-test between
time 0 and time 6 hours showed that the difference in current response over this time period

was not significant (n = 6 electrodes, p = 0.51, 2-tailed, paired Student’s t-test).
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Figure 6.4 1 Stability of reduced sampling rate in vitro. Representative background-
subtracted CVs of 1 uM dopamine characterizing 0, 3 and 6 hours of electrochemically
cycling at a sampling rate of 10 Hz (a), and 1 Hz (b). (c) In vitro peak current response of
CFM (n= 6 electrodes, 15 min interval) to 1 uM dopamine when sampling at 1 Hz over six
hour experiment (p = 0.51, Student’s t-test).
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6.3.4 In Vivo Experiments

Since the in vitro results suggested that the reduced sampling rate protocol had the
required criteria, it was necessary to verify in vivo performance. A CFM electrode was
implanted in the CPu of an anesthetized rat and electrically elicited DA release was
monitored over a period of eight hours using a 1 Hz sampling rate. Figure 6.5A overlays
representative CVs for the detection of DA using 1 Hz collected at the beginning and end of
the experiment, demonstrating minimal decrease in current. These current responses were
converted to concentration using a typical post-calibration procedure (13). Figure 6.5B plots
the fluctuations in DA concentration detected over 8 hours for both the 1 Hz and 10 Hz rates.
Both rates exhibit minimal decrease in current response over the time period. The difference
in detected concentration between the two rates is not a reflection of the sampling rate but of
the use of separate animals for each rate tested. These data verify the performance of the

reduced sampling rate for in vivo measurements of DA.
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Figure 6.5. In vivo characterization of reduced sampling rate. (a) Background-subtracted
CVs for evoked dopamine release in the CPu, taken at 0 and 8 hours using a sampling rate of
1 Hz. (b) A line graph plotting the amplitude of electrically evoked DA release over time for
the 1 Hz and 10 Hz sampling rates. Concentration changes were measured every fifteen
minutes. The dotted line represents the amplitude of the first data point.

6.4 Conclusions

The results demonstrate that in vitro and in vivo DA fluctuations can be monitored
using a reduced sampling rate, with minimal impact on measurement performance. The
quantity of data collected and transferred per second is reduced by an order of magnitude
compared to the standard protocol by using this reduced sampling rate. We expect that this
reduction will facilitate chronic and wireless biochemical measurement systems without
compromising the quantitative and qualitative performance of this approach to in vivo
molecular monitoring. This work lays a foundation for future studies of power consumption
during experimentation, including the development and integration of hardware to monitor

real-time power usage. By duty cycling the sensor during the measurements, it is expected
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that the power consumption can be reduced by an order of magnitude compared to the

standard protocol.
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CHAPTER 7

Evaluation of a Reduced Data Density in Fast-Scan Cyclic Voltammetry
Measurements of Biochemical Signalling
This work was part of a collaborative effort with: Alison Amos, James G. Robers, Leslie A.
Sombers and Gregory S. McCarty, and is in preparation for submission to Analytical

Chemistry. Only a portion of the chapter constitutes the author’s personal dissertation
research; however, all results are shown to allow for a complete interpretation of the findings.

7.1 Introduction

Biochemical measurements are important for detailing tissue function and health and
have significance in the investigation of various neurodegenerative disorders. Monitoring
real-time biochemical measurements in living tissue has been extensively studied in recent
years in numerous biomedical research applications. Electroanalytical detection techniques
are very compatible with these types of measurements as they utilize small, inexpensive
sensors and provide fast temporal resolution (3, 25, 33). These benefits make
electroanalytical detection an excellent choice for chronic monitoring of biochemical
signaling and for use in behaving animals.

Electroanalytical techniques have quickly become commonplace in neuroscience
research for observing fluctuations in the concentrations of various electroactive
neurotransmitters and other molecules present in functioning tissue. These electroactive
molecules impact various brain functions, including reward, voluntary movement and

learning (26, 29). Electroanalytical monitoring of these neurotransmitters can be done using
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an existing in vivo measurement technology, FSCV, with a carbon-fiber microelectrode
(CFM) as the sensor. With FSCV, the change in concentration of many electroactive
molecules can be recorded and displayed. FSCV protocols for measuring DA (5, 9, 11, 14,
15, 17-20, 27, 30-32), hydrogen peroxide (16, 21, 23), oxygen (25, 31), norepinephrine (8,
14), serotonin (4, 5) and pH (24, 25) have all be reported. In FSCV, a potential waveform is
applied to a working electrode, generating a current response. The recorded currents are
typically displayed versus the applied potential as a cyclic voltammogram (CV). CVs offer
valuable insight into the redox reactions that occur at the surface of the electrode by creating
a chemical fingerprint of the molecule. This fingerprint contains both the identity and
concentration of the species derived from the peak location and magnitude, respectively (2).
FSCV has been utilized in vivo for many years. As this technology moves toward longer-
term experiments and use in freely moving animals, there is a need to improve the
engineering performance of FSCV. Existing FSCV protocols were developed initially for use
in narrowly defined, acute experimentation, thus little consideration was placed on data
transfer requirements. In a typical experiment the electrochemical information is
oversampled leading to large volumes of data. Limitations in data transfer hinders the ability
to move towards a system that takes measurements over a longer period of time as well as the
application of a wireless system that would provide animals greater freedom of motion.

One of the commonly monitored molecules using FSCV is dopamine (DA), due to its
behavioral importance and high concentrations in vivo (19). We have previously reported a
protocol for monitoring DA using FSCV (1). A triangular potential waveform between -0.4

V and +1.3 V is applied to the sensor and each potential scan, or CV, takes 8.5 ms to
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complete. Typical in vivo measurements sample at a rate of 10 Hz, resulting in 10 CVs
collected per second. Monitoring the biological function of DA and other molecules can
involve experiments that last several hours, days or weeks, collecting immense amounts of
data. We have previously described a protocol that reduces the sampling rate to 1 Hz
compared to a standard 10 Hz rate for moderating the amount of data generated without
compromising the applicability of FSCV for in vivo biochemical measurements (1). In this
work, the experimental FSCV parameters that contribute to the amount of data collected are
evaluated to understand their impact on the performance of the FSCV measurement. Here,
the data density, or number of data points per CV, is reduced below the standard 850 pts/CV.
Additionally, protocols featuring combinations of reduced sampling rate and reduced data
density were evaluated for efficacy of observing DA in living tissue. Decreasing the
sampling rate and data density drastically reduces the overall volume of data collected,
enabling much longer experimental files to be collected without generating massive data
files. The reduction of experimental data density will play a role in the creation of practical
chronic wireless measurement systems where power consumption and data transfer rates

become critical system parameters.

7.2 Methods

7.2.1 Materials and Chemicals

See Appendix A.
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7.2.2 Microelectrode Fabrication

See Appendix A.

7.2.3 In Vitro Methods

See Appendix A.

7.2.4 Ex Vivo Methods

For ex vivo methods, male Sprague-Dawley rats (300 - 500 g, Charles River
Laboratories, Raleigh, NC) were anesthetized with urethane (4 g/kg i.p.) before decapitation
to rapidly remove the brain. Coronal slices (400 um thick) containing the striatum were
prepared using a vibratome (World Precision Instruments, Sarasota, FL). Slices were
incubated in aCSF buffer (1.24 mM NaCl, 3.7 mM KCI, 2.6 mM NaHCO3;, 2.4 mM CaCly,
1.3 mM MgCl,, 1.3 mM NaH,PO4, 10 mM Glucose) with 20 mM HEPES, at pH 7.4,
continually saturated with 95 % O, 5 % CO,, and allowed to equilibrate in buffer for 45
minutes. Slices were then placed in a heated recording chamber (Warner Instruments,
Hamden, CT) and superfused with aCSF at 34 °C to perform electrochemical measurements.
DA was detected in the caudate putamen (CPu) (1.2 mm anterior to bregma) using a standard
CFM. Neurotransmitter release was electrically evoked using a biphasic constant current
pulse (400 A, 2 ms each pulse, 5 pulses, 60 Hz) delivered by a bipolar stimulating electrode
(FHC Inc., Bowdoin, ME). The working electrode and stimulating electrode placements were
made with the aid of a microscope (Nikon Instruments, Inc., Melville, NY), and the

electrodes were positioned ~50 um below the surface of the slice. The tip of the CFM was
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located 1 mm away from the stimulating electrode. All procedures were performed in
accordance with the North Carolina State University Institutional Animal Care and Use

Committee (IACUC).

7.3 Results and Discussion

7.3.1 Electrochemical Performance of Microelectrodes at Reduced Sampling Rates and Data

Densities

FSCV is a common technique used to observe neurotransmitters in functioning tissue
(19, 22, 28). DA is a commonly monitored neurotransmitter detected with a widely-used
FSCV protocol and a CFM sensor (19). This standard protocol utilizes a potential waveform
applied at a sampling rate of 10 Hz, collecting 10 CVs per second with 850 data points
collected per CV. The goal of this work is to understand the implications of the number of
data points collected per second on the performance of the FSCV technique for monitoring
common biological analytes. Reducing the amount of data acquired and transferred has the
potential of increasing the applicability of FSCV in chronic measurements. Figure 7.1
outlines the application of FSCV using various sampling rates and data densities. A potential
waveform is applied from -0.4 V to +1.3 V and back to -0.4 V to a standard CFM at 20 Hz,
10 Hz, 3 Hz or 1 Hz, Figure 7.1A. This application results in 20, 10, 3, or 1 CV collected
every second. Additionally, each CV collected is comprised of 850, 250 or 100 data points,
Figure 7.1B. Figure 7.1C plots the large, acutely stable background current generated by the
application of the potential waveform to the CFM and the resulting background-subtracted

CV after an electroactive species, such as DA, is introduced. Introduction of this species
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causes current fluctuations that are superimposed on the background. Once the background is
subtracted out, the background-subtracted CV gives a characteristic fingerprint of the
oxidation and reduction of the molecule. Figures 7.1D, E show representative background-
subtracted CVs for a 1uM change in DA concentration at varying sampling rates (20, 10, 3, 1
Hz) and data densities (850, 250, 100 pts/CV), respectively. We have previously reported
how varying the sampling rate affects the responsivity of the sensor to DA (1). In this work,
we are investigating the impact of reducing the data density as well as the simultaneous

reduction of sampling rate and data density on the electrochemical performance.
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Figure 7.1. Fast-scan cyclic voltammetry applied at varying sampling rates and data densities
for the characterization of dopamine. FSCV can be applied at varying sampling rates (a) and
with varying data densities (b) to a CFM for the characterization of monoamines. (c)
Representative background CV (top) and background-subtracted CV for 1 uM DA (bottom).
(d) Representative background-subtracted CVs for 1 uM DA at 20 Hz, 10 Hz, 3 Hz, and 1 Hz
sampling rates and with (e) data densities of 850 pts/CV, 250 pts/CV, and 100 pts/CV.

7.3.2 Selectivity of Microelectrodes at Reduced Data Densities

In order to determine the effect of a reduced data density on the electrochemical
performance of the protocol, several reduced data densities were evaluated against the

standard 850 pts/CV for responsivity to 1 uM DA. In these initial experiments, DA
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responsivity was evaluated versus points per CV. The collection of CVs with less than 100
data points caused significant reductions in the responsivity, Figure 7.2A. Values are plotted
as average + standard deviation (n=5). For this reason, 100 data points per CV is the fewest
number presented in the remainder of this work.

Responsivity to DA and several other biologically-relevant analytes (3, 4-
dihydroxyphenylacetic acid (DOPAC), hydrogen peroxide (H20,), ascorbic acid and pH was
evaluated at the standard and reduced data densities. Figures 7.2B, C, D, E, F show the
background-subtracted CVs for various analytes run with a 10 Hz sampling rate at the

standard and reduced data densities.
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Figure 7.2. Reducing data density does not compromise selectivity. (a) Average current
response to 1 uM DA for various data densities (n=5). Data densities of 40 and 70 pts/CV
show statistical difference compared to standard density of 850 pts/CV (p < 0.001 and p <
0.01, respectively, ANCOVA). (b - f) Representative background-subtracted CVs for several
biologically relevant analytes collected at a CFM using a sampling rate of 10 Hz with either
850pts/CV, 250 pts/CV, or 100 pts/CV. Arrows indicate direction of the scan. CVs shown for
(b) 1 puM dopamine, (c) 20 uM 3,4-dihydroxyphenylacetic acid, (d) 50 puM hydrogen
peroxide, (e) 100 uM ascorbic acid, (f) pH 7.5 in PBS solution.

Figure 7.3 gives results of a common statistical technique, principal component
regression (PCR), for four additional analytes tested. PCR is a common technique that uses
known concentrations of analyte species and tests them against collected CV responses (6,

10, 12, 13). Varying concentrations of each analyte were injected in separate solutions and

CVs were recorded. PCR was then used to evaluate the species present and its concentration.
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Each graph depicts the known concentration of analyte versus the predicted concentration of
analyte determined by PCR for each data density tested. The slopes of the regressions lines
for each data density tested are given by the average + standard deviation and unity slope is
given by the diagonal line. No statistical significant differences were found between any of
the data densities tested and unity slope (n=4, ANCOVA). PCR accurately predicted
concentrations for each analyte species at the standard 850 pts/CV and both reduced data
densities tested. These data show that a reduction in data density of 250 pts/CV and 100

pts/CV compared to the standard 850 pts/CV does not compromise chemical selectivity.
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Figure 7.3. Verifying chemical selectivity with statistics. Known concentrations of analytes
compared to concentrations evaluated by PCR for the collected 850 pts/CV, 250 pts/CV and
100 pts/CV. The slopes of the regression lines were determined to be 0.97 + 0.07 for
dopamine at 850 pts/CV (r*=0.97), 0.99 + 0.06 (r*=0.99) at 250 pts/CV and 1.01 + 0.07
(r’=0.98) at 100 pts/CV; 1.04 + 0.04 (r’=0.99) for DOPAC at 850 pts/CV, 1.02 + 0.06
(r=0.99) at 250 pts/CV and 1.01 + 0.08 (r>=0.99) at 100 pts/CV; 1.01 + 0.01 (r?=0.99) for
ascorbic acid at 850 pts/CV, 1.05 + 0.03 (r?=0.99) at 250 pts/CV and 1.06 + 0.03 (r>=0.99) at
100 pts/CV; 1.02 + 0.05 (r*=0.96) for a change in pH at 850 pts/CV, 1.03 + 0.03 (r>=0.99) at
250 pts/CV and 1.03 + 0.03 (r?=0.98) at 100 pts/CV. Error bars represent standard deviation
(n=4). The diagonal lines represent unity slope.
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7.3.3 Sensitivity of Microelectrodes to Dopamine using Reduced Parameters

After verifying the reduced data densities maintained the necessary responsivity and
selectivity of the standard protocol, the sensitivity of experimental protocols with varying
data density and protocols with varying sampling rate was determined for DA, Figure 7.4.
Four concentrations of DA were tested for responsivity with each experimental protocol.
Figure 7.4A gives the average peak current for each concentration of DA at each data
density (n=4). Sensitivity of each data density is given by the slopes of the regression lines
(values shown as average + standard deviation). Sensitivity to DA at 10 Hz for the standard
data density of 850 pts/CV was determined to be 31 + 4 nA/uM, for 250 pts/CV the
sensitivity was 30 £ 1 nA/uM, and 32 + 1 nA/uM for 100 pts/CV. Sensitivity to DA for the
reduced 250 pts/CV and 100 pts/CV are not statistically significant compared to the standard
850 pts/CV (p = 0.82, p = 0.90, respectively, ANCOVA). The sensitivity to DA was then
evaluated for varying sampling rates, 20, 3 and 1 CV per second, and compared to the
standard 10 CVs per second, Figure 7.4B. All sampling rates were run at the standard 850
pts/CV. Similar to the testing for data densities, four concentrations of DA were tested for
responsivity using each sampling rate, with sensitivities given by the slopes of the regression
lines (n=4, values shown as average * standard deviation). Sensitivity to DA for a 20 Hz
sampling rate was determined to be 23 + 1 nA/uM, 31 = 4 nA/uM for 10 Hz, 48 + 2 nA/uM
for 3 Hz, and 44 + 2 nA/uM for 1 Hz. Sensitivity to DA for 1 Hz and 3 Hz were both
statistically significant compared to 10 Hz (p = 0.042, p = 0.016, respectively, ANCOVA).
No significance was found in the sensitivities between 20 Hz and 10 Hz. We have previously

reported a significant increase in sensitivity between 10 Hz and 1 Hz in PBS buffer (1).
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Figure 7.4. Evaluating dopamine sensitivity with data density and sampling rates. (a)
Sensitivity to DA for various data densities collected at 10 Hz in PBS buffer, given by the
slopes of the regression lines. Error bars represent standard deviation (n=4). Sensitivity to
DA for data density of 850 pts/CV was determined to be 31 + 4 nA/uM, 30 £ 1 nA/uM for
250 pts/CV, and 32 £ 1 nA/uM for 100 pts/CV. Sensitivity to DA for the reduced 250 pts/CV
and 100 pts/CV are not statistically significant compared to 850 pts/CV (p = 0.82, p = 0.90,
respectively, ANCOVA). (b) Sensitivity to DA for various sampling rates using the standard
850 pts/CV protocol, given by the slopes of the regression lines. Error bars represent standard
deviation (n=4). Sensitivity to DA for a 20 Hz sampling rate was determined to be 23 + 1
nA/uM, 31 £ 4 nA/uM for 10 Hz, 48 + 2 nA/uM for 3 Hz, and 44 £ 2 nA/uM for 1 Hz.
Sensitivity to DA for 1 Hz and 3 Hz are both statistically significant compared to 10 Hz (p =
0.042, p = 0.016, respectively, ANCOVA). No significance was found when comparing the
sensitivities of 20 Hz and 10 Hz sampling rates.

7.3.4 Evaluation of Simultaneous Parameter Reduction In Vitro

The transition of FSCV protocols to more chronic, long-term experiments in tissue
will require the conservation of data collection and transfer as a key aspect of optimization.
With this in mind, the combination of a reduced data density and sampling rate protocol was
evaluated for efficacy based on the findings of reducing each parameter separately. To assess

the validity of a simultaneously reduced parameter protocol, responsivity and sensitivity to
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DA was determined for three combined parameter protocols. The first protocol features the
standard 10 Hz sampling rate and the standard 850 pts/CV data density. Two reduced
parameter protocols were tested against the standard protocol. The first features a 3 Hz
sampling rate combined with a data density of 250 pts/CV and the second combines a 1 Hz
sampling rate with a 100 pts/CV data density. Figure 7.5 depicts the results of the
electrochemical characterization of DA using these three protocols. Figure 7.5A shows the
average responsivity to 1 uM DA collected with 10 Hz, 850 pts/CV and compares it to the
reduced 3 Hz, 250 pts/CV and 1 Hz, 100 pts/CV protocols. Error bars represent the standard
deviation at the peak current for each protocol (n=7). Figure 7.5B further characterizes the
three protocols with the sensitivities to DA for each (n=7). Sensitivity to DA was determined
to be 26 £ 1 nA/uM for the 10 Hz, 850 pts/CV protocol, 49 £ 4 nA/uM for the 3 Hz, 250
pts/CV protocol and 46 + 2 nA/uM for the 1 Hz, 100 pts/CV protocol. The sensitivities
(inset) for both the 3 Hz, 250 pts/CV and 1 Hz, 100 pts/CV protocols differ statistically from
the sensitivity of the 10 Hz, 850 pts/CV protocol (p = 0.003 and p = 0.005, respectively,

ANCOVA).
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Figure 7.5. Electrochemical characterization of dopamine with reduced sampling rate and
reduced data density. (a) Average background-subtracted CVs of peak current for 1 uM DA
collected using the standard 10 Hz, 850 pts/CV protocol compared to the reduced 3 Hz, 250
pts/CV and 1 Hz, 100 pts/CV protocols (n=7). Error bars represent standard deviation at peak
current for each protocol. (b) Sensitivity to DA for the standard 10 Hz, 850 pts/CV protocol
and the reduced 3 Hz, 250 pts/CV and 1 Hz, 100 pts/CV protocols. Error bars represent
standard deviation (n=7). Sensitivity to DA in PBS buffer, given by the slopes of the
regression lines, was determined to be 26 £ 1 nA/uM for the 10 Hz, 850 pts/CV protocol, 49
+ 4 nA/uM for the 3 Hz, 250 pts/CV protocol and 46 + 2 nA/uM for the 1 Hz, 100 pts/CV
protocol (inset). The sensitivities for both the 3 Hz, 250 pts/CV and 1 Hz, 100 pts/CV
protocols differ from the sensitivity of the 10 Hz, 850 pts/CV protocol (p = 0.003 and p =
0.005, ANCOVA).

While reduction in each of the FSCV parameters separately impacts the overall file
size collected in an experiment, reducing both the sampling rate and data density in the same
protocol has potential to drastically reduce the overall size of each data file collected in a
single experiment. For long-term in vivo experiments, data acquisition transfer and storage
are important factors in experimentation. Table 7.1 quantifies the file sizes in a typical 30
second experimental file for the standard 10 Hz, 850 pts/CV protocol and several reduced
protocols based on reducing the sampling rate and data density. Percent reduction in file size

for each reduced protocol is given compared to the standard protocol. A typical 30 second
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file run with the standard protocol collects a file size of 4078 KB using the current FSCV
software. Collecting the same 30 second file using a reduced protocol featuring a 3 Hz
sampling rate and data density of 250 pts/CV results in an 89 % reduction in file size. Using
a 1 Hz, 100 pts/CV protocol further reduces the file size, giving an overall 96 % reduction
compared to the standard protocol. We show that the reduction of sampling rate and data
density, both separately and in combination with each other, do not compromise responsivity,
sensitivity or selectivity of the sensor. However, the reduction of both these parameters has
the ability to greatly minimize the data transfer requirements of these conventional
experiments. This minimization can have a great impact on the current limitations of long-

term experimentation using FSCV.

Table 7.1. Quantifying a reduced data density.

sampling rate| # data # data points in 30 30 second file size | % reduction in file size from
(Hz) pts/CV second file (KB) standard protocol
10 850 255000 4078 0%
250 75000 1210 70 %
100 30300 498 88 %
3 850 76500 1471 64 %
250 22500 443 89 %
100 9090 187 95 %
1 850 25500 1195 71 %
250 7500 362 91 %
100 3030 155 96 %
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7.3.5 Ex Vivo Performance of Simultaneous Parameter Reduction

After in vitro response of the reduced protocols was studied, the reduced parameter
protocols were tested in coronal slices of rat brain to observe their response in live tissue. A
CFM was placed in the striatum of an excised rat brain slice and electrically elicited DA was
recorded using external electrical stimulation. A stainless steel stimulating electrode provided
5 pulses of 400 pA amplitude to the striatum at 60 Hz. The CFM recorded the elicited DA at
the standard 10 Hz, 850 pts/CV protocol, as well as the two reduced protocols, 3 Hz, 250
pts/CV and 1 Hz, 100 pts/CV. Figure 7.6 reports the stimulated DA results. In Figure 7.6A,
we report an electrochemical color plot of the response for each of the three protocols. Each
color plot is taken over 5 seconds and provides detailed information on the performance of
the protocol. Time is plotted on the x-axis, applied potential on the y-axis, and elicited
current is shown in false color. The color plot for the 10 Hz, 850 pts/CV protocol is
comprised of 50 individual CVs, with 15 CVs making up the color plot for 3 Hz, 250 pts/CV
protocol and 5 CVs in the 1 Hz, 100 pts/CV color plot. Electrical stimulation is given by the
white arrow for each protocol. Figure 7.6B plots the resulting background-subtracted CVs
for each protocol, displaying the concentration of DA each protocol collected. Post
calibration of the electrodes in 1 X Tris buffer was used to convert raw current collected after
stimulation into concentration. Sensitivities to DA in Tris buffer, Figure 7.6C were used to
calibrate tissue measurements instead of PBS as it more closely mimics a live tissue

environment (7).
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Figure 7.6. Reduced data density and sampling rate in tissue. Ex vivo response to electrically
stimulated DA in striatal slices of rat brain using the standard 10 Hz, 850 pts/CV protocol
and the reduced 3 Hz, 250pts/CV and 1 Hz, 100 pts/CV protocols. (a) Representative color
plot response to stimulated DA release for each protocol. Stimulation of DA release is
indicated by the white arrows. (b) Representative background-subtracted CVs of electrically
elicited DA for all three protocols, stimulated with 5 pulses, 400 YA, at 60 Hz. (c) Post-
calibration of the electrodes in 1 X Tris buffer used to convert current elicited from
stimulation into concentration. Sensitivity to DA in Tris buffer, given by the slopes of the
regression lines, was determined to be 9 £ 0 nA/uM for the 10 Hz, 850 pts/CV protocol, 15 £
1 nA/uM for the 3 Hz, 250 pts/CV protocol and 12 £ 1 nA/uM for the 1 Hz, 100 pts/CV
protocol. No significance was found between the three protocols in Tris buffer (n=5,
ANCOVA).

7.4 Conclusions

These studies examined the performance of data collection parameters on the
performance of FSCV measurements of DA. Emphasis was placed on understanding changes
in performance for experimental protocols to monitor DA and other analyte fluctuations that
have reduced data densities compared to conventional experiments. Results are also
presented for in vitro and ex vivo protocols that combine reduced sampling rates and data
density for monitoring DA without significantly impacting measurement performance. The
overall data collected and transferred from the reduced data density protocols are reduced by

89 % and 96 % compared to the standard protocol. These results will help to guide future
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longer-term in vivo electrochemical experiments without the need for modifying existing

software or hardware.
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CHAPTER 8

Reducing Data Density in Fast Scan Cyclic Voltammetry Measurements in

Freely Moving Rats

This work was completed in collaboration with Alison Amos, Kristen Blanton, Christie Lee,
Greg McCarty, and Leslie Sombers.

8.1 Introduction

Understanding the rapid dynamics of neurotransmitters in vivo is critical for
advancing research in biology, psychology and neuropharmacology. A commonly used in
vivo chemical sampling technique is microdialysis, which is a diffusion-based sampling
method that is well suited to examine steady-state or slowly changing levels of analytes in
the extracellular fluid (1-3). However, this approach lacks the temporal resolution to detect
chemical fluctuations that occur on the second or sub-second time scale (1). In contrast,
electrochemical techniques are especially useful for monitoring rapid chemical changes
resulting from discrete neurochemical events in vivo. Among them, fast scan cyclic
voltammetry (FSCV) is a proven technology for monitoring rapid chemical changes in the
brain and associating these changes with behavior (4). Coupled with carbon-fiber
microelectrodes, background-subtracted FSCV provides fast, sensitive and selective
determination of analytes in a small spatial location. Typically with FSCV, a triangular

potential waveform is applied to the electrode at a scan rate of 400 V/s at a frequency of 10
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Hz, generating a cyclic voltammogram (CV). A CV serves as a “fingerprint” for the analyte
of interest. This allows analytes with different oxidation potentials to be distinguished from
other species by the position and shape of their oxidation and/or reduction peak(s) (3). Over
the past 30 years, FSCV has been extensively developed and widely used in monitoring rapid
dynamics of dopamine (DA), glutamate, adenosine, norepinephrine, oxygen, pH, hydrogen
peroxide and serotonin in live animals (5-9).

FSCV measurements typically employ an electrode that is acutely implanted and
calibrated daily. However, recent advances have enabled FSCV to make long-term
electrochemical measurements in the same animal over a period of days to months (10-11).
This allows quantitative tracking of longitudinal changes in neurotransmitter dynamics over
the course of disease progression in animal models or across long-term, associative learning
(10, 12). Additionally, wireless technology can be used to eliminate the cable between the
animal and the recording equipment, permitting the animal unrestricted motion and a more
natural recording session. Existing FSCV protocols to measure neurotransmitter signaling in
the brain were created without consideration for data generation or data transfer rates. The
traditional protocol calls for the collection of 10 CV’s per second with 1000 data points per
CV. Therefore, in a single 30 second file, there are 300,000 data points collected. Ultimately,
in chronic experiments over several days to months, there is a tremendous amount of data
generated (13-17). This promises to impose significant difficulties for the continued
development and application of wireless data transmission to long-term measurements (17).

In an effort to create protocols that will reduce the data generated and transferred in

FSCV for real-time longitudinal wireless measurements, we evaluated the in vivo
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performance of FSCV at reduced sampling rates with reduced data points collected per CV.
We recently demonstrated that FSCV applied at a lower sampling rate (1 Hz) reduced the
quantity of data generated by an order of magnitude, but did not deleteriously affect the
quantification of electrically-evoked DA release in an anesthetized rat (18). In the current
work, we have furthered our investigation to include the reduction of data points per CV with
reduced sampling rates, and evaluated the performance in monitoring spontaneous sub-
second DA fluctuations in awake and freely moving rats. Furthermore, we demonstrate that
this approach does not compromise quantification of the effects of a pharmacological
manipulation (cocaine) on DA events. Utilizing the 1 Hz sampling rate at 100 data points per
voltammogram, reduces the quantity of data generated by two orders of magnitude compared
to the traditional protocol. It is expected to increase data transfer rates and promises to reduce
power consumption. Importantly, this work serves to aid the development of wireless
technologies for chronic FSCV measurements that will benefit animal behavior studies in the

near future.

8.2 Materials and Methods

8.2.1 Chemicals

See Appendix A.

8.2.2 Carbon-fiber Microelectrode Fabrication

See Appendix A.
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8.2.3 Data Acquisition

A triangular cyclic waveform ramped from -0.4 V to +1.3 V with a resting potential
of -0.4 V versus Ag/AgCl was applied to the electrodes at a scan rate of 400 V/ s for all
experiments. The FSCV waveform was applied at various frequencies (20, 10, 5, 1 Hz) and
voltammograms were comprised of data collected at various data points (1000, 500, 100 per
CV) in randomized order. More details about data acquisition process are described in

Appendix A.

8.2.4 In-vitro experiments

See Appendix A.

8.2.5 Animals and Surgery

See Appendix A.

8.2.6 In-vivo Experiments

On the experiment day, a detachable micromanipulator containing a fresh carbon-
fiber microelectrode was inserted into the guide cannula and the electrode was lowered into
the NAc. The electrodes were connected to a head-mounted amplifier attached to a
commutator. The electrode position was optimized by monitoring naturally occurring and
electrically-evoked (biphasic, 2 ms/phase, 24 pulses, 150 HA) DA release. A subgroup of rats

received intraperitoneal cocaine (Sigma-Aldrich, St. Louis, MO, 10 mg/kg) administration.
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Data was collected for at least 30 min before and after cocaine administration. DA signals

were characterized with Mini Analysis software (Synaptosoft, Fort Lee, NJ).

8.2.7 Statistics

See Appendix A.

8.3 Results and Discussion

8.3.1 Electrochemical performance of carbon-fiber microelectrodes at various sampling rates

in vitro

To evaluate the effect of sampling rates on the detection of DA using FSCV at four
sampling rates (20, 10 (the standard approach), 5 and 1 Hz) were tested. Figure 8.1A
schematically presents the various sampling rates explored with FSCV. The potential
waveform was applied from -0.4 V to +1.3 V and scanned back to -0.4 V at 400 V/s. Each
waveform has an 8.5 ms duration. The intervals between each waveform for 20, 10, 5 and 1
Hz are 50 ms, 100 ms, 200 ms and 1000 ms, respectively. Figure 8.1B shows that the in vitro
sensitivity to DA was not affected by sampling rate (11-15 nA/uM). Sensitivity to DA was
determined to be 11.44 + 2 nA/uM when sampled at 20 Hz, 12.76 = 0.5 nA/uM at 10 Hz,
13.21 + 0.4 nA/uM at 5 Hz, and 14.82 + 2 nA/ uM at 1 Hz. Interestingly, we previously
reported that sensitivity to DA is significantly different at two separate sampling rates in
PBS buffer (21). PBS is a buffer solution with chemical components different from Tris. Tris
buffer has been traditionally used for in vivo calibration of carbon-fiber microelectrodes, as it

more closely electrochemically mimics a live tissue environment. Tris likely occupies
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adsorption sites on electrode surface (looks structurally similar to DA). It has been previously
suggested that DA is adsorbed at the carbon-fiber microelectrode surface due to electrostatic
forces between the positively-charged DA and the negatively-charged electrode during the
potential holding time (22). The same response to DA at various sampling rates indicates that
adsorption of DA to the carbon-fiber microelectrode is fairly uniform across these sampling

rates and in Tris buffer.
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Figure 8.1. Characterization of various sampling rates. (A) Schematic showing FSCV
applied at various sampling rates (20, 10, 5 and 1Hz). (B) Sensitivity to 1 uM DA is not
affected by altering rate within this range. Data is presented as averages + SEM. (n = 7 for
each group, one-way ANOVA, p > 0.05).

8.3.2 Characterizing various sampling rates in vivo

After verifying that varying sampling rates from 1 to 20 Hz did not affect sensitivity
to DA, additional characterization was carried out in awake animals. Both electrically-
evoked and spontaneous DA events were compared when the waveform was applied at either

20, 10, 5 or 1 Hz. Fig. 2 shows the electrically elicited DA signals monitored at different

176



sampling rates. Representative color plots, each containing 150 background-subtracted
voltammograms, are shown in Figure 8.2A. These plots provide a two-dimensional
representation of all changes in current collected across the entire potential window, enabling
discrimination of specific electroactive species as they fluctuate over time (23). The data
collected at 1 Hz appears more pixelated than other sampling rates due to the lower
collection rate. DA CV’s are also presented. A current versus time trace was extracted at the
oxidation potential of DA, and was converted to concentration by applying the calibration
factors from Figure 8.1B. In this representative example, electrical stimulation elicited the
release of 321.7, 331.5, 322.5 and 265.2 nM DA when recorded at a sampling rate of 20 Hz,
10 Hz, 5 Hz, and 1 Hz respectively. Figure 8.2B summarizes the entire data set (n = 5
animals). There is no significant difference in detected DA signal across all applied sampling

rates.
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Figure 8.2. Electrically-evoked DA signals collected using various sampling rates. (A)
Representative data. Top: concentration vs. time traces for 1 pM DA. Middle: color plots
depicting all changes in current (false color) collected over a 15 s window (x-axis) across all
potentials (y-axis). Electrical stimulation occurred at 5 s, indicated by the red arrow. Bottom:
individual CV’s extracted from the data. (B) Across the entire data set, there is no significant
difference in electrically-evoked DA release (n = 5, p > 0.05, one-way ANOVA).

FSCV coupled with carbon-fiber microelectrodes has been widely used to
characterize and study naturally occurring DA dynamics in awake animals. A “burst” firing
and “phasic” release of DA neuron activity elicitis subsecond DA concentration fluctuations
in the NAc (24-25). These DA transients have been shown to provide a critical modulatory

influence in drug and reward seeking, prediction error and reinforcement (26-28). Under
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basal conditions, these transients are reported to occur at > 1 min™ in the NAc (25), when
collected at the sampling rate of 10 Hz (3). Here, we characterized naturally occurring DA
dynamics at various sampling rates. Representative color plots with corresponding DA
concentration traces and CV’s are shown in Figure 8.3A. Figure 8.3B characterizes the
naturally occurring DA events for the entire data set (n = 11 animals). There was no
significant difference found for the magnitude of the DA transients. However, data collected
at 1 Hz reported a significantly lower frequency of spontaneous DA events with longer
durations when compared with data collected at 20 Hz (n = 11, * p < 0.05). However,
sampling rates of 10 Hz and 1 Hz generate similar results when studying the characteristics
of naturally occurring DA events. A sampling rate of 1 Hz is not only capable of detecting
naturally occurring DA dynamics in vivo, but also can provide comparable information to the

standard 10 Hz sampling rate.
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Figure 8.3. Characterization of DA transients using various sampling rates. (A)
Representative data. Top: concentration vs. time traces for 1 uM DA. Middle: color plots
depicting all changes in current (false color) collected over a 30 s window (x-axis) across all
potentials (y-axis). Bottom: individual CV’s extracted from the data. (B) Across all animals,
data collection at 20 Hz reported higher frequency of DA transients than other sampling
rates. Sampling at 1 Hz resulted in wider duration DA transients. Overall, 1 Hz provides
comparable information to the standard sampling rate (10Hz) (n = 11, one-way ANOVA, * p
<0.05).

8.3.3 Characterizing a reduced number of data points per voltammogram in vitro

In order to further reduce the amount of data generated in a typical FSCV experiment,
we evaluated the performance of a reduced number of data points collected in an individual
voltammogram. 1000 (the standard), 500 and 100 data points per CV were chosen to
determine if a reduced number of data points impacted peak resolution. The schematic in

Figure 8.4A shows CV’s comprised of 1000, 500 and 100 data points. Figure 8.4B presents
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the effect of reducing the number of data points on the sensitivity to DA in vitro. All data
were collected at 1 Hz. Reducing the number of data points from 1000 to 100 has no

significant effect on the sensitivity to DA (n =7, one-way ANOVA, p > 0.05).

B.
- N.S.
= 20, | :
— 1000 dpt =.
c
—— o
--_._.:‘,...“-"--:‘- ----- e22Imee ==« 500 dpt 3 10-
S 4 - —
s...“t ’, \\\ .Z
)] \ =
J . r
e g T T TS S S == 100 dpt c
¢ q, -
'\..." ()] 1000 dpt 500dpt 100 dpt

Figure 8.4. Characterizing a reduced number of data points per CV. (A). Schematic showing
DA voltammograms made of varying data points (dpt). (B). Sensitivity to 1 uM DA collected
at 1 Hz (n =7, one way ANOVA, p > 0.05).

8.3.4 Characterizing DA signals collected using a reduced number of data points per CV in

freely moving animals

Voltammograms were collected at 1Hz to monitor spontaneous DA dynamics in the
NAc of freely-moving rats. Voltammograms were comprised of 1000, 500 or 100 data points
per CV. Electrically-evoked DA release events are shown in Figure 8.5. Representative color
plots with corresponding DA concentration traces and CV’s are shown in Figure 8.5A. In

this example, the maximum concentration of elicited DA was determined to be 233.5 nM at
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1000 data points, 222.7 nM at 500 data points, and 224.7 nM at 100 data points.

Data

compiled from all animals demonstrate that there is no significant difference in stimulated

DA release when detected using a decreased number of data points per voltammogram,

Figure 8.5B (n = 8, one-way ANOVA, p > 0.05).
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Figure 8.5. Electrically-evoked DA signals collected using a reduced number of data points
per CV. (A) Representative data collected at 1000, 500 and 100 data points per CV. (B)
Across all animals, there is no significant effect on DA signals (n =8, one-way ANOVA, p >

0.05).
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Naturally occurring DA events were also characterized using a reduced number of
data points per CV. Representative color plots with corresponding DA concentration traces
and CV’s are shown in Figure 8.6A. In the 30 s interval shown, 2 DA transients were found
with a mean concentration of ~110 nM and and half-width of ~1.5 s for 1000 data points, 2
DA transients were detected with an amplitude of ~120 nM and a half-width ~1 s using 500
data points per CV, and 3 DA transients were detected with an amplitude of ~110 nM and a
half-width of ~1 s for 100 data points. Figure 8.6B summarizes the characteristics of
spontaneous DA events collected in 7 animals. The data clearly show that reducing the

number of data points per CV has no negative impact on the detection of DA transients.
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Figure 8.6. Characterization of DA transients using various numbers of data points per CV.
(A) Representative data. (B) Across all animals, there is no significance evident in frequency,
amplitude, or half-width of DA transients (n =7, ANOVA, p > 0.05).

8.3.5 Characterizing a pharmacological manipulation

Cocaine, a DA uptake inhibitor, has been reported to significantly increase both,

electrically evoked DA release and naturally occurring DA fluctuations in vivo (29-31).

order to verify that pharmacological manipulation of DA signaling with cocaine can be

accurately described using a FSCV protocol for decreased data density, electrically-evoked

DA release and naturally occurring DA transients were studied upon cocaine administration
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in freely-moving rats. Data collected using the traditional protocol (10 Hz sampling rate with
1000 data points per CV) was compared to data collected using a reduced sampling rate of
1Hz with 1000 data points per CV, and a reduced sampling rate of 1Hz with reduced data
density of 100 data points per CV. Data describing the effects of cocaine on electrically-
evoked DA release are shown in Figure 8.7. The data demonstrate an increased amplitude of
DA release and a decreased rate of DA uptake (increased half-width). A decreased rate of
DA uptake results in slowed DA clearance. Uptake inhibition increases the lifetime of DA in
the extracellular space, allowing diffusion over greater distances and the opportunity to
interact with remote receptors, as well as a rise in DA concentration. Representative color
plots with corresponding DA concentrations traces are shown in Figure 8.7A. In this specific
example, electrically-evoked DA release was increased from 218.2 nM to 437.3 nM at a
sampling rate of 10 Hz with 1000 data points, from 182.9 nM to 349.0 nM at a sampling rate
of 1Hz with 1000 data points, and from 224.7 nM to 489.2 nM at a sampling rate of 1Hz with
100 data points. Across the entire data set, all three protocols measured a significant increase
in the amplitude and half-width of DA events upon cocaine administration (Figure 8.7B and
8.7C). The amplitude of evoked DA release was increased to 242% of the pre-cocaine value
when data was collected using a sampling rate of 10Hz and 1000 data points per CV, 284%
at 1Hz at 1000 data points, and 231% at 1Hz at 100 data points. The rate of DA clearance
was increased to 222% of the pre-cocaine value when voltammograms were collected at 10
Hz with 1000 data points per CV, 159% (1 Hz, 1000 data points per CV), and 185% (1 Hz
and 100 data points per CV) (n = 7-11, student t-test, *p < 0.05, ** p < 0.01). Figure 8.7D

demonstrates that there is no significant difference among these three protocols when
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measuring the effects of cocaine on electrically evoked DA release. (n = 9, one way

ANOVA, p > 0.05).
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Figure 8.7. Characterizing the effects of cocaine on evoked DA release using reduced data
density protocols. (A) Representative data collected upon electrical stimulation of DA release
in an intact animal before cocaine administration (left column), and 10 min after
administration of cocaine (right column). Voltammograms were collected at 1 or 10 Hz with
100 or 1000 data points per CV. (B) Across all animals, cocaine significantly increased the
amplitude of electrically-evoked DA measured using the reduced data density protocols. (C)
Cocaine significantly decreased the rate of DA clearance (n = 7-11 for each group, student t-
test, * p <0.05, **p < 0.01). (D) FSCV protocols using reduced data densities did not alter
the apparent effects of cocaine on DA dynamics. The bar graphs show ratios of values
collected after cocaine/before cocaine for the amplitude (left) and half-width (right) of DA
events (n = 7-11, one-way ANOVA, p > 0.05).
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Figure 8.8 presents the effects of cocaine on spontaneous DA transients monitored
with these three reduced data density protocols. As reported previously, cocaine increases the
frequency of DA transients recorded in the NAc (28-30). The color representations of the
background-subtracted CV’s show several transient DA events before and after cocaine
administration (Figure 8.8A). Across all animals, the amplitude of DA transients was
increased from 103 nM to 249 nM when voltammograms were collected at 10 Hz and
comprised of 1000 data points, from 85.6 nM to 216 nM (1Hz, 1000 data points), and from
112 nM to 292 nM (1Hz, 100 data points). Cocaine increased the frequency of spontaneous
DA events to 162% of the pre-cocaine value when voltammograms were collected at 10 Hz
and were comprised of 1000 data points, 175% (1Hz, 1000 data points, and 178% (1Hz, 100
data points) (n = 7-11, student t-test, *p < 0.05, ** p < 0.01, ***, p <0.001). Figure 8.8D
demonstrates that there is no significant difference among these three protocols when
measuring the effects of cocaine on spontaneous DA events. (n = 7-11, one way ANOVA, p>
0.05). Overall, a sampling rate of 1 Hz with CV’s comprised of 100 data points adequately
monitored the effects of this pharmacological agent, and offered information comparable to

the traditional protocol that uses a sampling rate of 10 Hz at 1000 data points per CV.
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Figure 8.8. Reduced data density protocols for FSCV accurately capture the effects of
cocaine on naturally-occurring DA transients. (A) Representative data collected in an intact
animal before cocaine administration (left column) and 10 min after administration of
cocaine (right column). Across all animals, cocaine significantly increased (B) the amplitude,
and (C) the half-width of naturally occurring DA events measured using various protocols to
decrease data density (n = 7-11 for each group, student t-test, * p <0.05 **p < 0.01, *** p <
0.001). (D) FSCV protocols using reduced data densities did not alter the apparent effects of
cocaine on DA dynamics. The bar graphs show ratios of values collected after cocaine/before
cocaine for the amplitude (left) and frequency (right) of DA events (n = 7-11, one-way
ANOVA, p > 0.05).
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8.4 Conclusions

Our data provide the first experimental demonstration that spontaneous DA
fluctuations can be monitored in real time by applying a combination of reduced sampling
rate and data points to FSCV. This approach significantly reduces the quantity of data
collected and transferred (by two orders of magnitude!) compared to the traditional standard
protocol. The reduction in the overall volume of data generated enables longer experimental
files to be collected without generating massive files. We expect this approach will also
facilitate the development of wireless FSCV systems for longitudinal biomedical

measurements.
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Appendix A

Supplemental Information to this Dissertation

A.1 Materials and Methods

General materials and methods used for all work are presented below. Information

specific to only parts of this dissertation are listed in their respective chapters.

A.1.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received, unless otherwise noted. All experiments were performed at room temperature.
Solutions were prepared using doubly distilled deionized water (Milli-Q Millipore, Billerica,
MA). In vitro characterization of the electrodechemical response to DA was conducted in
phosphate buffered saline (0.1 M PBS) or Tris buffer (15 mM Trisma HCI, 3.25 mM KClI,
1.2 mM CaCly, 1.2 mM MgCl;, 2.0 mM NaSO4, 1.25 mM NaH,PO4, and 145 nM NacCl) at

pH 7.40.

A.1.2 Carbon-fiber Microelectrode Fabrication

Carbon-fiber microelectrodes were fabricated as described previously (1). Briefly, a
single T-650 carbon fiber (7 um diameter) (Cytec Industries, West Patterson, NJ) was
aspirated into a glass capillary (0.60 mm external diameter and 0.40 mm internal diameter,

A-M Systems, Carlsburg, WA) and heat pulled with a micropipette puller (Narishige, Tokyo,
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Japan) to taper the glass to form two sealed microelectrodes. The exposed carbon-fiber
beyond the glass seal was cut to approximately 100 pum under an optical microscope. A
stainless steel lead wire with conductive silver paint (GC Electronics, Rockford, IL) was
inserted into the capillary for electrical contact. The reference electrodes were chloridized

silver wires. All potentials reported are versus Ag/AgCI.

A.1.3 In-vitro experiments

All in vitro data were collected at room temperature in a custom-built flow injection
apparatus housed within a Farady cage. A syringe pump (New Era Pump System, Wantagh,
NY) was used to supply a continuous buffer flow of 1 mL/min across the working and
reference electrodes, which were positioned in a custom electrochemical cell. A 6-port HPLC
injection valve (Valco Instruments Co., Inc., Houston, TX), mounted on a two-position air
actuator and controlled by a digital pneumatic solenoid valve kit, was used to introduce

analyte from an injection loop (0.5 mL) to the electrode surface.

A.1.4 Data Acquisition

Commercially available TH-1 software (ESA, Chelmsford, MA), was used with a
DAC/ADC card (NI 6251) for waveform generation and data collection. A second card (NI
6711) was used for synchronization of waveform acquisition, flow injection, data collection
and stimulation delivery. Signal processing (background subtraction, signal averaging and

digital filtering) was software-controlled.
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A.1.5 Survival Surgery

Adult male Sprague-Dawley rats weighing between 250-300 g were purchased from
Charles River Laboratories (Wilmington, MA). Animals were individually housed on a 12:12
hr light : dark cycle with access to food and water. The surgical procedure was performed as
described previously (1). Briefly, rats were anesthetized with isoflurane (Vetgeuip;
Pleasanton, CA), which was induced at 4% and maintained at 1.5-2.0 % during surgery. Rats
were positioned in a stereotaxic frame (Kopf Instrumentation; Tujunga, CA). A heating pad
(Harvard Apparatus, Holliston, MA) was used to maintain body temperature at 37 °C. Holes
for electrodes were drilled in the skull according to coordinates from the brain atlas of
Paxinos and Watson (2) . The Ag/AgClI reference electrode was placed in the forebrain, and a
guide cannula for the working electrode (BASI Instruments, West Lafayette, IN) was placed
above the contralateral NAc (1.7 mm anterior, 0.8 mm lateral, 2.5 mm ventral relative to
bregma). The bipolar stimulating electrode (Plastics One, Roanoke, VA) was implanted
unilaterally into the VTA (5.9 mm posterior, 1.0 mm lateral, 8.9 mm ventral relative to
bregma). The components were permanently affixed with dental cement. The animals were
allowed to recover for at least 2 days before experiments. All experimental procedures were
approved by the Institutional Animal Care and Use Committees at North Carolina State

University.

A.1.6 Anesthetized surgery.

Surgical procedures were performed as described previously (1). Briefly, adult male

Sprague-Dawley rats weighing between 250-300 g were purchased from Charles River
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Laboratories (Wilmington, MA). Rats were deeply anaesthetized with an intraperitoneal (i.p.)
injection of sodium urethane (3 g/kg) and positioned in a stereotaxic frame (Kopf
Instrumentation; Tujunga, CA). A heating pad (Harvard Apparatus, Holliston, MA) was used
to maintain body temperature at 37 °C. Holes for electrodes were drilled in the skull
according to coordinates from the brain atlas of Paxinos and Watson (2). Working electrodes
were placed in caudate-putamen (CPu, +1.2 mm anterior-posterior and + 2.0 mm medial-
lateral relative to bregma, -4.5 mm dorsal-ventral from the skull surface). The Ag/AgCl
reference electrode was placed contralateral to the working electrode. The bipolar stimulating
electrode (Plastics One, Roanoke, VA) was placed above the medial forebrain bundle (MFB,
-4.6 mm anterior-posterior and + 1.3 mm medial-lateral to bregma, - 8.5 mm dorsal-ventral
from the skull surface). Biphasic stimulation pulses (60 Hz, 24 pulses, 150 YA, 2 ms per
phase) were delivered to the MFB every 5 min to evoke DA release in the terminal region of
the CPu. The positions of the working and stimulating electrodes were optimized to
maximize electrically-evoked DA signaling. All experimental procedures were approved by

the Institutional Animal Care and Use Committee at the North Carolina State University.

A.1.7 Statistics

All data are presented as the mean + standard error of the mean (SEM), unless
otherwise noted. Statistical and graphical analysis were carried out using GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA). Student’s t-test was used to compare two groups.

One-way analysis of variance (ANOVA) with Tukey’s post hoc tests was used to determine
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statistical differences between three or more groups. When two classes of variables were

compared, two-way ANOVA was applied. Significance was designated at p < 0.05.
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