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Abstract 

Neural communication is imperative for physical and mental health.  Dysfunction in either ionic 

signaling or chemical neurotransmission can cause debilitating disorders.  Thus, study of 

neurotransmission is critical not only to answer important fundamental questions regarding 

learning, decision making, and behavior but also to gain information that can provide insight into 

the neurochemistry of neurological disorders and lead to improved treatments.  The work 

presented herein describes the development of techniques and instrumentation to enable 

advancements in neuroscientific inquiry.  The effect of different temporal patterns and durations 

of simulation of the prefrontal cortex on dopamine release in the nucleus accumbens was 

examined and revealed a complex interaction that can help improve deep brain stimulation 

therapies.  A measurement platform that combines electrophysiological and electrochemical 

techniques is described.  The instrumentation is capable of concurrent monitoring of neural 

activity and dopamine release in vivo and in freely moving rodents.  Analysis techniques to allow 

absolute quantification of tonic dopamine concentrations in vivo are detailed and the temporal 

resolution of the technique was vastly improved from ten minutes to forty seconds.  An instrument 

that can simultaneously probe both dopamine and serotonin dynamics in either of their two 

temporal modes of signaling (tonic and phasic) using either fast-scan cyclic voltammetry or fast-

scan controlled-adsorption voltammetry at two individually addressable microelectrodes is 

described.  Together these new tools represent a significant step forward in the field of 

neuroanalytical chemistry by enable multiple brain regions, signaling modes (ionic flux in addition 

to both tonic and phasic neurotransmission), neurochemicals, and to be measured together. 
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Chapter 1. 

Introduction 
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1.1. Neural communication 

1.1.1. A brief history 

The first instance of the written word “brain”, along with a description of cerebral spinal 

fluid and the meninges, occurs in an ancient Egyptian surgical text dating to the 17th 

century BC.1  Fast-forward to the 1780’s AD, Luigi Galvani had begun investigating the 

electric nature of neural communication through stimulation of intact nerves.2,3  

Interestingly, experiments in “electrical resurrection” by Galvani’s nephew, Giovanni 

Aldini, are said to have inspired Mary Shelly’s science fiction classic, Frankenstein.4,5  By 

the late 19th century, a battle was raging between reticular theory and the neuron theory.6 

Reticular theory, first proposed by Joseph von Gerlach in 1871, contended that the 

nervous system is a continuous, branching network similar to vasculature.  By the time 

Camillo Golgi and Santiago Ramón y Cajal received their joint Nobel Prize in 1906, neuron 

theory (that nerve cells are discrete units) was widely accepted.  Nonetheless, Golgi 

defended reticular theory in his Nobel address and throughout the entirety of his career.6,7  

The acceptance of the neuron theory was largely due to work performed by Cajal using 

the “black reaction” developed by Golgi.  Cajal was able to improve upon Golgi’s method 

of staining and thus visualize the distinction between two adjacent neurons (Fig. 1-1).8  

The term “neuron” itself arose from a series of reviews by von Waldeyer-Hartz in 1891, 

largely of work by Cajal, which described the “neuron doctrine”.8,9 

During a series of lectures in 1904, Sir Charles Scott Sherrington coined the term 

“synapse” to describe the junction between two neurons (Fig. 1-1, inset).10  However, the 

nature of the communication across the synapse (whether electrical or chemical) 

remained a point of contention for years to come.  In 1921, Otto Loewi provided the first 

experimental proof of chemical neurotransmission, in his assertion between the hours of 

3 and 5 am after the idea came to him in a dream.11,12  Dr. Loewi extracted the hearts of 

20



Fig. 1-1.  Drawing by Cajal of a tissue preparation after staining with Golgi’s “black 
reaction”.  Note the distinct separation between adjacent neurons.  Reprinted with 
permission.8 
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two frogs and perfused them with physiological solution such that the outlet of the first 

heart was connected to the inlet of the second.  He stimulated the vagus nerve to the first 

heart causing a strong depression of heart rate in the first heart. After a short delay, heart 

beats were inhibited in the second heart.  Loewi later wrote that the experiment 

“unequivocally proved” chemical neurotransmission.11 

Since these early discoveries, scientific understanding of the brain and neural 

transmission has been driven forward by consistent advancement in analytical tools.  From 

the static, post-mortem images of Golgi and Cajal, through the pioneering work of Leowi, 

to modern advances in real-time monitoring of neurotransmission in behaving animals, 

our knowledge of the complex functionality of the brain continues to expand.  In his 2013 

State of the Union address, President Barack Obama announced the formation of what is 

now known as the BRAIN (Brain Research through Advancing Neurotechnologies) 

Initiative.  Over $230 million in investments from public and private sources were 

committed toward the first year of the project.13,14  In 2017, that number is exceeded by 

federal funding alone.14–16  This joint public and private initiative exemplifies an exciting 

commitment to scientific advancement and, in general, the human desire to better 

understand the intricacies of the brain. 

1.1.2. Neuronal structure and action potentials 

The neuron is the fundamental structural and functional unit of brain communication (Fig. 

1-2).8,17,18  The basic components of a neuron are dendrites, the soma (or cell body), and

the axon.  The dendrites receive information from other neurons.  The soma contains the 

nucleus of the cell and integrates incoming information at the axon hillock.  The axon 

projects to other neurons and transmits incoming signals.  Integration of incoming signals 

and subsequent transmission down the axon is facilitated by ionic flux (electrical current) 

across the cell membrane.  The voltage difference across the cell membrane is 

22



Fig. 1-2.  Illustration of basic neuronal and synaptic structure.  The neuron consists of 
a cell body, also called soma (labeled Neuron in this image), dendrites that receive 
incoming signals, and an axon that transmits the signal to down-stream neurons.  The 
interface of two neurons is called the synapse (inset).  At the synapse, chemicals called 
neurotransmitters relay the signal to the post-synaptic neuron by binding to specialized 
receptors.  Reprinted with permission.24 
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determined by the relative abundance of ions in the intracellular and extracellular space 

in combination with the permeability of the membrane toward that ion and is described by 

the Goldman Equation (Eqn. 1-1).18–20  Where R is the ideal gas constant, T is the 

temperature in Kelvins, F is Faraday’s constant, PX is the permeability of ion X across the 

cell 

𝑉𝑉𝑚𝑚 = �RT
𝐹𝐹
�  log 𝑃𝑃𝐾𝐾[𝐾𝐾+]𝑜𝑜+𝑃𝑃𝑁𝑁𝑁𝑁[𝑁𝑁𝑁𝑁+]𝑜𝑜+𝑃𝑃𝐶𝐶𝐶𝐶[𝐶𝐶𝐶𝐶−]𝑖𝑖

𝑃𝑃𝐾𝐾[𝐾𝐾+]𝑖𝑖+𝑃𝑃𝑁𝑁𝑁𝑁[𝑁𝑁𝑁𝑁+]𝑖𝑖+𝑃𝑃𝐶𝐶𝐶𝐶[𝐶𝐶𝐶𝐶−]𝑜𝑜
 Eqn. 1-1 

membrane, and [X]i and [X]o are the concentrations of ion X in the intra- and extracellular 

space, respectively.  The permeability of the membrane to a given ion is determined by 

ion-selective transmembrane proteins called ion channels that open or close in response 

to various stimuli (e.g. ligand binding or changes in membrane potential).21  The 

concentration gradients across the membrane ([K+]i > [K+]o, [Na+]i < [Na+]o, [Cl-]i < [Cl-]o)  

are primarily regulated by ion pumps such as the Na+-K+ pump setting a typical resting 

membrane potential of - 70 mV.18  With sufficient dendritic input, neurons signal via the 

axon in an all-or-nothing fashion using action potentials, often referred to as cell “firing”.22  

As ion channels open and close at the various dendritic spines due to incoming stimuli, 

the permeability of the membrane to the corresponding ions changes and the membrane 

potential fluctuates in accordance with Eqn. 1-1.  Upon reaching a “threshold” voltage, 

typically near - 55 mV, sodium channels sensitive to voltage fluctuations (voltage-gated) 

open causing rapid depolarization of the cell toward more positive membrane potentials 

through an influx of sodium ions.18,22  In response to positive potentials (~25 mV), the 

sodium channels close and potassium channels open causing repolarization then 

hyperpolarization (to a voltage below the resting potential) of the neuron.  The neuron is 

then returned to its resting potential through the action of ion pumps.  Action potentials are 

propagated down the axon through spatially progressive opening and closing of ion 
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channels.  The rate at which the action potential is propagated is dependent upon neuron 

type.  Some neurons have an insulating layer of fatty tissue partially surrounding the axon 

that speeds action-potential transmission and facilitates long-distance signaling.18  At the 

terminal region of the axon, depolarization causes calcium channels to open near the 

interfacial region of the axon and the dendritic regions (or soma) of other neurons.23  This 

influx of calcium results in high local calcium concentrations that cause a series of events 

through which the sending neuron “passes along” the signal.  This interfacial region is 

called the synapse and the “series of events” is discussed in the subsequent section. 

1.1.3. The synapse and chemical neurotransmission 

Communication between two neurons occurs at a structure called the synapse (Fig. 1-2, 

inset).24  As such, the sending neuron is referred to as the pre-synaptic neuron and the 

receiving neuron is termed the post-synaptic neuron.  At the synapse, the electrical signal 

due to ion flux is transduced to a chemical signal.  Within the axon terminal of the pre-

synaptic neuron, signaling chemicals (neurotransmitters) are stored in small structures 

called vesicles.25,26  When calcium concentrations become elevated, calcium ions bind to 

the vesicular protein synaptotagmin resulting in conformational changes in a protein 

complex that includes vesicular and cell-membrane proteins.26,27  These conformational 

changes cause the vesicle membrane to fuse with the cell membrane and the chemical 

contents of the vesicle to be released into the extracellular space in a process called 

exocytosis. 

1.1.3.1. Classical synaptic neurotransmission 

“Classical" neurotransmission is rapid and localized to the synapse.  In this signaling 

modality, neurotransmitters are released from the pre-synaptic cell via exocytosis. 

Because these chemicals are present in high concentrations near the release site relative 
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to the surrounding extracellular fluid, neurotransmitters diffuse along the negative 

concentration gradient in accordance with Fick’s first law of diffusion.28  Once 

neurochemicals reach the post-synaptic cell, they interact with molecule-specific 

receptors.  The main types of classical neurotransmitters are acetylcholine, amino acids, 

and monoamines.18  Post-synaptic neurotransmitter receptors can be categorized as 

either ionotropic receptors (ligand-gated ion channel) or G-protein-coupled receptors 

(GPCRs).29 

Ligand-gated ion channels open through a conformational change induced by the ligand-

binding event and resultantly change the membrane potential of the post-synaptic cell.18  

As such, these ion channels act as transducers to convert the chemical signal back into 

an electrical signal.  These ligand-binding events can be either excitatory (increasing the 

membrane potential of the cell) of inhibitory (decreasing the membrane potential of the 

cell).  The most abundant excitatory and inhibitory neurotransmitters are the amino acids, 

glutamate and GABA, respectively.30  In general, excitatory ionotropic receptors open 

cation channels and increase the likelihood of reaching the threshold potential mainly 

through sodium flux across the membrane.  Inhibitory channels are either anion channels 

or potassium selective channels and push the membrane potential away from the 

threshold potential. 

G-protein-coupled receptors are transmembrane proteins with an extracellular binding

domain and that are, as the name implies, coupled to a G-protein complex in the 

intracellular space.18  In GPCRs, the ligand-binding event results in a conformational 

change of the receptor protein that transmits the signal to the intracellular protein complex 

and induces a signaling cascade that can have a variety of cell-type-specific effects.  

Acetylcholine, most amino acid neurotransmitters, and all monoamine transmitters have 

GPCRs.31 
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1.1.3.2. Volume neurotransmission and neuromodulation 

Volume neurotransmission refers to a mode of communication in which neurotransmitters 

are not limited to the synaptic cleft but rather diffuse to local receptors on nearby neurons 

or are transported through neurovasculature thus affecting a diverse population of 

neurons.  Evidence of volume transmission was first reported in the 1980s when authors 

noted a lack of correlation between pre- and post-synaptic components of 

neurotransmitter synapses.32,33  More recent reports of the existence of non-axonal 

(somatodendritic) monoamine-containing vesicles further indicate an extra-synaptic mode 

of neurochemical transmission.32,34,35  Fig 1-3 shows an example of evidence of dopamine 

vesicles in soma and dendrites.  Immunocytochemistry was used to visualize localization 

of vesicular monoamine transporter (a protein that packages dopamine into vesicles) in 

the cell bodies of dopaminergic neurons in the substantia nigra of guinea pigs.36  Major 

volume neurotransmitter classes include the aforementioned neurotransmitters in addition 

to neuropeptides, and simple molecules such as nitric oxide and hydrogen peroxide.37–40 

While classical neurotransmission is more often meditated by ionotropic receptors, the 

action of volume transmission is almost exclusively through GPCRs.32,41  Because of this, 

volume neurotransmitters are also referred to as neuromodulators meaning that they 

modify the synaptic transmission of neurons through a signaling cascade as opposed to 

rapid, direct, chemical transmission of an action potential.32,41  Interestingly, a number of 

neurotransmitter can behave as both classical neurotransmitters through synaptic action 

and neuromodulators via interactions with distal receptors.42 

1.1.3.3. Phasic and tonic signaling 

The existence of both synaptic and distal receptors leads to the expectation of multiple 

signaling modes.32  Indeed, many neurons display two temporal modes of action potential 
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Fig. 1-3.  Evidence of somatic and dendritic dopamine vesicles.  Each image displays 
two dopaminergic cell bodies.  Scale bar = 10 µm.  Tyrosine hydroxylase proteins 
involved in dopamine synthesis are labeled in red (A).  Vesicular monoamine transporter 
(VMAT)proteins responsible for packaging dopamine into vesicles (located in vesicular 
membranes) are shown in green (B).  Image C is a merge of A and B and illustrates the 
co-localization of the two proteins.  Reprinted with permission.36 
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firing: rapid “phasic/burst” firing and slower “tonic” firing.43–47  Further, there is strong 

evidence that the neurotransmitters acetylcholine, GABA, and dopamine signal using two 

distinct transmission modalities: 1 . Phasic transmission in which neurochemical 

concentrations rise and fall rapidly (up to several seconds) in response to stimuli.  2. Tonic, 

neuromodulatory, transmission where neurotransmitter concentrations change more 

slowly (minutes to days) and within a smaller concentration window.41,47–50  However, 

confirmation of dual signaling modes of other neurotransmitters remains elusive and 

further investigation is warranted. 

1.2. Dysfunction in neural communication 

Neurological disorders can drastically affect quality of life.  The brain regulates 

innumerable critical functions including integration of sensory input, learning, decision 

making, and emotional state.  Disruption in neural communication can lead to a variety of 

disease states.  This section will discuss a select few neurological disorders arising from 

dysfunction in neural signaling as examples of the importance of new neuroanalytical tools 

and the motivation for the research presented in this dissertation. 

1.2.1. Dysfunctions in ionic signaling 

1.2.1.1. Spreading depression 

Spreading depression (SD) is a slow-moving wave (a few mm/min in humans) of transient 

(lasting ~ 1 min) depression neuronal activity characterized by massive ionic flux across 

cell membranes in cortical grey matter.51,52  SD has been observed in epileptic patients, 

patients having suffered from traumatic brain injury (typically ~ 1 week following initial 

injury), and has been hypothesized as the source of migraine visual aura.  Further, severe 

vasoconstriction is coincident with the SD wave and can lead to stroke and SD can lead 

to terminal depolarization of cell membranes.53–55  Some studies suggest that 
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neuromodulators such as glutamate or NO play a role in the initiation or progression of 

SD; however, the role of neurotransmission and the interaction between the ionic and 

chemical changes unresolved.56–58 

1.2.1.2. Multiple sclerosis 

Multiple sclerosis (MS) is a chronic demyelinating and inflammatory neuronal disease with 

unknown causes.59–62  Demyelination of neuronal axons hinders action potential 

propagation and leads to symptoms such as motor weakness and cognitive 

impairment.61,62  MS is characterized by episodic neurological dysfunction with intermittent 

recovery.61  However, over time, axonal injury leads to neuronal cell death and extensive 

neurodegeneration is observed.60,61  This neurodegeneration can lead to paralysis and 

even death. 

1.2.2. Dysfunctions in chemical neurotransmission 

1.2.2.1. Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by progressive 

dopaminergic cell death.  PD is most often diagnosed later in life with the percentage of 

the population diagnosed with the disease increasing drastically at age 60.63  Thus, PD is 

expected to be a growing societal burden as life expectancy continues to extend. 

Evidence suggests that the symptoms of PD are associated with dysregulation of tonic 

dopamine concentrations.  Abercrombie et al. used microdialysis and post-mortem tissue 

content analysis to show that tonic concentrations of dopamine in the rat brain are 

unaltered unlit tissue content is depleted by > 80%.64  The reported  level of tissue 

depletion is coincident with the fact that, in clinical practice, PD diagnoses typically occur 

after significant neuronal loss (> 50 %).65  Currently, there is no known cure for PD. 

Additionally, there is a high incidence of comorbidity between PD and serotonergic 
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disorders such as anxiety and depression that further reduce the quality of life experienced 

by Parkinsonian individuals.66,67 

1.2.2.2. Schizophrenia 

Schizophrenia is a debilitating psychiatric disorder with symptoms that include 

hallucinations, delusions, and poor executive function.68,69  Most anti-psychotic 

medications for the treatment of Schizophrenic symptoms target dopaminergic 

receptors.70,71  Further, stimulants known to increase dopamine signaling can induce a 

Schizophrenic-like state as can aggressive treatment of Parkinson’s disease with L-DOPA 

(the biosynthetic precursor to dopamine).72–74  Nonetheless, a growing number of studies 

suggest concurrent dysregulation of serotonergic, GABAergic, and/or glutamatergic 

transmission.68,69,75,76 

These disorders and the existence of so many other under-characterized dysfunctional 

neurological states highlight the need for analytical methods capable of probing active 

neural communication.  To fully to understand abnormalities in neurotransmission within 

disease states, it is important to not only measure cellular activity but also chemical 

signaling events in order to identify druggable targets for treatment. 

1.3. In vivo measurements of neural communication 

1.3.1. Measurements of neural activity 

1.3.1.1. Extracellular electrophysiology 

Electrophysiological techniques measure electrical properties of neurons that arise from 

ionic fluctuations.  Extracellular recordings of neural activity are common practice in 

behavioral neuroscience.  To perform extracellular measurements, electrodes are placed 

into the tissue and changes in the ionic environment near the electrode are measured as 

voltage fluctuations induced by image charges in the conductive material.77  Extracellular 
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recordings are capable of capturing single-neuron action potentials given that the 

electrode is placed near the axon hillock of the cell within ~ 100 µm according to 

mathematical modeling and an assumed limit of detection of ~ 10 µV (Fig. 1-4).78  When 

neurons fire in a coordinated fashion, the local ionic fluctuations give rise to changes in 

what is called the local-field potential (LFP).78,79  These LFP-oscillations can also be 

measured at implanted electrodes and different frequencies of oscillations are associated 

with various behavioral and attention states.80–83  Contributions to the local-field potential 

are estimated to be measurable from neurons as much as 1 mm from the electrode; 

however, relative contributions reduce with increased distance from the axon hillock.78  

High-density arrays of electrodes allow coordination between the activity of individual 

neurons to be investigated and large brain regions to be studied within a single 

animal.77,84,85 

1.3.1.2. EEG, MEG, and fMRI 

Electroencephalography (EEG), magnetoencephalography (MEG), and functional 

magnetic resonance imaging (fMRI) are all non-invasive techniques to measure neural 

activity.77  EEG and MEG measure ionic current within the brain due to coordinated firing 

of neurons (similar to LFP measurements).78,86  EEG measures voltage fluctuations, and 

MEG measures changes in magnetic fields, caused by ionic changes both with probing 

depths of ~ 4 cm.78,86,87  fMRI measures neural activity through imaging changes in blood 

flow (most typically through differences in blood-oxygenation levels in high- and low-

activity regions).87,88  fMRI offers improvement over EEG and MEG studies through an 

increase in penetration depth allowing for whole-brain imaging.89,90  A drawback of these 

techniques is the lack of utility in freely moving animals due to instrumental constraints, 

which limits the breadth of behaviors that can be probed.86,89,91 
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Fig. 1-4.  Magnitude and shape of action potentials as measured by extracellular 
electrophysiology as a function of position.  A generic pyramidal neuron is shown in 
black.  Mathematical modeling was used to calculate measured action potentials at 
various positions near the electrode.  Waveform amplitudes were normalized to allow 
visualization of shape.  Magnitudes are shown in false color.  The magnitude of the 
measured action potential drops off rapidly with distance from the axon hillock of the 
neuron (just below the soma in this image).  Assuming a limit of detection near 10 µV, 
an electrode must be within ~ 100 µm of the axon hillock to reliably measure action 
potentials.  Reprinted with permission.78 
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1.3.1.3. Calcium imaging 

In general, calcium imaging techniques use a molecular probe (typically a fluorescent 

indicator) that is sensitive to calcium.  The probe is introduced to the intracellular space 

through one of a variety of methods.  Upon action potential firing and subsequent calcium 

influx, the probe responds to the change in calcium concentration with a change in 

fluorescence intensity thus transducing the calcium signal to an optical signal.92  Recent 

developments in fiber-optics and two-photon microscopy have enabled high-speed in vivo 

imaging of neural networks in deep-brain region; however, those advances are beyond 

the scope of this discussion.93–95 

1.3.2. Electrochemical measurements of phasic neurotransmission 

1.3.2.1. Amperometric techniques 

The effective temporal resolution of amperometric techniques at unmodified electrodes is 

functionally limited by the sampling rate of the instrumentation and is unsurpassed by 

other in vivo methods.96  However, amperometry at unmodified electrodes lack specificity 

in that any molecule with an oxidation potential below the potential of the measurement 

electrode will produce a signal.28,97  As such, most in vivo amperometric techniques focus 

on the use of enzyme-modified surfaces to quantify non-electroactive neurotransmitter via 

measurements of the oxidative by-product of the enzymatic reaction (Fig. 1-5).98–100  These 

sensors are extremely useful as they expand the chemical space able to be sampled. 

Unfortunately, many enzyme-modified electrodes suffer from poor stability and longevity 

through film deterioration and enzyme loss.98,101 

1.3.2.2. Fast-scan cyclic voltammetry 

Fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes measures the 

phasic dynamics of electroactive neurotransmitter release with sub-second temporal 
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Fig. 1-5.  Schematic of an amperometric glutamate biosensor.  The biosensor uses 
glutamate oxidase (GlOx) imbedded in a film at the electrode surface to oxidize the 
neurotransmitter and the oxidatative by-product (H2O2) is measured.  The current from 
a “blank” working electrode is subtracted from currents measured at the enzyme 
electrode to account for background changes and interferents. Reprinted with 
permission.99 
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resolution through the rapid oxidation and subsequent reduction of the analyte.40,102–105  

FSCV is one of the most widely used methods to study phasic neurotransmission in 

behaving animals.106–108  However, this method can only make comparative 

measurements over short time-scale (typically < 1 min) and is isolated to electroactive 

substances. 

1.3.3. Measurements of tonic neurotransmission 

1.3.3.1. Microdialysis 

The vast majority of studies of tonic neurotransmission in vivo utilize sample extraction 

techniques, most often microdialysis.109,110  To collect neurotransmitter sample using 

microdialysis, a probe with a semi-permeable, size-exclusion membrane is implanted.  A 

physiological buffer is flowed through the inner compartment of the probe at low-rates 

(typically 0.5 - 3 µL/min) and small molecules are collected as they diffuse across the 

membrane.111  Microdialysis has provided a great deal of insight into chemical 

communication in the brain and the off-line analysis techniques can provide unparalleled 

chemical resolution.111,112  However, the size of microdialysis probes (hundreds of µm in 

diameter) has raised concerns about the use of these probes in small animal models due 

to tissue damage and quantification issues.108,110,113  

1.3.3.2. In situ electrochemical measurements 

Electrochemical approaches to measurement of tonic neurotransmission are 

advantageous because they provide real-time quantification in situ.  Further, the 

microelectrodes typically utilized in vivo have been shown to cause minimal tissue 

damage.108,114  Tonic levels of non-electroactive neurotransmitters have been made using 

amperometry at enzyme-modified electrodes with a blank electrode to subtract 

background currents not arising from oxidation of the analyte (Fig. 1-5).98–101  
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Measurements of tonic concentrations at these sensors suffer from the same issues 

discussed above.  Most other electrochemical techniques have focused on the 

quantification of dopamine.  One strategy for quantification of tonic dopamine 

concentrations is to combine FSCV with pharmacology.106,115,116  However, these values 

are estimates based on assumptions of the response of the dopaminergic system and 

vary by nearly three orders-of-magnitude (from low-nM to > 1µM).  Other strategies have 

used a method similar to anodic stripping voltammetry with a preconcentration step then 

scanning to estimate tonic concentrations97,117.  We previously developed fast-scan 

controlled-adsorption voltammetry (FSCAV) that uses alternating periods of stripping 

dopamine from the electrode, accumulation of dopamine, and measurement.118,119  This 

technique as well as improvement and expansion of this technique is discussed 

extensively in Chapters 4 & 5.  

1.4. Expanding analytical methods for the investigation of neural communication 

The work presented herein broadens the dimensionality of electroanalytical 

measurements of neurochemical processes by expanding the physical, temporal, and 

chemical space that can be probed in vivo.  In Chapter 2, the functional connectivity of 

anatomically distinct brain regions was investigated.  The dependence of electrically 

evoked dopamine release on the temporal pattern and duration of stimulation was probed 

and a complex interaction between the two parameters discovered.  Chapter 3 describes 

the development of instrumentation for combined measurement of neural activity by 

electrophysiology and dopamine release by electrochemistry in vivo.  Through this 

coupling, electrophysiological measurements of action potentials and/or local-field 

potentials gain dimensionality with the addition of information regarding neurochemical 

dynamics.  Similarly, the voltammetric technique gains data regarding the activity of 

neurons that signal using non-electroactive molecules with temporal resolution superior to 
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that of FSCV.  Further, the use of high-density electrophysiological arrays increases the 

measurable physical space when compared to a single-sensor approach.  In Chapter 4, 

FSCAV was expanded for use in vivo by improving selectivity for dopamine over likely 

interferents and the temporal resolution of the technique was improved from 10 minutes 

to 40 seconds.  The development of a measurement platform capable of monitoring 

serotoninergic and dopaminergic transmission simultaneously at individually addressable 

carbon-fiber microelectrodes using either FSCV or FSCAV is described in Chapter 5.  This 

instrumentation doubles the limited chemical space available to these techniques and 

allows the interconnectivity of these neurotransmitter systems to be probed on multiple 

timescales.  Collectively, this work provides significant advancements in analytical 

neurochemistry that open new routes of investigation for neuroscience researchers. 
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Chapter 2. 

Differential release of dopamine in the nucleus 
accumbens evoked by low- versus high- frequency 

medial prefrontal cortex stimulation 

Submitted for consideration to Brain Stimulation 
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2.1. Introduction 

Dopamine release in the nucleus accumbens (NAc) facilitates critical components of 

learning and decision making such as motivation, reward valuation, and action selection.1  

Still, little is known about top-down modulatory (cortical) control of dopamine release in 

the NAc.  Dysfunctional cortical control of dopamine release is implicated in many 

disorders such as depression,2 chronic pain,3 and addiction.4,5  Specifically, the medial 

prefrontal cortex (mPFC) is often implicated in regulation of mesolimbic activity.  The 

mPFC sends direct glutamatergic projections to the NAc and to the ventral tegmental area 

(VTA) where the cell-bodies of NAc terminals originate.6,7  These projections are involved 

in goal-directed behaviors and learning.8,9  While early tracing studies in rats suggested 

that mPFC efferents to the VTA do not synapse onto cells that then project to the NAc,7 

recent evidence indicates that these projections do indeed synapse onto NAc-projecting 

dopaminergic cells.8  Further, inactivation of mPFC neurons with tetrodotoxin decreases 

tonic dopamine levels in the NAc.10  Electrophysiological evidence also suggests a role of 

the mPFC in the activation of accumbens-projecting VTA neurons11 and functional 

connections have been illustrated through electrical12–14 and pharmacological10,15 

stimulation of the mPFC.  

The potential of the mPFC to regulate dopamine release is also supported by the 

successful application of deep brain stimulation (DBS) in various prefrontal sub-regions 

for the treatment of disorders associated with dysregulation of the dopaminergic system.  

For example, DBS of the mPFC is used clinically for treatment-resistant depression and 

intractable chronic pain.16,17  Despite its success, the mechanisms by which DBS in the 

mPFC exerts its clinical benefit remain poorly understood.  While Rea et al. suggest that 

the mesolimbic dopamine pathway is not engaged during DBS,18 Bruchim-Samuel et al. 

have shown improvement in depressive behaviors following electrical stimulation of 
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ventral mPFC that may be due to VTA activation.19  Similar techniques have shown a clear 

connection between the activation of dopamine neurons and anti-depressive effects.  

Optogenetic stimulation of tyrosine hydroxylase-expressing VTA neurons results in both 

a behavioral anti-depressive effect and an alteration in NAc single-unit activity (i.e., cell 

firing).20  Additionally, optogenetic stimulation of VTA-projecting glutamatergic mPFC 

terminals has been shown to affect behavior mediated by NAc dopaminergic activity.8  

Repeated transcranial magnetic stimulation of the prefrontal cortex at 10 Hz and 20 Hz 

has also been reported to increase extracellular dopamine concertation in the NAc, dorsal 

striatum, and hippocampus of rats21 and in the caudate of humans.22  Together, the 

findings above suggest that dopamine release is an active component of DBS-mediated 

relief of depression and/or chronic pain.  

Previous studies have illustrated the importance of stimulation frequency by 

demonstrating that extended (> 30 min) high-frequency (60 Hz) electrical stimulation of 

the mPFC can increase extracellular concentrations of dopamine in the NAc of rats as 

measured by microdialysis.12,13  Contrarily, low-frequency (10 Hz) stimulation reduced 

measured dopamine levels.13  Although microdialysis has excellent chemical specificity, it 

has the disadvantage of poor temporal resolution (minutes to hours).23,24  Consequently, 

the effects of mPFC stimulation on second-to-minute changes in dopamine concentration 

were not resolved.  While slow (minutes) “tonic” changes in dopamine concentration have 

been linked to motivation and value estimation,25 understanding dopamine release with 

second-to-minute resolution is of equal interest as dopaminergic fluctuations on this time 

scale are critical for decision making and learning.26  Rapid (sub-second) “phasic” changes 

in dopamine concentration in the NAc regulate error-driven learning 27 and respond to the 

proximity of an animal to a reward 28.  
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Observations of some physiological characteristics of the mPFC (such as cell firing rate 

and local-field activity) suggest that stimulation frequencies below those typically used for 

DBS (~ 100 Hz) may be optimal for triggering dopamine release.  Principal neurons in the 

prefrontal cortex fire at frequencies that are far lower than frequencies used for deep brain 

stimulation, with peak rates rarely exceeding 30 Hz when animals perform behaviors 

involving decision making, working memory, and attention.29–34  Similarly, local-field 

oscillatory activity in the mPFC in the theta- (5 - 10 Hz) and beta- (15 - 30 Hz) frequency 

bands is associated with inter-region communication, attention, and decision making.35  

Stimulation frequencies that more closely mirror prefrontal firing patterns and local-field 

activity may enhance the effectiveness of DBS treatments to normalize or regulate 

dysfunction.  

This study was designed to systematically examine the effects of mPFC stimulation 

frequency (4 - 60 Hz) and stimulation duration (1 - 30 s) on phasic dopamine release in 

the NAc using a real-time electrochemical detection method—fast-scan cyclic 

voltammetry (FSCV).  Although we originally hypothesized that NAc dopamine 

concentration would increase as mPFC stimulation frequency increased, we found instead 

that stimulation at 10 - 20 Hz for 10 to 20 s triggered the largest response.  Further, we 

observed a significant interaction between frequency and duration of stimulation indicating 

a complex relationship with important implications for therapeutic deep brain stimulation. 

2.2. Materials and methods 

2.2.1. Chemicals 

All reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated.  Dopamine calibrations were performed in Tris-buffered artificial cerebral spinal 

fluid (25 mM Tris, 126 mM NaCl, 2.5 mM KCl, 2.0 mM NaH2PO4, 1.2 mM Na2SO4, 1.2 mM 

CaCl2, and 2.0 mM MgCl2 at pH 7.4).  A dopamine stock solution (1 mM in 0.1 M HClO4) 
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was prepared and stored at 4° C for up to a week then diluted to the desired concentration 

immediately prior to experimentation.  Phosphate-buffered saline (137 mM NaCl, 2 mM 

KCl, 10 mM phosphate at pH 7.4) was made by dissolving tablets (Amresco, Inc., Solon, 

OH) in water. 

2.2.2. Electrode fabrication 

Carbon-fiber microelectrodes were fabricated as previously described.36  T-40 carbon 

fibers (Cytec Thornel, Woodland Park, NJ) were first aspirated into 0.68 mm I.D. glass 

capillary (A-M Systems, Inc., Sequim, WA).  Capillaries were then heated and pulled to 

form a seal around the fiber using a type PE-2 pipette puller (Narishige, Tokyo, Japan).  

Fibers were cut 70 - 80 μm in length from the glass seal.  Electrodes were coated with 

PEDOT:Nafion following procedures described by Vreeland et al. to minimize bio-fouling 

as well as increase electrochemical selectivity and sensitivity.37  Reference electrodes 

(Ag/AgCl) were prepared by soaking a silver wire (0.5 mm diameter, Sigma-Aldrich, St. 

Louis, MO) in chlorine bleach for 24 hours. 

Electrodes were calibrated using a flow cell and known concentrations of dopamine.  An 

average calibration factor of 22 nA/µM, was used to convert current measurements to 

dopamine concentration. 

2.2.3. Animals and surgery 

Male Sprague Dawley rats (350 – 500 g) were anesthetized using 3.5% Isoflurane gas 

which was subsequently lowered to 0.75 – 1.5% for the duration of the procedure.  Oxygen 

flow rate was kept constant at 1.5 L/min.  Holes were drilled and a single carbon-fiber 

microelectrode was lowered into the NAc (AP: 1.5 mm, ML: 1.4 mm, DV: 6.8 - 7.8 mm).38  

Bipolar stimulating electrodes (Plastics One, Wallingford, CT) were lowered into the mPFC 

(AP: 3.2 mm, ML: 0.8 mm, DV: - 3.0 to - 4.0 mm)38 and the medial forebrain bundle (AP: -
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2.5 mm, ML: 1.7 mm, DV: - 7.8 to - 8.9 mm).38  An Ag/AgCl reference electrode was 

lowered 5 - 7 mm into cerebral cortex contralateral to the carbon fiber electrode roughly 3 

mm lateral to the midline.  Upon completion of the experiment, electrolytic lesions were 

made at both stimulating electrode sites and at the site of the carbon probe.  Lesions at 

the stimulating electrodes were made by passing a constant 200 µA anodic current for up 

to 20 seconds at each pole of the bipolar stimulating electrode.  A lesion at the carbon-

fiber electrode was made by passing a constant 1 mA anodic current for up to 20 seconds. 

Isoflurane was increased to 3.5% prior to lesioning to mitigate any discomfort to the 

animal.  Animals were sacrificed using Fatal-Plus® (350 mg/kg, Vortech Pharmaceutical 

Ltd., Dearborn, MI) or Euthasol® (350 mg/kg, Virbac AH, Inc., Fort Worth, TX) and 

perfused using 4% paraformaldehyde in phosphate-buffered saline.  Brains were 

extracted, sectioned, and a Nissl stain was used to confirm electrode placement (Fig. 2-

1).  All experiments were approved by the University of Arizona Institutional Animal Care 

and Use Committee. 

2.2.4. Data collection 

Voltammetric recordings were made using custom hardware and WCCV 3.0 software 

(Knowmad Technologies, LLC., Tucson, AZ).  Recording was performed by applying a 

triangular voltage waveform (- 0.4 to 1.3 V) to the carbon-fiber microelectrode at 400 V/s 

(waveform duration = 8.5 ms) once every 100 ms (10 Hz).36 

2.2.5. Stimulation procedures 

The position of the carbon-fiber microelectrode was optimized by electrically stimulating 

the medial forebrain bundle (MFB) and lowering the carbon-fiber microelectrode and 

stimulation electrode in 200 µm increments until evoked dopamine release in the NAc 

exceeded 300 nM.  The stimulating electrode in the prefrontal cortex was then lowered in  
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Fig. 2-1. Histological verification of electrode placement.  Carbon-fiber microelectrodes 
were lowered into the NAc and bipolar stimulation electrodes were lowered into the 
prelimbic area of the mPFC and MFB.  Coordinates were verified with Nissl stain to 
visualize cell bodies and damage left by electrode tracks.  (A) Representative image of 
a brain slice depicting the electrode tract from a bipolar stimulating electrode in the 
mPFC (orange dotted circle; AP: 3.2 mm, ML: 0.8 mm, DV: - 3.0 to - 4.0 mm).38  The 
image to the right depicts mPFC stimulation sites from multiple animals.  (B) 
Representative image of a brain slice depicting the electrode tract (straight orange, 
dotted lines) and the lesion site (orange dotted circle) for a carbon-fiber microelectrode 
(AP: 1.5 mm, ML: 1.4 mm, DV: - 6.8 to - 7.8 mm).38  The image to the right depicts 
recording sites from multiple animals (C) Representative image of a brain slice depicting 
the electrode tract from a bipolar stimulating electrode in the MFB (orange dotted circle; 
AP: - 2.5 mm, ML: 1.7 mm, DV: - 7.8 to -8.9 mm).38  The image to the right depicts MFB 
stimulation sites from multiple animals. 
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200 µm increments (stimulating with 1 ms/phase, 60 pulses, 60 Hz, ± 300 - 600 µA) until 

dopamine release in the NAc was detected.  In trials that explored stimulation-parameter 

space, the parameters were varied randomly to control for any possible order effects.  

Amplitude was varied from ± 200 µA to ± 800 µA in 200 µA increments while pulse width, 

frequency, and duration were held constant (1 ms/phase, 60 Hz, 60 pulses).  Frequency 

was then varied (10 Hz, 20 Hz, 30 Hz, 40 Hz, and 60 Hz) while pulse width, duration, and 

amplitude were kept constant (1 ms/phase, 60 pulses, 600 µA).  In separate trials, duration 

was varied across several frequencies (4 Hz, 10 Hz, 20 Hz, and 60 Hz; for 1 s, 2 s, 5 s, 

10 s, 20 s, and 30 s) to assess the interaction between frequency and duration.  Each 

stimulation train was separated by 5 - 7 minutes to allow for recovery of releasable 

dopamine and to limit tissue damage.  

2.2.6. Pharmacology 

Rats were injected with the dopamine reuptake inhibitor GBR-12909. GBR-12909 was 

dissolved in 1 - 3 mL saline to yield a dose of 10 mg/kg.  Rats were then injected (i.p.) with 

either GBR-12909 (n = 6 rats) or saline (n = 7 rats) after a 28 minute baseline recording.  

Measurements were taken up to 70 minutes post-injection.  

2.2.7. Data analysis 

Analyses were carried out in Graphpad (Prism; La Jolla, CA), Matlab (Matlab R2016, 

Mathworks Inc., Natick, MA, 2016), and WCCV 3.0 (Knowmad Technologies, LLC.).  

Principal component regression was used to isolate dopamine measurements from other 

local pH fluctuations as previously described.36  Statistical tests used include Grubb’s test, 

Student’s t-test, and one- and two-way ANOVA.  
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2.3. Results and discussion 

2.3.1. Evidence that mPFC stimulation evokes dopamine release in the NAc 

To determine whether electrical stimulation of the mPFC evokes phasic dopamine release 

in the NAc, voltammetric responses produced by mPFC stimulation were compared to 

responses produced by direct MFB axonal stimulation (Fig. 2-2).  First, a carbon-fiber 

microelectrode was lowered into the NAc and stimulating electrodes were placed in the 

MFB and mPFC to evoke dopamine release in the NAc (Fig. 2-2A).  A brief (8.5 ms) 

triangular waveform (- 0.4 to 1.3 V) was applied to the working electrode every 100 ms 

resulting in the oxidation and reduction of dopamine at the electrode surface.  The 

resultant current was background subtracted using pre-stimulus voltammograms and 

plotted versus the applied potential generating cyclic voltammograms (CVs) that can be 

used to distinguish dopamine from other analytes39 (Fig.2- 2B & C, insets).  The CV shown 

from mPFC stimulation was highly correlated with that from MFB stimulation (r2 = 0.87) 

suggesting that dopamine is the analyte released in the NAc upon mPFC stimulation.  

These data are presented in color plots where time is shown on the x-axis, applied 

potential on the y-axis, and current in false color (Fig. 2-2B & C).  Currents due to the 

oxidation of dopamine were isolated from interfering current changes due to fluctuations 

in local pH using principal component regression as previously described.36  Concentration 

versus time traces are shown above the color plots and the insets show CVs 

corresponding to the white dashed lines on the color plots.  Fig. 2-2B shows representative 

dopamine release evoked by MFB stimulation (± 300 µA, 60 Hz, 60 pulses, 1 ms/phase 

pulse width).  Fig. 2-2C shows representative dopamine release evoked by mPFC 

stimulation (± 600 µA, 60 Hz, 60 pulses, 1 ms/phase pulse width).  
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Fig. 2-2. Representative dopamine 
release recorded from the NAc using 
fast-scan cyclic voltammetry during 
stimulation of the medial prefrontal 
cortex (mPFC) or medial forebrain 
bundle (MFB).  (A) Schematic of the 
experimental setup.  Bipolar stimulating 
electrodes (Stim) were placed in both 
the mPFC and the MFB to electrically 
evoke dopamine release in the NAc.  A 
carbon-fiber microelectrode (CFME) 
was placed in the NAc to measure 
evoked dopamine release.  (B) 
Measured change in extracellular 
dopamine concentration in the NAc 
resultant from direct axonal MFB 
stimulation (± 300 µA, 60 Hz, 60 pulses, 
1ms/phase pulse width, stimulation train 
indicated by red bar below color plot). 
The inset contains a voltammogram 
taken from the time point corresponding 
to the white dashed line on the color 
plot.  Color plot displays time on the x-
axis, applied potential on the y-axis, and 
current in false color.  Blue trace above 
the color plot shows the change in 
dopamine concentration with time. (C) 
Measured change in dopamine 
concentration in the NAc evoked by 
mPFC stimulation (± 600 µA, 60 Hz, 60 
pulses, 1 ms/phase pulse width, 
stimulation train indicated by red bar 
below color plot).  Inset contains a 
voltammogram taken from the time 
point corresponding to the white line on 
color plot. 
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2.3.2. Characterization of dopamine release in the NAc evoked by different amplitudes 

of mPFC stimulation 

To determine the relationship between stimulation intensity and NAc dopamine release, 

the stimulation current applied to the mPFC electrode was varied from ± 200 to ± 800 µA 

while holding all other parameters constant (60 Hz, 60 pulses, 1 ms/phase pulse width, 

Fig. 2-3).  Dopamine release increased with increasing stimulation current up to ± 600 µA 

(one-way ANOVA; p < 0.003, n = 5 rats).  Dopamine release evoked by either ± 600 µA 

or ± 800 µA was significantly greater than that evoked by ± 200 µA (p < 0.04 and p < 0.02, 

respectively, Tukey multiple-comparisons test) and ± 400 µA (p < 0.02 and p < 0.01, 

respectively). No significant difference was observed between ± 600 and ± 800 µA (p > 

0.22). Given these data, ± 600 µA stimulation was used for all subsequent experiments. 

2.3.3. Pharmacological characterization of measured signal  

Pharmacological manipulations were performed to determine whether electrochemical 

responses from mPFC stimulation could be attributed to dopamine release and not as 

other chemical fluctuations.  Specifically, a dopamine reuptake inhibitor was injected 

(GBR-12909, 10 mg/kg, i.p., Fig. 2-4) which has been shown to increase the magnitude 

of stimulated dopamine release.40  The mPFC was stimulated every 7 minutes (± 600 µA, 

60 Hz, 60 pulses, 1 ms/phase pulse width), dopamine release was measured in the NAc, 

and peak dopamine release ([DA] MAX) was quantified.  After recording 28 minutes of 

baseline data, GBR-12909 or saline was injected and collection continued for an additional 

70 minutes.  The percent change in [DA] MAX from the average baseline value for each 

animal was plotted against time (Fig. 2-4A, n = 5 - 7 rats, ± SEM).  A marked increase in 

the magnitude of stimulated release is observed following drug injection.  Grubb’s test for 

outliers was performed and a single outlier that showed an increase following GBR-12909 

injection was removed (alpha = 0.05).  Peak stimulated dopamine release increased 
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Fig. 2-3. Characterization of dopamine release in the NAc evoked by different 
amplitudes of mPFC stimulation.  The amplitude of mPFC stimulation was varied from 
± 200 µA to ± 800 µA by increments of ± 200 µA (60 Hz, 60 Pulses, 1 ms/phase pulse 
width).  Data were normalized to the average dopamine release from all parameters for 
each anima (n = 5 rats, ± SEM).  Increasing amplitude increased dopamine release 
(one-way ANOVA; p < 0.003).  Dopamine release evoked by ± 600 µA and ± 800 µA 
was significantly greater than that evoked by ± 200 µA (p < 0.04 and p < 0.02, 
respectively, Tukey multiple-comparisons test) and ± 400 µA (p < 0.02 and p < 0.01, 
respectively). Release evoked by ± 600 µA was not significantly different from that 
evoked by ± 800 µA (p = 0.22). 
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Fig. 2-4.  Pharmacological characterization of measured signal.  Chemical identity of 
the measured signal as dopamine was confirmed through injection of a dopamine 
reuptake inhibitor (GBR-12909, 10 mg/kg, i.p.).  Stimulations were administered to the 
mPFC once every 7 minutes (± 600 µA, 60 Hz, 60 pulses, 1 ms/phase pulse width) and 
peak dopamine release, [DA] MAX, was measured in the NAc.  (A) After recording a 28-
minute baseline (5 measurements), rats were injected with either saline (n = 7 rats) or 
GBR-12909 (n = 5 rats) at time = 0 minutes (black dashed line).  Data were normalized 
and are displayed as percent change from the average baseline signal for each animal 
(- 30 to - 2 minutes).  Error bars indicate SEM.  (B) Summary of the effect of GBR-12909 
or saline on measured signal.  The average of five measurements (post-injection 
measurements 6 – 10 which is the 40 – 70 minute post-injection interval) following the 
injection of GBR-12909 was compared to the average of the same five measurements 
following the injection of saline. GBR-12909 significantly increased the measured signal 
when compared to saline (Student’s t-test, p < 0.002). 
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significantly following injection of GBR-12909 when compared to saline (Fig. 2-4B, 

Student’s t-test, p < 0.002, average of measurements 6 – 10 post injection were compared, 

saline n = 7 rats, GBR-12909 n = 5 rats).  This increase verifies that the change in current 

observed during mPFC stimulation is a result of dopamine oxidation and not another 

oxidizable species with similar electrochemical properties. 

2.3.4. Effect of mPFC stimulation frequency on NAc dopamine release 

Wightman et al. have reported that increasing the frequency of direct stimulation of the 

MFB from 10 – 60 Hz results in an increase in the amplitude of dopamine release.  This 

is believed to occur because as the frequency of MFB stimulation increases, the rate of 

stimulated release overtakes uptake kinetics.41,42  Here the effect of mPFC stimulation 

frequency on evoked NAc dopamine release was investigated by varying stimulation 

frequency while holding total charge passed constant (± 600 µA, 60 pulses, 1 ms/phase 

pulse width, Fig. 2-5).  Interestingly, varying mPFC stimulation frequency (10, 20, 30, 40, 

and 60 Hz) resulted in greater evoked release for lower (e.g., 10 - 20 Hz) versus higher 

(e.g., 60 Hz) frequencies.  Fig. 2-5A shows average change in dopamine versus time. 

Data were normalized as percent of maximal release of all mPFC stimulations within 

animal and smoothed using a moving average with a 500 ms window. Fig. 2-5B shows 

average, normalized peak release for each frequency tested (± SEM, n = 10 rats).  A main 

effect of frequency was observed (one-way ANOVA, p < 0.006,) with post-hoc tests 

indicating that 10 and 20 Hz stimulation evoked greater release than 60 Hz stimulation (10 

versus 60 Hz: p < 0.03, 20 versus 60 Hz: p < 0.02, Tukey multiple-comparisons test).  This 

is in opposition to results obtained with direct stimulation of the MFB.  Several features of 

the mPFC and the dopaminergic system may contribute to this phenomenon such as 

electrophysiological characteristics of neurons in the mPFC and VTA as well as 

connectivity between neurons in the mPFC, VTA, and NAc. 
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Fig. 2-5. Effect of mPFC stimulation frequency on NAc dopamine release.  Frequency 
of mPFC stimulation was varied and total charge passed was held constant (± 600 µA, 
60 pulses, 1 ms/phase pulse width, n = 10 rats).  (A) Dopamine release was measured 
while administering 10, 20, 30, 40, and 60 Hz stimulation (data were smoothed using a 
500 ms moving average).  Data were normalized to maximum peak release recorded 
for each animal across all parameters.  Normalized change in dopamine (Δ [DA]) versus 
time is shown and shaded regions indicate + SEM.  The black dashed line indicates the 
start of stimulation and the horizontal colored bars under the traces show the stimulation 
duration.  (B) Average normalized peak release is shown as a function of frequency. 
Dopamine release evoked by 20 Hz and 10 Hz was greater than dopamine release 
evoked by 60 Hz (p < 0.02 and p < 0.03 respectively, one-way ANOVA, Tukey multiple-
comparisons test, error bars represent SEM). 
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VTA neurons can fire in burst or tonic modes.  Burst firing is associated with phasic 

dopamine release in the striatum with burst onset defined as at least two action potentials 

occurring within an 80 ms interval.43  Furthermore, Hyland et al. reported the intra-burst 

frequency of VTA neurons to be ~ 20 Hz.44  These natural firing intervals are similar to 

intervals used here to evoke peak phasic dopamine release (10 to 20 Hz ≈ 50 to 100 ms 

inter-pulse interval).  Additionally, the mPFC is implicated in goal-directed behaviors which 

may be facilitated by its projections to the NAc and VTA.  mPFC neurons fire at 

frequencies near 20 Hz when animals perform behaviors that are known to require 

modulation of dopamine release.29,33  For example, single-neuron and local-field activity 

within the prefrontal cortex at frequencies between 13 - 30 Hz (beta frequency) have been 

observed in animals performing working memory, attention, and decision making tasks.29–

35,45  Further, Beier et al. have shown that direct projections from the mPFC to the VTA 

are capable of changing NAc-dopamine-mediated behaviors.8  Specifically, the authors 

observed that animals preferred nose-poke holes associated with 20-Hz optogenetic 

stimulation of mPFC terminals in the VTA over lower stimulation frequencies.  This effect 

was abolished by dopamine-receptor blockade in the NAc.   

2.3.5. Dopamine release is dependent on both frequency and duration of stimulation 

Previously, Jackson et al. used microdialysis to measure changes in dopamine 

concentration at 5-minute intervals in response to repeated mPFC stimulation.13  They 

reported that low-frequency stimulation (10 Hz, 100 μA, 5 pulses repeated every 5 s for 

30 minutes, total pulses = 1800) resulted in reduced tonic dopamine concentration in the 

NAc while 60 Hz stimulation resulted in increases.  In contrast, observed increases in 

dopamine concentration for both stimulation frequencies with greater increases observed 

with lower stimulation frequency.  Both results suggest a frequency-dependent 

mechanism by which the mPFC regulates phasic NAc dopamine release.  The differences 
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observed between our results and those of Jackson et al. are likely in part due to the fact 

that microdialysis measures slow changes (in this case, averaged over 5-minute intervals) 

in tonic dopamine concentration.  In contrast, we measured fast, phasic dopamine release 

in response to individual stimulation trains.  Tonic (slow) changes in dopamine 

concentration (seconds to minutes) are implicated in motivation and value estimation25 

while phasic (rapid) dopamine release is implicated in error-driven learning and decision 

making.27,28,46  Therefore, an understanding of the effects of stimulation on both modes of 

dopaminergic transmission are beneficial.  In addition to the difference in the signaling 

mode investigated, Jackson et al. applied the stimulus trains for a constant period of time 

(30 minutes).  Though, it should be noted that each 5-pulse stimulus train differed in length 

between the two frequency (500 ms for 10 Hz and ~80 ms for 60 Hz).  As a consequence 

of controlling the number of pulses in the stimulation train (total charge entering tissue), 

the duration of the stimulations in our experiments are shortened with increasing 

frequency (e.g., 60 pulses x 20 Hz = 3 s versus 60 pulses x 60 Hz = 1 s).  To further 

dissect the effect of stimulation duration on dopamine release was measured in response 

to different frequencies of mPFC stimulation (4, 10, 20, and 60 Hz), while holding the 

stimulation duration constant (1, 2, 5, 10, 20, or 30 s; Fig. 2-6).  To determine the optimal 

parameter to use for normalizing the data, the standard deviation of the peak dopamine 

release for each stimulation parameter across all animals was calculated.  The parameter 

that resulted in the largest standard deviation between animals (20 Hz 10 s, data not 

shown) was chosen as the normalization factor to account for inter-animal variability.  The 

effects of different frequencies of stimulation when duration was held at 1 s (Fig. 2-6A) 

and 20 s (Fig. 2-6B) are shown.  At a stimulation duration of 1 s, 60 Hz evoked greater 

dopamine release than other frequencies.  In contrast, a 20 s, 20 Hz stimulation evoked 

greater dopamine release when compared to other frequencies tested.  Peak dopamine 

release depended on both the frequency and duration of stimulation as shown in the 
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Fig. 2-6. Dependence of peak dopamine release on the frequency of stimulation.  The 
mPFC was stimulated at 4, 10, 20, and 60 Hz for 1, 2, 5, 10, 20, and 30 s and dopamine 
release was recorded from the NAc (± 600 µA, 1 ms/phase pulse width, n = 6 - 8 rats). 
Peak dopamine release for each animal and for each parameter tested was normalized 
to peak dopamine release from a 20 Hz, 10 s stimulation within animal.  (A) Mean 
normalized traces of dopamine release from 1 s stimulations.  The stimulation period is 
indicated by the horizontal red line and shaded regions represent + SEM.  (B) Mean 
trace of dopamine release from 20 s stimulations.  The stimulation period is indicated 
by the horizontal red line below the traces.  (C) Average normalized peak release as a 
function of duration for each stimulation frequency.  A two-way ANOVA revealed effects 
of frequency (p < 0.0001), duration (p < 0.0001), and their interaction (p < 0.0003).  All 
post-hoc comparisons are presented in Table 2-1.  (D) Difference scores were then 
calculated by subtracting normalized dopamine release at 60 Hz stimulation from 
normalized dopamine release at 20 Hz stimulation for each duration.  Stimulation at 20 
Hz results in greater dopamine release than 60 Hz stimulation for durations from 5 to 
20 s.  Values significantly different from 0 are denoted with an asterisk wherein 0 
indicates no difference between dopamine release from 20 Hz versus 60 Hz stimulation 
(multiple Student’s t-tests with Bonferroni-Holm correction, p < 0.05). 
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responses presented in Fig. 2-6C.  A significant interaction between duration and 

frequency was observed (two-way ANOVA, p < 0.0003), along with main effects of 

frequency (p < 0.0001) and duration (p < 0.0001).  

When comparing each stimulation frequency within each stimulation duration, post-hoc 

analysis further indicated that high stimulation frequencies produced greater dopamine 

release at short durations (1 s), while lower stimulation frequencies (10 - 20 Hz) produced 

greater dopamine release at durations > 5 s (Fig. 2-6C).  For example, at a 2 s stimulation 

duration, dopamine release from 60 Hz stimulation was larger than that from 4 Hz (p < 

0.02, Tukey multiple-comparisons test), but for 20 s, dopamine release from 20 Hz 

stimulation exceeded 4 Hz (p < 0.0001) and 60 Hz (p < 0.002).  All significant post-hoc 

comparisons are presented in Table 2-1. 

The interaction between frequency and duration was further explored by computing the 

difference between peak dopamine release at 20 and 60 Hz for each stimulation duration 

(Fig. 2-6D).  Peak dopamine release from 60 Hz stimulation was subtracted from that of 

20 Hz stimulation for each duration (1, 2, 5, 10, 20, and 30 s) such that 0 indicates no 

difference between the two.  Values significantly less than 0 indicate that 60 Hz stimulation 

resulted in greater dopamine release whereas values significantly greater than 0 indicate 

that 20 Hz stimulation resulted in greater dopamine release.  This analysis revealed that 

dopamine release in response to 20 Hz stimulation exceeded dopamine release in 

response to 60 Hz stimulation for durations of 5, 10, and 20 s (Multiple Student’s t-tests 

with Bonferroni-Holm correction for multiple-comparisons, p < 0.05). 

Taken together our data and the Jackson et al. study suggest that phasic and tonic 

dopamine signaling are differentially affected by mPFC stimulation and that stimulation 

frequency and duration can significantly alter effects.  This information has important 

clinical implications in regards to deep brain stimulation (DBS).  DBS is used to treat 
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Table 2-1.  List of all significant frequency comparisons within each stimulation 
duration (1, 2, 5, 10, 20, and 30 s). 

Stimulation duration Frequencies compared p-value
2 s 60 Hz > 4 Hz < 0.02 

5 s 20 Hz > 4 Hz < 0.003 
5 s 60 Hz > 4 Hz < 0.03 

10 s 20 Hz > 4 Hz  < 0.0001 
10 s 20 Hz > 10 Hz < 0.009 
10 s 20 Hz > 60 Hz < 0.009 

20 s 10 Hz > 4 Hz < 0.0001 
20 s 20 Hz > 4 Hz < 0.0001 
20 s 20 Hz > 60 Hz < 0.002 

30 s 10 Hz > 4 Hz < 0.0002 
30 s 20 Hz > 4 Hz < 0.0001 
30 s 20 Hz > 60 Hz < 0.03 
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neurological disorders associated with dopaminergic dysregulation and high stimulation 

frequencies are common (> 100 Hz).47,48  Our data and results from studies described 

above indicate that ~ 20 Hz activity has important physiological and behavioral functions, 

yet few studies have explored the effects of low-frequency stimulation on dopamine 

release.  Nevertheless, there is evidence that low-frequency stimulation can have 

therapeutic benefits.  For example, one study involving stimulation of the sub-thalamic 

nucleus in Parkinson’s patients found that 10 Hz stimulation improved verbal fluency but 

reduced motor function, while 130 Hz stimulation reduced verbal fluency but improved 

motor function49.  In another study, both low- (20 Hz) and high- (130 Hz) frequency 

stimulation of the ventral mPFC in rats was shown to increase swimming behavior in a 

forced swim test which may indicate an anti-depressant effect.50  Results obtained from 

these studies and those presented herein suggest that the choice of DBS frequency is 

particularly important for regulating dopaminergic systems and for maximizing therapeutic 

benefit.  Thus, it is imperative to further explore the stimulation parameter space in clinical 

settings. 

2.4. Conclusions 

This work investigated the effects of a range of frequencies (4 to 60 Hz) of mPFC 

stimulation on dopamine release in the NAc.  We show that mPFC stimulation evokes 

phasic dopamine release.  We also found that 20 Hz stimulation triggered maximal 

dopamine release in the NAc for stimulation durations > 5 s.  Additionally, we report an 

interaction between the frequency and the duration of mPFC stimulation.  These results 

are consistent with the observation that endogenous 20 Hz activity in the mPFC facilitates 

goal-directed behaviors, which may be a consequence of increased dopamine release in 

the NAc.  Importantly, for clinical applications, these data suggest that the therapeutic 

effect of deep brain stimulation for diseases involving dysregulation of dopaminergic 
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systems may depend on the specific choice of frequency.  The potential role of mPFC 

regulation of mesolimbic dopamine in ameliorating neurological symptoms compels 

further investigation of low-frequency stimulation.  
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A platform to enable combined measurement of 
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3.1. Introduction 

Although dopamine is known to change neuronal excitability,1,2 modulate neural 

plasticity,3,4 and regulate learning,5,6 the mechanisms by which dopamine influences 

ongoing neuronal activity are not understood.  Particularly notable is the lack of 

understanding of the effects of dopamine release on the activities of networks of neurons.  

Understanding dopamine’s influence on network activity is important as experimental and 

theoretical work, such as Donald Hebb’s theory of “cell assemblies”7, indicate that distinct 

networks of neurons represent a fundamental unit of computation and storage in the brain.  

Understanding how dopamine influences cell assemblies requires instrumentation that 

measures both dopamine release and neural ensemble activity8 with sub-second 

resolution.  No such instrumentation is currently available, and this is largely due to 

challenges involved in integrating tools that measure chemical release and electrical 

activity.  For example, fast-scan cyclic voltammetry (FSCV)9,10 allows real-time 

measurement of dopamine release, but the applied voltage used in FSCV interferes with 

electrophysiological recordings.11 

Experiments involving electrophysiological measurement of neural activity in behaving 

animals have contributed greatly to the understanding of how neurons encode spatial 

environments12 and store memories.13,14  Extracellular recording from arrays of electrodes 

is an established method for measuring neural ensemble activity15.  Extracellular 

electrophysiology measures voltage fluctuations produced by the movement of ions in and 

out of neurons resulting from action potentials and post-synaptic activity.16,17  Action 

potentials are brief (~ 1 ms), high-frequency (600 - 6000 Hz) electrical events produced 

by individual neurons, and these events can be measured from extracellular electrodes 

located within ~ 100 µm of the axon hillock.18  Extracellular electrodes can also record 

lower-frequency (< 300 Hz) local-field potentials (LFPs) that arise from coordinated 
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synaptic activity from many neurons.19  LFP activity has been implicated in learning, 

decision making, and motor control.20–22 

A drawback of electrophysiological recording is its inability to monitor neuromodulator 

release.  In contrast, FSCV is a well-established technique for the measurement of 

neurotransmitter dynamics in vivo with high temporal resolution (sub-second), sensitivity 

(low nM limit-of-detection), and spatial resolution (tens of microns).9,10,23  Yet, FSCV is 

limited to the measurement of electroactive neurotransmitters typically at one probe, 

although examples using 2 – 3 electrodes have been reported.24–26  Thus, combining 

electrode-array electrophysiology and FSCV technologies would provide a much-needed 

tool for probing uninvestigated links between the activity of neural ensembles and 

neuromodulator dynamics.  

Previous efforts to combine FSCV and electrophysiology utilized a single carbon-fiber 

microelectrode to acquire both the FSCV and electrophysiological signal,11,27,28 though 

attempts to integrate electrophysiological arrays have been made.29  While knowledge 

gained through such studies is invaluable, a limitation of the single-sensor approach is 

that electrophysiological and voltammetric measurements can only be acquired within the 

same brain region and from a small number of neurons (1 - 3) at a time.  Consequently, 

questions regarding the role of neuromodulation in altering neuronal-ensemble 

interactions cannot be addressed.   

To address these limitations, we developed an instrument, termed DANA (Dopamine And 

Neural Activity), that allows combined measurement of dopamine release with FSCV and 

neural activity from large electrophysiological electrode arrays.  A modified voltammetric 

headstage that allows for the application of the voltammetric waveform directly to the 

working electrode (similar to that described by Takmakov et al.)28 enables the use of a 

shared ground, minimizing noise.  Additionally, an optional 32-channel solid-state-relay 
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array (SSR) was placed between the electrophysiological electrode-array and amplifiers.  

We characterized the instrument’s capacity to measure action potentials (600 - 6000 Hz) 

and local-field potentials (< 300 Hz) in vitro and its capacity to monitor dopamine release 

in the striatum and single-neuron activity in the striatum or hippocampus of anesthetized 

rats.  The striatum and hippocampus were chosen as these regions receive input from 

midbrain dopamine neurons,30,31 and this input is thought to drive neuroplasticity and 

adaptive learning.32,33  Finally, the DANA system was shown to be compact enough to 

monitor phasic dopamine changes, single-neuron activity, and local-field potentials in a 

freely moving animal.  Taken together, results from these experiments demonstrate the 

potential of the DANA system to investigate connections between physiology, 

neurochemistry, and behavior. 

3.2. Materials and methods 

3.2.1. Chemicals 

All chemicals were purchased from EMD Chemicals Inc. (Darmstadt, Germany) unless 

otherwise stated.  Dopamine hydrochloride, Tris base, Tris hydrochloride, 3,4-

ethylenedioxythiophene (EDOT), and GBR-12909 were purchased from Sigma Aldrich 

(St. Louis, MO).  Eticlopride hydrochloride was purchased from Tocris Bioscience 

(Avonmouth, Bristol, UK). Nafion solution (LQ-1105) was purchased from Ion Power Inc. 

(New Castle, DE) and used as provided.  Ketamine was purchased from Phoenix 

Pharmaceuticals Inc. (Ketaject®, St. Joseph, MO).  Artificial cerebral spinal fluid (aCSF) 

was made by dissolving 15 mM Tris, 126 mM NaCl, 2.5 mM KCl, 20 mM NaHCO3, 2.0 

mM NaH2PO4, 1.2 mM Na2SO4, 1.2 mM CaCl2, and 2.0 mM MgCl2 in 18.2 MΩ water 

(EMD Millipore) and the pH was adjusted to 7.40 using HCl.  To produce an aCSF 

gelatin, porcine gelatin (0.5% by mass) was added and the solution was heated until it 

dissolved.  The mixture was allowed to set at room temperature.   
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3.2.2. Stereotrode array fabrication 

Stereotrodes34 were fabricated by twisting two insulated 25 µm tungsten wires (California 

Fine Wire, Grover Beach CA) together.  Each twisted pair was heated to fuse the insulation 

and increase rigidity.  Sixteen fused silica capillaries (~1.5 cm long, 103 µm I.D., 170 µm 

O.D., Polymicro Technologies, Phoenix, AZ) were pre-loaded into eight stainless steel 

guide cannulae (Component Supply Company, Fort Meade, FL).  Each tungsten wire pair 

was then inserted into one of the pre-loaded capillaries.  Electrodes were connected to a 

custom 32-channel electrode-interface board (EIB, HTech, Tucson, AZ) fitted with a 32-

channel Omnetics connector (A79032-001, Omnetics Connector Corporation, 

Minneapolis MN).  Stereotrodes were connected to the EIB by inserting each wire into 

individual through-holes, each hole corresponding to a single recording channel.  Wires 

were connected to the EIB by pressing gold EIB pins (Neuralynx, Bozeman, MT) into the 

through-holes to strip the electrode wire and make contact with the EIB trace.  

3.2.3. Carbon-fiber microelectrode fabrication 

Carbon-fiber microelectrodes for use in vitro and animals under anesthesia were prepared 

as previously described.35  In short, an AS4 carbon fiber (ø 7.4 µm, Hexcel Corporation, 

Stamford, CT) was loaded into a four inch glass capillary (World Precision Instruments, 

Inc., Sarasota, FL) then pulled to form a seal using a pipette puller (Narishige, Japan) and 

subsequently cut to ~ 75 µm in length. 

Chronically implantable carbon-fiber microelectrodes were fabricated using the method 

described by Clark et al.36  Briefly, an AS4 carbon fiber (Hexcel Corporation, Stamford, 

CT) was loaded into a ~1.5 cm length of fused silica capillary (75 µm I.D., 150 µm O.D., 

Polymicro Technologies).  A seal was made between the carbon fiber and capillary using 

a quick-drying epoxy (ITW Devcon, Inc., Danvers, MA).  Silver epoxy (MG Chemicals, 
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Burlington, ON, Canada) was used to provide contact between the carbon fiber and a 

gold-coated pin (Newark, Chicago, IL) for interfacing.  To reduce biofouling and enhance 

sensitivity, the electrodes were coated in a PEDOT:Nafion polymer blend37 by applying 15 

cycles of a triangle waveform (1.5 V to -0.8 V vs. a silver quasi-reference electrode at 100 

mV/s) in a 20 mL solution of acetonitrile containing 200 µM EDOT and 200 µL Nafion 

solution. 

3.2.4. Reference electrode fabrication 

 The Ag/AgCl reference electrodes were produced by soaking 2.5 cm lengths of silver wire 

(ø 0.25 mm Alfa Aesar, Ward Hill, MA) in chlorine bleach (Food City, Chandler, AZ) for ~ 

4 hours.  

3.2.5. Animals and surgery 

Male Sprague-Dawley rats were pair-housed on a reverse 12-hr light-dark cycle until the 

time of surgery and provided food and water ad libitum.  All procedures were performed 

in accordance with National Institutes of Health guidelines for laboratory animals under 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee.  Surgeries were performed under 1.5 – 3.5 % isoflurane anesthesia (JD 

Medical Distribution Company, Phoenix, AZ).  Stereotaxic coordinates were taken from 

Paxinos and Watson.38 

For experiments recording in the nucleus accumbens (NAc) and hippocampus of 

anesthetized rats, craniotomies were performed to allow access to the NAc (AP: 1.5 mm, 

ML: 1.4 mm, DV: 6.3 – 6.8 mm from brain surface), medial forebrain bundle (MFB, AP: -

2.5 mm, ML: 1.7 mm, DV: 7.4 – 8.5 mm from brain surface), and hippocampus (AP: -3 

mm, ML: 2 mm, DV: 2.0 – 3.5 mm from brain surface).  A hole was drilled above the 

cerebral cortex for placement of the Ag/AgCl reference electrode (insertion depth ~ 5 mm).  
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A carbon-fiber microelectrode was lowered into the NAc and a bipolar stimulating 

electrode (Plastics One, Roanoke, VA) was lowered into the MFB.  Dopamine release was 

evoked by applying a 60-pulse train of 1 ms per phase, 300 - 600 µA, biphasic, square 

wave pulses at a frequency of 60 Hz with an optically isolated DS4 biphasic current 

stimulator (DigiTimer, Welwyn Garden City, Hertfordshire, UK).  After verifying the 

measurement of electrically evoked dopamine release, the 16-stereotrode (32-channel) 

electrophysiological array was lowered slowly into the hippocampus.  When multiple single 

units were identified in the electrophysiological signal, the MFB was stimulated five times 

with a five-minute interval between stimulations.  Then, the electrophysiological array was 

further lowered, and the recording and stimulation protocol was repeated.   

For experiments recording from the dorsal striatum of anesthetized rats, craniotomies 

were performed to allow placement of the electrophysiological electrode array (AP: 1.0 

mm, ML: 2.0 mm, DV: 3.5 – 4.5 mm from brain surface) and the carbon-fiber 

microelectrode (AP: -1.0 mm, ML: 2.0 mm, DV: 4.9 mm from brain surface. The stereotaxic 

arm was angled at 32° posterior from normal). A hole was drilled above the cerebral cortex 

for placement of the Ag/AgCl reference electrode (insertion depth ~ 5 mm).  Spontaneous 

dopamine release was pharmacologically induced by i.p administration of GBR-12909 (20 

mg/kg, 40 min before start of recording) and eticlopride (1.0 mg/kg, 20 min before start of 

recording). 

For the experiment in a freely moving animal, the rat was injected subcutaneously with 22 

mg/kg Cefazolin (Hikma Farmaceutica, Portugal) immediately before surgery.  

Implantation of the stimulating and reference electrodes as well as the electrophysiological 

array were performed as described (vide supra).  A carbon-fiber microelectrode was 

implanted into the dorsal striatum (AP: 1 mm, ML: 2 mm, DV: 4.2 mm).  For pain 

management, Rimadyl (5 mg/kg, Zoetis Inc., Kalamazoo, MI) was injected subcutaneously 
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five minutes before and after surgery as well as one- and two-days post-surgery.  The 

animal was housed individually following surgery and allowed 6 weeks for recovery before 

performing experiments.  During this time, the animal was given oral Sulfatrim (30 mg/kg, 

Hi-Tech Pharmacal, Amityville, NY) daily until sacrifice.  During recording, the animal was 

placed into a padded vessel and recordings were started after thirty minutes.  Dopamine 

release was electrically evoked at five-minute intervals (vide supra).  After thirty minutes 

of data collection, ketamine was injected (20 mg/kg, i.p.). Recordings continued for one 

hour following injection. 

3.2.6. Data collection 

3.2.6.1. Fast-scan cyclic voltammetry 

To perform fast-scan cyclic voltammetry, a 400 V/s triangle waveform (-0.4 V to 1.3 V, vs. 

Ag/AgCl) was applied at a frequency of 5 Hz and data were collected using custom 

instrumentation and WCCV 3.0 acquisition software provided by Knowmad Technologies, 

LLC (Tucson, AZ). 

3.2.6.2. Electrophysiology 

Electrophysiological data (aCSF gelatin simulations and in vivo data) were collected with 

an Intan RHD2132 headstage amplifier connected to an RHD2000 USB interface board 

using version 1.4.2 RHD2000 interface software for Windows (Intan Technologies, Los 

Angeles, CA).  In one set of experiments, the headstage amplifier was isolated from the 

implanted electrode array using a custom 32-channel solid-state-relay array (HTech, LLC, 

Tucson, AZ) and using the Maxim Integrated Products MAX333A CMOS analog switch 

(Fig. 3-1).  All electrophysiological recordings were sampled at 20 or 30 kHz (0.5 - 6000 

Hz band-pass filter) and digitized with 16-bit resolution.  
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Fig. 3-1. Solid-state-relay array (SSR).  (A) Photograph of the SSR. (B) Schematic of 
the SSR.  The SSR consists of eight, four-channel MAX333A precision analog switches 
which prevent current flow between the electrophysiological array and amplifiers by 
switching to an open-circuit configuration when triggered by a TTL pulse from the 
voltammetric system. 
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3.2.6.3. Synchronizing the electrochemical and electrophysiological systems  

To ensure precise synchronization of the recordings, the waveform frequency TTL pulses 

were sent to a digital input of the electrophysiology recording system.  Additionally, a 

microcontroller (Arduino LLC, Strambino, TO, Italy) was used to send a unique code to 

both the voltammetric and electrophysiological systems upon receiving an event TTL sent 

by the voltammetric system.  This TTL was also used to trigger the stimulation pulse-train. 

3.2.7. Data analysis 

3.2.7.1. Fast-scan cyclic voltammetry 

Data analysis was carried out using WCCV 3.0 (Knowmad Technologies, LLC).  

Voltammograms were low-pass filtered at 2,000 Hz.  An average of ten cyclic 

voltammograms collected in the period preceding stimulation were subtracted from all 

voltammograms to produce background-subtracted cyclic voltammograms.  Dopamine 

concentration was estimated using within-subject principal component regression using 

cyclic voltammograms obtained via MFB stimulation.39  Flow-cell calibration of electrodes 

produced in the same manner was used to determine the concentration amplitude from 

measured current (conversion factor = 18 nA/µM).  Specifically, aCSF was pumped past 

the electrode surface at a rate of 500 µL/min and a digitally actuated six-port valve (VICI, 

Houston, TX) was used to inject a bolus of dopamine (0.1 - 1 µM).  The peak current at 

the dopamine oxidation potential (~ 0.55 V vs. Ag/AgCl) was used for quantification. 

3.2.7.2. Frequency analysis of in vitro simulation 

Electrophysiological recordings were made in aCSF gelatin both with and without the SSR 

inserted between the electrophysiological array and amplifiers.  After approximately one 

minute of recording, the voltammetric waveform was applied, and recording continued for 

another minute.  Data were down-sampled to 10,000 Hz prior to analysis.  Standard 
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Fourier spectral analysis was applied to these data (spectrogram and spectral density) 

using Matlab (Natick, MA) and the Signal-processing Toolbox (functions: pwelch() and 

spectrogram()).  Complex Morelet Wavelet decomposition was performed using the 

Wavelet Toolbox (function: cwtft()). 

3.2.7.3. Quantification of the time required to recover an input frequency during 

voltammetric scanning 

The time required to recover a sine-wave input signal of a given frequency during the inter-

scan interval was quantified using a template-matching procedure (Fig. 3-2).  This 

procedure involved first identifying a baseline response to the input frequency by 

measuring the power-spectral density (PSD) of the local-field signal (191.5 ms duration) 

when the FSCV headstage was disconnected and the input signal was applied (e.g., a 40 

Hz sine wave).  A PSD quantifies power as a function of frequency, and it was determined 

using complex Morelet Wavelet decomposition given the high temporal resolution of the 

wavelet transform.  This baseline, or ‘template’, PSD was subsequently compared to 

PSDs measured from electrophysiological traces of varying durations acquired during the 

inter-scan interval when the FSCV headstage was both connected and scanning.  The 

duration of electrophysiological traces from which the PSDs were computed was 

increased in 5 ms increments until the length of the trace matched the inter-scan interval 

(191.5 ms).  The 0 - 5 ms period following scan offset was omitted in order to minimize the 

contribution of the scan/SSR-switching artifact.  The similarity between each target PSD 

and the baseline template was quantified as the squared Pearson’s correlation coefficient 

(R2).  The time-to-recover was calculated as the interval required for the R2 value to reach 

0.7 (70% of variance explained by the baseline template).  The range of frequencies 

measured in the PSDs was 0 to 250 Hz for input sine-wave signals < 250 Hz and 600 to 
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Fig. 3-2. Schematic of the template matching procedure used to quantify recovery time.  
(1) A baseline power spectral density (PSD) is computed from electrophysiological 
measurements collected when a sine-wave input signal is applied and the FSCV 
headstage is disconnected.  (2) PSDs are computed for segments of the 
electrophysiological signal of increasing duration (increased by 5 ms for each 
increment) with the start time of all intervals beginning 5 ms following scan offset. Each 
of these PSDs is compared to the baseline template by calculating the Pearson 
correlation between the two PSDs and then squaring the outcome (R2). (3) Time to 
recovery is defined as the time required for the R2 value to exceed 0.7 (70% of variance 
explained by the baseline template). In this example, the time to recovery is indicated 
by the green triangle. 
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5000 Hz for high-frequency signals > 600 Hz (the frequency range associated with action 

potentials). 

3.2.7.4. Identification and analysis of in vivo action potentials 

For single-neuron action potential extraction, a 13 ms window, starting 1 ms before the 

beginning and 3.5 ms after the 8.5 ms voltammetric scan, was removed.  Recordings 

between the voltammetric scans were band-pass filtered (600 – 6000 Hz) and individual 

units were sorted offline using Spike2 (Cambridge Electronic Design, Cambridge, UK).  

Cell responsiveness was determined using a paired Student’s t-test.  Overall firing 

responses are displayed as peri-event histograms (bin size = 100 ms).  Firing rate for the 

freely moving animal was calculated by binning action potentials into 1 ms periods and 

then smoothing over one-minute intervals with a convolution filter (Hanning kernel).  A 

one-minute window following ketamine injection was ignored due to interference from 

animal handling. 

3.2.7.5. Analysis of high-frequency local-field potentials (LFPs) from an awake animal 

Recordings were sampled at 20,000 Hz, band-pass filtered from 0.5 to 600 Hz, and then 

down-sampled to 2,000 Hz.  A 10-ms interval following voltammetric scan offset was 

eliminated.  Consequently, each analyzed inter-scan LFP segment was 181.5 ms in 

duration.  This inter-scan LFP activity was band-pass filtered from 100 to 160 Hz and the 

root-mean-squared (RMS) power was calculated yielding a single value for each inter-

scan segment.  Mean RMS values per segment were smoothed with a convolution filter 

(Hanning kernel, 1 second window).  A one-minute window following ketamine injection 

was ignored due to interference from animal handling. 
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3.3. Results and discussion 

3.3.1. Instrument design 

The measurement platform developed herein combines a traditional electrophysiology 

array and carbon-fiber microelectrode for measurement of dopamine release utilizing a 

"time-share" approach (Fig. 3-3).  That is, electrophysiological signals are not measured 

during the periodic voltammetric scans and vice versa.  When combining these two 

measurement systems, one where a large voltage is applied and the current is measured 

(voltammetry) and the other where small voltage fluctuations are measured 

(electrophysiology), it is important that their interactions are limited.  Each system requires 

at least two electrodes, one for measurement and one to act as a reference.  The 

impedance (at 1 kHz frequency in aCSF gelatin) between the electrophysiological 

electrodes and reference electrodes was 133 ± 9 kΩ (n = 15 electrodes, ± SEM).  

Conversely, the impedance between the carbon fiber and the electrophysiological 

electrodes was significantly larger (230 ± 20 kΩ, n = 15 electrophysiological electrodes, 3 

voltammetric electrodes, ± SEM, Student’s t-test, p < 0.0001).  In most FSCV 

instrumentation, the inverse of the desired voltammetric waveform is applied to the 

reference electrode.  The potential waveform required to measure dopamine dynamics 

typically lasts 8.5 ms, has a magnitude of 1.7 Vpk-pk (peak-to-peak voltage), and is applied 

at a frequency of 10 Hz (every 100 ms).  This creates a technical challenge as applying 

this large potential to the reference electrode results in saturation of the 

electrophysiological amplifiers as they are designed to measure microvolt changes in 

extracellular potential.  

To overcome this technical challenge, a modified version of the voltammetric 

instrumentation (Fig. 3-3A) was used where the potential is applied to the working 

electrode and the reference electrode is held at ground.  This allows for a shared grounded 
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Fig 3-3.  Instrument design and timing diagram.  (A)  Schematic of instrumental set-up.  
A shared grounded Ag/AgCl reference (black arrow), a 16-stereotrode 
electrophysiological (E-phys) array (blue), and carbon-fiber microelectrode (CFME, red) 
are inserted into brain or artificial cerebral spinal fluid gelatin.  E-phys array may be 
followed by an optional solid-state-relay array (SSR, grey box, Figure S-1).  The CFME 
is interfaced through a custom headstage (lower right).  An LF356 operational amplifier 
was used to allow application of the voltammetric waveform (Vapp) directly to the CFME 
and facilitate a shared grounding scheme.  (B) Measurement "time-share" scheme.  A 
5 Hz timing pulse from the voltammetric system (top) controls the application of the 
voltammetric waveform (second down) and collection of the voltammetric signal (third 
down).  The electrophysiological signal is not measured during the voltammetric scan 
(grey boxes, bottom trace).  Inset displays a single action potential. 
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reference electrode for both electrophysiological and electrochemical measurements.  

Having the reference electrode held at ground limits electronic noise in the 

electrophysiological signal when compared to the configuration where the working 

electrode is grounded (4 vs. 60 µVRMS, root-mean-squared of the measured voltage).  

When applying the voltammetric waveform to the working electrode, the specifications on 

the operational amplifier are more stringent as it is susceptible to instability in this 

configuration.  At high frequencies, if the output has too much phase delay, the inputs are 

not held at the same potential, causing the operational amplifier to oscillate.  As such, the 

voltammetric headstage was constructed using a LF356 operational amplifier (Texas 

Instruments) chosen for its rapid slew rate (12 V/μs), low noise (0.01 pA/Hz1/2), wide unit-

gain bandwidth (5 MHz), and low input bias current (30 pA max).   

With a shared reference electrode, the interference caused by the voltammetric waveform 

at the electrophysiological amplifiers was minimized.  The platform used in this work 

includes an Intan RHD2132 amplifier headstage with a working range of ± 5 mV.  Upon 

application of the voltammetric waveform in vivo in anesthetized animals, the amplitude of 

the artifact caused by the application of the voltammetric waveform was 1 - 4 mV.  Thus, 

unwanted saturation of electrophysiological amplifiers was prevented by using the LF356 

voltammetric headstage.  However, it is important to note that the measured artifact would 

be expected to increase if the experimenter employed a more rapid scan rate or used a 

larger working electrode.   

To provide additional isolation, an optional digitally controlled 32-channel solid-state-relay 

array (SSR, Fig. 3-1 & 3-3A) was added between the electrophysiological array and 

amplifiers.  The SSR was composed of eight MAX333A quad precision analog switches 

arranged on a dual-sided printed circuit board.  It has a compact profile (8 g, 0.5 x 3.5 x 

4.5 cm), allowing for use with freely moving animals.  A TTL control pulse from the 
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voltammetric system was used to put the SSR into an open-circuit configuration for the 

duration of the 8.5 ms voltammetric scans, preventing current flow and protecting the 

electrophysiological amplifiers (Fig 3-3B).  The ability to collect single-unit activity between 

voltammetric scans is illustrated (Fig 3-3B, bottom trace).  Using the SSR is advantageous 

as it isolates electrophysiological and voltammetric recordings and thus could enable 

combined recordings in medical applications.  Additionally, the SSR would facilitate 

recording under conditions where saturation of the electrophysiological amplifiers is a 

concern.  

3.3.2. In vitro characterization of instrumentation 

3.3.2.1. Artifact in the electrophysiological signal due to voltammetric waveform 

application 

To assess the effect of the voltammetric waveform and the SSR on electrophysiological 

recordings, we used a model system consisting of aCSF gelatin (Fig. 3-4).  The gelatin 

has a carbon-fiber working electrode (voltammetric waveform applied here, current 

measured), electrophysiological array (voltage measured here), and a shared reference 

electrode (grounded).  Application of the voltammetric waveform to the carbon-fiber 

microelectrode causes an artifact in the electrophysiological signal both with and without 

the SSR (Fig. 3-4A).  The amplitude of the artifact recorded in vitro without the SSR was 

markedly lower than the artifact in vivo; however, their shape and duration are similar.  

The artifact created by switching of the SSR in vitro closely resembles that seen in vivo. 

3.3.2.2. Recovery of signals in the frequency range of action potentials 

Action potentials represent the most fundamental mechanism by which individual neurons 

transmit signals.  To test the capability of the DANA system to extract frequencies in the 

range of action potentials, sine waves (1 - 3 kHz, 500 µVpk-pk) were applied to a silver wire 
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Fig. 3-4. In vitro characterization of DANA system.  (A) Artifact measured at the 
electrophysiological array in aCSF gelatin during voltammetric waveform application 
with (blue, bottom) and without (red, top) incorporation of the optional solid-state-relay 
array (SSR).  Black traces show the measured signal in the absence of waveform (WF) 
application.  Grey boxes indicate the duration of the voltammetric scans.  (B) Time to 
recovery of input sine waves with frequencies in the range of action potentials as 
calculated using a template-matching procedure (Fig. 3-2, Materials and methods).  
Comparisons were made to the uninterrupted sine waves used to make the template 
(black triangles), as well as the signal acquired during voltammetric waveform 
application both with (blue circles) and without (red triangles) the SSR.  The data points 
are overlapping, and in all cases, frequencies in this range were rapidly recovered (< 
10 ms).  Error bars are the larger of either SEM or the sampling interval (5 ms, n = 6 
electrodes).  (C) Time to recovery of input sine waves with frequencies in the range of 
local-field potentials.  Frequencies which were not recovered within the inter-scan 
interval are not shown.  (D) Power-spectral-density (PSD) analysis of 
electrophysiological traces during waveform application.  Artifactual bands at the 
waveform application frequency (5 Hz) and harmonics are present both with (blue) and 
without the SSR (red).  In general, the amplitude of these interferences decrease with 
increasing frequency.  (E) The ability to extract target frequencies in a local-field trace 
in the presence of the waveform-application artifacts was assessed by applying a 7 Hz, 
500 µVpk-pk sine wave to the aCSF gelatin.  The target frequency (black triangle) is 
clearly distinguishable from the artifactual bands and could be extracted for analysis. 
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placed in the gelatin, and the signal at the electrophysiological electrode array was 

measured.  The sine waves were applied with and without the SSR present as well as with 

and without the voltammetric waveform being applied.  For each input sine wave, the 

sampling time required for recovery was calculated using a template-matching procedure 

(Materials and methods, Fig. 3-2) and plotted it as a function of frequency (Fig. 3-4B).  

This procedure involved matching the spectral density of the input sine wave measured 

without application of the voltammetric waveform to spectral densities measured within 

the inter-scan interval.  Comparisons were made to the uninterrupted sine wave used to 

create the template (black triangles) as well as the signals obtained during waveform 

application with (blue circles) and without SSR integration (red triangles).  All measured 

frequencies in this range (1 – 3 kHz) were recovered within 10 ms of the end of the 

voltammetric waveform.  See Fig. 3-5 for examples of action potentials recovered before 

and after the voltammetric scan in vivo. 

3.3.2.3. Recovery of signals in the frequency range of local-field potentials 

Local-field potentials are the result of coordinated activity of large populations of neurons.  

Oscillations in local-field potentials within specific frequency bands are associated with 

different functions such as organizing the activities of ensembles of individual neurons or 

facilitating learning and attention.40  To investigate the system’s response to frequencies 

relevant to the analysis of local-field oscillations in animals, we again used a template-

matching approach.  However, the frequencies analyzed were restricted to those relevant 

to local-field potentials (1 - 200 Hz, Fig. 3-4C).  Data is not shown for frequencies < 10 Hz 

as these could not be recovered within the inter-scan interval (191.5 ms).  These 

frequencies were not recovered because the period of the oscillation approaches the 

duration of the inter-scan interval (e.g., a 5 Hz oscillation has a period of 200 ms). 
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Fig. 3-5. Rapid action potential recovery.  Representative electrophysiological trace 
(band-pass filtered 600 - 6000 Hz) collected in the absence of the solid-state-relay array 
showing an action potential occurring just before and soon after the voltammetric scan 
(grey box).  Insets display expanded view of each waveform illustrating that the shape 
of the measured action potential is preserved. 
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The recovery time with the voltammetric waveform applied in the absence of the SSR was 

nearly identical to that of the uninterrupted signals indicating that the scan artifact had 

minimal impact on the capacity to recover the input signal.  Addition of the SSR increased 

recovery time for most measured frequencies.  Yet all measured frequencies 10 Hz and 

above were reliably recovered within the inter-scan interval with frequencies > 20 Hz 

recovered within 50 ms of the end of the voltammetric waveform.  Thus, frequencies 

corresponding to beta (10 - 20 Hz), gamma (30 - 80 Hz), high-frequency (100 - 160 Hz), 

and ripple (150 Hz) oscillations can be recovered with high temporal resolution (Table 3-

1).40  

3.3.2.4. Extraction of low-frequency oscillations 

Though signals below 10 Hz were not reliably recovered within the inter-scan intervals 

(191.5 ms), these signals may still be extracted by integrating over a longer period of time.  

A spectral density analysis of the local-field trace acquired during a five-second period of 

voltammetric waveform application with the SSR (Fig. 3-4D, blue) revealed narrow-band 

artifactual frequency responses occurring at multiples of the waveform application 

frequency (5 Hz in these experiments).  These responses decayed in amplitude at higher 

harmonics.  The spectral density showed little interference in the absence of the SSR (Fig. 

3-4B, red).  Because SSR-induced artifacts were narrow-band (full-width half-maximum ≈ 

0.4 Hz), measurement of physiological oscillatory responses at frequencies between 

artifacts should be recoverable.  To test this, a 7 Hz sine wave (500 µVpk-pk) was applied 

to a silver wire inserted into the gelatin.  This simulated neural activity created a peak at 

the target frequency (7 Hz) which was visible and well-separated from artifactual peaks 

(Fig. 3-4E).  Thus, this target frequency could be extracted even in the presence of 

interference from SSR switching.  However, at least at low frequencies, artifacts would 

prevent measurement at precise multiples of the waveform application frequency.  
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Table 3-1. Recovery time for various frequencies.  

Maximum time to recover (ms) 

Signal Frequency 
tested (Hz) Uninterrupted No SSR SSR 

Theta 5 – 10   * *   * 

Beta 10 – 20 135 ± 5 130 ± 5 150 ± 16 

Gamma 40 – 80 35  ± 5 35 ± 5 45 ± 13 

High-frequency 
oscillations 

100 – 200 30  ± 5 30 ± 5 35 ± 15 

Action potentials 1000 – 3000 10 ± 5 10 ± 5 10 ± 5 

* Not recoverable within a single 200 ms scan, need multiple scans to measure these low
frequencies.  Error is the SEM or the sampling interval, whichever was greater.
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Nonetheless, if the frequency of interest in a particular experiment were a multiple of five, 

the waveform application frequency could be adjusted to 4 or 6 Hz to allow extraction of 

the desired frequency. 

3.3.3. Combined in vivo measurement of striatal dopamine release and multiple single-

neuron activity in the hippocampus 

The DANA system was used to acquire measurements of stimulated dopamine release 

within the striatum and neural activity within the hippocampus of anesthetized rats without 

(Fig. 3-6 & 3-8) and with (Fig. 3-7 & 3-9) integration of the optional SSR.  A carbon-fiber 

microelectrode was placed in the NAc, a stimulating electrode was placed in the MFB, and 

a 16-stereotrode array was inserted into the contralateral hippocampus (Fig. 3-6A).  We 

chose to record from the hippocampus given its well-characterized electrophysiological 

properties, the high-density of cell bodies, and because dopamine release in the 

hippocampus is thought to regulate synaptic transmission.32  Stereotrodes consisting of 

twisted tungsten wires (vide supra) were chosen for electrophysiological measurements 

over single-wire electrodes as stereotrodes improve the identification of neurons as 

waveforms from each neuron are measured at two recording sites.34  To elicit dopamine 

release, the MFB was stimulated five times with a five-minute inter-stimulus interval.  

Single-neuron activity and dopamine dynamics in response to stimulation were measured 

using the time-share protocol described previously and responses were aligned to the time 

of stimulation.  MFB stimulation resulted in a marked increase in dopamine concentration 

and decrease in firing activity of this neuron (Fig. 3-6B-E).  The raster plot presented in 

Fig. 3-6B displays the firing rate of a single neuron in response to electrical stimulation.  

Each row of the raster plot indicates a single trial with the start of the electrical stimulation 

aligned at t = 0.  The peri-event histogram below the raster plots indicates the cumulative 

response across all trials (Fig. 3-6C).  The average waveforms of the neuron as recorded 
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Fig. 3-6. Simultaneous measurement of single-unit action potentials and dopamine 
release.  (A) Schematic of probe placement.  An electrode was placed in the medial 
forebrain bundle (MFB) to stimulate dopamine release.  A carbon-fiber microelectrode 
(CFME) was placed in the nucleus accumbens to measure dopamine.  
Electrophysiological (E-phys) array was placed in the contralateral hippocampus to 
measure action potentials.  (B) Raster plots of single-trail responses of a neuron to MFB 
stimulation (indicated by red bar).  (C) Peri-event histogram for the five stimulations (bin 
size = 100 ms). Inset to the right shows the average waveform of the neuron with colors 
indicating the signal acquired from each of the two electrodes of the stereotrode.  (D) 
Average change in dopamine concentration in response to MFB stimulation (± SEM).  
Inset displays a characteristic dopamine voltammogram.  (E) Average color plot of 
dopamine measurement with time on the x-axis, voltage on the y-axis, and current 
shown in false color. 
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Fig. 3-7. Simultaneous measurement of single-neuron activity and dopamine release 
with solid-state-relay array (SSR).  (A) Raster plots of responses of a single neuron to 
each medial forebrain bundle (MFB) stimulation (indicated by red bar). Stimulation was 
delivered 5 times (y-axis). (B) Peri-event histogram (PEH) for the five stimulations (left, 
bin size = 100 ms) and average waveform of neuron measured at each electrode of the 
stereotrode.  While the PEH appears to show a response, this cell was classified as 
unresponsive as the apparent response is dominated by a single trial and thus not 
statistically significant. (C) Average change in dopamine concentration in response to 
MFB stimulation (± SEM).  Inset displays a characteristic dopamine voltammogram. (D) 
Average color plot of dopamine measurement with time on the x-axis, voltage on the y-
axis, and current shown in false color.  
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at the two electrodes of the stereotrode are shown to the right of the histogram.  Real-time 

changes in dopamine concentration (Fig. 3-6D) illustrate the capability of the DANA 

system to capture rapid release and reuptake dynamics and a characteristic dopamine 

voltammogram is obtained (inset).  An average color plot of all trials displays oxidation 

and reduction of dopamine following electrical stimulation (Fig. 3-6E).  It should be noted 

that the changes in single-neuron activity reported herein are not necessarily a direct 

consequence of dopamine release as the MFB consists of axons from many brain regions.  

Rather, this work is intended to illustrate the ability to make measurements of 

neurotransmitter release and single-unit activity in vivo from brain regions containing 

neurons that are likely modulated by local release of dopamine.  This marks the first 

reported instance to our knowledge of synchronous measurement of single-neuron activity 

and dopamine release in anatomically distinct brain regions.  Data collected in a similar 

manner though with the incorporation of the SSR shows that the presence of the SSR 

does not interfere with the ability to make simultaneous recordings (Fig. 3-7). 

Importantly, the DANA system expands upon the single-sensor approach by allowing 

measurement of neural activity from electrode arrays and thus the ability to investigate the 

activities of ensembles of individual neurons.  As stated above, the use of a 16-stereotrode 

array allowed multiple neurons to be measured simultaneously (Fig. 3-8 without & Fig. 3-

9 with SSR).  Average dopamine release and reuptake (n = 5 stimulations) is shown (Fig. 

3-8A & 3-9A) along with peri-event histograms of simultaneously recorded neurons (11 

neurons without SSR Fig. 3-8B, 8 neurons with SSR Fig. 3-9B).  To our knowledge, this 

is the first report in which many neurons (> 3) were measured in conjunction with real-time 

dopamine concentration.  Throughout the course of these experiments, 119 hippocampal 

neurons were acquired without the SSR and 64 neurons with the SSR (n = 3 rats each).  

To determine if the net effect of MFB stimulation was excitatory or inhibitory, we 
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Fig. 3-8. Multiple single-neuron action potentials measured concurrently with dopamine 
release.  (A) Average evoked dopamine release as seen in Figure 3 (shown for clarity, 
n = 5 stimulations, ± SEM).  Inset displays characteristic dopamine voltammogram.  (B) 
Peri-event histograms from eleven hippocampal neurons simultaneously measured at 
the 16-stereotrode array (bin size = 100 ms).  Histograms are color coded in accordance 
with the designations described in C.  Inset to the right shows the average waveform of 
the neuron with colors indicating the signal acquired from each of the two electrodes of 
the stereotrode.  The scale bars placed to the right of the waveforms indicate 25 μV. 
(C) Pie chart showing the fraction of all recorded neurons (n = 3 rats, 119 cells total)
with firing rates that were categorized as unresponsive, excited, or inhibited following
MFB stimulation.  Responsiveness was determined by performing a paired t-test
comparing the firing rate for the five-second interval preceding and following MFB
stimulation (n = 5 stimulations).
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Fig. 3-9. Multiple single-neuron activities in the hippocampus measured with dopamine 
release in the nucleus accumbens with solid-state-relay array (SSR).  (A) Average 
evoked dopamine release (n = 5 stimulations, ± SEM).  Inset displays characteristic 
dopamine waveform.  (B) Peri-event histograms from eight simultaneously measured 
hippocampal neurons (bin size = 100 ms).  Histograms are color coded for 
responsiveness as described in C.  The waveform of each neuron as measured at the 
two electrodes of the stereotrode is shown to the right of each histogram.  All scale bars 
are 25 μV.  (C) Pie chart showing fraction of all neurons measured using the SSR (n = 
3 rats, 64 cells total) with firing rates that were non-responsive, increasing, or 
decreasing in following MFB stimulation.  Responsiveness was determined using paired 
Student's t-test of the average firing rate five seconds before and after the stimulation 
(n = 5 stimulations).  The percentages of cells measured in each category is similar to 
that measured without the SSR (74% unresponsive, 21% excited, and 5% inhibited, n 
= 3 rats, 119 cells). 
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categorized neurons according to their average response to MFB stimulation using a 

paired t-test based on the firing rate for the five second interval preceding and following 

MFB stimulation.  Of the neurons investigated without the SSR, 21% (25/119) were excited 

by MFB stimulation, 5% (6/119) were inhibited, and 74% (88/119) were unresponsive (Fig. 

3-8C).  Data collected with the SSR produced similar population trends with 28% (18/64) 

excited, 2% (1/64) inhibited, and 70% (45/64) unresponsive to MFB stimulation (Fig. 3-

9C).  The agreement in the population data again suggest that the presence of the SSR 

does not disrupt concurrent measurement of dopamine and neural activity.  Further, 

although preliminary, these results suggest that, of the subset of responsive neurons, the 

main effect of MFB stimulation was excitation.  These data emphasize the utility of 

combining multi-electrode arrays with neurochemical measurement as arrays allow large 

samples of individual neurons to be acquired per experiment.  Thus, a more complete 

picture of neural responses to neuromodulator release can be formed.  Such observations 

highlight the power of the DANA system to directly investigate chemical neuromodulation 

through measurement of concomitant dopamine release and neural activity, linking 

chemistry to physiology. 

3.3.4. Concurrent measurement of spontaneous striatal dopamine release and activity of 

multiple striatal neurons 

To investigate neuronal responses to endogenous dopamine release in the striatum, a 16-

stereotrode electrophysiological array and carbon-fiber microelectrode were lowered into 

the dorsal striatum of an anesthetized rat (Fig. 3-10) and verified histologically to be less 

than 1 mm apart.  A dopamine-reuptake inhibitor (20 mg/kg GBR-12909 i.p., 40 min prior 

to recording) and a D2 receptor antagonist (1 mg/kg eticlopride i.p., 20 min prior to 

recording) were given to pharmacologically induce spontaneous dopamine release.  As 

anticipated, having the carbon-fiber microelectrode and array in close proximity resulted 
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in an increase in the scanning artifact observed in the electrophysiological signal from ~ 2 

to ~ 4 mV.  Nonetheless, this increase was not sufficient to necessitate use of the SSR.  

Forty well-defined dopamine release events (criterion: peak current > 1 nA, no release > 

2 s prior to the leading edge of the event) were identified during the 20 min recording 

period (Fig. 3-10A & B).  During this time period, the firing of eleven striatal neurons were 

also monitored (Fig. 3-10C).  Over half of the neurons measured (55%, 6/11) were found 

to be excited during the increase in dopamine concentration as determine by a paired t-

test (n = 40 events).  These results show that the DANA system can be used to record 

electrophysiology and dopamine release within the same brain region and that the FSCV 

measurements retain the sensitivity required to measure endogenous dopamine release.  

More broadly, these data illustrate how the DANA could be used to investigate scientific 

questions such as determining how populations of neurons in the striatum respond to local 

dopamine release.  For example, these illustrative data suggest that single-neuron 

responses to dopamine release events are heterogeneous with approximately half of the 

population of striatal neurons responding with increased activity and half being 

unresponsive.  Further experiments could determine if these physiological differences 

correspond to specific neuronal subtypes (e.g., D1 or D2 receptor expressing neurons). 

3.3.5. Combined measurement of striatal dopamine release and single-neuron/local-field 

activity in the hippocampus of a freely moving rat 

Use of the DANA in freely behaving animals would allow the investigation of questions 

that link behavior to physiology and neuromodulation. For example, interactions between 

neural activity in the hippocampus and the striatum are thought to drive context-induced 

relapse to drug seeking given involvement of the hippocampus in memory formation41 and 

involvement of the striatum in reinforcement learning.42  Furthermore, activation of the 

hippocampus can trigger dopamine release in the striatum.43,44  For these reasons we 
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Fig. 3-10.  Concurrent measurement of striatal dopamine release and activity from 
multiple striatal neurons. (A) Average color plot for 40 pharmacologically induced 
dopamine release events aligned to the leading edge of each event with time on the x-
axis, voltage on the y-axis, and current shown in false color.  (B) Average change in 
dopamine concentration (± SEM).  Inset displays the average of the 40 dopamine 
voltammograms (x-axis: -0.4 to 1.3 V, y-axis: -1.0 to 1.6 nA).  (C) Peri-event histograms 
from eleven striatal neurons simultaneously measured from the 16-stereotrode array 
(bin size = 100 ms).  Histograms are color coded in accordance with the designations 
described in D.  Inset to the right shows the average waveform of the neuron with colors 
indicating the signal acquired from each of the two electrodes of the stereotrode.  The 
scale bars placed to the right of the waveforms indicate 20 μV.  (D) Pie chart showing 
the fraction of neurons (n = 11 cells) with firing rates that were categorized as 
unresponsive or excited by dopamine release.  Responsiveness was determined by 
performing a paired t-test comparing baseline firing rate (one-second interval beginning 
two seconds before the leading edge of the release event) to the firing rate during the 
event (the one-second interval following the start of the release event, n = 40 events). 
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tested the DANA system in a freely moving animal chronically implanted with a carbon-

fiber microelectrode and electrophysiological array in the dorsal striatum and dorsal 

hippocampus, respectively (Fig. 3-11). To assess the capacity of the DANA to resolve a 

well-characterized oscillation in the local-field potential, we gave the rat a sub-anesthetic 

injection (i.p.) of ketamine (20 mg/kg) after a 30-minute baseline period as ketamine 

induces a high-frequency oscillation (> 90 Hz) in the hippocampus.45,46  Identifying an 

electrophysiological or dopaminergic response to ketamine is of scientific interest as little 

is known regarding how ketamine alters dopaminergic transmission or single-unit activity 

given ketamine’s capacity to affect multiple receptor systems.  To determine how ketamine 

alters dopamine release, the MFB was stimulated every five-minutes (Fig. 3-11A). Local-

field potentials and firing activity of a hippocampal neuron were also recorded (Fig. 3-11B 

& C) during behavior. 

Results from this single example indicated that ketamine triggered a lasting (> 50 minutes) 

reduction of evoked dopamine release and firing activity of the hippocampal neuron (Fig. 

3-11A & B). The decrease in firing activity of the hippocampal neuron could be due to 

ketamine’s action as an NMDA antagonist.47  The decrease in dopamine release is 

interesting as we predicted that the ketamine injection would enhance evoked release 

given that ketamine is a drug of abuse. However, this decrease could be due to ketamine’s 

binding to D2 autoreceptors,47 as D2 agonists have been shown to reduce electrically 

evoked release.9 Thus, evoked dopamine release could be reduced by ketamine acting 

as a D2 receptor agonist. We also measured the root-mean-squared power of the band-

passed (100 – 160 Hz) local-field signal from the same array of electrodes, and, in 

agreement with previous results,45,46 observed that ketamine triggered a notable increase 

in high-frequency oscillatory power (Fig. 3-11C). Although well-studied, the mechanisms 

underlying this oscillation are not fully understood. The DANA system may be able aid in 
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Fig. 3-11. DANA system recording in a freely moving rat. Subplots indicate 
dopaminergic, single-neuron, and local-field potential response to ketamine injection 
(i.p., 20 mg/kg) at t = 0 min.  (A) Percent change in electrically evoked dopamine from 
average pre-drug value. Inset displays average pre- and post-drug current vs. time 
traces (30 min period, ± SEM).  (B) Firing rate of a hippocampal neuron (bin size = 1 
min) measured concurrently with the dopamine signal reported in (A).  The firing rate of 
the neuron decreased ~ 5 minutes following ketamine injection. Inset shows average 
waveform of this neuron as measured at a single electrophysiological electrode.  Red 
dashes indicate times of MFB stimulation used to evoke dopamine release measured 
in (A).  (C)  Spectral power of high-frequency (100 - 160 Hz) oscillations in the 
hippocampus in response to ketamine injection. Power was computed as the RMS value 
of the band-pass filtered signal. In agreement with previous studies, the power of high-
frequency oscillatory activity increased following ketamine injection.  Insets are sample 
traces of oscillations before (left) and after (right) ketamine injection. 
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these efforts by allowing investigation of the contribution of neuromodulation to this 

activity.  

This proof-of-concept measurement of dopamine release and neural activity in a freely 

moving animal showcases the distinctive capabilities of the DANA system and its potential 

to uncover new information regarding the dynamic role that neuromodulators and neural 

ensembles play in organizing behavior. 

3.4. Conclusion 

A new platform for the integrated measurement of single-unit/local-field electrophysiology 

using high-density electrode arrays and dopamine dynamics using carbon-fiber 

microelectrodes has been described herein.  This device creates new opportunities for the 

investigation of questions currently unaddressed in neuroscience as little is known 

regarding how the activities of ensembles of neurons are affected by neuromodulation.  

The DANA system can be utilized to probe interactions between behavior, neural activity, 

and endogenous neuromodulator release.  Excitingly, this system is not limited to 

measurements of dopamine and may be used to monitor effects of any neurochemical 

measurable by FSCV.48 
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4.1. Introduction 

Dopamine plays a critical role in cognitive and physiological processes.1–6  The 

concentration of dopamine in the extracellular space is regulated by two distinct modes of 

neural activity.  The first is pacemaker firing that regulates the steady-state, or tonic, 

extracellular concentration.7,8  The second is phasic, or burst firing, that occurs in response 

to salient stimuli.7  Several diseases and disorders such as Schizophrenia,9,10 Parkinson’s 

disease,10,11 Tourette syndrome,12 and ADHD10 are thought to be related to dysregulation 

of tonic dopamine levels.  The phasic response of the dopamine system is implicated in 

reward-based behavior, motivation, and has been the focus of work directed towards 

understanding addiction.13,14  Thus, real-time monitoring of both tonic and phasic changes 

in dopamine are necessary to improve understanding of dopamine signaling in vivo.  Such 

measurements are difficult as tonic and phasic dopaminergic changes occur on different 

timescales (minutes and sub-second, respectively) and because the matrix within the 

brain is dynamic and chemically complex.   

Fast-scan cyclic voltammetry (FSCV) has been extensively used to monitor phasic release 

of dopamine due to the technique’s sensitivity and ability to provide a chemical signature 

for identification.15–19  This technique imparts the necessary specificity toward dopamine 

in three ways: 1. Being an electrochemical technique, detection is limited to species with 

redox activity within the applied potential window.  2. The collected cyclic voltammograms 

allow for differentiation of species through peak shape.  3. FSCV is a differential technique 

which utilizes background subtraction to monitor rapid changes over short time scales (< 

1 min).  Thus, non-faradaic signals and interferents that change over longer time scales 

are removed from the measurement.  Unfortunately, the background-subtraction step that 

works to improve selectivity for dopamine over interferents also removes vital information 
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about the tonic concentration of dopamine.20,21  Therefore, a separate method is needed 

for monitoring tonic dopamine levels. 

Microdialysis is a sample extraction technique which has been used extensively to monitor 

tonic dopamine concentrations.22  A semi-permeable membrane provides a first level of 

selectivity through size exclusion.  The collected sample is then analyzed using an off-line 

separation technique such as liquid chromatography.  This separation imbues the 

technique with high chemical resolution.  Yet, this chemical resolution comes at the cost 

of spatial and temporal resolution.  Microdialysis probes are ~ 300 µm in diameter 

compared to the ~ 10 µm carbon-fiber microelectrodes employed in FSCV.22  The low 

flow-rates and off-line separation used in microdialysis-based methods cause them to 

suffer from poor temporal resolution.23  Ten-minute collection times are typical, although 

researchers have achieved one-minute resolution.24  Further, the technique is difficult to 

couple to measurements of phasic dopamine release.   

We recently developed fast-scan controlled-adsorption voltammetry (FSCAV) to measure 

tonic concentrations of dopamine.25–27  In some instances, we coupled the measurements 

to FSCV for intermittent (every two minutes in brain slices, every ten minutes in vivo) 

monitoring of electrically evoked, phasic dopamine release at the same sensor.26,27  As a 

modification of FSCV, FSCAV imparts similar electrochemical specificity.  However, 

because FSCAV measures tonic changes, the third selectivity advantage of FSCV 

(selectivity for dopamine over species whose concentrations change slowly, vide supra) 

is lost.  Therefore, we must develop techniques that address this selectivity criterion. 

In addition to signals arising from interferents in the brain, FSCAV signals contain 

capacitive (non-faradaic) currents.  These non-faradaic signals are readily removed in vitro 

through subtraction of a blank; however, in vivo measurements are confounded by the 

lack of a well-matched blank.25,27,28  Recently, Oh et al. developed charge-balancing 
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multiple waveform fast-scan cyclic voltammetry to limit the non-faradic component and 

track changes in tonic dopamine levels with high temporal resolution (10 s) over the course 

of several hours.29  The capacitive component was limited by employing a zero-volt holding 

potential and a dual background subtraction.  This secondary subtraction step prevents 

absolute quantification of dopaminergic concentrations and only changes in tonic 

concentrations compared to a reference time point can be tracked.   

Here, we developed a method that allows absolute dopamine concentrations to be 

monitored in vivo with sub-minute temporal resolution.  A comparison of analysis via peak 

height and peak area was made to determine the best method for quantification of the 

dopaminergic component of the signal in the presence of the non-faradaic component.  

When considering r2-values and limits-of-detection, quantification using the peak area 

provided more consistent results.  Within the rat nucleus accumbens, possible interferents 

include the dopamine metabolites 3-methoxytyramine (3-MT), homovanilic acid (HVA), 

3,4-dihydroxyphenolic acid (DOPAC) as well as uric acid and ascorbic acid.30  Based on 

previous estimates of extracellular concentration and redox behavior, we chose to 

thoroughly investigate two primary interferents of concern when measuring tonic 

dopamine concentrations: DOPAC and ascorbic acid.25,29,31–33  At physiological pH, 

dopamine is positively charged while a majority of the possible interferents are anionic.  

Our method favors cation adsorption because of the negative holding potential utilized in 

FSCAV and a Nafion-containing polymer blend deposited onto the electrode.25,34    

Quantification of the charge passed in the window of dopamine oxidation revealed that 

ascorbic acid does not significantly contribute to the measured signal beyond the first scan 

even at high concentrations (500 μM).  The rate of removal of DOPAC from the electrode 

surface differs from dopamine.  As such, high concentrations of DOPAC (20 μM) do not 

contribute to the signal beyond the first six scans following the adsorption period.  Thus, 
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the tenth scan following the adsorption period was chosen for quantification in order to 

limit interferences and maintain sensitivity (LOD = 7 ± 3 nM, n = 3 electrodes, ± SEM). 

To demonstrate the utility of FSCAV with this quantification strategy, we made sub-minute 

measurements of tonic dopamine levels in vivo.  The pharmacological effects of cocaine 

injection (20 mg/kg, i.p.) on tonic dopamine concentrations were measured at 40-second 

intervals and an increase was observed (pre-injection [DA]Tonic = 400 ± 10 nM, post-drug 

[DA]Tonic = 490 ± 30 nM, n = 5 rats, ± SEM).  The drug response was validated by 

performing FSCV at the same sensor to measure electrically evoked, phasic dopamine 

release pre- and post-drug administration.  Increases in peak dopamine release and signal 

duration following cocaine injection, in agreement with previous reports, were observed 

(% change [DA]max = 130 ± 20 %, % change t1/2 = 80 ± 10%, n = 5 rats, ± SEM).35  Together, 

these results demonstrate the capacity of FSCAV to monitor tonic concentrations of 

dopamine in vivo with unparalleled temporal resolution while maintaining the ability to 

harness the well-characterized, advantageous technique of FSCV to measure phasic 

release. 

4.2. Materials and methods 

4.2.1. Chemicals 

Unless noted, all chemicals were purchased from Sigma Aldrich (St. Louis, MO).  Sodium 

chloride and sodium bicarbonate were purchased from EMD (Gibbstown, NJ).  Sodium 

phosphate was purchased from Mallinckrodt (Phillipsburg, NJ).  Dopamine and all 

interferents (excluding uric acid) were dissolved in 0.1 M HClO4 to make 1.0 – 20.0 mM 

stock solutions.  Immediately prior to experiments, the stock solutions were diluted to the 

desired concentration in artificial cerebral-spinal fluid (aCSF, pH = 7.4, 25 mM Tris, 126 

mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 2.0 mM NaH2PO4, 1.2 mM Na2SO4, 1.2 mM 

CaCl2, and 2.0 mM MgCl2).  Uric acid was dissolved directly in aCSF to the desired 
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concentration.  All water used was purified to a resistivity of 18.2 MΩ·cm using a MilliQ 

Gradient A10 water purification system (EMD Millipore, Billerica, MA). 

4.2.2. Electrode fabrication 

Cylindrical carbon-fiber microelectrodes were prepared as previously described.36  Briefly, 

a single T-40 carbon fiber (Cytec Thornel, Woodland Park, NJ) was aspirated into a 0.68 

mm I.D. glass capillary (A-M Systems, Inc., Sequim, WA).  Capillaries were subsequently 

heated and pulled to form a seal using a type PE-2 pipette puller (Narishige, Japan).  

Electrodes were then cut to 40 - 60 μm in length.  Subsequently, the electrodes were 

coated with PEDOT:Nafion.34  Electrodeposition of a PEDOT:Nafion polymer blend was 

performed by cyclic voltammetry (+1.5 V to -0.8 V, against a silver quasi-reference at 100 

mV/s for 15 cycles) in a solution containing 200 µM EDOT (Sigma Aldrich, St. Louis, MO, 

USA) and 200 µL Nafion (LQ-1105, Ion Power Inc., DE, USA) in 20 mL ACN (HPLC grade, 

EMD Chemicals Inc., Darmstadt, Germany).  A reference electrode (Ag/AgCl) was 

prepared by soaking a silver wire (0.25 mm, Alfa Aesar) in chlorine bleach (Food City, 

Chandler, AZ). 

4.2.3. Animals and surgery 

Adult, male Sprague-Dawley rats (350 – 450 g; Harlan Laboratories, Harlan, Kentucky, 

USA) were used.  All procedures were performed in accordance with the policies of the 

National Institutes of Health guidelines for laboratory animals under protocols approved 

by the University of Arizona Institutional Animal Care and Use Committee.  Rats were 

housed three per cage on a 12-h light–dark cycle with food and water provided ad libitum.  

Stereotaxic surgeries were performed under urethane (1200 mg/kg over 3 injections 

spaced 20 minutes apart) using coordinates from Paxinos and Watson.37  Several burr 

holes were drilled in the skull to allow access to the nucleus accumbens shell for 
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microelectrode placement (AP +1.7 mm; ML +1.0 mm; DV -7.2 mm from the skull surface), 

medial forebrain bundle (MFB) for the stimulating electrode placement (AP -2.5 mm; ML 

+1.7 mm; DV -7.5 mm from the skull), and to the contralateral hemisphere (AP +2.0 mm; 

ML +2.0 mm; DV -3.0 mm from the skull) for the reference electrode placement.  Body 

temperature was maintained at 37 °C with a feed-back-controlled heating pad (Harvard 

Apparatus, Holliston, MA).  A bipolar stimulating electrode (Plastics One, Wallingford, CT) 

provided constant-current, stimulation pulses to the MFB.  To avoid electrical crosstalk, 

the stimulation was programmed to occur during the rest period between individual cyclic 

voltammogram recordings.  The stimulus was optically isolated from the signal generation 

apparatus (NeuroLog System, Hertfordshire, England).  A 40 pulse, 60 Hz, biphasic (± 

200 – 400 µA, 2 ms per phase) stimulation was to evoke dopamine release before and 

after drug administration.  When possible, post-calibrations were performed on each 

electrode and used to convert the electrochemical signal to dopamine concentration.  

Otherwise, the measured average calibration factor of 9.8 pC/µM was used. 

4.2.4. Data collection 

FSCAV was performed as previously described.25,26  Briefly, a CMOS precision analog 

switch, ADG419 (Analog Devices) was used to control the application of the computer-

generated voltage to the electrode.  The logic was controlled using a PCIe-6363 (National 

Instruments, Austin, TX).  Either a triangle waveform (-0.4 V to 1.3 V, scan rate = 1200 

V/s) applied every 10 ms (100 Hz), or a constant potential (-0.4 V) was applied to the 

electrode for 10 s (controlled-adsorption period).  Data was collected using WCCV 3.0 

(Knowmad Technologies, LLC, Tucson, AZ).   
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4.2.5. Data analysis 

FSCAV raw data was analyzed using WCCV 3.0 Data Analysis software (Knowmad 

Technologies, LLC).  The peak potential for peak height measurement (~ 0.65 V) and the 

integration range for peak area measurement (500 mV window, ~ 0.45 – 0.95 V based 

upon peak shape) were chosen based upon data collected in 200 nM dopamine and held 

constant for a given electrode regardless of the molecule being measured.  All subsequent 

data and statistical analysis was carried out in GraphPad Prism 5 software (GraphPad 

Software, La Jolla, CA).  Limits-of-detection were calculated from the standard deviation 

of three replicate blank measurements and the sensitivity for a given electrode. 

4.3. Results and discussion 

4.3.1. Fast-scan controlled-adsorption voltammetry of dopamine 

Voltammetric measurements of absolute dopamine concentrations in vivo using carbon-

fiber microelectrodes are appealing because of the small size and rapid response-time of 

these sensors.  Fast-scan cyclic voltammetry (FSCV) employs carbon-fiber 

microelectrodes to measure fast (sub-second) changes in dopaminergic concentrations in 

vivo over short time scales (< 1 min typical, up to 30 min).38  However, this is inherently a 

differential technique incapable of absolute quantification because of the background-

subtraction requirement.  Recently, this limitation was overcome using fast-scan 

controlled-adsorption voltammetry (FSCAV), which minimizes adsorption of dopamine 

prior to background collection.25,26  FSCAV is performed in four steps (Fig. 4-1A): 1. 

Adsorption of dopamine to the electrode surface is minimized by repeatedly applying a 

triangular waveform (- 0.4 V to 1.3 V, 1200 V/s) to the carbon-fiber microelectrode at a 

frequency of 100 Hz.  Each waveform application and corresponding voltammogram are 

referred to as “scans” herein.  2. Scans are collected to allow subtraction of the 

background.  Typically, we acquire 10 scans to use as the background (100 ms).  3. The 
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Fig. 4-1 Fast-scan controlled-adsorption voltammetry (FSCAV) of dopamine.  (A) 
Schematic of FSCAV data collection process.  FSCAV is performed in 4 steps: 1. 
Adsorption of dopamine is minimized by rapid application (100 Hz) of a triangular 
voltage waveform (-0.4 – 1.3 V, 1200 V/s).  2. Collection of background scans for 
subtraction of the background current.  3. A constant voltage of -0.4 V is applied for 10 
s (controlled-adsorption period) to allow dopamine adsorption to come to equilibrium 
with the extracellular space.  4. Waveform is re-applied and adsorbed dopamine is 
measured.  This is immediately followed by continued application of the waveform to 
minimize dopamine adsorption in preparation for the subsequent measurement.  B) Full 
color plot of FSCAV performed in 200 nM dopamine with voltage displayed on the 
ordinate, time on the abscissa, and current represented in false color.  Dashed lines 
indicate corresponding regions in the schematic.  C) Truncated color plots displaying 
the first 30 scans (0.3 s) following the controlled-adsorption period for FSCAV 
performed in aCSF (left) or 200 nM dopamine in aCSF (right).  The dopamine oxidation 
potential is indicated by a dashed white line in both truncated color plots.   
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carbon-fiber microelectrode is held at - 0.4 V for ten seconds to allow dopamine adsorption 

at the electrode surface to come to equilibrium, referred to as the controlled-adsorption 

period.  Previously, we have shown that this requires ten seconds for dopamine in vivo, 

but this equilibration time is dependent on the rate of mass transport and the adsorption 

strength of the analyte.25,26  4. The triangular waveform is re-applied and the dopamine 

that has accumulated on the electrode surface is measured.  Following the measurement, 

the triangular waveform continues to minimize adsorption in preparation for the 

subsequent cycle (step 1).  It requires less than two seconds for the electrode to return to 

a steady state where adsorption is minimized.  This process is then repeated to generate 

a new measurement.  In this work, we repeated the measurements every 40 seconds; 

however, measurements could be made more frequently in future experiments (<15 

seconds using the times outlined above).  Data collected using FSCAV is visualized in a 

color plot similar to the representation utilized for data collected using FSCV with voltage 

on the y-axis, time and subsequent scans on the x-axis, and current displayed in false 

color.  A representative FSCAV color plot of 200 nM dopamine in artificial cerebral spinal 

fluid (aCSF) is shown in Fig. 4-1B.  The initial period of waveform application (step 1) 

shows little current when compared to background scans as dopamine adsorption has 

already been minimized at this point.  Scans for subtraction of background are collected 

immediately prior to the controlled-adsorption period (step 2).  The black region of the 

color plot corresponds to the controlled-adsorption period (step 3).  Scans immediately 

following the controlled-adsorption period (step 4) contain two components: 1. Capacitive 

current resultant from the difference in the ionic double-layer at the electrode surface 

before and after the adsorption period (Fig. 4-1C, left).  2. Faradaic current resulting from 

the oxidation and reduction of adsorbed dopamine (Fig. 4-1C, right).  To enable reliable 

quantification of absolute dopaminergic concentrations in vivo, the contribution of the first, 
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non-faradaic, component must be minimized.  This important consideration is addressed 

in the subsequent section. 

4.3.2. Comparison of data analysis methods 

Recently, Oh et al. developed charge-balancing multiple waveform fast-scan cyclic 

voltammetry (CBM-FSCV).29  This technique allows changes in tonic dopamine levels to 

be in vivo tracked with high temporal resolution at carbon-fiber microelectrodes over long 

periods of time (up to 2.5 hr) using dynamic background subtraction.  Nonetheless, these 

measurements remain differential in nature and absolute quantification of tonic dopamine 

concentrations is not attained.  As stated, the signal resultant from FSCAV measurement 

consists of both a faradaic and non-faradaic component.  While the non-faradaic 

component is easily removed in vitro by subtraction of a blank measurement (aCSF sans 

molecule of interest), a challenge in implementing FSCAV in vivo is the production of a 

well-matched blank for subtraction.25,26  Thus, there is a need for a robust analysis method 

capable of quantifying dopamine in the presence of the non-faradaic component.  To 

assess the most appropriate data analysis method for quantification of absolute 

concentrations, two methods (peak current and peak area) were compared (Fig. 4-2). 

FSCAV was performed on aCSF and 200 nM dopamine solutions and raw traces are 

shown for the first scan (scan 1, Fig. 4-2A) and tenth scan (scan 10, Fig. 4-2B) following 

the adsorption period.  Insets show that subtraction of the blank signals yield characteristic 

dopaminergic voltammograms that are attainable in vitro.  At scan 1, the non-faradaic 

component obscures the dopaminergic peak.  However, at later scans (e.g. scan 10) the 

dopaminergic component is clearly visible over the non-faradaic component. 

Inspection of the color plot presented in Fig. 4-1C shows the dopaminergic signal 

(horizontal white dashed line) persisting for several scans following re-application of the 
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Fig. 4-2.  Comparison of data analysis by peak height or peak area.  A) Representative 
voltammograms taken at the first scan following the controlled-adsorption period for 
artificial cerebral spinal fluid (aCSF, black) and 200 nM dopamine (DA, red).  The 
dopamine peak is largely masked by the non-faradaic signal.  Inset displays the 
difference voltammogram (dopamine – aCSF).  B) Representative voltammograms 
taken at scan 10.  Here the dopamine oxidation and reduction waves are clearly visible 
over the aCSF signal.  C) Measured current at the peak dopamine oxidation potential 
(0.65 V, blue dash) for aCSF (black) and 200 nM dopamine (red) for the first 30 scans 
(0.3 s) following the controlled-adsorption period.  Colored bars below the traces 
indicate significance from zero (Student’s t-test, p > 0.05).  The non-faradaic component 
of the signal (as measured by aCSF) does not significantly contribute to the signal after 
scan1 while the dopaminergic signal persists through scan 17.  D) Measured charge 
passed during throughout the dopamine oxidation window (0.45 – 0.95 V, green lines) 
for aCSF (black) and 200 nM dopamine (red) for the first 30 scans following the 
adsorption period.  Colored bars below the traces indicate significance from zero 
(Student’s t-test, p > 0.05).  The non-faradaic component of the signal does not 
significantly contribute to the signal after scan 2; however, the signal from 200 nM 
dopamine persists through scan 30 when quantified via peak area.  E) Scan 1 dopamine 
calibrations using either peak height (left axis) or peak area (right axis) for quantification. 
At this scan, both methods yield poor linearity (R2 = 0.44 for peak height and R2 = 0.88 
for peak area).  F) Dopamine calibrations at scan 10.  Linearity is improved for both 
peak height and peak area quantification (R2 = 0.92 and 0.97, respectively). 
Quantification via peak area provides a larger degree of linearity. 
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triangular waveform.  Thus, comparison of quantification techniques was carried out for 

each of the first 30 scans following the controlled-adsorption period.  The FSCAV signal 

was quantified using either peak height (Fig. 4-2C) or peak area (Fig. 4-2D).  

Dopaminergic peak height was recorded as the maximal current within the dopamine 

oxidation window (~ 0.65 V, Fig. 4-2A & B, blue dash) and held constant for a given 

electrode.  Peak area was calculated by integrating over a 500 mV window at the 

dopamine oxidation wave (~ 0.45 – 0.95 V, Fig. 4-2A & B, green lines) and limits were not 

varied for a given electrode.  As one might anticipate from a visual inspection of the traces, 

the non-faradaic component significantly differs from zero at scan 1 using either analysis 

technique (n = 3 electrodes, Student’s t-test, p < 0.05, Fig. 4-2C & D, indicated by black 

bars).  Yet, by scan 3 the blank signal is not statistically differentiable from zero when 

analyzed using either method.  In contrast, the signal from 200 nM dopamine is 

significantly greater than zero for the first 17 scans when analyzing using peak height and 

at least the first 30 scans when analyzing using peak area.  That is to say, within the 

dopamine oxidation window, the non-faradaic component of the signal decays more 

rapidly than the dopaminergic component. 

To determine which technique offered more reliable quantification of absolute dopamine 

levels in the presence of the non-faradaic component of the signal, calibration curves were 

constructed and figures-of-merit (linearity and limit-of-detection) were compared.  At scan 

1, both peak-height and peak-area analyses suffer from poor linearity (Fig. 4-2E, R2 = 0.44 

and 0.88, respectively).  At scan 10, the linearity is improved (Fig.4- 2F, R2 = 0.92 for peak 

height and 0.97 for peak area) and the LOD remains low (15 ± 6 nM for peak height and 

7 ± 3 nM for peak area) for both methods of analysis.  For at least the first 15 scans, 

analysis by peak area afforded greater linearity and lower LODs (Table 4-1).  As such, this 

method of data analysis was chosen.  The selection of scan 10 is discussed vida infra. 
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Table 4-1.  Figures-of-merit for peak height and peak area analyses 

Peak height Peak area 
Scan # LOD (nM) R2 LOD (nM) R2 

1 9 ± 1 0.44 4 ± 2 0.88 
2 8 ± 2 0.80 6 ± 4 0.94 
3 8 ± 4 0.87 4 ± 3 0.95 
4 9 ± 3 0.89 6 ± 4 0.95 
5 11 ± 4 0.91 4 ± 1 0.96 
6 11 ± 4 0.91 10 ± 6 0.96 
7 10 ± 6 0.93 6 ± 2 0.97 
8 11 ± 5 0.92 6 ± 2 0.97 
9 12 ± 3 0.93 7 ± 3 0.97 
10 15 ± 6 0.92 7 ± 3 0.97 
11 18 ± 5 0.93 9 ± 4 0.97 
12 16 ± 4 0.93 8 ± 5 0.97 
13 17 ± 6 0.93 10 ± 5 0.96 
14 19 ± 5 0.93 12 ± 5 0.97 
15 16 ± 7 0.94 7 ± 1 0.97 

Limits-of-detection (LOD) were calculated from the standard deviation of three replicate 
blank (aCSF) measurements and the sensitivity of individual electrodes.  Reported values 
are the average ± SEM for n = 3 electrodes. 
R2-values were calculated by considering each replicate value an individual point (n = 3 
electrodes). 
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4.3.3. Enhancing selectivity for dopamine through scan selection 

Regulation of dopamine signaling in the brain is an intricate process.  To maintain a stable 

tonic concentration, dopamine is released into the synapse and subsequently can be 

taken up by dopamine transport proteins, bind to nearby receptors, diffuse through the 

extracellular space to distal receptors, or be metabolized.  Metabolism generates 

electroactive molecules such as DOPAC, HVA, and 3-MT.30  Additionally, antioxidants  

and signaling molecules may be electroactive (e.g. uric acid, ascorbic acid, 

norepinephrine, epinephrine, and serotonin) and thus potential interferents.  Extraction 

methods such as microdialysis and push-pull perfusion discriminate between molecules 

through off-line separation.39–41  Here, we use the sensitivity of each interferent relative to 

dopamine, the brain region studied, and the electrochemical characteristics of these 

interferents to confer FSCAV with selectivity.  We illustrate this by focusing on 

measurements of dopamine, DOPAC, and ascorbic acid. 

FSCAV was performed in solutions containing physiologically relevant concentrations of 

either dopamine (50 – 500 nM), DOPAC (2 – 20 µM), or ascorbic acid (50 – 500 µM).  

Signals were integrated throughout a 500 mV window across the dopamine oxidation 

wave (~ 0.45 – 0.95 V) then plotted against scan number (Figs 4-3A – C).  All traces were 

plotted on the same magnitude axes for direct comparison.  These data show that FSCAV 

has a higher sensitivity to dopamine than either DOPAC or ascorbic acid for at least the 

first 30 scans and that the dopaminergic signal persists longer than that of the interferents 

(sensitivity values for select scans can be found in Table 4-2).  This is due in part to the 

presence of a Nafion-containing film which limits the flux and adsorption strength of 

negatively charged species, such as DOPAC and ascorbic acid, to the electrode.34  

Additionally, the specific redox properties of the molecules (e.g. electron transfer kinetics 

and chemical reversibility) influence the sensitivity by affecting the persistence of the 
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Fig. 4-3.  Sensitivity of FSCAV toward dopamine (DA), DOPAC, and ascorbic acid (AA).  
Charge passed throughout the dopamine oxidation window (0.45 – 0.95 V) for 
physiologically relevant concentrations of dopamine (A), DOPAC (B), and ascorbic acid 
(C) for each of the first 30 scans following the controlled-adsorption period.  These data 
show that FSCAV has a higher sensitivity toward dopamine than the interferents at all 
scans.  The signal from 50 nM dopamine is significantly larger than the blank (aCSF) 
signal at scans 1 – 17 as indicated by the orange bar in A.  The signal from 20 µM 
DOPAC is significantly larger than the blank signal at scans 1 – 6 as indicated by the 
purple bar in B.  From these data, scan 10 is optimal for quantification of dopamine in 
vivo as it limits interference but retains sensitivity.  Representative scan 10 traces of 200 
nM dopamine (D), 20 µM DOPAC (E), and 200 µM ascorbic acid (F) are shown. 
Integration limits are indicated by black, dashed lines.  Insets display difference 
voltammograms (analyte - aCSF) 
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Table 4-2.  Sensitivity of FSCAV toward dopamine, DOPAC, and ascorbic acid. 

 Sensitivity (pC/µM) 
Scan # Dopamine DOPAC Ascorbic acid 

1 23 ± 3 40 ± 50 2 ± 2 
3 17 ± 1 22 ± 7 0.5 ±0.3 
5 13.7 ± 0.8 11 ± 6 0.4 ± 0.3 
7 11.8 ± 0.7 3 ± 5 0.4 ± 0.3 
10 9.8 ± 0.5 1 ± 5 0.3 ± 0.3 
15 7.8 ± 0.4 -3 ± 6 0.2 ± 0.3 
20 6.2 ± 0.4 -7 ± 4 0.3 ± 0.3 
30 4.6 ± 0.4 -8 ± 4 0.1 ± 0.2 

 
Sensitivities were calculated from the slope of the calibration curves (n = 3 electrodes, ± 
SEM). Shaded boxes indicate significance from zero.  Concentration ranges for 
calibrations were: [Dopamine] = 50 – 500 nM, [DOPAC] = 2 – 20 µM, [Ascorbic acid] = 50 
– 500 µM. 
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signal.  Further, the negative holding potential (-0.4 V) utilized in FSCAV limits anion 

adsorption.  For example, as the holding potential was decreased from 0.0 to - 0.4 V, the 

signal measured in a solution of 20 µM DOPAC diminished (Fig. 4-4).  When comparing 

low concentrations of dopamine (50 nM) to the blank (aCSF), the dopaminergic signal was 

significantly different than that of the blank through scan 17 (Fig. 4-3A, two-way ANOVA 

with Bonferroni post-test, p < 0.05, n = 3 electrodes, indicated by blue bar).  Throughout 

the first six scans following the adsorption period (scans 1 – 6), DOPAC significantly 

contributes to the measured signal (Fig. 4-3B, 20 µM DOPAC vs. aCSF, n = 3 electrodes, 

two-way ANOVA with Bonferroni post-test, p < 0.05, indicated by purple bar).  However, 

after scan 6, the contribution from DOPAC is minimized and the slope of the DOPAC 

calibration curve (2 – 20 µM) does not significantly differ from zero (F-test, p > 0.5).  At all 

concentrations tested, the contribution of ascorbic acid to the measured signal was 

insignificant at all scans beyond scan 1 (Fig. 4-3C, vs. aCSF, n = 3 electrodes, two-way 

ANOVA with Bonferroni post-test, p > 0.05), which was determined unacceptable for use 

in quantification due to non-faradaic contributions (vida supra). 

Considering the above data, scan 10 was chosen as optimal for analyzing in vivo data 

without the need for subtraction of a blank nor off-line separation of interferents.  While 

neither interferents significantly contributed to the signal past scan 6, scan 10 was chosen 

to confer additional selectivity.  Though sensitivity toward dopamine does decrease as 

scan number increases (scan 7 = 11.8 ± 0.7 pC/µM, scan 10 = 9.8 ± 0.5 pC/µM), because 

of a reduction in the variability of the blank signal at higher scans the LOD is not 

significantly affected (Table 4-1).  Below the peak area versus scan number plots, 

representative scan 10 traces are displayed for dopamine (Fig. 4-3D), DOPAC (Fig. 4-

3E), and ascorbic acid (Fig. 4-3F).  Insets show in vitro subtracted voltammograms on 

equivalent axes (y-axes: -14 nA to 21 nA) for reference only as all analyses were 
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Fig. 4-4.  Effect of holding potential on DOPAC sensitivity.  FSCAV was performed on 
a solution on 20 µM DOPAC and the potential applied during the controlled-adsorption 
period was varied from -0.4 to 0 V.  The charge passed within the dopamine oxidation 
window was quantified and is plotted on the y-axis against holding potential on the x-
axis.  As holding potential becomes more positive, the sensitivity toward DOPAC 
increases. 
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performed on raw traces.  The low signal from these interferences when compared to 

dopamine is the source of selectivity for this technique.  Representative scan 10 traces of 

other possible interferents (3-MT, HVA, and uric acid) can be found in Fig. 4-5.  It should 

be noted that 3-MT has a sensitivity near that of dopamine (7.5 ± 0.5 pC/µM) because, 

once oxidized, 3-MT is reduced to dopamine.  However, 3-MT is a minor metabolite in rats 

and is present in concentrations far less than dopamine.41,42   

FSCAV of dopamine is performed in the linear regime (Henry’s Law region) of the 

adsorption isotherm.25  That is to say, that physiologically relevant concentrations of 

dopamine result in low surface coverage of the electrode at equilibrium.  As such, 

adsorption of other molecules is not expected to significantly affect sensitivity toward 

dopamine.  Nevertheless, while the selectivity of the integrated FSCAV signal at scan 10 

for dopamine over DOPAC and ascorbic acid is high, it is possible that the presence of 

these molecules affects the sensitivity of the dopaminergic measurement through 

chemical side-reactions (e.g. reduction of dopamine-o-quinone by ascorbic acid).  Thus, 

the effects of DOPAC and ascorbic acid on the dopaminergic signal were further 

investigated by performing FSCAV on a solution of 200 nM dopamine alone and with 

various concentrations of either DOPAC or ascorbic acid (Fig. 4-6).  Data were normalized 

to the 200 nM dopamine signal for each electrode to ensure the impact of interferents on 

sensitivity were not masked by inter-electrode variability.  DOPAC did not significantly 

affect dopamine sensitivity at any of the concentrations tested (2 – 20 µM, Student’s t-test, 

n= 5 electrodes).  Ascorbic acid caused a slight decrease in dopamine sensitivity to ~ 95% 

at concentrations between 50 and 200 µM (Student’s t-test, n = 5 electrodes, p < 0.05, p 

> 0.05 at 500 µM); however, there was not a significant linear trend between ascorbic acid 

concentration and measured signal (one-way ANOVA).  Therefore, analysis of FSCAV 

signals by integrating the tenth scan following the adsorption period provides a reliable 
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Fig. 4-5.  FSCAV of dopamine and additional interferents.  Representative scan 10 
voltammograms of 200 nM dopamine (DA, A), 200 nM 3-methoxytyramine (3-MT, B), 2 
µM homovanillic acid (HVA, C), and 2 µM uric acid (UA, D).  Insets display difference 
voltammograms (analyte - aCSF).  Dopamine oxidation window is indicated by black, 
dashed lines. 
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Fig. 4-6.  Effects of DOPAC (A) and ascorbic acid (B) on the sensitivity of FSCAV toward 
200 nM dopamine.  Signals collected in the presence of interferents were normalized to 
the 200 nM dopamine signal for each electrode (n = 5 electrodes, ± SEM).  DOPAC did 
not significantly affect dopamine sensitivity at any of the concentrations tested (2 – 20 
µM, Student’s t-test, p > 0.05).  Ascorbic acid caused a slight decrease in dopamine 
sensitivity to ~ 95% at concentrations between 50 and 200 µM (Student’s t-test, p < 
0.05, p > 0.05 at 500 µM); however, there was not a significant linear trend between 
ascorbic acid concentration and measured signal (one-way ANOVA). 
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means of quantifying tonic dopamine levels even in the presence of the interferents 

DOPAC and ascorbic acid.   

4.3.4. Sub-minute measurements of tonic dopamine concentration in situ 

The majority of studies of tonic dopamine levels in vivo have used either microdialysis or 

push-pull perfusion.  Both of these techniques involve sampling fluid from the brain and 

accumulating material before performing a separation, such as high-performance liquid 

chromatography or capillary electrophoresis, and quantifying with either electrochemical 

detection or mass spectrometry.41,43–46  In contrast, FSCAV is appealing because direct 

measurements can be made in real time and the technique is easily coupled to FSCV 

using a single sensor.26,27  This in situ technique can selectively measure dopamine 

concentrations in the presence of interferents through informed data analysis methods.   

In previous work, we used FSCAV to monitor tonic dopamine levels (10 min between each 

FSCAV measurement) and combined those measurements with intercalated monitoring 

of electrically stimulated dopamine release using FSCV (5 min between FSCV and FSCAV 

measurements).26  Therein, the dopaminergic signal was validated using a dopamine-

synthesis inhibitor (AMPT), a dopamine-reuptake inhibitor (GBR-12909), and a 

monoamine oxidase inhibitor (pargyline).  To validate the optimized analysis method and 

to showcase the temporal resolution of FSCAV, the pharmacological effect of cocaine (20 

mg/kg, i.p.) on tonic dopamine concentrations in the nucleus accumbens shell was 

investigated (Fig. 4-7A & B) because of the rapid action of this drug.47,48  These 

measurements were coupled to FSCV to monitor electrically evoked dopamine release 

(Fig. 4-7C).  Dopamine release was evoked by electrical stimulation of the medial forebrain 

bundle and monitored using FSCV.  The FSCAV waveform was then applied for five 

minutes to allow for stabilization.  Following stabilization, the tonic dopamine concentration 

was measured every 40 seconds, which includes the 10-second controlled-adsorption 
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Fig. 4-7.  Pharmacological effects of 20 mg/kg i.p. cocaine injection on dopamine in the 
nucleus accumbens shell.  A) Tonic dopamine levels were measured using FSCAV.  
Measurements were made every 40 seconds for 10 minutes prior to any injections 
([DA]Tonic = 400 ± 10 nM, n = 5 rats, ± SEM), 10 minutes following saline injection 
([DA]Tonic = 400 ± 7 nM, n = 5 rats, ± SEM), and for 25 minutes post-cocaine ([DA]Tonic 
from t = 15 min to t = 25 min: 490 ±.30 nM, n = 5 rats, ± SEM).  A significant increase in 
[DA]Tonic was observed (one-way ANOVA, p < 0.05).  B) Representative pre-injection 
and post-drug scan 10 FSCAV traces with integration limits marked by dashed lines.  A 
marked increase in current through the dopamine oxidation wave is observed.  C) 
Representative traces showing FSCV measurements of electrically stimulated release 
made before and 30 minutes after cocaine injection.  As expected, increases in [DA]max 
and t1/2 (% change [DA]max = 130 ± 20 %, % change t1/2 = 80 ± 10%, n = 5 rats, ± SEM) 
were observed.  
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period and 30 seconds for measurement and minimization of adsorbed dopamine.  To 

establish a baseline for comparison to drug-induced concentrations changes, fifteen pre-

drug dopamine measurements were collected (~10 min, [DA]Tonic = 400 ± 10 nM, n = 5 

rats, ± SEM).  This is in agreement with previous estimates using voltammetric methods 

(6 nM to 2.5 µM).49  Microdialysis methods routinely estimate tonic concentrations to be in 

the low-nM range.50  However, these methods are thought to result in underestimates due 

to confounding factors such as tissue damage, probe efficiency, and non-ideal calibration 

conditions.23  Though it is also possible that differences in measured concentrations via 

voltammetric and microdialysis methods are a result of probe size and thus sampling area.  

The tonic dopamine concentration in the nucleus accumbens shell of rats is greater than 

the concentration previously measured by FSCAV in the nucleus accumbens of mice (90 

± 9 nM).26  This difference may be due to species variation.   

After baseline measurements concluded, 1.0 mL/kg saline was injected and the effects 

were monitored for another fifteen measurements.  Saline did not cause a significant 

change in tonic dopamine concentration ([DA]Tonic = 400 ± 7 nM, n = 5 rats, ± SEM, one-

way ANOVA, average pre-injection versus average post-saline, p > 0.05).  Cocaine was 

then injected (i.p. 20 mg/kg) and the tonic dopamine level was monitored for 25 minutes.  

Measured dopamine increased over pre-injection and post-saline measurements 

(average [DA]Tonic from t = 15 min to t = 25 min: 490 ±.30 nM, n = 5 rats, ± SEM, one-way 

ANOVA versus either pre-drug or post-saline, p < 0.05).  Three of five animals showed a 

peak response within the 25-minute post-cocaine monitoring window for the other animals, 

peak time was estimated at 25 minutes post-cocaine.  This analysis yielded a peak 

response time of 19 ± 1 min (n = 5 rats, ± SEM) and the time-scale of this response is on 

the low-end (25th percentile) of previously reported values as measured by microdialysis 

for this route of administration according to a recent meta-analysis.50  Considering a likely 
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underestimate of peak time in two of five animals and the longer sampling windows utilized 

in microdialysis, our peak time is in reasonable agreement with previous reports.  Peak 

increase in tonic dopamine concentrations due to cocaine administration was observed to 

be 120 ± 30 nM (n = 5 rats, ± SEM).  This value is in agreement with increases previously 

observed through voltammetric methods when considering differences in route of 

administration (i.v. versus i.p.).38,51  Further, the observed increase is within the range of 

values reported in microdialysis studies (10 – 300 nM) using similar i.p. dosages in rats.52–

54  However, our measured values correspond to a percent change of 30 ± 8% over 

baseline (i.e. 1.3-fold change).  This is less than half the median increase observed in 

microdialysis experiments (3.3-fold change) with i.p. cocaine injection.50  This discrepancy 

may be due to tissue damage of sampling area or the microdialysis measurements 

underestimating the basal concentrations (vide supra).  Representative current versus 

time traces for pre-drug and post-drug FSCAV measurements are shown in Fig. 4B and 

clearly display an increase in the magnitude of both the oxidation and reduction wave of 

dopamine, whereas the background component remains constant.  At 25 minutes post-

drug, the FSCV waveform was applied and allowed to stabilize for five minutes.  Dopamine 

release was again electrically evoked and measured using FSCV at the same sensor to 

measure electrically evoked dopamine post-drug (Fig. 4-7C).  In line with previous 

observations, following the administration of cocaine an increase in both [DA]max and t1/2 

over pre-drug stimulation (% change [DA]max = 130 ± 20 %, % change t1/2 = 80 ± 10%, n = 

5 rats, ± SEM) was observed.35  These results support that the combination of 

PEDOT:Nafion coating, analysis of peak area, and optimized scan number selection 

improves the selectivity of FSCAV and enables separation-free, precise, and rapid 

measurement of absolute tonic dopamine levels in situ. 
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4.4. Conclusions 

Due to the complexity of the chemical environment within the brain and low analyte 

concentration, in vivo dopamine sensors must be sensitive and selective.  In this work we 

expand previous studies to optimize the selectivity of FSCAV through the use of peak area 

for quantification, PEDOT:Nafion coated electrodes, and exploitation of differences in 

adsorption strengths to enable sub-minute measurements of tonic dopamine levels in situ.  

The choice to quantify by means of peak area rather than peak height limits contributions 

from the non-faradaic component of the FSCAV signal.  Because of the rapid reduction in 

the DOPAC signal compared to that of dopamine at successive scans following the 

controlled-adsorption period, analysis of the tenth scan allows DOPAC contribution to be 

eliminated.  Utilizing these advances, we showcased the unsurpassed temporal resolution 

of FSCAV by monitoring tonic dopamine levels at 40-second intervals in vivo in response 

to cocaine.  Because of the unique ability of FSCAV to be coupled with FSCV, we were 

able to validate the drug response through measurement of electrically stimulated release 

using FSCV.  The ability of FSCAV to make rapid, direct measurements of tonic dopamine 

concentrations even in the presence of interferents and ease of coupling with FSCV allow 

for wide-spread in vivo applications of this technique.  The demonstrated sensitivity and 

selectivity of FSCAV in vitro along with the in vivo advantages exhibited, indicate that 

FSCAV could provide researchers access to track and quantify the complex temporal 

dynamics of not just dopamine but several biogenic amines in response to behavioral and 

pharmacological challenges in anesthetized animals, freely moving animals, and in tissue 

preparations.   
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Chapter 5. 

Instrumentation for the monitoring of tonic or phasic 
dopamine and serotonin simultaneously 
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5.1. Introduction 

The neuromodulators dopamine and serotonin (5-hydroxytryptamine, 5-HT) are critical to 

healthy brain function.1–5  Many debilitating disorders are associated with dysregulation of 

either the dopaminergic (e.g. addiction)6,7 or serotonergic systems (e.g. obsessive-

compulsive disorder).8,9  These two neurotransmitters have a number of shared regulatory 

mechanisms.  For example, both are metabolized by monoamine oxidase and both are 

packaged into vesicles via the vesicular monoamine transporter.2  Further, the two 

systems are inherently linked as serotonergic neurons from the raphe nuclei project onto 

dopaminergic neurons in multiple brain regions with various 5-HT receptor subtypes 

exerting differing effects.10  Considering these factors, it is unsurprising that there is a high 

level of comorbidity between diseases associated with dopamine imbalance and those 

involving serotoninergic dysregulation (e.g. Parkinson’s disease with anxiety and/or 

depression).11,12  Additionally, a number of disorders, such as Schizophrenia,4,13 attention-

deficit hyperactivity disorder (ADHD),14 Tourette syndrome,15 and impulsivity16 are marked 

by abnormalities in both systems.10  Therefore, instrumentation and techniques capable 

of simultaneously quantifying both of these neurotransmitters are essential. 

Both serotonergic and dopaminergic neurons display tonic and phasic firing modes, 

though the firing frequency for both modes differs across the two populations.17  In 

dopaminergic neurons, tonic firing is thought to control the slowly changing (minutes to 

hours) basal concentration of dopamine in the extracellular space while burst, phasic, 

firing in response to stimuli results in rapid (seconds) phasic changes in extracellular 

concentration.18  In serotonergic neurons, the relationship between firing patterns and 

extracellular concentration remains poorly understood.17,19  Nonetheless, due to the 

bimodal firing patterns of these cells, it is reasonable to assume that extracellular serotonin 

concentrations also exhibit tonic and phasic changes.  Because dopaminergic and 
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serotoninergic signaling occurs on multiple timescales, there is a need to measure both 

fast (seconds) and slow (minutes) variations in extracellular concentrations. 

Fast-scan cyclic voltammetry (FSCV) is an electrochemical technique that measures sub-

second fluctuations in electroactive neurotransmitter concentrations over short timescales 

(typically < 1 min).19–21  Since the development of this technique in the 1980s,22 FSCV has 

been used extensively to study phasic dopamine dynamics and, to a lesser extent, 

electrically evoked serotonin release in vivo.17,23  In one instance, electrically evoked 

serotonin and dopamine release were measured simultaneously at two separate 

microelectrodes.19  While FSCV has become the gold-standard for sub-second detection 

of changes in serotonin or dopamine concentrations in vivo, the rapid scan rates employed 

(> 100 V/s) necessitate background subtraction which excludes measurement of tonic 

concentrations.  Thus, there is a need to expand the instrumentation and techniques to 

enable the measurement of tonic concentrations.   

A majority of studies monitoring tonic dopamine or serotonin employ sample extraction 

methods such as microdialysis,24,25 though efforts to quantify tonic dopamine levels using 

electrochemical detection have been made.23  Sample-extraction methods often employ 

long collection periods (typically > 10 min) to acquire sufficient sample volumes for 

analysis while limiting tissue damage caused by rapid flow rates resulting in poor temporal 

resolution.26,27  However recently ultrafast microdialysis techniques have been 

developed.23  Nonetheless, microdialysis techniques remain difficult to couple to phasic 

measurements.  Therefore, a recent study which combined the use of ultrafast 

microdialysis for measurement of tonic concentrations and FSCV to monitor phasic 

fluctuations employed a separate cohort of animals for each technique.28  The ability to 

monitor both tonic and phasic changes within the same animal is necessary to understand 

the interdependence of the two signaling modes and to limit the effects of inter-animal 
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variability.  We recently developed the electrochemical technique fast-scan controlled-

adsorption voltammetry (FSCAV) for the absolute quantification of tonic dopamine levels 

at carbon-fiber microelectrodes in vivo.29  This technique is easily coupled to FSCV 

allowing tonic and phasic neurotransmitter dynamics to be monitored within the same 

animal although a five-minute equilibration period was used when switching between 

techniques.29  FSCAV has since been adapted to quantify tonic serotonin levels coupled 

with FSCV measurement of electrically evoked serotonin release.30   

Here we describe the development of instrumentation that can perform either FSCV or 

FSCAV simultaneously at two individually addressable carbon-fiber microelectrodes.  The 

system has negligible crosstalk between channels (< 0.07% power) and noise levels 

similar to those of a commercial DAGAN CHEM-CLAMP system (root-mean-square of 

current measured when holding at 0.0 V).  Flow-injection analysis was used to measure 

changes in serotonin or dopamine concentration using FSCV with a single electrode and 

with a voltage waveform applied to a second electrode.  Secondary waveform application 

did not affect the shape of the collected cyclic voltammograms (R2 = 0.9990 for dopamine, 

R2 = 0.997 for serotonin) nor the sensitivity (ANCOVA, p = 0.95 for dopamine, p = 0.96 for 

serotonin, n = 3 electrodes).  Absolute dopamine or serotonin concentrations were 

quantified with FSCAV both individually and simultaneously.  Again, the sensitivity 

(ANCOVA, p = 0.77 for dopamine, p = 0.78 for serotonin, n = 3 electrodes) and shape of 

the voltammograms (R2 = 0.9993 for dopamine, R2 = 0.996 for serotonin) were unaffected.  

This instrument opens the door for simultaneous measurement of dopamine and serotonin 

in vivo on multiple time-scales. 
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5.2. Materials and methods 

5.2.1. Chemicals  

Chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise 

noted.  Monosodium phosphate, sodium sulfate, and perchloric acid were purchased from 

Mallinckrodt Chemicals (St. Louis, MO, USA).  Artificial cerebral spinal fluid (aCSF) was 

made by dissolving 25 mM Tris, 126 mM NaCl, 2.5 mM KCl, 2.0 mM NaH2PO4, and 1.2 

mM Na2SO4 in water purified to a resistivity of 18.2 MΩ•cm with a MilliQ Gradient A10 

purification system (EMD Millipore, Billerica, MA, USA).  The pH was then adjusted to 7.4 

using 1 M HCl.  Following pH-adjustment, 1.2 mM CaCl2 and 2.0 mM MgCl2 were added 

to the buffer mixture.  Stock solutions of 1 mM dopamine and serotonin were made in 0.1 

M HClO4 and stored at 4° C for no longer than one week.  Immediately prior to 

experiments, the stock solutions were diluted to the desired concentration in aCSF. 

5.2.2. Electrode fabrication 

Carbon-fiber microelectrodes were prepared by aspirating a single AS4 carbon fiber 

(Hexcel, Stamford, CT, USA) into a glass capillary (length = 4 in, inner-diameter = 0.68 

mm, World Precision Instruments, Inc., Sarasota, FL, USA).  The capillaries were then 

pulled using a type PE-2 pipette puller (Narishige, East Meadow, NY, USA) to form a tight 

seal between the fiber and glass.  The fiber was cut to ~75 µm from the glass seal and 

electrical connection was established using wire (Kauffman Engineering, Inc., Cornelius, 

OR, USA) and graphite conductive adhesive (Alfa Aesar, Ward Hill, MA, USA).  Electrodes 

were subsequently coated in a PEDOT:Nafion polymer blend via electrodeposition as 

previously described.31  Reference electrodes (Ag/AgCl) were prepared by soaking 

lengths of silver wire (0.25 mm, Alfa Aesar) in chlorine bleach (Food City, Chandler, AZ, 

USA) for > 4 hr. 
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5.2.3. Instrument fabrication 

A PCIe-6363 data acquisition card (National Instruments, Austin, TX) was used to 

generate and record voltages.  Circuit designs were made in-house and custom printed 

circuit boards were purchased through HTech, LLC (Tucson, AZ, USA).  The LM741 and 

OPA2107 operational amplifiers were purchased from Texas Instruments, Inc. (Dallas, 

TX, USA).  The ADG419 precision analog switch was purchased from Analog Devices 

(Norwood, MA, USA). 

5.2.4. Data collection 

All data was collected using WCCV 3.05 (Knowmad Technologies, LLC, Tucson, AZ, 

USA).  Fast-scan cyclic voltammetry (FSCV) of dopamine and serotonin was performed 

using flow-injection analysis.  The measurement voltage waveform (- 0.4 ⇒  1.3 ⇒  - 0.4 

V at 400 V/s for dopamine, 0.2 ⇒  1.0 ⇒  - 0.1 ⇒  0.2 V at 1000 V/s for serotonin) to the 

electrode at a frequency of 10 Hz.  A bolus of analyte was introduced to the electrode 

surface using a pneumatically actuated six-port valve (VIVI, Houston, TX, USA). Ten 

voltammograms preceding injection were averaged for the production of a background 

which was then subtracted from all voltammograms.  All measurements were made using 

channel A of the instrumentation.  A working electrode connected to channel B was placed 

in the over-flow of the flow-cell and either 0 V or the complementary waveform was applied 

(serotonin waveform when measuring dopamine, dopamine waveform when measuring 

serotonin).  Fast-scan controlled-adsorption voltammetry was performed as previously 

described.25,29,30,32  A voltage waveform (- 0.4 ⇒  1.3 ⇒  - 0.4 V at 1200 V/s for dopamine 

on channel A, 0.2 ⇒  1.0 ⇒  - 0.1 ⇒  0.2 V at 1000 V/s for serotonin on channel B) was 

applied to the electrode at a frequency of 100 Hz.  After 2 s, a constant potential was 

applied to each electrode (- 0.4 V for dopamine, 0.2 V for serotonin) for 10 s to allow for 
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analyte adsorption (controlled-adsorption period).  Following the controlled-adsorption 

period, the waveforms were reapplied and adsorbed analyte was measured.  Ten 

voltammograms prior to the controlled-adsorption period were averaged and subtracted 

from all voltammograms collected. 

5.2.5. Data analysis 

Raw FSCV and FSCAV data was analyzed using WCCV 3.0 Data Analysis software 

(Knowmad Technologies, LLC).  For dopamine FSCAV data, the tenth scan following the 

controlled-adsorption period was used for analysis and a 500 mV window (~ 0.45 – 0.95 

V based upon peak shape) was integrated.  For serotonin FSCAV data, the third scan 

following the controlled-adsorption period was used for analysis and a 500 mV window (~ 

0.35 – 0.85 V based upon peak shape) was integrated.  All subsequent data analysis and 

statistics were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, 

USA).   

5.3. Results and discussion 

5.3.1. Instrument design: Overview and DAQ interface 

Electrochemical detection of serotonin typically requires the application of a different 

voltage waveform (0.2 ⇒  1.0 ⇒  - 0.1 ⇒  0.2 V) than that used to measure dopamine (- 

0.4 ⇒  1.3 ⇒  - 0.4 V).  The different waveform is used to minimize the contribution from 

dopamine to the serotoninergic signal and minimize dimerization and further 

polymerization of the serotonin oxidation products, thus limiting fouling of the electrode.  

The use of different waveforms is necessary whether using either fast-scan cyclic 

voltammetry (FSCV) to measure phasic neurotransmission or fast-scan controlled-

adsorption voltammetry (FSCAV) to measure tonic concentrations.17,29,30,32  Therefore, 

instrumentation to make these measurements simultaneously must be able to generate 
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and apply two separate waveforms to individually addressable electrodes.  Previously, 

Hashemi et al.19 monitored electrically evoked dopamine and serotonin release at two 

discrete sites simultaneously with FSCV using the Universal Electrochemical Instrument 

(UEI) developed by Takmakov et al.33  However, this system cannot perform FSCAV to 

measure tonic neurotransmitter concentrations.  Though it should be noted that the UEI 

system has additional functionalities such as combined iontophoresis-FSCV or 

electrophysiology-FSCV.  Here we develop instrumentation that allows serotonin and 

dopamine to be measured at the same time at separate carbon-fiber microelectrodes 

using either FSCV or FSCAV. 

The instrumentation consists of three parts (Fig. 5-1):  1. A personal computer with a data 

acquisition card (DAQ) to control the experiment.  2. A benchtop unit consisting of a power 

supply and DAQ interface to filter and control the potential applied to each electrode.  3. 

A compact “headstage” unit that can be mounted on-animal.  Circuit designs (Fig. 5-2A) 

and images (Fig. 5-2 B & C) of printed circuit boards for components 2 and 3 (DAQ 

interface and headstage) are shown in Fig. 5-2.  Generation of the applied waveforms is 

achieved using a single 16-bit National Instruments PCIe-6363 data acquisition card 

(DAQ, Fig. 5-2A, teal boxes) and a custom printed circuit board (circuit diagram: Fig. 5-

2A, image: Fig. 5-2B).  Computer-generated voltage waveforms (using analog output 0, 

AO 0, for channel A and analog output 2, AO 2, for channel B) are first passed through a 

4x voltage divider (Fig. 5-2A, red boxes).  This reduces quantization noise from the 

computer compared to directly outputting the desired voltage (by a factor of 4).  Because 

the DAQ has a voltage output range of ± 10 V, the applied voltage range is limited to ± 2.5 

V.  This voltage range is beyond the solvent window of water and thus sufficient for 

electrochemical experiments in vivo.  The two voltage waveforms are then filtered through 

separate 16 kHz low-pass filters to reduce high-frequency noise (Fig. 5-2A, grey boxes).  
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Fig. 5-1.  Schematic of instrumental set-up. A rack-mounted computer with a National 
Instruments PCIe-6363 data acquisition card (DAQ) is used to produce and measure 
voltages.  The computer-generated voltages are processed through a DAQ interface 
which connects to a small headstage through a DE-15 connector mounted on a Faraday 
cage.  Current measured at the working electrodes is converted to voltage at the 
headstage then measured by the DAQ through the DAQ interface. 
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Fig. 5-2.  Circuit diagram of dual-electrode instrumentation.  A) Circuit diagram of 
benchtop unit with channel A circuitry on the top half and channel B circuitry on the 
bottom.  Computer-generated voltage waveforms from analog outputs 0 and 2 (AO0, 
AO2) of the PCIe-6363 data acquisition card (DAQ) are divided by a factor of four (red 
boxes) to reduce quantization noise.  High-frequency noise from the computer-
generated signal is attenuated through use of passive 16 kHz low-pass filters (grey 
boxes).  Voltage followers (blue boxes) minimize the current drawn from the DAQ.  
Manual switches (gold boxes) are used for selection of sampling mode.  In fast-scan 
cyclic voltammetry (FSCV) mode, the voltage from the voltages followers are applied to 
the respective electrodes (Vapp).  When operating in fast-scan controlled-adsorption 
voltammetry (FSCAV) mode, either the voltage waveform (from the voltage followers) 
or a constant potential (from the DAQ) is applied to the electrode.  An ADG419 digital 
switch enables selection between the two through a digital signal (TTL) from the DAQ.  
B) Circuit diagram of on-animal current-to-voltage converter (“headstage”).  A single 
reference electrode (Ref), held at ground, is used for both channels.  Voltages from the 
benchtop unit are applied to the non-inverting inputs of an OPA2107 dual operational 
amplifier.  The inverting input applies the voltages to the respective electrodes.  The 2 
MΩ-resistors provide a gain of 500 nA/V.  The parallel resistors and 6.8 pF-capacitors 
create an active, low-pass filter with a cutoff frequency of 12 kHz.  The voltage outputs 
of the dual operation amplifier, converted from the current at the working electrodes, are 
measured by the DAQ analog inputs 0 and 1 (AI0, AI1).  Images of the DAQ interface 
(B) and headstage(C) printed circuits boards (PCB) are shown with black scale bars = 
1 cm. 
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This filter frequency allows the dopamine measurement waveform (- 0.4 ⇒  1.3 ⇒  - 0.4 

V) to be applied at scan rates up to 7000 V/s with minimal perturbation to waveform shape 

(R2 = 0.9996) and amplitude (> 95% of unfiltered amplitude).  Voltage followers (Fig. 5-

2A, blue boxes) limit the current drawn from the DAQ to ensure applied voltages are 

accurate and not current-limited.  The outputs of the voltage followers are connected to 

manual switches (Fig. 5-2A, gold boxes) which allow selection of measurement mode 

(FSCV or FSCAV) and to the inputs of the two ADG419 digital switches (Fig. 5-2A, white 

boxes).  In FSCV mode, the outputs of the voltage followers are sent to each working 

electrode.  FSCAV requires that the applied voltage be toggled between a voltage 

waveform and a constant potential.25,29,30,32,34  Addition of the FSCAV functionality when 

compared to the UEI system requires two additional analog outputs (analog output 1, AO 

1, for channel A and analog output 3, AO 3, for channel B) for a total of 4 to produce the 

two waveforms and two constant potentials to be applied to the electrodes.  Further, two 

ADG419 digital switches (Fig. 5-2A, white boxes) are needed to allow dynamic control 

over whether the voltage waveforms or constant potentials are applied to the electrodes.  

A computer-generated digital signal (TTL) triggers selection between the voltage 

waveforms from the voltage followers or the constant potentials provided directly from 

analog outputs 1 and 3.  The outputs of the digital switches are connected to the manual 

switches and are applied to the electrodes when in FSCAV mode.  In the future, further 

automation could be achieved by replacing the manual switches with computer-controlled 

digital switches.  

5.3.2. Instrument design: Headstage 

A compact (2.1 x 1.2 cm), custom printed circuit board “headstage” allows application of 

the desired voltage (from the manual switch) to the working electrode, provides current-

to-voltage conversion for the measured signal, and can be mounted to the head of a 
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moving rodent (circuit diagram: Fig. 5-2A, green box, image: Fig. 5-2C).  A single 

OPA2107 precision dual operational amplifier (op amp) was used for both channel A and 

B.  This amplifier was selected for its rapid slew rate (> 13 V/µs), low input bias current (< 

10 pA), low noise (< 30 nV/√𝐻𝐻𝐻𝐻), and large channel separation (120 dB at f = 100 Hz, R 

= 2 kΩ).  When the voltages at the inverting and non-inverting inputs of an op amp are not 

equal, the op amp outputs a voltage to bring the two inputs to the same voltage via a 

negative feedback loop.  The slew rate of an op amp is the rate of change of the output 

voltage in response to a voltage change at the input.  The most stable configurations for 

an op amp are those in which the non-inverting input is held at a constant potential 

because the output is not changing dynamically in response to changes at the input.  To 

achieve current-to-voltage conversion of the signal from the working electrode, the 

electrode must be connected to the inverting input of the op amp.  Thus, the voltage 

applied to the non-inverting input is also applied to the working electrode.  Therefore, 

holding the non-inverting input at a constant potential precludes the voltage waveform 

from being applied directly to the working electrode.  Instead, the inverse of the desired 

waveform must be applied to the reference electrode.  However, doing so prevents 

multiple electrodes from being individually addressable.  That is, the inverse of the voltage 

waveform applied to the reference electrode is “perceived” by all electrodes in the system.  

To have individually addressable electrodes, the voltage waveforms must be applied to 

the non-inverting input of the op amp.  As FSCV and FSCAV require rapid changes in 

voltage (up to 1200 V/s), the slew rate of the op amp is critical.  Exceeding the response 

limit of the op amp results in instability and oscillation of the output of the op amp 

(outputting a signal that oscillates between ± of the power supply voltage).  Instability was 

observed in several op amps tested in construction of this instrument including the OPA-

2192, -2140, and -2604. 
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An ideal op amp has zero current flow into the inputs.  Input bias current is the current that 

flows into the op amp in practice.  This current results in measurement errors and should 

be minimized.  Typical all-purpose op amps have input biases in the low-nA range.  

Because FSCV and FSCAV measure signals in the nA-regime, this is undesirable.  The 

OPA2107 provides very low input bias current (< 10 pA) that is not expected to interfere 

with the electrochemical measurements.  The channel separation of a dual op amp is a 

measure of the inherent crosstalk between the two channels.  This must be high to ensure 

that each working electrode is individually addressable.  The OPA2107 meets all of the 

necessary criterion to make accurate, low-noise measurements at two individually 

addressable electrodes. 

At each channel of the op amp, the applied voltage is connected to the non-inverting 

inputs.  These voltages are then applied to the working electrodes as the op amp works 

to keep the inverting and non-inverting inputs at the same voltage.  The current from the 

electrochemical signal at the working electrode is converted to voltage through a 2.0 MΩ 

resistor giving the amplifier a gain of 500 nA/V.  Because the op amp is limited to output 

voltages between -10 V and 10 V and the DAQ is limited to the same input range, the 

range of measurable current from each working electrode is ± 5000 nA and expected to 

be well within the range required for FSCV and FSCAV experiments.  A 6.8 pF capacitor 

in parallel with the resistor within the feedback loop creates a low-pass filter with a cut-off 

frequency of 12 kHz.  This headstage provides high-gain, low-noise signals and is 

compact enough for use in experiments with freely moving animals. 

5.3.3. Evaluation of noise and electronic crosstalk between channels 

To make FSCV or FSCAV measurements at two individually addressable electrodes, the 

instrumentation must be low-noise and have limited crosstalk between the two working 

electrodes.  To quantify noise and electronic crosstalk between channels, two 2.2 MΩ 
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resistors were placed between the reference electrode connection and each of the working 

electrode leads (Fig. 5-3).  On channel A, herein referred to as the dopamine (DA) channel, 

either the voltage waveform typically used to measure dopamine with FSCV (- 0.4 ⇒ 1.3 

⇒ - 0.4 V at 400 V/s) or 0.0 V was applied.  Similarly, either the voltage waveform typically 

used to measure serotonin with FSCV (0.2 ⇒ 1.0 ⇒ - 0.1 ⇒ 0.2 V at 1000 V/s) or 0.0 V 

was applied on channel B, herein called the serotonin (5-HT) channel.  When both 

channels were held at 0.0 V, the root-mean-square of the current (i_RMS) for an 8.5 ms 

recording (equal in duration to the dopamine FSCV waveform) preceding any software 

filtering was 0.23 nA and 0.22 nA for the dopamine and serotonin channels, respectively 

(12 kHz bandpass).  After applying a typical 2 kHz low-pass software filter (4-pole 

Butterworth) i_RMS = 0.026 nA for the dopamine channel and i_RMS = 0.031 nA for the 

serotonin channel.  This is on the same order as the commercially available DAGAN 

CHEM-CLAMP system with the 3-pole Bessel low-pass filter set to a cutoff frequency of 

10 kHz with the same software filter applied (0.011 nA).  Here it should be noted that the 

noise from the hand-fabricated carbon-fiber microelectrodes is the dominant source of 

noise in FSCV and FSCAV experiments (typically ~0.1 nA).  Thus, the difference in noise 

between our system and the DAGAN CHEM-CLAMP system is not expected to be of 

consequence.  The electronic crosstalk between channels was minimal.  When either the 

dopamine channel or serotonin channel had the waveform applied, the opposite channel 

held at 0.0 V displayed only 0.06% of the active channel power.  When both the dopamine 

and serotonin channels were active the serotonin channel did not alter the current 

measured at the dopamine channel when compared to the current measured while the 

serotonin channel was held at 0.0 V (R2 = 0.99998).  Likewise, dopamine waveform 

application did not affect the measured current at the serotonin channel when compared 

to the dopamine channel held at 0.0 V (R2 = 0.99998).  Because of the limited crosstalk, 
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Fig. 5-3.  Crosstalk between channels A and B.  The current across 2.2 MΩ-resistors 
between the reference lead and each of the two working electrode leads was measured.  
On channel A, either the waveform used to measure dopamine (DA) with fast-scan 
cyclic voltammetry (FSCV) or 0 V was applied.  At channel B, either 0 V or the waveform 
used to measure serotonin (5-HT) was applied.  Minimal crosstalk was observed and 
the correlation between the measured signal when applying a single waveform (with the 
other channel held at 0 V) and the measured signal when applying both waveforms 
simultaneously was high (R2 = 0.99998 for both channel A and B). 
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each channel is individually addressable. Further, the noise is comparable to a popular 

commercial system and thus appropriate for typical measurements of dopamine and 

serotonin in vivo.   

5.3.4. Evaluation of crosstalk between channels during FSCV of dopamine and serotonin  

A number of disorders involve dysregulation of both the serotonergic and dopaminergic 

systems.4,13–16  Further, there is a high degree of comorbidity in diseases and disorders 

marked by dopaminergic dysregulation and those commonly associated with disruption of 

the serotonergic system.11,12  As such, it is desirable to monitor these neurotransmitters in 

unison to better understand the mechanisms underlying these disorders.  FSCV at carbon-

fiber microelectrodes has been used extensively to study phasic, rapid, dopamine 

dynamics35–37 and electrically evoked serotonin release38,39 in vivo with sub-second 

temporal resolution with one report of simultaneous detection.19  Here we investigate 

whether addition of the serotonin channel interferes with FSCV measurements at the 

dopamine channel and vice versa.  FSCV calibrations of dopamine and serotonin were 

performed using flow-cell injection (Fig. 5-4).  A second electrode was placed in the 

overflow bath of the flow cell with the reference electrode.  When performing the dopamine 

calibrations, the serotonin channel was either active (dual electrodes) or held at 0.0 V 

(single electrode).  Serotonin calibrations were performed in a similar manner with the 

dopamine channel either active or held at 0.0 V.  Waveform application at the other 

channel did not affect the slope of the calibration curves (Fig. 5-4C & D, ANCOVA, p = 

0.95 for dopamine, p = 0.96 for serotonin, n = 3 electrodes) nor did it affect the shape of 

the measured voltammograms (Fig. 5-4A & B, R2 = 0.9990 for dopamine and R2 = 0.997 

for serotonin) when compared to calibrations and voltammograms collected while the 

other channel was held at 0.0 V.  Thus, it is reasonable to assume that simultaneous 
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Fig. 5-4.  Fast-scan cyclic voltammetry (FSCV) of dopamine (DA) and serotonin (5-HT) 
using at a single electrode or with dual electrodes.  FSCV was performed at channel A 
using flow injection. The channel B electrode was placed in the over-flow reservoir of 
the flow-cell and either held at 0 V (single electrode, blue) or a voltage waveform applied 
(dual electrodes, red, 5-HT waveform when measuring dopamine and vice versa).  
Representative cyclic voltammograms of 1 µM dopamine (A) and 200 nM serotonin (B) 
collected in a single electrode or dual electrodes.  A high degree of correlation between 
the voltammograms was observed (R2 = 0.9990 for DA, R2 = 0.996 for serotonin).  FSCV 
calibrations were carried out for dopamine (C) and serotonin (D).  Error bars display 
SEM (n = 3 electrodes).  The linear fits for calibration at single and with dual electrodes 
were not significantly different (ANCOVA, p = 0.95 for dopamine, p = 0.96 for serotonin, 
n = 3 electrodes). 
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FSCV measurement of dopamine and serotonin using this instrumentation is possible and 

the dual electrode system does not perturb FSCV measurements. 

5.3.5. Simultaneous fast-scan controlled-adsorption voltammetry of dopamine and 

serotonin 

Real-time monitoring of phasic serotonergic and dopaminergic changes using FSCV is 

invaluable for neuroscience research.  Nevertheless, in addition to phasic firing, 

serotonergic and dopaminergic neurons display low-frequency tonic firing.17  Further, 

electrophysiological data has shown a lack of response in serotonergic neurons toward 

salient stimuli and behaviorally evoked, phasic serotonin release as measured by FSCV 

has yet to be reported.19,40  As such, the ability to monitor tonic (slowly changing) levels of 

these neurotransmitters can provide a more complete understanding of the role they play 

in neural regulation.  However, because FSCV utilizes background subtraction, absolute 

concentrations cannot be quantified.  We previously developed a modification of FSCV 

called fast-scan controlled-adsorption voltammetry (FSCAV) which allows measurements 

of absolute dopamine concentrations.25,29,32  This approach is readily coupled to FSCV for 

investigation of phasic transmission at the same sensor and has since been expanded for 

the quantification of basal serotonin concentrations in vivo.30  As discussed above, many 

disease states are marked by coincident dysregulation of both the serotonergic and 

dopaminergic systems4,13–16 making simultaneous measurement of these monoamine 

transmitters desirable.  The instrumentation developed here allows for concurrent 

monitoring of tonic dopamine and serotonin levels at separate sensors. 

To investigate whether simultaneous detection of dopamine and serotonin by FSCAV at 

separate electrodes disrupts the fidelity of the data compared to individual measurements, 

FSCAV was performed in solutions of 200 nM dopamine and 200 nM serotonin.  A split 

reference electrode was placed in both solutions with a single connection to the 
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voltammetric current-to-voltage converter.  FSCAV was either performed on each channel 

individually (holding the other channel at 0.0 V) or dopamine and serotonin were measured 

at the two separate channels simultaneously (Fig. 5-5A & B).  The signals obtained from 

each electrode when making measurements individually and during simultaneous 

measurement are in high correlation (R2 = 0.9993 for dopamine, R2 = 0.996 for serotonin).  

Dopamine and serotonin calibrations were performed both individually and simultaneously 

(Fig. 5-5C &D).  A linear regression was performed on each calibration and the slopes of 

individually collected calibrations did not significantly differ from those collected 

simultaneously (ANCOVA, p = 0.77 for dopamine, p = 0.78 for serotonin, n = 3 electrodes).  

The high level of agreement between FSCAV performed individually or simultaneously for 

both dopamine and serotonin indicates that these two compounds could be monitored 

simultaneously in vivo without compromising the integrity of the measurements. 

Table 5-1 summarizes figures-of-merit for detection of dopamine and serotonin by both 

FSCV and FSCAV using the dual electrode system described here.  For FSCV 

measurements, the noise was quantified as the standard deviation of the current at the 

peak oxidation current for the analyte of interest over a one-second period without analyte 

present.  Limit-of-detection (LOD) was defined as three time the noise of each electrode 

and converted to concentration using the sensitivity of each electrode.  These data show 

that there is minimal crosstalk between channels as there is no significant difference in 

noise, sensitivity, or LOD for either dopamine or serotonin measurement by FSCV when 

a second channel is active.  Further, the limits-of-detection for both dopamine and 

serotonin are in line with previously reported values (~ 20 nM for dopamine and ~2 nM for 

serotonin).38,41,42  Noise in FSCAV measurements was quantified as the standard deviation 

of the charge passed during the analyte oxidation window for three replicate blank (buffer 

only) measurements.  LODs were quantified as described above.  Similar to FSCV, noise, 
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Fig. 5-5.  Simultaneous detection of dopamine (DA) and serotonin (5-HT) using fast-
scan controlled-adsorption voltammetry (FSCAV).  Representative voltammograms of 
200 nM dopamine (A) and serotonin (B) measured individually (blue) or simultaneously 
(red).  A high level of correlation was observed between the traces (R2 = 0.9993 for 
dopamine, R2 = 0.996 for serotonin).  FSCAV calibration curves for dopamine (C) and 
serotonin (D) were not significantly altered when making simultaneous measurements 
(ANCOVA, p = 0.77 for dopamine, p = 0.78 for serotonin, n = 3 electrodes). 

 

  

143



Table 5-1.  Figures-of-merit for FSCV and FSCAV measurements 

FSCV 
  Dopamine   Serotonin 

Single Dual Single Dual 

noise (nA) 0.07 ± 0.01 0.07 ± 0.01 0.079 ± 0.007 0.083 ± 0.003 
sensitivity (nA/µM) 11 ± 1 12 ± 1 118 ± 8 120 ± 10 
LOD (nM) 18 ± 5 18 ± 5 2.1 ± 0.3 2.1 ± 0.3 

FSCAV 
  Dopamine   Serotonin 

Individual Simultaneous Individual Simultaneous 

noise (pC) 0.08 ± 0.03 0.10 ± 0.06 0.02 ± 0.01 0.018 ± 0.007 
sensitivity (pC/µM) 10.5 ± 0.3 10.0 ± 0.8 16 ± 1 18 ± 3 
LOD (nM) 23 ± 9 31 ± 17 3 ± 2 2.8 ± 0.9 

n = 3 electrodes, ± SEM 
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sensitivity, and LODs were unchanged by simultaneous FSCAV detection when compared 

to individual measurements of either dopamine or serotonin.  LODs are in the low-nM 

range for both analytes and expected to be sufficient for in vivo detection.  The 

instrumentation developed herein is capable of making low-noise measurements of rapid 

changes in dopamine and serotonin at separate sites using FSCV or slow, tonic changes 

using FSCAV with LODs sufficient for use in vivo.  Transition between FSCV and FSCAV 

is simple and both techniques utilize the same two individually addressable 

microelectrodes. 

5.4. Conclusions 

We have developed a system capable of simultaneous monitoring of dopamine and 

serotonin concentration at two, individually addressable carbon-fiber microelectrodes.  

This was achieved through application of the desired waveforms to each electrode using 

an OPA2107 operational amplifier.  This operational amplifier was found to be stable in 

the designed configuration, while others tested suffered from oscillations and instability.  

The instrument can monitor rapid, phasic changes using FSCV or slow, tonic changes 

using FSCAV.  Switching between measurement modes is achieved through a manual 

switch and requires ~ 5 min for electrode equilibration.  The LODs provided by this system 

are sufficient for in vivo measurements.  Simultaneous measurement of dopamine and 

serotonin on multiple timescales has the potential to further understanding of the 

interactions between the two systems.  It is important to note that in vivo experimentation 

will require informed selection of the brain regions of interest.  The waveform typically 

used to measure serotonin is highly selective for serotonin over dopamine.  However, the 

waveform typically used to measure dopamine is not selective between the two molecules.  

Thus, it will be imperative to target dopamine- and serotonin-rich brain regions when 

planning studies.  Nonetheless, this instrument allows for the investigation of the 
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interdependence of the dopaminergic and serotonergic systems and the role they play in 

learning and disease states.  Excitingly, this instrumentation has been designed to allow 

additional electrodes to be integrated with relative ease.  Although, an additional data 

acquisition card would be required to provide additional analog outputs.  Further, the 

instrument was designed to be compatible with the combined electrophysiological and 

electrochemical measurement platform we have previously described (DANA).43  That is, 

serotonin, dopamine, and neural activity could all be measured in harmony within a single 

animal.  This new tool can be used to further behavioral neuroscience and our current 

understanding of the links between neurochemical systems. 
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Chapter 6. 

Conclusions and future directions 
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6.1. Impact 

The brain is a vast multidimensional space with a variety of chemicals changing over time 

with important spatial differences.  The work presented here expands the physical, 

chemical, and temporal space that can be investigated within animal models.  First, 

indirect neuronal stimulation was used to investigate functional interconnectivity of 

discrete brain regions and further the understanding of cortical control over dopaminergic 

neurotransmission.  A new measurement platform was developed to provide researchers 

with a path to more fully explore the link between neuronal activity and dopaminergic 

signaling.  The instrumentation, termed DANA, allows for the combined use of 

electrophysiology at high-density electrode arrays and fast-scan cyclic voltammetry 

(FSCV) at a carbon-fiber microelectrode.  The DANA system expands the physical space 

that can be probed and allows for interrogation of the interplay between neuronal firing 

(through measurement of action potentials) or bulk neuronal activity (through 

measurement of local-field potential oscillations) and neurochemical activity.  Importantly, 

this tool could be used to monitor not only dopamine, but also any neurotransmitter 

amenable to quantification via FSCV.  Additionally, previous work has shown that both 

electrophysiology and FSCV can be utilized for longitudinal studies.  That is, probes can 

be implanted and measurements taken over the course of months as animals learn and 

perform behaviors.  As such, the DANA system has great potential to influence the fields 

of neuroscience and neurochemistry by extending the measureable temporal space and 

enabling the aforementioned connections to be studied long-term. 

While FSCV is suitable for measurement of rapid changes in dopaminergic concentration, 

it is limited to comparisons of relative changes in neurotransmitter concentrations within 

short time-scales (typically < 2 minutes).  Fast-scan controlled-adsorption voltammetry 

(FSCAV) has been developed for the absolute quantification of neurotransmitter 
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concentration over the course of hours.  We improved upon this technique to allow 

quantification of dopaminergic concentrations in the presence of interferents such as 

antioxidants and metabolic byproducts of dopamine.  This allows FSCAV to be confidently 

utilized for quantification of extracellular dopamine concentrations in vivo.  Further, the 

temporal resolution of this technique was improved from 10-minute to 40-second time 

intervals. 

Both FSCV and FSCAV are important tools for understanding neurochemical activity.  

However, these techniques were previously limited to analysis of a single analyte.  We 

have increased the chemical space available to these techniques by developing 

instrumentation capable of monitoring two different neurotransmitters using either FSCV 

or FSCAV at two individually addressable electrodes.  This improvement will allow 

investigation of the connections between different neurotransmitters and an 

understanding of the interconnectivity of separate neurotransmitter systems; again 

expanding the physical space available for measurement and allowing regional interplay 

to be examined.  Excitingly, this instrument was designed to be compatible with the DANA 

system described herein, thus allowing researchers to study the brain in a more holistic 

manner by combining information regarding multiple brain regions and neurochemical 

systems. 

6.2. FSCAV for longitudinal studies of neurotransmitter concentrations 

Fast-scan controlled-adsorption voltammetry (FSCAV) is an electrochemical technique for 

measurement of absolute tonic dopamine or serotonin concentrations in vivo that provides 

several advantages over microdialysis.  FSCAV utilizes carbon-fiber microelectrodes with 

very small dimensions that have been shown to cause little tissue damage particularly 

compared to typical microdialysis probes.1  Additionally, FSCAV provides in situ 

measurements in real time; whereas microdialysis is an extraction technique that requires 
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off-line analysis, typically coupled to a separation.2  Further, absolute quantification is 

difficult.  The no-net-flux microdialysis technique is accepted as having a higher capacity 

for absolute quantification as compared to conventional microdialysis; however, this 

method is known to result in underestimation of basal concentrations due to tissue 

damage and other convoluting factors.3,4 

Dysregulation of tonic dopamine levels is thought to play a role in many diseases and 

disorders (e.g. Parkinson’s disease, Schizophrenia, and Tourette syndrome).5–8  Often, 

these dysregulatory states are progressive and many questions remain regarding the role 

of dopamine in disease progression.  Further, the role of tonic dopamine in learning and 

memory acquisition is not well understood.  This is, in part, due to a lack of tools suitable 

for longitudinal studies of tonic dopamine concentrations.  Chronic microdialysis has been 

used to an extent to answer questions regarding changes in tonic neurotransmitter levels 

over time.2,9,10  However, this technique involves implantation of a guide cannula and 

reinsertion of a fresh microdialysis probe prior to each experimental session.  This act 

exacerbates the tissue damage issue surrounding microdialysis experimentation. 

Recently, Clark et al. described the development of chronically implantable carbon-fiber 

microelectrodes (CI-CFMEs) for use with fast-scan cyclic voltammetry (FSCV).11  The 

sensors were shown to cause minimal tissue damage even after extended implantation 

and were stable for up to four months.  These sensors are now in common use for 

investigation of changes in phasic dopamine transmission over the course of learning or 

the development of addiction.12–16  Nonetheless, the roles of tonic dopamine 

concentrations in the phasic changes remains under-examined.  Because FSCAV utilizes 

carbon-fiber microelectrodes and because it can be easily coupled to FSCV for 

measurement of phasic dopamine release, we investigated the capacity of these sensors 

for longitudinal FSCAV measurements. 
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To determine whether CI-CFMEs are suitable for use with FSCAV, an electrode was 

implanted in the striatum of a rat and exposed to a pharmacological challenge (Fig. 6-1).  

The animal was allowed two months to heal following implantation.  The animal was then 

anesthetized with 2% isoflurane gas and recordings of dopamine concentration were 

made every 30 seconds using FSCAV.  Collected voltammograms were visually similar to 

those recorded with single-use carbon-fiber microelectrodes (data not shown) and 

measured concentrations (~150 nM) were within previously observed values.  The animal 

was then injected with a dopamine metabolism inhibitor (pargyline, 75 mg/kg i.p.).  The 

measured signal increased following injection for ~2 hours, then leveled off at 

approximately 300 nM.  Because this drug prevents dopamine degradation, it was 

expected that dopamine concentrations would increase following administration.  

Additionally, pargyline inhibits the conversion of dopamine to its major metabolite in rats, 

DOPAC.  DOPAC is also electroactive with redox chemistry resembling that of dopamine.  

If the measured signal were due to DOPAC, it would be expected to decrease following 

drug administration.  Thus, this experiment pharmacologically identifies the measured 

signal as arising from dopamine and indicates that chronically implanted electrodes are 

indeed acceptable for use with FSCAV. 

Working toward extended measurements in behaving animals, it was then pertinent to 

investigate if FSCAV measurements at CI-CFMEs could be made in awake and moving 

animals (Fig. 6-2).  CI-CFMEs were implanted in the striatum of two rats and the animals 

given two months to heal.  During this time, rats were habituated to human handling, the 

recording chamber, and saline injection.  Striatal dopamine concentrations were measured 

for 2.5 hours (150 minutes) during each of three separate sessions (sampling rate = 1 

recording/30 seconds).  On separate recording days, rats were either unperturbed (no 

injection, Fig. 6-2, blue trace), injected with 2 mL/kg saline (i.p., Fig. 6-2, black trace), or 
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Fig. 6-1.  Pharmacological interrogation of measured signal at a chronically implanted 
carbon-fiber microelectrode.  Approximately two months following implantation of a 
carbon-fiber microelectrode into the striatum of a rat, the animal was placed under 
anesthesia (2% isoflurane).  Fast-scan controlled-adsorption voltammetry 
measurement of dopamine concentration was performed every thirty seconds.  After 
one hour of baseline recordings, a dopamine-metabolism inhibitor (pargyline, 75 mg/kg, 
i.p.) was administered.  A marked increase to ~2x baseline values was observed 
indicating that the measured signal arises from the oxidation of dopamine and not its 
metabolic byproduct, DOPAC (n = 1 rat). 
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Fig. 6-2.  Fast-scan controlled-adsorption voltammetry at chronically implanted 
electrodes in freely moving animals.  Dopamine concentrations were measured for 150 
minutes in freely moving rats with chronically implanted carbon-fiber microelectrodes (n 
= 2 rats).  On separate days, rats were either given no injection (blue), saline injection 
(black), or low-dose amphetamine (2.5 mg/kg, i.p., red).  While recording on no-injection 
or saline days remain relatively stable near 200 nM, amphetamine injection results in 
an increase in extracellular dopamine concentration of nearly 50 nM.  This increase 
serves as pharmacological verification of the signal as amphetamine is known to 
increase extracellular dopamine concentrations. 
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given a low dose of amphetamine (2.5 mg/kg, i.p., Fig. 6-2, red trace).  No injection and 

saline recordings were stable over the course of the recordings with a measured 

extracellular concentration of ~200 nM.  Saline injection did not seem to affect dopamine 

concentrations.  Amphetamine caused an increase in extracellular dopamine in agreement 

with previous work.  Therefore, it was concluded that FSCAV at CI-CFMEs is suitable for 

quantification of dopamine concentrations in freely moving rats. 

To monitor the role of dopamine in disease progression or learning over time, a technique 

must have the capacity to make stable measurements from day-to-day.  Two rats were 

implanted with CI-CFMEs and FSCAV measurements of absolute tonic dopamine 

concentration taken every 30 seconds for 1 hour every 1 – 2 days for two weeks following 

a two-month recovery period.  The average value for each session was recorded and the 

average and range of the two animals on each day is shown (Fig. 6-3).  The 

measurements were stable over the two-week period with the lowest recorded average 

(162 nM) being 10% below and the highest recorded average (222 nM) being 23% above 

the first-day value (180 nM).  In a separate animal, a pharmacological challenge was used 

to determine if predictable changes could be observed on a day-to-day basis (Fig. 6-4).  

Again, the animal was recorded every 1 – 2 days.  Each recording session was 2.5 hours 

in length with recordings taken every 30 seconds.  During separate sessions, the animal 

was either left unperturbed (Fig. 6-3B, blue dots), or given an injection of either saline (Fig. 

6-3A & B, black) or a dopamine synthesis inhibitor (α-methyl-p-tyrosine, AMPT, 250 mg/kg 

i.p., 6-3A & B, red).  In the short-term (within a recording session, Fig. 6-3A), saline 

injection (black) had little effect on dopamine concentration.  In contrast, AMPT 

administration (Fig. 6-3A, red) caused a rapid decline in dopamine concentration that 

rebounded to a value below baseline after ~60 minutes.  AMPT has a half-life of 21 hours 

in rats.  As such it was predicted that dopamine concentrations would be depressed the 
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Fig. 6-3.  Stability of dopamine concentrations in the rat striatum as measured by fast-
scan controlled-adsorption voltammetry.  Two rats were implanted with carbon-fiber 
microelectrodes and measurements were taken at a rate of 2/min for one hour every 1 
- 2 days while animals were awake and freely moving.  The average of each one-hour 
recording was calculated for each animal and used as the value of dopamine 
concentration for that recording day.  Shown is the average concentration measured in 
the two animals over the course of two weeks (error bars indicate range).  
Measurements display a high degree of day-to-day stability. 
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Fig. 6-4.  Fast-scan controlled-adsorption voltammetry tracks pharmacologically 
induced changes in a freely moving animal day-to-day.  Dopamine concentrations in the 
striatum were measured at a chronically implanted carbon-fiber microelectrode every 1 
- 2 days.  On separate days, the animal was injected with either saline (black) or a 
dopamine synthesis inhibitor (250 mg/kg AMPT, i.p., red).  (A) short-term effects of 
AMPT injection show a decrease followed by a rebound to a value below the initial 
baseline concentration.  (B) One-hour recordings were taken prior to injection every 1 - 
2 days.  Each recording day the animal was either given no injection (blue), saline 
(black), or AMPT (red).  Plotted are the average measured value for each day (error 
bars indicate range) prior to administration of the injection.  The day following the 
injection of a synthesis inhibitor (half-life = 21 hrs), dopamine concentrations were 
drastically reduced with the highest recorded value lower than the lowest recorded value 
from any other day.  This exhibits the ability of FSCAV at chronically implanted carbon-
fiber microelectrodes to track changes in dopamine concentration from day-to-day (n = 
1 rat). 
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day following AMPT injection.  For each recording session, the average and range of 

measured values for the 30-minute period prior to injection (or in the case of days without 

injection, the first 30 minutes of recording) were calculated and plotted against time (Fig 

6-3B).  Measured dopamine concentrations on the day following inhibition of dopamine 

synthesis were markedly lower than all other days.  The highest recorded dopamine 

concentration on that day (113 nM) was lower than the lowest recorded concentration of 

all other recordings combined (151 nM).  Further, the average concentration on that day 

was only 42% of the average value measured on in all other recording sessions.  This 

experiment serves to validate the use of FSCAV at CI-CFMEs to track day-to-day 

fluctuations in dopamine concentration.  This expansion of FSCAV will allow the technique 

to be utilized to track changes in dopamine concentration over extended periods of time.  

This could be used to investigate the development of disease states in animal models.  

For example, one technique for creation of an animal model of Parkinson’s disease is the 

6-hydroxydopamine- (6-OHDA) lesion.17  After injection of this toxin specific to 

dopaminergic neurons, it typically takes 2 – 6 weeks for animals to become symptomatic.  

Investigation of the changes in extracellular dopamine concentrations during symptom 

development could lead to a better understanding of early-stage Parkinson’s disease and 

possibly avenues to explore for early detection in human patients.  Additionally, 

measurement of tonic dopamine concentrations could lead to a more complete grasp of 

the role of dopamine in learning.  Current work is being done to monitor changes in the 

phasic dopaminergic response of animals to cues or rewards over time as the animals 

learn a behavior.  However, the roles of tonic signaling in the acquisition of memory and 

behavior remains poorly studied.  In general, there are many applications in the field of 

neuroscience that can take advantage of extended measurements of tonic dopamine 

using FSCAV at CI-CFMEs. 
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6.3. Ketamine-induced fluctuations in extracellular dopamine 

Ketamine is a veterinary anesthetic that has recently been shown to have therapeutic 

effects in treating chronic pain,18 treatment-resistant depression,19,20 and post-traumatic 

stress disorder (PTSD).21  We previously reported that ketamine treatment also reduces 

L-DOPA-induced dyskinesias (LIDs, Fig. 6-5). 22  Unilateral 6-OHDA lesions were 

performed to create an animal model of Parkinson’s disease.  Animals were then treated 

daily with L-DOPA (7 mg/kg i.p.) for three weeks to induce severe LID.  Rats were then 

challenged with L-DOPA every 3 - 4 days and abnormal involuntary movements (AIMs) 

assessed by blinded researchers (Fig. 6-5A).  On days indicated by blue bars, animals 

were given mock “infusions” of sub-anesthetic doses of ketamine through a series of five 

injections (spaced by 2 hours).  L-DOPA was co-administered with the final injection and 

AIMs were assessed.  Infusion of 20 mg/kg ketamine reduced AIMs throughout the > 3 

weeks of testing following administration.  However, striatal tissue dopamine content was 

unaffected on either the lesioned or unlesioned hemisphere when comparing ketamine- 

to saline-treated rats.  In addition to our finding that ketamine does not alter dopamine 

tissue content, Can et al. recently reported that ketamine administration (up to 50 mg/kg) 

did not directly affect electrically evoked dopamine release as measured by FSCV.23  

Thus, we hypothesized that low-dose ketamine exerts its therapeutic effects through 

alterations in tonic dopamine transmission.  We investigated our hypothesis using FSCAV 

at CI-CFMEs in freely moving rats and applied pharmacological manipulations to better 

understand the mechanism of ketamine’s affects (Fig. 6-6). 

CI-CFMEs were implanted in the striatum of two rats and the animals allowed two months 

to heal.  Striatal dopamine concentrations were monitored with 30-second temporal 

resolution for 2 hours each session.  In the first session, rats were given a sub-anesthetic 

dose of ketamine (20 mg/kg, i.p.) after 30 minutes of baseline recording (fig. 6-6A).  
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Fig. 6-5.  Effect of ketamine on L-DOPA-induced dyskinesias and dopamine tissue 
content in rats with unilateral 6-OHDA lesions.  (A) Severely dyskinetic rats were tested 
with L-DOPA (7 mg/kg i.p.) every 3 – 4 days and their total abnormal involuntary 
movements (AIMs) ranked by blinded evaluators.  On days indicated by blue bars, a 
series of five injections of ketamine (spaced by 2 hours each) were administered and L-
DOPA co-administered with the final ketamine injection.  Asterisks above each bar 
indicate significance from the last baseline session immediately preceding a ketamine-
injection session (one-way ANOVA with Tukey post-tests, * p < 0.05, ** p < 0.01, *** p 
< 0.005, n = 5 rats, error bars indicate SEM).  When comparing the final baseline session 
preceding the 20 mg/kg ketamine session on day 31 to the final recording session 
(indicated by light blue bracket), AIMs remained significantly reduced (Mann-Whitney 
test, p < 0.01), indicating a stable reduction in L-DOPA-induced dyskinesias.  (B) One 
week following the final behavioral session, animals were injected with either 20 mg/kg 
ketamine (n = 7) or saline (n = 5) 30 minutes prior to euthanization.  Striatal tissue was 
collected from each hemisphere and homogenized in 0.1 M HClO4 and dopamine 
content analyzed via HPLC with electrochemical detection.  Dopamine content was 
significantly reduced by 6-OHDA lesions but no significant effect of treatment nor 
interaction between lesion and treatment was observed (two-way ANOVA, *** p < 0.001, 
ns: p > 0.05). 
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Fig. 6-6.  Pharmacological investigation of the mechanism of ketamine-induced 
fluctuations in tonic dopamine levels.  Freely moving rats (n = 2, error bars display 
range) with chronically implanted carbon-fiber microelectrodes were injected with a sub-
anesthetic dose of ketamine (20 mg/kg) at t = 0.  FSCAV recordings of tonic dopamine 
concentrations were made every 30 seconds for 30 minutes prior to and 90 minutes 
following ketamine injection.  Fifteen minutes before ketamine administration, animals 
were either given no injection (A), a D2-receptor antagonist (0.1 mg/kg eticlopride i.p., 
B), or a D1-receptor antagonist (1 mg/kg SCH-23390 i.p., C).  Ketamine alone caused a 
temporary decrease in tonic dopamine concentration.  Pre-treatment with a D2-receptor 
antagonist does not block the ketamine response.  Contrarily, pre-treatment with a D1-
receptor antagonist blocks the ketamine-induced reduction in tonic dopamine level. 
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Immediately following ketamine administration, dopamine levels decreased (minimum ~ 5 

minutes post- drug) then rebounded within ~ 30 minutes.  Ketamine is known to bind to 

the D2 receptor;24 although the functional output of this binding event is currently unknown.  

We predicted that the observed ketamine-induced changes in dopamine concentration 

were due to direct binding of ketamine to the D2 receptor and acting as an agonist resulting 

in a decrease in extracellular dopamine.  To test this hypothesis, we pretreated animals 

with either a D2- or D1-receptor antagonist (0.1 mg/kg eticlopride or 1 mg/kg SCH-23390, 

respectively) fifteen minutes prior to ketamine injection (Fig. 6-6A & B).  Each recording 

session was separated by > 3 days and the order of D2- or D1-receptor antagonist sessions 

was reversed in the two animals.  Pretreatment with a D2-receptor antagonist did not seem 

to affect the ketamine-induced reduction in dopamine concentrations (Fig. 6-6B).  

However, it could be argued that D2-pretreatment results in an overshoot of dopamine 

concentrations above baseline values.  This phenomenon should be investigated in more 

detail in the future but was not the focus of the present study.  In contrast, D1-pretreatment 

seemed to block the ketamine-induced decrease in dopamine levels (Fig. 6-6C).  These 

data suggest that ketamine exerts its effects on tonic dopamine concentrations not through 

direct binding to the D2 receptor, but rather some indirect route involving the D1-receptor 

pathway. 

In this work, we focused on the effects of a single injection of sub-anesthetic ketamine on 

striatal dopamine concentrations in naïve rats.  This differs from the experimental 

protocols used in the behavioral experiments where we observed reduction in L-DOPA-

induced dyskinesias as a result of low-dose ketamine treatment in two ways:  1. When 

investigating the capacity of ketamine to reduce L-DOPA-induced dyskinesias, a mock 

infusion protocol was used wherein a series of five ketamine injections were administered 

once every 2 hours.  For simplicity our initial study explored the effects of single ketamine 
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injections.  In future work, changes in tonic dopamine concentrations in view of ketamine 

“infusions” will be examined.  2. The L-DOPA-induced dyskinesia study used animals with 

unilateral 6-OHDA lesions and long-term L-DOPA exposure.  Future studies will explore 

the effects of ketamine treatment on this animal model of Parkinson’s disease.  Using the 

dual electrode system described in Chapter 5, within-animal controls will be investigated 

by implanting an electrode in each of the two hemispheres of the rats (lesioned and 

unlesioned).  The proposed study will bring insight to the role of tonic dopamine in 

progression of Parkinson’s disease as well as development of L-DOPA-induced 

dyskinesias. 

6.4. Carbon fiber etching and characterization 

Fabrication of carbon-fiber microelectrodes was first described by Armstrong-James and 

Millar in the late 1970s.25  Since that time, these probes have seen wide use for in vivo 

neurochemical detection using FSCV because of their electrochemical properties, rapid 

response time (sub-second), small dimensions (diameters typically < 10 µm), and 

sensitivity (low-nM detection limits for dopamine and serotonin).26–28  The sensitivity of 

FSCV is due to the absorptive properties of the neurotransmitters of interest with the 

diffusive component of the current being a minor contributor.29  When performing FSCV, 

the measurement waveform (2 – 9 ms duration) is reapplied every 100 – 200 ms.  The 90 

– 190 ms between scan pulses allows adsorption to occur and lends FSCV the sensitivity 

needed for in vivo measurements.  Reduction in the diameter of carbon-fiber 

microelectrodes would certainly improve the spatial resolution of these sensors.  Perhaps 

less intuitively, diameter reduction could lead to enhanced sensitivity and/or improved 

response time through more efficient mass transport to the electrode surface.30  As the 

electrode diameter reduces, the rate of mass transport increases.  Thus, the rate of 

accumulation of dopamine on the electrode surface also increases.  Therefore, scans may 
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be able to be performed more frequently without a loss in sensitivity, improving temporal 

resolution.  Alternately, sensitivity could be improved without altering temporal resolution.  

Thus, we sought a rapid, reliable, simple method for the reduction of carbon-fiber 

microelectrode diameter. 

We exposed fabricated carbon-fiber microelectrodes to an air plasma using a microwave-

generated plasma chamber developed by Vreeland et al.31  Exposed fibers were found to 

etch reliably with a rate of radius reduction of 0.55 ± 0.09 µm/minute of plasma exposure 

time as determined by scanning electron microscopy (Fig. 6-7).  Representative 

micrographs of electrodes are shown in Fig. 6-8.  FSCAV was performed in 1 µM 

dopamine solutions while varying the duration of the controlled-adsorption period and 

mass-transport-limited adsorption was modeled as described previously.32  Fig. 6-9 shows 

experimental data (red points) and model predictions (blue lines) for etched carbon-fiber 

microelectrodes.  Models were calculated using a diffusion constant for dopamine of 1 x 

10-5 cm2/s and the average radius for electrodes at each plasma-exposure duration.  The 

experimental data did not agree with the calculated rate of mass-transport-limited 

adsorption predicted by the model with the experimental data showing little-to-no increase 

in the rate of adsorption.  The source of this deviation from predicted behavior is currently 

unclear.  However, it was noted that surface roughness of the fibers increased with 

increasing plasma-exposure time (Fig. 6-10).  The surface of these carbon fibers is 

believed to be a mixture of basal and edge planes of graphite.33  Further, studies 

performed on highly-oriented pyrolytic graphite (HOPG) suggest slow electron transfer 

between catechols (such as dopamine) and the electrode at the basal plane but relatively 

rapid kinetics at the edge planes.  One possible explanation for the discrepancy between 

our experimental and theoretical values is hindered diffusion to electron transfer sites (at 

the edge planes).  It is conceivable that the source of the increase in surface roughness 
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Fig. 6-7.  Etch rate of carbon-fiber microelectrodes exposed to microwave-generated 
air plasma.  Electrode radius as a function of exposure time is shown (n = 7 – 9 
electrodes, ± SEM).  Inset displays change in radius with exposure time.  Etch rate was 
0.55 ± 0.09 µm/min. 
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Fig. 6-8.  Representative scanning electron micrographs of etched carbon-fiber 
microelectrodes.  Microelectrodes were etched for 0 min (A), 0.5 min (B), 1.0 min (C), 
or 2.0 min (D).  Scale bars are 10 µm.  Red arrows mark the glass/carbon fiber interface.  
A progressive reduction in electrode radius with exposure time is shown. 
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Fig. 6-9.  Measurement and modeling of mass-transport-limited adsorption dynamics.  
Fast-scan controlled-adsorption voltammetry was performed in a 1 µM dopamine 
solution of electrodes etched with 0 min (A), 0.5 min (B), 1.0 min (C), or 2.0 min (D) air 
plasma exposure.  The controlled-adsorption period was varied from 0.2 to 20 s and 
surface coverage (Γ) quantified using the geometric area calculated from the average 
radius of electrodes exposed to plasma for equivalent periods of time (red points).  
Modeled data (blue traces) for the mass-transport-limited adsorption dynamics of 
electrodes with average diameters correlating to the various etch times using a 
previously described method32 and a diffusion coefficient of D = 1.0 x 10-5 cm2/s.  
Experimental data did not display the improvement in rate of adsorption predicted by 
the model.  The source of this discrepancy is the focus of future work. 
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Fig. 6-10.  Scanning electron micrographs of carbon fiber surfaces before and after 
etching.  Carbon-fiber microelectrodes were exposed to air plasma for 0 min (A), 0.5 
min (B), or 2.0 min (C). White scale bars indicate 1 µm.  Surface roughness was 
observed to increase with increased exposure time. 
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with increased plasma-exposure time is a result of preferentially etching of the edge 

planes at the carbon fiber surface by the air plasma.  If so, it is possible that diffusion to 

the active sites on the electrode surface is limited through physical constraints.  However, 

this remains conjecture at this time and further experimentation is required to understand 

the lack of agreement between theoretical and experimental values. 

6.5. Concluding remarks 

Because of its inherent complexity, current knowledge of the intricacies of brain function 

remains limited.  It is imperative to continue to expand the bounds of measurement science 

in order to push our understanding of the brain forward.  This body of work expanded 

previous technologies to allow neurochemistry to be monitored more effectively.  Indirect 

stimulation studies provided insight into the functional interconnectivity between brain 

regions.  Development of the DANA system for combined electrophysiological and 

electrochemical measurements allows a larger physical space to be monitored to again 

expand investigations of inter-regional communication.  Additionally, the instrument 

platform combines chemical and physiological information capable of informing 

experimenters of the interaction between the two and, with careful study design, their 

relationship to behavior.  Improvement in the temporal resolution of FSCAV and of the 

technique’s selectivity for dopamine over interferents opens possibilities for the tonic mode 

of dopamine signaling to be investigated in animal models.  Work to move this technique 

into freely moving animals adds another possible dimension of information (changes over 

time) to the toolset.  Development of instrumentation that can measure both serotonin and 

dopamine with either FSCV or FSCAV at two individually addressable electrodes add yet 

another layer of information in that the interaction between multiple neurochemical 

systems can be investigated. In general, these advances make it possible for 

multidimensional information across time, physical space, and chemical identity to be 
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gathered within animal models to begin forming a more complete picture of the 

interdependency of brain processes. 
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