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To understand how the brain functions and what disruptions underlie neurological 

diseases and disorders, analytical methods are needed that can succeed in the 

complexity of the native brain environment.  To make a measurement in functioning, live 

tissue, these methods must be selective for specific analytes in a matrix that has over 

1000 different chemical species, be able to measure chemical changes on multiple 

timescales (10-3 s to 104 s), have a high spatial resolution (μm), and be sensitive (pM to 

μM).  The work described within, details the development and application of a 

voltammetric method, fast-scan controlled adsorption voltammetry (FSCAV) that is 

capable of monitoring baseline levels of serotonin and dopamine, as well as monitoring 

changes on multiple time scales with high sensitivity and selectivity.  Because FSCAV is 

performed using a carbon-fiber microelectrode, the same sensor can be used for fast-

scan cyclic voltammetry to monitor rapid (phasic) changes of dopamine and serotonin in 

the extracellular space.  Thus a single-sensor strategy for measuring tonic and phasic 

concentrations of these important neurotransmitters is developed and used to elucidate 

important insight into the differences of serotonin and dopamine regulation.  Additionally 

it is revealed that dopamine exhibits a coaction between tonic and phasic signaling 

where serotonin does not.  Using this approach, a method for evaluating pain processing 

in a preclinical model is developed, which reveals an important relationship between 

chronic pain and dopamine signaling.  Furthermore, a mathematical model to describe 

mass-transport limited adsorption is developed and used to determine the diffusion 

coefficient of both dopamine and serotonin in situ.  The work described within details an 

important advancement in neuroanalytical methodology that will provide new insights 

both short-term and long-term for studying fundamental chemical mechanisms of 

neurotransmission. 
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The quintessence of cognitive function is signal transduction.  From an evolutionary 

perspective, the brain’s most rudimentary function is to move the body towards rewarding 

stimuli and away from aversive stimuli.  This process is initiated by stimulation of a sensory 

input, conduction of an electrical signal, conversion to a chemical signal, and ending with 

a mechanical action.  In higher ordered species, the brain organizes past experiences and 

compares them with new inputs to make decisions regarding movement.  The interface 

between cognition and behavior in its simplest, but most elegant form is chemical 

communication between neuronal cells.  Thus to understand how the brain functions and 

what disruptions underlie diseases and disorders, development of analytical methods to 

monitor chemical signaling in living brain tissue are critically important.  The analytical 

methods that can be used are limited by the complexity of the native environment.  To 

make a direct measurement in functioning, live tissue these methods must be able to 

selectively measure chemical changes on multiple timescales ranging from milliseconds 

to months, have spatial resolution on the order of micrometers or less, and be sensitive 

for concentrations ranging from picomolar to micromolar.  The work described within 

details the development and application of a voltammetric method that id used to 

successfully monitor chemical communication within the brain that occurs on multiple time 

scales with high sensitivity and selectivity.    

A functioning brain rapidly processes signals that arise continuously in the surrounding 

environment.  This complex process begins when a thermal, mechanical, electromagnetic, 

or chemical stimuli is received by a sensing element.  Following this excitation, an 

electrical current is generated and propagated through the nervous system via action 

potentials by nerve cells.  These cells are characteristically different than other cells in two 

ways; these cells exhibit branching in the way of dendritic spines allowing one neuron to 
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communicate simultaneously with many surrounding cells and the axons of nerve cells 

(neurons) can extend several inches or feet, for direct long-range communication (Figure 

1-1A).  The signal that propagates through the nervous system depends on electrical 

signals that arise from the depolarization of cell membranes (Na+ in, K+ out).[1]  This 

relatively complex electrical network within the central nervous system (CNS) can be 

reduced to a simple RC circuit using the Hodkin-Huxley model as shown in Figure 1-1B.  

One difference with this circuit and more traditional electrical circuits is that the current 

that is propogated through the system is driven by transport of ions, not electrons.  The 

path of this current is from the dendritic spines, through the soma, down the axon, to the 

nerve terminals where the electrical signal is transduced into chemical release.[2]   

The site of chemical communication is termed the synapse, which is a junction between 

an axon terminal of a presynaptic neuron and a dendrite of a postsynaptic neuron.  The 

communication between connected neurons occurs in two distinct modes, “tonic” and 

“phasic” (Figure 1-1C).  Phasic communication occurs in response to salient stimuli 

following an action potential and results in rapid chemical changes (<1 s).  Contrarily, tonic 

firing dictates the steady-state extracellular concentration, which serves a critical role in 

synaptic plasticity, receptor activation/deactivation, and changes much more slowly 

(minutes) in response to pharmacological and behavioral manipulations.[3–8]  Chemical 

communication (Figure 1-1D), which is critically important for normal function of the central 

and peripheral nervous systems is dependent on four processes; 1) synthesis and storage 

of the neurotransmitter, 2) release of the neurotransmitters following initiation by an action 

potential, 3) recognition of the neurotransmitter by receptors on the post synaptic cell, and 

4) inactivation of the neurotransmitter by clearance (by reuptake and/or metabolism).[9] 

Thus spying on chemical communication  
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. Chemical signaling in the brain occurs within the synapse following signal 

transduction.  A neuron is characterized by the presence of dendrites which project 

from the soma (cell body), axons which can extend inches to feet, and axon terminals 

found at the terminal ends of the axons.  A synapse is formed at the junction of the 

dendrites of the post synaptic neuron (receiver) and the axon terminals of the pre-

synaptic neuron (transmitter). Neuronal networks can be simplified using the Hodkin-

huxley model, which represents each component of a neuron as an electrical element.  

Action potentials are generated by cell depolarization following changes in intracellular 

K+ and Na+ concentrations and are represented by variable resistors Action 

potentials are observed to occur with two distinct firing patterns, tonic and phasic.  Tonic 

firing patterns (3 – 7 Hz) regulate the steady-state extracellular concentration, while 

phasic firing ( > 20 Hz) occurs in response to salient stimuli. Following transduction 

from an action potential to chemical release, neurotransmitters such as dopamine and 

serotonin which are packaged into vesicles are released into the extracellular space 

where they act on local and distal receptors or are removed via metabolism or reuptake.  
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to elucidate the neurological underpinnings of various diseases and disorders requires 

methodologies that can measure neurotransmitters on various timescales. 

The brain performs the action of consolidating experiences so that they can be used to 

alter subsequent neurological functions such as thoughts, feelings and behaviors even 

long after the experience has ended.[10]  The strength and efficacy of this process is 

termed synaptic plasticity and is critically dependent on tonic neural activity.[11]  

Furthermore, synaptic plasticity is implicated in several diseases and disorders, such as 

Parkinson’s disease, Alzheimer’s disease, schizophrenia, Tourette’s syndrome, obsessive 

compulsive disorder, attention deficit disorder, and depression.[8, 12–15]  The 

maintenance of synaptic plasticity is dependent on a constant, pacemaker-like firing 

pattern, which ranges from 3 – 7 Hz,[16] and depends on the size of the synaptic vesicle 

pool, which requires perpetual replenishment.[17]  Once released from the presynaptic 

neuron into the extracellular space, these neurotransmitters are either cleared or will 

diffuse through the extracellular space where it can act on nearby or distal receptors.[18]  

One critical neurophysiological role of neurotransmitters in the extracellular space is to 

regulate autoreceptor occupancy, which dictates the rate of synthesis and release. 

The second mode of neuromodulation is phasic activity, which is the result of neurons 

undergoing burst firing (> 20 Hz) in response to a salient stimuli.[19, 20]  The highly 

conserved nature of this process within the animal kingdom is indicative of its importance 

for survival.  The processing of “rewards” and “punishments” are critical for survival, and 

thus phasic firing at its base function serves as a driving force for movement either towards 

or away from the stimulus.[21, 22]  As a result of these burst-firing patterns the 

extracellular space is momentarily flooded with a particular neurotransmitter.  The quantal 

amount released is dependent on the magnitude of the stimulus and the rate of synthesis, 
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reuptake and metabolism, all of which are affected by receptor occupancy.[23]  On the 

timescale of biological events, the critical factor in dictating the overall magnitude of the 

measured phasic chemical release, is reuptake.  Therefore the overall effect of these 

burst-firing events is dependent on the transduction efficiency from the initial stimulation 

to the chemical action of a neurotransmitter on neighboring cells.  One the same timescale 

of these events, (milliseconds) reuptake and metabolism are also occurring to regulate the 

extent of neurotransmission.  As discussed above, chemical communication occurs on 

multiple timescales (single firing events to multiple firing events) to adequately regulate 

the wide range of social, physical, and cognitive processes (Figure 1-2A).[24]  Thus 

methods used to monitor chemical communication must have the ability to measure the 

steady-state (tonic) concentration, as well as both slowly (ramps) and rapidly (spikes) 

changing concentrations (Figure 1-2B).[25]  Adding to this challenge, monitoring a 

conversation between one type of neuron (dopaminergic or serotonergic) requires high 

chemical selectivity and excellent spatial resolution.  

In response to changes in the environment, the brain reacts by releasing stores of a 

particular neurotransmitter and several classes of neurotransmitters act in this way.  These 

neurotransmitters can be divided into several major groups, amino acids, peptides, lipids, 

proteins, hormones, and biogenic amines.  While recent developments have been made 

towards measuring larger molecules such as peptides electrochemically,[26] it is more 

common that electrochemical methods used in vivo are implemented to monitor phasic 

neurotransmission of small molecules.[27, 28]    
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. Chemical communication occurs on multiple timescales and is critical for 

neurological function.  Sensory inputs respond to environmental stimuli and send a 

signal to the brain which is decoded into chemical messages which dictate mammalian 

social and psychological states.  Additionally this chemical communication underlies the 

motivation for physical action.  Lastly chemical communication drives decision-making, 

problem solving and memory associated tasks.  Image reproduced with permission from 

John Wiley and Sons.[24] Environmental stimuli and biological processes occur on 

multiple timescales, as such, chemical release has adequately adapted to match these 

requirements.  The tonic or steady-state concentration regulates synaptic plasticity 

which is critically important for memory, mood, and movement.  Both threat and reward 

can occur on the subsecond level, thus neurochemical fluctuations on this timescale 

(phasic) can either ramp, spike, or drop to optimize safety and satiation.  Lastly slower 

changes can occur due to disease, behavioral modifications, or pharmacological 

manipulations.  This wide range of chemical activity necessitates a diverse class of 

sensing platforms.  Reproduced with permission from Elsevier.[25] 
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Electrochemical measurements are developed and optimized around four critical 

parameters: the electrode size, electrode response time, sensitivity, and selectivity.  For 

neuroanalytical purposes, the ideal sensor would be small to sample a small ensemble of 

neruons wihin a specific brain region (a single synapse has dimensions of 300 nM x 15 

nm) have a millisecond fast response time, measure single nanomolar levels of 

neurotransmitters, reject all interferences, and have negligible impact on the surrounding 

tissue, however this sensor does not exist.[29–31] 

The presence of redox active compounds in biological tissue was first realized in 1856 

when a color reaction between FeCl3 and an extract from adrenal glands was 

observed.[32]  Work to develop concrete evidence that dopamine, norepinephrine 

(noradrenaline), epinephrine (adrenaline) and serotonin were found in the brain and had 

specific neurological functions continued into the 1950’s and 60’s.[33–40]  Although the 

first electrochemical measurements made in brain tissue were of oxygen,[41, 42] It was 

Ralph Adams that had the inspiration to apply electrochemistry to making real-time 

measurements of neurotransmitters, in the brain.[35, 43, 44]  The electrode material of 

choice for this application was carbon,[45] because it is the most biocompatible, least 

expensive, and has fast electron transfer kinetics.[46, 47] The prospects of 

electrochemistry with carbon electrodes were and still are exciting because single 

electrodes can be miniaturized (diameter  = 0.3 – 50 um), and be fabricated to have 

various geometries (such as ellipses or cylinders).  Furthermore these carbon 

microsensors have response times that are faster than the biological events that are being 

measured, and are conducive to having a variety of surface modifications.[8, 48–56]   

The first electrochemical measurements made in vivo using carbon paste microelectrodes 

were made in the rat striatum, a region that was first characterized in 1959 as being 

dopamine rich using ion chromatography with fluorescence detection.[57] Fortuitously, a 

28



few years prior a histochemical method was developed to elucidate neuronal pathways 

for catecholamines and indolamines.[58]  We now know that the striatum is innervated by 

neurons that project from the substantia nigra (SN), the ventral tegmental area (VTA), and 

the cortex.  Using this knowledge, it was a young postdoctoral scientist Mark Wightman 

who in 1978 electrically stimulated dopamine cell bodies in the median forebrain bundle, 

which is a region between the VTA and striatum, and measured dopamine changes in the 

striatum.[59]  This was the first successful electrochemical measurement of dopamine in 

the extracellular space and is the basis for modern nueroanalytical chemistry.   

  

The chemical environment of the brain is highly complex with the contents ranging from 

ions to macromolecules in concentrations ranging from picomolar to milimolar. To address 

these requirements cyclic voltammetry was used because only a small portion of chemical 

species are natively electroactive, it is sensitive and results in chemical signature that can 

be used for analyte discrimination.[44, 60]  The first major breakthrough using voltammetry 

in the field of neuroscience was the introduction of carbon-fiber microelectrodes in 1979 

[61, 62] and the use of high scan rates (> 100 V/s).[61]  However, this technique was 

initially limited in use because of the large capacitive background currents that were 

generated from the high scan rates.  This is described using Equation 1, where n is the 

number of electrons transferred, F is Faraday’s constant, A is the surface area of the 

electrode,  is the scan rate C is concentration, D is the diffusion coefficient, R is the ideal 

gas constant, and T is temperature. 
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To remove the background and lower the limits of detection, advances in computer 

technology have enabled various data processing strategies, so that real-time monitoring 

of dopamine fluctuations using background-subtracted fast-scan cyclic voltammetry in a 

behaving animal is now used ubiquitously in neuroscience.[60, 63–73]   

Modern fast-scan cyclic voltammetry is typically performed by applying a triangle 

waveform (-0.4 V to 1.3 V at 400 V/s) that is 8.5 ms wide every 100 ms.  During the 91.5 

ms between waveform applications, the electrode is held at a constant potential and this 

is the time where analyte adsorption occurs.[74, 75]  During the time the waveform is 

applied the adsorbed analyte (such as dopamine) is oxidized and reduced at the surface 

of the electrode (Figure 1-3A) so that changes in dopamine concentration can be 

quantified.  Many studies have been directed towards mapping dopamine pathways, and 

this information can be used to target dopamine release in vivo.[65, 76, 77]  Typically, 

either the ventral tegmental area (VTA) or the median forebrain bundle (MFB) is 

electrically stimulated with either a stainless steal or tungsten bipolar electrode and 

dopamine release is monitored in the cortex, or the nucleus accumbens (NAc) 

electrochemically with a carbon-fiber microelectrode.  Using background-subtracted fast-

scan cyclic voltammetry, dopamine can be measured following either electrical stimulation 

of the MFB (Figure 1-3C) or physiological release (Figure 1-3D).  As can been seen 

dynamic information can be obtained from these experiments regarding the responsitivity 

of the dopamine system to different stimuli as well as its regulatory mechanisms such as 

reuptake.  However because the background is subtracted, vital information regarding the 

baseline levels in the extracellular space is lost.  This is a  
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 Background-subtracted fast-scan cyclic voltammetry for monitoring phasic 

release of dopamine.  Electron micrograph of uncoated cylindrical carbon-fiber 

microelectrode 50 μm long with a radius of 3 μm. Sagittal slice of rat brain showing 

dopamine reward pathways. Image reproduced from Frontiers Media SA with 

permissions.[75] Fast-scan cyclic voltammetric data is displayed in 3 dimensions using 

a color plots which contains voltage on the ordinate, time on the abscissa, and current 

is shown in reverse color.  The current vs. time traces are extracted from the color plot 

at the peak oxidation potential for dopamine (600 mV) and representative cyclic 

voltammograms are taken from the vertical white dashed line on the color plots.  

Dopamine release can be measured following  electrical stimulation (60 Hz, 40 pulse, 

2 ms per pulse, ± 200 μA biphasic) or physiologically. 
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major limitation of this technique, as the tonic level plays a critical neurophysiological role.  

Thus, other methods must be used to quantify tonic levels.  

Phasic changes in concentrations as discussed above are critical for cognitive processing 

of depolarizing stimuli.  In addition to this mode of signaling, the tonic, steady-state 

concentrations of neurotransmitters is important for synaptic plasticity and volume 

neurotransmission.[9, 10, 78]  This important biological concentration controls receptor 

occupancy and represents the balance between release, reuptake, and metabolism.  In 

many cases understanding the chronic effects of pharmaceuticals, drug addiction, and the 

progression of neurodegenerative disorders, it is important to be able to measure these 

tonic concentrations over minutes to days, even months.  While limited in chemical 

resolution, imaging techniques such as PET and fMRI have been successful in quantifying 

and tracking changes in chemical composition with the extracellular space.[79–81]  

However, these methods are expensive, not readily implementable for preclinical rodent 

models, and are limited in temporal resolution. Thus methods that use implanted sensors 

for monitoring neurochemical signaling remain in demand.  While electrochemical 

methods have been used to quantify tonic levels of with either pulse voltammetric 

methods,[82, 83] or with pharmacological manipulations,[16, 84] the preferred method for 

measuring tonic levels in response to behavioral and pharmacological paradigms is the 

sampling technique microdialysis coupled to any number of separation and detection 

schemes.[85] 

The standard commercial microdialysis probes sold today consists of two concentric tubes 

ending in a permeable membrane based on a design developed by Urban Ungerstadt in 
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the 1970’s (Figure 1-4A).[85, 86]  Microdialysis is used to recover endogenous 

neurochemicals under various research paradigms, systematic administration of 

substances, and microinjections of chemical agents to stimulate downstream 

signaling.[86, 87]  Because these sampling probes can be easily coupled to offline 

separation methods such as HPLC, CE, or mass spectrometry, microdialysis has been 

successful in measuring a wide range of molecules, and the dialysis probes themselves 

have undergone minimal change.[85, 87, 88]  One variation to microdialysis that is 

commonly found in the literature is push-pull perfusion, but this method has been 

minimally used due to concerns with tissue damage because unlike microdialysis a 

membrane does not separate the flow of perfusate from the tissue.  Recently however, 

developments in the Kennedy lab with probe size and flow volume, the degree of tissue 

damage has been reduced and methods for more rapid analysis have been developed 

but are not commercially available (Figure 1-4B).[85, 89–96].  As separation and detection 

methods continue to improve, the current limitation of this methodology is in the temporal 

response (time to accumulate material) of the implanted sensor and the impact on the 

surrounding environment, both of which are critically dependent on the probe size.   

The goal of these sampling techniques is aimed towards correlating chemical changes 

with either behavioral or external stimuli, such as stress, fear, pain, alcohol, drugs, or even 

food.   While microdialysis has been successful monitoring changes in tonic levels in 

response to these stimuli, there are still several factors that may be affecting the 

quantitative ability of this technique.  First, the observable behavioral changes induced by 

these factors occur on the timescale of seconds to minutes, however due to the mass limit 

of many detectors, typical sampling times for microdialysis are on the order of 20 –  
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. In vivo sampling probes. Overview of a concentric microdialysis probe.  

A perfusate closely matched to composition of the extracellular space flows through 

past the dialysis membrane from the inlet to the outlet.  A concentration gradient is 

formed between the perfusate and the surrounding medium, thus analytes will difuse 

across the membrane which is a barrier against larger molecules such as protiens and 

enzymes allowing mass transport of small molecules.  Image reproduced with 

permissions from Annual Review of Analytical Chemistry.[84]  To address the issue 

of tissue damage and spatial resolution, several new probes have been designed.  The 

“mini” is a hand fabricated smaller probe than the commercially available microdialysis 

probes.  Alternatively low-flow push pull perfusion can be performed with smaller 

dimensions and without the need for a membrane.  The “Microfab push-pull” probe is a 

Si based probe made by lithography and bulk etching techniques and has dimension of 

85 μm, reducing the standard dialysis probe size by a factor of nearly 3, but is not 

currently available commercially.  Reproduced with permission from Elsevier LTD.[87] 
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30 minutes.  This results in vital information regarding the rate at which tonic levels 

fluctuate being missed.  Secondly, because microdialysis is dependent on flux of analytes 

to the probe, during pharmacological challenges that effect clearance, the microdialysis 

recovery is affected, thus quantification of induced chemical changes requires a time 

dependent calibration factor. (Figure 1-5A).[85, 97–102]  A third limitation of this technique 

is that commercial microdialysis probes have a diameter of 200 m and are 2 mm long,[99, 

103–105] which is considerably larger than the size of an electrochemical sensor (7 m 

diameter and 100 m long).  As expected this will effect the degree of tissue damage and 

has been characterized by other researchers (Figure 1-5B).[101, 106–109]  Together 

these factors present some major issues with quantitative microdialysis despite the 

superior chemical resolution when compared to electrochemical sensors.  Thus if an 

electrochemical sensor can be developed that is selective and can measure tonic levels, 

the issues encountered with microdialysis can be circumvented.  

 

In this work novel instrumentation and software are designed to overcome limitations of 

fast-scan cyclic voltammetry to enable single sensor measurements of tonic and phasic 

quantification of biogenic amines.  Fast-scan controlled-adsorption voltammetry (FSCAV) 

is developed to measure tonic levels so that a single microsensor can access the time 

entire time domain of neurochemical signaling (Figure 1-6).[85]  To accompany this new 

method, a finite element model is developed using Comsol Multiphysics®, and is applied 

to the quantification of mass-transport-limited adsorption dynamics of biogenic amines to 

cyllindrical microelectrodes.  By coupling FSCAV and this model a calibration method in a 

diffusion limited environment is developed for quantifying data obtained 
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. Impact of microdialysis probe on phasic release of dopamine and 

surrounding neuronal tissue.  Both a carbon-fiber microelectrode and dialysis probe 

were implanted into the rat striatum  The location of the carbon fiber was varied relative 

to the dialysis probe to assess the impact of the dialysis probe on phasic dopamine 

release.  At each implantation site, the solid line represents is the voltammetric response 

observed before dialysis probe implantation and the line with round symbols represents 

the response observed 2 hours following dialysis probe implantation.  This data shows 

there is a distance dependent effect on phasic dopamine release and likely the overall 

function of the neurons with in the surrounding tissue.  Reproduced with permission 

from Elsevier LTD, Reference.[101]  A comparison of Differential interference contrast 

DIC and fluorescent images of non-implanted, electrode-implanted, and probe-

implanted striatal slices is shown.  As shown there aren’t any noticeable differences 

between the tissue conditions obtained 24 hours post electrode implantation vs. healthy 

unperturbed tissue.  Where a hole is confirmed in both the fluorescence image and the 

DIC image confirming the origin of this deformity being caused by dialysis probe 

implantation.  Image reproduced with permission from Elsevier LTD, Reference 

(Jaquins-Gerstl and Michael).  The effect of this damage is likely to affect neuronal 

function as well as mass transfer to the probe which inherently complicates quantitative 

microdialysis. Reproduced with permission from Elsevier LTD, Reference.[108] 
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using fast-scan cyclic voltammetry.  The method of FSCAV is then validated in vivo by 

quantifying pharmacologically induced changes in anesthesized mice.  The selectivity of 

FSCAV is further improved by the introduction of a new electropolymerizable 

PEDOT:Nafion film and the development of a novel analysis strategy.  Together these 

factors enabled sub-minute tonic measurements in rats following the administration of 

cocaine.  This single senor strategy is then employed to study the effects of pain 

processing and pain relief in the nucleus accumbens shell using a pre-clinical model of 

rats with chronic pain.  Finally, FSCAV is expanded and optimized for serotonin 

measurements and is validated using pharmacology.  Fast-scan controlled adsorption 

voltammetry offers a facile, robust way of rapidly measuring absolute concentrations in

vivo and in vitro with high spatial, chemical and temporal resolution greatly advancing the 

ability to study the multitemporal dynamics of dopamine and serotonin as they relate to 

various disease states.  .   
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.  Timescale of biological events and the temporal resolution of analytical 

methods. Neurochemical events can occur on the millisecond timescale or can occur 

over days to years.  The temporal resolutions of relevant in vivo chemical measurement 

methods are listed below the dashed line.  Noninvasive techniques such as magnetic 

resonance imaging (MRI) or positron emission tomography (PET) are unique in that 

they allow for multiple measurements to be made over days in the same subject.  Due 

to biofouling sampling and tissue damage. Sampling techniques such as microdialysis 

are limited to studying neurochemical changes over minutes to hours.  Microsensors 

are often coupled to electrochemical techniques such as fast-scan cyclic voltammetry, 

however because background subtraction is used, the temporal resolution of these 

measurements is limited to the subsecond to minute range.  Recently however, fast-

scan controlled adsorption voltammetry has been shown to measure chemical changes 

on the second to hour range, and holds promise for long term measurements that will 

range over months in in pre-clinical models.  Image reproduced with permissions from 

Annual Review of Analytical Chemistry.[84] 
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Direct electrochemical measurements of biologically relevant concentrations on 

neurotransmitters are often challenging because of the low signal relative to the magnitude 

of the background and noise.   One critical aspect to making these measurements is 

removing the background and noise to improve the limits of detection, but when choosing 

a data processing approach, the frequency and phase content of the data must be 

considered.  Here a zero-phase (IIR) filter was employed to remove the noise from the 

analytical signal, while preserving the phase content.  In fast-scan cyclic voltammetry, the 

frequency content of the signal is a function of the scan rate of the applied waveform.  

Fourier analysis was used to develop a relationship between scan rate and the filter cutoff 

frequency to maximize the reduction in noise, while not altering the true nature of the 

analytical signal for measurements of doapmine.  The zero-phase filter has the same 

effect as traditional filters with regards to increasing the signal-to-noise ratio.  Because the 

zero-phase filter does not introduce a change to Epeak, the heterogeneous electron rate 

transfer constant (0.10 cm/s) for ferrocene is calculated accurately.  The zero-phase filter 

also improves electrochemical analysis of signaling molecules that have their oxidation 

potential close to the switching potential.  Lastly, a quantitative approach to filtering 

amperometric traces of exocytosis based on the rise time was developed. 
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Cellular release of neurotransmitters occurs on millisecond timescales and behavioral 

activation can occur on a sub-second timescale.[1–3] Direct measurement and 

characterization of these molecules is necessary to elucidate their role in disease states 

and behavior; however, the low biological concentrations and the timescales of chemical 

communication makes monitoring these molecules challenging.[4]  To overcome these 

challenges, analysts often employ signal-amplification schemes coupled with noise-

minimization methods to improve the signal-to-noise ratio.[5, 6]  Digital filters provide a 

flexible tool to minimize noise present in the collected data by reducing the amplitude of 

specified frequencies in the data.  The success of a filter is measured by its ability to 

remove unwanted frequency content while preserving the fidelity of the analytical signal.   

Analog filters are commonly employed during data acquisition; however, they forever alter 

the data.  They remove frequency content from, and may alter the temporal dynamics 

(phase content of the data).  Conversely digital filtering enables repetitive treatment of the 

data, while conserving raw data.  When using digital filters, the raw data can be preserved, 

and filter characteristics optimized after data collection.  The use of digital filters has 

become more facile and robust; resulting in the need to reevaluate analog and digital filters 

to maximize signal-to-noise ratios by using them in combination.  Digital filters that mimic 

analog filters induce a phase-delay which may be detrimental when analyzing any signal 

where the peak position or shape is a critical component.  Contrary to this classical notion, 

here a two-pass Infinite Impulse Response (IIR) filter (zero-phase filter) is used.[7] 

The zero-phase filter is a special class of an IIR filter, which uses a recursive algorithm to 

convolve the input and the filter impulse response function resulting in the output signal.[5]  

These filters are versatile and emulate traditional analog filters (e.g. Butterworth, 

Chebyshev, Bessel, and Elliptic).  The frequency content of the analytical signal, which 
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can easily be determined by Fourier analysis,[8] dictates what filter settings should be 

used.  In this work, Fourier analysis was used to determine filter frequencies that minimize 

noise and preserve the chemical information in fast-scan cyclic voltammograms of 

signaling molecules.  A zero-phase filter was applied to measurements on a ferrocene 

because of its known fast electron-transfer kinetics.  Additionally, the filter is used to 

preserve the temporal dynamics in fast-scan cyclic voltammetric measurements, revealing 

the true electrochemical response of signaling molecules with irreversible electron transfer 

kinetics.  A method for determining the cutoff frequency to filter data collected 

amperometric measurements of single-cell exocytosis experiments is developed. 

Digital filters take raw data, and apply a user-specified transfer function to remove defined 

to remove noise (Figure 2-1A).  The raw data (blue trace) is treated with a low-pass digital 

filter, resulting in the red trace.  Note that the noise is reduced and is time-shifted.  The 

observed phase shift is not unique to digital filters; analog filters introduce the same 

artifacts as the transfer functions of digital filters reproduce the characteristics of their 

analog counterparts.  Unlike analog filters, digital filters can further process stored data 

repetitiously.  Additionally, the time axis is arbitrary and can be reversed.  This reversal 

has the effect of “pushing back” the filtered data to its original location (Figure 2-1B, red 

trace).  The overall effect is that the phase of the signal is unchanged; simply the amplitude 

at various frequencies is reduced.  This result is not possible with analog filters.  To implent 

the zero-phase filter there are three guidelines to follow.  1. Data should be filtered in the 

analog domain prior to digitization to obey the Nyquist criterion.  This means that the 

sampling rate must be at least twice the highest frequency present in the data to avoid 

aliasing.  2. Once the data has been collected, a discrete  
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ar

 Schematic representation of zero-phase digital filter.  Raw data is filtered 

in the forward direction resulting in the phase-shifted red trace.  The inset shows the 

phase response of the filter.  The application of a filter in the reverse direction on the 

phase shifted signal “pushes it back” to its original position and reduces noise.  The 

constant phase response of this filter is shown in the inset.   
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Fourier transform can be performed to determine the frequency content of the signal and 

sources of noise.  3. The user can develop a scheme to remove noise with the appropriate 

digital filter.  This approach optimizes the usage of classical filters in the digital and analog 

domains while preserving the temporal fidelity of the analytical signal.   

Ferrocene carboxylic acid (FcCOOH), trizma hydrochloride, calcium 

chloride, histamine, adenosine, epinephrine, and magnesium chloride were purchased 

from Sigma Aldrich (St. Louis, MO).  Hydrogen peroxide, sodium chloride and sodium 

bicarbonate were purchased from EMD (Gibbstown, NJ).  Perchloric acid, sodium 

phosphate monobasic and sodium sulfate were purchased from Mallinckrodt (Hazelwood, 

MO).  Stock solutions of neurotransmitters were prepared in 0.1 N HClO4, and then diluted 

to the appropriate concentration in TRIS buffer(pH = 7.4, 15 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).  All water used was purified to a resistivity of 18.2 M ·cm using MilliQ Gradient 

A10 water purification system (EMD Millipore).  Ferrocene carboxylic was diluted to 1.0 

mM in TRIS buffer   

  Both T-40 and P-55 carbon fibers were purchased from 

Cytec Thornel.  (Woodland Park, NJ).  T-40 Carbon fibers were used for making both disk 

(FcCOOH, Figure 2-2) and cylindrical electrodes (neurotransmitters in Figure 2-3).  

Electrodes were fabricated as previously described.[9]  Breifly, P-55 carbon fibers were 

used to fabricate disk electrodes for cell experiments (Figure 2-4).  Both types of 

electrodes were fabricated in a similar fashion starting with aspirating a single carbon fiber 

into a 0.68 mm I.D. glass capillary (A-M Systems, Inc., Sequim, WA).  Fiber-containing 

capillaries were heated and pulled to a fine seal using a type PE-2 pipette puller 

(Narishige, Japan).  Cylinders were cut under a microscope to a length between 50 and 

100 μm and then stored for experiments.  Disk electrodes were cut close to the glass seal 
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then sealed with Epotek 301-2FL epoxy (Billerica, MA) and cured at 75 °C overnight.  

Electrodes were then polished to a 45° angle with a BV-10 micro-pipette beveller (Sutter 

Instrument Co., Novato, CA), and soaked in IPA purified with Norit A activated carbon for 

at least 30 minutes before use.  Electrodes were backfilled with 3M KCl for connection to 

the potentiostat.  

For exocytosis experiments, cells were subcultured at 

approximately 15-25% confluence on Ø 35 mm poly-D-lysine coated dishes (BD 

Biosciences, San Jose, CA) 4 days prior to experiments, with cell medium being 

exchanged daily.  PC12 cells were incubated in 250 μM L-DOPA in cell culture medium 

for 1 hour prior to measurement.  Immediately before measurement, cells were rinsed 

three times with a warm isotonic solution (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 2 mM 

CaCl2, 5 mM glucose, 10 mM HEPES, pH 7.4). 5 mL of isotonic saline was then added to 

the cells and the dish was placed onto an inverted microscope (Eclipse TE-2000, Nikon, 

Japan).  A disk electrode was placed on top of the cell by use of a hydraulic 

micromanipulator.  Electrode positioning was confirmed by observation of a slight 

protrusion of the edge of the cell from under the electrode.  Cells were stimulated with a 

high K+ saline solution (55 mM NaCl, 100 mM KCl, 1.2 mM MgCl2 , 2 mM CaCl2 , 5 mM 

glucose, 10 mM HEPES, pH 7.4) for 6 s at 6 psi (Picospritzer II; General Valve 

Instruments, Fairfield, NJ).  The stimulation pipette was placed approximately 50 μm away 

from the cell, allowing for perfusion of the stimulating solution in the direction of the cell.

Prior to exocytosis measurements, electrodes were pre-tested in a 5 mM ferrocene 

carboxylic acid solution (pH = 7.4 HEPES buffer), and electrodes with a stable 

electrochemical response and RMS current noise at or below 1.5 pA were selected for 

use.  All measurements were made on a vibration-isolated table inside an earth-grounded 

Faraday cage.  The data was collected and written to file using in-house LabVIEW 
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software.  The MiniAnalysis software package (Synaptosoft, Fort Lee, NJ) was used to quantify 

figures of merit from amperometric traces, and all peaks were screened manually. 

  The voltammetric waveform was generated and the data 

was acquired using a PCIe-6341 DAC/ADC Card (National Instruments).  Data was filtered with 

software written in house with a short discussion of the mechanics discussed below.  The 

graphical interface allows the user to select a file to be read in. The user selects the column to 

be read Next the user can make corrections to the data to compensate for time delays and 

deviations in the baseline. Then the data is sent to the “for” loop that controls the filtering of the 

data.  When the zero-phase control is turned off, the data is processed with traditional filtering 

from the Signal Processing VIs under filters, where the user can select classic filters such as 

Butterworth, Bessel, Elliptic, and Chebyshev filter VIs.  When the zero-phase control is turned 

on, this utilizes the IIR filters selectable from the Advanced Infinite Impulse Response (IIR) 

Filters pallet.  There are three VIs necessary to perform the zero-phase filtering operation.  The 

first is the Filter Coefficients VI, which is available for the same four aforementioned filter types.  

Next the output of the filter coefficients VI is decoded from a cluster into two components; the 

forward and reverse coefficients, which are necessary for the two-pass zero-phase filtering 

described in this work.  Additionally, a function of the type of filter chosen; these options are low 

pass, highpass, bandpass, and bandstop.  Lastly the unfiltered data is passed into the Zero-

phase filter where the VI operates on the unfiltered data with the forward coefficients in the first 

pass, and the reverse coefficients in the second pass.  The data is displayed and processed 

before being sent to the write spreadsheet VI where the newly filtered data is written to a text file 

for processing.
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In fast-scan cyclic 

voltammetry, a waveform is rapidly (>300 V/s) applied to a microelectrode, which enables 

measuring subsecond chemical changes.[10, 11] To make measurements of small concentration 

changes with this technique, the background must be subtracted and the noise minimized.  

Because a Butterworth filter has a maximally flat response in the pass band it is widely 

employed to analyze background-subtracted fast-scan cyclic voltammetry data.[1, 12, 13]  To 

study the effect of scan rate on the frequency content of background subtracted cyclic 

voltammograms, a flow-injection analysis experiment was performed on 1.0 mM ferrocene 

carboxylic acid because its electrochemical properties are well characterized.[14]  The 

frequency content of the data was determined by Fourier analysis (Figure 2-2A, inset) and 

analyzed to determine the minimum frequency that captures 95% (gray trace) or 99% (black 

trace) of the information in the data (Figure 2-2A).  There is a direct relationship between the 

frequency content of the cyclic voltammogram and the applied scan rate ( ).  To capture 95% of 

the content in this data, the critical frequency, fc, was found to be fc,95% = 1.46  + 440.  At a 99% 

threshold, the relationship was fc,99% = 2.8  + 660. 

Ferrocene cyclic voltammograms were then filtered using a fourth-order Butterworth low-pass 

filter, using the fc calculated from the experimentally determined equations.  For data collected 

at a scan rate of 400 V/s, the signal-to-noise ratio was calculated to be 490 ± 80 (n = 3), and 

600 ± 120 (n = 3) for fc, 95% = 1020 Hz and fc, 99% = 1780 Hz respectively.  There is not a 

significant difference between these values (Student’s t-test, n = 3, p > 0.25).  However, the 

peak amplitude was significantly different (fc, 99% vs. fc, 95% 4.37 ± 0.01 nA vs. 3.93 ± 0.02 nA, 

Student’s t-test, n = 3, p < 0.01).  Therefore, the fc,99% should be chosen, because it preserves 

more of the chemical information of the original  
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 Background-subtracted cyclic voltammetry of FcCOOH  Fourier analysis was 

used to determine the cutoff frequencies to capture 95% (gray line, f = 1.46  + 440 R2 = 

0.995) and 99% (black, f = 2.81  + 660, R2 = 0.994) of the power spectrum.  The inset of 

panel A contains the power spectrum of data at 400 V/s.  The background-subtracted cyclic 

voltammogram of 1.0 mM FcCOOH.  A fourth-order 1.78 kHz low-pass Butterworth filter is 

applied to the raw data (blue) to produce the red trace while a 1.78 kHz low-pass zero-phase 

Butterworth filter results in the black trace.  The inset contains the phase spectrum generated 

from Fourier analysis. 
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current trace while further filtering does not improve the signal-to-noise ratio and discards 

information (see Table 1).   

Unfiltered 47 ± 8 4.5 ± 0.1 82 ± 16 56 ± 12 103 ± 14 

Traditional 
(4th-order, 1.78 
kHz) 

5.1 ± 1.0 4.4 ± 0.4 600 ± 120 7.6 ± 1.2 336 ± 0.1 

Zero-phase  
(4th-order, 1.78 
kHz) 

5.7 ± 2.0 4.4 ± 0.1 580 ± 190 8.3 ± 2.9 116 ± 0.8 

 

  The chosen 

filter parameters preserve the peak height in the voltammogram while minimizing noise, 

yet the phase response of the filer must also be considered.  Application of a fourth-order 

Butterworth filter (fc = 1.78 kHz) to the unfiltered data (bandpass = 25 kHz, Figure 2-2B, 

blue trace) causes the peaks to shift their position (red trace).  The cathodic and anodic 

peaks shift farther from the formal potential due to the effect of the filter in the time domain.  

This is in contrast to a zero-phase Butterworth filter (fourth-order, fc = 2.82 kHz, 

bidirectional; resulting in an eighth-order filter, fc= 1.78 kHz, black trace).  As expected, 

the zero-phase and traditional filters have differing phase responses (Figure 2-2B, inset); 

the zero-phase filter (black line) better approximates the unfiltered trace (blue dots) and 

keeps the peaks in the same location as the unfiltered data ( Epeak = 116 ± 0.8 vs.103 ± 

14 mV in the unfiltered, Student’s t-test, n = 3, p > 0.18).  Using the method of 

Nicholson,[15] the heterogeneous electron rate transfer constant was calculated to be 

0.101 cm/s from the zero-phase filtered data.  With traditionally filtered data, the shift 

increases Epeak to above 212 mV, which is outside the range of this method and the 

heterogeneous electron rate transfer constant cannot be calculated.  The use of a zero-
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phase filter preserves the positions of the oxidation and reduction peaks, and increases 

the accuracy of calculating kinetic rate constants as found in Table 1.  Importantly the 

zero-phase filter has the same effect on reducing the LOD as the traditional filter, but with 

the added benefit of no effect on the peak position.   

  The 

identification of analytes by background-subtracted fast-scan cyclic voltammetry is based 

predominantly on the observed peak shape.[16]  Minimizing distortion and preserving the 

native electrochemical response is desirable.  In previous reports, signaling molecules 

whose oxidation waves are close to the solvent fronts and the switching potential have 

displayed oxidation peaks on the reverse scan attributed to “slow kinetics.“[17–19]  While 

sparsely stated in the literature, experiments performed at carbon-fiber microelectrodes 

with a scan rate of 400 V/s commonly use a fourth-order, 2 kHz analog filter during data 

collection, and a digital fourth-order 2 kHz Butterworth filter during post analysis.  This 

introduces a substantial phase shift in the collected cyclic voltammograms, shifting the 

oxidation and reduction peaks.  For signaling molecules with oxidation waves near the 

switching potential, these anodic waves are pushed onto the cathodic scan, which is 

inconsistent with well-established theory.[20]  

Figure 2-3 contains cyclic voltammograms from several signaling molecules that have 

oxidation waves near the switching potential.  No oxidation peak was observed on the 

cathodic scan in the raw data (blue traces, bandpass = 25 kHz).  The traditional filter 

(vide supra, red traces) introduces a phase shift into the background-subtracted cyclic 

voltammogram causing the oxidation wave to appear on the cathodic scan.  This is a 

filtering artifact, as the rate of electron transfer (and thus measured current) is 

exponentially dependent on the overpotential, and should not be faster at lower applied 

potentials at a heterogeneous interface.  The temporal fidelity of the raw data is 
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Chemical identification by peak shape.  The effect of filtering was shown for 

a panel of signaling molecules;  100 μM hydrogen peroxide,  10 μM histamine,  

2.0 μM epinephrine, 1.0 μM adenosine.  Raw data (blue trace), 1.78 kHz low-pass 

Butterworth filter (red trace), and 1.78 kHz low-pass zero-phase Butterworth filter (black 

trace) are shown.  The arrows indicate the directionality of the scan for traditionally 

filtered data.  
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conserved using the eighth-order 1.78 kHz zero-phase low pass filter (black traces).  For 

each molecule in Figure 2-3, oxidation waves overlap with the solvent front, making 

qualitative analysis based solely on cyclic voltammograms challenging using traditional 

filtering strategies.  Zero-phase filters, however, preserve the temporal fidelity of the data, 

keeping oxidation waves in their “true” location while removing noise.   

  Exocytotic events from individual cells produce inherently rapid (e.g. high-

frequency), low-amplitude signals (~pA) where peak shape provides insights into the 

process of exocytosis.[4, 21–23]  Filtering amperometric traces is necessary to remove 

noise and extract the chemical information contained in the signal while preserving peak 

shape.[2]  An eighth-order zero-phase low-pass Butterworth filter and a traditional fourth-

order low-pass Butterworth filter were applied to amperometric traces of exocytosis from 

L-DOPA-incubated PC12 cells.  Because the 10-90% rise time contains the highest 

frequencies in the data (from Fourier analysis), it is proposed that this parameter should 

dictate the filter critical frequency (fc) for amperometric recordings of exocytosis.  Several 

peaks were generated to model such events (rise time10-90%= 80 s to 16 ms) and then 

analyzed for frequency content via Fourier analysis.  A fc of 1.0 kHz encompassed 99% of 

the frequency content of modeled peaks with rise times10-90% greater than 500 s (Figure 

2-4A, 2-4B).  Every amperometric peak recorded from cellular release experiments herein 

had a rise time10-90% greater than 500 μs.  Applying the zero-phase filter with fc = 1.0 kHz 

decreased the RMS noise from 0.85 ± 0.33 to 0.39 ± 0.07 pA and did not affect the pre-

spike feet present as their frequency content was below 0.5 kHz (99%).   

The amplitude, rise time, decay time, area, half-width, and slope of the peaks reveal the 

underlying mechanics of exocytosis.  These parameters were quantified using raw data, 

a 1.0 kHz traditional filter, and a 1.0 kHz zero-phase filter (Figure 2-4C).  Similar results  
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 Amperometric traces of transmitter release events from single PC12 cells.  

Unfiltered data is shown in blue while 1.0 kHz zero-phase filtered data is black.  A 

fast peak with high frequency content,  A typical peak with a pre-spike foot.  

Comparison of 1.0 kHz zero-phase filtered data and 1.0 kHz Butterworth filtered data to 

an unfiltered data set.  Error bars represent SEM (n = 5 cells, 345 events).
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were observed for the zero-phase filtered data and the traditional filter (n = 5 cells, mean 

69 events per cell, Student’s t-test, p > 0.40 for all parameters).  When analyzing raw data, 

the noise present can obscure peak identification.  Removing noise allows for peak 

parameters to be accurately measured.  This is especially true for peaks close to the limit-

of-detection.  The advantage of using the zero-phase filter is that it acts similarly to 

traditional filters yet does not alter the temporal fidelity of the data. 

 

In this work it was demonstrated that it is possible to reduce noise from the measured 

analytical signal without affecting the underlying electrochemical measurement.  Using 

Fourier analysis, optimal critical filter frequencies were determined and a zero-phase filter 

was used to remove noise and examine the peak shape in fast-scan cyclic 

voltammograms.  The filter was then applied to single cell exocytosis measurements and 

a quantitative relationship between peak rise time and fc was established.  Zero-phase 

filters allow noise to be removed while preserving the temporal fidelity in the original signal.  

This filter can be easily implemented and applied to a variety of data to provide a simple 

yet powerful tool that should be part of every chemists’ arsenal.   

The following people contributed to this work: Richard F. Vreeland made the 

cell measurements and analyzed data. Esther Sanchez-Gomez performed experiments 

with H2O2, epinephrine, histamine, and adenosine.  Additionally, Michael L. Heien and Eric 

B. Monroe contributed intellectual input and experimental design. I thank Nicholas D. 

Laude for useful discussion and the University of Arizona for supporting this work.  

Reprinted with permission from (Atcherley, C. W., Vreeland, R. F., Monroe, E. B., 

Sanchez-Gomez, E., and Heien, M. L. Anal. Chem (2013) 85, 7654–8.). Copyright (2013) 
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Fast-scan cyclic voltammetry has depended on background subtraction to quantify small 

changes in neurotransmitter concentration.  Due to this requirement, measurements of 

absolute concentrations using fast-scan cyclic voltammetry has been limited.  Here, fast-

scan controlled-adsorption voltammetry (FSCAV) is developed and applied to measuring 

absolute concentrations in vitro without the use of flow injection to change the 

concentration.  This enables probing the diffusion-controlled adsorption dynamics of 

biogenic amines and other adsorbing species.  An implicit finite-difference model of mass-

transport-limited adsorption was developed and is in agreement with experimental results.  

Optimization of FSCAV yielded a sensitivity of 81 ± 11 nA/μM for dopamine, corresponding 

to a limit-of-detection of 3.7 ± 0.5 nM.  Through the combination of novel instrumentation 

and validated computer simulations, it is demonstrated that FSCAV is an important 

measurement tool that can be used to determine absolute concentrations and study mass-

transport limited adsorption.  
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Organic molecules adsorb to carbon surfaces; a process that has been exploited since 

the first electrochemical measurements at carbon made in the 1950s by Lord and 

Rogers.[1]  Specifically, this process plays a major role in studies aimed at monitoring 

neurotransmitter release using carbon-fiber microelectrodes and fast-scan cyclic 

voltammetry (FSCV).[2–8]  Carbon-fiber microelectrodes have been extensively utilized 

for studying neurotransmission because of for their biocompatibility, small size (diameter 

5-30 m), sensitivity, and electrochemical properties.[9–11]  A major focus in improving 

FSCV has been understanding how adsorption of biogenic amines to carbon-fiber 

microelectrodes can be used to increase sensitivity.[12–14]  As such, evaluating the 

adsorption of biogenic amines including dopamine (DA), norepinephrine (NE), and 5-

hydroxytryptamine (5-HT) is of great interest because of their role in cognitive function.[4, 

15–19]   

An inherent advantage of using FSCV to study neurotransmission is that a chemical 

signature (cyclic voltammogram) is generated that can be used to qualitatively identify the 

analyte.  In FSCV, a triangle waveform with a scan rate greater than 100 V/s is applied.  

With these rapid scan rates a large background current is generated and must be 

subtracted out to monitor small concentration changes.[20]  Due to this requirement, 

background-subtracted FSCV is not used to measure absolute concentrations, but is 

limited to concentration changes.[21]  Additionally, this has made it difficult to calibrate in

vivo measurements because experimentalists have needed to use flow-injection analysis 

to replicate concentration changes.[22]  Furthermore flow-injection is a convective process 

which complicates comparisons to studies in diffusion-controlled environments such as 

nervous tissue.   
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Here the development and characterization of a technique is presented that extends the 

capabilities of FSCV by exploiting adsorption to quantify absolute neurotransmitter 

concentrations.  This technique is termed fast-scan controlled-adsorption voltammetry 

(FSCAV) due to the precise control of voltammetric waveforms used in conjunction with a 

delay time to manipulate adsorption.  Dopamine in Tris buffer was used as a model system 

for optimization of parameters affecting FSCAV and to demonstrate the analytical 

capabilities of the technique.  An implicit finite-difference model was developed using 

COMSOL Multiphysics 4.3a to validate the results obtained from FSCAV experiments 

taking into account mass transport, and adsorption equilibrium at the electrode surface.  

The analytes investigated exhibit different adsorption and mass-transport properties which 

effect the response time of sensors.  FSCAV is shown to be capable of measuring the 

absolute concentrations of biogenic amines (limit of detection < 10 nM, signal that gave 

three times the RMS noise), while collecting a fast-scan cyclic voltammogram.  FSCAV is 

introduced as a complementary technique to FSCV and provides insight into the 

adsorption processes with a modification to existing instrumentation.  Lastly, the feasibility 

and prospects of applying FSCAV towards in vivo study of absolute concentrations and 

adsorption dynamics are discussed.   

  Dopamine hydrochloride, norepinephrine, catechol, Trizma 

hydrochloride, Trizma base, calcium chloride, and potassium chloride were purchased 

from Sigma Aldrich (St. Louis, MO).  Sodium chloride was purchased from EMD 

(Gibbstown, NJ).  Serotonin hydrochloride was purchased from Alfa Aesar (Ward Hill, MA).  

Each analyte was weighed and dissolved in 0.1 N HClO4 (Mallinckrodt Inc, Hazelwood, 

MO) to make 1.0 mM stock solutions.  A pH 7.4 buffer with (12.36 mM Tris hydrochloride, 

2.64 mM Tris base, 126 mM NaCl, 2.5 mM KCl, and 1.2 mM CaCl2) was prepared and the 
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appropriate amount was added to vials at either room temperature (23º C) or in a hot water 

bath (37 º C).  A volume of each analyte was spiked into buffer-containing vials and allowed 

to sit for 2 minutes before measurements were taken.  All water used was purified to a 

resistivity of 18.2 M ·cm using MilliQ Gradient A10 water purification system (EMD 

Millipore). 

  Cylindrical carbon-fiber microelectrodes were prepared as 

previously described.[23]  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).  Subsequently capillaries were heated and pulled, forming a fine seal using a type 

PE-2 pipette puller (Narishige, Japan).  Electrodes were then cut to 40 - 80 m in length.  

A Ag/AgCl reference electrode was prepared by soaking a silver wire (0.25 mm, Alfa 

Aesar) in chlorine bleach. 

.  Data was collected using custom hardware and 

software written in house using LabVIEW 2009 (National Instruments, Austin, Texas).  The 

voltammetric waveform was generated and the data was acquired using a PCIe-6341 

DAC/ADC Card (National Instruments).  Current was measured using a CHEM-CLAMP 

voltammeter (Dagan Corporation, Minneapolis, MN).  Flow-injection analysis experiments 

were performed by injecting a bolus of solution using a pneumatically actuated six port 

HPLC valve (VICI, Houston, TX) connected to the solution inlet and the flow was controlled 

at a rate of 500 L/minute with a PhD 2000 pump (Harvard Apparatus, Holliston, MA). 

A CMOS precision analog switch, 

ADG419 (Analog Devices) was used to control the application of the computer-generated 

waveform to the electrode (Figure 3-1A).  The logic was controlled using the PCIe-6341 

National Instruments interface card and in-house software.  This switch was used to apply 

either the triangle waveform (-0.4 V to 1.3 V, scan rate = 1200 V/s) or a constant potential 

69



(typically -0.4 V) to the electrode.  Initially, the triangle waveform (-0.4 V to 1.3 V) is applied 

every 10 ms, to limit dopamine accumulation at the electrode surface.  The triangle 

waveform is applied for five seconds to generate a background signal, then the waveform 

is switched to a constant potential of -0.4 V for a programmatically controlled delay time.  

This delay time is varied from 0.2 to 20 s and the waveform is again applied and the 

amount of analyte adsorbed to the electrode can be measured by examining the cyclic 

voltammograms obtained after the delay.  These voltammograms are background 

subtracted using the background signals prior to the delay. 

A data analysis suite was developed in house using LabVIEW 2009 

software to allow for signal processing of the data (e.g. filtering, smoothing, and signal 

deconvolution).  The background subtraction used in the FSCAV removes the large 

background arising from rapid scanning just as is done in FSCV.  However, in FSCAV an 

additional nonfaradaic signal arises due to the rapid deactivation of the switch after an 

extended delay (i.e. due to changes in the electric double layer following the extended 

delay in waveform application).  Because the nonfaradaic background may interfere with 

the determination of small surface concentration of analyte a method for background 

correction is needed.[20]  To account for the background changes due to the deactivation 

of the switch, a method based on convolution theory was developed and is described in 

detail in Appendix 1.  Briefly, convolution theory can be used to generate a response 

function (g(t)) that transforms the chemical signal (h (t)) into the measured signal (S (t)), 

as expressed by Equation 1.[24, 25] 

g(t)  h(t) = S(t) 

Equation 1 
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For FSCAV experiments, g(t) is the response function of the electrode, h(t) is the cyclic 

voltammogram (CVbkg) before the delay, and S(t) is a resultant cyclic voltammogram that 

is equivalent to the 1st voltammogram obtained after the delay when no analyte is present 

(CVo).  In other words, a validated synthetic background signal is generated and 

subtracted to isolate the analytical signal.  After integrating the oxidation peak to determine 

the faradaic charge passed, Faraday’s Law is used to calculate the amount of analyte 

oxidized during each scan.  Calculations of surface concentration were estimated by using 

the geometric area, which takes into account the measured length (optical microscopy) 

and diameter (SEM) of each electrode.   

.  An implicit finite-difference simulation was written in COMSOL 

Multiphysics 4.3a (COMSOL, Inc. Los Angeles, CA) to model adsorption of an analyte at 

a cylindrical electrode.  The system was represented by 2-D axisymmetric geometry to 

simultaneously describe mass transport and adsorption of analytes to microelectrodes, by 

solving the diffusion equation and the Langmuir equation.  Fick’s second law of diffusion 

(Equation 2) expresses the time-dependent concentration profile as a function of the 

diffusion coefficient (D) and concentration (C), where (  is the Laplacian operator.[26] 

 

Equation 2 

The Langmuir equation describes the amount of analyte adsorbed at equilibrium 

( eq relative to a surface concentration equivalent to a uniform monolayer ( max).[27]  At 

low bulk concentrations of analyte (for dopamine this is < 1.5 M), the Langmuir equation 

can be reduced to 

Equation 3 
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where b is an equilibrium coefficient which dictates the strength of adsorption.[3]  The flux 

at the electrode surface is set by the time dependence of eq, which is described by  

 

Equation 4 

which at equilibrium reduces to  

 

Equation 5 

Equation 3 and 5 are equivalent expression of the equilibrium surface concentration 

arising from a bulk concentration.  The variables kads and kdes are the kinetic rate constants 

which govern adsorption.  The model uses Equations 2 and 4 to simulate a dynamic 

concentration gradient and changing surface concentration.  Taken together, these allow 

surface concentration to be accurately predicted as a function of time.  These modeled 

results were experimentally verified through direct measurement of surface concentration 

using FSCAV. 

  A widely used detection scheme for biogenic amines involves the 

application of a triangle waveform (-0.4 V to1.3 V vs. Ag/AgCl at 400 Vs-1) to the electrode 

every 100 ms.[3, 15, 28]  The high scan rates used in FSCV increase sensitivity; however, 

they result in large background currents.  To allow for the quantification of electrochemical 

processes, this background current must be removed, thus limiting background-

subtracted FSCV to measuring changes in analyte concentration and not absolute 

levels.[21]  This limitation can be overcome with FSCAV by varying waveform parameters, 

adsorption of an analyte at a surface can be controlled (Figure 3-3-1).  The overall strategy 

of FSCAV can be summarized in three steps; 1) Reduce the surface concentration of 
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dopamine to minimal levels by high frequency waveform application. 2) Allow adsorption 

to occur unperturbed for a controlled amount of time by switching to a fixed potential. 3) 

Resume waveform application and measure the quantity of adsorbed analyte, returning 

the system to step 1. 

To demonstrate the effect of the waveform application frequency on the signal, a 1.0 M 

bolus of dopamine was injected onto the electrode.  The dark blue trace (Figure 3-1B) is 

the resultant cyclic voltammogram when the waveform is applied every 100 ms (i.e. 10 

Hz), and the red trace is the cyclic voltammogram when the waveform is applied every 10 

ms (i.e. 100 Hz).  Although the concentration of dopamine is the same in both experiments, 

there is a decrease in the sensitivity by a factor of 3.5 due to decreased time for adsorption 

between scans.  This indicates that waveform application frequency has an effect on the 

flux of analyte to the electrode, and prevents equilibrium from being established.  Instead 

a steady state is obtained, where the amplitude of the measured signal is constant, but 

the value of surface concentration is less than the value measured at equilibrium in an 

unperturbed system (i.e no waveform is applied).   

To manipulate adsorption at the surface, an electronic relay controls the application of 

potentials to the electrode (Figure 3-1A).  The potential applied is switched rapidly (160 

ns) from a triangle waveform to a constant potential for a controlled amount of time (delay 

time).  The waveform is then reapplied to the electrode.  The first few cyclic 

voltammograms collected immediately following the delay time contain the signal from the 

analyte that accumulated on the electrode during the delay time.  This is illustrated with 

dopamine in Figure 3-1C.  The working electrode is placed in a beaker containing 1.0 M 

dopamine and the waveform is applied at 100 Hz, then a constant potential of – 
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. Fast-scan controlled adsorption voltammetry Detection scheme.  Block 

diagram for FSCAV. A switch is used to control whether a triangle wave or a constant 

potential is applied to the electrode.  Cyclic voltammograms were taken 1 s after the 

injected bolus of 1 M dopamine.  The blue trace is the background-subtracted cyclic 

voltammogram collected at 10 Hz and the red trace is the result of cycling the waveform 

at 100 Hz.  The working electrode was placed in a beaker of 1 M dopamine and the 

potential applied was switched from the triangle waveform to a constant potential of -

0.4 V for 10 s (allowing dopamine to accumulate on the electrode surface) before the 

subsequent cyclic voltammogram was measured. 
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0.4 V is applied for the delay time.  Dopamine accumulates on the electrode surface and 

is subsequently measured when the relay is switched back to a triangle waveform.   

The 100 Hz waveform application minimizes adsorption.  This was verified by comparing 

a background-subtracted cyclic voltammogram for 1.0 μM dopamine using fast-scan cyclic 

voltammetry to one obtained using FSCAV in 1.0 μM dopamine.  The resultant 

background-subtracted cyclic voltammogram was < 5 % of the background subtracted 

cyclic voltammogram collected from a FSCAV measurement made at equilibrium (10 

second delay time).  Thusly, the cyclic voltammogram collected before the delay contains 

minimal dopamine and can be used as the background.  Therefore the combined use of 

a 100 Hz waveform application frequency with an extended delay time enables FSCAV to 

measure absolute concentrations of adsorbing analytes.  However, the perturbation of the 

waveform application with a fixed-potential delay introduces challenges in analyzing the 

cyclic voltammograms obtained immediately following the delay.  An approach to remove 

the additional background was developed (vide infra).   

  Fast-scan controlled-adsorption 

voltammetry utilizes rapid scan rates (1200 V/s) combined with a delay time to make 

measurements of absolute concentration.  During the delay time, the electrode is held at 

a constant potential equivalent to the start and finish voltage of the applied waveform (-

0.4V).  At the end of the delay, the triangle waveform is reapplied.  A FSCAV measurement 

of 1.0 μM dopamine is shown in Figure 3-2. In Figure 3-2A, a representative 20 second 

color plot of FSCAV is shown.  The black section corresponds to the period the electrode 

potential is held constant.  A 1 second section after the delay is shown in Figure 3-2B 

(taken from red box in Figure 3-2A).When the scans resume, the oxidation of accumulated 

dopamine can clearly be seen in the color plot and that the  
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. FSCAV mechanics.  Data collected with a scan rate of 1200 V/s and a delay 

time of 10s in a solution of 1 μM dopamine.  Color plots contain voltage on the ordinate, 

time on the abscissa, and current is shown in reverse color . Raw collected data  

Truncated time frame (1s, directly follow reactivation of switch) of the raw data (red box 

in ) showing the faradaic dopamine signal as well as the FSCAV background.  

Representative color plot of data that has been deconvolved to remove the background 

changes due to the reactivation of the switch following the extended delay.  A cyclic 

voltammogram obtained without the deconvolution contains the characteristic faradaic 

signal for 1 μM dopamine and a characteristic background that can be removed (blue 

trace).  
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signal quickly decays (i.e. 100 Hz, minimizes dopamine adsorption).  The background 

contribution to the signal can be removed from each CV after the delay using 

deconvolution and an electrode response function calculated in Tris buffer (Figure 3-2C).  

The first raw cyclic voltammogram taken after the delay collected in 1.0 μM dopamine 

(Figure 3-2D, blue trace) contains both faradaic and nonfaradaic current.  Fortuitously, 

each electrode exhibits a specific response function, which is easily characterized by 

Fourier signal deconvolution prior to experimental measurements.  The removal of 

nonfaradaic current is achieved through the construction of a model background 

voltammogram using this specific response function and subsequent background 

subtraction.  Correction of the measured voltammogram results in a characteristic 

dopamine voltammogram free from nonfaradaic signal (Figure 3-2D, red trace).  This 

correction method allows for a single experiment in buffer solution to generate the 

response function, and then data can be collected in solutions containing varying 

concentrations of analyte.  Because this dopamine waveform (-0.4 V to 1.3 V) is known to 

etch the surface of the electrode, the background can drift; a simple subtraction is 

inadequate at capturing the additional background in continuous experiments over long 

durations.  Contrarily, convolution uses a response function that is a function of the 

measured background, accounting for changes due to drift, as this response function is 

stable over long periods of time.  However the electrode response function is specific for 

a given electrode and is not transferable to a different electrode, so each electrode must 

be calibrated to isolate the faradaic signal.  Additionally capturing large chemical changes 

in the background are likely not possible, and this will be a challenge in expanding FSCAV 

towards in vivo experimentation.   However, quantification does not depend on removing 

the changes in the background induced by the delay time.  As seen in Figure 3-2D (blue 

trace), the oxidation peak for dopamine is prominent on top of the additional nonfaradaic 

signal.  This peak can be integrated as means of quantification.  
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  To measure absolute 

concentrations, it is necessary to alter the waveform application frequency to exploit 

adsorption.  The parameters that affect the figures-of-merit are the holding potential, scan 

rate, waveform application frequency, and delay time.  The holding potential was chosen 

to match the lower limit of the triangle waveform (-0.4 V); this potential will maximize the 

amount of dopamine that will adsorb, while not reducing oxygen.[3, 12]  For an adsorbing 

species, the peak current measured during voltammetry has a linear relationship with scan 

rate; however, by keeping the time between waveforms constant, the scan rate has a 

negligible effect on surface concentration (Figure 3-3A).  Taking the magnitude of the 

background current and the linear output range of the current amplifier into account, a 

scan rate of 1200 V/s was chosen for experiments.  The waveform application frequency 

of 100 Hz was determined to be the optimal for FSCAV (Figure 3-3B) of biogenic amines.  

Higher frequencies did not result in increased signal, and they require larger scan rates.   

Accumulation of dopamine occurs during the delay time.  Sufficiently long delay times (5 

– 10 s, Figure 3C) allow for equilibrium to be achieved between the solution and the 

surface concentration.  Using the optimized parameters, a calibration plot was generated 

for dopamine using FSCAV.  FSCAV was performed using a delay time of 10 seconds, a 

waveform application frequency of 100 Hz, and a scan rate of 1200 V/s.  Data was treated 

by deconvolution and the resultant cyclic voltammograms were analyzed.  The results 

obtained (Figure 3-3D) are a sensitivity for dopamine of 0.020 ± 0.002 (pmol cm-2 / nM) 

which corresponds to a current of 81 ± 11 nA/μM (Figure 3-3B, R2 = 0.98, n = 3 electrodes), 

and a limit of detection of 3.7 ± 0.5 nM (3  of the noise in a cyclic voltammogram, n = 3 

electrodes).  The calibration plot verifies that concentrations less than 1 μM are within the 

linear region of the Langmuir adsorption isotherm.  Additionally,  
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 Characterization of FSCAV.  The holding potential was set at -0.4 V, 

waveform applied at 100 Hz, and scan rate set to 1200 V/s.  Effect of scan rate on 

peak current (slope = 0.057 nA V-1 s, r2 = 0.98) and measured surface coverage (inset). 

Delay time = 10 s, WFF = 100 Hz, concentration = 1 μM. ) Effect of waveform 

application frequency (WFF) on measured surface coverage.  Prior to and after the 

delay, the waveform application frequency dictates how often the waveform is applied. 

With low waveform application frequencies, significant adsorption of dopamine occurs, 

reducing the sensitivity of FSCAV. The delay time was varied and it is shown that an 

equilibrium surface concentration is achieved within 10 s (concentration = 1 μM).  A 

linear relationship between eq and C is present at concentrations below 1 μM (R2 = 

0.98).  The slope, which is the equilibrium sensitivity parameter, b is equal to 0.020 ± 

0.002 cm.  
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it was observed that the trend starts to roll of at 1.5 μM and plateaus at > 200 μM (data 

not shown).  These figures of merit show that FSCAV is capable of making sensitive 

determinations of absolute concentrations in ranges that are relevant for in vivo 

measurements.[29]   

  The signal 

measured from fast-scan cyclic voltammetry for biogenic amines is dependent on mass 

transfer and adsorption dynamics; they dictate the time required to reach equilibrium.  To 

validate the measurements made using FSCAV a model was developed with COMSOL 

Multiphysics®.  This model uses a finite-difference method to solve the differential 

equations necessary to describe mass transport from bulk solution to an electrode (Figure 

3-4).[30]  The rate constant for adsorption was set equal to 10 cm/s so that the surface 

concentration of adsorbed analyte was always at equilibrium with the concentration of 

analyte in the adjacent volume element.  This is in contrast to a previously reported value 

for the adsorption rate constant of 10-3, which contains contributions from adsorption and 

mass transport.[5]  The authors in the previous report performed experiments under 

hydrodynamic conditions, making mass transport and adsorption kinetics difficult to 

separate.  The advantage of the model presented here is that adsorption and mass 

transport can be treated independently.  As such, the time to reach equilibrium surface 

concentration is only dependent on diffusion and the thermodynamic parameter, b, which 

indicates the strength of adsorption.[31]  The time for a 1 μM solution of dopamine to reach 

equilibrium with the electrode surface was modeled using b = 0.023 cm, and a diffusion 

coefficient = of 6.8 x 10-6 cm2/s, as these were the values determined from empirical fits 

of data collected.  To verify that the model was accurately predicting diffusion, the diffusion 

coefficient for dopamine was measured independently using cyclic voltammetry at a disc 

ultra-microelectrode.  The independent value for the diffusion coefficient was found to be 
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6.5 x 10-6 cm2/s in 0.1 N HClO4, agreeing well with published results and our modeled data 

(Table 1, 6.8 x 10-6 cm2/s).  At time < 0 (Figure 3-4A) dopamine is not allowed to adsorb 

to the electrode surface, corresponding to the period during our rapid waveform 

application frequency (100 Hz) in a FSCAV experiment.  After t = 0, dopamine is allowed 

to adsorb (Figure 3-4A, t = 0.01, 0.1, 1, 10 seconds).  The t10-90% was measured to be 2.4 

s, and at 10 s the system has reached equilibrium (Figure 3-4B).  The equilibrium surface 

concentration is dictated by the adsorption equilibrium coefficient, b and the bulk 

concentration (Equation 2).  This shows for molecules with stronger adsorption properties 

the time to reach equilibrium increases (Figure 3-4C).  The time to reach equilibrium is 

also dependent on the rate of mass transfer as dictated by the diffusion coefficient (Figure 

3-4D).  As expected, the diffusion coefficient has a strong effect on the time required to 

reach equilibrium.  The time to reach equilibrium is dependent on both the amount of 

material being removed from the bulk and the rate at which it is transferred.  The model is 

able to account for both of these to accurately quantify the response times at cylindrical 

carbon-fiber microelectrodes using mass transfer (diffusion) and a thermodynamic 

parameter (equilibrium sensitivity parameter, b).  Interestingly, the amount of material that 

must be removed from solution and the flux to the electrode are both proportional to the 

concentration, thus the time to reach equilibrium is independent of concentration when in 

the linear region on the Langmuir isotherm.   

The sensitivity to biogenic amines at 

carbon-fiber microelectrodes depends on analyte adsorption.[3]  Therefore, it is necessary 

to understand the parameters that control the signal.  Dopamine (DA), norepinephrine 

(NE), and serotonin (5-HT) were chosen for their functions and distribution in nervous 

tissue.  Dopamine and norepinephrine are catecholamine  

81



 Modeling adsorption at microelectrodes.  The results of a simulation using 

an electrode with an area of 7.85x10-6 cm2, bulk concentration of 1 μM, kads of 10 cm/s, 

D of 0.68 x 10-5 cm2/s, and b = 0.023 cm are shown at different times (< 0, 0.01, 0.1, 1, 

and 10 s).  The surface concentration predicted by the model is plotted on the ordinate 

and time on the abscissa. The response time of a sensor is characterized by t10-90%.  

The value of the equilibrium sensitivity parameter (b) was varied, and a linear trend was 

observed.  When the diffusion coefficient was increased, t10-90% decreased in a 

nonlinear manner as expected for processes at a cylindrical microelectrode. 
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neurotransmitters; the only structural difference between the two is that norepinephrine 

contains a hydroxyl group at the beta position relative to the amine group.  Catechol (CAT) 

was also investigated as it undergoes a pH-dependent two-electron oxidation similar to 

catecholamines.  It also lacks any other function groups, allowing the molecular 

underpinnings of catecholamine adsorption to be studied.  Serotonin was chosen to study 

how the indole functional group affects adsorption when compared to the catechol 

functional group. 

   

5-HT 43.4 ± 3.2 4.34 9.0 8.2 
DA 20.1 ± 1.8 2.01 6.8 9.5 
NE 9.5 ± 1.1 0.95 7.0 3.3 
CAT 5.8 ± 0.6 0.58  7.2 1.1 

 

 

To directly compare the strength of adsorption for this panel of biogenic amines, a 

concentration of 1 μM was chosen (Figure 3-5) and through systematic control of the delay 

time, the adsorption dynamics were studied.  The amount of adsorbed material was plotted 

verse time (Figure 3-5 A) and the equilibrium surface concentration can be measured 

directly (Table 3-1).  These values were determined for n = 3 electrodes at room 

temperature (23 °C).  The FSCAV data for each analyte were empirically fit by the 

COMSOL model using values for b determined from the equilibrium surface concentration, 

and varying the diffusion coefficient (Figure 3-5A, solid lines).  As expected their 

adsorption profiles differ in the time to reach eq (t10-90%, measured from the empirical fits 

to model data) as this is dictated by the strength of adsorption (b) and diffusion coefficient 

as revealed in Table 1.  Increasing the diffusion coefficient increases the rate of mass 

transfer, decreasing the time required to reach equilibrium.  Conversely, stronger 
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adsorption removes more material from solution onto the electrode surface, thus requiring 

more time to reach equilibrium.  Dopamine shows a greater strength of adsorption than 

CAT, and greater still than NE.  Presumably, this is due to the effect of the charged primary 

amine functional group interacting with the carbon surface.  Norepinephrine shows 

decreased adsorption due to the presence of the beta-hydroxyl group, which has an 

electron withdrawing effect on the primary amine.  Catechol shows the least adsorption 

due to the absence of the primary amine.  Serotonin has a greater adsorption strength 

than the other species which further increases the t10-90%.  In addition, 5-HT was 

determined to have D = 9.0 x 10-6 cm2/s, which indicates that the indolamine has 

decreased resistance to mass transfer in Tris buffer.  ‘ 

Each of these molecules gives a distinct voltammogram when studied by FSCAV at a 

delay time of 10 s (Figure 3-5B).  These voltammograms are similar to those obtained by 

FSCV but the amplitude of the oxidation peak is larger for FSCAV given the same 

concentration.  This illustrates the sensitivity advantage of FSCAV.  In addition to the time-

dependent surface coverage data and the characteristic voltammograms, current vs. time 

traces for each analyte are obtained (Figure 3-5C).  These voltammograms were obtained 

by using the deconvolution method for removing the additional FSCAV background.  By 

providing rich data on both the peak oxidation potential for a given analyte as well as 

distinct desorption profiles it may be possible with FSCAV to choose a combination of 

peak potential and scan number which gives selective enhancement of one analyte over 

another. 

in vivo .  Using FSCAV, absolute 

concentrations can be measured, as experiments are done directly in a solution, and not 

with the use of a flow cell, as with FSCV.  The fine control of the time for adsorption in 

FSCAV confers a higher sensitivity (LOD < 10 nM) for biogenic amines than with FSCV.   
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 FSCAV analysis of 5-HT, DA, NE and CAT.  Studies of the surface 

concentration ( ) as determined from scan following the delay (inset) as a function of 

delay time.  Inset shows timing diagram for detection scheme.  All studies were 

conducted at solution concentrations of 1 μM with n = 3 electrodes at room 

temperature (23 °C).  The adsorption profiles are fit using the COMSOL model show 

by the solid lines.  Equilibrium surface coverages and fitting parameters are listed in 

Table 1.  The current taken at the peak oxidation potential is plotted vs. the scan 

number after the delay (inset) for each analyte showing different rates of decay.  

Representative cyclic voltammograms obtained at the first scan after the delay using 

FSCAV after the background was removed using the deconvolution (Black box inset 

).   
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This is in line with previous measurements of the average extracellular concentration of 

these neurotransmitters in vivo.  However for application of FSCAV to in vivo 

determinations of absolute concentrations, there are two primary challenges that are 

currently being addressed in our lab.  The first is that the brain environment is a complex 

mixture of neurotransmitters, metabolites, and other electroactive interferences such as 

ascorbic acid.  To address this, briefly we have shown that different biogenic amines have 

differing adsorption properties, and we submit that even small differences in adsorption 

can be used to confer selectivity and the extent of which is currently being investigated.  

Secondly, removing the additional background that arises from FSCAV will be challenging 

in vivo.  However, we have shown that the additional background interference decays 

away much quicker than the signal from absorbed analyte.  This allows quantitative 

measurements to be made without subtracting the additional background changes.  

FSCAV is capable of measuring absolute concentrations (using a ten-second delay time) 

every 20 seconds, which will provide insight into dopamine modulation in the extracellular 

space.  Considered together, these findings demonstrate that FSCAV allows direct 

quantification of absolute concentrations of biogenic amines and has potential as being 

used in conjunction with FSCV to reveal both rapid and slow changes in vivo with a single 

sensor

In this work, a new technique; fast-scan controlled-adsorption voltammetry (FSCAV), is 

described and used to study mass-transport-limited adsorption of biogenic amines (e.g. 

dopamine, norepinephrine, and serotonin.  Fast-scan controlled-adsorption voltammetry 

expands upon the measurements capabilities of FSCV and complements its unique 

advantages (e.g a chemical signature to aid in the identification of analytes).  An accurate 

model of the adsorption process for small molecule neurotransmitters based on the 
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Langmuir isotherm is also described.  Initial studies show that molecular structure 

influences the adsorption strength of analytes, thus altering the sensitivity and response 

time at carbon-fiber electrodes.   

The following people contributed to this work: Nicholas D. Laude performed experiments 

in the lipid coated beads, did experiments to compare adsorption of catechol, dopamine, 

norepinephrine, and serotonin, as well as fit model to adsorption isotherms.  Kate L. Parent 

performed optimization experiments.  Michael K. Heien provided intellectual input and 

experimental design.  I thank Eric B. Monroe for helpful discussion and the University of 

Arizona for funding this research.  Reprinted (adapted) with permission from (Atcherley, 

C. W., Laude, N. D., Parent, K. L., and Heien, M. L. Langmuir (2013) 29, 14885–14892).  

Copyright (2013) American Chemical Society. 
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The distribution and density of neurons within the brain poses many challenges when 

making quantitative measurements of neurotransmission in the extracellular space.  A 

volume neurotransmitter is released into the synapse during chemical communication and 

must diffuse through the extracellular space to an implanted sensor for real-time in situ 

detection.  Fast-scan cyclic voltammetry is an excellent technique for measuring 

biologically relevant concentration changes in vivo; however, the sensitivity is limited by 

mass-transport-limited adsorption, and this is not adequately accounted for using post 

calibration factors obtained from flow injection analysis.   Alternatively, fast-scan controlled 

adsorption voltammetry can be performed in situ in an environment that more closely 

mimics the brain to determine a more accurate calibration factor. Here, experimental 

results reveal how the extracellular space affects the response of the electrode and masks 

the true nature of release, reuptake and metabolism.  Additionally, a model of mass-

transport-limited adsorption is developed to account for both the strength of adsorption 

and the magnitude of the diffusion coefficient to determine the concentration of dopamine 

released in response to salient stimuli.  A kinetic calibration of in vivo voltammetric data is 

presented and applied to data acquired in vivo to discern changes in the KM for the murine 

dopamine transporter following administration of a dopamine reuptake inhibitor.  The KM 

increased from 0.32 ± 0.08 μM (n = 3 animals) prior to drug administration to 2.72 ± 0.37 

μM (n = 3 animals) after treatment with GBR-12909. 
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Dopamine is an important volume neurotransmitter that is involved in reward based 

behavior, decision making, and locomotion.[1]  The neurochemical phenomena underlying 

dopamine neurotransmission occur rapidly and at low concentrations.[2, 3]  Fast-scan 

cyclic voltammetry (FSCV) has been used to measure dopamine because it is fast, 

sensitive and provides a chemical signature for analyte identification.[4]  The signals 

measured with FSCV arise from a complex combination of mass-transport, adsorption, 

and electrochemical process occurring at the surface of carbon-fiber microelectrodes.  

Despite the wide-spread use of carbon-fiber microelectrodes,[5–9] they are hand 

fabricated, and standardization has not yet been achieved.  Thus quantitative in vivo 

experimentation demands individual calibrations of these sensors.[10]  Current standard 

calibration methods that do not account for mass-transport limited adsorption and may 

lead to misrepresentations of neurochemical phenomena. 

Background-subtracted fast-scan cyclic voltammetry (FSCV) has been extensively used 

to measure dopamine because it is capable of collecting data rapidly (subsecond).[11]  

The analytical signal observed in FSCV experiments is a measurement of adsorbed 

dopamine and is limited by continuous waveform application, which is necessary to 

perform background subtraction.  Typically cyclic voltammograms are obtained every 100 

ms, resulting in the measured signal from dopamine reaching a steady rather than 

equilibrium.[11–13]  Adsorption of biogenic amines, such as dopamine, has been shown 

to dictate the magnitude of the measured signal.[12]  However, the analytical advantage 

of adsorption comes at a price; to accurately determine the concentration of analyte in the 

brain, the electrode surface must be at equilibrium with its surrounding environment.  In 

the brain, diffusion is the main mode of mass transport for volume neurotransmitters and 

is markedly slower than diffusion in free solution.[14, 15]  This means that the time required 
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for sensors used in FSCV to reach equilibrium is often longer than the duration of 

neurotransmitter release and clearance from the extracellular space.[8]   

To measure small, transient concentration changes, researchers have focused on 

increasing the strength of adsorption to increase sensitivity.[12, 16, 17]  Traditionally, 

researchers have depended on a calibration using flow-injection analysis (FIA), which is 

used to simulate concentration changes.[18]  Typically, FIA employs a pneumatically 

actuated 6-port HPLC valve to inject a bolus of 1 μM dopamine solution onto the electrode 

at room temperature.  The sensitivity (nA/μM) is quantified by measuring the current after 

the resultant signal has reached a steady state (> t90%).  Clearly, the intercellular 

environment of neuronal tissue is different in terms of temperature, density, viscosity, 

tortuosity, and chemical interferences than a flow cell.[18, 19]  The problem with 

quantifying these small changes then becomes two fold, as both continuous waveform 

application and the use of a flow cell mask the true effect that mass-transport-limited 

adsorption has on the magnitude and duration of the biological events being measured.  

Simply stated, when the temporal response of the sensor and the duration of the 

measured events are on the same timescale, standard calibration methods underestimate 

the measured concentration and overestimate event duration, often masking changes in 

neurotransmitter dynamics.   

In this work fast-scan controlled-adsorption voltammetry (FSCAV) [13] is used to study the 

temporal response of carbon-fiber microelectrodes when measuring dopamine in vivo.  A 

model for hindered diffusion was developed showing that the time for dopamine adsorption 

to reach equilibrium is greatly increased in a tortuous environment such as the brain.  

Additionally, an implicit-finite difference model was used to solve both the mass transfer 

and adsorption partial differential equations simultaneously.  A kinetic calibration was 

developed using this model, experimentally determined electrode parameters, and 
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convolution theory to accurately determine concentrations of electrically evoked and 

pharmacologically induced dopamine transients.  It is important to note that convolution 

theory requires a linear response function.  As such the kinetic calibration can only be 

used for calibrations of dopamine concentrations in the linear range (< 2 M) of the 

adsorption isotherm.  Application of the kinetic calibration to in vivo FSCV data allowed 

the determination enzyme kinetics for the dopamine uptake transporter (DAT) before and 

after drug administration to validate the calibration.  The kinetic calibration presented here 

provides a robust yet facile method for analyzing in vivo FSCV data without introducing 

calibration bias.   

.  Dopamine hydrochloride, trizma hydrochloride (Tris), sucrose, 

potassium chloride and calcium chloride were purchased from Sigma Aldrich (St. Louis, 

MO).  Sodium chloride was purchased from EMD (Gibbstown, NJ).  Sodium phosphate 

and perchloric acid were purchased from Mallinckrodt (Phillipsburg, NJ).  GBR-12909 

dihydrochloride was obtained from Tocris Bioscience (Ellisville, MO) and raclopride 

tartrate was obtained from Sigma-Aldrich (St. Louis, MO).  A 1.0 mM stock solution of 

dopamine was prepared in 0.1 N HClO4 and diluted to the desired concentration in pH = 

7.4 Tris buffer (15 mM Tris, 126 mM NaCl, 2.5 mM KCl, and 1.2 mM CaCl2) immediately 

prior to experiments.  All water was purified to a resistivity of 18.2 M ·cm (MilliQ Gradient 

A10, EMD Millipore). 

Nonporous hollow-silica 

particles with an average diameter of 11 μm (Discovery Scientific, Kelowna, BC) were 

used to simulate the volume exclusion observed in brain tissue.  To minimize adsorption 

of dopamine to the silica, a lipid coating was applied.  L- -phosphatidylcholine lipids (Egg 

PC) derived from chicken egg (Avanti Polar Lipids, Alabaster, AL) were dissolved in 
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chloroform and portioned out into 4 mL glass vials.  The solvent was evaporated under a 

stream of argon and the lipid residue was lyophilized for 1 hour.  The lipid film was 

rehydrated in Tris buffer for 4 hours followed by vortexing for 30 seconds.  The total lipid 

concentration was 10 mg/mL in the Tris buffer.  One gram of silica particles was added to 

4 mL of this solution and the suspension was mixed using magnetic stirring and stored 

overnight at 4 °C.  Excess liquid was removed and the remaining bead-containing fraction 

was lyophilized prior to use.  The dry lipid-coated particles were then suspended in Tris 

buffer containing 20% (w/v) sucrose at the desired percent weight.  The addition of sucrose 

increased the viscosity of the solution to minimize bead settling during the experiment. 

.  Cylindrical carbon-fiber microelectrodes were 

prepared as previously described.[13]  Briefly, a single T-650 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 a fine seal using a PE-

2 pipette puller (Narishige, Japan) and then cut to 40 - 50 m in length.  Electrodes were 

then coated with Nafion (Ion Power, DE) which was deposited electrochemically as 

previously described.[20]  A Ag/AgCl reference electrode was prepared by soaking a silver 

wire (0.25 mm, Alfa Aesar) in chlorine bleach.  Data were collected using custom hardware 

and software written in house using LabVIEW 2009 (National Instruments, Austin, Texas).  

The voltammetric waveform was applied and the data was acquired using a PCIe-6341 

DAC/ADC Card (National Instruments).  

Fast-scan controlled-adsorption voltammetry (FSCAV) was performed as previously 

described,[13] briefly a CMOS precision analog switch, ADG419 (Analog Devices) was 

implemented and controlled with the PCIe-6341 National Instruments interface card[13].  

Delay times for controlled adsorption were varied from 0.2 - 20 s to provide sufficient time 

for the dopamine surface concentration to reach equilibrium.  For in situ FSCAV 

experiments, samples were analyzed in a temperature-controlled water bath at 37 °C to 
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match the temperature present during in vivo experiments.  A modification of previously 

described FSCAV experiments was implemented to replicate how mass transport-limited 

adsorption is affected when a waveform is applied every 100 ms. In this experiment a 10 

Hz waveform application was used during the controlled adsorption period rather than a 

constant potential.   

Flow cell FSCV was performed in a manner similar to previous work.[18]  A bolus of 1.0 

μM dopamine was injected for 20 s via a pneumatically actuated 6-port HPLC injection 

valve (VICI, Houston, TX).  Continuous flow was delivered via a PHD 2000 syringe pump 

(Harvard Apparatus, Holliston, MA).  Adsorption of dopamine to the electrode in the flow 

cell was measured over time by applying the waveform at 1200 V/s every 100 ms.    

.  Surgery was performed on 15 - 25 g male C57BL/6J mice (Jackson 

Laboratory, Bar Harbor, ME) housed in a 12/12 hour light-dark cycle.  Food and water 

were offered ad libitum.  Animals were anesthetized using 25% urethane in saline (i.p.) 

and mounted in a stereotax for surgery (David Kopf Instruments, Tujunga, CA).  

Stereotaxic coordinates were referenced from bregma.  After holes for the stimulating 

electrode (1.06 mm posterior, 1.25 mm lateral) and working electrode (1.10 mm anterior, 

1.30 lateral) were drilled, a 0.2 mm bipolar stainless steel stimulating electrode (Plastics 

One, Roanoke, VA) was lowered into the medial forebrain bundle (5.00 mm ventral).  A 

carbon-fiber microelectrode was lowered into the nucleus accumbens (4.3 mm ventral).  

A Ag/AgCl reference electrode was implanted into the contralateral hemisphere.  A 

waveform was applied at 400 V/s for stimulated and physiological (transient) release 

studies and 1200 V/s for pharmacological studies at a frequency of 10 Hz.  An isothermal 

heating pad (Braintree Scientific, Braintree, MA) maintained body temperature at 37 °C.  

Dopamine release was electrically stimulated with 40 pulses (biphasic pulse, ± 350 A, 4 

ms in width) delivered at 60 Hz through a constant-current stimulus isolator (NL800A, 
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Neurolog, Medical Systems Corp., Great Neck, NY).  Mouse surgery and handling were 

in agreement with The Guide for the Care and Use of Laboratory Animals, approved by 

Wayne State University’s the Institutional Animal Care and Use Committees (IACUC).  A 

pharmacological challenge was used to modulate dopamine release and reuptake.  GBR 

12909 and raclopride tartrate were delivered via intraperitoneal injection in saline at 10 

mg/kg and 2 mg/kg respectively and delivered at a volume of 0.1 mL/20 g body weight.   

.  An implicit finite-difference simulation was written in COMSOL 

Multiphysics 4.3 (Comsol Inc., Los Angeles, CA).  Briefly, this model solves the time-

dependent adsorption equation, based on adsorption strength (b) and the magnitude of 

the diffusion coefficient (D).[13]  The output of this model is the surface concentration of 

an analyte ( vs. time.  As the time increases, the surface concentration increases until 

equilibrium conditions are met.  An exponential growth function was fit to the modeled 

vs. time trace to determine the time constant of an electrode response ( ). 

.  Faradaic current (i) 

measured during in vivo electrochemical experiments are proportional to the  for an 

adsorbing analyte such as dopamine.  Thus, the measured current vs. time trace can be 

converted to a  vs. time trace (the analytical signal).  By integrating the oxidation current 

in the cyclic voltammogram and using Faraday’s law, the surface concentration ( ) can be 

determined.  The analytical signal is the convolution of a concentration profile and the 

response function of the electrode as defined by[21] 

g(t)  h(t) = S(t) 

Equation 1 

where g(t) is the response function of the electrode, h(t) is the concentration profile, and 

S(t) is the analytical signal. 
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Software was written in house using LabVIEW 2009 to convolve and deconvolve data that 

has been stored in ASCII tab-delimited text files.  Deconvolving the analytical signal with 

the electrode response (division of the Fourier transforms of the analytical signal by the 

electrode response function) reveals the concentration profile from the collected data.  

The response of the electrode to an impulse function was modeled by an exponential 

decay  

 

Equation 2 

where t is time,  is the time constant of the electrode response and the coefficient (A0) is 

a scalar factor.  To determine A0 the instantaneous surface concentration was defined by 

equation 3. 

 

Equation 3 

Under equilibrium conditions, the integral of the response function (Equation 5) must be 

equal to t/C which can be reduced to b t.  As the definite integral from 0 to  of the 

response function is equal to A0 , the value for A0 may be calculated as  

 

Equation 4 

where t is the time between data points.  By measuring b for an electrode via a 10 Hz 

FSCAV experiment and understanding the diffusion coefficient for dopamine in vivo,  may 

be determined.  In this work, the values of  were determined from a simulation with a 
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diffusion coefficient of  2 x 10-6 cm2/s[19] and a b value of 0.00545 ± 0.00095 cm (SEM, n 

= 3 electrodes). 

Deconvolved 

concentration profiles were fit to Michaelis-Menten kinetics[15, 22] via the dual-variable, 

least sum of squares fitting of Km and Vmax.  Briefly, the substrate concentration at a given 

time ([S]t) is calculated with an explicit finite difference model.[23, 24]  To fit input data, 

the values for Km and Vmax are varied to minimize the sum of squares difference between 

calculated and measured values.  The starting concentration is taken from the input, 

deconvolved data and the instantaneous velocity of the Michaelis-Menten reaction is 

calculated from 

 

Equation 5 

This velocity multiplied by the time increment is then subtracted from the substrate 

concentration to return the concentration at the next time point ([S]t+ t). 

.  A suspension of lipid-coated silica particles was used as a model system 

to determine whether the diffusion of dopamine in the brain could bring an electrode to 

equilibrium surface concentration in the timeframe of neurotransmitter release events.[16, 

25]  With varied volume fractions of particles present in Tris buffer, the effect of excluded 

volume on mass transport could be studied directly using FSCAV.  Mass-transport-limited 

adsorption was studied by comparing results of FSCAV experiments in free solution and 

in a solution with hindered diffusion (both at 37 °C) to standard flow injection experiments 
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performed at 25 °C. (Figure 4-1)  Flow-injection analysis for FSCV introduces convective 

flow, which causes electrodes to reach a steady state quickly (Figure 4-1 black trace).  

When convection is eliminated and diffusion dominates mass-transport, the carbon-fiber 

microelectrode approaches equilibrium in free solution within 5 seconds (Figure 4-1 blue 

trace).  By using this model system, where diffusion of dopamine is hindered by the 

tortuosity of the solution, the equilibrium surface concentration ( eq) at the electrode is not 

achieved prior to 20 seconds (Figure 4-1 red trace).  While this model system does not 

provide a quantitative measure of hindered diffusion in the brain, it allows for a qualitative 

understanding of electrode response when dopamine diffusion is hindered.  When 

qualitatively compared to the timescale of a stimulated dopamine release event monitored 

by in vivo FSCV (Figure 4-1 grey dashed line), it is apparent that equilibrium surface 

concentration of the electrode is not reached over the duration of the release event.  

This experiment illustrates that mass transport of dopamine at a microelectrode surface is 

hindered in brain-like environments and the time to reach eq is much larger than the 

duration of a stimulated release event.  When the time-scale of biological events are faster 

than the time required to reach equilibrium, calibrations taken under steady-state 

conditions are inaccurate.  More precisely, the response time of the electrodes is very 

close to the length of transient concentration changes that are observed in vivo such that 

the electrode does not reach equilibrium.   
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Comparison of mass-transport-limited electrode response times to 1 μM 

dopamine to a typical stimulated dopamine release events observed in vivo.  Electrode 

response times were measured using FSCAV for the same electrode under multiple 

experimental conditions and are expressed as the fraction of equilibrium surface 

concentration.  An in vivo dopamine release profile (grey dashed trace) is shown for 

qualitative comparison in the time dimension (t10-90% = 1.8 s).  In situ flow-injection analysis 

of dopamine (black trace) exhibits rapid response times due to convective mass transport 

(t10-90% = 1.6 s).  Free diffusion of the same concentration of dopamine in Tris buffer at 37 

°C results an increased response time (t10-90% = 3.5 s).  When diffusion is hindered at 37 

°C by increasing solution viscosity with 20% (w/v) sucrose and excluding volume using 

40% (v/v) lipid-coated glass beads, the response time further decreases (t10-90% = 9.8 s).  

Under these brain-like conditions, the equilibrium surface coverage of dopamine is not 

achieved during the period of release-and-reuptake.  Flow-injection calibrations thus tend 

to result in underestimates of actual in vivo dopamine concentration profiles and 

overestimate the duration of release events.  
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  An implicit finite difference simulation was used to calculate 

he amount of time required to reach equilibrium surface concentration as a function of 

diffusion and adsorption processes.  The magnitude of the adsorption rate constants was 

set to 10 cm/s so that the adsorption was mass-transport limited.[13]  Additionally, the 

concentrations measured are in the linear portion of the Langmuir isotherm for dopamine 

([DA] < 2 μM).  This model verifies that the signal response of electrochemical 

measurements of dopamine is affected by adsorption and mass transport (Figure 4-2).  By 

normalizing the instantaneous surface concentration (  to eq, it clear that the time 

required for dopamine adsorption to reach equilibrium depends upon the dimensionless 

parameter ln(Dt/r2)(Figure 4-2A).  This dimensionless parameter includes mass transport 

to the electrode and takes into account the analyte diffusion coefficient (D), the radius of 

the electrode (r), and time (t).  Each subsequent curve in Figure 4-2A shows the behavior 

of / eq by varying the strength of adsorption (b, where b [DA]) with the time required 

to reach equilibrium increasing as b increases.  Values of b (0.002 cm to 0.05 cm) were 

chosen to encompass the typical values measured for carbon-fiber microelectrodes.[2, 12, 

26, 27]  For real experimental systems, electrode radii vary from 1 μm to 18 μm[28] and 

diffusion coefficients range from 10-6 cm2/s to 10-4 cm2/s for small molecule 

neurotransmitters.[29]   

To capture this variability, a dimensionless parameter enables the effects of b to be 

represented with universal curves to accurately portray these observed phenomena and 

their effect on the temporal response of the sensor.  For the measurement of dopamine at 

a 3 μm radius (r) carbon-fiber microelectrode with an adsorption strength (b) of 5 x 10-3 

cm and a diffusion coefficient (D) of 2 x10-6, the temporal response (t10-90%) is ~ 4 s.  As  
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The effect of resistance to mass transfer and adsorption on sensor response.  

Mass transport affects the temporal response of a cylindrical electrochemical sensor.  

The ratio of adsorbed dopamine ( DA) to the equilibrium surface concentration ( eq) is a 

function of molecular diffusion, time, and electrode radius, which can be universally 

expressed as a dimensionless parameter (Dt/r2).  Each trace represents the response for 

a sensor with different adsorption properties (b).  The normalized surface coverage is on 

the ordinate and the natural logarithm of the dimensionless parameter Dt/r2 on the 

abscissa   The horizontal dashed line represents the value for , taken at ~ 0.63 or 1-e-1 

(the point where t =   The electrode time constant is also dependent on the rate of 

diffusion.  The relationship of b to  is shown for different diffusion coefficients.  Red trace 

(  = 606b – 0.28), Black trace (  = 320b – 0.20) and Blue trace (  = 220b – 0.20) 
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b increases due to stronger adsorption, as for serotonin, t90% can be expected to  increase. 

To calculate the time to reach equilibrium, the model uses known values for b, D, and r, 

to predict the surface concentration over time, and a value for  can be determined as 

shown by the horizontal grey dashed line ( e, Figure 4-2A).  These times are much 

greater than the time to reach equilibrium in a flow cell where convective forces increase 

the flux of neurotransmitter to the electrode surface.   

This model was then used to generate a relationship for b and  for different rates of 

diffusion (Figure 4-2B).  The diffusion coefficient for dopamine in the brain has been 

previously measured to be 2 x 10-6 cm2/s.[19, 30]  The modeled relationship for this 

diffusion coefficient is illustrated in in Figure 4-2B (black).  From experimentally 

determined values of D and b, a value for can be determined and an electrode response 

function can be generated for use in developing in vivo calibrations.  When taken together, 

Figures 4-1 and 4-2 demonstrate that mass transport and sensor size have a significant 

effect on the temporal response of sensors.  Therefore, when the time-scale of biological 

events are similar to the time response of the sensor, a more comprehensive approach to 

calibration of analytical signals arising from in vivo concentration transients is required.  

This empirically determined value of is used herein for the kinetic calibration of in vivo 

measurements of dopamine.  

.  For measurements of biogenic amines using fast-scan cyclic 

voltammetry, the magnitude of the measured current depends on the amount of analyte 

adsorbed to the surface.  In typical FSCV experiments, the waveform is applied every 100 

ms, this cycling limits the amount of time for adsorption to occur.  During the 

voltammogram dopamine is oxidized to dopamine-o-quinone, which can then desorb from 

the electrode surface.   A completion of the cyclic voltammogram the potential is 
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Experimental determination of electrode response function. Fast-scan 

controlled-adsorption voltammetry was expanded to investigate the adsorption strength. 

 To more closely mimic in vivo FSCV, FSCAV was performed in a beaker submersed in 

a 37 °C water bath and the waveform was applied every 100 ms during the delay (dark 

blue trace) instead of a constant potential (-0.4 V, light blue trace).  To compare the 

effects applying a continuous waveform application (dark blue trace) or a constant 

potential (light blue trace) on the magnitude of dopamine adsorption, the controlled 

adsorption period was varied from 0.2 s to 20 s and the amount of adsorbed dopamine ( ) 

was measured.   
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held at -0.4 V to reduce dopamine oxidation products back to dopamine to promote 

dopamine adsorption.  To quantify the effect of continuous waveform application on the 

strength of adsorption, FSCAV was modified such that instead of holding the potential 

constant (-0.4 V) during the delay time, a triangle waveform (-0.4 V to 1.3 V at 1200 V/s) 

was applied every 100 ms (Figure 4-3A).  Effectively mass-transport-limited adsorption 

using typical FSCV parameters for dopamine detection can be studied in 3 steps; 1) apply 

the waveform at 100 Hz to minimize adsorption, 2) apply the waveform at 10 Hz to allow 

adsorption to occur until a steady state is achieved, and 3) return the waveform application 

frequency to 100 Hz, to measure the amount of dopamine accumulated on the electrode.  

This effect is compared to FSCAV with a constant potential in Figure 4-3B. The adsorption 

strength for FSCAV, where a triangle waveform was applied during the rest period (10 Hz 

application frequency), was determined to be 5.5 ± 0.9 x 10-3 cm which at a concentration 

of 1 μM, corresponds to a surface concentration of 5.5 pmol/cm2, a factor of ~ 2 less than 

when a constant potential is applied.  Using a previously validated model that was 

developed using Comsol 4.3 [13], the resultant data was fit with a diffusion coefficient of 

6.0 x 10-6 cm2/s at 37°C.  The model assumes diffusion is directly from the solution to the 

electrode surface.  From this novel use of FSCAV, for the average Nafion-coated T-650 

was determined to be 1.5 ± 0.1 s (± SEM, 3 electrodes).   

in vivo

  The analytical signal 

obtained from in vivo electrochemical experiments is a convolution of the electrode 

response function and the concentration profile arising from release, mass transport, and 

reuptake of neurotransmitters.  Simply stated, the electrode response time increases as 

the strength of adsorption is increased.  Therefore, efforts to increase the strength of 

adsorption come at the cost of a decreased temporal resolution.  In the brain, 

neurotransmitter concentration profiles are unknown and the goal of in vivo 
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electrochemical experiments is to measure them.  The electrode response and the 

analytical signal may be decoupled by convolution theory, giving rise to the concentration 

profile.   

The process for deconvolving the analytical signal and the electrode response involves 

several relatively simple steps; 1) measurement of the equilibrium sensitivity parameter 

(b), and diffusion coefficient (D), 2) generation of the response function from these 

parameters, 3) conversion of the collected current vs time trace to surface concentration 

( ) vs. time and 4) deconvolving  vs. time with the electrode response function.  This 

enables a quantitative determination of the amount of material released and the timescale 

of the event.   

This kinetic calibration was applied to in vivo measurements of phasic (stimulated) and 

physiological (transient) dopamine release in the nucleus accumbens of the mouse brain 

(Figure 4).  A slow electrode response masks the nature of the physiologically relevant 

concentration dynamics.  As shown in figure 4-4A-B, FSCV measurement of a stimulated 

release event recorded a concentration change lasting ~5s with a maximal concentration 

of 900 nM using a flow-injection calibration (of 10 nA/μM).[19, 31]  However, the kinetic 

calibration indicates that the maximal concentration of dopamine released was 1.76 μM 

and the extracellular concentration was back to baseline in ~1 s.  Interestingly, the 

undershoot following the peak in the kinetically calibrated data is only found in traces 

resulting from electrically evoked dopamine and may provide insight complexities in 

dopamine metabolism which have been shown previously.[32] 

The kinetic calibration presented here is also suitable for quantification of the transient 

release of dopamine.  A combination of GBR-12909 (dopamine uptake inhibitor) and 

raclopride (D2 antagonist) were used to induce a higher rate of transient release in 
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Deconvolution of in vivo data to quantify changes in dopamine concentration.  

Application of the kinetic calibration to in vivo signals allows for improved quantitative 

analysis.   Dopamine release was evoked by electrical stimulation and measured.  

Representative color plots are shown with time on the abscissa, voltage on the ordinate, 

and current is in false color. Cyclic voltammograms are collected every 100 ms, at 400 V/s 

by scanning the potential from -0.4 V to 1.3 V to -0.4 V.  Uncalibrated current vs. time 

traces selected at the peak oxidation potential of dopamine are shown above the color 

plots (black traces).  Kinetic calibration of the surface concentration vs. time traces was 

performed using an electrode response function corresponding to b = 5.45 x 10-3 cm (red 

trace).   The concentration profile resulting from equilibrium-based calibration is displayed 

for comparison (blue trace).  Pharmacologically induced dopamine transients were 

measured. Application of the kinetic calibration to these data reveal increased 

concentrations, shorter durations, and possibly additional transients (red trace) when 

compared to the concentration profile resulting traditional flow-cell calibration (blue trace).
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anesthetized animals.[33]  Multiple release events were observed during a 90 second 

collection time (signal to noise ratio > 3).  A 20 second period of physiological release is 

shown in the color plot for a representative animal (Figure 4-4A).  The current vs. time 

trace at the peak oxidation potential (660 mV vs. Ag/AgCl) and the voltammogram of 

dopamine are shown above the color plot.  Two current transients in this window meet 

the signal to noise criterion (S/N > 3) and were selected for analysis.  Quantification of 

these peaks using the kinetic calibration resulted in concentrations of 350 and 330 nM 

with widths of ~ 3s, whereas the flow-cell calibration underestimates the concentrations 

at 210 and 190 nM as well as overestimating their duration at 6 s (Figure 4-4B). 

.  Electrically evoked dopamine release was 

measured from multiple animals before and after treatment with GBR-12909 in order to 

determine kinetic parameters for the dopamine transporter (Figure 4-5).   As expected, 

treatment with GBR-12909 increases the concentration and duration of dopamine release 

(Figure 4-5A).  This is observed regardless of the calibration method used.  The kinetic 

calibration was calculated using an adsorption strength (b) of 0.00545 cm.  By separating 

the response of the electrode from the measured release event using the kinetic 

calibration, a more accurate determination of DAT kinetics may be performed.[5, 33]  

Because GBR-12909 is a competitive binding inhibitor, the Vmax for the dopamine 

transporter was assumed to be constant before and after pharmacological challenge.  The 

Vmax for the post-drug samples were calculated prior to drug delivery (3.7 ± 0.13 μM s-1, n 

= 3).  Data processed with the kinetic calibration show that Km increases from 0.32 ± 0.08 

μM (n=3) prior to drug administration to 2.72 ± 0.37 μM (n=3) after treatment with GBR-

12909 (t2 = 10.47; p < 0.001).  The values of Km and Vmax  
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Kinetic calibration for improved characterization of biological processes.  The 

dopamine reuptake inhibitor GBR-12909 was administered and the effects of uptake and 

release were studied.  Cyclic voltammograms of dopamine before (red trace) and after 

(blue trace) treatment are shown. The dopamine concentration profiles obtained from flow-

cell calibration (left) and the kinetic calibration (right) are shown for comparison.  The 

lighter traces represent 1 standard deviation on the error associated with the calibration 

factor (b).  These concentration profiles were fit to the Michaelis-Menten model.  Upon 

treatment with GBR-12909 significant increase in KM was observed when kinetic 

calibration was applied to the data (p < 0.001).  No significant difference was observed 

when using steady-state calibrations (p > 0.05). 
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determined pre-drug are similar to previously reported values.[5, 33]  When using a flow 

cell calibration factor, no significant change in Km was observed (t2 = 0.51; p > 0.05), 

showing that a flow cell calibration factor does not account for the electrode response time 

and, because of this, changes in transport kinetics are masked (Figure 4-5B).  

In vivo electrochemical measurements of neurotransmitters such as dopamine depend on 

mass-transport-limited adsorption to an electrochemical sensor.  In the brain, mass 

transport is slowed with minimal convection and hindered diffusion due to obstructions 

posed by cell bodies and projections.  Current calibration strategies of electrochemical 

sensors use a sensitivity parameter that is based on measurements made at a steady-

state surface concentration. It was demonstrated that this pseudo-equilibrium condition is 

not achieved within the time frame of typical release events given a tortuous environment 

where diffusion is obstructed.  To overcome this problem, a novel calibration strategy was 

developed using a model of mass-transport-limited adsorption and convolution theory to 

decouple the response time of the electrode from the analytical signal.  Through this 

process, the kinetic calibration is used to determine the concentration of dopamine 

released in response to salient stimuli. In general, the result is that the measured 

neurotransmitter release events are greater in the magnitude and shorter in duration than 

previously measured.  This impacts the interpretation of pharmacological effects on 

enzymes related to dopamine metabolism.  It was shown that the kinetic calibration’s 

advantage of decoupling the electrode response from the biological processes is the ability 

to accurately fit neurotransmitter concentration decays to Michaelis-Menten kinetics.  This 

improves upon current methods of determining dopamine reuptake kinetics in vivo as the 

convoluted signal masks the subtle changes arising from pharmacological challenge.  The 

kinetic calibration is a facile and robust means for accurately quantifying transient changes 

in neurotransmitter release when measured with fast-scan cyclic voltammetry. 
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Dopamine signaling occurs on multiple timescales and is implicated in many diseases 

and disorders.  Fast, (phasic) dopamine release is typically associated with reward-

based behavior, while slow (tonic) neurochemical dopamine activity is related to 

movement and motivation.  To quantify the effects induced by administration of various 

pharmacological agents on the two different modes of dopamine signaling, two different 

techniques are employed.  Fast-scan cyclic voltammetry (FSCV) with carbon-fiber 

microelectrodes offers subsecond resolution and is used to quantify effects on phasic 

signaling, but because this method requires background subtraction, tonic levels are not 

accessible.  Thus a different technique, microdialysis is used to quantify baseline and 

slowly changing levels of dopamine.  However due to the large size of the probe, and 

slow sampling times associated with commercially available instruments, a method with 

a higher spatial and temporal resolution is desirable.  In this work, fast-scan controlled-

adsorption voltammetry (FSCAV) is applied to measure the tonic dopamine 

concentration (90 ± 9 nM, 20 mice) in the nucleus accumbens of anesthetized mice.  

Additionally an important coaction of tonic and phasic dopamine signaling is revealed 

because for the first time a single sensor can be used to quantify both modes of 

signaling by coupling FSCV and FSCAV.  Lastly using a previously validated model of 

mass-transport limited adsorption the diffusion coefficient (1.05 ± 0.09 x10-6 cm2/s) of 

dopamine is directly measured in the mouse brain. 
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Dopamine signaling involves slow, tonic brain activity that regulates the steady-state 

extracellular concentration of dopamine, while rapid or phasic neuronal firing 

accompanies salient stimuli.[1, 2]  Importantly, dopamine receptor occupancy, 

transporter function, and synaptic plasticity are critically dependent on the tonic 

concentration of dopamine in the extracellular space.[1, 3, 4]  Therefore, making tonic in

vivo measurements is essential for establishing dopamine’s physiological mechanisms 

and the pathophysiological abnormalities underlying disorders and diseases such as 

Parkinson’s, schizophrenia, and addiction.[5, 6]  To measure tonic concentrations, 

researchers have relied on either microdialysis [7–9] or pairing pharmacology to fast-

scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes.[10–13]  Using these 

methods, tonic levels of dopamine have been reported in the range of 1 nM to 2.5 μM.[2, 

14–16]  Such a wide range of values can be attributed to physical limitations in 

microdialysis,[9, 17] tissue damage,[18, 19] or experimental assumptions inherent in 

pharmacological hypotheses.  A direct in situ technique would greatly aid researchers to 

more accurately decipher dopamine neurochemistry. 

Carbon-fiber microelectrodes are an ideal sensor for in vivo measurements because of 

their biocompatibility, minimally intrusive dimensions (Ø = 7 μm, length = 50 μm), and 

rapid response time.[11, 12, 20]  When paired with FSCV, these sensors are restricted 

from directly measuring tonic dopamine levels because background-subtraction is 

required to remove a large background current, allowing only rapid changes to be 

quantified.[21]  In this work, we overcome this limitation and validate a novel method, 

fast-scan controlled-adsorption voltammetry (FSCAV) at carbon-fiber microelectrodes to, 

for the first time, directly measure tonic dopamine concentrations in situ with high 

selectivity, sensitivity, and temporal resolution. Further, FSCAV is used to map 

dopamine diffusion through the tissue surrounding the electrode and to determine the 
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diffusion coefficient of dopamine in the mouse nucleus accumbens core (NAcc) using a 

previously validated model.[22, 23]  We pharmacologically establish the dopaminergic 

nature of the chemical measurement in vivo by coupling FSCAV and FSCV.  The power 

of this dual measurement at a single sensor is highlighted with pharmacological 

challenges that unveil the coaction of tonic and phasic dopamine in vivo. 

  Dopamine hydrochloride, DOPAC, trizma hydrochloride, calcium 

chloride, magnesium chloride, -methyl-DL-tyrosine ester hydrochloride (AMPT), and 

pargyline hydrochloride were purchased from Sigma Aldrich (St. Louis, MO).  GBR-

12909 dihydrochloride was purchased from Tocris Bioscience (Bristol, UK).  Sodium 

chloride and sodium bicarbonate were purchased from EMD (Gibbstown, NJ).  Sodium 

phosphate and ascorbic acid were purchased from Mallinckrodt (Phillipsburg, NJ).  

LiquionTM (LQ-1105, 5% by weight Nafion®) was purchased from Ion Power Solutions 

(New Castle, DE).  All neurotransmitters were weighed and dissolved in 0.1 N HClO4 to 

make 1.0 mM stock solutions.  Immediately prior to experiments, the stock solutions 

were diluted to the desired concentration in pH = 7.4 artificial cerebral-spinal fluid (15 

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).   

  Cylindrical carbon-fiber microelectrodes were prepared 

according to Cahill and colleagues.[24]  In summary, a T-650 carbon fiber (7 μm 

diameter, Cytec Thornel, Woodland Park, NJ) was aspirated into a 0.68 mm internal 

diameter glass capillary (A-M Systems, Inc., Sequim, WA).  Capillaries were 

subsequently heated and pulled to a fine seal using a type PE-2 pipette puller 

(Narishige, Japan).  Electrodes were then cut to 50 m in length and coated with Nafion 

by electrodeposition at +1.0 V for 30 seconds as previously described.[25]  A Ag/AgCl 
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reference electrode was prepared by soaking a silver wire (0.25 mm, Alfa Aesar) in 

chlorine bleach overnight (Food City, Mesa, AZ).   

  FSCAV was performed as previously described.[23]  

Briefly, data was collected using WCCV 3.0, which is custom hardware and software 

developed by Knowmad Technologies, LLC. (Tucson Az)  The voltammetric waveform 

was generated and the data was acquired using a PCIe-6341 DAC/ADC Card (National 

Instruments, Austin TX).   A CMOS precision analog switch, ADG419 (Analog Devices) 

was used to control the application of the computer-generated waveform to the 

electrode.  The logic was controlled using the PCIe-6341 National Instruments interface 

card and in-house software.  This switch was used to apply either the triangle waveform 

(-0.4 V to 1.3 V, scan rate = 1200 V/s) or a constant potential (-0.4 V) to the electrode.  

Statistical analysis was performed using Prism 5 (Graph Pad, La Jolla, CA).  Data 

collected from FSCAV measurements was fit using a previously developed model 

(Comsol Multiphysics 4.0, Los Angeles CA).[22, 23]   

5.3.4 In vivo   Mouse surgery and handling were in compliance with 

Wayne State University’s Guide for the Care and Use of Laboratory Animals, approved 

by the Institutional Animal Care and Use Committees (IACUC).  Male mice (C57BL/6J, 

20 – 25 g; Charles River Laboratories, Wilmington, MA) were anesthetized with 25% w/w 

urethane in saline solution (0.7 mL per 100 g mouse weight) and mounted in a 

stereotaxic frame (Kopf Instruments, Tujunga, CA).  Holes were drilled in the skull to 

allow access to the nucleus accumbens for microelectrode placement (stereotaxic 

coordinates from bregma: 1.1 mm anterior; 1.3 mm lateral; 4.2 - 4.7 mm ventral) and to 

allow access to the medial forebrain bundle (MFB) for stimulator placement (stereotaxic 

coordinates from bregma: 1.06 mm posterior; 1.25 mm lateral; 5.0 mm ventral).  

Stereotaxic coordinates were referenced from Paxinos and Frankli.[26]  Body 

temperature was maintained at 37 °C with a constant temperature heating pad 
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(Braintree, Braintree, MA).  A bipolar stimulating electrode (Plastics One, Wallingford, 

CT) provided constant-current, stimulation pulses to the MFB.  To avoid electrical 

crosstalk, the stimulation did not occur during individual cyclic voltammograms, but 

during the rest period between them.  The stimulus was optically isolated from the signal 

generation apparatus (NeuroLog System, Hertfordshire, England).  A 40 pulse, 60 Hz 

biphasic (±350 μA, 2 ms per phase) stimulation was used for all experiments.  Pargyline 

(75 mg kg-1 i.p.),[27] GBR 12909 (10 mg kg-1 i.p.),[28] and AMPT (250 mg kg-1 i.p.)[29] 

were dissolved in 0.9% sodium chloride Hospira (Lake Forest, IL) and injected into the 

peritoneal cavity at a volume of 0.1 mL 20 g-1 body weight. 

Heien and co-workers first characterized FSCAV in vitro;[23] 

however, in vivo measurements are markedly more difficult because of the complex 

chemical environment of the brain.  FSCAV is performed in three steps and takes a total 

of 20 seconds (Figure 5-1 A).  Minimizing adsorption by applying triangle waveform (-

0.4 V to 1.3 V at 1200 V/s) every 10 ms for 2 seconds.  Applying a constant potential (-

0.4 V) to allow dopamine to adsorb on the electrode surface until it reaches equilibrium 

(10 seconds).  Reapplying the triangle waveform and measuring the adsorbed 

dopamine (�DA, 8 seconds).  A color plot spanning one second directly following the time 

to reach equilibrium contains the raw data (Figure 5-1B).  The first scan following the 

controlled adsorption period includes signal from adsorbed dopamine and contains a 

large interference from the background change induced by the interruption of waveform 

application, complicating quantification of low levels of dopamine.  In the previous in vitro 

study, following zero-phase filtering,[30] this background was removed using convolution 

theory[22] which provided more accurate results when compared to a simple 

subtraction.[23]  Here, because of the differences in the shape of the in vivo background,
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matching the chemical composition of the brain environment in vitro is challenging.  This 

limits the use of an in vitro principal component model to quantify in vivo signals.[31, 32]  

Thus, it is necessary to define a method for analysis.   

In contrast to the first scan, by the second scan a peak is clearly visible, because the 

capacitive current from changing waveforms has decreased significantly, allowing the 

peak to be integrated to accurately quantify dopamine.  There is a residual contribution 

from changes in the background visible in the one second section; however, this does 

not affect the precision of dopamine quantification by measuring the charge transferred 

during the oxidation wave.  The limits for integration (vertical black dashed lines, Figure 

5-1C) are determined by examination of cyclic voltammograms obtained by electrical 

stimulation of the medial forebrain bundle (MFB), eliciting dopamine release.  To validate 

that the sensor is capable of measuring in vivo concentrations of dopamine, Figure 5-1D

contains a calibration plot obtained post implantation.  The sensitivity was 0.0078 ± 

0.0002 pC/nM (n = 7 electrodes), and using Faraday’s law to convert the signal to 

surface concentration, the sensitivity corresponds to b = 0.0037 ± 0.0002 cm 

(pmol/cm2nM).  The limit of detection is 3.4  0.8 nM (n = 10 electrodes), which is 

sufficient for dopamine measurements in vivo.  The tonic dopamine concentration in the 

nucleus accumbens of the mouse under urethane was determined to be 90 ± 9 nM (n = 

20 animals) using FSCAV. 

In the extracellular space, there are molecules present that have similar electroactive 

properties to dopamine.  Specifically, DOPAC and ascorbic acid (AA) have historically 

confounded in vivo measurements.[24]  FSCAV addresses selectivity in the following 

manner:  First, dopamine cyclic voltammograms were distinguishable from those of 

DOPAC and AA.[32]  Second, our electrodes were coated with Nafion,[33] increasing 

selectivity for cations; Nafion limits the access of AA and DOPAC, both anionic species, 

to the electrode surface.  Finally, due to the inherent chemical and electrochemical  
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In vivo fast-scan controlled adsorption voltammetry.  FSCAV was carried 

out in 3 steps; 1) The waveform was applied every 10 ms which minimizes dopamine 

adsorption to the electrode. 2) The potential was held at -0.4 V for 10 seconds to allow 

dopamine to adsorb to the electrode and reach equilibrium. 3) The waveform was 

reapplied, and the adsorbed dopamine was measured.  Surface-accumulated 

dopamine ( DA) is proportional to the tonic concentration [DA] by the strength of 

adsorption (b).  Resultant color plot from step 3, with voltage on the ordinate, time on 

the abscissa, and current displayed using false colors.  Representative current trace 

(red) taken 10 ms after the beginning of step 3.  The vertical dashed lines show the 

bounds for integration to quantify adsorbed dopamine.  The grey-dashed triangles 

illustrate the voltage waveform applied.  A calibration plot obtained by FSCAV post 

implantation (R2 = 0.996, slope = 0.0078 ± 0.0002 pC/nM (n = 7 electrodes), which 

when accounting for electrode area and equivalents transferred, corresponds to b = 

0.0037 ± 0.0002 cm.   
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properties of the molecules, when the peak integrals from in vitro measurements were 

normalized to concentration, the ratio of the dopamine signal to DOPAC was 300 ± 20.  The 

sensitivity to ascorbic acid was nearly zero, as the slope of the calibration curve was determined 

to be 2 ± 2 x 10-6 pC/nM.  This shows that DOPAC and AA adsorb less strongly to CFMs than 

dopamine (Table 5-1).  These effects, taken together, confer FSCAV with high selectivity for 

dopamine over DOPAC and AA.

Table 5-1 Selectivity for dopamine over DOPAC and ascorbic acid

Charge (pC) Sensitivity (pC/μM) 

200 nM DA 20 μM DOPAC 225 μM AA DA DOPAC AA 

4.54 ± 0.045 1.56 ± 0.19 0.36 ± 0.17 22.7 ± 2.3 0.078 ± 0.01 0.0016 ±0.007 

5.4.2 Direct measure of mass-transport-limited adsorption.  During chemical 

communication, dopamine (a volume neurotransmitter) is released into the extracellular space 

where it diffuses to and interacts with distal receptors.[34–38]  The distance of action is 

dependent upon the rate of mass-transfer and clearance mechanisms (e.g. metabolism, re-

uptake).  The ten-second controlled adsorption period is sufficient for dopamine adsorption at 

the electrode surface to reach equilibrium with the in vivo concentration (Figure 5-2).  In addition 

to enabling direct measurements of absolute concentrations, FSCAV measurements can be 

modeled using a previously developed finite-difference simulation to quantify mass-transport-

limited adsorption dynamics using FSCAV.[23]   

Experimentally, by varying the controlled adsorption period in Step 2 (vide supra, Fig. 1) from 

0.1 to 20 seconds, the rate of mass transfer to the electrode can be quantified.  For maximal 

sensitivity and precision, measurements made with FSCAV should be made at equilibrium.  As 

seen in Figure 5-2, the measured signal has eached equilibrium by ten seconds, as there is not 

a statistical difference between 10 seconds and 20 seconds 
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 FSCAV is used to determine the diffusion coefficient of endogenous 

dopamine in vivo.  The controlled adsorption period is varied and the amount of 

adsorbed dopamine vs. time is plotted (n = 4 mice).  Using a finite-difference simulation 

(inset), the data is fit (red line), and a diffusion coefficient is determined (1.05 ± 0.09 x 

10-6 cm2/s).  
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(p < 0.05, Student t-test).  By then fitting this data with our COMSOL model, a diffusion 

coefficient of 1.05 ± 0.09 x 10-6 cm2/s (n = 4 animals, SEM) for dopamine (R2 = 0.98) was 

measured and is consistent with previous results.[39–41]  This provides an important 

metric for assessing tissue damage through its effect on the response time of a carbon-

fiber microelectrode.  

.  Pharmacological validation of in vivo FSCAV was performed by alternating 

measurements with background-subtracted fast-scan cyclic voltammetry (stimulated 

release, phasic) every five minutes after drug administration (time zero, Figure 5-3).  

While it may be possible to make FSCAV measurements every 20 seconds (can be 

made consecutively), the 5 minutes used in this work was chosen to allow time for the 

electrode to stabilize with the slower waveform application frequency (10 Hz) and scan 

rate (400 V/s) used for FSCV.  This may be further optimized in future experiments, 

enabling rapid switching between the two methods.  Dopamine concentrations are 

reported as a percent change from the mean pre-drug values; statistical significance is 

indicated by the horizontal bars above the data (Two-way analysis of variance, 2-way 

ANOVA, p < 0.05).  We compared changes in dopamine between drug- and saline-

treated mice, and found a significant interaction (drug and time) for normalized [DA]tonic 

(F3,160 = 11.61, p < 0.001) and [DA]stimulated (F3, 160 = 18.84, p < 0.001).  A Bonferoni 

correction post-hoc analysis was performed for each drug vs. saline to investigate the 

pharmacokinetics of each of the drugs in this study.   

The effects of inhibiting dopamine synthesis with a tyrosine hydroxylase inhibitor, alpha-

methyl-p-tyrosine (AMPT, i.p. 250 mg kg-1), was investigated (Figure 5-3A). Stimulated 

dopamine release decreased by 55 ± 15 % (35 min, Bonferoni post-hoc, p < 0.001) and 

tonic dopamine decreased by 20 ± 10 % (30 min, Bonferoni post-hoc, p < 0.01).  
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 Pharmacological effects on tonic dopamine concentrations and electrically 

evoked dopamine release.  Changes in stimulated release and tonic concentration are 

plotted as the percent change from baseline vs. time.  Measurements began 30 minutes 

prior to drug administration starting with tonic measurements alternated with stimulated 

release measurements (every 5 minutes).  The changes in electrically evoked dopamine 

release (blue squares) and the tonic concentration (blue circles) of dopamine in 

response to  AMPT (250 mg/kg, i.p.),  GBR-12909 (10 mg/kg, i.p.), and  pargyline 

(75 mg/kg, i.p.) are shown (n = 5 mice, each group).  Each plot contains the saline 

controls (gray).  Bars above plot indicate significant differences when compared to saline 

controls (p < 0.05) 
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The changes in tonic dopamine measured by FSCAV and changes in dopamine efflux 

as measured by FSCV is equivalent to results shown previously.[42–44]  The partial 

reduction of dopamine induced by AMPT may be the result of differences in 

contributions from vesicular and cystolic pools of dopamine to the tonic 

concentration.[45, 46]  To further investigate these findings, future work should include 

studying the effects of tetrodotoxin or kynurenate.[15, 47, 48]  Next, we targeted the 

dopamine transporter (DAT) with GBR-12909 (i.p. 10 mg kg-1) which led to an increase 

in [DA]tonic of 130 ± 70 % (80 min, Bonferoni post-hoc, p < 0.01) and [DA]stimulated of 260 ± 

150 % (75 min, Bonferoni post-hoc, p < 0.001) (Figure 5-3B).  Finally, dopamine 

metabolism was inhibited with pargyline hydrochloride (i.p. 75 mg kg-1), an inhibitor of 

monoamine oxidase (MAO), which converts dopamine to DOPAC (Figure 5-3C).  Here 

we found an increase in [DA]stimulated of 120 ± 70 % (90 min, Bonferoni post-hoc, p < 

0.001) and [DA]tonic of 80 ± 20 % (85 min Bonferoni post-hoc, p < 0.001).  This 

experiment validates that there is minimal contribution to our measured signal from 

DOPAC to the FSCAV signal.  The increases in the FSCAV signal after pargyline are 

consistent with the drug’s effects on dopamine (inhibition of metabolism, therefore an 

increase in dopamine levels) and inconsistent with its effect on DOPAC (inhibition of 

DOPAC production, therefore a decrease in DOPAC concentrations).   

These pharmacological challenges validate that the chemical nature of the measured 

signal is dopaminergic and demonstrate that coupling FSCAV and FSCV enables the 

relationships between tonic and phasic signaling to be studied.  By comparing changes 

in the stimulated dopamine response with changes in tonic dopamine levels, significant 

correlations are reported (Figure 5-4).  As expected, stimulated dopamine release and 

tonic dopamine levels do not correlate when saline is administered (R2 = 0.17, p = 0.26).  

Interestingly, pargyline (R2 = 0.95, p < 0.0001), GBR-12909 (R2 = 0.88, p = 0.0002) and 

AMPT (R2 = 0.56, p = 0.032) yielded significant correlations.  This multi-dimensional  
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 Correlation of phasic and tonic response.  Saline, ) AMPT, ) GBR-

12909, and ) Pargyline.  The percent change in phasic response is plotted on the 

ordinate, and the percent change in tonic concentrations is plotted on the abscissa.  

Saline (R2 = 0.17, p = 0.27), AMPT (R2 = 0.56, p = 0.032), GBR-1290 (R2 = 0.88, p 

=0.0002), and pargyline (R2 = 0.95, p <0.0001).  Dashed lines indicated 95 % confidence 

interval.
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temporal analysis illustrates the intricate interplay of tonic and phasic signaling and has 

transformative implications for enriching our understanding of neuromodulator 

mechanisms.  

Dopamine dynamics include fast responses to salient stimuli and slow changes in 

extracellular tonic concentrations.  Here we validated and used FSCAV to provide 

measurements of local tonic dopamine with high temporal resolution.  We found, using 

FSCAV that the tonic dopamine concentration in the NAc of anesthetized mice is 90 ± 9 

nM.  FSCAV and FSCV were then coupled at the same sensor to study how 

pharmacological inhibition of dopamine synthesis, reuptake, or metabolism affects the 

tonic and phasic dopamine neurotransmission.  FSCAV is easily implemented with 

existing FSCV instrumentation, enabling tonic dopamine measurements within seconds.  

We have shown that when FSCAV and FSCV are coupled, a full spectrum of dopamine 

temporal dynamics can be studied in vivo at a single sensor.  This method shows great 

promise for studying biogenic amine signaling in vitro as the buffer constituents are 

precisely controlled thus enabling complete removal of the background interference by 

convolution theory.  Additionally this method has potential in evaluating preclinical 

models of neurological disorders such as Parkinson’s disease, attention deficit 

hyperactivity disorder, or schizophrenia where tonic levels are implicated. 
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Monitoring tonic levels of neurotransmitters in situ requires that the implanted sensor be 

sensitive and selective.  Traditionally, tonic levels have been monitored using an in vivo 

sampling technique coupled to an ex vivo separation method for offline analysis.  Recently, 

fast-scan controlled-adsorption voltammetry (FSCAV) was developed to enable direct in

situ electrochemical detection of absolute dopamine (DA) levels.  Here, a strategy was 

developed to improve the detection of DA in the presence of the interferents DOPAC and 

ascorbic acid (AA).  This enables sub-minute measurements of tonic DA levels in situ.  

Electrodes are coated with PEDOT:Nafion to improve detection of cations.  We 

demonstrate that through integration of the oxidation wave, as opposed to of quantification 

by peak current, precision is improved and selectivity for DA over DOPAC and AA is 

increased.  Selectivity is further enhanced for DA over DOPAC (820 ± 70) by exploiting 

differences in the rate of removal of these molecules from the electrode surface following 

the controlled adsorption period.  The DA signal persists longer than that of either AA or 

DOPAC; thus, later voltammograms following the controlled adsorption period have 

increased selectivity.  Considering sensitivity and selectivity, scan 10 was found to be 

optimal.  Following cocaine injection (i.p., 20 mg/kg), tonic DA concentration was 

measured every forty seconds. A maximal change of 180 ± 60 nM (n = 6 rats) occurred at 

18 minutes post-injection.  This response was validated by coupling FSCAV to fast-scan 

cyclic voltammetry (FSCV), allowing measurements of electrically evoked DA to be made 

at the same sensor.  

.  
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The chemical environment of the brain is complex; therefore methods designed for 

monitoring chemical communication must be selective.[1–3]  Within the brain, dopamine 

(DA) is of particular interest because it plays a critical role in cognitive and physiological 

processes.[4–9]  The concentration of DA in the extracellular space is regulated by two 

distinct modes of neural activity.  The first is referred to as pacemaker firing that regulates 

the steady-state, or tonic, extracellular concentration.  The second is phasic, or rapid firing, 

that occurs in response to salient stimuli.[10].  Several diseases such as Schizophrenia, 

Parkinon’s disease, Tourret’s syndrome, and ADHD are all thought to be related to 

dysregulation of the tonic DA system.[11–14]  The phasic response of the DA system is 

implicated in reward based behavior, motivation, and has been the focus of work directed 

towards understanding addiction.[15, 16]  Thus, real-time monitoring of both tonic and 

phasic changes in DA are necessary to improve understanding of DA signaling in vivo.  

Fast-scan cyclic voltammetry (FSCV) has been extensively used to monitor phasic release 

of DA due to the technique’s sensitivity and ability to provide a chemical signature for 

identification.[1, 17–20]  However, due to the rapid scan rates utilized, background 

subtraction is required.  As a result, vital information about the tonic concentration of DA 

is lost.[21, 22]  Despite this challenge, researchers have focused on expanding 

technologies to enable voltammetric detection of tonic concentrations with 

microelectrodes because of the spatial, temporal, and chemical resolution provided by 

these methods.[21, 23–25] 

The chemical resolution of cyclic voltammetry is limited by differences in peak shape and 

oxidation potential making identification of DA in mixtures challenging.[2, 19]  When 

considering the brain chemistry involved in synaptic DA regulation, expected interferents 

in measuring tonic DA concentrations are 3-methoxytyramine (3-MT), homovanilic acid 

(HVA), 3,4-dihydroxyphenolic acid (DOPAC), uric acid (UA), and ascorbic acid (AA) [26].  
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Based on electrochemical figures of merit such as extracellular concentration, strength of 

adsorption, electron transfer kinetics, redox potential, and chemical reactions, we have 

chosen to investigate two primary interferents of concern when measuring tonic DA 

concentrations: DOPAC and AA.[24, 27–29]  The major metabolic byproduct from the 

oxidation of DA by the enzyme monoamine oxidase is DOPAC, with tonic concentrations 

measured to be 50 nM - 20 M.[30–33]  Ascorbic acid plays a role as an antioxidant and 

has been measured to be 50 – 500 M in the extracellular space.[30–33]  Due to the large 

difference between previously reported concentrations of these interferents and DA within 

the nucleus accumbens, any novel in vivo technique must prove to be highly selective for 

monitoring DA concentrations in situ.   

We recently developed a technique, fast-scan controlled-adsorption voltammetry 

(FSCAV), to measure tonic concentrations of DA while maintaining the ability to use 

voltammetric peak shape for chemical identification.[34]  Here we expand upon this 

previous work to improve the selectivity of this sensing platform.  First, we utilize a Nafion-

containing copolymer deposited onto the electrode via electropolymerization, which 

actively reduces the flux of DOPAC and AA to the electrode through coulombic repulsion.  

Secondly, we show that by quantifying DA concentrations using the total charge 

transferred during the DA oxidation wave in leu of peak current, the precision and 

selectivity are improved.  Lastly, it is demonstrated that by exploiting differences in the 

rate of removal from the electrode surface, the signal from interferents can be minimized.  

To exemplify the utility of FSCAV with this modified quantification strategy, we make sub-

minute measurements of tonic DA dynamics in vivo following a pharmacological challenge 

of 20 mg/kg i.p. cocaine.  The drug response was validated at the same sensor by 

performing fast-scan cyclic voltammetry and quantifying electrically evoked dopamine 

release.  Together, these results demonstrate the capacity of FSCAV to determine tonic 

concentrations of DA in vivo with unparalleled time resolution while maintaining the ability 
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harness the well-characterized, advantageous technique of FSCV to monitor phasic 

release. 

  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 were massed and dissolved in 0.1 N 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, 15 

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).  All water used was purified to a resistivity of 18.2 

M ·cm using a MilliQ Gradient A10 water purification system (EMD Millipore). 

  Cylindrical carbon-fiber microelectrodes were prepared as 

previously described.[35]  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 m in length.  The 

electrodes were coated with PEDOT:Nafion.  Briefly, electrodeposition of a PEDOT:Nafion 

copolymer 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) with 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). 

FSCAV was performed as previously described.[24, 34] 

Briefly, a CMOS precision analog switch, ADG419 (Analog Devices) was used to control 
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the application of the computer-generated waveform to the electrode.  The logic was 

controlled using a PCIe-6321 (National Instruments, Austin, Texas).  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 a specified period (controlled 

adsorption period).  Data was collected using WCCV 3.0 (Knowmad Technologies LLC, 

Tucson, AZ).   

  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 for ad libitum consumption.  Stereotaxic surgeries were performed under 

urethane (1200 mg/kg over 3 injections spaced 20 minutes apart).  Several burr holes 

were drilled in the skull to allow access to the nucleus accumbens shell for microelectrode 

placement (stereotaxic coordinates from bregma: AP +1.7 mm; ML +1.0 mm; DV -7.2 mm 

from the skull surface), to the medial forebrain bundle (MFB) for the stimulating electrode 

placement (from bregma: AP -2.5 mm; ML +1.7 mm; DV -7.5 mm from the skull), and to 

the contralateral hemisphere (from bregma: AP +2.0 mm; ML +2.0 mm; DV – 3.0 mm from 

the skull) for the reference electrode placement.  Coordinates were based on a rat brain 

atlas [36].  Body temperature was maintained at 37 °C with a feed-back-controlled heating 

pad (Harvard Apparatus, USA).  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 used for all experiments. 
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Voltammetric 

measurements of absolute DA concentrations in vivo using carbon-fiber microelectrodes 

are appealing because of the small size and rapid response time of these sensors.  

However, because of the large capacitive currents generated using FSCV, background 

subtraction is required and information regarding the tonic concentration is lost.  Recently, 

this limitation was overcome using FSCAV.[24, 34]  However, FSCAV produces an 

additional background current resulting from the rapid change from a constant potential to 

triangle waveform application.[24]  While this additional component is easily removed in

vitro by subtracting the cyclic voltammogram collected in aCSF sans molecule of interest,

a challenge in implementing FSCAV in vivo is the production of a well-matched blank for 

subtraction.[24, 34]  Thus, there is a need for a robust analysis method capable of 

quantifying DA in the presence of this additional background. 

Two analysis methods were used to quantify data resultant from experiments using 

FSCAV in order to maximize the signal-to-background ratio.Quantitation based on 

measuringpeak current, which is typically used in FSCV, was compared with quantification 

of voltammetric peak area (Figure 6-1).  A carbon-fiber microelectrode was placed directly 

into a scintillation vial containing a buffer solution of either 100 nM DA or a blank (aCSF, 

no DA).  The color plots shown contain the first 250 ms (25 scans) directly following the 

10-second controlled adsorption period.  Figure 6-1A contains the blank signal.  As 

indicated by the white horizontal dashed line, there is no significant  
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Fast-scan controlled-adsorption voltammetry of dopamine. The color plots 

display voltage on the ordinate, time on the abscissa, and current represented in false 

color.  Color plots contain the first 25 scans (250 ms) following the controlled adsorption 

period for blank solution containing aCSF only and  100 nM dopamine in aCSF.  

Representative cyclic voltammograms from the first and second scans following 

the controlled adsorption period for the blank (black trace) and 100 nM dopamine (red 

trace) solutions.  Insets contain cyclic voltammograms obtained through subtraction of 

the blank component from the dopamine signal. The peak current in the presence of 

the blank component is plotted against scan number.  Peak current was measured at 

the potential indicated by the arrows in panels  and  and by the white dashed lines 

in panels  and . The charge was determined by integrating the current passed 

over the potential window of the dopamine oxidation wave (0.4 – 0.9 V, indicated by the 

red vertical dashed lines) and plotted against scan number.  The blank contribution to 

the measured signal is rapidly minimized through quantification via integration as 

opposed to peak current. 
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current passed at the expected DA oxidation potential.  In contrast, when FSCAV is 

performed in the presence of 100 nM DA, an oxidative peak is observed (Figure 6- 1B).  

Representative cyclic voltammograms (CVs) of both the blank and of 100 nM DA taken at 

the first (Figure 6-1C) and second (Figure 6-1D) scan immediately following the controlled 

adsorption period are displayed.  Due to the additional background component resulting 

from the interruption in waveform application, the faradaic component of the signal in the 

first CV immediately following the controlled adsorption period is masked by the magnitude 

of this capacitive change (Figure 6-1C).  However, by scan 2, DA oxidation and reduction 

peaks are clearly discernable (Figure 6-1D).  

Quantitative analysis of FSCAV cyclic voltammograms using peak current, as done in 

FSCV analyses, is severely hindered by the additional background component.  A plot of 

the current at the peak DA oxidation potential against scan number (Figure 6-1E) reveals 

that, even at scans where the blank contribution has decayed significantly (> 10), the 

current of the blank at the DA oxidation peak potential is > 50% of the current with 100 nM 

DA present.  Fortuitously, visual inspection of the blank signal reveals a flat profile 

throughout the region of the DA oxidation peak.  This facilitates quantitative peak 

integration of DA as a low-curvature background current provides a high signal-to-

background ratio.  When the total charge is measured by integrating the current from 0.4 

to 0.9 V on the anodic scan and plotted against scan number (Figure 6-1F), contributions 

from the background are rapidly minimized (near zero after scan 1).  Therefore, 

quantification of tonic DA concentrations as measured by FSCAV through integration 

provides a method of analysis capable of in vivo application.

Regulation of DA signaling in the brain is an intricate process.  To maintain a stable tonic 

concentration, DA is released into the synapse and subsequently can be taken up by DA 
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transport proteins, bind to nearby receptors, diffuse through the extracellular space to 

distal receptors, or be metabolized.  Metabolism generates electroactive interferents such 

as DOPAC, HVA, and 3-MT.  Additionally, there are contributions to electrochemical 

signals from UA, AA, and other signaling molecules (e.g. norepinephrine - NE, epinephrine 

- Epi, serotonin - 5-HT).  Sampling techniques such as microdialysis and push-pull 

perfusion rely on offline separation methods to discriminate between molecules.[32, 33, 

37]  

   

Scan DOPAC HVA 3-MT UA AA NE Epi 5-HT 

2 400 ± 100 300 ± 50 2.4 ± 0.1 36 ± 3 6100 ± 900 2.9 ± 0.1 3.5 ± 0.2 0.72 ± 0.04 

10 820 ± 70 940 ± 90 4.9 ± 0.4 130 ± 13 (60 ± 40) x 103 7.3 ± 0.5 13 ± 2 1.8 ± 0.1 

 

To overcome the requirement to use a separation method and make direct measurements 

in vivo, we use the sensitivity of each interferent relative to DA (Table 6-1), the brain region 

studied, and the electrochemical characteristics of these interferents to confer FSCAV with 

selectivity.  We illustrate this by focusing on measurements of DA, DOPAC, and AA.  Both 

AA and DOPAC have oxidation potentials near that of DA, however they have different 

rates of removal from the surface of carbon-fiber microelectrodes than DA.  This is 

attributed to weaker adsorption strengths relative to DA, differences in electrochemical 

reversibility, and facilitation of removal from the near-surface region by coloumbic 

repulsion from the PEDOT:Nafion film.[20, 24, 27]  In Figure 6-1, the background was 

demonstrated to have negligible contribution to the measured charge by scan 2.  Next we 

sought to quantify the sensitivity of FSCAV for the interferents DOPAC and AA.  An 

electrode was placed directly into a solution containing either 20 M DOPAC, 200 M AA, 

or 100 nM DA (Figure 6-2).  Representative scan 2 traces are displayed for DA (Figure 6-

2A), DOPAC (Figure 6-2B), and AA (Figure 6-2C).  Data is displayed as current versus 

time traces to aid visualization of the DA oxidation  
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FSCAV of dopamine and interferents.  FSCAV was performed on solutions 

of  100 nM dopamine,  20 M DOPAC, and  200 M AA (black trace = blank, red 

trace = dopamine/interferent).  The integration limits for dopamine are indicated by the 

vertical blue lines.  To obtain cyclic voltammograms containing only 

dopamine/interferent, the signal obtained from the blank was subtracted from each trace 

(insets).  Applied waveform with respect to Ag/AgCl
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peak and facilitate integration.  The applied waveform is shown below the traces for 

reference (Figure 6-2D).  Insets show the characteristic cyclic voltammograms after the 

contribution from the blank is removed using in vitro data.  The charge was calculated by 

integrating over the bounds of the DA oxidation wave (blue vertical dashed lines in Figure 

2A-C).  The sensitivities at scan 2 were determined to be 27 ± 2 pC / M for DA, 0.09 ± 

0.06 pC / M for DOPAC, and (0.7 ± 0.3) x 10-3 pC / M for AA (n = 3 electrodes, ± SEM).  

Due to the relatively linear shape of the AA trace through the integration window, the 

sensitivity toward this interferent is very low.  Indeed, the signal from a solution of 200 M 

AA is not statistically different from the blank at scan 2 (Student’s t-test, p = 0.71, n = 4).  

By comparison of the sensitivities, DA has selectivity over DOPAC of 400 ± 100.  Although 

these experiments have shown that neither the additional background nor AA affect the 

quantification of DA through integration at scan 2, it is desirable to further investigate the 

selectivity of FSCAV for DA over DOPAC. 

The above experiments demonstrate that the removal of the 

background component generated in FSCAV is unnecessary for quantitative analysis.  

Additionally, the peak shape of AA prevents its interference in the measurement of DA by 

FSCAV.  To improve the throughput of FSCAV for measurements of absolute 

concentrations in a mixture, we show here that in differences removal rates can be used 

to accurately quantify DA in the presence of DOPAC (Figure 6-3).  FSCAV was performed 

in solutions of 100 nM DA and 20 μM DOPAC.  The charge passed from 0.4 V to 0.9 V 

was quantified and normalized to concentration to calculate sensitivities.  The selectivity 

of DA over DOPAC was determined by taking the ratio of these sensitivities (Figure 6-3A).  

While sensitivity for DA decreases with scan number, selectivity for DA over DOPAC 

increases.  To determine the scan which provides the selectivity necessary  
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Selectivity of FSCAV for dopamine over DOPAC. ) FSCAV was 

performed in a solution of 100 nM dopamine and the resultant oxidation peak was 

integrated for each voltammogram following the controlled adsorption period.  At each 

scan #, the sensitivity (pC/ μM) was plotted on the left y-axis and the selectivity of 

DA/DOPAC was plotted on the right axis. FSCAV was performed in solutions of 100 

nM dopamine with varying concentrations of DOPAC.  The measured charge from 0.4 

V to 0.9 V is plotted vs. scan number.  When compared to the solution containing just 

100 nM DA, the addition of up to 50 μM DOPAC does not statistically contribute to the 

signal after scan 4 (p > 0.05, two-way ANOVA, Boferonni post-hoc).  FSCAV was 

performed in solutions containing 20 μM DOPAC with varying concentrations of 

dopamine.  The resultant signal was quantified by measuring the charge transferred 

within the oxidation wave of dopamine (0.4 V to 0.9 V) and plotted against scan number.  
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for quantification of DA in the presence of large concentrations of DOPAC, FSCAV was 

performed in solutions of 100 nM DA with various concentrations of DOPAC (Figure 6- 

3B).  The presence of 100 nM DA provides a signal measurably different than buffer from 

scan 1 - 25 (2-way ANOVA, Bonferroni post-hoc test, p < 0.001, n = 3).  Thus, by using 

later scans, selectivity can be increased while retaining the sensitivity necessary for in vivo 

measurements.  While DOPAC clearly contributes to the measured signal during the first 

few scans immediately following the controlled adsorption period, by scan 5 addition of up 

to 50 M DOPAC does not significantly contribute to the signal acquired from 100 nM DA 

alone (2-way ANOVA, Bonferroni post-hoc test, p > 0.05, n = 3).  To be conservative, due 

to the difference in the DA signal from the blank and the fact that the traces are not visually 

differentiable beyond scan 10, this scan was chosen for DA quantification in vivo.  By 

selecting scan 10, selectivity of DA over DOPAC is increased to 820 ± 70 (n = 3, ± SEM), 

while sensitivity remains sufficient to measure expected in vivo concentrations (limit-of-

detection = 2.2 ± 0.1 nM, n = 3, ± SEM) [34]. Further, selectivity of DA over all measured 

interferents was improved at scan 10 over scan 2 (Table 6-1). 

Next, FSCAV was performed in solutions containing 20 M DOPAC while varying the 

concentration of DA.  The charge passed from 0.4 to 0.9 V was quantified and plotted 

against scan number (Figure 6-3C).  Addition of various DA concentrations to 20 M 

DOPAC results in a measurable increase in signal at scan 10.  Further, the sensitivity to 

DA (7.5 ± 0.7 pC / M, n = 3, ± SEM ) is not significantly different in the presence of 

DOPAC at scan 10 (7.3 ± 0.7 pC / M, n = 3, ± SEM, p = 0.82, ANCOVA).  To verify that 

solution-phase redox of dopamine-o-quinone with AA is not occurring to an appreciable 

degree, which would alter the sensitivity of FSCAV for DA, FSCAV was performed in 

solutions of 200 M AA with varying DA concentrations (0 - 500 nM).  Again, the slope of 

the DA calibration curve was not significantly affected (7.1 ± 0.6 pC / M, n = 3, ± SEM, p 

= 0.68, ANCOVA, data not shown). 
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in situ.  

Previous studies have measured tonic DA levels in vivo through 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 with mass spectrometry.[38–42]  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.[34]  

Here, we utilize FSCAV to monitor changes in tonic DA within the rat nucleus accumbens 

shell with the optimized scan number (scan 10, 100 ms after controlled adsorption period, 

vide supra) in response to a pharmacological challenge (Figure 6-4A).  The tonic DA 

concentration was measured every 40 seconds, which allows 10 seconds for adsorption 

and 30 seconds for electrode cycling to remove adsorbed species. To establish a baseline 

for comparison to drug-induced concentrations changes, seven minutes of pre-drug DA 

measurements were averaged (380 ± 60 nM, ± SEM, n = 6 rats).  Subsequently, 1.0 mL/kg 

saline was injected and the effects were monitored for another seven minutes (380 ± 70 

nM, ± SEM, n = 6 rats). Lastly, cocaine was injected (i.p. 20 mg/kg) and the tonic DA level 

was monitored for 25 minutes.  Maximal change in DA occurred at 18 minutes (180 ± 60 

nM, ± SEM, n = 6 rats).  The time-scale of this response is in line with previous studies.[43–

45]  Representative current vs. time traces for pre-drug and post-drug FSCAV 

measurements are shown in Figure 6-4B and clearly display an increase in the magnitude 

of both the oxidation and reduction wave of DA, whereas the background component 

remains constant.  Lastly, as a final means of validation, FSCV was performed with the 

same sensor to measure electrically evoked  
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. Pharmacological effects of 20 mg/kg i.p. cocaine injection on dopamine in 

the nucleus accumbens shell.  Changes in tonic dopamine levels (180 ± 60 nM, n = 

6 rats) from baseline were measured using FSCAV before and after drug administration.  

Measurements were made every 40 seconds starting 14 minutes prior to cocaine 

injection and for 25 minutes post cocaine. ) Two representative current vs time traces 

obtained using FSCAV.  A marked increase in current through the dopamine oxidation 

wave is observed. ) FSCV measurements of electrically stimulated release were made 

before and 30 minutes after cocaine injection.  As expected, an increase in DAmax (99 ± 

4 %, n = 3 rats) was observed.  
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DA before and after drug administration (Figure 6-4C).  As expected, following the 

administration of DA reuptake inhibitor an increase in DAmax over pre-drug stimulation (99 

± 4 %, ± SEM, n = 3 rats) was observed.  These results support that the combination of 

PEDOT:Nafion coating, integration, and optimized scan number selection improves the 

selectivity of FSCAV and enables separation-free, precise, and rapid measurement of 

tonic DA levels in situ. 

Due to the complexity of the chemical environment within the brain and low analyte 

concentration, in vivo DA sensors must be sensitive and selective.  In this work we expand 

previous studies to extended the high selectivity of FSCAV through the use of 

PEDOT:Nafion coated electrodes, integration of the oxidation wave for quantification, and 

exploitation of differences in adsorption strengths to enable sub-minute measurements of 

tonic DA levels.  The choice to quantify by means of integration rather than peak height 

limits contributions from the non-faradaic background component and AA.  Because of the 

rapid reduction in the DOPAC signal compared to that of DA at successive scans following 

the controlled adsorption period, analysis of the tenth scan allows DOPAC contribution to 

be statistically eliminated.  Utilizing these advances, we showcased the unsurpassed 

temporal resolution of FSCAV by measuring changes in tonic DA levels with fourty-second 

collection intervals.  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 in conjunction with the in vivo advantages 

exhibited indicate that FSCAV could provide researchers the tools necessary to track and 

quantify the complex temporal dynamics of not just DA but several biogenic amines in 

152



18

response to behavioral and pharmacological challenges in anesthetized animals, freely 

moving animals, and in tissue preparations.   
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Dopamine (DA) signaling in the nucleus accumbens (NAc) has been shown to be driven 

by both aversive and pleasurable stimuli, however the exact mechanism is not yet 

understood.  Furthermore, the potential changes of NAc DA efflux have not been 

investigated during chronic pain states.  Recently, we developed fast-scan controlled-

adsorption voltammetry (FSCAV) to complement fast-scan cyclic-voltammatery (FSCV) to 

enable single sensor measurements of both tonic and phasic concentrations of dopamine.  

To investigate the effect that exposure to chronic pain has on tonic and phasic activity of 

dopaminergic neurons in the ventral striatum, adult Sprague-Dawley rats underwent spinal 

nerve ligation (SNL) to elicit chronic neuropathic pain.  FSCAV and FSCV was performed 

under light isofluorane anesthesia revealing important difference in tonic and phasic 

dopamine in the NAc shell in nerve-injured vs. sham-operated rats.  First, the tonic levels 

in the Sham and SNL-treated rats were measured to be 590 ± 50 and 470 ± 40 nM (n = 

7/group), respectively, at D14 post-surgery.  Secondly, an acute aversive stimulus (tail 

pinch) was applied, and the phasic response of NAc DA release in both groups was 

characterized.  Additionally, the transient activity in the NAc was recorded during and after 

tail pinch, revealing a significant difference (p = 0.013) in the concentrations of DA for 

Sham (9.9 ± 0.9 nM) and SNL (13.7 ± 1.9 nM) animals without a difference in the transient 

frequency.  Next we characterized the response of both tonic and phasic dopamine in 

response to an i.p. injection of cocaine (20 mg/kg) which increased tonic dopamine levels 

to 220 ± 80 nM in SNL-treated rats and 99 ± 33 nM for Sham-treated rats (n = 5/group), 

but no difference (p = 0.25) in phasic activity was observed.  In summary, the pattern of 

tonic and phasic DA release in NAc shell evoked by tail pinch is different in animals with 

chronic neuropathic pain compared to the sham-operated cohort.   
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Chronic pain is an aversive state that impacts both our motivations and emotions and is 

dependent on cerebral processing.[1]  The pain processing system of mammals serves a 

critical function in survival, and disruptions in neurological regulation of sensory inputs 

impacts all aspects of well-being.[2]  This neurobiological disorder is estimated to have 

effects on 10 % of the general population.  One major challenge in pain management is 

that a diagnostic tool independent of the patient’s perception for assessing pain and pain 

relief simply does not exist.  

Recently researchers have begun studying the neurological role of dopamine in the 

presence of pain, and its response to pain relief.[2–5]  Additionally, emerging evidence 

suggests that dopamine can be used as a biomarker of change in both acute and chronic 

pain states.[6, 7]  Importantly dopamine signaling has two distinct modes; The tonic level 

or steady-state amount of dopamine in the extracellular space enables a number of 

biological processes and is thought to regulate the responsiveness of the phasic signaling 

of dopamine which occurs in response to stimuli (aversive or pleasurable).[2, 3]  Thus a 

multitemporal approach to studying the role of dopamine signaling in pain processing is 

necessitated.   

Despite a significant body of work that has characterized the brain regions responsible for 

pain processing, the circuitry involved in translating the pain signal to motivated behavior 

has been minimally explored.[8]  However two recent studies have revealed two important 

aspects of dopamine signaling in response to pain.  First, a recent study utilizing functional 

magnetic resonance (fMRI) in chronic back pain patients revealed differences in pain 

processing with the nucleus accumbens (NAc) for both pain onset and offset.  Additionally 

it was found that there were higher correlations between activity in the NAc and cortex in 

patients with chronic back pain.[8, 9]  This suggests that there is functional connectivity 

between the cortex and NAc to regulate behavior based on pain and pain relief.   Secondly 
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with the use of micrometer sized carbon-fiber electrodes and fast-scan cyclic voltammetry 

in rats,[10–14] the temporal and spatial resolution is sufficient to detect transient changes 

in subregions of the NAc and it was revealed that pain onset triggered dopamine release 

in the core, and pain offset triggered dopamine release in the shell.[7]  These findings are 

supportive of microdialysis studies that have shown an increase of dopamine in the NAc 

shell following administration of pain relief drugs in animals with neuropathic pain.[6]  One 

limitation of this study was the temporal resolution (20).  Microdialysis requires sample 

collection to be 15-30 minutes per fraction in order to meet the detection limit of HPLC 

while the behavioral changes can happen at subminute level.[6, 15]  Thus a more rapid 

means of measuring the efficacy of pharmacological treatments for pain relief is 

necessitated.    

Recently Atcherley et al developed a method, that uses fast-scan controlled adsorption 

voltammetry[16] for measuring tonic dopamine levels and fast-scan voltammetry to 

measure phasic dopamine changes with a single carbon-fiber microelectrode.[17]  Here 

we apply this method to measure the tonic and phasic response of dopamine in animals 

with induced neuropathic pain by a spinal nerve ligation (SNL) and the results are 

compared to control animals (Sham).[18]  First, tonic levels of dopamine are measured in 

the cortex, striatum and NAc shell.  Secondly, an acute aversive stimuli (tail pinch) is 

administered, and the phasic response in both animals is characterized.  Additionally, the 

transient activity in the NAc is recorded for Sham and SNL animals.  Lastly the response 

of both tonic and phasic dopamine is characterized in response to an i.p. injection of 

cocaine (20 mg/kg) in both Sham and SNL-treated rats to interrogate the dopaminergic 

system.   

  Cocaine, dopamine hydrochloride, Tris, calcium chloride, and 

magnesium chloride, sodium chloride, sodium bicarbonate, and sodium phosphate were 
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purchased from Sigma Aldrich (St. Louis, MO).  Dopamine was weighed and dissolved in 

0.1 N HClO4 to make a 1.0 mM solution and was diluted to desired concentration 

immediately prior to experiments in pH = 7.4 artificial cerebral-spinal fluid (15 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).   

  Cylindrical carbon-fiber microelectrodes were prepared as 

previously described[19][16] using T-40 carbon fibers (Cytec Thornel, Woodland Park, NJ) 

Electrodes were then cut to 40 - 60 m in length.  The electrodes were coated with 

PEDOT:Nafion as previously described.  Cyclic voltammetry (+1.5 V to -0.8 V at 100 mV/s 

for 15 cycles) was performed 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). 

  Adult, male Sprague-Dawley rats (300 – 400 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 for ad libitum consumption.  Every effort was made to minimize animal pain 

and distress as well as to minimize the number of animals used.  

As previously described by Kim and Chung, the lumbar 5 

and 6 spinal nerve ligation procedure (SNL) was used to produce experimental chronic 

neuropathic pain.[18] Rats were anesthetized with isoflurane (2% mixed with room air; 2 

L/min) and the lumbar vertebrae were exposed. The L5 and L6 spinal nerves were 

identified and tightly ligated with 4-O silk suture and the wound was closed.  Sham-
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operated rats were prepared in the same manner as the SNL rats except the L5/L6 spinal 

nerves were not ligated. All rats were monitored for any visual signs of motor deficits, as 

well as for general health and weight maintenance.

  Fast-scan cyclic voltammetry (FSCV) and fast-

scan controlled-adsorption voltammetry were performed using software (WCCV 3.0) and 

instrumentation developed by (Knowmad Technologies LLC, Tucson, AZ).  For FSCAV a 

triangle waveform (-0.4 V to 1.3 V, scan rate = 1200 V/s) was applied to the electrode 

every 10 ms and alternated with a constant potential during the controlled adsorption 

period (10s).  FSCV was performed using a triangle waveform (-0.4 V to 1.3 V, scan rate 

= 400 V/s) and applied every 100 ms to the electrode.  Stereotaxic surgeries were 

performed under isoflurane (2 % during placement in stereotax, and 1.25% during 

experiment).  Several burr holes were drilled in the skull to allow access to the cortex, 

caudate putamen, and NAc shell for microelectrode placement (stereotaxic coordinates 

from bregma: AP +1.7 mm; ML +1.0 mm; DV -2.0, -5.5, or -7.2 mm from the skull surface) 

and to the contralateral hemisphere (from bregma: AP +2.0 mm; ML +2.0 mm; DV – 3.0 

mm from the skull) for the reference electrode placement.  Coordinates were based on the 

rat brain atlas.[20]  Body temperature was maintained at 37 °C with a feed-back-controlled 

heating pad (Harvard Apparatus, USA).   

The rats were allowed to recover 14 days between 

surgery and electrode implantation.  A tail pinch was applied 2.0 cm from the tip of the tail 

for 3 seconds using a standard artery clip.  The maximal pressure was measured to be 

1.33 MPa by measuring the applied force using a Pasco CI-6537 Force Sensor.[7] A tail 

flick or paw movement was usually observed during the first pinch but not very consistent 

during subsequent trials.  A total of 4 pinches were applied every 3-5 minutes and changes 

in dopamine were monitored using fast-scan cyclic voltammetry before, during and after 

tail pinch.  Immediately following the tail pinch data was collected with no stimulation to 
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quantify if any extended physiological release occurs. 

A bipolar stimulating electrode (Plastics One, Wallingford, 

CT) provided constant-current, stimulation pulses to the MFB (from bregma: AP -2.5 mm; 

ML +1.7 mm; DV -7.5 mm from the skull).  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 used for all experiments. 

Pain, like pleasure, is processed by the brain and 

drives motivation to move away or towards the origin of the activated sense.  Pain is 

fundamentally unpleasant (aversive), which results in a temporary inhibition of baseline 

dopamine neuronal activity.  Because chronic pain is characterized by both continuous 

and spontaneous burst of negative sensation, it is logical to speculate that tonic dopamine 

levels may be affected, however measurements of this value are limited to few 

methodologies, and findings between methods are contradictory.[2, 6, 21, 22]  Recently, 

fast-scan controlled adsorption voltammetry was developed to enable measurements of 

tonic dopamine with a single carbon-fiber microelectrode (CFME) and is applied here 

(Figure 7-1) to assess differences between animals with neuropathic pain by ligation of 

the L5 and L6 sciatic nerves and animals who underwent surgery without the nerve ligation 

(Sham). 

During implantation of the CFME, tonic dopamine levels were recorded in the posterior 

region of the anterior cingulate cortex (ACC), the striatum, and the nucleus accumbens 

shell (NAcs).  Each of these regions were targeted for their participation in the dopamine 

reward pathway.  With FSCAV, the amount of time that dopamine is allowed to  
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accumulate on the electrode can be finely controlled, resulting in the ability to quantify the 

time dependent adsorption dynamics of dopamine.  This experiment is not possible with 

microdialysis thus can provide valuable insight into regional differences in.  While not 

apparent at first, what this experiment does is provide a means standardizing signals 

within a single rat to account for biological variability that tends to mask differences in 

dopamine across different animals.  What we found was that that there were not any 

differences in the time to reach equilibrium (normalization of each point to eq, data not 

shown), which means that mass transfer to the electrode is not different in the various 

brain regions or in the presence of neuropathic pain.  However, a clear difference in the 

amount of dopamine ( DA) emerges when comparing different regions within the same 

group, either Sham (Figure 7-1A) or SNL (Figure 7-1B).  First, for both groups the 

magnitude of the signals at different controlled adsorption periods in the NAC shell and 

the CP are not statistically different (p = 0.25).  Secondly, when comparing the values 

measured in the cortex vs. the dorsal striatum using a two-way analysis of variance (Two-

way analysis of variance, it was found that that in the Sham-treated group there are lower 

levels of catecholamine relative to the striatum (bonferoni post-hoc analysis, time  = 5,10, 

and 20s, P < 0.01) in the Sham group, where in the SNL group there is clearly no difference 

in tonic dopamine in any of the regions.  This is interesting because, the cortex responds 

to sensory input from various loci and regulates executive function as well as effort-based 

decision making.  This results suggest a difference in functional connectivity within this 

neural network and is consistent with a previous fMRI study that showed a higher 

functional connectivity in the cortex and NAc of chronic back pain patients.  To further 

investigate how dopamine signaling is impacted by chronic neuropathic pain, it is 

important to look at phasic dopamine dynamics, which fortuitously can be performed using 

the same sensor by switching modes to FSCV. 
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. Probing tonic dopamine levels in animals with chronic pain using fast-scan 

controlled adsorption voltammetry. During implantation of the carbon-fiber 

microelectrode, FSCAV was used to map the tonic concentration in the posterior portion 

of the anterior cingulate cortex, the striatum, and the NAC shell. By varying the 

controlled adsorption period, the adsorption dynamics can be directly measured, and it 

is shown that there is no difference in mass transfer between different brain regions or 

between the Sham treated  and SNL-treated  rats.  Interestingly relative to the 

striatum, in SNL-treated rats the dopamine signal in cortex is not statistically different (p 

> 0.05), while there is a difference (p = 0.013) in the Sham-treated rats. This suggests 

differences in functional connectivity between these different regions, which are part of 

the same neural network.  

 

166



Recently, the Wightman group studied the phasic dopamine 

signaling changes in naive urethane-anesthetized rats in response to a tail pinch 

administered 1 cm from the tip of the tail in the striatum, the NAc core and shell.[7]  One 

unique advantage of implantable electrochemical sensors is there size (~ 100 μm long 

and diameter of 5 – 7 μm), which allows them to probe subregions of brain regions like 

the NAc.  This led to the finding that pain onset resulted in dopamine phasic firing in the 

NAc core, but firing in the NAc shell was evoked following offset of the painful stimuli which 

is consistent with other work showing the NAc shell is important for pain relief.[15, 21–24]   

Here the pervious voltammetric study is extended by measuring dopamine release in the 

NAc of Sham-treated rats (Figure 7-2A) and SNL-treated rats (Figure 7-2B).  The Color 

plots shown are an average of 5 animals, each of which are an average of 3 trials.  Each 

plot shows a 40 second window of data collection, where the tail pinch was administered 

from 5 – 8 seconds as marked by the blue arrow below the color plot, and changes in 

dopamine were measured as a function of time.  Shown above each color plot is a 

concentration vs. time trace extracted from the peak potential of dopamine (0.6 V).  

Noticeably there is an immediate decrease in signal, consistent with the administration of 

an aversive stimuli as measured by electrophysiology.[5, 25]  Additionally it was found that 

following pain offset there is a latency before dopamine rebounding.  However following 

the rebound period, phasic (burst) firing is induced suggesting that even under light 

anesthesia that the administration of this acute painful stimuli has an analgesic affect, 

which presumably acts temporarily to block the chronic pain signal and is processed as 

pleasurable.  When the concentration vs. time trace of the SNL-treated animals was 

compared to that of the Sham-treated rats a visual difference in singaling is  
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. Response of phasic dopamine signaling to acute aversive stimuli in  

Sham-treated rats and in  SNL-treated rats.  The color plots shown have voltage on 

the ordinate, time on the abscissa, and current is represented in false color.  The color 

plots shown have voltage on the ordinate, time on the abscissa, and current is 

represented in false color.  The Color plots shown are an average of 5 animals, each of 

which are an average of 3 trials.  Each plot shows a 40 second window of data collection, 

where the tail pinch was administered from 5 – 8 seconds as marked by the blue arrow 

below the color plot, and changes in dopamine were measured as a function of time.  

Shown above each color plot is a concentration vs. time trace extracted from the peak 

potential of dopamine (0.6 V). 
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observed from 30 – 40 seconds.  Onset of the aversive stimuli seems to inhibit 

dopaminergic neuronal firing in NAc shell, and upon offset, in animals with neuropathic 

pain, burst firing events are induced, similar to a pleasurable stimuli such as a food or pain 

relieving drug.[4, 26, 27]  

To assess the impact 

of chronic pain on transient activity, FSCV can be performed in the absence of 

administered stimuli such as electrical stimulation or a tail pinch and physiological release 

events can be monitored.  Previously due to limitations in sensitivity, observing transients 

in anesthesized animals with FSCV at CFME has not been widely published.  Due to a 

recently developed carbon-electrode coating material, PEDOT:Nafion (Materials and 

Methods) which doubled the sensitivity for dopamine from 13 ± 2 nA/μM (n = 6 electrodes) 

to 26 ± 6 nA/μM (n = 6 electrodes).  The minute immediately following the tail pinch, data 

was collected, and individual transients were identified by comparing cyclic 

voltammograms to known dopamine voltammograms (evoked electrically) and those that 

had a correlation coefficient greater than 0.8 were identified as dopamine and quantified 

(Figure 7-3).[28, 29]  The number of transients identified in the Sham treated group over 

25 minutes was 37 (5 rats) and the average concentration of these transients was 

determined to be 9.9 ± 0.9 nM.  In the SNL-treated rats, over the same time period, 40 

transients were identified with a concentration of 13.7 ± 1.9 nM.  As shown in figure 3A 

there is a significant difference (p = 0.0381) in the concentration of the quantal release of 

dopamine but not in their frequency (Figure 7-3B) 1.47 ± 0.55 transients/min (Sham) and 

1.51 ± 0.48 transients/min (SNL).  This finding suggests that the tonic level may be 

impacted by the presence of pain and this difference is acting as a compensatory 

mechanism to increase tonic dopamine levels to the “normal”  
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. Dopamine transient activity in animals with chronic pain.  The minute 

immediately following the tail pinch, data was collected, and individual transients were 

identified by comparing (R2 > 0.8) cyclic voltammograms to known dopamine 

voltammograms (evoked electrically).  The number of transients identified in the 

Sham treated group over 25 minutes was 37 (5 rats) and the average concentration of 

these transients was determined to be 9.9 ± 0.9 nM.  In the SNL-treated rats, over the 

same time period, 40 transients were identified with a concentration of 13.7 ± 1.9 nM.  

While there is a significant difference (p = 0.0381) in the concentration of these events, 

 shows that the frequency of these events for Sham-treated rats (1.47 ± 0.55 

transients/min) and SNL-treated rats (1.51 ± 0.48 transients/min) are not significantly 

different (p > 05).  
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To assess the functionality of the implantation site and to 

ensure that the aversive stimuli did not detrimentally alter dopaminergic neuron 

functionality in the mesocoticolimbic pathway, cocaine (20 mg/kg) was administered 

interperotineally (i.p.).  FSCAV, like microdialysis, can track slow (minutes) changes of 

dopamine, however FSCAV attains its chemical selectivity by way of exploiting differences 

in adsorption as opposed to difference that are exploited for chemical separations.[17, 30–

33].  Additionally, FSCAV can be performed every 40 seconds providing direct in situ 

measurements of tonic dopamine levels.  The effects of cocaine on tonic dopamine are 

shown in Figure 4A.  Baseline measurements are recorded for 10 mintues, then another 

10 minutes of data is collected following an i.p. injection of saline (1 mL/kg), and then data 

is collected for 30 min after cocaine administration.  The baseline files for each animal 

were averaged and converted to concentration using a calibration of 7.5 ± 0.7 pC/μM 

obtained post implantation (n = 4 electrodes), and it was found that there was a difference 

(p = 0.0634) between the tonic levels in the Sham (590 ± 50 nM, n = 7) and SNL (470 ± 

40 nM, n = 9).   This data is consistent with the observation that the transient 

concentrations are increased in the SNL-treated rats when compared to the Sham-treated 

rats.   

Shown in Figure 7-4A is the result of cocaine administration on tonic dopamine levels in 

SNL-treated rats and Sham-treated rats.  Comparison of these pharmacological 

manipulations on SNL-treated rats and Sham treated rats using a 2-way ANOVA a 

statistical difference between the drug effects is not found (p = 0.200), however time does 

have a significant effect (p < 0.001).  To futher investigate the pharmacological effects, a 

post-hoc analysis (Bonferoni) was performed and it was found that at 11 minutes the 

change in tonic dopamine is slightly higher in that for SNL-treated rats (220 ± 80, n = 5 

rats) than for Sham-treated rats (99 ± 33 nM, n = 5 rats), however it is not 
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. Effects of cocaine administration of tonic and phasic dopamine signaling in 

animals with chronic pain.  Using FSCAV to measure tonic dopamine levels, baseline 

measurements are recorded for 10 minutes, followed by 10 minutes of data collection 

following an i.p. injection of saline (2 mL/kg), and then data is collected for 30 to quantify 

cocaine induced changes.  .  The maximal effect was observed at 11 minutes, and the 

change in tonic dopamine is slightly higher in that for SNL-treated rats (99 ± 33 nM, n = 

5 rats) than for Sham-treated rats (220 ± 80, n = 5 rats), however it is not significant (p 

= 0.1040).  After 30 minutes of monitoring tonic dopamine levels, FSCV was used to 

measure changes in electrically evoked dopamine.  Phasic dopamine release was 

evoked electrically 30 minutes prior and 35 minutes after the cocaine injection and It 

was found that the cocaine injection increased dopamine release in Sham-treated 

animals by 340 ± 90 % (n = 8 rats) and by 435 ± 95 % (n = 9 rats) in SNL-treated animals
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significant (p = 0.1040).  Changes in electrically evoked phasic dopamine release (Figure 

7-4B) were measured by switching to FSCV 30 min prior to and 35 min post cocaine 

injection. It was found that the cocaine injection increased electrically evoked dopamine 

release in Sham-treated animals increased by 340 ± 90 % (n = 8 rats) and by 435 ± 95 % 

(n = 9 rats) in SNL-treated animals.  These results show that the response of the phasic 

dopamine level has also been impacted by the presence of chronic pain and may suggest 

an increased sensitivity to reward, or simply they are more responsive to the analgesic 

effects of cocaine. 

The effect that exposure to chronic pain has on tonic and phasic activity of dopaminergic 

neurons was investigated in adult Sprague-Dawley rats that underwent spinal nerve 

ligation to elicit chronic neuropathic pain.  FSCAV and FSCV were performed under light 

isofluorane anesthesia revealing important difference in tonic and phasic dopamine in the 

NAc shell.  From this approach important differences in dopamine signaling dynamics was 

revealed.  First, the tonic levels in the Sham-treated rats were measured to be 590 ± 50 

nM (n = 7 rats) and 470 ± 40 nM (n = 7 rats) in SNL and sham-treated rats, respectively, 

and this increase was accompanied by the observation that the concentration of transient 

events was found to be 13.7 ± 1.9 nM (n = 40 events) for SNL-treated rats and 9.9 ± 0.9 

nM (n = 37 events) for Sham-treated rats.  This may reflect the higher and/or more frequent 

input from injured spinal nerves in the periphery. Additionally it was found that changes in 

tonic dopamine levels were higher in nerve-injured rats following an i.p. injection of 

cocaine, and the peak effect was observed for a shorter time than in Sham-treated 

animals.  Due to a poor understanding of the exact regulation of reward valuation in an 

anesthetized state, it is important to expand these studies to freely moving animals, to 

reassess tonic and phasic dopamine signaling in a chronic pain state without impaired 

cognition.   
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Serotonin is an important neuromodulator and dysregulation of serotonin within the 

extracellular space underlies numerous psychological disorders making it an important 

pharmacological target.  Serotonin dynamics of release and uptake have been studied 

primarily by use of fast scan cyclic voltammetry (FSCV), but due to limitations in this 

technique, tonic levels of serotonin cannot be directly measured.  Due to the importance 

of these measurements, we are using a novel method, fast-scan controlled adsorption 

voltammetry (FSCAV).  We first optimize an in vivo serotonin waveform that can be 

selective for serotonin in the presence of other interferences and then report a basal 

serotonin level in the Substantia nigra pars reticulate (SNr) as 60 nM ± 10 nM (n = 9 mice 

± SEM).  Next, we administer a monoamine oxidase inhibitor, which shows a significant 

increase in tonic serotonin levels without an increase in phasic release.  To further 

interrogate we administered a serotonin-norepinpehrine reuptake inhibitor and found an 

increase in phasic release but not in tonic levels.  To rule out dopamine interference, GBR-

1909, a dopamine uptake inhibitor was administered and the signal was not significantly 

affected.  These results pharmacologically validate the signal is serotonergic and that tonic 

and phasic signaling of serotonin do not exhibit a coaction in response to acute 

pharmacological challenges as was observed with dopamine in a recent report.  
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Serotonin is a neurotransmitter with critical implications in numerous neuropsychiatric 

disorders such as depression, anxiety, bipolar disorder and schizophrenia.[1–5]  A better 

interpretation of this monoamine’s neurochemistry is crucial for understanding its 

physiological role, to aid in diagnosing and treating such disorders.  However, such an 

insight has been limited by the difficulty of in vivo detection of serotonin, which is due to 

the tight regulation, low cerebral concentrations, and the electrode surface reactions of 

serotonin.[6–13]  Serotonin was first identified in the CNS in 1953,[14] however it wasn’t 

until 2009 that the first real-time measurements of endogenous, serotonin were made in 

vivo using fast scan cyclic voltammetry (FSCV) at carbon fiber microelectrode (CFMs).[12]  

The rapid temporal capabilities and the excellent sensitivity of FSCV enable 

measurements of electrically evoked phasic serotonin release.   

Using this approach various important aspects of serotonin neurochemistry have been 

defined with FSCV.  For example, phasic serotonin release is under much tighter 

regulation than dopamine, and is subject to autoreceptor control and multiple uptake 

mechanisms.[15]  Furthermore, a single dose of a selective serotonin reuptake inhibitor 

(SSRI) rapidly alters serotonin neurochemistry, [16, 17] which is an important finding 

because a chronic SSRI regimen must often be followed for clinical therapy.[3, 18, 19]  

While FSCV continues to provide essential neurochemical insights into the regulation of 

serotonin release and uptake, the addition of quantifying serotonin’s tonic (steady-state 

extracellular or basal) concentrations would provide a more complete chemical picture of 

serotonin signaling dynamics. 

The most common method used to quantitatively measure extracellular serotonin 

concentrations is no-net flux microdialysis, which reports a wide range of tonic serotonin 

levels depending on brain region and offline separation technique.[20–27]  As such there 

is little agreement of serotonin’s tonic level, as evident by values that are reported from 
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the low nanomolar to high micromolar range.[9, 28–30]  This incongruity has made it 

difficult to accurately describe and compare serotonin’s tonic levels between studies.  

Thus the design of a reliable and accurate method for measuring serotonin’s tonic 

concentrations by employing the robust, selective, fast and sensitive properties of FSCV 

is desirable.  

Recently tonic dopamine levels were measured in vivo using fast-scan controlled-

adsorption voltammetry (FSCAV).  One appealing aspect of this approach is that it is 

performed using carbon-fiber microelectrodes which minimize tissue damage, which has 

been shown to confound measurements using quantitative microdialysis.[31, 32]  Another 

appealing aspect of this technique is that it is easily coupled to FSCV so that multitemporal 

dynamics can be measured with a single sensor.  Using this approach it was established 

that there is a coaction between phasic and tonic dopamine signaling.[33]  This approach 

is now adapted towards in vivo serotonin analysis to determine whether a coaction of tonic 

and phasic serotonin signaling exists.  

First, an electrochemical waveform is designed for sensitive tonic serotonin measures and 

it is shown that electrical stimulations of the medial forebrain bundle (MFB) temporarily 

increase extracellular serotonin levels over several minutes after SSRI.  We then establish 

high selectivity for serotonin over common interferences and calculate an in vivo serotonin 

diffusion coefficient.  Next the tonic level of serotonin is directly measured in situ in the 

mouse substantia nigra pars reticulata (SNr).  To validate the signal 

pharmacologically,[34] a monoamine oxidase inhibitor (MAOi) is administered to to 

address the potential negative impacts of 5-hydroxyindoleacetic acid (5-HIAA) on the 

FSCAV signal.  Finally FSCAV and FSCV are coupled to investigate the effects of various 

pharmacological agents on both tonic and phasic serotonin signaling, which further 

demonstrates the uniquely powerful analytical capability of this approach.  
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Dopamine hydrochloride, 5-hydroxytryptamine, 5-hydroxyindole acetic 

acid, calcium chloride, magnesium chloride, sodium chloride, sodium bicarbonate, sodium 

phosphate, ascorbic acid and pargyline hydrochloride were purchased from Sigma Aldrich 

(St. Louis, MO). LiquionTM (LQ-1105, 5% by weight Nafion®) was purchased from Ion 

Power Solutions (New Castle, DE). All neurotransmitters were weighed and dissolved in 

0.1 N HClO4 to make 1.0 mM stock solutions.  Immediately prior to experiments, the stock 

solutions were diluted to the desired concentration in pH = 7.4 artificial cerebral-spinal fluid 

(15 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).  

. The carbon-fiber microelectrodes were fabricated 

as previously described.[35]  Briefly a single T-650 carbon fiber (7 m, Goodfellow, 

Coraopolis, PA) was aspirated into a cylindrical glass capillary (internal diameter: 0.4 mm, 

external diameter: 0.6 mm, A-M Systems, Carlsborg, WA).  The carbon filled capillaries 

were then positioned vertically in a pipette puller (Narishige Group, Setagaya-Ku, Tokyo, 

Japan) to form a fine seal.  The carbon fibers were then cut to approximately 150 m in 

length and coated with Nafion solution (Liquion-1105-MeOH, Ion Power, DE) by 

electrodeposition as previously described.[12]  

Fast-scan cyclic voltammetry and fast-scan controlled adsorption 

voltammetry were performed using software (WCCV 3.0) and instrumentation developed 

by (Knowmad Technologies LLC, Tucson, AZ).  FSCAV was performed using a CMOS 

precision analog switch, ADG419 (Analog Devices), to control the application of the 

computer-generated waveform to the electrode.  The logic was controlled 

programmatically and a series of ramps (0.2 V to 1.1 V to -0.1 V to 0.2 V, scan rate = 1000 

V/s for FSCV) or a triangle waveform (-0.2 V to 1.2 V, scan rate = 1200 V/s for FSCAV) 
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was applied every 10 ms (100 Hz), was alternated with a constant potential which was 

applied to the electrode during the controlled adsorption period.  

Male C57BL/6J mice, 20-25 g, were purchased from Jackson 

Laboratories (Bar Harbor, ME).  The mice were housed in 12-h light/dark cycles and were 

offered food and water ad libitum.  Animal care and procedures were in agreement with 

the Guide for the Care and Use of Laboratory Animals, accepted by the Institutional Animal 

Care and Use Committees (IACUC) of Wayne State University. After an intraperitoneal 

injection of urethane (25% dissolved in 0.9% NaCl solution, Hospira, Lake Forest, IL) at a 

volume of 7 L per 1 g mouse weight, stereotaxic surgeries (David Kopf Instruments, 

Tujunga, CA) were performed.  A heating pad from Braintree Scientific (Braintree, MA) 

was used to maintain ideal mouse body temperature of 37° C.  Bregma was used as a 

reference for stereotaxic coordinates of MFB [APL-1.58, ML: 1.10, DV: -5.0] and SNR [AP: 

-3.28, ML: 1.4, DV: -4.2] from Franklin and Paxinos.[36]  In order to access the SNR and 

MFB, holes were drilled in accordance to the stereotaxic coordinates.  A stainless steel 

electrode (diameter 0.2 mm; Plastics One, Roanoke, VA) was implanted into the MFB for 

stimulation.  The nafion coated carbon fiber microelectrode was then lowered into the SNr.  

A silver wire (diameter: 0.010 in; A-M Systems, Sequim, WA) was electroplated with 

chloride by immersion of the wire in Hydrochloric acid (0.1 M, 4 V vs. tungsten) and was 

implanted into the opposite hemisphere of the working electrode. A 60 Hz biphasic 350 

A, 120 pulse stimulation, 2 ms per phase was employed through linear constant current 

stimulus isolator (NL800A Neurolg; Digitimer Ltd.).

 

Measurement of serotonin’s tonic levels would 

have great utility in studying the chemical mechanisms that underlie neuropsychiatric 

disorders.  Recently a method (FSCAV) for measuring tonic dopamine, was developed, 

validated and was shown to have high spatial, temporal and chemical resolution.  FSCAV 
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combines high scan rates (1200 V/s), high frequency waveform application (100 Hz) and 

a controlled adsorption period to measure tonic concentrations.  Initially FSCAV of 

serotonin was performed using a series of ramps waveform, which was previously 

determined successful for monitoring serotonin with FSCV (0.2 V to 1.0 V to -0.1 V to 0.2 

V).[12, 13]  One difference here is that the scan rate is 1200 Vs-1 (instead of 1000 V/s) to 

increase the sensitivity.  Figure 8-1A shows the FSCAV current vs. time traces for varying 

serotonin concentrations (10 nM to 500 nM).  The result of rapidly switching from a 

constant potential to a high scan rate waveform creates characteristic peaks previously 

described.[33, 37]  To overcome this challenge, the oxidation wave is integrated from -

0.45V to 0.85V, which was chosen by analysis of in vitro FSCAV data and shifted (relative 

to the position of the peak oxidation) to account for potential shifts due to reference 

electrode fouling.   Lastly, because of the large change in background current directly 

following (10 ms) the switch from the controlled adsorption period to rapid waveform 

application, quantification by integration in vivo signals are not possible. Thus the second 

scan (20 ms) is used because the background current has decreased and the sensitivity 

is higher at lower scans.  The sensitivity of FSCAV using this waveform was determined 

to be 0.0071 ± 0.0002 pC/nM (n = 6 ± SEM) pre implantation (Figure 8-1B, blue trace).  

The first attempts of FSCAV to measure serotonin in vivo within the mouse SNr were 

unable to quantify serotonin, despite multiple administrations of two different 

antidepressants (SSRI = escitalopram and MAOi = pargyline).  To determine 
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. Use of serotonin waveform causes excessive biofouling when using fast-

scan controlled adsorption voltammetry.  Shows the result of measuring 50 nM 

serotonin using FSCAV. Result of varying 5-HT from 10 nM to 500 nM. Pre 

implantation, the linear dynamic range of FSCAV for 5-HT using this waveform is less 

than 100 nM with a Sensitivity = 0.0071 ± 0.0002 pC/nM, n = 6 electrodes.  However 

following implantation, the sensitivity was reduced to 0.00055 ± 0.00002 pC/nM (n = 2 

electrodes)
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whether biofouling was an issue or if the concentration was just too low, a post calibration 

was performed and it was determined that there was a decrease in sensitivity by a factor 

of ~10 to 0.00055 ± 0.0002 (n = 2 electrodes, ± SEM).  

From these results a new waveform (-0.2 V to 1.1 @ 1200 V/s applied at 100 Hz, with a 

10 s controlled adsorption period) developed to improve the sensitivity and reduce 

biofouling.  Figure 8-2A shows the resultant current vs. time trace obtained at scan 2 for 

FSCAV of 5-HT from 10 nM to 500 nM obtained post implantation.  Following in vivo 

implantation, the sensitivity of the new waveform was characterized by varying 5-HT from 

10 nM to 100 nM (sensitivity = 0.0164 ± 0.0003 pC/nM, n = 7 electrodes).  To verify the 

new waveform was sensitive enough for measurements of serotonin in vivo, FSCAV was 

performed every 30s while serotonin release was electrically evoked (Red lines) every 2 

minutes following i.p. administration of escitalopram (SSRI) and the results are shown in 

Figure 8-2B.  The difference in current vs time trace pre-stim and post-stim are shown in 

the above inset and it is clear that only the portion where oxidation and reduction of 

serotonin occur increases.  Since SSRIs inhibit the serotonin transporter and slow down 

the reuptake of serotonin back into neurons it was possible to monitor the changes in the 

extracellular space.  In the past, it was difficult to analyze the serotonin response to certain 

SSRIs with FSCV because serotonin was not entirely cleared during the FSCV collection 

window (maximum 60 seconds).[17]  FSCAV facilitates a continuous measurement such 

that the signal can be followed to baseline following stimulations (red bars).  This 

experiment demonstrates the feasibility of using FSCAV to monitor tonic serotonin levels 

continuously in vivo.  But first, to ensure the success of this approach it is necessary to 

address the issue of selectivity as the in vivo chemical matrix is complex. 
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. Optimized FSCAV of serotonin A triangle waveform (-0.2 V to 1.1 V, scan 

rate = 1200 V/s) was optimized for ambient serotonin.  Resultant current vs time trace 

obtained at scan 2 for in vitro FSCAV for 5-HT 10 nM to 500 nM.  Following in vivo 

implantation, the sensitivity of the new waveform was characterized by varying 5-HT 

from 10 nM to 100 nM (sensitivity = 0.0164 ± 0.0003 pC/nM, n = 7 electrodes).  

FSCAV was performed every 30s with electrical stimulation (Red lines) spaced to every 

2 minutes following i.p. administration of escitalopram (SSRI).  The difference in current 

vs time trace pre-stim and post-stim are shown in the above inset.  The stimulation 

paramters are shown in the below inset (60 HZ, 120 pulses, 350 A. 
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  Based on previous physiological reports, the 

major interferents to be concerned with in the SNr are dopamine (DA), ascorbic acid (AA) 

and 5-hydroxyindoleacetic acid (5-HIAA).  The hypothesis was that if the new waveform 

was highly selective for serotonin, a mixture of serotonin with interferences and serotonin 

by itself should yield the same FSCAV signal.  Figure 8-3 shows charge on the y-axis 

calculated by integrating oxidation peaks between defined limits (described above) of each 

scan following the controlled adsorption period.  The additional component of the signal 

observed in FSCAV is most likely due to reorganization of the double layer, which quickly 

reaches equilibrium, thus at later scans the contribution from the background is negligible.  

Following scan 7, the signal for the mixture and for serotonin are not significantly different 

(p < 0.05) attesting to the high selectivity of the new waveform.  After scan 7, sensitivity is 

compromised: thus scan 7 (70 ms after controlled adsorption period) is used for all further 

analysis of FSCAV measurements in this work.  For visualization of the differences in 

sensitivity of this waveform for serotonin and its interferences, individual current vs time 

traces are shown for serotonin, DA, 5-HIAA, DA, and AA (Figure 8-3B).  It is clear that this 

waveform is not sensitive for DA and AA.  In regards to 5-HIAA, while a peak is still visible, 

when quantified in a mixture, it seems to have a neglible impact when the peak is 

quantified by integration.  Ruling out the interference of 5-HIAA must be done 

pharmacologically with a metabolic inhibitor.    

First, the mass-transport-limited adsorption dynamics of serotoinin using FSCAV were 

quantified to determine if at scan 7 the 10 second controlled adsorption period was 

sufficient to reach equilibrium.  In Figure 8-4, the controlled adsorption period was varied 

from 0.1 to 30 s in vivo.  Again, this plot is useful for two things; assessing the degree that 

mass-transport-limited adsorption is hindered, and for determining the minimum amount 

of time it takes to reach equilibrium, which maximizes the sensitivity of FSCAV  
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. Selectivity of fast-scan controlled adsorption voltammetry of serotonin and 

interferences. FSCAV was performed in solutions of buffer, 20 nM 5-HT and 20 nM 

5-HT + 50x 5-HIAA + 10000x AA. The resultant voltammograms were integrated using 

the limits of oxidation for 5-HT (0.45 V to 0.85 V) and it can be seen that by scan 7 there 

is no difference between 5-HT and 5-HT + interferences. FSCAV of 5-HT and 

interferences (100 nM DA, 5-HIAA, and 200 μM AA) at scan 7.   
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for tonic serotonin.  A further, useful analysis of this data is the empirical determination of 

a diffusion coefficient (D) with a previously described model.[33, 37, 38]  Briefly, The model 

predicts the equilibrium surface concentration based on 3 input parameters, the bulk 

concentration, diffusion coefficient, and adsorption strength (b). Experimentally, by varying 

the controlled adsorption period and measuring the charge transferred for each 

voltammogram obtained, and converting to surface concentration (pmol/cm2) by Farday’s 

law, the time dependent serotonin adsorption isotherm can be plotted (Figure 8-4).  The 

finite-element method model can then be used to solve for the diffusion coefficient.  The 

data in Figure 8-4 was fit (solid line) using a concentration of 105 ± 20 nM (n = 4 mice), 

adsorption strength (0.0025 ± 0.0001 cm) and an empirically derived diffusion coefficient 

of 0.35 x 10-6 cm2/s and is good agreement with previous values.[39]  In addition to the 

determination of the diffusion coefficient, this analysis that 10 seconds is sufficient for in 

vivo FSCAV of serotonin as there is not an appreciable gain in signal at later times.  

With 

the waveform optimized and the associated sensitivity and selectivity, we are in the ideal 

position to report tonic serotonin levels in the brain.  In 9 mice, we report tonic serotonin 

levels in the SNr as 62 nM ± 10 nM (n = 9 mice ± SEM).  Previous reports of tonic serotonin 

with microdialysis in different brain regions have estimated extracellular serotonin from the 

low nanomolar to micromolar range[29, 30, 40].  Such variation is likely due to the intense 

diversity of different analysis techniques coupled to microdialysis. Our value lies 

somewhat in the middle of this range but is performed on a fundamentally different spatial 

scale. For example commercial microdialysis probes typically have a diameter of 200 μm 

and are 2 mm in length, whereas CFMs are 7 microns in diameter and 100-150 microns 

in length.  This means that readings from a CFM offer high spatial 
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. Determination of serotonin diffusion coefficient in vivo The controlled 

adsorption period (inset) was varied from 0.1 s to 30 s and the resultant signal obtained 

at scan 7 following this period was analyzed by integrating the oxidation wave. The 

measured charge was then converted to surface concentration by Faraday’s law and 

plotted on the y-axis.  The data was fit with a finite-element method model using a 

concentration of 105 ± 20 nM (n = 4 mice), a b value of 0.0025 ± 0.0001 (n = 7 

electrodes) and a value of D of 0.35 x 10-6 cm2/s.  
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resolution with minimum damage to the brain tissue.  Furthermore, in a recent study we 

kinetically modeled FSCV serotonin responses by assuming a tonic level of around 20 

nM.[16]  This FSCAV measurement is of the same order of magnitude correctly verifying 

our previous assumptions.

FSCAV is selective for serotonin against 

interferences that we reasoned would be problematic; however, the in vivo matrix is far 

more complicated than we could reproduce on the bench.  It is therefore important to verify 

the signal pharmacologically in vivo.  For this task, we employed pargyline, an irreversible 

monoamine oxidase B (MAO-B) inhibitor, venlafaxine, a serotonin-norepinephrine 

reuptake inhibitor (SNRI), and Way-100635, a 5-HT1A autoreceptor antagonist.  By 

inhibiting MAO-B, and hence the metabolism of serotonin in the brain, an increase in 

serotonin and a decrease in 5-HIAA would be expected.  Figure 8-5 shows the percent 

change from baseline of tonic 5-HT in response to various pharmacological challenges.  

Saline is shown in red for each analyte for comparison.  Interestingly only pargyline (Figure 

8-5 A) had a significant effect on tonic serotonin (33 ± 13 %, n = 3 animals) when this 

effect was compared to saline at 50 minutes (Two-way analysis of variance, Bonferoni 

post-hoc analysis p = 0.0161).  The current hypothesis regarding serotonin in the 

extracellular space is that it is tightly regulated due to the number of different autoreceptors 

and different serotonin reuptake inhibitors.  Due to these mechanisms it makes sense that 

only inhibition of metabolism has a significant effect on tonic levels.  The result of the 

administration of pargyline, rules out 5-HIAA interference, but this could also be due to an 

increase in dopamine.  To address this we established that this waveform has little 

sensitivity in vitro for dopamine, and we verified that this holds in vivo by taking FSCAV 

data after administration of GBR-12909 (dopamine reuptake inhibitor), which we 

previously showed to increase dopamine 
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. Changes in tonic serotonin levels in response to Way-100635 (5-HT1A 

autoreceptor antagonist, n = 5 mice), Venlafaxine (serotonin norepinephrine 

reuptake inhibitor n = 5 mice), pargyline (monoamine oxidase inhibitor n = 3 mice) 

and GBR-12909 (dopamine reuptake inhibitor, n = 4 mice).  Only pargyline had an 

observable effect (increase of 33 ± 13 % at 50 minutes, n = 3 animals) on 5-HT levels 

when compared to saline (n = 4 mice) 
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levels (Figure 8-5D).[33] The lack of an increase in signal allows us to confidently assert 

that the FSCAV signal obtained in the SNr is serotonergic.  

To further characterize the serotonin system, FSCV was used to compare pre drug and 

post drug (60 minutes post injection) responses as shown in Figure 8-6.  Contrary to the 

results obtained for tonic levels using FSCAV, here, the only drug that had a significant on 

the magnitude of phase release was the SNRI, which increased phasic release of 

serotonin from 10.2 ± 1.9 nM predrug to 43.1 ± 21.2 nM 60 minutes post drug.  These 

results are consistent with previous FSCV experiments that have looked at the effects of 

SSRI’s on phasic serotonin.[17]  Together these results demonstrate that single sensor 

measurements of phasic and tonic serotonin signaling have the capacity to elucidate the 

complexity of the serotonin regulatory mechanisms.  Additionally these findings support 

the hypothesis that dopamine and serotonin are differently regulated as it was shown that 

tonic and phasic dopamine levels have a coaction, where the results contained within 

illustrate that tonic and phasic levels of serotonin are differentially regulated.  

Due to the limitations of FSCV in measuring basal neurotransmitter levels in the brain and 

due to the wide range of values found in literature for these levels, a novel method, 

FSCAV, was used to provide a more accurate way of measuring these levels.  For the first 

time an accurate reading of tonic serotonin levels in the SNr was made by first optimizing 

an in vivo waveform and making it selective to only serotonin.  Furthermore, administration 

of an MAOI resulted in an increase in serotonin levels, which rules out interference by 5-

HIAA, the major metabolite of 5-HT.  Moreover, administration of GBR 12909, a potent 

dopamine uptake inhibitor was successful in out dopamine was being measured in this 

method, as there was no significant change upon drug administration.  
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. Changes in phasic serotonin levels in response to Saline (n = 4 mice)

Way-100635 (5-HT1A autoreceptor antagonist, n = 5 mice), Venlafaxine (serotonin 

norepinephrine reuptake inhibitor n = 5 mice), pargyline (monoamine oxidase 

inhibitor n = 4 mice) and GBR-12909 (dopamine reuptake inhibitor, n = 4 mice).  Only 

venlafaxine (SNRI) had an observable effect on the phasic response of 5-HT when 

comparing post drug phasic release 43.1 ± 21.2 nM at 60 minutes vs pre drug phasic 

release of 10.2 ± 1.9 nM  
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Neurological disorders such as chronic pain and depression are complex problems to 

address because methodologies for evaluation that are independent of the patient’s 

perception do not exist.[1–5]  As a means to improve the understanding of the 

mechanisms of these disease states, neurologists rely on experimental evidence from 

translational studies.  In other words, the use of preclinical animal models allows 

researchers to explore the underlying physiological factors that lead to a particular disease 

state, and the efficacy of a particular treatment in reversing the condition.  One major 

problem in linking these disease states directly to a specific chemical change is that the 

native chemical environment is complex.  Specifically, the variety of ions and molecules 

in combination with the time scale on which chemicals undergo changes requires a 

technique that is capable of measuring a specific molecule of interest on time scales 

ranging from milliseconds to months with high selectivity.  Adding to this problem, the 

sensor must be have a spatial resolution (μm) and be sensitive (pM to μM).  Due to the 

wide range of time scales that chemical signaling can occur, the techniques available are 

limited.[6–8] 

In the evaluation of chemical neurotransmission using translational models, only two 

methods are commonly used; microdialysis, which is capable of sampling a wide range of 

molecules, and electrochemical sensors, which are limited to measuring a handful of 

compounds.  Microdialysis offers superior chemical resolution, but commercially available 

probes are limited in spatial resolution, and due to the necessity of coupling to an offline 

separation and detection device, the temporal resolution also suffers.[9, 10]  The temporal 

and spatial resolution of electrochemical sensors is much better, however the chemical 

resolution is limited.  Fast-scan cyclic voltammetry (FSCV) with carbon-fiber 
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microelectrodes (CFMEs), which is most commonly used to study dopamine, serotonin, 

and norepinephrine is limited to studying changes in neurotransmitter concentrations; 

however, the steady-state extracellular concentration is desirable to study.[11, 12]  Thus 

a technique that has the advantages of FSCV with CFMEs but can also measure slower 

changes in neurotransmitter concentrations (minutes to months) as well as the steady-

state extracellular concentrations has the capacity to improve preclinical evaluation of 

various diseases and their treatments.   Many steps in this work have been taken towards 

the development of the method known as fast-scan controlled-adsorption voltammetry, 

which can be used in preclinical models and its application was described.   

The quantification of low concentrations of neurotransmitters in the brain requires that a 

technique have a high signal to noise ratio.  While surface pretreatments such as Nafion® 

can increase the signal strength, one place to improve detection capabilities is to decrease 

the noise.  While this can be done using hardware, the advantage of being able to 

repeatedly manipulate data in the digital domain is more desirable.  One drawback to 

filtering is that both the gain and phase are affected.  To overcome the phase effect, which 

hampers electrochemical methods where peak position is important, a zero-phase filter 

was implemented (Figure 9-1B).  To reduce noise in order to improve the detection of 

physiological release events, a novel approach to filtering was introduced by smoothing 

3-D data as binary images.  The algorithm is much faster than traditional moving-average 

algorithms and effectively removes noise (Figure 9-1C).  These approaches to filtering can 

be easily implemented and applied to a variety of data.   
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Filtering suite used for routine analysis.  This data is collected using a 

custom built instrument by Knowmad Technologies, LLC.  This data is collected in an 

isoflurane anesthetized rat, using FSCV.  A triangle waveform is applied to the electrode 

from -0.4 V to 1.3 V at 400 V/s every 100 ms for 30 seconds.  The resultant current is 

shown in false color.  Shows raw unfiltered data. (noise = 0.101 nA rms).  Shows 

the result of filtering the data with a zero-phase butterworth filter (4th order 1660 Hz, 

noise = 0.078 nA rms ).  The data shown in B is smoothed with a custom algorithm 

(noise = 0.028 nA rms).   
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In addition to these improvements in data processing, software and hardware were 

developed to adapt FSCV to measure tonic (absolute) concentrations of electroactive 

biogenic amines, and are described in detail in Appendix A.  To perform FSCAV a period 

of high waveform application frequency (to inhibit adsorption) was combined with a period 

where a constant potential was applied (which allows adsorption to occur unperturbed).  

The result of this strategy is that a background is generated and is subtracted from the 

voltammograms collected following the controlled adsorption period The background 

contains cyclic voltammograms which do not contain tonic information.  The resultant 

cyclic voltammograms from this subtraction contain Faradaic current from the oxidation 

and reduction of the adsorbed analyte and an additional non-Faradaic current that is the 

result of rapidly changing the applied potential.  To facilitate removal of the background, a 

data analysis suite was developed to enable rapid analysis of voltammetric data collected 

during experiments using FSCAV.  One limitation of this approach is that the background 

composition must be known, which is easily done in vitro, but is more challenging in vivo.  

To overcome this, a data analysis strategy was developed to optimize the sensitivity and 

selectivity of FSCAV for both dopamine and serotonin without removal of the background, 

by integrating the oxidation peak.  Contrary to peak position in analytical separations, 

which vary run to run, the peak position in electrochemical experiments is conserved, 

which allows automation of analysis, dramatically reducing the time required to analyze 

data, 

To get a complete picture of how chemical signaling is regulated in the brain, FSCAV and 

FSCV were coupled using a single sensor.  Both of these methods result in a chemical 

signature that is used to identify analytes enabling real time monitoring of chemical 

communication in situ.  Additionally coupling these two techniques serves a few critical 
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functions.  First, FSCV can be used to optimize electrode placement using electrical 

stimulation, and to ensure that the oxidation peak obtained during FSCAV measurements 

was in the same spot as during FSCV.  Secondly, this allows the multi-temporal dynamics 

of chemical communication to be studied in vivo at a single sensor. Third, this enables 

studying the full range of effects induced by various pharmacological challenges on both 

phasic and tonic levels.  By using FSCAV it is possible to measure the tonic concentrations 

directly for serotonin and dopamine without having to remove material and do an offline 

separation.  Because the metabolic byproducts of serotonin and dopamine have their 

oxidation potentials close to that of the neurotransmitter, pargyline (a monoamine oxidase 

inhibitor) was administered in two cohorts of mice.  Inn the first cohort, the working 

electrode was place into the nucleus accumbens and an increase in dopamine was 

observed.  For the second cohort, the working electrode was implanted into the substantia 

nigra to measure serotonin, and again an increase in signal was also observed.  These 

experiments confirm that the analytical signal is the dominated by the neurotransmitter 

and not by interferences.  

In addition to targeting metabolism, there are other crucial ways to interrogate tonic levels.  

One way to do this is to inhibit synthesis, and this was done by administration of tyrosine 

hydroxylase inhibitor alpha-methyl-p-tyrosine, which a decrease in tonic dopamine as 

expected.  Another way to interrogate the system pharmacologically is to target the 

reuptake transporter.  Here when using GBR-12909 to inhibit dopamine reuptake, an 

increase was observed.  Interestingly when a serotonin reuptake inhibitor was used, an 

increase was not observed, despite a characteristic increase in the phasic response both 

in magnitude and time for clearance.  The lack of change in tonic serotonin levels suggests 

that there is some additional extrasynaptic mechanism of regulation.  To verify that the 

signal was not dopaminergic, which may be the case since the MAOi (pargyline) did 

effectively increase 5-HT tonic levels, GBR—12909 was again administered and a 
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difference from saline was not found.  This again validates that the signal in the substantial 

nigra as measured by FSCAV is dominated by serotonin and not dopamine. Lastly to 

characterize the relationship between tonic and phasic signaling, changes in stimulated 

dopamine response was compared with changes in tonic dopamine levels, and significant 

correlations were reported for the drug-induced changes, but not for the vehicle (saline).  

Together these results demonstrate that when studying the pharmacological effects, it is 

important to quantify effects on both tonic and phasic signaling.   

Dopamine (DA) signaling in the nucleus accumbens (NAc) is driven by aversive and 

pleasurable stimuli, however the exact mechanism is not yet understood.  Using a 

preclinical model of chronic neuropathic pain in rats, again FSCAV and FSCV were 

coupled to investigate the effect that exposure to chronic pain has on tonic and phasic 

activity of dopaminergic neurons in the ventral striatum.  It was found that chronic pain 

had the effect of reducing the tonic level and increasing the magnitude of transient 

concentrations.  The dopamine response to the administration of an aversive stimulus (tail 

pinch) was also investigated and it was observed that upon onset, dopamine levels 

decreased, and upon release, several dopamine transients were observed in the SNL-

treated rats, but not in the control group.  It was also observed that there was an increase 

in the response to cocaine in the SNL-treated group when compared to the control.  In 

summary, the pattern of tonic and phasic DA release in the NAc shell is different in animals 

with chronic neuropathic pain compared to the sham-operated cohort.   
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Traditional carbon-fiber microelectrodes are fabricated by inserting a carbon-fiber into a 

borosilicate glass capillary.[13]  These electrodes are excellent sensors for monitoring 

chemical communication acutely, however are not stable for long-term implantation.  An 

alternative approach for longitudinal studies is to insert a single carbon fiber into a silica 

capillary, and then use a silver conducting epoxy to make electrical contact with the carbon 

fiber and a pin on one end, while the fiber is held in place on the other end using a low 

viscosity epoxy (Figure 9-2).[14].  For long-term studies of tonic levels, microdialysis is 

routinely used, but is only good for up to 3 days due to biofouling.[15, 16] Therefore an 

important aspect of measuring tonic concentrations of dopamine and serotonin with a 

carbon-fiber microelectrode is the potential for longitudinal studies in the same animal over 

days, weeks, and even months.   

To demonstrate the feasibility of this measurement, a sensor was implanted and cemented 

in place (n = 1 animal) and tonic and phasic levels were measured at day 1, 4, 11, 18, and 

25 pre and post injection of cocaine (20 mg/kg i.p. Figure 9-2).  Key features of this data 

are that the background collected at 400 V/s is stable from day 4 – 25, indicating that 

fabrication of this electrode is robust.  The observation that the tonic levels decrease 

progressively as time from implantation increases may suggest that the electrode is fouling 

and the sensitivity is decreasing or that chronic cocaine administration negatively impacts 

tonic dopamine levels.  These finding should be investigated further by repeating these 

experiments and by comparing them to a control where only saline is administered.  

Additionally future experiments will be directed at incorporating a PEDOT:Nafion coating 

onto these electrodes to reduce biofouling.  As a last measure to investigate if single 

sensor measurements of tonic and phasic dopamine  
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Multitemporal signaling dynamics of dopamine collected over 25 days using 

a chronically implanted carbon-fiber microelectrode.  Background current collected 

using FSCV and a triangle waveform of -0.4 V to 1.3 V at 400 V/s.  Resultant color 

plot following electrical stimulation of the MFB 25 days post implantation.  Shown above 

is the resultant concentration vs time plot taken at the peak oxidation potential of 

dopamine (0.6 V).  Inset shows a characteristic dopamine voltammogram taken at the 

time that the concentration was a maximum.  Shows the % change in evoked 

dopamine 30 minutes following an i.p. injection of cocaine (20 mg/kg).  Raw current 

vs time traces obtained using FSCV over 25 days.  20 baseline FSCAV 

measurements prior to the cocaine injection were averaged and converted to 

concentration.  Change in tonic concentration of dopamine following the i.p. cocaine 

injection.   
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release are feasible with these chronically implanted microsensors, cocaine was 

administered on each experimental day, and it appears that the maximum effect occurred 

at Day 11 on tonic and phasic levels.  These data suggest that this sensing strategy is 

feasible for longitudinal studies, and will be implemented for studying long term effects of 

chronic pain on tonic and phasic dopamine levels.  Alternatively this approach can also be 

used to study long-term effects of drugs of abuse as well as directed pharmacological 

challenges.   

An alternative approach to studying dopamine regulation is to prepare tissue slices.[17] 

Using tissues slices, carbon fiber microelectrodes and FSCV have been extensively used 

to quantify stimulus-induced release and uptake of dopamine and other electrochemically 

active substances. Due to the flow rates used to deliver fluid to the tissue and the size of 

commercial microdialysis probes tonic levels cannot be measured, limiting the application 

of these studies.   Here a unique application of fast-scan controlled adsorption is 

introduced as a way to study tonic levels in tissue.  This approach has one main advantage 

over in vivo applications in that the extracellular fluid composition (artificial cerebral spinal 

fluid) is known which enables background subtraction.  

As proof-of-concept, 500 nM dopamine was applied exogenously for 10 minutes and 

increased DA levels were detectable within the slice, in a depth-dependent manner (Figure 

9-3 A-B), following application of exogenous DA (500 nM, 10 min).  After blocking MAO 

with pargyline (10 μM), L-DOPA (50 μM, 10 min) evoked a prolonged (>20 min after 

washout) increase in baseline DA concentration in the dorsal striatum.  As a control this 

experiment was repeated in the periform cortex, which has minimal  
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Application of FSCAV and FSCV to studying pharmacological effects in vitro 

using a rat forebrain tissue slice (300 μM, 32 C).  Background-subtracted fast-scan 

controlled adsorption voltammetry of exogenous dopamine inside cell.  Measured 

concentration on exogenous dopamine at varying tissue depth.  A blocker of 

monoamine oxidase (MAO), pargyline (10 M) prolonged and enhanced the increased 

DA post L-DOPA washout.  Cocaine, a blocker of the DA transporter (DAT), increases 

extracellular DA post L-DOPA washout.  Pargyline and cocaine had a synergistic effect, 

greatly increasing extracellular concentration of DA post L-DOPA washout. Concurrent 

recording of electrically-evoked DA release confirmed that L-DOPA increases 

releasable stores of DA and cocaine limits DA uptake.  Data was collected for this figure 

in collaboration with Mark Burrell in the Lipski group at the University of Auckland, New 

Zealand. 
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dopaminergic input and as expected this result was not observed.  Lastly to demonstrate 

the feasibility of making combined FSCAV-FSCV measurements, electrical stimulation 

with FSCV detection was combined with FSCAV tonic measurements and as again as 

expected an increase in both evoked dopamine and tonic dopamine was seen (9-3 C).  

These data show for the first time that FSCAV can measure extracellular levels of 

endogenous dopamine in brain slices, which cannot be accomplished with other 

techniques (eg. microdialysis).  This is exciting because a variety of waveforms can be 

used to make FSCAV and FSCV capable of measuring an assortment of electroactive 

species, ranging from amino acids to neuropeptides.  This has great promise in elucidating 

the mechanisms of regulation in normal and disease states.    

Neurochemical monitoring has a critical role in studying numerous disorders and diseases.  

However due to the complexity of the brain, the number of available techniques is limited.  

In this work the development and application of fast-scan controlled adsorption 

voltammetry to studying tonic concentrations of dopamine and serotonin is described.  

Both dopamine and serotonin signaling occurs on multiple timescales, requiring a multi-

temporal approach to elucidate important mechanisms of the regulation of these 

molecules as they relate to various disease states.   An advantage of this approach is that 

carbon-fiber microelectrodes minimize tissue damage compared to larger probes, and 

these sensors can be chronically implanted so that the progression of certain disorders or 

diseases can be monitored.  Additionally these sensors can be used in tissue so that basic 

mechanisms can be studied in a controlled manner.   This work has potential applications 

in translation studies, as this method can be deployed in both preclinical models and in 

humans.  

211



1. Navratilova E, Xie JY, Okun A, et al. (2012) Pain relief produces negative 
reinforcement through activation of mesolimbic reward-valuation circuitry. Proc Natl 
Acad Sci U S A 109:20709–13. doi: 10.1073/pnas.1214605109 

2. Xie JY, Qu C, Patwardhan A, et al. (2014) Activation of mesocorticolimbic reward 
circuits for assessment of relief of ongoing pain: a potential biomarker of efficacy. 
Pain 155:1659–66. doi: 10.1016/j.pain.2014.05.018 

3. Nakazato T (2013) Dual modes of extracellular serotonin changes in the rat ventral 
striatum modulate adaptation to a social stress environment, studied with wireless 
voltammetry. Exp brain Res 230:583–96. doi: 10.1007/s00221-012-3168-7 

4. Lacasse JR, Leo J (2005) Serotonin and depression: a disconnect between the 
advertisements and the scientific literature. PLoS Med 2:e392. doi: 
10.1371/journal.pmed.0020392 

5. Cryan JF, Holmes A (2005) The ascent of mouse: advances in modelling human 
depression and anxiety. Nat Rev Drug Discov 4:775–90. doi: 10.1038/nrd1825 

6. Fillenz M (2005) In vivo neurochemical monitoring and the study of behaviour. 
Neurosci Biobehav Rev 29:949–62. doi: 10.1016/j.neubiorev.2005.02.003 

7. Garris PA (2010) Advancing neurochemical monitoring. Nat Methods 7:106–8. doi: 
10.1038/nmeth0210-106 

8. Kasasbeh A, Lee K, Bieber A, et al. (2013) Wireless neurochemical monitoring in 
humans. Stereotact Funct Neurosurg 91:141–7. doi: 10.1159/000345111 

9. Nandi P, Lunte SM (2009) Recent trends in microdialysis sampling integrated with 
conventional and microanalytical systems for monitoring biological events: a review. 
Anal Chim Acta 651:1–14. doi: 10.1016/j.aca.2009.07.064 

10. Stenken JA (1999) Methods and issues in microdialysis calibration. Anal Chim Acta 
379:337–358. 

11. Dreyer JK, Herrik KF, Berg RW, Hounsgaard JD (2010) Influence of phasic and tonic 
dopamine release on receptor activation. J Neurosci 30:14273–83. doi: 
10.1523/JNEUROSCI.1894-10.2010 

12. Heien MLA V, Wightman RM (2006) Phasic dopamine signaling during behavior, 
reward, and disease states. CNS Neurol Disord Drug Targets 5:99–108. 

13. Cahill PS, Walker QD, Finnegan JM, et al. (1996) Microelectrodes for the 
measurement of catecholamines in biological systems. Anal Chem 68:3180–6. 

212



14. Clark JJ, Sandberg SG, Wanat MJ, et al. (2010) Chronic microsensors for 
longitudinal, subsecond dopamine detection in behaving animals. Nat Methods 
7:126–9. doi: 10.1038/nmeth.1412 

15. Budygin EA, Kilpatrick MR, Gainetdinov RR, Wightman RM (2000) Correlation 
between behavior and extracellular dopamine levels in rat striatum: comparison of 
microdialysis and fast-scan cyclic voltammetry. Neurosci Lett 281:9–12. doi: 
10.1016/S0304-3940(00)00813-2 

16. Schultz KN, Kennedy RT (2008) Time-resolved microdialysis for in vivo 
neurochemical measurements and other applications. Annu Rev Anal Chem (Palo 
Alto Calif) 1:627–61. doi: 10.1146/annurev.anchem.1.031207.113047 

17. John CE, Jones SR (2007) Fast Scan Cyclic Voltammetry of Dopamine and 
Serotonin in Mouse Brain Slices.  

213



214



.

in vivo  in vitro

215



216



in vivo in vitro

217



218



219



220



221



222



223



224



225



226



227



228



v

229



230



231



232



233



234



235



236



237



in vitro

238



239



240



in vivo

in vitro in vivo

241



242



243



244



245



246



Convolution theory can be used to generate a response function (g (t)) that transforms the 

chemical signal (h (t)) into the measured signal (S (t)), as expressed by Equation 1.

g(t)  h(t) = S(t) 

Equation 1 

For delayed-timing voltammetry experiments, g(t) is the response function of the electrode, h(t) 

is the cyclic voltammogram (CVbkg) before the delay, and S(t) is the resultant cyclic 

voltammogram after the delay (CVo).  The cyclic voltammograms for the convolution are 

obtained by placing the electrode into a vial containing only buffer solution.  The resultant cyclic 

voltammogram, contains only nonfaradaic contributions due to the absence of a redox-active 

species.  The electrode response function, g(t), is generated by deconvolution of CV0,buffer with 

CVbkg, buffer (S1).  The electrode is then placed into a solution containing the analyte and g(t) is 

convolved with CVbkg,soln which gives rise to a cyclic voltammogram that can be subtracted from 

CV0,soln (S2).  The simulated background for CV0 (Figure S2, grey trace) is indistinguishable from 

the cyclic voltammogram collected following the delay time in a buffer solution (Figure S1, 

CVo,buffer, red trace) validating the method.  The response function only accounts for nonfaradaic 

components of the signal and the faradaic component resulting from the oxidation and reduction 

of the adsorbed analyte is conserved (S3).   

247



CVbkg
CVo,buffer

 Background changes following controlled adsorption period in buffer only solution 

(blank).  Cyclic voltammograms collected in a solution containing only buffer.  There is a 

noticeable increase in the CV just from the application of the delay period.  Convolution theory 

is used to generate a response function (g(t)) by deconvolution of CV0,buffer (red trace) with CVbkg 

(blue trace) to determine these changes. 
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CVbkg, soln

CVo,background

Generated FSCAV background By convolving the background CV (CVbkg,soln,

blue trace) with g(t) a background cyclic voltammogram is generated (gray trace). 
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Background-subtracted cyclic voltammogram.  Resultant cyclic voltammogram of 

1 μM of dopamine after the background has been removed using convolution.

250



251



Department of Chemistry and Biochemistry            Cell: 303.903.5206
University of Arizona                           Lab: 520.621.9979  
1306 E. University Blvd      catcherl@email.arizona.edu
Tucson, AZ 85721 

University of Arizona, Tucson, AZ (2010 - Present ) 
Ph.D. candidate, advisor; Dr. Michael Heien 
University of Colorado at Denver, Denver, CO (2007 - 2009)
B.S. in Chemistry with Honors: ACS Certified 
Minor in Biology & Math 

Carl S. Marvel Fellowship (2014) 
David O’Brien Fellowship (2013) 
Distinguished Teaching Assistant (2013)  
Navy and Marine Corps Achievement Medal, VQ-1 NAS Whidbey Island (2005) 
Air Medal, VQ-1 NAS Whidbey Island (2005) 
Navy Commendation Medal with Combat Valor, Southwest Asia Command (2003) 

Abdalla, A.; , C.W.; Zeqja, A.; Wood, K.M.; Heien, M.L; Hashemi, P.  “In vivo ambient 
serotonin measurements at carbon-fiber microelectrodes.” ACS Chem. Neurosci. 2014, In 
preparation

, C.W.; Parent, K.L.; Xie, J.Y.; Lu, D.; Earnest, E; Porreca, F.; Heien, M.L.  “Selectivity 
of fast-scan controlled-adsorption voltammetry for dopamine over DOPAC and ascorbic acid” 
Anal. Bioanal. Chem. 2014, In preparation
Vreeland R.F.; , C.W.; Russel, W.; Laude, N.D.; Heien, M.L.  “PEDOT/Nafion-
modified carbon-fiber microelectrodes for enhanced measurements of neurotransmitters.” Anal. 
Chem. 2014, In Review 

, C.W.; Wood, K.M.; Parent, K.; Hashemi, P.; Heien, M.L.  “Coaction of tonic and 
phasic dopamine signaling.” Chem. Comm. 2014, In press 

, C.W.; Laude, N.D.; Monroe, E.B.; Wood, K.W.; Hashemi, P.; Heien, M.L.  “Improved 
calibration of voltammetric sensors for studying pharmacological effects on dopamine 
transporter kinetics in vivo." ACS Chem. Neurosci. 2014, In Press 
Pathirathna, P.; Samaranayake, S.; Atcherley, C.W.; Parent K.L.; Heien, M.L.; Hashemi, P.  
“Fast Metal Voltammetry on Carbon Fiber Microelectrodes: Cu2+ Adsorption onto Activated 
Carbon aids Rapid Voltammetric Analysis.” Analyst 2014, 139, 4673-4680,

, C. W.; Laude, N. D.; Parent, K. L.; Heien, M. L.  “Fast-scan controlled-adsorption 
voltammetry for the quantification of absolute concentrations and adsorption dynamics.”
Langmuir 2013. 29, 14885–14892 

252



, C.W.; Vreeland, R.F.; Sanchez-Gomez, E.; Monroe, E.B.; Heien, M.L.  “Rethinking 
data collection and signal processing.  2. Zero-phase recursive filters in chemical analysis.” 
Anal. Chem. 2012. 85(16), 7654-7658
Laude, N.D.; , C.W.; Heien, M.L.  “Rethinking data collection and signal processing. 1. 
Real-time oversampling filter for chemical measurements.” Anal. Chem. 2012. 84(19). 8422-
8426

TA evaluation committee (2013 - 2014) 
Analytical seminar committee (2013 - 2014) 
Company startup: Knowmad Technologies (2014 - ) 

ACS Division of Analytical Chemistry (2014 - ) 

Research Assistant, University of Arizona (2010 –) With Dr. Michael L. Heien, developing 
instrumentation, software, and computational models to study a variety of neurochemical 
problems. Developed and applied fast-scan controlled-adsorption voltammetry to measure tonic 
concentrations of biogenic amines.  
Undergraduate Research Assistant, University of Colorado, Denver (2008 - 2009) With Dr. Mark 
Anderson, studying the influence of the interfacial charge on the measured potential was 
determined as a function of solution pH.
United States Navy, Southwest Asia Command and Pacific Fleet (2000 - 2005) Aviation 
Electronics Technician, Aviation Electronics Work Center Supervisor, Collateral Duty Inspector
and Naval Aircrew Electronic Warfare Operator Primary responsibilities included electronics 
repair, routine maintenance, real-time signal analysis and identification, information security and 
training of new personnel.

Advanced Analytical Lab (CHEM 528, Graduate level), University of Arizona (2013 - 2014) 
Pretested experiments, developed and implemented software, provided hands-on training for 
circuit design and building, responsible for IC, HPLC, ICP, ASV, UV-VIS and updated software 
for each experiment including CE, ASV, and AA/LIA.  Designed separation for CE experiment 
and improved the circuit design, resulting in 13 successful experiments.  
Advanced Analytical Lab (CHEM 521, Graduate level), University of Arizona (2012 - 2014) 
Pretested experiments, developed and implemented software, provided hands-on training for 
circuit design and construction 
Analytical Chemistry Lab (CHEM 323), University of Arizona (2012) 
General tutoring, pretested experiments, maintained instruments. 
General Chemistry I and II Lab (CHEM 151 and 152), University of Arizona (2010-2012) 
General tutoring, graded exams.  

253



Hill, D.F.;  C.W.; Miller, M.A.; Parent, K.L.; Ye, T.; Rauscher, M.; Heien, ML; Cowen 
S.L.  Prefrontal regulation of phasic dopamine release in the nucleus accumbens.” Society for 
Neuroscience, Washington D.C. November 
Burrell, M.;  C.W.; Heien M.L.; Lipski, K.  “A novel fast-scan cyclic voltammetry 
(FSCV)-based technique for prolonged measurement of absolute levels of extracellular 
dopamine in brain slices.”  Australasian Winter Conference on Brain research (AWCBR), 
Queenstown, New Zealand, August 

, C.W.; Xie, J.Y.; Lu, D.; Porreca, F.; Heien, M.L.  “The effects of chronic pain on tonic 
and phasic dopamine release in the nucleus accumbens revealed by fast-scan voltammetry.”  
Monitoring Molecules in Neuroscience, Los Angeles, CA, August 

, C.W.; Wood, K.M.; Parent, K.; Hashemi, P.; Heien, M.L.  “Direct Measurement of 
Diffusion of Neurotransmitters in the Brain Using Fast-Scan Controlled-Adsorption 
Voltammetry.” Pittcon, Chicago, IL, March 

, C.W.; Wood, K.M.; Parent, K.; Hashemi, P.; Heien, M.L.  “Fast-scan cyclic 
voltammetric measurements of tonic and phasic dopaminergic neurotransmission.” Society for 
Neuroscience, San Deigo, CA, November 

, C.W.; Wood, K.M.; Parent, K.; Hashemi, P.; Heien, M.L.  “Dynamic changes in tonic 
and phasic dopamine concentrations as revealed by fast-scan cyclic voltammetry.” Gordon 
Research Conference: Catecholamines, Mount Snow Resort, VT, August 

, C.W.; Laude, N.D.; Monroe, E.B.; Heien, M.L.  “Kinetic calibration of in vivo sensors 
for improved temporal fidelity and concentration determination.” Biophest, Phoenix, AZ,

, C.W.; Hashemi, P.; Heien, M.L Measuring the tonic concentration of dopamine 
using delayed timing voltammetry.” Pittcon, Philadelphia, PA, March .

, C.W.; Heien, M.L Monitoring reaction rates using delayed-timing voltammetry.” 
Biophest, Tucson, AZ,

, C.W.; Heien, M.L Monitoring reaction rates using delayed-timing voltammetry.” 
Pittcon, Orlando, FL, 

, C.W.; Anderson M.A.  Open Circuit Potential Measurements to Characterize 
Interfaces.” Research and Creative Activities Symposium, Denver, CO, 

254



255



256



257



258



259



260



261



262



263



264



265



266



267



268



269



270



271



272



273



274



275



276



277



278



279



280



281



282



283



284



285




