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Abstract

Chemical signaling through the release of neurotransmitters into the extracellular space is the
primary means of communication between neurons. More than four decades ago, Ralph Adams
and his colleagues realized the utility of electrochemical methods for the study of easily oxidizable
neurotransmitters, such as dopamine, norepinephrine, and serotonin and their metabolites. Today,
electrochemical techniques are frequently coupled to microelectrodes to enable spatially resolved
recordings of rapid neurotransmitter dynamics in a variety of biological preparations spanning
from single cells to the intact brain of behaving animals. In this review, we provide a basic
overview of the principles underlying constant-potential amperometry and fast-scan cyclic
voltammetry, the most commonly employed electrochemical techniques, and the general
application of these methods to the study of neurotransmission. We thereafter discuss several
recent developments in sensor design and experimental methodology that are challenging the
current limitations defining the application of electrochemical methods to neurotransmitter
measurements.
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1. INTRODUCTION

Brain neuronal communication primarily occurs through the exocytotic release of
neurotransmitters into synaptic junctions and the surrounding extracellular fluid. These
chemical signaling molecules modulate postsynaptic cell activity in various ways dependent
on the identity of the neurotransmitter and the receptors that are recruited. The downstream
effects of neurotransmission underlie a wide range of physiological and behavioral processes
and its dysregulation can lead to a number of debilitating disorders as broad as Parkinson’s
disease, Alzheimer’s disease, depression, and drug addiction (1-4).
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Before the 1970s, radioimmunoassays were the only available technique with the requisite
sensitivity to detect the small chemical concentrations produced by neurotransmission (5).
During the latter part of the 1960s, however, Ralph Adams and his colleagues studied the
electrochemistry of a number of easily oxidizable biogenic amines and quickly realized the
potential applications of their knowledge to the field of neurochemistry. Shortly thereafter,
Adams implanted a carbon-paste electrode into the brain of an anesthetized rat and, quite
boldly, demonstrated that traditional voltammetric techniques could be applied successfully
to biological tissues (6). Even though the signal recorded was likely ascorbic acid and not
dopamine as had been hoped, this work importantly suggested that neurotransmitters could
escape the confined space of the synaptic cleft and diffuse to the electrode surface—without
which in vivo electrochemical measurements would be impossible.

The early days of in vivo electrochemistry were fraught with issues of selectivity, mainly
due to interference from catecholamine metabolites and ascorbic acid (7). However, over the
past four decades, numerous methods have been developed not only to increase the
selectivity of these measurements, but also to apply them at subsecond timescales. As
Adams had envisioned, in vivo electrochemistry now encompasses a matured set of
techniques employed by countless neuro-science and psychology laboratories to study the
release, uptake, and signaling dynamics of rapid neurotransmission. Electrochemical
techniques have been used in a wide variety of applications, ranging from resolution of
single exocytotic events from single cells to monitoring of neurochemical fluctuations in
awake, behaving animals.

It is impossible to cover the entire scope of electrochemical detection of neurotransmitters in
a single review. This review, therefore, has two goals. First, we provide a general
understanding of common electrochemical techniques used for neurotransmitter detection.
Second, we highlight several new applications defining the next generation of in vivo
electrochemical research.

2. DETECTION OF NEUROTRANSMITTERS WITH ELECTROCHEMICAL
TECHNIQUES

To monitor neurotransmitter fluctuations in living tissues, researchers have applied several
different electrochemical techniques including amperometry, various potential pulse
methods, and cyclic voltammetry (7-9). In general, these methods detect target
neurotransmitters through their oxidation or reduction at a solid electrode. The currents
generated provide a quantitative measure of dynamic chemical fluctuations that can be
correlated to pharmacology, behavior, and disease pathology. Target molecules are limited
to those that are electroactive within the potential window of the interstitial fluid; these
include the biogenic amines (dopamine, norepinephrine, and serotonin), their metabolites,
and ascorbic acid. Here we briefly overview the most common techniques in current use.

2.1. Constant-Potential Amperometry

In constant-potential amperometry, often referred to simply as amperometry, the electrode is
held at a potential sufficient to oxidize or reduce an analyte of interest so that the currents
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generated are mass transport limited. As the potential is constant throughout the duration of
the experiment, no charging currents are generated and direct integration of the currents
detected provides the amount of analyte electrolyzed according to Faraday’s law (Q = nNF ).
Moreover, the time resolution of the experiments is limited only by the data acquisition rate.
However, these measurements provide very little chemical information, as any molecule that
is electroactive at a given potential will be detected and should be applied only to samples of
known content. For example, ex situ analyses typically preprocess samples through
separation methods, such as liquid chromatography. Indeed, liquid chromatography with
amperometric detection was one of the first viable methods for brain tissue content analysis
(5) and is still in common use today.

Cell cultures are typically relatively homogenous in their chemical composition, and their
contents can be predetermined by other analyses, making them suitable for amperometric
analysis (10). Intracellular communication occurs through exocytosis, by which a
neurotransmitter-filled vesicle docks and fuses to the cell membrane and releases its
contents into the extracellular space. The high temporal resolution of amperometry is useful
for the study of exocytosis of monoamines from single cells and cell cultures. In such
experiments, a small beveled disk electrode is placed near the cell membrane. Chemical
stimulation of the cell is used to evoke neurochemical release. Single exocytosis events are
resolved as millisecond-wide spikes in oxidative current. Whereas integration of the current
response gives the moles of neurotransmitter released, additional quantitative and qualitative
information can be determined from the shape of the spike. The peak’s rise time (10-90%)
correlates to the opening kinetics of the fusion pore between the cell membrane and the
neurotransmitter-filled vesicle. The spike’s half-width indicates the duration of the release
event. The recently discovered presence of post—spike plateau currents is indicative of
partial-fusion, or kiss and run, events (11). Amperometric measurements have been applied
to a variety of cell types including adrenal chromaffin cells (12), pheochromocytoma (PC12)
cells (13), mast cells (14), and neurons (15, 16) to probe the pharmacology and biophysics
of vesicular release events.

2.2. Fast-Scan Cyclic Voltammetry

In fast-scan cyclic voltammetry (FSCV), a triangular waveform is applied to a
microelectrode at a high scan rate (>100 V/s) to rapidly oxidize and reduce electroactive
species at the electrode surface. Various performance aspects (i.e., sensitivity, selectivity,
and temporal resolution) can be optimized by altering the potential limits, scan rate, and
application frequency of the waveform. For instance, a commonly used dopamine waveform
scans from —0.4 V to +1.3 V at 400 V/s, repeated at 100-ms intervals. The rapid scan
generates a large background current that arises mainly from the charging of the electrical
double layer and is proportional to the capacitance of the electrode. Thus, to resolve the
smaller faradaic currents the background current is subtracted, usually by digital means. In
the resulting cyclic voltammogram, the peak potentials provide a chemical signature to
identify the species detected. Peak currents are usually converted into concentrations using
calibration factors obtained from standards of known concentration.
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Given its chemical selectivity, FSCV has been widely employed in vitro and in vivo to
detect a number of electroactive species including but not limited to dopamine,
norepinephrine, serotonin, O,, and pH changes (17-19). Many FSCV studies use electrical
stimulation to elicit monoamine release in terminal regions. The rising phase of these
responses is determined by release (modified by its autoinhibition) and uptake mechanisms,
whereas the falling phase is principally governed by uptake. Both phases are convoluted
with diffusion from the site of release to the electrode. Thus, measurement of these
parameters can be used to assay the function of these regulatory mechanisms (20-22).

Of the biogenic amines, dopamine is the most common target of FSCV measurements.
Studies in brain slices and anesthetized animals have proven particularly useful in
delineating the regulatory mechanisms controlling dopamine release and uptake in
subregions of the striatum and how these processes are disturbed in disease states (23-26).
The use of voltammetry in freely moving animals has been a major accomplishment that has
contributed much to our understanding of the central dopamine system and how it drives
motivated behaviors during reward-based learning (27, 28) and drug addiction (29-31). In
contrast, application of FSCV to the detection of norepinephrine and serotonin in vivo has
only recently been possible owing to issues of selectivity and electrode fouling, respectively.
To overcome these challenges, researchers have identified several strategies involving
anatomical positioning for norepinephrine and waveform/electrode modifications for
serotonin. Subsequent work has successfully investigated the regulation of norepinephrine
overflow in the bed nucleus of the stria terminalis (32, 33) and serotonin overflow in the
substantia nigra pars reticulata (34, 35).

3. ELECTROCHEMICAL DETECTION OF NEW NEUROMODULATORS

Investigators have made several attempts to extend the high temporospatial resolution of in
vivo electrochemical detection to target molecules that are more difficult to electrolyze.
These efforts have principally used two approaches. In one, the electrode is modified with
an enzyme selective for the molecule of interest. In the other, the parameters of the applied
voltage sweep have been adjusted. These strategies are discussed in more detail below.

3.1. Enzyme-Modified Electrodes

Enzyme-modified electrodes can detect a range of nonelectroactive species in biological
tissue. In such measurements, an enzyme with specific activity for an analyte of interest is
immobilized to the electrode surface covalently or through film coating. The activity,
stability, and selectivity of the enzyme in its immobilized form are crucial aspects of sensor
performance (36). Analyte detection is accomplished through the formation of an
electroactive product, often H,O, formed by an oxidase. For instance, the detection of
glutamate, the principal excitatory neurotransmitter, can be achieved with glutamate
oxidase, which converts glutamate into a-ketoglutarate and H,O, (37). A secondary
enzyme-free electrode is often required to account for nonspecific currents (38). As the
kinetics of the enzyme can slow the temporal resolution of such measurements, enzyme-
based sensors are usually coupled to amperometry. Amperometric enzyme sensors have
been developed for many nonelectroactive neurotransmitters, including glutamate (37, 39),
acetylcholine (40) and its precursor choline (41), and adenosine (42).
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The chemical information provided by FSCV can alleviate many of the selectivity issues
experienced with enzyme-based amperometric sensors. In the past, the use of enzyme-based
detection schemes with FSCV at carbon-fiber microelectrodes has largely been limited by
the slow electron-transfer kinetics of H,O,. However, Sanford et al. (43) recently
demonstrated that overoxidizing the carbon-fiber surface with an extended +1.4 V anodic
scan facilitates the oxidation of H,O, with FSCV. Because the overoxidation process occurs
near the anodic switching potential with this extended waveform, the oxidation peak for
H,0, appears at +1.2 V on the reverse scan. To detect glucose with this waveform, carbon-
fiber microelectrodes were coated by electrodeposition of glucose-oxidase in chitosan, a
nontoxic polysaccharide (44). This sensor has a 13-uM limit of detection for glucose; stable
performance over a 4-h period; and the ability to discriminate against interferents such as
dopamine, ascorbic acid, and pH. This work establishes the utility of enzyme-based FSCV
sensors for the detection of nonelectroactive species.

3.2. Waveform Modification Strategies

Many brain molecules are electroactive but are not oxidized by the voltammetric sweep
employed for dopamine measurements (-0.4 V to +1.3 V, 400 V/s). Several of these
molecules can be detected by modifying the anodic limits of the potential scan to promote
electron transfer. For example, adenosine, which is formed from the degradation of ATP, is
a purine signaling molecule that regulates cerebral blood flow, metabolism, and the activity
of different neurotransmitters (45). Detection of adenosine is accomplished by increasing the
anodic limits of the traditional dopamine waveform to +1.5 V (46). This generates an initial
oxidation peak at the anodic switching potential and a second oxidation peak at +1.0 V on
the forward scan. The second oxidation peak arises from sequential oxidation of the initial
electroformed product. Both of these oxidation processes are irreversible; hence, no
reduction peaks are generated. Since its development, this modified waveform has been used
to monitor adenosine dynamics in preparations as varied as murine spinal lamina (47, 48),
brain slices (49, 50), and the striatum of anesthetized rats (51). Initial results have found that
adenosine release is evoked by mechanical stimulation (52) and correlates to local O,
fluctuations in intact tissue (51). More recently, researchers have developed a “sawhorse”
waveform that holds at 1.35 V for 1 ms during the anodic scan (53). The sawhorse
waveform provides discrimination between adenosine and two major interferents, H,O, and
ATP, that oxidize at similar potentials, and may prove useful for in vivo experiments. In
parallel studies, Schmitt et al. (42) used an enzyme-maodified electrode to probe the
dynamics of adenosine and its precursors.

Waveform strategies have also been incorporated to target various peptide neurotransmitters.
Glanowska et al. (54) detected gonadotropin-releasing hormone (GnRH) release in mouse
brain slices, where it plays a major role in fertility (55) and may act as a neuromodulator
(56). GnRH was detectable because it contains the electroactive amino acid tryptophan.
Although the oxidation of tryptophan can foul the electrode, stable oxidation currents were
obtained for GnRH using a triangular waveform scanning from 0.5 V to 1.45 V at 400 V/s.
With this waveform, the oxidation peak for GnRH occurs at ~1.25 V and could be
distinguished from tryptophan and another tryptophan-containing peptide, kisspeptin-10.
Measurements in brain slices revealed that GnRH release could be chemically evoked in the
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median eminence and the preoptic area. No signal was detected from mice genetically
modified to lack GnRH, thereby supporting its detection in wild-type animals.

FSCV has also been applied to the detection of the small opioid peptide, methionine-
enkephalin (M-ENK) (57). M-ENK and other opioid peptides are involved with many
physiological and behavioral processes, including reward processing, drug addiction, and
pain perception (58). The electroactive moiety in M-ENK is tyrosine, which, similar to
tryptophan, can cause electrode fouling. Schmidt et al. (57) demonstrated that M-ENK could
be detected reproducibly and selectively with a variant of the sawhorse waveform that varied
the scan rate on the anodic sweep. The optimized waveform scanned from —-0.2 V to +0.6 V
at 100 V/s, then to +1.2 V at 400 V/s. This anodic limit was held for 3 ms before scanning
back to the —0.2 V holding potential at 100 V/s. The oxidation peak for M-ENK occurs at
+1.0 V on this waveform, which exhibits selectivity against other tyrosine-containing
peptides. As the oxidation peaks for catecholamines occur at more negative potentials, this
waveform can be used to monitor simultaneous norepinephrine and M-ENK release from
tissue extracted from the rat adrenal gland.

4. MICROSENSOR DEVELOPMENTS

The need for a miniaturized working electrode compatible with tissue implantation was
recognized soon after the advent of in vivo electrochemistry (5). Smaller electrodes allow
for minimal tissue damage, high spatial resolution to probe discrete brain regions, and faster
sampling rates owing to their reduced RC properties. Given its low cost, good
electrochemical properties, and biological compatibility, carbon was the intuitive choice for
electrode material; however, the conventional carbon-paste electrodes of the 1970s were not
amenable to miniaturization (59). In the late 1970s, Ponchon et al. (60) advanced the field of
in vivo electrochemistry by introducing the carbon-fiber microelectrode. These electrodes
are fabricated by sealing the carbon fiber (5-35 um in diameter) in glass and either cutting
the protruding fiber to form a cylindrical electrode or treating the seal with epoxy and
polishing the tip to form an elliptical surface. Given the ease and reproducibility of their
fabrication, carbon-fiber microelectrodes are routinely used in most in vivo electrochemical
studies today (61).

Over the past several decades, various efforts have employed multiple methods to improve
the performance of in vivo electrochemical sensors. For instance, researchers have
investigated surface-modification techniques to enhance the selectivity, sensitivity, and
kinetic properties of carbon-fiber microelectrodes. Broadly speaking, these techniques have
included electrochemical (62) and chemical (63) pretreatments as well as film coating.
Application of the perfluorinated cation-exchange polymer Nafion through electrodeposition
or dip coating has proven particularly effective in repelling negatively charged interferents
during in vivo measurements (35). Below we highlight several more recent developments in
in vivo electrochemical sensor technology.

4.1. Carbon-Nanotube-Based Microelectrodes

Given their mechanical strength, high aspect ratios, and good electrical conductivities,
carbon nanotubes (CNTSs) have been explored for various electrochemical applications (64,
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65). Research exploring modification of carbon-fiber microelectrodes with CNTs for
neurotransmitter measurements has shown increased electron-transfer kinetics and
sensitivity for adsorption-controlled species such as dopamine. Such electrodes are also less
susceptible to common biofouling agents, such as 5-HIAA. Immobilization of CNTs onto
carbon-fiber microelectrodes was first achieved by dip-coating the fibers in a CNT-Nafion
suspension (66). However, this method was found to suffer from poor reproducibility and
the orientation of the CNTS restricted access to electroactive sites at the ends of the tubes.
Further work identified chemical self-assembly of single-walled CNTs to be an effective
method to form uniformly aligned CNT layers on carbon-fiber disk electrodes (67).
Application of these CNT-modified electrodes in vivo and in vitro demonstrated a 36-fold
increase in sensitivity for dopamine without decreasing response time, a problem that often
occurs with other pretreatment methods.

Continuous fibers, or yarns, can be formed from CNTSs via liquid-state and dry-state
spinning methods (68, 69). By adjusting the size of the nanotubes and the spinning angle,
yarns with diameters on the micrometer scale can be prepared. Disk microelectrodes (5-30
pum in diameter) fabricated from multiwalled CNT yarns exhibit a number of interesting
electrochemical properties including lower background currents and faster apparent
electron-transfer kinetics, which allows enhanced chemical discrimination (Figure 1) (70,
71). Although the time spent at negative holding potentials is a critical factor determining
the sensitivity to dopamine at bare electrodes, the dopamine response at yarn
microelectrodes is independent of the waveform application frequency—believed to be due
to slower desorption kinetics for dopamine-o-quinone. Jacobs et al. (70) demonstrated that
dopamine could be detected at a 2-ms timescale while maintaining sensitivity, simply by
increasing the scan rate and application frequency of the waveform. Other work found that
sensitivity for dopamine is enhanced even further when the yarns are made in
polyethyleneimine, instead of poly(vinyl alcohol) (72). Together, these findings indicate that
CNT-based microelectrodes provide sensitive, selective FSCV measurements at
unprecedented speeds. However, it is not yet clear whether the significance of these
advantages is sufficient to result in the widespread use of CNT microelectrodes.

4.2. Fused-Silica Carbon-Fiber Microelectrodes

Traditionally, carbon-fiber microelectrodes are insulated within borosilicate glass
capillaries. Though easy to fabricate, glass-sealed microelectrodes are fragile and often
break during routine experimental procedures. For more robust electrode construction,
several groups have investigated the use of fused-silica capillaries (73-75). Fused silica
offers good insulating properties and increased flexibility at low cost. During fabrication, an
epoxy droplet is used to form a seal at the carbon fiber. As fused silica is less prone to
breakage, smaller-diameter (100 pm versus 600 pm) electrodes are possible, which allows
for less tissue damage during implantation.

Several years ago, Clark et al. (76) found that naturally evoked dopamine release could be
measured at polyamide-coated fused-silica electrodes several months after in vivo
implantation. Incredibly, measurements were obtainable for up to 25 successive days
without any apparent loss in sensitivity—though there was a noted loss in temporal
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response. Given the heterogeneity of brain microenvironments, the ability to conduct FSCV
measurements from the same terminal population over multiple days is an exciting prospect
for studies of disease and behavioral learning. Indeed, others have attempted to develop such
a sensor (77, 78), albeit with little success. The performance of the fused-silica electrode
design is attributed to its size, which may be small enough to bypass the immune response.

Questions as to how these sensors can be used remain. Although postcalibration of the
sensors revealed no changes in electrode sensitivity after chronic implantation, it is unclear
whether sensor performance remains stable after several days of in vivo use. Unforeseen
issues such as new tissue damage or degradation of the carbon fiber could change the
electrode’s response with continued use. In such cases, it would be impossible to determine
whether a signal decrease is a biologically relevant change or merely a change in electrode
sensitivity. These concerns are the subject of ongoing studies.

4.3. Microelectrode Arrays

Neurotransmitter release varies not only within discrete substructures of the brain (79) but
also across individual cells (80). This has spurred the development of microelectrode arrays
(MEASs) compatible with neurochemical measurements for a variety of in vitro and in vivo
purposes. Consolidation of multiple sensing elements onto a single device makes possible
spatially resolved profiling of neurochemical dynamics as well as simultaneous detection of
different analytes by optimizing the potentials applied to each electrode.

To capture exocytotic variation on a subcellular level, MEA size and electrode spacing must
be smaller than the cell (~10-20 um for a neuron). For single-cell measurements, carbon-
disk MEAs have been fabricated from carbon fibers inserted into multibarrel glass and from
the deposition of carbon through pyrolysis onto a fused assembly of quartz capillaries to
form up to 7 and 15 electrodes, respectively (81, 82). Researchers have also employed
various microfabrication approaches to create MEA devices with an increased electrode
number for single-cell and cell-cluster applications (83-85). Recently, Ewing and coworkers
(86, 87) developed platinum MEA platforms that are modified with collagen IV coatings to
promote cell adhesion and growth. The newest version of their design confines 36
microelectrodes within a 40 um x 40 um microwell to position a cultured PC12 cell directly
above the sensor surface.

Most MEAs developed for in vivo neurochemical applications have been carbon based
given carbon’s compatibility with FSCV. These arrays have been used to probe
neurotransmitter heterogeneity across multiple brain regions and within brain
microenvironments. In vivo recordings are possible by simply implanting several individual
carbon-fiber microelectrodes (76, 88). However, such methodologies can suffer from
irreproducibility and are difficult to implement when targeting a single brain structure.
Hence, recent efforts have focused on the microfabrication of carbon-based MEAs.
Successful devices containing 4- and 16-band microelectrodes have been created from
pyrolyzed photoresist, which is amenable to photolithography and has properties similar to
glassy carbon (89). Strategies to construct MEAs from grown carbon nanofibers are also
under investigation, but the viability of such devices in vivo has yet to be demonstrated (90).
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5. NOVEL APPLICATIONS

5.1. Challenging the Conventions of Neurochemical Measurements

Microdialysis and FSCV are the two most common in vivo neurochemical techniques in use
today. Early in their development, microdialysis and FSCV were viewed as rival methods,
but they are now recognized as providing complementary information. Millisecond temporal
resolution makes FSCV superior for fast neurochemical measurement of electroactive
molecules; however, the need for background subtraction limits detection to rapid
concentration changes. With microdialysis, neurotransmitters and other small biomolecules
in the brain extracellular fluid are extracted into dialysate driven slowly through a tubular
semipermeable membrane. Because the dialysate is collected and analyzed externally in
microdialysis, a wider range of molecules may be detected with better chemical selectivity.
However, sampling times are typically on the order of minutes, the time required to collect
sufficient dialysate for analysis. Here we describe several novel strategies that are currently
being developed to redefine the current conventions of FSCV and microdialysis
measurements.

5.1.1. Basal-level measurements with FSCV—Given dopamine’s relevance to
disorders such as Parkinson’s disease, determining its basal level has been a goal of both
microdialysis and FSCV. Because FSCV is a differential technique, it has required indirect
approaches to approximate local extracellular concentrations. For instance, studies have
employed pharmacological methods to rapidly silence dopamine signaling in the striatum
(91-93). The subsequent decrease in extracellular dopamine detected at the electrode is
assumed to represent the original baseline concentration. Others (8, 94) have used kinetic
and diffusion modeling to extrapolate the basal level from the transient dopamine responses
elicited by electrical stimulation. Although many of these studies predict the basal
concentration of dopamine to be in the lower nanomolar range, others have reported values
greater than 1 uM. Therefore, the results of these experiments remain the subject of debate.

Other measurement strategies have taken advantage of the predisposition of dopamine to
adsorb to carbon-fiber surfaces via electrostatic and pi-pi stacking interactions (62, 95).
These techniques use the signals generated after preconcentration of dopamine at the sensors
as a measure of extracellular concentrations, similar to methods employed during anodic
stripping voltammetry. One such approach involves a collector-generator-like system on a
microfabricated platform (96). When operated, the potential of the outer-generator
electrodes is held at = 0 V to promote the adsorption of dopamine and then pulsed to a
positive potential to desorb the accumulated dopamine at the surface. This repulsion creates
a transient wave of dopamine that is detected at the inner-collector electrode with FSCV and
is used to determine the concentration of dopamine surrounding the device. Though
detection of 200 nM dopamine was the lowest concentration demonstrated, the spacing of
electrodes in future generations can be decreased for improved capture efficiency.

A similar approach has been developed for use with a single carbon-fiber microelectrode
(97). In this technique, termed fast-scan controlled adsorption voltammetry (FSCAV), the
holding time between voltammetric scans is altered to promote the adsorption of dopamine
in a controlled manner. There are three steps to this process. First, a high-speed (1,200 V/s)
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version of the dopamine waveform is applied at 100 Hz to reduce the amount of dopamine
adsorbed to the electrode. Second, the electrode potential remains constant (typically at —0.4
V) during a defined holding period to allow for new dopamine adsorption to occur. Third,
the waveform is then reapplied to oxidize the dopamine accumulated on the surface. The
nonfaradaic current generated during this step is removed through deconvolution techniques
using an electrode response function determined in a buffer solution. Subsequent integration
of peak oxidation currents is used to calculate the concentration of dopamine in the solution.
This technique provides a limit of detection (<10 nM dopamine) sufficient for in vivo use
and can be alternated with normal FSCV measurements to monitor rapid dopamine changes
at the same microelectrode. An initial study employing FSCAYV in the mouse striatum
reported basal dopamine levels to be close to 100 nM (98), a value consistent with the
concentration range suggested by past studies (8, 91-94).

5.1.2. Ultrafast microdialysis—Recent work (99-101), largely led by the Kennedy
group, has led to the realization of the first ultrafast microdialysis techniques. The temporal
resolution of micro-dialysis is largely determined by the mass limits of the detection
method: High limits require the collection of a larger volume of dialysate and, in turn, longer
sampling times. Therefore, coupling microdialysis to analysis techniques with high mass
sensitivity, such as capillary electrophoresis with laser-induced fluorescence detection,
greatly increases the sampling speed (99-101). Band broadening of the sample via Taylor
dispersion during transport limits further improvements in temporal resolution. Wang et al.
(102) demonstrated that a segmented flow system significantly reduces the effects of Taylor
dispersion. In their setup, segmented flow is accomplished on an integrated
polydimethylsiloxane chip positioned at the probe outlet, which mixes the dialysate with
fluorogenic reagents for derivatization and introduces an immiscible oil droplet to partition
the dialysate into discrete nanoliter fractions. This partitioning prevents the fractions from
mixing, thereby preserving temporal information, even when samples are stored for offline
analysis. Online analysis with a microfluidic capillary electrophoresis chip demonstrated
that this system can provide a temporal resolution of 2 s and is suitable for in vivo amino
acid measurements (103).

The segmented flow strategy has also been coupled to low-flow push-pull perfusion to
provide fast neurochemical sampling with higher spatial resolution, as sampling occurs only
at the tips of two adjoined capillaries (Figure 2) (104). During sampling, a physiological
buffer is infused through one capillary (push) while fluid is withdrawn through the second
capillary (pull) at an equal flow rate. Given the low flow rates (~50 nL/min), which are used
to prevent tissue damage, the sampling of this technique is typically very slow. However,
endeavors to couple push-pull perfusion to the segmented flow system have produced results
suggesting that subsecond time resolution may be possible. Application of this device in the
rat striatum established that this sampling technique could follow glutamate changes with 7-
s time resolution and with an 80-fold increase in spatial resolution over conventional
microdialysis probes (104).
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5.2. Multimodal Measurements

Soon after the introduction of in vivo electrochemical techniques, Millar and colleagues
(105-107) realized that a complete understanding of neuronal communication requires
knowledge of neurochemical release dynamics and the resulting postsynaptic cell responses.
In turn, they developed a method in which catecholamine release and the firing rates of
single neurons or units could be monitored at a carbon-fiber microelectrode. In this method,
the potential of the electrode is floated between FSCV scans to detect changes in the
extracellular potential caused by cell firing (105-107).

When the combined electrochemical/electrophysiological (echem/ephys) method is coupled
to iontophoresis, the receptors linking pre- and postsynaptic activity may be identified
through pharmacological manipulation (108). lontophoresis is a classic drug delivery tool
using electrophoretic and electroosmatic forces so that an applied current induces the flow
of solution through a pulled glass capillary (109). During echem/ephys measurements, the
carbon-fiber microelectrode is housed in one capillary of a pulled multibarrel glass
assembly. The other barrels contain drug solutions whose dispersions are controlled by a
constant-current source. lontophoresis of electroactive species, such as dopamine, is
voltammetrically detected at the carbon fiber to determine the ejected concentration.
lontophoresis of nonelectroactive drugs is indirectly monitored through the addition of a
biologically inert, electroactive marker (110). To obtain an approximation of the drug
introduced, capillary electrophoresis is used to determine the transport of the drug relative to
the marker.

First employed more than 30 years ago, this powerful tool set has only recently been
miniaturized for application in awake animals (111). On the miniaturized headstage, a
surface-mounted dual-operational amplifier chip provides voltage-follower
(electrophysiological) and current-transducer (electrochemical) modes, which are controlled
by a CMOS switch. During combined echem/ephys experiments, a triangular waveform
scanning between -0.4 V and +1.3 V at 400 V/s is used to detect dopamine changes. This
waveform is applied at 5 Hz, half the normal frequency, to provide ~180 ms of
electrophysiological recording between scans. Digital time stamps are used to align these
measurements with behavioral and iontophoretic events during data analysis. The basic
setup for the combined echem/ephys system is shown in Figure 3. Detailed descriptions of
the hardware and software components of the combined technique have been published
elsewhere (111, 112).

Recent work with this setup has provided new insight into the role of dopamine signaling in
the nucleus accumbens (NAc), a brain region mediating motivated behaviors. Operant
paradigms such as self-administration and intracranial self-stimulation (ICSS) are used to
investigate the physiological and psychological mechanisms guiding reward-seeking
behaviors. During such paradigms, the animal learns to complete a task such as pressing a
lever to receive a reinforcer (i.e., a reward). In self-administration, the reinforcer is a drug of
abuse. In ICSS, the animal receives a rewarding electrical brain stimulation, typically
targeting dopaminergic processes. Dopamine is widely implicated in the reinforcing
components of psychostimulants and ICSS, but the extent of its neuromodulatory role during
such behaviors has been debated (113-116).
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The combined echem/ephys technique demonstrates that the medium spiny neurons (MSNs)
of the NAc show patterned responses to reward prediction and presentation during ICSS and
cocaine self-administration (30, 117). The magnitude of these phasic firing activities tracks
with the amount of dopamine release detected, whereas locations with unresponsive cells
exhibit no measurable dopamine release. These data provide strong correlation between
reward-evoked dopamine and unit responsivity, but initial pharmacological investigations
have systemically found that dopamine receptor activation plays little part in generating the
MSN firing responses observed during ICSS (118). In another study, microinfusion and
iontophoresis were used to apply the drug directly into the NAc, resulting in blocked
dopamine receptors (117). With both drug delivery methods, dopamine D1 receptor
antagonist SCH23390 blocks lever pressing during ICSS. However, unlike microinfusion,
the smaller drug volumes introduced by iontophoresis (119) do not affect animal
performance during the task, thereby allowing the neurochemical basis of the behavior to be
investigated without influencing behavior.

A more recent study found intriguing differences in the immediate and long-term effects of
dopamine receptor modulation in conscious animals at rest (108). Dopamine D1 (SCH
23390) and D2 (raclopride) receptor inhibitors were introduced into the NAc in 15-s
ejections, during which only a small number of MSNs were affected. In contrast, long-term
analysis found that the baseline firing rates of most cells were either inhibited by D1 or
excited by D2 antagonism, consistent with previous literature findings from brain slices.
Interestingly, dopamine could evoke immediate cell responses during electrical stimulation
when nonelectroactive species such as glutamate are also released. This highlights the role
of dopamine as a neuromodulator as opposed to a classical neurotransmitter. Though not
directly inhibitory or excitatory, dopamine can have various effects on the overall
excitability of MSNs in the NAc and can regulate the immediate actions of glutamate in a
receptor-dependent manner.

Use of the combined echem/ephys technique in awake animals is only in its infancy.
However, these early results demonstrate the utility of such measurements in delineating the
postsynaptic consequences of rapid neurotransmission. Future addition of iontophoresis to
this setup will provide a unique opportunity to probe the receptor-based underpinnings of
behavior at the local-circuit level.

5.3. Neurotransmitter Detection in Nonrodent Models

Annu

Most in vivo electrochemical studies have been conducted in rats, mice, and, to a lesser
extent, guinea pigs. This work has provided a great deal of our current knowledge regarding
dopamine regulation in the striatum. Unfortunately, the translatability of this information to
other species, particularly humans, is tentative. This limitation has spurred attempts to
expand electrochemical techniques to nonrodent species. However, as a result of several
technological and anatomical challenges, these endeavors have had varying degrees of
success. Here we discuss efforts to apply electrochemical neurotransmitter detection in the
fly nervous system and in the primate brain.
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5.3.1. Drosophila (fruit flies)—Drosophila melanogaster, more commonly known as the
fruit fly, is a valuable model organism. Its short life span, its rapid reproduction cycle, and
the ease with which its genetic makeup may be manipulated (120) allow researchers to
produce and screen genetic mutations in a matter of months. By contrast, similar
manipulations would require years in the rat. Although the Drosophila nervous system is
composed of only 100,000 neurons (121), it exhibits a notable degree of genetic homology
to vertebrates and supports learning and memory (122). Additionally, many of the same
monoamine neurotransmitters, including dopamine and serotonin, that Drosophila employs
are similar to those employed by vertebrates (123). Drosophila’s simplicity and genetic
flexibility make it an ideal platform to investigate the genetic foundations of
neurotransmission.

The size of the Drosophila central nervous system (~100 UM across), which is smaller than
conventional microdialysis probes, has been the main hindrance in studies of
neurotransmitter release. As a result, most neurotransmitter work has involved content
analysis of homogenized tissue preparations. Although microelectrodes are well suited to
probe biological microenvironments, voltammetric detection of neurotransmission in
Drosophila has presented additional challenges. For example, the size of the tissue provides
very little opportunity to target discrete structures containing only a single, known
electroactive neurotransmitter, as is possible in the rat brain. A larger question was how to
elicit selective neurotransmitter release when the Drosophila nervous system is smaller than
commercially available stimulating electrodes.

Owing to such issues, many FSCV measurements conducted in Drosophila have involved
the application of exogenous dopamine to study the function of the dopamine transporter
(124-126). In these experiments, a live fly is immobilized in physiological buffer and
dissected to expose its central nervous system. Fluorescent signals produced by GFP-
transfected dopamine neurons subsequently guide electrode placement. Pressure ejection
through a capillary positioned next to the microelectrode then introduces dopamine, and
signal decay is related to the rate of removal by the dopamine transporter. This work has
demonstrated that uptake of dopamine from the extracellular space is regulated by similar
mechanisms in Drosophila and in mammalian species. It has also described an initial
protocol for electrochemical measurements in fly preparations.

Study of endogenous monoamine release in Drosophila has been accomplished through
optogenetic stimulation strategies. Venton and coworkers (127-130) transfected selected
groups of monoamine neurons in Drosophila to express channelrhodopsin-2 (ChR2), a blue-
light-sensitive ion channel. The ion fluxes generated by blue-light exposure cause electrical
excitation only in ChR2-expressing cells and, therefore, can be used as a means of selective
neuronal activation. Preliminary FSCV studies have proven that blue-light stimulation of
ChR2-expressing serotonin and dopamine neurons can elicit measurable release in the
ventral nerve cord of Drosophila larva and that these monoamine systems have regulatory
and frequency-response characteristics comparable with those of the rat brain (127-130).

5.3.2. Nonhuman primates—Given their genetic semblance to humans and their
sophisticated cognitive abilities, nonhuman primates are the most clinically relevant animal
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models. Though rodent studies have provided most of the insight into human behavior and
disease, there is substantial reason to believe that the complexities of primate
neurochemistry cannot be fully appreciated through such work. For instance, only in
primates is the striatum, a dopamine-dense brain region, anatomically separated into the
caudate and putamen by a structure known as the internal capsule. Compared with rodents,
primates are also more susceptible to Parkinsonian-like disorders (131, 132), which are
mediated in part by dopamine signaling in striatal regions (133).

Given these anatomical and physiological differences, FSCV recordings in primate brain
slices have indicated greater complexity in dopamine release and regulation (133-135).
Using marmoset striatal slices, Cragg et al. (133-135) observed that, owing to differences in
innervation density, dopamine overflow and tissue content were 2—3-fold larger than
concentrations found in rodents. Moreover, the magnitude of dopamine release and the rate
of its uptake vary significantly among striatal subregions, a characteristic that is not apparent
in rodent striata. Interestingly, the rate of dopamine uptake was highest in the dorsal lateral
putamen, the area of the striatum most affected by Parkinson’s disease. The uptake rate in
this region was also two times faster than that reported for rodents, suggesting that the
dopamine transporter may contribute to primate susceptibility to Parkinson’s disease.

In contrast to the success of brain-slice experiments, application of electrochemical
techniques to intact primate brains has progressed slowly since the first attempt in 1981
(136). A handful of studies using amperometric measurements have recorded increased
oxidation signals in the monkey striatum with local chemical stimulation, electrical
stimulation of dopamine axons, natural reward, and reward prediction (136-138). These data
accord with recorded dopamine responses in the rodent brain during such stimuli. However,
as amperometry provides very little chemical information, none of the studies was able to
verify that the signal was dopaminergic in origin.

In 1998, Earl et al. (139) conducted the first study clearly demonstrating electrochemical
detection of dopamine release in the striatum of an anesthetized primate. Using FSCV at a
conventional carbon-fiber microelectrode, they measured electrically stimulated dopamine
release in the striatum of untreated and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated marmosets. MPTP is a neurotoxin that generates Parkinsonian-like
degeneration of dopamine neurons. As in rodents, dopamine release in the monkey striatum
is dependent on stimulation frequency and is regulated by its autoreceptor and transporter.
Moreover, these authors found that dopamine release in MPTP marmosets did not respond
to transporter inhibition, consistent with Cragg’s later work proposing its involvement in
Parkinson’s disease.

However, the marmoset is among the smallest primates used in research; similar to the rat, it
weighs only 400 g at adulthood (140). Thus, endeavors to employ FSCV in the rhesus
monkey, which reaches more than 5,000 g at adulthood (141), are more relevant to the
human brain. To probe the rhesus striatum, the electrode must be long enough to hit target
regions centimeters, rather than millimeters, beneath the skull. This generates issues
regarding not only electrode durability but also fiber resistance, and requires that the
conducting wire form a connection to the carbon fiber near the electrode tip. Another set of
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concerns arises from the more diffuse distribution of dopamine cells, projections, and
terminals in larger animals. As a result, positioning the microelectrode near striatal
dopamine terminals becomes a greater challenge.

Accordingly, an FSCV study by our group in collaboration with the Schultz lab detected
little dopamine release during recordings in the brain of an awake rhesus monkey (142). The
animals were trained in a Pavlovian task where a visual cue predicted the availability of a
sweetened liquid, a behavior that involves dopamine neurotransmission. During the
behavior, extracellular oxygen and pH fluctuations, which are hemodynamic and metabolic
markers of neuronal activity (18, 143), were detected electrochemically. Dopamine-like
cyclic voltammograms were also detected at some recording locations, but they were
difficult to resolve from the larger oxygen and pH signals.

A more recent FSCV study by Schluter and coworkers (144) explored the use of electrical
stimulation to evoke dopamine release in the rhesus striatum. Electrical stimulation of
midbrain dopamine neurons in the substantia nigra/ventral tegmental area (SN/VTA) is
widely used in rodent studies as an aid in electrode positioning and to study the regulation of
dopamine overflow. However, electrical stimulation of the SN/VTA was not an effective
means of evoking dopamine release in the rhesus striatum, as the area activated by
conventionally sized stimulating electrodes comprises only a small portion of SN/VTA
neurons. Increasing the current in attempt to recruit a larger population of neurons resulted
in undesirable motor responses that interfered with the recordings. However, local terminal
stimulation, a technique regularly used in brain-slice studies, elicited dopamine release in 10
out of 14 attempts and facilitated the recording of dopamine release during an unexpected
juice reward. Thus, in agreement with our published work in monkeys, Schluter et al. (144)
concluded that dopamine release is more difficult to detect in the primate brain than in
rodents.

5.3.3. Humans—To date, endeavors to apply FSCV to the human brain have been made in
parallel with deep brain stimulation (DBS) treatment, a type of functional brain surgery that
can ameliorate the symptoms of Parkinson’s and other neurological diseases (145-147). The
neuronal mechanisms underlying the efficacy of DBS are still largely unknown, though a
range of neurotransmitters, including dopamine, serotonin, and adenosine, have been
implicated in producing its effects (148, 149). Thus, electrochemical detection of these
species during DBS surgery may provide valuable information in the development of new
and more effective therapeutics.

Voltammetric recordings from the human brain have employed single fused-silica-based
micro-electrode assemblies (Figure 4) (150), housing both the reference and working
electrodes to con-fine the damage incurred during implantation. In practice, these probes are
positioned near the target of DBS stimulation to eliminate the need for additional surgery. In
2011, the first successful recording from a human used a microelectrode assembly
positioned within the striatum. During the procedure, the patient was asked to perform a
decision-making task involving monetary investment during which dopamine fluctuations
were successfully recorded with FSCV. Thereafter, separate efforts at the Mayo Clinic have
created an electrochemical telemetry system called WINCS (wireless instantaneous
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neurotransmitter concentration sensing) that is compatible with FSCV or amperometric
measurements in humans (151). With the WINCS system, cyclic voltammograms consistent
with adenosine release have been recorded in the human thalamus during a treatment for
essential tremor (152). Notably, both reports found no adverse effects in patient health or in
the efficacy of DBS treatment. The demonstrated safety of electrochemical recordings is a
crucial precedent for future clinical studies.

6. CONCLUDING REMARKS

Since Adams’ pioneering work more than 40 years ago, the field of in vivo electrochemistry
has undergone a great deal of development and standardization. Today, electrochemical
techniques are used routinely for high-speed, spatially resolved neurochemical
measurements in a number of biological preparations. Although current methods are robust,
versatile, and suitable for use by nonelectrochemists, ongoing innovations in sensor design
and experimental methodology present exciting new avenues for electrochemical
measurements in neuroscience. Future research may provide unprecedented insight into the
neurochemical basis of behavior and disease.
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Figure 1.

-1-

Voltammograms for several analytes commonly encountered in brain tissue. Data collected
using CNTy-D electrodes are shown in red, and those collected using conventional carbon-
fiber electrodes are shown in black. Potential was scanned from —0.4 V to +1.4 V and back
at 400 V/s and applied at 10 Hz to allow for the detection of many analytes. Currents are
normalized to highlight differences in the features of each voltammogram. Figure reprinted
with permission from Reference 71. Abbreviations: CNTy-D, carbon-nanotube yarn-disk;
DOPAC, 3,4-dihydroxyphenylacetic acid.
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Figure 2.
(a) Segmented flow—coupled low-flow push-pull probe. Artificial cerebrospinal fluid (aCSF)

is infused directly into the tissue, while extracellular fluid is withdrawn at an equal flow rate.
Suction for sampling flow is generated by a vacuum applied to the outlet of the Teflon
storage tubing, which also pulls the oil to generate the segmented sample stream. (b) Internal
tee geometry (tee outline not to scale). (c) Photograph of 6-nL sample segments (blue food
dye) entering the storage tubing at the tee outlet. Figure reprinted with permission from
Reference 104.
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Figure 3.
Electronics and outputs for combined fast-scan cyclic voltammetry/electrophysiology. The

same carbon-fiber electrode and reference electrode are used for both circuits, and the
reference electrode also serves as ground for the iontophoresis circuit. Output of the carbon-
fiber electrode is connected to a voltage follower to monitor cell firing (upper circuitry).
Every 200 ms, the carbon-fiber microelectrode is switched from the electrophysiology
circuit to the lower voltammetry circuitry for 20 ms. In this position, the amplifier controls
the electrode potential, and the current is monitored. Synchronized outputs for both circuits
are shown to the right of the circuitry. When the lower circuit is completed, the electrode is
held at —0.4 V, then over 8.5 ms, it is scanned from —0.4 V to +1.3 V and back to 0.4 V.
Changes in current during each scan are indicated with arrows. During this time, no voltage
changes are seen in the electrophysiology (when circuit was open but program still recorded
data). With the upper circuit connected, changes in voltage were monitored. Colored marks
above voltage readout indicate regions of 180 ms that have been expanded above. Voltage
signals from medium spiny neurons of interest (orange spikes) are separated from signals
generated by other cells ( gray spike) through principal component analysis. Figure adapted
with permission from Reference 108.
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Figure4.
(a) Carbon-fiber microelectrode design for human applications. The electrode is assembled

from two polyamide-coated fused silica capillaries and a polyamide-coated stainless steel
protective tube. The smaller capillary (arrow 3) (90 um o.d.) houses the carbon fiber (arrow
4) and connection wire. Epoxy is used to form a seal at the tip. This smaller capillary is
inserted into the larger capillary (arrow 2) (360 um o.d.) so that it protrudes 5 mm from the
tip for increased stability. This assembly is then encased at one end with the stainless steel
protective tube (arrow 1) containing a stainless steel reference electrode. (b) VVoltammetric
signals measured at an electrode implanted in the human caudate: (left) subsecond changes
and (right) changes over several seconds. Changes in electrochemical current are measured
at the peak oxidation potential for dopamine (+0.65-0.75 V). Insets show cyclic
voltammograms from the patient’s brain (black trace) compared with a standard reference
cyclic voltammogram for dopamine (dashed red trace): r2 = 0.75 (left), r2 = 0.765 (right),
and p < 0.0001 for both. These cyclic voltammograms were measured at the time points
indicated by the black arrowheads in the lower panels, which show two-dimensional plots
with electrochemical current: nA indicates pseudo color (see color bar to the right) plotted
against time (horizontal axis) and applied potential (vertical axis). Figure adapted with
permission from Reference 150.
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