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Detecting Subsecond Dopamine Release with
Fast-Scan Cyclic Voltammetry in Vivo
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Background: Dopamine is a potent neuromodulator in
the brain, influencing a variety of motivated behaviors
and involved in several neurologic diseases. Measurements of extracellular dopamine in the brains of experimental animals have traditionally focused on a tonic
timescale (minutes to hours). However, dopamine concentrations are now known to fluctuate on a phasic
timescale (subseconds to seconds).
Approach: Fast-scan cyclic voltammetry provides analytical chemical measurements of phasic dopamine signals in the rat brain.
Content: Procedural aspects of the technique are discussed, with regard to appropriate use and in comparison with other methods. Finally, examples of data
collected using fast-scan cyclic voltammetry are summarized, including naturally occurring dopamine transients and signals arising from electrical stimulation of
dopamine neurons.
Summary: Fast-scan cyclic voltammetry offers real-time
measurements of changes in extracellular dopamine
concentrations in vivo. With its subsecond time resolution, micrometer-dimension spatial resolution, and
chemical selectivity, it is the most suitable technique
currently available to measure transient concentration
changes of dopamine.

chronoamperometry, differential normal-pulse voltammetry, and fast-scan cyclic voltammetry.
Fast-scan cyclic voltammetry has been used extensively to investigate the rapid events associated with
neurotransmission in vivo and in vitro. It is a valuable
preclinical tool to evaluate drug mechanisms (1 ) and
animal models of disease (2 ) associated with dopaminergic transmission. By exploring the regulation and physiology of neurotransmitter function with fast-scan cyclic
voltammetry, novel targets for therapeutic intervention in
pathologies such as Parkinson disease, schizophrenia, and
drug addiction may be identified.
Relative to other available techniques, fast-scan cyclic
voltammetry has several advantages: it measures dopamine concentrations in real time, on a subsecond timescale; it quantifies increases and decreases in dopamine
concentrations in the nanomolar to micromolar range; it
uses a micrometer-dimension probe that gives fine spatial
resolution with minimal tissue damage; and it provides
positive identification of dopamine via the cyclic voltammogram. As we will show in this review, these characteristics make fast-scan cyclic voltammetry ideal for measuring the phasic dopamine signals putatively associated
with burst firing of dopamine neurons in awake animals.

Extracellular Dopamine
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Dopamine is known to be an important neurotransmitter
that modulates many aspects of brain circuitry. It is
therefore of interest to be able to measure dopamine in
awake rats to correlate neurochemistry with behavior.
Over the past several decades, two general techniques
have evolved to accomplish this: microdialysis and electrochemistry. Although multiple electrochemical techniques exist, those used in freely moving animals are

The dynamics of the release and uptake of dopamine into
brain extracellular space are currently under intense investigation. It is now well known that dopamine is an
extrasynaptic messenger that functions via volume transmission, escaping the synaptic cleft to bind to extrasynaptic receptors and transporters (3–5 ). Furthermore, there
is evidence for both tonic and phasic aspects of extracellular dopamine (6 – 8 ), which are best measured by different neurochemical techniques.

tonic vs phasic extracellular dopamine
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Extensive data indicate that a tonic concentration of
dopamine exists in target nuclei that may play an enabling role in neurotransmission. In the striatum, these
tonic concentrations of dopamine are predicted to be 5–20
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nmol/L by microdialysis (9 ) and differential normalpulse voltammetry (10 ) and 50 –100 nmol/L by theoretical
estimations using fast-scan cyclic voltammetry (11 ) and
pharmacologic studies (12 ). If the concentrations are
indeed 20 nmol/L or above, those dopamine receptors in
high-affinity states would be chronically occupied, which
appears to be the case for D2-like receptors (13, 14 ).
Additional evidence for extracellular dopamine “tone”
comes from microdialysis studies in 6-hydroxydopaminelesioned rats. Basal extracellular dopamine concentrations
are maintained until dopaminergic cell loss exceeds 80%,
after which both parkinsonian symptoms emerge and
extracellular dopamine concentrations drop (15, 16 ).
Tonic extracellular dopamine would be best measured by
neurochemical techniques that offer both high sensitivity
and a long timescale, such as microdialysis.
In contrast, extracellular dopamine is known to reach
high concentrations for brief periods (17, 18 ), which we
describe as phasic activity. These transients are likely to
arise from concerted burst firing of dopamine neurons
(19 ) that often occur on presentation of salient sensory
input (6, 20 ). Fast-scan cyclic voltammetry and amperometry have been used to measure dopamine release after an
electrical stimulation of dopamine neurons that mimics
tonic and phasic firing (11, 21 ). The amount of dopamine
released is frequency-dependent; as the stimulation approaches frequencies achieved by burst firing, the dopamine transporter is saturated and high concentrations are
achieved. Similar naturally occurring dopamine transients have been measured in the rat, sometimes reaching
concentrations ⬎1 mol/L (18, 22 ). These higher concentrations are sufficient to activate the low-affinity D1- and
D2-like receptors (23 ). Because the events themselves are
so brief (⬍10 s), phasic extracellular dopamine would be
best measured by neurochemical techniques that have
subsecond timescales.

neurochemical methods to measure
extracellular dopamine
High sensitivity, chemical selectivity, and fast temporal
resolution are all desirable characteristics when measuring neurotransmitters in vivo. In practice, it is difficult to
achieve all of these with one method. In this section, we
will briefly discuss the advantages and disadvantages of
the methods used for dopamine detection in vivo, with
reference to their appropriate applications.
Microdialysis. Microdialysis is the most widely used
method to sample the chemical environment of the brain.
A dialysis probe that is permeable to small molecules is
placed in the brain and perfused with artificial cerebrospinal fluid. As molecules diffuse into the probe, the
dialysate is collected and analyzed off-line. Because the
dialysate can be analyzed after separations with HPLC, a
high degree of chemical selectivity and sensitivity is
achieved with this technique. However, a certain volume
of dialysate must be collected before analysis can be done;

thus, the method has slow temporal resolution and is best
suited for looking at concentration changes that happen
on the minute-to-hour timescale. Because of these characteristics, microdialysis is routinely used to measure tonic
changes in dopamine. [Although measurements of tonic
dopamine theoretically include phasic signals integrated
across the sample, it has been demonstrated that microdialysis is insensitive to dopamine transients (24, 25 ).]
Constant-potential amperometry. Constant-potential amperometry is a simple electrochemical technique in which a
potential sufficient to oxidize or reduce the molecule of
interest is applied to the electrode. The electrode responds
extremely quickly to changes in analyte concentration,
and high sampling rates can be used; therefore, constantpotential amperometry offers the best temporal resolution
among the available techniques. However, it suffers from
poor selectivity: any molecule that can be oxidized or
reduced at the potential of the electrode is detected, so
there is no way to differentiate between molecules. Because of its lack of chemical selectivity, constant-potential
amperometry should never be used in the freely moving
preparation, where higher chemical selectivity is needed
to provide confidence in the identity of the analyte.
Nevertheless, it is appropriate for measurement of electrically evoked dopamine release in anesthetized animals
or brain slices, and its fast sampling rate makes it ideal to
study the kinetics of phasic dopamine signals.
Fast-scan cyclic voltammetry. Fast-scan cyclic voltammetry
is a more complex electrochemical technique that provides good chemical selectivity while retaining subsecond
temporal resolution. Each measurement consists of a
cyclic voltammogram that serves as a chemical identifier
to provide chemical selectivity. Thus, possible interferents, such as ascorbic acid, dihydroxyphenylacetic acid
(DOPAC),4 and pH shifts, can be easily distinguished
from dopamine via the cyclic voltammogram. Because
fast-scan cyclic voltammograms can be repeated every 100
ms, changes in dopamine concentration can be monitored
on the subsecond time scale. These characteristics make
fast-scan cyclic voltammetry well suited for detecting
phasic dopamine changes in the freely moving animal.
Additional electrochemical techniques include highspeed chronoamperometry and differential normal-pulse
voltammetry. Both techniques provide more chemical
selectivity than constant-potential amperometry but less
than fast-scan cyclic voltammetry. High-speed chronoamperometry provides measurements on the second time
scale (usually 1–5 s after signal averaging) (26 ), whereas
differential normal-pulse voltammetry provides measurements on the minute time scale (27, 28 ).

4
Nonstandard abbreviations: DOPAC, dihydroxyphenylacetic acid; mse,
mean squared error; and ICS, intracranial self-stimulation.
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Fast-Scan Cyclic Voltammetry
When used with carbon-fiber microelectrodes, fast-scan
cyclic voltammetry provides good temporal, chemical,
and spatial resolution. In fast-scan cyclic voltammetry, the
potential of the electrode is linearly scanned, which
causes molecules adjacent to the electrode to be oxidized
or reduced. The measured current provides chemical
information of the surrounding environment.
The methodology of fast-scan cyclic voltammetry is
illustrated in Fig. 1. A triangle waveform is applied
intermittently to the electrode (Fig. 1A). The scan rate and
potential limits determine the length of each waveform.
Under typical fast-scan conditions, the potential is
ramped from ⫺0.4 V to ⫹1.0 V, vs a Ag/AgCl reference,
and back at 300 V/s. The resulting scan lasts 9.3 ms and is
repeated every 100 ms. Variations in these settings affect
the sensitivity, selectivity, and time resolution of the
measurements.
During fast-scan cyclic voltammetry, a large background current is produced, shown as a cyclic voltammogram in Fig. 1B (solid line; measured current vs applied
potential). The background current is chiefly attributable
to the charging of the double layer (rearrangement of
charged species around the electrode) and is proportional
to the scan rate and capacitance of the electrode. Electroactive functional groups present on the electrode surface
can also be oxidized or reduced, which adds to the
background current of the electrode. The presence of an
electroactive species, such as dopamine, may produce
only a small increase in the background current (Fig. 1B,
dashed line). However, because carbon-fiber microelectrodes have stable backgrounds over several seconds, the
background can be digitally subtracted to reveal changes
in current. The resulting background-subtracted cyclic

voltammogram (Fig. 1C) indicates that, in this case, the
change in current is attributable to oxidation of dopamine
and reduction of the electroformed quinone back to
dopamine. This robust dopamine signal was produced by
electrically stimulating dopamine release in an anesthetized rat (biphasic, 60 pulses, 60 Hz, 120 A).
The background-subtracted cyclic voltammogram provides chemical information on the detected substance;
e.g., the location of the oxidation and reduction peaks can
be used to chemically identify dopamine. In Fig. 1D, the
current at the oxidation peak of dopamine can be plotted
over time as the dopamine neurons are electrically stimulated. During the stimulation, the magnitude of current
increases as a result of dopamine release, then decreases
as a result of uptake. The change in current is confirmed
to arise from dopamine by inspection of the cyclic voltammogram. Finally, the current can be converted to dopamine concentration by use of an in vitro calibration.

temporal and spatial resolution
Typical cylindrical carbon-fiber microelectrodes are 5–30
m in diameter and 25– 400 m in length (Fig. 2). Because
of the small size of the probe, minimal tissue damage
occurs during insertion into the brain, and tracts are
undetectable under a light microscope (25 ). This is in
contrast to larger probes (⬎200 m in diameter), such as
are used in microdialysis, which cause tissue disruption
up to 1.4 mm from the probe site (29 ).
Fig. 3 shows the response as a carbon-fiber microelectrode is lowered through the nucleus accumbens in
150-m increments, while dopamine fibers in the medial
forebrain bundle were electrically stimulated. Although
dopamine fibers to the caudate and nucleus accumbens all
travel along the dorsal medial forebrain bundle, the
Fig. 1. Fast-scan cyclic voltammetry.
The potential applied to the electrode is ramped
from ⫺0.4 V to ⫹1.0 V and back at a scan rate of
300 V/s (panel A). This produces a large background current, which is plotted vs applied potential
(panel B). The solid line is the background current,
and the superimposed dashed line is the current
observed in the presence of dopamine. The dashed
line represents a 3% change in the background
current. By subtracting out the background, a cyclic
voltammogram for dopamine is generated (panel C),
which is the chemical identifier. The oxidative wave
(potential ramped from ⫺0.4 V to ⫹1 V) is shown as
a solid line, and the reductive wave (potential
ramped from ⫹1 V to ⫺0.4 V) as a dashed line.
Changes in dopamine current are visualized by
plotting the current at the peak oxidation potential
of dopamine (⫹0.6 V vs Ag/AgCl reference) vs time
(panel D). Each point represents the current from
one cyclic voltammogram. The dopamine neurons
are stimulated electrically (biphasic, 60 pulses, 60
Hz, 120 A) as denoted by the bar. At the onset of
stimulation, the current increases, and then falls
after the stimulation ends. The increase in current
is confirmed to be attributable to dopamine by
examination of the corresponding cyclic voltammograms. The current can be converted to dopamine
concentration via in vitro calibration of the carbonfiber electrode. For this signal, the calibration
yielded 300 nmol 䡠 L⫺1 䡠 nA⫺1.
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Fig. 2. Scanning electron microscopic image of a cylindrical carbonfiber microelectrode under ⫻1200 magnification.
The diameter of the fiber is ⬃5 m. The length of the exposed carbon fiber
extending from the glass seal is the electroactive area of the electrode.

projections are topographic (30 ). Therefore, at a given
stimulation site, different signals are seen throughout the
nucleus accumbens because of the heterogeneity of dopamine release sites. The reciprocal phenomenon was demonstrated by Garris et al. (31 ), in that release from a single
recording site in the nucleus accumbens varied while the
stimulating electrode was incrementally lowered through
the dopamine fiber pathway. With these methods, an area
with high release can be targeted for measurements
during an experiment.
It has long been recognized that dopamine adsorbs to
carbon-fiber microelectrodes (32 ). This adsorption process has two main consequences for the voltammetric
signal (33 ). The first is an increase in the signal observed,
as dopamine preconcentrates on the electrode surface
between scans. The second is a slower time response of
the electrode; however, this lag can be removed by
deconvolution (mathematically removing distortion) of
the signal (34 ).
Because fast-scan cyclic voltammetry is a differential
technique, only changes in analyte concentration can be
measured. Although the background current at a carbonfiber microelectrode is stable over several seconds, it can
drift over minutes. As a result, long-term changes in
dopamine concentration or basal concentrations cannot be
measured, whereas transient changes are easily detected.

sensitivity issues
There are several factors that affect the analyte sensitivity
of the electrode with fast-scan cyclic voltammetry. The
first is probe size, because the length of the carbon fiber
determines how many release sites are being sampled
and, thus, sensitivity (35 ). A second set of factors affecting
microelectrode sensitivity are the scanning conditions
(33 ). Because dopamine adsorbs to the electrode surface,
the holding potential and time between scans can affect
the signal intensity. In addition, the signal will increase

Fig. 3. Heterogeneity of electrically evoked dopamine release in the
nucleus accumbens of a freely moving rat.
The carbon-fiber microelectrode is lowered, using a micromanipulator, into the
nucleus accumbens at 1.2 mm anterior to bregma (61 ) as indicated by the
downward arrow. At each ventral placement, the electrochemical signal at the
oxidation potential of dopamine (⫹0.6 V vs Ag/AgCl reference) is converted to
concentration, using the in vitro calibration of the electrode after the experiment.
The concentration–time scale is valid for each of the traces. The electrical
stimulation (bipolar, 24 pulses, 60 Hz, 120 A) is delivered to the medial
forebrain bundle and indicated by the bar below each trace. The cyclic voltammogram corresponding to the electrical stimulation for each trace is shown on
the right. The vertical bar designates a range of 0.6 to ⫺1.6 nA in each cyclic
voltammogram.
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linearly with scan rate. Carbon-fiber microelectrodes can
be made more sensitive to dopamine by electrochemical
pretreatments or extended scan potentials that change its
surface chemistry (36, 37 ). The tradeoff for increased
sensitivity with electrochemical treatment is decreased
time resolution. Advances in instrumentation and electrode technology have lowered the detection limit of
dopamine to 25 nmol/L in awake animals. However,
because of background subtraction, this is a differential
technique and is best suited to measure transient concentration changes.
To determine the concentrations measured, it is important to calibrate the electrode accurately. Electrodes are
typically calibrated in vitro in a flow-injection analysis
system, where the electrode response to a known concentration of dopamine can be determined (38 ). Experiments
have been conducted comparing simultaneously collected
microdialysis and voltammetry data to determine
whether it is most accurate to use a calibration performed
before or after the experiment (39 ). For this study, acetaminophen was used instead of dopamine because that
molecule was not subject to the rapid uptake and metabolism seen with exogenous dopamine. The electrode response to the analyte acetaminophen during calibration
decreased by two-thirds after the electrode was implanted
in tissue for a few hours. The measured microdialysis
concentration of acetaminophen in vivo was between the
calculated concentrations from cyclic voltammetry using
the precalibration and postcalibration factors, indicating
that an average of the two might give the most accurate
result. However, postcalibration factors are routinely
used in our laboratory and are accurate enough to estimate extracellular dopamine concentrations.
Another issue involving sensitivity is acute vs chronic
implantation of electrodes. Some researchers implant an
electrode during surgery and use it for all subsequent
experimental measurements. However, as demonstrated
in the calibration experiments, electrodes lose some sensitivity and have a slower time response after implantation in the brain (40 ). Gliosis can also occur around the
electrode after long time periods. Because freely moving
animals must recover from surgery for a few days before
an experiment can be performed, chronically implanted
electrodes are not optimal for use in these experiments.
Instead, it is desirable to insert a new electrode for each
experiment by use of a micromanipulator (41 ).

chemical selectivity
Fast-scan cyclic voltammetry can be used to detect a
variety of electroactive compounds in the brain. One of
the advantages of cyclic voltammetry is multiple point
identification (each cyclic voltammogram contains ⬃1000
points), which allows numerous species with unique
oxidation and reduction potentials to be detected and
differentiated. Fast-scan cyclic voltammetry can be used
to detect catecholamines, indolamines, neurotransmitter
metabolites, ascorbic acid, oxygen, nitric oxide, and pH
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changes (32, 42– 44 ). The compounds detected and the
ability to resolve two compounds can depend on the
applied waveform. For example, the fast scan rates of
cyclic voltammetry can cause shifts in the peak potentials
attributable to slow kinetics; therefore, the oxidation
peaks of some potential interferents for dopamine detection, such as nitric oxide, appear at much more positive
potentials (44 ).
Fig. 4 illustrates the distinct voltammograms for dopamine, norepinephrine, serotonin, ascorbic acid, and
DOPAC; the solid line is the oxidative scan, and the
dashed line is the reductive scan. Cyclic voltammograms
can be compared based on peak height, the relative ratio
of oxidative and reductive peaks, and peak location and
shape. The shape of a cyclic voltammogram is determined
by electron transfer kinetics and how strongly the analyte
adsorbs to the carbon fiber. Dopamine and norepinephrine have nearly identical cyclic voltammograms (see
below), although the electrode is more sensitive to dopamine. The cyclic voltammogram for serotonin shows
multiple oxidation and reduction peaks because its oxidation products are unstable and can break down into
additional electroactive compounds. Cyclic voltammetry
is particularly useful for serotonin detection compared
with other electrochemical methods because the oxidation
product, which can foul the electrode, is produced for
only a few milliseconds and then is immediately reduced
(45 ). In Fig. 4, the peak oxidation potential for dopamine
is marked by a dashed line; it therefore is clear that
ascorbic acid and DOPAC have oxidation peaks at a more
positive potential than dopamine. Ascorbic acid and
DOPAC are also unstable after oxidation, so there is very
little reductive peak.
Although cyclic voltammograms are a powerful tool
for identifying electroactive compounds, some species,
such as norepinephrine and dopamine, have nearly identical cyclic voltammograms and cannot be differentiated
by electrochemistry alone. This is because the structures
of norepinephrine and dopamine are very similar and the
same hydroxyl groups are oxidized on each compound.
Therefore, to identify dopamine transients in vivo, electrodes are placed in known dopaminergic regions with
low norepinephrine content, and placements are verified
histologically. Dopamine can be independently verified
by determining the tissue content of the area around the
electrode by HPLC after the experiment and by comparison with microdialysis results. Pharmacologic manipulations, such as the administration of a specific receptor
antagonist or transporter inhibitor, also allow verification
of the signal. Further discussion on guidelines to validate
neurotransmitter signals measured with voltammetric
methods can be found in Marsden et al. (46 ).
One of the main interferents for the dopamine signal in
vivo is a pH shift. Changes in extracellular pH cause
broad changes in the background of the electrode signal
as a result of protonation and deprotonation of surface
groups, and this affects any technique that requires back-
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ground subtraction (e.g., fast-scan cyclic voltammetry and
chronoamperometry) (43, 47 ). In fast-scan cyclic voltammetry, however, pH changes affect the current at a much
broader range of potentials; thus, the effect of pH on the
dopamine oxidation signal can be subtracted out (48 ).
Recently, the occurrence of alkaline pH shifts after
evoked dopamine release in vivo has been verified with
ion-selective microelectrodes (49 ). Changes in blood flow
cause these local pH shifts by altering the concentration of
CO2, a component of the brain buffering system. Fig. 5 is
an example of a behaviorally evoked dopamine transient
followed by an alkaline pH shift that occurred when an
animal was presented food. The dotted line is the observed signal at ⫹0.6 V, which contains contributions
from the both the oxidation of dopamine and an alkaline
pH shift. The increase is attributable to dopamine, as
verified by the cyclic voltammogram at the peak signal.
The cyclic voltammogram from the decreased signal, after
the transient, has the characteristic broad changes caused
by pH and not the sharp peaks of the dopamine cyclic
voltammogram. The effects of the current from the interfering pH signal can be subtracted to give the pure
dopamine signal (Fig. 5, dashed line). Attributing the
signal at the dopamine oxidation potential only to
changes in dopamine would cause a misinterpretation of
the results as an increase and then decrease below baseline in dopamine concentration. Examination of the voltammograms allows differentiation of the dual effects of
pH and dopamine on the signal.

automated dopamine finder
During in vivo experiments with a freely moving animal,
it can be daunting to look through the data to identify

Fig. 4. Cyclic voltammograms of neurotransmitters and interferents.
(A), cyclic voltammogram for 2 mol/L dopamine. The vertical dashed line
denotes the oxidation peak for dopamine. (B), cyclic voltammogram for 2 mol/L
norepinephrine. The oxidation peak is at the same potential as that of dopamine;
however, the electrode is less sensitive to norepinephrine. (C), cyclic voltammogram for 2 mol/L serotonin. The cyclic voltammogram for serotonin has a
shoulder on the oxidation peak, and two reduction peaks. The electrode is also
more sensitive to serotonin than dopamine. (D), cyclic voltammogram for 200
mol/L ascorbic acid. It has a broad oxidation wave. (E), cyclic voltammogram for
20 mol/L DOPAC, which also has a broad oxidation wave attributable to slow
electron-transfer kinetics.

Fig. 5. Behaviorally evoked dopamine and pH signals in the nucleus
accumbens at the presentation of food.
F, measured signal at ⫹0.6 V (vs Ag/AgCl reference), which has contributions
from both dopamine and an alkaline pH shift. The dashed line is the pure
dopamine signal, with the effects of pH subtracted out. The left cyclic voltammogram is consistent with dopamine, whereas the right cyclic voltammogram
verifies the change in alkaline pH. The oxidative scan is shown as a solid line and
the reductive scan as F in both cyclic voltammograms.
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which cyclic voltammograms are dopamine. With cyclic
voltammograms typically collected every 100 ms, each
with ⬃1000 points, and experiments lasting up to 2 h, the
volume of data can be enormous (up to 76 000 cyclic
voltammograms). Therefore, a high-throughput algorithm was developed to find naturally occurring dopamine signals recorded in behaving animals. This method
is performed using locally written software in LabVIEW
(National Instruments) and analyzes 2000 cyclic voltammograms in ⬍5 s.
In this method, each cyclic voltammogram is background-subtracted using 10 scans taken 1.5 s beforehand.
The experimental cyclic voltammogram is compared with
a template of dopamine (an electrically stimulated signal
from the same rat) and normalized to the oxidation peak.
The mean squared error (mse) is then calculated vs the
template, given by the equation:
mse ⫽

冘共 x ⫺ y兲

2

n

where x and y are corresponding points on the normalized template and experimental cyclic voltammograms,
respectively, and n is the number of points in one cyclic
voltammogram. If the mse is small, the cyclic voltammograms are similar; if it is large, they are different. To
provide good differentiation between dopamine cyclic
voltammograms and the baseline noise, the inverse of the
mse is plotted vs time, a threshold is set, and the peaks
over the threshold correspond to signals that are dopamine. This process is repeated for each cyclic voltammogram in the data set. An alternative analysis is to calculate
the r2 value between the experimental and template cyclic
voltammograms. In this case, we have empirically established a minimum correlation threshold of 0.7.
The automated dopamine analysis for an experiment in
a freely moving animal where behaviorally evoked signals are present is shown in Fig. 6. The threshold of

inverse mse was set at 20 (the empirically established
threshold used in our laboratory); the cyclic voltammogram for a peak ⬎20 matches the dopamine template,
whereas the cyclic voltammogram for a peak ⬍20 is not
identifiable as dopamine because of the extra oxidation
and reduction peaks. Automating the analysis makes the
process objective.

Phasic Dopamine Signals in Freely Moving Rats
Fast-scan cyclic voltammetry has been used to monitor
electrically evoked and, more recently, naturally occurring dopamine transients. The advantage of electrical
stimulation of dopamine release is that sufficient concentrations are achieved to distinguish release and uptake
components of the neurochemical signal (50 ). The recent
measurement of similar transients occurring naturally in
freely moving rats (18, 22 ) reinforces the validity of electrically evoked transients to study the kinetic mechanisms
of phasic dopamine signals. The studies reviewed here are
limited to extracellular dopamine detection using fastscan cyclic voltammetry in freely moving animals; however, note that there is a rich body of research involving
use of the method to probe dopamine transmission in
anesthetized animals and in brain slices.

electrically stimulated dopamine release
Fast-scan cyclic voltammetry is useful for evaluating the
pharmacologic effects of drugs that alter dopaminergic
release or uptake. To accomplish this, dopamine release is
electrically evoked with a stimulating electrode in the
substantia nigra/ventral tegmental area or the medial
forebrain bundle. Properly spaced in time, the dopamine
release from a mild stimulation train (e.g., bipolar, 24
pulses, 60 Hz, 120 A) is highly reproducible, with
minimal effects on behavior. Therefore, electrically
evoked dopamine release and uptake can be monitored
before and after administration of a drug (1, 51–54 ).
Fig. 6. Automated dopamine finder for large
data sets.
Background-subtracted cyclic voltammograms in a
freely moving male rat (solid lines) were matched to
a template of electrically evoked dopamine release
in the same rat (dashed lines). The rat was investigating a receptive female, and the dopamine signals observed here are spontaneously released.
The largest peak at 11.8 s represents a change in
dopamine concentration of 250 nmol/L. The first
cyclic voltammogram represents the peak at
11.8 s, which has a score ⬎20 (inverse of the
mse). This cyclic voltammogram is indicative of
dopamine. The second cyclic voltammogram represents the peak at 16.6 s, which has a score ⬍20
and is not indicative of dopamine. Note the extra
oxidation wave and the absence of a reduction wave
at the potential for dopamine-o-quinone, signifying
that the signal is not dopamine. A score of 20
represents a mean difference of 22% between the
template and experimental cyclic voltammograms.
(Concentration/current scales are omitted from the
cyclic voltammograms because the target and template voltammograms were normalized to the oxidative peak.)

1770

Robinson et al.: Voltammetric Measurements of Extracellular Dopamine

Examples of the effects of various drugs on electrically
stimulated dopamine release in freely moving rats are
shown in Fig. 7. Haloperidol (top), a dopamine receptor

antagonist, increases dopamine release by blocking D2
receptor feedback on the dopamine terminals. Nomifensine (middle), a dopamine transporter antagonist,
causes an increase in the dopaminergic signal by blocking
uptake. Ethanol (bottom), a general depressant that affects
multiple ligand-gated ion channels in the brain, decreases
electrically evoked dopamine release. Note that the variability in the control signal among the different experiments reflects differences in the precise placements of the
carbon fiber and stimulating electrodes, as well as the
brain area in which dopamine was recorded. The time
course of the pharmacologic effects of drugs on dopamine
transmission can be correlated to those on behavior, at a
more precise time scale than microdialysis (53 ). Together,
fast-scan cyclic voltammetry and microdialysis provide
complementary information about dopamine transmission, providing a more complete picture of extracellular
dopamine concentrations after drug administration (54 ).
The electrical stimulation described in Fig. 7 (bipolar,
24 pulses, 60 Hz, 120 A) is also reinforcing to the rat
because it will self-administer such stimulation trains in
the substantia nigra and ventral tegmental area in the
intracranial self-stimulation (ICS) paradigm. In a particularly interesting series of experiments, the differences in
dopamine release produced by experimenter-administered vs self-administered stimulation are described
(55, 56 ). When the experimenter administered a single
stimulation, dopamine release was evident in the caudateputamen and nucleus accumbens core and shell. In addition, dopamine signals occurred as the rat learned to press
a bar to deliver the stimulation itself. However, the
extracellular dopamine signal disappeared within minutes as ICS behavior became robust. These findings are
useful in interpreting the role of dopamine in ICS, suggesting that it is more important in acquisition than
maintenance of the behavior. [Note that Kruk et al. (57 ),
also using fast-scan cyclic voltammetry, failed to detect
dopamine release even in the acquisition phase of intracranial self-stimulation; however, this may be attributable
to the use of chronically implanted electrodes, which are
less sensitive than acutely implanted ones (40 ).]

naturally occurring dopamine transients

Fig. 7. Effects of haloperidol, nomifensine, and ethanol on electrically
evoked dopamine release and subsequent uptake in the freely moving
rat.
(Top), dopamine release before and 15 min after intraperitoneal injection of
haloperidol (0.5 mg/kg). (Middle), dopamine release before and 15 min after
intraperitoneal injection of nomifensine (7 mg/kg). (Bottom), dopamine release
before and 10 min after intragastric administration of ethanol (2.5 g/kg, 300 g/L
in water). Dopamine concentration was determined by converting the current at
the oxidation potential of dopamine (⫹0.6 V vs Ag/AgCl reference), using the in
vitro calibration of the electrode after the experiment. The inset plots are the
cyclic voltammograms corresponding to the peak of the dopamine response
(solid line, predrug; dotted line, postdrug). The electrical stimulation (bipolar, 24
pulses, 60 Hz, 120 –125 A) is indicated in each plot by the rectangular bar.

The first neurochemical demonstration of a naturally
occurring dopamine transient was by Rebec et al. (17 ).
Using fast-scan cyclic voltammetry, they monitored dopamine in the caudate-putamen and nucleus accumbens
core and shell of freely moving rats. No signals were
detected when the rats were sitting quietly in the test
cage. However, when a barrier was lifted and the rats
entered a novel environment, dopamine transiently increased in the nucleus accumbens shell. No such signal
was apparent in the core or the caudate-putamen. The
dopamine transient in the nucleus accumbens shell lasted
⬍10 s, but the concentration was undetermined. These
data demonstrate a phasic dopamine response to novelty
that is heterogeneous among dopamine target nuclei.
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Fig. 8. Naturally occurring dopamine transient in the nucleus accumbens shell of a male rat associated with initial interaction with another male.
(A), the electrochemical signal at the oxidation potential of dopamine (⫹0.6 V vs Ag/AgCl reference) converted to concentration using the in vitro calibration of the
electrode after the experiment. (B), cyclic voltammograms corresponding to the electrochemical signal at the times indicated by the arrows. The sharp increase in
current is attributable to oxidation of dopamine (middle voltammogram), whereas no changes in dopamine are apparent before (left voltammogram) or after (right
voltammogram). (C), video record of the experiment corresponding to the electrochemical signal at the times indicated by the arrows. The dopamine transient coincided
with the initial whisker contact of the test male with the stimulus male.

Additional dopamine transients have been measured
in the nucleus accumbens core during sexual behavior in
male rats (18 ). Large (200 –500 nmol/L), transient (⬍1 s)
dopamine signals were associated with the introduction
of a receptive female into the test cage as well as with
subsequent appetitive sexual behaviors, such as approaching and sniffing the female. However, it is likely
that additional transients were below the detection limits:
when the experiment was repeated in two rats after
administration of nomifensine, the number of detected
transients was greatly increased. Electrically evoked dopamine release in the same rats was consistent throughout
the experiment, indicating that the infrequent transients
detected during the copulation phase were not attribut-

able to a decreased sensitivity of the electrode or an
inability of neurons to release dopamine in a phasic
manner. In summary, these data are consistent with
numerous microdialysis studies that indicate increased
dopamine transmission in the nucleus accumbens during
sex behavior (58 ) and extend them by pinpointing exact
behaviors and events associated with phasic dopamine
activity.
The most robust signals reported by Robinson et al.
(18 ) were at the presentation of the receptive female, an
event that may include components of novelty as well as
social or sexual motivation. This chemical response generalizes to the presentation of nonreceptive females and
males (22 ). In contrast to the signals associated with a
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novel environment (17 ), the dopamine transients associated with conspecific interaction were detected in the
caudate-putamen, nucleus accumbens core and shell, and
olfactory tubercle (22 ). Fig. 8 illustrates the phasic dopamine response in the nucleus accumbens core of a male rat
to the presentation of another male. In this case, the
transient was associated with initial whisker contact with
the stimulus male, which was followed by further investigation and sniffing. From the cyclic voltammograms, it
is clear that dopamine concentrations increased only at
the initial contact with the male and not before or afterward.
Extracellular dopamine transients were also observed
in the nucleus accumbens core during cocaine self-administration (59 ). Whereas previous studies used unexpected
or novel stimuli, these rats were well trained to selfadminister intravenous cocaine. To increase the voltammetric sensitivity of dopamine, the potentials applied to
the electrode were extended to ⫺0.6 to 1.4 V. Dopamine
signals were tightly associated with the lever-press response for cocaine as well as with the cues predicting
cocaine infusion. Together, these data are consistent with
theories of the role of phasic dopamine as an alerting (6 )
or switching (60 ) signal that may be important in reinforcement and learning.

Conclusions
Fast-scan cyclic voltammetry is a useful technique
uniquely suited to detect fast changes in dopamine concentrations in vivo. The method can be used to monitor
naturally occurring changes or in combination with electrical stimulations to probe drug effects on dopamine
release and uptake. Of the techniques available for use in
the behaving animal, it provides the best combination of
temporal resolution and chemical selectivity. The visualization of dopamine transients in vivo via fast-scan cyclic
voltammetry are particularly exciting because they represent the tip of the iceberg in understanding when dopamine transients occur and what role they play in behavior.
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comments on this manuscript. This work was funded by
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References
1. Garris PA, Budygin EA, Phillips PE, Venton BJ, Robinson DL,
Bergstrom BP, et al. A role for presynaptic mechanisms in the
actions of nomifensine and haloperidol. Neuroscience 2003;118:
819 –29.
2. Bergstrom BP, Schertz KE, Weirick T, Nafziger B, Takacs SA, Lopes
KO, et al. Partial, graded losses of dopamine terminals in the rat
caudate-putamen: an animal model for the study of compensatory
adaptation in preclinical parkinsonism. J Neurosci Methods 2001;
106:15–28.
3. Garris PA, Ciolkowski EL, Pastore P, Wightman RM. Efflux of
dopamine from the synaptic cleft in the nucleus accumbens of the
rat brain. J Neurosci 1994;14:6084 –93.

4. Smeets WJ, Gonzalez A. Catecholamine systems in the brain of
vertebrates: new perspectives through a comparative approach.
Brain Res Brain Res Rev 2000;33:308 –79.
5. Freedman LJ, Shi C. Monoaminergic innervation of the macaque
extended amygdala. Neuroscience 2001;104:1067– 84.
6. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol 1998;80:1–27.
7. Grace AA. Gating of information flow within the limbic system and
the pathophysiology of schizophrenia. Brain Res Brain Res Rev
2000;31:330 – 41.
8. Wightman RM, Robinson DL. Transient changes in mesolimbic
dopamine and their association with reward. J Neurochem 2002;
82:721–35.
9. Justice JB Jr. Quantitative microdialysis of neurotransmitters.
J Neurosci Methods 1993;48:263–76.
10. Suaud-Chagny MF, Chergui K, Chouvet G, Gonon F. Relationship
between dopamine release in the rat nucleus accumbens and the
discharge activity of dopaminergic neurons during local in vivo
application of amino acids in the ventral tegmental area. Neuroscience 1992;49:63–72.
11. Kawagoe KT, Garris PA, Wiedemann DJ, Wightman RM. Regulation
of transient dopamine concentration gradients in the microenvironment surrounding nerve terminals in the rat striatum. Neuroscience 1992;51:55– 64.
12. Ross SB. Synaptic concentration of dopamine in the mouse
striatum in relationship to the kinetic properties of the dopamine
receptors and uptake mechanism. J Neurochem 1991;56:22–9.
13. Dugast C, Brun P, Sotty F, Renaud B, Suaud-Chagny MF. On the
involvement of a tonic dopamine D2-autoinhibition in the regulation of pulse-to-pulse-evoked dopamine release in the rat striatum
in vivo. Naunyn Schmiedebergs Arch Pharmacol 1997;355:
716 –9.
14. Berke JD, Hyman SE. Addiction, dopamine, and the molecular
mechanisms of memory. Neuron 2000;25:515–32.
15. Castaneda E, Whishaw IQ, Robinson TE. Changes in striatal
dopamine neurotransmission assessed with microdialysis following recovery from a bilateral 6-OHDA lesion: variation as a function
of lesion size. J Neurosci 1990;10:1847–54.
16. Abercrombie ED, Bonatz AE, Zigmond MJ. Effects of L-dopa on
extracellular dopamine in striatum of normal and 6-hydroxydopamine-treated rats. Brain Res 1990;525:36 – 44.
17. Rebec GV, Christensen JR, Guerra C, Bardo MT. Regional and
temporal differences in real-time dopamine efflux in the nucleus
accumbens during free-choice novelty. Brain Res 1997;776:
61–7.
18. Robinson DL, Phillips PE, Budygin EA, Trafton BJ, Garris PA,
Wightman RM. Sub-second changes in accumbal dopamine during
sexual behavior in male rats. Neuroreport 2001;12:2549 –52.
19. Grace AA. Phasic versus tonic dopamine release and the modulation of dopamine system responsivity: a hypothesis for the
etiology of schizophrenia. Neuroscience 1991;41:1–24.
20. Overton PG, Clark D. Burst firing in midbrain dopaminergic neurons. Brain Res Rev 1997;25:312–34.
21. Suaud-Chagny MF, Dugast C, Chergui K, Msghina M, Gonon F.
Uptake of dopamine released by impulse flow in the rat mesolimbic and striatal systems in vivo. J Neurochem 1995;65:2603–11.
22. Robinson DL, Heien ML, Wightman RM. Frequency of dopamine
concentration transients increases in dorsal and ventral striatum
of male rats during introduction of conspecifics. J Neurosci
2002;22:10477– 86.
23. Richfield EK, Penney JB, Young AB. Anatomical and affinity state
comparisons between dopamine D1 and D2 receptors in the rat
central nervous system. Neuroscience 1989;30:767–77.
24. Lu Y, Peters JL, Michael AC. Direct comparison of the response of

Clinical Chemistry 10, No. 49, 2003

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

voltammetry and microdialysis to electrically evoked release of
striatal dopamine. J Neurochem 1998;70:584 –93.
Khan AS, Michael AC. Invasive consequences of using microelectrodes and microdialysis probes in the brain. Trends Anal Chem
2003;in press.
Sabeti J, Gerhardt GA, Zahniser NR. Acute cocaine differentially
alters accumbens and striatal dopamine clearance in low and high
cocaine locomotor responders: behavioral and electrochemical
recordings in freely moving rats. J Pharmacol Exp Ther 2002;302:
1201–11.
Mas M, Gonzalez-Mora JL, Louilot A, Sole C, Guadalupe T.
Increased dopamine release in the nucleus accumbens of copulating male rats as evidenced by in vivo voltammetry. Neurosci
Lett 1990;110:303– 8.
Louilot A, Besson C. Specificity of amygdalostriatal interactions in
the involvement of mesencephalic dopaminergic neurons in affective perception. Neuroscience 2000;96:73– 82.
Clapp-Lilly KL, Roberts RC, Duffy LK, Irons KP, Hu Y, Drew KL. An
ultrastructural analysis of tissue surrounding a microdialysis
probe. J Neurosci Methods 1999;90:129 – 42.
Haber SN, Fudge JL, McFarland NR. Striatonigrostriatal pathways
in primates form an ascending spiral from the shell to the
dorsolateral striatum. J Neurosci 2000;20:2369 – 82.
Garris PA, Collins LB, Jones SR, Wightman RM. Evoked extracellular dopamine in vivo in the medial prefrontal cortex. J Neurochem 1993;61:637– 47.
Baur JE, Kristensen EW, May LJ, Wiedemann DJ, Wightman RM.
Fast-scan voltammetry of biogenic amines. Anal Chem 1988;60:
1268 –72.
Bath BD, Michael DJ, Trafton BJ, Joseph JD, Runnels PL, Wightman RM. Subsecond adsorption and desorption of dopamine at
carbon-fiber microelectrodes. Anal Chem 2000;72:5994 – 6002.
Venton BJ, Troyer KP, Wightman RM. Response times of carbonfiber microelectrodes to dynamic changes in catecholamine concentration. Anal Chem 2002;74:539 – 46.
Pihel K, Walker QD, Wightman RM. Overoxidized polypyrrolecoated carbon fiber microelectrodes for dopamine measurements
with fast-scan cyclic voltammetry. Anal Chem 1996;68:2084 –9.
Feng JX, Brazell M, Renner K, Kasser R, Adams RN. Electrochemical pretreatment of carbon fibers for in vivo electrochemistry:
effects on sensitivity and response time. Anal Chem 1987;59:
1863–7.
Hafizi S, Kruk ZL, Stamford JA. Fast cyclic voltammetry: improved
sensitivity to dopamine with extended oxidation scan limits.
J Neurosci Methods 1990;33:41–9.
Kristensen EW, Wilson RW, Wightman RM. Dispersion in flow
injection analysis measured with microvoltammetric electrodes.
Anal Chem 1986;58:986 – 8.
Logman MJ, Budygin EA, Gainetdinov RR, Wightman RM. Quantitation of in vivo measurements with carbon fiber microelectrodes.
J Neurosci Methods 2000;95:95–102.
O’Neill RD, Lowry JP. On the significance of brain extracellular uric
acid detected with in-vivo monitoring techniques: a review. Behav
Brain Res 1995;71:33– 49.
Yavich L, Tiihonen J. In vivo voltammetry with removable carbon
fibre electrodes in freely-moving mice: dopamine release during
intracranial self-stimulation. J Neurosci Methods 2000;104:55–
63.
Bunin MA, Prioleau C, Mailman RB, Wightman RM. Release and
uptake rates of 5-hydroxytryptamine in the dorsal raphe and
substantia nigra reticulata of the rat brain. J Neurochem 1998;
70:1077– 87.
Runnels PL, Joseph JD, Logman MJ, Wightman RM. Effect of pH

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

1773

and surface functionalities on the cyclic voltammetric responses
of carbon-fiber microelectrodes. Anal Chem 1999;71:2782–9.
Iravani MM, Millar J, Kruk ZL. Differential release of dopamine by
nitric oxide in subregions of rat caudate putamen slices. J Neurochem 1998;71:1969 –77.
Jackson BP, Dietz SM, Wightman RM. Fast-scan cyclic voltammetry of 5-hydroxytryptamine. Anal Chem 1995;67:1115–20.
Marsden CA, Joseph MH, Kruk ZL, Maidment NT, O’Neill RD,
Schenk JO, et al. In vivo voltammetry—present electrodes and
methods. Neuroscience 1988;25:389 – 400.
Gerhardt GA, Hoffman AF. Effects of recording media composition
on the responses of Nafion-coated carbon fiber microelectrodes
measured using high-speed chronoamperometry. J Neurosci
Methods 2001;109:13–21.
Michael D, Travis ER, Wightman RM. Color images for fast-scan
CV measurements in biological systems. Anal Chem 1998;70:
586A–92A.
Venton BJ, Michael DJ, Wightman RM. Correlation of local
changes in extracellular oxygen and pH that accompany dopaminergic terminal activity in the rat caudate-putamen. J Neurochem
2003;84:373– 81.
Wu Q, Reith ME, Kuhar MJ, Carroll FI, Garris PA. Preferential
increases in nucleus accumbens dopamine after systemic cocaine administration are caused by unique characteristics of
dopamine neurotransmission. J Neurosci 2001;21:6338 – 47.
Garris PA, Christensen JRC, Rebec GV, Wightman RM. Real-time
measurement of electrically evoked extracellular dopamine in the
striatum of freely moving rats. J Neurochem 1997;68:152– 61.
Budygin EA, Gainetdinov RR, Kilpatrick MR, Rayevsky KS, Mannisto PT, Wightman RM. Effect of tolcapone, a catechol-O-methyltransferase inhibitor, on striatal dopaminergic transmission during blockade of dopamine uptake. Eur J Pharmacol 1999;370:
125–31.
Budygin EA, Kilpatrick MR, Gainetdinov RR, Wightman RM. Correlation between behavior and extracellular dopamine levels in rat
striatum: comparison of microdialysis and fast-scan cyclic voltammetry. Neurosci Lett 2000;281:9 –12.
Budygin EA, Phillips PE, Robinson DL, Kennedy AP, Gainetdinov
RR, Wightman RM. Effect of acute ethanol on striatal dopamine
neurotransmission in ambulatory rats. J Pharmacol Exp Ther
2001;297:27–34.
Garris PA, Kilpatrick M, Bunin MA, Michael D, Walker QD, Wightman RM. Dissociation of dopamine release in the nucleus accumbens from intracranial self-stimulation. Nature 1999;398:67–9.
Kilpatrick MR, Rooney MB, Michael DJ, Wightman RM. Extracellular dopamine dynamics in rat caudate-putamen during experimenter-delivered and intracranial self-stimulation. Neuroscience 2000;
96:697–706.
Kruk ZL, Cheeta S, Milla J, Muscat R, Williams JEG, Willner P. Real
time measurement of stimulated dopamine release in the conscious rat using fast cyclic voltammetry: dopamine release is not
observed during intracranial self stimulation. J Neurosci Methods
1998;79:9 –19.
Melis MR, Argiolas A. Dopamine and sexual behavior. Neurosci
Biobehav Rev 1995;19:19 –38.
Phillips PE, Stuber GD, Heien ML, Wightman RM, Carelli RM.
Subsecond dopamine release promotes cocaine seeking. Nature
2003;422:614 – 8.
Redgrave P, Prescott TJ, Gurney K. Is the short-latency dopamine
response too short to signal reward error? Trends Neurosci
1999;22:146 –51.
Paxinos G, Watson C. The rat brain in stereotaxic coordinates, 4th
ed. San Diego, CA: Academic Press, 1998:117pp.

