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The voltammetric responses of carbon-fiber microelectrodes with a 1.0 V and a 1.4 V anodic limit were compared
in this study. Fast-scan cyclic voltammetry was used to characterize the response to dopamine and several other
neurochemicals. An increase in the adsorption properties of the carbon fiber leads to an increase in sensitivity of 9
fold in vivo. However the temporal response of the sensor is slower with the more positive anodic limit. Increased
electron transfer kinetics also causes a decrease in the relative sensitivity for dopamine vs. other neurochemicals,
and a change in their cyclic voltammograms. Stimulated release in the caudate-putamen was pharmacologically
characterized in vivo using Ro-04-1284 and pargyline, and was consistent with that expected for dopamine.

I ntroduction

An ideal sensor for the detection of neurotransmitters in the
extracellular fluid of the brain has high sensitivity, can
distinguish between compounds, and has a fast response time.
Electrochemical approaches offer a way to accomplish this for
easily oxidized neurotransmitters by using an electrode next to
sites where the neurotransmitter is released. Dopamine is one
candidate for detection in this way. It has receptor binding
affinities ranging from nanomolar to micromolart2 and thus
low detection limitsare required to monitor it in physiologically
relevant situations. Since many other electroactive species are
present in much higher concentrations, chemical selectivity is
necessary to distinguish between them. Furthermore, because
dopamine conveys information on a subsecond time scale, fast
temporal response is needed to follow these changes.

Many strategies have been used to make dopamine detection
with carbon-fiber microel ectrodes approach these ideal proper-
ties. Rapid detection coupled to analyte identification has been
accomplished with fast-scan cyclic voltammetry.3 In this
technique, cyclic voltammograms are repeated at regular
intervals, typically 100 ms, to give subsecond time resolution.
Each background-subtracted cyclic voltammogram provides
information on the species detected while the amplitude of the
dopamine oxidation current provides a measure of its instanta-
neous concentration. Thus, in contrast with amperometric or
pulsed techniques, improved chemical identification is possible
with cyclic voltammetry.4 Further selectivity has been obtained
by coating the electrode with a polymer. For example, Nafion®,
a perfluorosulfonated ion exchange polymer, can exclude
electroactive anions such as 3,4-dihydroxyphenylacetic acid
(DOPAC) and ascorbic acid, while preconcentrating cations
such as dopamine at the electrode surface.> Overoxidized
polypyrrole exhibits similar properties..7 However, with both
polymers, a slower response time is also observed.

The sensitivity of fast scan cyclic voltammetry for dopamine
can beincreased by electrochemical treatments. Indeed, thefirst
paper on the electroanalytical use of carbon electrodes by Lord
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and Rogers showed that anodi zation of graphite caused a higher
limiting current for the reduction of ferric ion.8 Later, it was
shown that sensitivity for dopamine could be increased at a
carbon-fiber microelectrode by pretreatments that involved
repetitive excursionsto +3.0 V vs. Ag/AgCI at 70 Hz.9.10 Such
treatments dramatically change the surface properties as
demonstrated by scanning electron microscopy (SEM)!! and
increase surface oxides. Another strategy isto scan the el ectrode
continuously to an anodic potential. Presumably this also
oxidizes the carbon surface.12 Stamford and coworkers found a
seven-fold increase in sensitivity to dopamine by scanning the
potential to+1.4V vs. Ag/AgCl during thewaveform.13 Brajter-
Toth has reported increased sensitivity to adenosine and uric
acidwhilescanningto +1.5V vs, SCE.14-16 A similar waveform
was used for dopamine detection at electrodes coated with
polypyrrole,67 and increased sensitivity was demonstrated.

In thiswork we compare the cyclic voltammetric response of
uncoated el ectrodes to dopamine when used with either 1.0V or
1.4V potential limit (vs. Ag/AgCl). Uncoated electrodes were
used to minimize a decrease in response times. The extended
limit significantly increases the sensitivity to dopamine and
places it in the range necessary to detect dopamine changes
during behavior.17 In addition, we recorded the voltammograms
of several neurochemicals with the extended waveform and
evaluated it during in vivo use.

Experimental
Chemicals

Unless noted, all chemicals were purchased from Sigma
Aldrich (St. Louis, MO) and used as received. Ro 04-1284 was
a gift from Hoffmann—La Roche (Nutley, NJ). Solutions were
prepared using doubly distilled deionized water (Megapure
system, Corning, New Y ork). TRIS buffer solution, pH 7.4, (15
mM TRIS, 140 mM NaCl, 3.25 mM KCI, 1.2 mM CaCl,, 1.25
mM NaH,PO,, 1.2 mM MgCl,, 2.0 mM Na;SO,4) was used in
al flow injection analysis experiments. Stock solutions of
analytewere preparedin 0.1 N HCIO,4, and dilute solutionswere
made in TRIS buffer on the day of use.
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Electrodes

Glass-encased carbon fiber T-650 (Thornel, Amoco Corp.,
Greenville, SC) microel ectrodes were constructed as previously
described.18 Individua carbon fibers were aspirated into glass
capillaries (A-M Systems, Carlsborg, WA) and the glass was
tapered with a micropipette puller (Narashige, Tokyo, Japan).
The carbon fiber was then sealed in the capillary with epoxy
(Epon 828 with 14% m-phenylenediamine by weight, Miller-
Stephenson Chemical Co., Danbury, CT), excess epoxy was
removed with acetone, and the assembly was cured (100 °C for
12 h, 150 °C for 2 days). The protruding carbon fiber was then
cut to a length between 50 and 100 um. On the day of use
electrodes were soaked in isopropanol purified with Norit A
activated carbon (ICN, Costa Mesa, CA) for at least 10 min,1®
then backfilled with electrolyte (4 M potassium acetate, 150
mM potassium chloride), and fitted with wires for electrical
contact. The geometric area of the electrodes was calculated
using the nominal radius of the carbon fibers, and the length.
The length was measured using optical microscopy. A silver/
silver chloride electrode served as the reference.

Data Acquisition

Cyclic voltammograms were acquired using data acquisition
hardware and local software written in LabVIEW (National
Instruments, Austin, TX). The program was a modification of
that described previously.20 The present version eliminates the
use of the phase locked loop, and requires a low noise current
amplifier. Thetiming board of the prior system was deleted and
its functions were distributed between two boards (PCI-6052E
and PCI-6711E, Nationa Instruments). The cyclic voltammo-
gram waveform was generated and the voltammetric signal was
acquired with the PCI-6052E. The PCI-6711E was used to
synchronize waveform application, data acquisition, stimula-
tion delivery, and flow injection. For a detailed description of
the data acquisition, see Electronic Supplementary Information
(ESI)T. After collection, background subtraction, signal averag-
ing, and digital filtering were all done under software control.
The computer generated waveform was filtered and attenu-
ated four-fold before application to the electrode to reduce the
staircase steps in the digitally generated waveform. The
waveform was then input into a custom built instrument for
application to the electrochemical cell and current transduction
(UNC Department of Chemistry Electronics Shop). The output
signal was low pass filtered at 50 kHz before being digitized.

Flow injection apparatus

The electrode was positioned at the outlet of a 6-port rotary
valve. A loop injector was mounted on an actuator (Rheodyne
Model 5041 valve and 5701 actuator) which was used with a 12
V DC solenoid valve kit (Rheodyne, Rohnert Park, CA) to
introduce the analyte to the surface of the electrode.2! Solvent
flow (1.0 cm s—1) was driven with a syringe infusion pump
(Harvard Apparatus Model 22, Holliston, MA) through the
valveand into the electrochemical cell. The responsetime of the
electrode was measured as the amount of time required to rise
from 10% to 90% of the maximum response of the injection.

Data analysis

Data analysis was performed with local software written in
LabVIEW. With the scan rates employed, a large background
current is generated that may be 100 times greater then the
faradic current. The background current is stable and can be
subtracted from the current in the presence of analyte, yielding
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a background-subtracted cyclic voltammogram. These are
characteristic of the detected species. To obtain tempora
information on changes in analyte concentration the current at
the peak oxidation potential for dopamine for each cyclic
voltammogram is plotted vs. time. This is converted to
concentration with an electrode calibration. The apparent
capacitance of the carbon-fiber microelectrode was calculated
by measuring the current at —0.2 V, and dividing by the scan
rate applied and the geometric area of the microelectrode.
Cyclic voltammogram simulations were generated with Digi-
Sim (Bioanalytical Systems Inc., West Lafayette, IN).

Biological experiments

For in vivo experiments, male Sprague-Dawley rats (250400 g;
Charles River Laboratories, Wilmington, MA) were anesthe-
tized with 50% w/w urethane in saline solution (0.3 mL per 100
g rat weight) and mounted in a stereotaxic frame (Kopf
Instruments, Tujunga, CA). Holes were drilled in the skull to
allow access to the caudate-putamen for microelectrode place-
ment (stereotaxic coordinates from bregma: 1.2 mm anterior;
2.0 mm lateral; 4.5 mm ventral) and to the substantia niagra/
ventral tegmental area (SN/VTA) for stimulator placement
(stereotaxic coordinates from bregma: 5.6 mm posterior; 1.0
mm lateral; 7.5 mm ventral).22 Body temperature was main-
tained at 37 °C with a constant temperature heating pad
(Braintree, Braintree, MA). A twisted bipolar stimulating
electrode (Plastics One, Wallingford, CT) provided constant-
current, stimulation pulses to the SN/VTA. To avoid electrica
crosstalk, the stimulation did not occur during individual cyclic
voltammograms, but during the rest period between them. The
stimulus was aso optically isolated from the signal generation
apparatus (NeuroLog System, Hertfordshire, England). A 60
pulse, 60 Hz biphasic (+125 nA, 2 ms per phase) stimulation
was used for al in vivo experiments. There was a 2 ms delay
between the end of the stimulus and the beginning of the next
cyclic voltammogram.

Results and discussion
Electrochemical treatment

Previously for the detection of dopamine, we used a triangular
waveform from an initial potential of —0.4V to 1.0V vs. Ag/
AgCl, and back to —0.4 V a 300 V s 118 Between
voltammograms the potential was held aa —0.4 V. The
triangular waveform was repeated at afrequency of 10 Hz. This
waveform has previously been characterized, and it was shown
that sensitivity approached a maximum at this repetition rate.1°
This scan protocol will be referred to as the “traditional
waveform.” The background current with the traditional
waveform due to charging of the double layer and oxidation of
surface oxide groups?isshownin Fig. 1 (Panel A, dashed line).
A background-subtracted cyclic voltammogram for 1 uM
dopamine obtained with this waveform is shown in Panel B.
Thetemporal responseto abolus of dopamineis shown in Panel
C, the current at the oxidation potential for dopamineis plotted
vs. time. The response time of electrodes under these scan
parameters is 0.6 s. Panel D shows a calibration curve for
dopamine; the response is linear for the biologically relevant
concentrations shown.

We have previously shown that the signal for dopamine with
the traditional waveform arisesfrom itsadsorption to the carbon
fiber surface.l® The amplitude of the signal is larger than
expected for purely diffusion-controlled processes, because
dopamine accumulates on the electrode between voltammetric
scans. This preconcentration lowers detection limits; however,
it sows the response time of the electrode to concentration
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changes. In this work we found that the degree of adsorptionis
a function of the rest potential. With the anodic limit kept
constant at 1.0 V, the holding potential was varied from 0.0 V
to —0.8 V. Asthe holding potential is made more negative, an
increase in signa is seen (Fig. 2, Panel A, open bars),
presumably due to increased electrostatic interactions of the
cation dopamine with the negatively-charged electrode sur-
face.

By increasing the anodic potential limit during a scan from
1.0V, t01.4V, increased sensitivity to dopamine was observed.
We chose this potential limit, because at potentials more
positive than 1.4 V, alarge background peak is observed at the
switching potential (data not shown). The holding potential was
varied in the same manner as described above and the signal for
dopamine was monitored (Fig. 2, Panel A, shaded bars). Again,
as the holding potential is made more negative, an increase in
signal is seen. The scans with the more positive anodic limit
show a greater dependence on the resting potential. For both
scan rangesthe error isgreatest with the most negative potential .
This may be due to electrolysis of solvent at the holding
potential .15

Extended Waveform

We investigated the waveform with potential limits of —0.6 V
and 1.4 V in more detail; a scan rate of 400 V s—1 was used so
that it was of approximately the same duration asthe traditional
waveform. The shorter duration allowed the stimulus pulses to
fit between cyclic voltammograms. This waveform is referred
to as the “extended waveform.” The background current isin
Fig. 1, Panel A, solid lines. The background current is
approximately twice as large as with the traditional waveform,
with the apparent capacitance of the electrode increasing from
26 uF cm—2to 49 uF cm—2. The cyclic voltammogram for 1 uM
dopamine with this waveform is shown in Panel B. The
voltammogram shows a significant increase in the oxidation
current for dopamine (solid line vs. dashed line). In Panel C the
current at the peak oxidation potential for dopamine is plotted
vs. time for a sguare bolus of dopamine. The increase in
sensitivity is clearly apparent; however the response time with
the extended waveform is decreased to 1.2 s. Slower temporal
responses have been previously reported with electrochemically

A. Background Current
750/nA

C. Current vs. Time

10/nA

5/s
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pretreated carbon electrodes.24 A calibration curveislocated in
Panel D. The increase in sensitivity over the traditional
waveform is 4.9, and theincrease in signal to noiseis 4.0. This
increase leads to limits of detection (3 times standard deviation
of the noise) of less than 5 nM. This increase makes the use of
this waveform attractive for situations requiring detection of
low concentrations of dopamine. The responseislinear over the
range shown; but deviates from linearity at concentration above
5uM.

The increase in sensitivity could be due to an increase in
microscopic surface area or a change in the chemical structure
of the electrode surface. Because the background current is
proportional to the electrode area, if the increase in signal were
solely due to an increase in electrode area, the increase in
sensitivity would be expected to be similar, ~2-fold. Since a
larger increase in signal is seen, it suggests that the increase in
adsorption is due to more sites available for adsorption per unit
area. Indeed, no changes in the electrode surface were seen at
relatively high magnification (><10,000) when examined by
SEM (data not shown).

Part of the increase in signal can be attributed to an increase
in scan rate. The remainder must be due to increased surface
area, and increased adsorption. Therefore to test whether this
gain in sensitivity was a result of increased capacity for
dopamine to adsorb to the carbon-fiber microelectrodes,
adsorption isotherms were constructed for dopamine using both
waveforms. |sotherms for the traditional waveform have been
previously reported,® and an isotherm for the extended
waveform is shown in Fig. 2. In this experiment, the dopamine
concentration was varied from 1 uM to 500 uM and the peak
oxidation current was plotted vs. concentration (Panel B, open
circles). The peak current has two contributors: adsorption and
diffusion. The dashed line is the diffusion-controlled current
obtained by simulation of the experimental conditions. Thiswas
subtracted from the experimental data to yield the adsorption
component alone. By integrating the area under the oxidation
peak, one can measure the amount of adsorbed dopamine
leading to the isotherm (Fig. 2, Panel C). The datawasfit to the
equation for a Langmuir isotherm:

A

Toor BIDA] (€

B. Dopamine CV
20/nA

b2Ema N 0.6/V

[Dopamine]/uM

Fig. 1 In vitro characterization of waveforms. The traditional waveform (—0.4 V to 1.0 V, 300 V s—1) is shown in dashed lines, while the extended
waveform (—0.6 V to 1.4 V, 400 V s1) is shown in solid lines. A: Background cyclic voltammograms for the two potential limits at the same electrode
recorded in TRIS buffer solution, pH 7.4. B: Background-subtracted cyclic voltammograms for 1 uM dopamine. C: Response to a bolus dopamine injection,
in which the peak oxidation current of each cyclic voltammogram is plotted vs. time. D: Calibration curve for dopamine (n = 6). Due to variations between
electrodes, each electrode response was normalized to the response for 2 uM dopamine with the traditional waveform. The error bars represent the standard

deviation.

Analyst, 2003, 128, 1413-1419 1415


https://doi.org/10.1039/b307024g

Published on 11 2003. Downloaded on 24.10.2025 11:50:26.

where I'pa is the surface concentration of dopamine, I's isthe
saturation coverage, and B is the equilibrium constant for
adsorption. At low dopamine concentrations, the surface
coverage will be small when compared to the saturation
coverage, and a linearized form of the isotherm is obtained:

I'oa = b[DA] )

where b = I',B. For the traditional waveform I's = 41 pmol
cm—2, 3 = 2.5 X 10-5 cm3 pmol—1, yieldingb = 1.0 X 10—3
cm. The adsorption isotherm for the extended waveform (Fig. 2,
Panel C) cannot befit to egn. (1) alone. Instead an isotherm with
I's = 92 pmol cm—2, B = 6.9 X 10-5 cm3 pmol—1, yielding b
= 6.4 X 10—3cm plusalinear component having aslope of 0.9
X 10—3 cm were fit to the data. Note that the overoxidation
doubles both the saturation coverage and the apparent capaci-
tance.

The €electrode’ s temporal response to dopamine is related to
the amount of adsorption. In Fig. 1, panel C, the response to
dopamine does not return to baseline immediately. Thisis true
for both the traditional waveform and the extended waveform.
However, the adsorptionisreversible, and the signal doesreturn
to baseline after approximately a minute, making successive
measurements possible.

Selectivity

High sensitivity is not the only desirable factor when choosing
a sensor. Selectivity between analytes is also required. Thisis
especialy important in the brain where many molecules can
interfere with the anayte of interest. Fig. 3 shows the
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Fig. 2 Adsorption characteristics of dopamine. A: The effect of the
holding potential on the peak current for dopamine. Values are normalized
to the current with aninitial potential of —0.4 volts. Open bars are for a1.0
V anodic scan limit, and filled bars represent a 1.4 V anodic scan limit. B:
Voltammetrically measured oxidative peak currents for dopamine as a
function of dopamine concentration. The dashed line represents the
simulated diffusion controlled responses. C: Fit of the diffusion corrected
experimental data (circles) to a Langmuir isotherm with two components
(solid lin€), the error bars represent the standard deviation.
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background-subtracted cyclic voltammograms for various neu-
rotransmitters, their metabolites, and other biologicaly active
substances. The dashed lines are for voltammograms obtained
with the traditional waveform, while the solid lines were
obtained with the extended waveform. In the brain, dopamineis
metabolized by monoamine oxidase (MAO) to form DOPAC.
Panel A shows the cyclic voltammogram for dopamine, while
panel B shows DOPAC. With the traditional waveform the slow
electron transfer kinetics for DOPAC distinguish it from
dopamine. However, with the extended waveform the peaks for
DOPAC become sharper because of faster kinetics, and the
oxidation peak overlaps that for dopamine. DOPAC can be
further metabolized by catechol-o-methyltransferase (COMT)
to form homovanillic acid (HVA), whose voltammogram isin
Panel D. Using traditional scan parameters there is no current
due to the oxidation of HVA, while the use of the extended
waveform voltammogram reveal s both oxidation and reduction
peaks. Dopamine can aso be metabolized by COMT to form
4-hydroxy-3methoxyphenylethylamine (3-MT), whose voltam-
mogram is in Panel C. The voltammograms can be easily
distinguished from dopamine.

Panel E and F of Fig. 3 show the voltammograms for another
neurotransmitter, serotonin, and its metabolite 5-hydoxyindole
acetic acid. The voltammograms with both the traditiona
waveform and the extended waveform are distinguishable from
dopamine. Sharper peaks and increased sensitivity are aso
observed for these analytes with the extended waveform. The
voltammogram for norepinephrine (Panel G), another neuro-
transmitter, is very similar to that of dopamine with both
waveforms.

Another invivointerferent isachangein pH. The background
at a microelectrode is pH dependent, because pH affects the
protonation of surface oxidesand atersdoublelayer structure.z3
Because background subtraction makes fast scan cyclic voltam-
metry a differentia technique, any species that changes the
background current causesasignal. In vivo changesin pH occur
and have been measured with fast-scan cyclic voltammetry
following electrical stimulation of dopamine neurons.2> Both
the traditional and extended waveforms show similar ampli-
tudes for changes in pH. Two more interferents, ascorbic acid,
and uric acid are located in panels | and J respectively. The
extended waveform gives a better defined oxidation wave for
ascorbic acid. Thetraditional waveform shows no el ectrooxida-
tion current for uric acid, whereas the extended waveform
shows oxidation and reduction waves.

The identity of a particular analyte is determined by the
oxidation potentials, and the shape of the oxidation wave. A
correlation coefficient can be calculated for each voltammetric
wave with relation to dopamine, as has been previously
reported.2627 During an experiment, each voltammogram
collected is compared to that of the desired analyte. The r2 is
then calculated, and is used to confirm the identity of the
analyte. When compared to dopamine, the cyclic voltammo-
grams using the extended waveform in Fig. 3 exhibit an r2 with
a value less than 0.85, with the exception of norepinephrine,
which correlateshighly with that for dopamine (r2 = 0.98). This
isin contrast to the traditional waveform, where the r2 are less
than 0.52, again, with the exception of norepinephrine (rz =
0.93). The correlation coefficients between dopamine and the
compounds in Fig. 3 can be seen in Table 1. The table shows
that selectivity for dopamine over interferentsis decreased with
the extended waveform.

Overal, when comparing the cyclic voltammograms ob-
tained with the traditional and extended waveforms, two trends
are observed. Increases in sensitivity and electron transfer
kinetics are observed for the extended scan limits. This makes
the voltammograms of several substances, especially DOPAC,
more similar to dopamine. Thus, the selectivity for dopamineis
not as good with the extended waveform. To improve this, the
electrode can be coated with polypyrrole. It further increasesthe
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sensitivity to dopamine, and excludes ascorbic acid and
DOPAC.”

In vivo results

Because the extended waveform was less chemically selective,
we wanted to test how this affected in vivo measurements.
During these experiments, the working electrode was placed in
a brain region where dopamine is released (caudate-putamen),
and a stimulating electrode was placed near the dopamine cell
bodies (SN/VTA). Electrical impulses delivered by the stim-
ulating electrode produce action potentials in the dopaminergic
neurons. When the action potentials reach the terminals, they
cause dopamine release that can be detected with the carbon-

A. Dopamine (1 uM) 10/nA
1.4/V: et .0.6/V
-15/nA
C. 3-MT (1 uM) 6/nA
1.4&" -0.6/V
-9/nA
E. 5-HT (1 uM) 20/nA
1.4/‘..'_W A -0.6/V
-30/nA
G. NE (1 pM) 10/nA
I\ — JASS -0.6/V
-15/nA
I. AA (200 pM) 50/nA
1.4/ V- - -0.6/V
-75/nA
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fiber microelectrode. Each stimulation train evokes the release
of a reproducible concentration of dopamine at a particular
measurement location. Data collected in vivo isshownin Fig. 4,
with the traditional waveform results shown with dashed lines,
and the extended waveform results shown with solid lines.
Panel A shows the background current observed, and Panel B
shows the background-subtracted cyclic voltammogram for
dopamine measured during and after stimulation of the
dopamine neurons. The increase in sensitivity seen in vivo is
larger than that measured in vitro (9 £ 2 fold vs. 4.9 + 2). The
background is similar to that seen in vitro, only an extra peak
was seen around the oxidation potential for dopamine. This
peak is observed in parts of the brain not containing dopamine,
and is smaller when polypyrroleis present on the el ectrode (data
not shown), suggesting its origin may be extracellular ascor-
bate.

B. DOPAC (20 puM) 10/nA

1.4N(\

-0.6/V

D. HVA (5 uM) 4/nA

1.4 Q -0.6/V

-6/nA
F. 5-HIAA (5 uM) 12/nA
1.4 === .0.6/V
-18/nA

H. ApH (0.1 pH units) 2/nA

992 0.6/V

-3/nA
J. Uric Acid (40 pM) 40/nA
A —=a -0.6/V

\

-60/nA

Fig. 3 The background-subtracted cyclic voltammograms for various compounds. Dashed lines show the voltammograms obtained using the traditional
waveform, and the solid lines show the waveforms obtained with the extended waveform. The cyclic voltammograms were taken 300 ms after exposure to
the analyte.

Tablel Correlation coefficients between cyclic voltammograms for dopamine and for the various other neurochemicalsin Fig. 3 (n = 3 electrodes, values
are with standard deviations). Both values for the traditional and extended waveform are shown

DOPAC 3-MT HVA 5-HT 5-HIAA NE ApH AA Uric Acid

052+004 028+012 003+003 020+0.04 039+017 090+003 025+005 023+011 0.04+0.03
085+010 043+011 041+007 063+0.08 074+006 095+0.04 0.09+005 0.65+007 0.73+0.06

Traditional waveform
Extended waveform
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B. Dopamine CV
20/nA

0.6/V

-20/nA

D. Pharmacology

—O—Saline
- Ro 04-1284 (1 mg/kg, i.p.)
—a— Pargyline (75 mg/kg, i.p.)

Time/min

Fig. 4 Invivo characterization of waveforms. Results with the traditional waveform (—0.4 V to 1.0 V) are shown in dashed lines, while results with the
extended waveform (—0.6 V to 1.4 V) are shown in solid lines. A: Background cyclic voltammograms for the two potential limits at the same electrode. B:
Background-subtracted cyclic voltammograms obtained during a 60 pulse stimulation delivered at 60 Hz. C: Temporal response to the same stimulation
obtained for oxidation current of each cyclic voltammogram. The solid bar represents the duration of the stimulation. D: Pharmacological responses of
dopamine. Injections of either saline (open circles), pargyline (solid triangles), or Ro 04-1284 (open triangles) were given at time 0 (n = 4 rats). The error

bars represent SEM.

Panel C is the current measured at the peak oxidation
potential vs. time. The extended waveform has a slower
response time, and this appears to slow further over the course
of the experiment (data not shown). Thus, the extended
waveform is not optimal when kinetic information concerning
the signal is required.

However, the signal measured with these electrochemically
treated electrodes is pharmacologically consistent with that
expected for dopamine (Fig. 4, Panel D). Voltammetric release
was monitored at 10 min intervals until a reproducible signal
was measured. This sometimes required more than 1 h of
measurements. After stable release during four consecutive
measurements was obtained, either saline, pargyline, or Ro
04-1284 was administered. Two hours after administration, the
amplitude of the evoked release in the saline treated animals
was 83 + 10% of the initial measurements. The drug pargyline
inhibits the MAO catalyzed conversion of dopamine to
DOPAC.2829 Following its administration, stimulated release
did not decrease, indicating that DOPAC was not responsible
for the measured signal. Rather it increased to 230 £ 60% of the
baseline, consistent with more dopamine being available for
packaging into vesicles and released when MAO is inhibited.
Another drug, Ro 04-1284 was administered that inhibits the
vesicular monoamine transporter, the protein responsible for
packaging monoamines into vesicles for release3031 If the
measured signal is of dopamine origin, the drug should decrease
the observed concentration. In fact, stimulated release almost
completely vanished, decreasing to 5 + 4% of baseline.

Conclusions

This report has characterized the cyclic voltammetric response
of uncoated carbon-fiber microelectrodes to dopamine when
used with a 1.0 V and a 1.4 V potentia limit (vs. Ag/AgCl).
Overoxidation doubles both the apparent capacitance and the
saturation coverage for dopamine. The increase in sensitivity
comes at the expense of temporal response. The 1.4 V potential
limit altersthe electron transfer kinetics at the electrode, causing
a decrease in the selectivity for dopamine over the other
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compounds studied. However, this can be circumvented by
independent signal characterization. Indeed, pharmacological
characterization of the electricaly evoked signal in vivo
demonstrated consistency with dopamine. Importantly, this
treatment causes an increase in the sensitivity of carbon fiber
electrodes by changing the adsorption properties of the
electrode allowing lower limits of dopamine detection (<5 nM)
to be obtained. The potential limits used are important, and
other limits might be optimal.
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