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Instrumentation 

Microvoltammetric 
Electrodes 

In every area of analytical chemis­
try it seems that smaller is better. For 
example, capillary columns for gas and 
liquid chromatography are rapidly re­
placing the conventional columns be­
cause they lead to increased resolu­
tion. Mini-inductively coupled plasma 
torches have been developed that re­
sult in considerable savings in operat­
ing expense. Microcomputers, with 
their increased capabilities, are rapid­
ly becoming the method of choice for 
laboratory automation. As will be 
shown, small also has many advan­
tages in voltammetry. Disk-shaped 
voltammetric electrodes of less than 
10-μιη radius have recently been fab­
ricated. These electrodes are approxi­
mately 10 times smaller in diameter 
than a human hair, and because of 
their very small size they exhibit very 
different voltammetric properties 
than do electrodes of conventional 
size. In this REPORT, these very small 
chemical sensors will be referred to as 
microvoltammetric electrodes. 

One may well ask, why in the world 
would you want to make such a small 
electrode? An obvious answer is that if 
you have a very small place in which 
you wish to make a chemical measure­
ment, you have a need for such a de­
vice. Our particular interest in micro­
voltammetric electrodes arose because 
of our desire to make measurements of 
chemical concentrations inside the 
mammalian brain. The specific com-
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pounds that we, as well as a number of 
other groups, are interested in mea­
suring are a class of small molecules 
referred to as neurotransmitters. 

Neurotransmitters have a very im­
portant role in the brain since they are 
the key link in communication be­
tween neurons. Four of the known 
neurotransmitters, dopamine, norepi­
nephrine, epinephrine, and serotonin, 
are easily oxidized at carbon elec­
trodes and, thus, in vivo voltammetry 
provides a unique way to monitor 
chemical changes arising from neuro­
nal actions. These four neurotransmit­
ters are of special interest to research­
ers in neuroscience since several dif­
ferent types of drugs, such as amphet­
amine, cocaine, and various neurolep­
tics, are known to have their sites of 
action in the brain, where these neuro­
transmitters operate. They have also 
been implicated in various disease 
states. A review that describes the 
function of neurotransmitters in 
greater depth has appeared in this 
JOURNAL (2). As will be shown later in 
this REPORT, very interesting infor­
mation concerning drug-induced 
changes in concentration of chemical 
compounds in the mammalian brain 
can be obtained by using microvol­
tammetric electrodes. 

Besides the unique size of microvol­
tammetric electrodes, there are sever­
al other features that make them use­
ful in various forms of chemical analy­
sis. We have investigated many of 
these since it is absolutely necessary 
that an analytical tool be well under­
stood before it is used in a unique en-
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Figure 1. Cyclic voltammogram of ferrocene (1.0 mft/l) in acetonitrile with 0.1 M 
tetra-n-butylammonium perchlorate at a gold microdisk electrode (r = 6.5 μπι). 
(a) 10 V s~1 scan rate, (b) 0.1 V s~1 scan rate 

vironment such as the mammalian 
brain. One notable feature of micro-
voltammetric electrodes is that they 
enable time-independent currents to 
be easily monitored. This feature 
simplifies measurements and facili­
tates their use under conditions where 
variations in potential are disadvanta­
geous. The currents at these elec­
trodes are extremely small, and the 
electrodes are, therefore, virtually 
nondestructive of the species being 
electrolyzed. Furthermore, because of 
the small currents, the electrodes can 
be used in solutions of very high resis­
tance. The equations describing these 
features of microvoltammetric elec­
trodes have been recognized for a 
number of years. Thus, one of the ad­
vantages of working in this field is 
that detailed derivations for the ex­
pected current-voltage response are 
given in the literature, and these can 
be directly applied to chemical sys­
tems. However, only recently have mi­
crovoltammetric electrodes been con­
structed. 

Current-Voltage Curves 
Effects of Diffusion. The goal of 

most voltammetric experiments, in­
cluding in vivo electrochemistry, is to 
generate a current-voltage curve from 
which the chemist can extract a half-
wave potential, which can be used to 
identify the species in solution; the 
amplitude of the current can be relat­
ed directly to the concentration of the 
species in solution. Unfortunately, 
these parameters are not easy to ob­
tain in a straightforward fashion in 
most electrochemical experiments 
done in stationary solutions. 

Let's first consider cyclic voltamme­
try at a microvoltammetric electrode 
done at a relatively fast scan rate (10 
V/s). In cyclic voltammetry, the volt­
age is scanned in a triangular fashion, 
and the resulting current measured. 
Most cyclic voltammograms have a 
peak-shaped current-voltage curve as 
shown for the oxidation of ferrocene in 
acetonitrile in Figure la. The initial 
potential, 0.0 V in this example, is se­
lected as a place where no electro­
chemistry is occurring. As the poten­
tial is scanned in a positive direction, 
the half-wave potential for ferrocene 
is approached and the current starts 
to increase. However, as electrolysis of 
the compound decreases its concentra­
tion at the electrode surface, the cur­
rent returns toward the baseline after 
reaching a maximum. This occurs be­
cause the electrolysis rate greatly ex­
ceeds the rate at which the species can 
diffuse to the electrode surface. At 
these rapid time scales, the majority of 
the diffusion is perpendicular to the 
electrode surface (Figure 2) (2). There­
fore, both diffusion and concentration 
information are convoluted in the cur­
rent-voltage curve. On the reverse 

half of the triangular voltage sweep, 
the electrolysis products (ferricinium 
ions in this example) can be reduced, 
resulting in current flowing in the op­
posite direction. Although the data 
given in Figure la were obtained at a 
microvoltammetric electrode, this 
type of response is also obtained at an 
electrode of conventional size (radius 
c^l mm). 

If we do the experiment again, but 
at a slower sweep rate, the results 
given in Figure lb are obtained. Again, 
the potential was scanned from 0.0 V 
toward positive potentials. The in­
crease in current in the vicinity of the 
half-wave potential is still well-de­
fined but, under these conditions, the 
current at more positive potentials is 
essentially steady-state and, thus, is 
easier to use for measuring concentra­
tion. The steady-state current arises 
because the electrolysis rate is ap­
proximately equal to the rate of diffu­
sion of molecules to the electrode sur­
face. At the slower scan rate, radial 

diffusion to the edges of the surface of 
the disk-shaped electrode as well as 
diffusion perpendicular to the surface 
becomes important (Figure 2). When 
the direction of the potential sweep is 
reversed, the current essentially fol­
lows that obtained with the initial 
scan because the products of electroly­
sis have diffused away from the elec­
trode. At an electrode of larger size, 
this type of effect is difficult to ob­
serve because the scan rate must be 
very slow for the radial diffusion to 
contribute appreciably to the current 
(see below). 

In both voltammograms shown in 
Figure 1, diffusion plays an important 
role in the shape of the current-volt­
age curve. Theoretically, one can carry 
this argument even further. If an elec­
trode of 10-nm diameter could be con­
structed and used at the same sweep 
rates as shown in Figure 1, the re­
sulting current would be an exponen­
tial function of potential. At these 
very small electrodes, the rate of elec-

Figure 2. Diffusion profile of electrolyzed species at a microvoltammetric elec­
trode, (a) Profile at short times as in rapid cyclic voltammetry (10 V s_ 1). (b) Profile 
at longer times as with slower scan rate cyclic voltammetry (0.1 V s~1) 
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Figure 3. Electrolysis of ferrous chloride and ferric chloride in 0.5 Ν hydrochloric 
acid. Curve a, 0.002 M FeCI3; curve b, 0.001 M FeCI2, 0.001 M FeCI3; curve c, 
0.002 M FeCI2. Reprinted by permission 

trolysis of molecules would be so re­
duced relative to the rate of diffusion 
of molecules to the electrode that elec­
trolysis would become the rate-deter­
mining step, and the current-voltage 
curve for a reversible system would be 
given by the Nernst equation. 

The steady-state contributions to 
the current have been colloquially re­
ferred to as edge effects (or, at spher­
ical electrodes, as spherical effects) 
and have been recognized by electro-
chemists for a number of years. In 
fact, in 1941, Laitinen and Kolthoff 
introduced the term uoltammetry to 
describe steady-state current-voltage 
curves (3). Working with disk elec­
trodes of the size commonly used in 
the electrochemical laboratory today 
(diameter =^3 mm), they obtained the 
curves shown in Figure 3. Each point 
on these curves was measured at a 
fixed, applied potential that was mon­
itored for "two or three minutes" so 
that the time-dependent effects of dif­
fusion would be minimized. The cur­
rent was then recorded and the volt­
age changed to the next desired value. 
This procedure was necessary at this 
larger-size electrode because the ratio 
of the number of molecules diffusing 
perpendicular to the electrode relative 
to those diffusing in at the edges is 
much greater at an electrode of this 
size, and the steady-state response is 
not observed for a much longer time. 
This approach to voltammetry often 
gives irreproducible results because 
natural convection also affects trans­
port of molecules to the surface at 
these time scales. 

As shown above, the measurement 
of sigmoidally shaped voltammograms 

at electrodes in stationary solutions is 
not new—it is simply easier to do with 
the newly developed microvoltamme-
tric electrodes. These microvoltamme-
tric electrodes do not have to be disk-
shaped. Cylinders, spheres, rods, and 
virtually any other geometry of elec­
trode of small enough size will also 
give the same result. 

The time scale of the measurement 
and the radius of the electrode affect 
the type of voltammogram that one 
obtains in stationary solutions. At fast 
time scales, or at electrodes of large 
radius, peak-shaped voltammograms 
are obtained, whereas with small radi­
us or with long time scales of measure­
ment, steady-state voltammograms 
are obtained. Electrodes of intermedi­
ate size (or measurements at interme­
diate scan rates), of course, give inter­
mediate results: Time-dependent and 
time-independent currents are super­
imposed. 

Effects of Chemical Rate Con­
stants. The rates of chemical reac­
tions occurring in solution and the 
rate of electron transfer with the elec­
trode can also affect the shape of the 
current-voltage curve. If the rate of 
electron transfer of the species in solu­
tion with the electrode is slow, this can 
distort the current-voltage curve, giv­
ing a drawn-out response. Fleisch-
mann's research group at Southamp­
ton has extensively studied the rate of 
electron transfer at small electrodes 
and finds it to be comparable to that 
of electrodes of conventional size (4). 
However, because the effect of diffu­
sion on the electrochemical signal is 
less pronounced, faster heterogeneous 
rate constants can be measured at mi-

crovoltammetric electrodes. Although 
this is interesting from a fundamental 
electrochemical point of view, to the 
practicing electroanalytical chemist it 
simply means that the rate of electron 
transfer may distort the current-volt­
age curve even more at microvoltam-
metric electrodes than at electrodes of 
larger size. To get rid of this distor­
tion, the electrochemist can do little 
except change electrode materials, 
change the solution conditions, pick 
another compound to analyze by elec­
trochemical techniques, or, perhaps, 
chemically modify the surface of the 
electrode. 

An effect of equal concern to ana­
lytical use of electrochemistry is the 
presence of chemical reactions that 
precede or follow the initial electron 
transfer and that also contribute to 
the current, since these may also dis­
tort the predicted current-voltage 
curve. The theoretical effect of this 
type of reaction has been extensively 
studied and several of the derivations 
of the current response have been 
compiled by Galus (5). Fortunately for 
chemists working with microvoltam-
metric electrodes, these derivations 
have been considered for electrodes of 
all sizes. These derivations show that 
chemical processes that follow the ini­
tial electron transfer and are of mod­
erate rate will have much less of an ef­
fect on the current at microvoltamme-
tric electrodes than at larger elec­
trodes. To see why this is true, let's 
examine a reaction of the type 

ne kc 

0 - * R - » * 0 + Y 
i I 

This reaction is referred to as a cata­
lytic reaction because the initially re­
duced species, O, is regenerated by a 
chemical reaction with a pseudo-first-
order rate constant, k'c. At a large 
electrode, this regenerated Ο will re­
turn to the electrode surface, resulting 
in an increased current. However, at a 
microvoltammetric electrode with 
moderate values for k'c, very little en­
hanced current is obtained. This re­
sult is easily rationalized when one 
realizes that the average distance into 
solution that R diffuses before react­
ing to form O, given by (Dt)1/2, where 
t is the half-life of the reaction and D 
is the diffusion coefficient, is larger 
than the radius of a microvoltamme­
tric electrode. Thus, while the dis­
tance that R diffuses is not far, at a 
microvoltammetric electrode a large 
part of the regenerated oxidant is re­
moved from the vicinity of the elec­
trode surface and, thus, a minimal cat­
alytic contribution to the current is 
observed. The decreased effect that a 
catalytic reaction has at microelec-
trodes has been demonstrated for the 
oxidation of dopamine in the presence 
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Figure 4. Glass capillary, disk-shaped 
microvoltammetric electrode. C, carbon 
fiber; G, glass; E, epoxy to prevent 
leakage; Hg, mercury for electrical con­
nection 

of ascorbic acid, conditions at which 
catalytic reaction is known to occur 
(6). This reaction is of importance in 
the measurement of dopamine in the 
brain since ascorbic acid is present in 
large concentrations in extracellular 
fluid and thus could distort measure­
ment of extracellular dopamine. 

The same qualitative arguments can 
be made for other types of chemical 
reactions following the electron trans­
fer. This is important in chemical 
analysis, since determinations are 
often made in solutions of unknown 
composition (especially in vivo) where 
these types of reactions are likely to 
occur. 

Electrodes and Instrumentation 
We have employed carbon fibers, 

obtained from various commercial 
sources such as Hercules, Inc., Union 
Carbide Corporation, and Courtauld, 
Ltd., in the construction of microelec-
trodes. These fibers have diameters in 
the range of 6-12 μηι (6, 7). They are 
formed from the high temperature py-
rolysis of materials such as polyacrylo-
nitrile or pitch and are intended for 
use in golf clubs, bicycle frames, etc. 
Our method of construction is rela­
tively simple and results in the fiber 
being sealed with epoxy in a glass cap­
illary (Figure 4). Approximately 50% 
of the electrodes constructed are use­
ful for electroanalysis. Double-bar­
reled pipets can also be constructed, 
with the second barrel used as the ref­

erence electrode or as a second carbon 
fiber electrode (6). 

Several other types of microvoltam­
metric electrodes have been described 
in the literature. Ponchon et al. were 
the first to use carbon fibers for micro­
voltammetric electrodes (8). Their 
electrodes have approximately 500 μηι 
of the fiber protruding from the glass 
capillary, resulting in a cylindrical 
electrode. This design results in a larg­
er faradaic current, but the voltammo-
grams exhibit non-steady-state behav­
ior at 300 mV s_1 . Swan has described 
micro-disk electrodes fabricated from 
platinum and tungsten wires (4). 
These wires were electrochemically 
etched to form electrodes with diame­
ters as small as 1 μηι as determined by 
the limiting diffusion currents. 
McCreery has constructed cylindrical 
microvoltammetric electrodes from 
carbon fibers and 7^m-radius gold 
wires for use in spectroelectrochemical 
applications (9). 

Microvoltammetric electrodes con­
nected in parallel maintain the fea­
tures of single microvoltammetric 
electrodes with the advantage of in­
creased current amplitudes. These 
have been fabricated using thin film 
technology (10) or photoetching tech­
niques (11). As expected, the steady-
state current is maintained, but the 
current is increased by the sum of the 
small electrodes. 

An obvious limitation in the use of 
single microvoltammetric electrodes is 
that very small currents must be mea­
sured. For electrochemical measure­
ments in the millisecond time range, 
where very little electronic filtering 
can be employed, we make all of our 
measurements in a faraday cage. The 
EG&G Princeton Applied Research 
Corporation Model 174A is useful for 
measurements down to 10 pA. For 
measurements of dilute concentra­
tions at slow scan rates, commercial 
picoammeters can be used. We recent­
ly built a current transducer capable 
of low noise subpicoamp measure­
ments, which is ideal when rapid po­
tential pulses (92 ms) are employed. 
Using this repetitive pulse waveform, 
we can measure concentration changes 
of 1 X 10~7 M for the 2e~ oxidation of 
dopamine in pH 7.4 buffer. In these 
measurements, the current is integrat­
ed over 34 ms, during which time only 
about 60 000 molecules are oxidized! 
Obviously, measurements of much 
lower concentration at microvoltam­
metric electrodes are going to require 
a new approach to potentiostat design. 

Other Features of 
Microvoltammetric Electrodes 

The concentration is perturbed by 
electrolysis only a very small distance 
from the microvoltammetric electrode 
(approximately six times the radius 

under totally steady-state conditions) 
(12). Therefore, microelectrodes are 
not greatly affected by movement in 
solution. In fact, the steady-state cur­
rent density observed at microvoltam-
metric electrodes of 4-μηι radius is 
equivalent to that observed at a rotat­
ing disk electrode operated at 500 rps, 
a relatively fast rotation speed. This 
feature is of particular importance in 
applications of "polarographic" oxy­
gen electrodes in biological systems, 
where variable convective rates may 
occur. 

Microvoltammetric electrodes show 
great potential utility for very fast 
measurements since double-layer 
charging currents should be propor­
tional to the electrode area. This pre­
diction of decreased charging current 
times is important since this parame­
ter determines the shortest time at 
which meaningful measures of faradaic 
current can be made. For a potential 
pulse, the charging current (IDL) is 

iDL = ^-e-t/RC CD 
Η 

where AE is the amplitude of the 
pulse, R is the resistance of the elec­
trochemical cell, C is the double layer 
capacitance, and t is the time mea­
sured from application of the pulse. 
The double-layer capacitance de­
creases exponentially with a decrease 
of the area, while the time-dependent 
faradaic current decreases linearly with 
area. Thus, the faradaic/charging cur­
rent ratio should be increased at a mi­
crovoltammetric electrode. For a disk 
electrode of 4-μηι radius, the double 
layer should be 99% charged within 
3 μβ, even assuming a 100 μΈ cm - 2 dou­
ble-layer capacitance and a cell resis­
tance of 10 kŒ. With this response, 
very rapid time-dependent measure­
ments of chemical events could be 
made. Unfortunately, we have not 
been able to experimentally verify this 
prediction. Nonfaradaic currents at 
carbon fiber electrodes are observed 
that restrict faradaic measurements to 
the millisecond time domain. Possible 
sources of this residual current are mi-
crocracks in the carbon formed during 
the process of fabrication, or surface 
oxides on carbon. A clever approach to 
these problems has been taken by 
McCreery, who ignores the current 
and uses spectroelectrochemistry to 
monitor electrolysis on carbon fiber 
electrodes (9). Using a laser with a 
highly aligned optical system, he has 
observed electrochemically generated 
products along the axis of a carbon 
fiber within 5 μβ of a potential pulse. 

An area in which microvoltamme­
tric electrodes should be of great im­
portance is in the study of redox sys­
tems in highly resistive solvents. Elec­
trochemical currents at disk elec­
trodes of 4-μπι radius are 4 to 5 orders 
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Figure 5. Voltammograms from an electrode implanted in the caudate nucleus of an anesthetized rat. Numbers refer to scan 
after implantation. 20 mV s _ 1 scan rate, (a) Linear sweep voltammetry. (b) Back-step corrected normal pulse voltammetry 

of magnitude smaller than those seen 
at electrodes of conventional size. 
Since less current is passed, iR prob­
lems are much less severe, as previous­
ly noted. We have recently examined 
the oxidation of ferrocene in acetoni-
trile with low concentrations of tetra-
n-butylammonium perchlorate as sup­
porting electrolyte. Nernstian behav­
ior is observed with a disk electrode of 
6.5-μηι radius even with supporting 
electrolyte and depolarizer both at 
10~3 M. With the same conditions, the 
cyclic voltammogram at a Pt electrode 
of 400-μπι radius has 240 mV peak 
separation! (Ideal behavior is 59 mV 
peak separation for η = 1.) These re­
sults demonstrate that electrochemis­
try without correction for iR effects is 
now feasible in solutions of very high 
resistance. 

Applications 
As previously discussed, microvol-

tammetric electrodes have an advan­
tage over conventionally sized elec­
trodes in such applications as voltam­
metry in resistive solutions and the 
determination of oxygen under condi­
tions of varying convective mass 
transport. Interest in the area of mi-
crovoltammetric electrodes originally 
arose for the accurate measurement of 
diffusion coefficients. Although mea­
suring diffusion coefficients is not a 
particularly stimulating research en­
deavor, it is of fundamental impor­
tance since the knowledge of the val­
ues of diffusion coefficients is neces­
sary to interpret electrochemical re­
sults. In these types of experiments, a 
pulsed waveform is generally em­
ployed so that the current is measured 
at a single fixed potential, usually se­
lected so that the surface concentra­
tion of the species being oxidized will 
be zero. Under these conditions at a 

spherical electrode, the current is 
given by 

where η is the number of electrons in­
volved in the electrode reaction, F is 
the faraday, D is the diffusion coeffi­
cient, C is the concentration, and r is 
the radius of the electrode. Inspection 
of Equation 2 shows that, at sufficient­
ly long times, the current is indepen­
dent of time. It is also apparent that 
the time when the steady-state cur­
rent becomes significant is dependent 
on the radius of the electrode. Expres­
sions have been derived for electrodes 
of other geometries, including a disk 
(9), a hemisphere (6), and a cylinder 
(2). 

As stated at the beginning of this 
review, our primary interest in micro-
voltammetric electrodes is to use them 
as sensors of changes in chemical con­
centrations of neurotransmitters in 
the mammalian brain. Obviously, 
small electrodes are necessary for 
these in vivo measurements so that 
the electrode does not destroy the 
brain region in which measurements 
are being made. Nerve terminals have 
diameters in the 1-μπι range, so even 
the electrode shown in Figure 4 is 
large with respect to these cells. Nev­
ertheless, these electrodes appear to 
be essentially nonperturbational in 
brain tissue since the measured cur­
rent does not change significantly with 
repetitive potential pulses—a criteri­
on of tissue damage that has been es­
tablished on theoretical consider­
ations (13). Another parameter that is 
essential for meaningful in vivo mea­
surements is that the electrode re­
sponse remain constant for long peri­
ods of time. The electrode must be im­
planted in the brain and monitored 

for at least 8 h in most experiments, so 
opportunities are not available for 
electrode resurfacing. Our experience 
has shown that pulsed waveforms, 
similar to those used in normal pulse 
voltammetry, are best for maintaining 
electrode stability in the extremely 
complex environment of the mamma­
lian brain. We have designed an in­
strument that is tailor-made for pulse 
voltammetry at microvoltammetric 
electrodes and even provides a method 
of residual current correction (14). 
Normal pulse voltammograms are 
steady-state when 92-ms pulses are 
used. Examples of voltammograms in 
a region of the brain (the caudate nu­
cleus) containing dopamine, using a 
linear sweep and a pulsed waveform, 
are given in Figure 5. As shown in the 
upper half of Figure 5, the current re­
sponse decreases with successive lin­
ear potential sweeps, indicating the 
instability of the electrode. However, 
as shown in the lower part of Figure 5, 
enhanced stability is observed using 
the pulse technique. 

The potential range of the scans 
given in Figure 5 includes the half-
wave potential for the oxidation of do­
pamine. Voltammograms of dopamine 
are sigmoidal, but dihydroxyphenyla-
cetate, a major dopamine metabolite, 
and ascorbic acid both give drawn-out 
voltammograms as a result of their 
slow rate of charge transfer with car­
bon fiber electrodes (6). Thus, al­
though these three compounds have a 
very similar formal potential and are 
all present in this brain region, the 
carbon fiber electrodes that we use are 
most sensitive to dopamine at 0.3 V 
because of the difference in charge 
transfer rates. As mentioned previous­
ly, interference via the dopamine-as-
corbate catalytic reaction is also mini­
mized at these electrodes. Since in 
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Figure 6. Change in current (Δ/) at a microelectrode implanted in the caudate nu­
cleus of an anesthetized rat for repetitive potential steps to 0.35 V vs. SCE fol­
lowing intraperitoneal amphetamine administration 

vivo electrochemistry is a relatively 
new technique, this par t ia l selectivity 
is impor t an t because it is unclear 
whether dopamine , d ihydroxyphe-
nylacetate, ascorbic acid, or some 
other electroactive compounds change 
in concentrat ion with neuronal s t imu­
lation (15,16). T h e in vivo vo l tammo-
grams from anesthet ized, uns t imu­
lated ra ts (Figure 5) appear very simi­
lar to those obta ined for ascorbate in a 
conventional electrochemical cell and 
show no evidence for t he presence of 
extracellular dopamine . 

T o de te rmine whether the electrode 
would sense changes in chemical com­
position in this brain region, we ad­
minis tered t he drug amphe tamine t o 
anesthet ized rats . Th i s drug is known 
to cause the displacement of dopa­
mine from nerve terminals when it is 
injected into the in t raper i toneal cavity 
of t he rat . As shown in Figure 6, t he 
cur rent a t our electrode near the do­
pamine nerve te rminal certainly does 
increase following adminis t ra t ion of 
amphe tamine . Since amphe tamine it­
self is no t electroactive, t he increase in 
th is signal is definitely due to a change 
in the chemical composition of endog­
enous species in the extracellular fluid 
of r a t brain. However, careful analysis 
of t he vol tammograms obtained after 
a m p h e t a m i n e injection does not indi­
cate any subs tan t ia l signal arising 
from dopamine . These results suggest 
t h a t some subs tance other t h a n dopa­
mine increases in concentrat ion to 
such a significant ex ten t t h a t the sig­
nal from any dopamine t h a t is re­
leased is simply masked. T h e ident i ty 
of the compound or compounds giving 
rise to th is signal is current ly un­
known. In cont ras t t o t h e results 
shown here, Gonon et al., using a 

chemically modified electrode, found 
t h a t t h e electrochemical signal from 
the same bra in region decreases fol­
lowing a m p h e t a m i n e adminis t ra t ion 
(15). Since their electrode had differ­
en t sensitivities to t he compounds sus­
pec ted to be in brain t issue, these re­
sul ts imply t h a t a t least two com­
p o u n d s al ter in concent ra t ion wi th 
a m p h e t a m i n e adminis t ra t ion . T h u s , 
while t he in te rpre ta t ion of in vivo 
electrochemical exper iments is cur­
rent ly undergoing a revision, it is im­
p o r t a n t to note t h a t t he electrochemi­
cal signals do correlate with behavior­
al and electrophysiological measures . 
T h i s suggests t h a t chemical manifes­
ta t ions of neuronal activity can be 
measured by th is me thod . 

M a n y appl icat ions of microvoltam-
metr ic electrodes o ther t h a n in vivo 
electrochemistry are jus t s ta r t ing to 
appear . Very recently, C u s h m a n and 
Anderson showed t h a t carbon fiber 
electrodes are useful in anodic s t r ip­
ping appl icat ions (17). Schroeder has 
digitally s imula ted t he results of t he 
s t r ipping exper iment a t micromercury 
d rops and has found t h a t very high 
concent ra t ions of meta l ions are ob­
ta ined in t he d rop simply dur ing the 
t i m e for t h e ca thodic scan (18). Th i s 
means t h a t t he wait ing t ime for meta l 
deposi t ion in t he mercury can be 
greatly minimized. In addi t ion to t h e 
"acce le ra ted" mass t r anspor t a t mi­
crovol tammetr ic electrodes, features 
such as low cur ren t and rapid t ime re ­
sponse should lead to, increased use of 
microvol tammetr ic electrodes in a va­
r iety of appl icat ions. Since a t r emen­
dous a m o u n t of l i te ra ture concerning 
t h e theoret ical l imits and capabil i t ies 
of microvol tammetr ic electrodes al­
ready exists, th is new tool for elec-

t roanalyt ica l chemis ts should rapidly 
expand in use. 
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