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1. OVERVIEW
The purpose of this chapter is to provide an overview of
the use of enzyme-based microelectrodes and amperometric
methods to detect and quantify extracellular levels of choline
and acetylcholine (ACh). Our focus will be on the application and evolution of these biosensor techniques for use
in vivo rather than the electrochemical principles underlying
their development and operation. For the latter topic, one
is directed to previous reviews [1] or other chapters in this
volume [2]. We begin with a brief introduction contrasting
enzyme-based microelectrodes with microdialysis techniques
for studying chemoanatomy and the neurochemical correlates of behavior. Next, we introduce the reader to the principles of detection utilized by enzyme-based microelectrodes
and discuss strategies that are being employed for enhancing
the selectivity of these recording devices. We then turn our
attention to the choline-sensitive microelectrode and contrast two styles of microelectrodes, a carbon ﬁber/ﬁlament
microelectrode and the multi-site microelectrode array currently used in our laboratories. We then summarize applications of the choline-sensitive microelectrodes in vivo and
present, in some detail, empirical data from our laboratory
using the choline-sensitive microelectrode array to measure
rapid changes in extracellular choline as a potential marker
for cortical cholinergic transmission. We then present recent
data from our own laboratory on the development of an
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ACh-sensitive microelectrode array that should provide an
even more direct measure of ACh release. Finally, we conclude with a discussion of the challenges confronting the use
of enzyme-based microelectrodes as well as several future
applications of the microelectrode arrays.

2. INTRODUCTION
Unraveling the complexities underlying the neuropharmacological effects of various drugs and the neurochemical
mediation of behavior represent core components of neuroscientiﬁc research. The most informative and valid approach
to meeting these goals involves the selective and sensitive in situ measurement of the brain’s chemical microenvironment. Over the past several decades a variety of
measurement techniques have evolved, including push–pull
cannulae, cortical cups, microdialysis, in situ rapid electrochemistry, functional imaging with receptor selective radioligands, and NMR spectroscopy. Of these methods, the
techniques of in vivo microdialysis and in situ rapid electrochemistry have enjoyed, to date, a rather privileged and
productive position. This position stems from the impressive
combinations, relative to other methods, of resolution (both
spatial and temporal), selectivity, and sensitivity.
In vivo microdialysis techniques have evolved signiﬁcantly
over the past two decades. The impressive selectivity of this
method is directly linked to advances in the ﬁeld of analytical chemistry and recent improvements in electrochemical and ﬂuorescence detection methods have enhanced the
conﬁdence of investigators in identifying and quantifying
the analytes being harvested by the microdialysis probe.
Despite the selectivity of microdialysis methods, constraints
in its spatial and temporal resolution will ultimately limit its
research applications. While the diameter of microdialysis
probes continue to decline thereby restricting the size of the
sampling zone, this area (estimated to cover several hundred m to several mm away from the probe [3]) may still
preclude investigations of functional heterogeneities within
small brain regions or between closely adjoining regions. In
terms of temporal resolution, microdialysis collection intervals have been progressively reduced from 15–30 min to
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1–6 min, and the application of the technique to the study of
cognitive behavior has proven very informative [4–9]. However, given that the dynamics of behavior can change on
a second to sub-second scale, then it is easy to imagine
research questions for which microdialysis techniques may
be of limited value.
In situ electrochemical techniques offer a marked
improvement to microdialysis in the areas of spatial and
temporal resolution (see [5, 10] for a more detail comparison between the two methods). The carbon ﬁber/bundle
electrodes or inert platforms containing platinum electrodes
can be as small as 5–30 m in outer diameter as opposed
to microdialysis membranes ranging from 150–500 m. As
detection is restricted to the surface of the electrode with
in situ electrochemical methods, this size difference permits
more discrete sampling (i.e., several m [11]) within small
and heterogeneous structures and might allow access to different extracellular pools of neurotransmitters than those
harvested by conventional microdialysis [12]. In terms of
temporal resolution, most microelectrodes in use today have
response times in the range of seconds and sampling rates
(1.0–200.0 Hz) that are orders of magnitude more rapid than
even the shortest of conventional microdialysis methods. In
principle, this marked temporal resolution has two advantages for neuroscientiﬁc research. First, rapid sampling rates
permit the investigator to quantify changes in extracellular
transmitters on a time-scale compatible with the events of
phasic transmitter release [13, 14] as opposed to the largely
volumetric release measured by changes in dialysate levels.
Second, while important data have certainly emerged from
the careful application of microdialysis in behaving animals,
the use of rapid in situ electrochemical measurement has the
potential to reveal correlations with certain dynamic behavioral events [15–17].
Despite the obvious beneﬁts of enhanced spatial and temporal resolution, in situ electrochemical techniques have historically suffered, relative to microdialysis, from limitations
in selectivity and in the range of analytes that are detectable
(i.e., electroactive) at relatively low potentials. Utilizing
more advanced recording strategies, such as cyclic and fastscan voltammetry [1, 16, 18], researchers have employed the
resultant wave forms to improve the selective identiﬁcation of traditional targets for analysis, the catecholamines
and indoleamines. Another issue that has long constrained
in situ electrochemical methods is the inability to identify the
vast array of compounds in the extracellular milieu that are
not inherently electroactive yet are very important messengers in chemotransmission, including: acetylcholine, choline,
the amino acid transmitters, and glucose. The recent development of enzyme-based microelectrodes that generate a
reporter molecule such as H2 O2 has now made the detection
of such important compounds possible.

3. ENZYME-BASED MICROELECTRODES
3.1. Principles of Detection
The detection scheme underlying choline-sensitive microelectrodes, like that in similarly designed sensors for
glutamate [12, 19, 20], lactate [21, 22], and glucose [23–25],
involves an enzyme-based chemical sensor that is used to
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convert a compound that is not inherently electroactive
(i.e., choline or acetylcholine) into a reporter molecule (i.e.,
H2 O2 ) that is readily oxidized at the electrode surface.
Figure 1 illustrates the chain of reactions involved in
the detection of choline in certain choline-sensitive microelectrodes [26] including the multisite microelectrode array
(described below) used in our laboratory [19, 27, 28]. Brieﬂy,
choline oxidase is cross-linked using glutaraldehyde and
immobilized onto the surface of the platinum electrode with
BSA. Two of the four recording sites are coated with enzyme
and the remaining two sites are treated only with BSA and
glutaraldehyde and serve as sentinel control recording sites
(see Section 4.3 on self-referencing). The electrode surface
is also treated with a ﬁlm of Naﬁon to repel potential interferents (see Section 3.2). The oxidation of each molecule
of choline generates two molecules of H2 O2 that are then
oxidized at a constant potential of +0.7 mV. The current
generated is proportional to the concentration of choline in
the tissue surrounding the microelectrode. There are slight
alternatives to the above detection schemes [23, 29] with
accompanying advantages and disadvantages. Some of these
comparisons will be discussed in Section 5.2.

3.2. Electrode Surface Coatings
The use of enzyme-coating and reporter molecules has been
instrumental in enabling the detection of non-electroactive
compounds. However, this strategy has introduced some

Figure 1. This schematic indicates the surface treatments and chemical reactions involved in the detection of choline by our microelectrode
arrays. As indicated, platinum electrodes were coated with Naﬁon in
order to minimize access of anionic interferents such as ascorbic acid,
urea, and DOPAC while still allowing passage of the reporting molecule
H2 O2 . Choline oxidase (CO) was cross-linked with BSA and glutaraldehyde and immobilized on the lower two sites. The upper sentinel sites
were coated only with BSA. Choline in the presence of O2 and H2 O is
oxidized by CO and generates H2 O2 which is then oxidized at the electrode surface. Figure taken by permission from [28], V. Parikh et al.,
Eur. J. Neurosci. 20, 1545 (2004). © 2004, Blackwell Publishing.
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challenges of its own. The oxidation of H2 O2 , a frequently used reporter molecule for oxidation-based reactions, requires relatively high potentials and this increases
the likelihood of interference from a range of endogenous
compounds that are oxidizable at lower potentials. The
surface of the microelectrode can be coated with various
substances that can be used to block or eliminate certain
interferents and also to render the recording sites more sensitive to the desired compound (see [2] for a more complete
discussion of this topic). Historically, one of the most useful
surface coatings employed by researchers to block anionic
interferents has been Naﬁon. The brain’s extracellular ﬂuid
contains high concentrations of the anion ascorbic acid. As
such, ascorbic acid can contribute to high background signals
and limit signal:noise ratios and reliable recordings. Coating of the electrode surface with a Naﬁon ﬁlm limits the
accessibility of ascorbic acid and other anions (i.e., DOPAC,
5-HIAA) to the electrode surface. Several of the studies using choline-sensitive microelectrodes, discussed below,
employed Naﬁon coating.
Another barrier approach to enhance the selectivity of
microelectrodes is the electropolymerization of polyphenylene diamine [26]. Polyphenylene diamine (PD) is a nonconducting polymer that restricts access of large molecules
(potential interferents such as ascorbic acid, urea) to the
electrode surface but permits access of small molecules such
as the reporter molecule H2 O2 utilized in many microelectrodes. Finally, an additional approach to limiting the effects
of ascorbic acid on electrode performance is to incorporate
ascorbate oxidase as a scavenger enzyme in the redox polymer that is used to coat the surface of the microelectrode
[12, 23].

4. CHOLINE-SENSITIVE
MICROELECTRODES
4.1. Why Study Choline?
Choline is a molecule that is used extensively in the structure
and function of the nervous system. It is an integral component of the phospholipid phase of cellular membranes and
is both a biosynthetic precursor to and breakdown product
of the neurotransmitter acetylcholine (ACh). The biosensor technology of rapid, in situ electrochemistry using small
microelectrodes offers enormous potential in advancing our
understanding of the regulation and function of cholinergic transmission. Using the speciﬁc applications mentioned
above, the development of a choline-sensitive microelectrode may permit scientists to quantify highly localized
changes in extracellular choline as a marker for the integrity
of neuronal membranes following exposure to oxidative
stressors, in animal models of neurodegenerative diseases
and during the aging process [30]. The ability to measure changes in extracellular choline over very brief time
epochs will provide an in situ measure for the kinetics of
the high afﬁnity choline transporter the rate determining
step in the biosythesis of ACh [31–33]. Rapid changes in
extracellular choline can also be used as an in vivo bioassay
for the efﬁcacy of acetylcholinesterase inhibitors currently
prescribed for the treatment of Alzheimer’s dementia [34].
Finally, the choline-sensitive microelectrode may afford a

marker for ACh release that is spatially restricted to a far
smaller population of neurons than microdialysis (critical
for dissociating the contributions of cholinergic transmission
in adjacent brain regions) and one that provides an index
of release that more closely approximates the phasic ACh
release presumably underlying certain behaviors [23, 26–29].
An additional advantage to studying the dynamics of
extracellular choline is related to the goal of establishing an
ACh-sensitive microelectrode (see Section 6.1). According
to current detection schemes, an ACh-sensitive microelectrode is also going to be sensitive to the oxidation of choline.
Thus, the continued development of a reliable cholinesensitive microelectrode and an evolving understanding of
the pharmacological and behavioral stimuli that affect extracellular choline levels will be important not only for the
reasons outlined above but will contribute to the design
and interpretation of experiments targeting the detection of
rapid changes in ACh release.
Choline-sensitive microelectrodes, and their ability to
measure rapid in situ changes in extracellular choline, represent a powerful technique in the study of various aspects
of cholinergic transmission. Several of these in vivo studies
will be summarized in Section 5.

4.2. Carbon Fiber/Filament Microelectrodes
Carbon ﬁber/ﬁlament microelectrodes have been used for
in situ electrochemical measurements of catecholamines and
indoleamines for over two decades (see [1, 2] for reviews).
The more recent application of surface modiﬁed carbon
ﬁbers to measure non-electroactive substances, such as
choline, has been in use for over a decade. The most
extensive studies on choline-sensitive carbon ﬁber microelectrodes have been conducted by Dr. Adrian Michael’s
laboratory [11, 12, 23, 29, 35]. The surface of their microelectrodes is coated with a redox polymer gel that contains
choline oxidase (CO) and horseradish peroxidase (HRP).
In addition to immobilizing the enzymes, the gel mediates
an electron transfer between HRP and the electrode. This
electron transfer allows the microelectrode to be operated
at low negative potentials (−0.1 V) preventing the oxidation
of a number of potential interferents including the catecholamines, indoleamines and their acidic metabolites. The
electrode surface is treated with Naﬁon in order to minimize
interference from ascorbate. An additional advantage of the
HRP coating is that it prevents the resultant H2 O2 from diffusing away from the electrode before being detected.

4.3. Multi-Site Microelectrode Arrays
The redox polymer, carbon ﬁber/ﬁlament microelectrodes
described above demonstrate an impressive selectivity for
choline due to the ability to record at relatively low potentials. However, recordings obtained with these sensors do
exhibit some limitations. The sensitivity of the carbon-ﬁber
microelectrode is in the low micromolar range [12, 23, 29].
While this limit of detection is consistent with the estimated steady-state concentration of extracellular choline
[36] it may or may not prove sufﬁcient to ultimately detect
small changes in extracellular choline derived from neuronal
sources following behaviorally-induced ACh release. Also,
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the response time (i.e., 7–15 sec) and the time required to
fully clear choline-derived signals (i.e., 2–4 min) of the carbon ﬁber/ﬁlament microelectrodes can not fully capture the
rapid kinetics of ACh-derived choline and choline clearance
(see below).
Platinum-based microelectrodes have recently been used
to study the dynamics of choline- and ACh-generated signals
in brain [1, 19, 26–28]. These microelectrodes exhibit several
distinct advantages over traditional carbon ﬁber/ﬁlament
microelectrodes. First, the limit of detection (L.O.D.)
obtained with platinum microelectrodes (≈0.5 M) is
well below the 5–7 M L.O.D. typically reported with
carbon-based microelectrodes. Second, the response times
(≈1.0 sec) of these platinum electrodes to choline or ACh
is more rapid than the 7–15 sec observed with carbonbased microelectrodes. Finally, another important temporal distinction between the two types of microelectrodes is
revealed in the rate of clearance of exogenous or endogenous choline/ACh. Surface-coated platinum microelectrodes
demonstrate a rapid clearance time of ejections of equimolar concentrations of choline- or ACh-induced signals ranging from 5–40 sec ([28], see Figs. 3, 5–8, 10) as opposed
to the 2–4 min seen using carbon-based microelectrodes
[23, 29]. This distinct difference in clearance time has important implications for studies that aim to characterize the
effects of drugs or experiences on choline uptake, the ratedetermining step in ACh biosythesis.
The microelectrodes used in our laboratory are multichannel, ceramic-based platinum arrays and were developed in the laboratory of Dr. Greg Gerhardt (Fig. 2).
More detailed discussions of the properties and beneﬁts of these microelectrodes have been published elsewhere [1, 2, 19, 27]. Brieﬂy, the microelectrode arrays can

Figure 2. Photomicrograph of the ceramic based multi-site microelectrode array used in our studies on cortical choline and ACh levels.
The microelectrode consists of two side-by-side pairs of recording sites
(15 m × 333 m). The bottom pair is located approximately 1000 m
from the blunted electrode tip and typically serves as choline-sensitive
sites (see text and Fig. 1 for enzyme coatings). The upper pair is
located 100 m from the bottom pair and typically serves as a sentinel
control detecting background interferents. Photo courtesy of Dr. Greg
Gerhardt.
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be mass fabricated using photolithography yielding precision
electrodes of uniform dimensions. Such uniformity facilitates comparisons of data from laboratory to laboratory,
experiment to experiment. The number and spatial orientation of multiple recording channels can be varied according
to the particular demands of the experiment. The pattern of
these channels can be tailored to the experiment on hand.
For example, channels arranged in a linear series can be
used to monitor electrochemical events in adjacent brain
regions or structures with distinct laminar organization (i.e.,
cortex). Microelectrodes with close, side-by-side channels
can be used to differentiate neurochemical events within a
speciﬁc brain region and with an impressive spatial resolution. The presence of multiple recording channels on the
microelectrode array allows for a self-referencing technique
in which signal selectivity and sensitivity can be enhanced
by essentially subtracting electrochemical “noise” produced
by compounds other than the analyte under investigation.
This procedure is described in detail in the following section.
Finally, multiple channels on the same microelectrode opens
the possibility to measuring several analytes simultaneously
in a given brain region.

4.3.1. In Vitro Calibrations and
Self-Referencing
The sensitivity and selectivity of the microelectrode can be
assessed in vitro in a stirred, temperature-controlled (37  C)
bath that contains PBS or an artiﬁcial CSF (aCSF). Sensitivity of the microelectrode can be assessed following the
addition of known concentrations of choline or ACh into a
ﬁxed volume of PBS or aCSF. In some cases, the calibration
can be performed in a ﬂow stream to enable the accurate
determination of response time of the sensor [23, 27, 29].
The sensitivity (e.g., pA/M), limit of detection (L.O.D.,
e.g., minimum M with signal:noise of 31), and linearity
(R2 ) of the microelectrode can be determined. The selectivity of the microelectrode can and should be assessed against
anticipated electroactive substances (i.e., interferents) that
can be oxidized or reduced at the operating potentials of the
recording device and are known to be in sufﬁcient quantity
in the region being studied.
Figure 3 illustrates a representative in vitro calibration of
our choline microelectrode array amperometrically recorded
immediately prior to placement into the frontoparietal cortex of a rat [28]. This particular microelectrode array had
four recording sites and is similar in geometry to that
depicted in Fig. 2. The two sites closest to the tip of the
electrode were coated with choline oxidase (CO) and the
two more distal sites (100 m away) were similarly coated,
except for the absence of choline oxidase. These sites served
as sentinel control channels for the self-referencing procedure. Self-referencing is a powerful technique facilitated by
the multisite arrays and allows for the isolation of current
changes that are, in this case, speciﬁc to the oxidation of
choline as opposed to other potential interferents, including
AA and DA. The current signals recorded from the sites
coated with choline oxidase can be normalized by subtracting the background current from the two non-choline oxidase coated sites and then dividing the current change seen
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Figure 3. Recordings of raw current tracings from a representative
in vitro calibration of our choline-sensitive microelectrode array. The
upper tracing in panel (A) illustrates the change in current following four cumulative additions of choline (10 M each) bracketed by
the addition of two likely in vivo interferents, ascorbic acid (AA,
250 M) and dopamine (DA, 2 M) from a choline-oxidase (CO)
treated recording site. As expected the channel was sensitive to the
increasing concentration of choline. There was a modest response to
AA (dampened by the Naﬁon coating) and a sizeable response to DA.
The lower trace illustrates the current measured from a control sentinel
channel that did not contain CO. The sentinel was sensitive to both
AA and DA. Panel (B) illustrates that the current measured at the COtreated site was linear over the range of choline concentrations tested.
The dashed line represents the non-responsiveness of the sentinel channel to choline. Panel (C) illustrates the value of the self-referencing
procedure described in the text. The attenuation of the modest AA and
more sizeable DA current responses (see panel A for a comparison) is
clearly evident. Figure taken by permission from [28], V. Parikh et al.,
Eur. J. Neurosci. 20, 1545 (2004). © 2004, Blackwell Publishing.
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following the addition of DA. This self-referencing procedure increases the signal:noise ratio and subsequent L.O.D.
of the microelectrode [19].
The slope, background current, R2 , and L.O.D. can then
be recalculated following self-referencing. The top panel of
Fig. 3 depicts a raw current (pA) recording following four
cumulative additions of choline (10 M each) bracketed by
the addition of two likely interferents, ascorbic acid (AA,
250 M) and DA (2 M). The upper tracing is from one of
the choline-oxidase-coated channels and the bottom tracing
is from one of the sentinel channels. As expected, the COcoated channel exhibits a marked phasic current change with
the addition of each aliquot of choline as well as a resultant
increase in background current as the bath concentration of
choline becomes elevated. The microelectrode is sensitive to
AA and DA with selectivity ratios (choline:interferent) of
1001 and 501, respectively).
The lower tracing in the top panel of Fig. 3 illustrates the
current recorded from one of the sentinel channels of this
microelectrode array. Not surprisingly, the sentinel exhibits
comparable responses to the addition of AA and DA to
the bath, indicating that the sentinel and CO-oxidase channels are of similar sensitivities. There are very minor, yet
discernible, changes in current following the application of
choline that may reﬂect a modest diffusion of choline onto
the CO-treated channel.
The middle panel of Fig. 3 depicts the sensitivity curves
of each channel as the current response is plotted as a
function of concentration of choline. It is clear from the
plot that the CO-treated channel exhibits a linear response
over the concentration range applied. Moreover, the current
response of the sentinel channel remains ﬂat with respect
to choline concentration. Over the course of many calibrations of the choline-sensitive microelectrode array we have
recently reported [28] the following average values: sensitivity of 187 ± 17 pA/M; L.O.D. of 0.33 M choline; R2 =
0998 ± 0001; and selectivity, relative to AA, of >100  1.
The bottom panel of Fig. 3 illustrates the utility of the
self-referencing procedure in which the CO-treated tracing from the top panel was normalized against its sentinel
channel. It is evident that the responses to AA and DA
have been markedly attenuated while preserving the cholineinduced currents. This procedure is particularly valuable in
regions in which extracellular levels of DA (and/or AA) are
high (i.e., striatum or frontal cortex). Self-referencing allows
the experimenter to factor out contributions of either of
these compounds to background current (in studies aimed at
quantifying basal choline or ACh) or in stimulated current
following drugs, environmental manipulations, or behaviors
that increase extracellular DA and/or AA.
Prior to closing this section on calibration of the microelectrode array and as a prelude to the following section
on in vivo studies a comment is warranted regarding prevs. post-experiment calibrations. Emerging data clearly suggest that insertion of microelectrodes into tissue, for even
brief periods of time, signiﬁcantly affects the sensitivity of
the sensor. Mitchell [26] reported a 25% reduction in sensitivity, relative to pre-insertion values, following removal
of a choline- or ACh-sensitive microelectrodes from hippocampus for only 30 min. The reduction in sensitivity
was maximal at this exposure point and did not further
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decline following longer insertion periods. Michael’s group
reported a slightly larger reduction (50%) following removal
of their choline sensor after several hours in striatum [23].
Finally, Gerhardt’s laboratory [27], using a microelectrode
array identical except for the geometry of the multisite
recording channels to the array used in our laboratory,
also report approximately a 16% reduction in sensitivity
to choline following exposure to striatal or cortical tissue.
The mechanisms contributing to these reductions in sensitivity have yet to be determined but do not, necessarily, suggest that all in vivo data should then be calibrated
against a post-insertion in vitro calibration curve. Theoretically, the reduction in sensitivity could involve adsorption
of tissue, proteins, and blood on the surface of the electrode, that become particularly pronounced upon exposure
to air during removal of the microelectrode from the brain.
Such changes to the microelectrode could reduce surface
area available for oxidations to occur and/or tissue-related
changes in the activity of the enzyme used to generate the
reporter molecules involved in the sensor. Given the uncertainty of when and where the actual decline in sensitivity
of the microelectrode occurs perhaps the most valid way of
determining whether the decline occurs in situ is to perfuse
know concentrations of analytes into the area adjacent to
the recording site to determine whether these values change
over time.

5. IN VIVO STUDIES UTILIZING
CHOLINE-SENSITIVE
MICROELECTRODES
The performance of various types of choline-sensitive microelectrodes have been sufﬁciently characterized in vitro and
are now being utilized to measure aspects of cholinergic
transmission in several brain regions, including striatum, hippocampus, and neocortex. Several goals, many of which are
common across experiments, have been addressed in these
initial studies. First, the studies have characterized the stability of the microelectrodes when implanted in brain and the
ability of the microelectrodes to detect exogenously administered choline. Second, they have determined the extent
to which neuronal activity contributes to basal and stimulated choline signals. Third, the dependence of stimulated
choline signals on the hydrolysis of endogenous ACh has
been studied. Finally, the validity of changes in extracellular
choline as a marker for ACh release has been assessed by
determining the effects of pharmacological stimuli, known
to increase ACh release, on the extracellular choline signal.
Thus far, each of the studies has been conducted in anesthetized rats. This approach is understandable given that it
involves a relatively new methodology and the value associated with precise control over location of microelectrodes
and micropippetes as well as initially holding the activational
state of the animal constant. Studies are already underway
in our laboratory to adapt the choline- and ACh-sensitive
microelectrodes to behaving animals in much the same
way that the glutamate-sensitive microelectrode has been
utilized [20, 37, 38] as well as the more traditional voltammetric analyses of catecholamines in freely-moving animal
[39–41]. The challenges associated with studies involving
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freely-moving animals will be addressed in Section 6.3.
Below, we summarize the major ﬁndings from studies on
choline signals in striatum and hippocampus as well as a
more extensive presentation of our own work on cholinergic
transmission in the frontoparietal cortex.

5.1. Striatum
Carbon ﬁber microcylinder electrodes with a redox-active
gel (described above) have been used to characterize the
source of choline signals in the striatum of anasthetized rats
[12, 23, 29]. A choline-oxidase-treated microelectrode and a
control (no choline oxidase) microelectrode were inserted
in tandem into the striatum along with a micropipette positioned 100–200 m from the electrode tips. In the initial
study [29], basal concentration of choline was estimated to
be 6.6 M. Microinjections of choline (100 mM) produced a
marked elevation in background current that reached maximum amplitude by 90 sec. The signal was cleared within
4–5 min of the injection. No change in current was detected
by the control microsensor indicating that the measured
change on the choline-oxidase-coated sensor was not due
to ejection artifact or electroactive interferents. Microinjections of ACh (10 mM) also produced a marked elevation in choline signal that was, as predicted, slower to rise
to maximum than the choline stimulus. The ACh-induced
choline signal was markedly attenuated by microinjection of
the acetylcholinesterase (AChE) inhibitor neostigmine into
the area of the electrode. The magnitude of this attenuation
supports the interpretation that the resulting choline signal
was dependent upon the hydrolysis of ACh to choline (a
result conﬁrmed by our laboratory [28]. Finally, this paper
contrasted the clearance rates of microinjected equimolar amounts of choline and ACh in an attempt to estimate the activity of AChE. The clearance rate for choline
was 6 M/min whereas the clearance rate for ACh was
3.5 M/min. The difference of 2.5 M/min between the
transmitter and its breakdown product was estimated to
reﬂect the activity rate of AChE. It is interesting to contrast
the relatively slow clearance rates for choline and ACh with
those estimated for striatal DA at 2 M/sec [42].
In a related study by this laboratory [23], the selectivity and origins of the choline microsensor response were
determined using several pharmacological manipulations.
The placement of microsensors and micropipette was similar
to that described above. Again, microinjections of choline
(10 mM) elevated the background signal and this increase
was attenuated as much as 50% by co-injecting choline
oxidase in the vicinity of the microsensor to, presumably,
oxidize the choline substrate prior to interacting with the
surface of the electrode. Two manipulations were conducted
in order to assess the neuronal contributions to the background choline signal. First, TTX (100 M) was microinjected into the vicinity of the electrode tip and this reduced
the basal choline signal by 27%. Second, the microinjection
of neostigmine into the area surrounding the electrode tip
reduced basal choline signals by 11–71%. Collectively, these
results suggests that the microsensor has access to a pool of
choline in the extracellular space that is in equilibrium with
uptake sites and that a signiﬁcant component, but not all,
of the basal choline signal from this pool reﬂects impulserelated release and the subsequent hydrolysis of ACh.
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More recently, the ceramic-based multisite microelectrode array described above has also been used to study
striatal cholinergic transmission [27]. An ascending series
of volumes of choline (100 mM) were microinjected into
the area equidistant between the sensor channel coated
with choline oxidase and a control sentinel channel. Graded
increases in choline were seen on the choline oxidase-coated
site but not on the control site. In contrast to the data
obtained with carbon ﬁber microelectrodes, the response
time was much more rapid (1–2 sec vs. 7–15 sec) as was
the time required for clearance back to baseline (10 sec as
opposed to several minutes). The effects of local depolarization with K+ (70 or 120 mM) on extracellular choline were
also determined. There was a graded change in choline signal with the two concentrations of K+ . Moreover, the value
of the self-referencing technique in isolating the choline signal became apparent in ﬁltering out the current change due
to the release and oxidation of DA following the higher
concentration. Lastly, the authors assessed the contribution of high afﬁnity choline uptake (HACU) to the clearance of the stimulated choline signal by microinjecting the
uptake blocker hemicholinium 3 (HC-3) into the vicinity of
the microarray. Choline (100 mM) was microinjected prior
to and following the delivery of HC-3. The administration
of HC-3 markedly increased the amplitude of the cholineinduced current and also resulted in a 10-fold increase in
the time required for the signal to return to baseline. These
results demonstrate that the clearance of the stimulated
choline signal reﬂects the physiological process of HACU—
the rate limiting step in ACh biosynthesis.

5.2. Hippocampus
A platinum-based choline-microsensor containing choline
oxidase, ascorbic acid oxidase (as a scavenger enzyme)
and electropolymerized phenylenediamine (as an enhanced
stability/selectivity treatment, see Section 3.2) has recently
been used to study cholinergic transmission in the dentage
gyrus (DG) of the hippocampus in anasthetized rats [26].
The author also tested an ACh-sensitive microelectrode with
the addition of AChE to the enzyme layer. Results obtained
with the ACh sensor will be described in Section 6.1.
The choline-sensitive microsensor, a control background
microsensor and a multi-barrel pipette were positioned into
the DG. Basal choline levels were estimated from the difference between the choline sensor signal and that from the
blank, control sensor. The value obtained, 7.3 M, is comparable to the value obtained in striatum [29] and frontoparietal cortex [28] obtained using other microelectrode designs.
Exogenous choline and ACh (10 mM) were microinjected in
the area adjacent to the sensor. The response to choline was
fairly rapid (approximately 7 sec to maximum amplitude)
with a clearance to baseline of roughly 30 sec. The current
generated by the injection of ACh was detected 2–3 sec later
than the choline signal and presumably reﬂected the additional time required for the hydrolysis of ACh to choline.
In an informative experiment interfacing microdialysis and
microelectrode techniques, the author placed a microdialysis probe in proximity (350–400 m) to the microelectrode and continuously perfused the acetylcholinesterase

inhibitor neostigmine into the region surrounding the sensor. Perfusion of neostigmine resulted in an 82% reduction
in the basal choline signal suggesting that the majority of
the background signal was driven by choline generated by
the hydrolysis of released ACh. This value is signiﬁcantly
larger than estimates of AChE-dependent basal choline signals reported in striatum (11–71% decrease; [23]). Some
of this difference may reﬂect regional variations in sources
of extracellular choline. In addition, it might be argued
that the more widespread and long-lasting inhibition of
AChE achieved via perfusion through the dialysis probe
(as opposed to a discrete microinjection) contributed to
a more potent reduction of ACh-generated extracellular
choline.

5.3. Neocortex
Our laboratory focuses on the regulation and function of
the basal forebrain cortical cholinergic system [5, 43, 44].
We have recently applied a multisite choline-sensitive microelectrode array to measure changes in extracellular choline
levels in frontoparietal cortex in order to test the hypothesis that rapid changes in choline, measured over brief time
epochs, provide a valid marker of cortical ACh release [28].
The geometry of our microelectrode array is illustrated in
Figs. 1 and 2 and consists of 2 pairs of recording sites.
Each site is 15 m wide and 333 m long, and the distance between the two pairs is approximately 100 m. The
lower pair of recording channels (approximately 1 mm from
the electrode tip) was coated with Naﬁon and the enzyme
choline oxidase—cross-linked with BSA and glutaraldehyde.
The upper pair of recording channels, the sentinel control sites, were similarly coated except they did not contain
choline oxidase (CO).
The microelectrode was placed into the frontoparietal
cortex of urethane anasthetized male rats. A micropipette
(20 m tip) was attached to the ceramic platform of the
array and positioned such that the tip was equidistant
between the two pairs of channels (50–100 m from the
platform). Figure 4 is a photomicrograph illustrating a representative microelectrode placement. The top panel is of
lower magniﬁcation and the insert in (A) is magniﬁed in
(B). The arrows mark the approproximate location of the
CO-recording sites in layers III and IV. The ﬁgure clearly
indicates the minimal damage produced by insertion of the
electrode/micropipette array.
As in the studies summarized from striatum and hippocampus, our initial goal was to characterize the ability of the
microelectrode to reliably detect choline when exogenously
applied to the area adjacent to the recording sites. Figure 5
illustrates choline signals in response to pressure ejections of
several volumes of choline (20 mM). The tracings in panel
(A) reveal volume-dependent increases in current amplitudes (transformed to M equivalents). No changes are seen
from nearby control sentinel sites (panel B). Panel (C) illustrates the results of self-referencing, based on the tracings
from (A) and (B). Pressure ejections of choline are depicted
by hash marks along the abscissa. Close inspection of the
tracing in panel (C) reveals the extremely rapid rise time
of the choline microelectrode as well as the rapid clearance
time to baseline. The time required to clear 80% of the
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Figure 4. A representative placement of the microelectrode array in
the frontoparietal cortex. The area contained within the box in panel
(A) is magniﬁed in (B) and indicates the minimal damage produced by
insertion of the electrode/micropipette array. The arrows in (B) mark
the approximate location of the CO-coated recording sites in layers III
and IV of corex. Figure taken by permission from [28], V. Parikh, et al.,
Eur. J. Neurosci. 20, 1545 (2004). © 2004, Blackwell Publishing.

maximal amplitude (T80 ; 5.3–7.1 sec) as well as the choline
uptake rate (1.93 M/sec to 3.17 M/sec) increased with
increasing volumes of choline. Group data expressing the
response to the choline ejections as mean (±S.E.M.) current
(pA) or concentration (M) are depicted in panels D and E,
respectively. Similar results following choline pressure ejections have been reported by Gerhardt’s laboratory [19].
We next measured the response of the sensor to pressure
ejected ACh and determined whether resultant increases
in choline signal were dependent upon the in situ hydrolysis of ACh to choline. Three groups of rats were tested
in these experiments (depicted in Fig. 6, panels A–B; C–D;
and E–F). Pressure ejections of the lower concentration of
ACh (10 mM) produced an increase in current comparable to 5–7 M equivalents of choline (panel A). Several
minutes after the ACh ejections the micropipette was ﬁlled
with a solution containing ACh (10 mM) and neostigmine (100 mM). Neostigmine nearly eliminated the AChassociated change in current (panel B) suggesting that the
increase in current seen in panel (A) required the hydrolysis
of the ejected ACh into choline by acetylcholinesterase. The
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experiment was repeated in a second group of rats using
a higher concentration of ACh (100 mM). This concentration of ACh resulted in larger increases in current, equivalent to 15–20 M choline (panel C). Again, the co-ejection
of ACh and neostigmine markedly attenuated the AChinduced increase in current (panel D). A control experiment
was conducted in a third group of animals. Choline (20 mM;
panel E) or choline + neostigmine (panel F) were pressure
ejected into cortex, as expected the increase in current associated with choline ejections was unaffected by inhibition of
ACh hydrolysis.
Finally, we determined whether the choline-sensitive
microelectrode would reveal pharmacological changes in
choline generated by the release of endogenous ACh. To test
this hypothesis, we chose two stimuli previously shown to
stimulate cortical ACh efﬂux—local depolarization with K+
and blockade of muscarinic autoreceptors with scopolamine
[45]. Figure 7, panel (A) illustrates a representative current
tracing from a single microelectrode following pressure ejections of two volumes of KCl (70 mM). The current increase
exhibited a rapid rise to maximum and the time required for
clearance back to baseline was volume-dependent. The tracing in panel (B) is from the adjacent control sentinel and it’s
relative ﬂatness demonstrates that the KCl-induced current
was not due to ejection artifact or another interferent possibly released by local depolarization. Panel (C) illustrates
that KCl-induced current increases were signiﬁcantly attenuated following co-ejection of neostigmine. The presence of
a residual current increase in the presence of neostigmine
is reminiscent of the results following ACh + neostigmine
(Fig. 6). The mechanisms contributing to this residual signals are unclear but we are currently testing the hypothesis
that they reﬂect a spatio-temporal discrepancy between the
zone of released ACh and the zone of active cholinesterase
inhibition.
The ﬁnal experiment investigated the extent to which
scopolamine-induced increases in cortical choline levels
reﬂect an enhanced release and hydrolysis of ACh. Scopolamine (10 mM) was pressure ejected into frontoparietal
cortex. The self-referenced data depicted in panel (E)
demonstrate that the choline-sensitive microelectrode was
sensitive enough to detect increases in extracellular choline
produced by scopolamine. The results in panel (F) conﬁrm that the increases seen in (E) reﬂected the subsequent hydrolysis of released ACh. These data demonstrate
that there is sufﬁcient cortical cholinergic tone even in
the anasthetized rat and that the choline microelectrodes
are clearly sensitive enough to reveal rather small (i.e.,
<5.0 M) changes in cholinergic transmission.

6. CHALLENGES AND FUTURE
DIRECTIONS
6.1. Acetylcholine-Sensitive Microelectrodes
While the initial evidence suggests that changes in extracellular choline provide, under certain conditions, valid
indices of cholinergic transmission, a more direct measure
of ACh release may provide a more sensitive index
of cholinergic transmission. ACh-sensitive microelectrodes
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Figure 5. Choline signals recorded from the frontoparietal cortex in response to pressure ejections. Ejections of 66, 200 and 400 nL of choline
(20 mM) produced volume-dependent increases in current amplitude (A), while no changes in background current were seen at sentinel sites (B).
Panel (C) illustrates the results of self-referencing based upon the traces in panels (A) and (B). Pressure ejections are depicted by the tick marks
along the abscissa. The group effects (mean ± S.E.M.) of various concentrations of choline on current (pA) and equivalent concentration (M)
amplitudes are summarized in panels (D) and (E), respectively. A repeated measures ANOVA was followed by post-hoc comparisons in which
a = P < 005, 66 vs. 200 nL; b = P < 005, 66 vs. 400 nL. Figure taken by permission from [28], V. Parikh, et al., Eur. J. Neurosci. 20, 1545 (2004).
© 2004, Blackwell Publishing.

have recently been reported [26, 46]. These microelectrodes, like their choline-sensitive counterparts, utilize a
phenylenediamine-treated platinum iridium electrode for
enhanced stability and selectivity. In vitro calibration studies
reveal an impressive sensitivity (0.25–0.66 M) for ACh and
very good selectivity (≥1001) against typical interferents
such as ascorbate, urea, and the catecholamines. Mitchell
[26] attempted to estimate basal levels of ACh following
insertion of the sensor into the dentate gyrus of the hippocampal formation by measuring the difference in background current between the ACh-sensitive microelectrode
and a “blank” sentinel sensor located 100 m apart. There
was no detectable difference in background current between
the two, suggesting that the microelectrode was not sensitive
enough to measure basal ACh. However, the microelectrode
was certainly of sufﬁcient sensitivity to detect stimulated
ACh release. Local depolarization following perfusion of K+
via an adjacent microdialysis probe resulted in a marked
increase in current corresponding to 26 M ACh.
In collaboration with the laboratory of Greg Gerhardt, we
are testing an ACh-sensitive multisite microelectrode array
similar in design to our choline-sensitive microelectrode

described above. The potential advantage of the multisite
array design over the microelectrode just described lies in
its capacity for self-referencing [19] and its potential for
detecting multiple analytes on the same microelectrode. In
this case, one can potentially create a site that is sensitive to ACh and choline, a site that is only sensitive
to choline, and a third site that can serve as a sentinel
control for other interferents. We have also taken advantage of the phenylenediamine (PD) polymerization procedure [26, 47] to enhance the selectivity and stability of the
microelectrode.
To date, we have tested the performance of our microelectrode array with the twin-pair channels depicted in Fig. 2.
One of the pairs is coated with AChE and choline oxidase and thus, sensitive to ACh and choline whereas the
other pair is coated with choline oxidase and is sensitive
only to choline. Figure 8 illustrates a representative calibration tracing with the single channel response (on the
ACh-choline site) as well as the subtracted (choline site)
self-referenced tracing. Similar to the calibration depicted
in Fig. 3, the current response to progressive increases in
ACh concentration (in 20 M steps) was bracketed against
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Figure 6. This ﬁgure reveals the attenuation of ACh-induced, but not choline-induced, signals following co-ejection of the acetylcholinesterase
inhibitor neostigmine (Neo). All tracings are self-referenced. Pressure ejections (200 nL) of ACh (A, 10 M; C, 100 M) produced concentrationdependent increases in choline amplitude. Co-ejection of Neo markedly attenuated each of these signals (B and D). In contrast, signals recorded
following ejections (200 nL) of choline (E) were not affected by Neo (F). These data indicate that the ability of ACh to increase current at the
CO-treated site requires its in vivo hydrolysis into detected choline. Figure taken by permission from [28], V. Parikh, et al., Eur. J. Neurosci. 20, 1545
(2004). © 2004, Blackwell Publishing.

the response to likely in vivo interferents (ascorbic acid, DA,
and NE). As expected, the ACh/Ch site exhibits a marked
response to ACh and choline whereas the Ch site exhibits
a response only to Ch. The negligible responses to ascorbic acid, DA, and NE are due to the effective exclusion
from the electrode surface by the PD coating. The bottom
self-referenced (subtracted) tracing isolated the response of
the array to ACh. Our initial calibration data reveal a sensitivity of 0.41 M in the single electrode mode and 0.25 M
in the self-referenced mode. The current response is linear (0.9997) across a wide rage of ACh concentrations and
selectivity of >5001 for ACh vs. the interferents.

We have begun to study the performance of this AChsensitive microarray in the prefrontal cortex and accumbens
of anasthetized rats. Preliminary results on the ability of the
multi-site microelectrode array to detect ACh in the prefrontal cortex of anasthetized rats are summarized in Fig. 9.
The ﬁrst issue addressed was the ability of the biosensor to
detect exogenously administered ACh when placed in situ.
The results of this experiment are depicted in the tracings
indicated as A and B in Fig. 9. ACh (10 mM) was pressure
ejected in two volumes (80 and 160 nL) from a micropipette
located approximately 100 m from the ceramic platform
and equidistant between the two pairs of recording channels.
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Figure 7. Attenuation of postassium (KCl)- and scopolamine-induced choline signals by co-ejection of neostigmine (Neo). Raw current tracings
following KCl (70 mM; 66 and 200 nL) in the absence (A, enzyme-coated site; B, sentinel site) and presence (C, enzyme-coated site; D, sentinel
site) of Neo are depicted. KCl produced volume-dependent increases in choline amplitudes (A) and Neo signiﬁcantly attenuated them (C). Current
signals at the sentinel sites did not change as a result of KCl (B) or KCl + Neo ejections (D). Pressure ejections (200 nL) of scopolamine (Scop,
20 mM; self-referenced tracing) are shown in panel (E). The signals produced by Scop were markedly attenuated by Neo (F). These collective data
indicated that the signals produced by ejections of KCl or Scop require the hydrolysis of released ACh into choline. Figure taken by permission
from [28], V. Parikh, et al., Eur. J. Neurosci. 20, 1545 (2004). © 2004, Blackwell Publishing.

Tracing A illustrates the response of one of the channels
coated with AChE and choline oxidase and thus, sensitive
to ACh and its subsequent hydrolysis to choline. The microelectrode exhibited a clear volume-dependent increase in
current. As in previous tracings from our choline sensitive
sensors (Figs. 5–7), the ACh sensitive channel exhibited both
a rapid rise time and clearance of the choline-induced signal
(4–9 sec required to clear 80% of the signal). The increase in
current was transformed to 14.1 and 59.1 M choline equivalents (mean of the 3 peaks) following ejections of 80 and
160 nL, respectively. Tracing B illustrates the response of
one of the channels coated with only choline oxidase. Interestingly, this tracing also revealed a response, albeit much
smaller (2.8 and 10.7 M equivalents), to the ACh ejections.
At present, we postulate two mechanisms underlying this
response. First, a small amount of the choline hydrolyzed at
the surface of the ACh sensitive sites might diffuse to the
choline oxidase treated site thereby generating an increase
in current. Second, the ejected ACh may also be hydrolyzed
by endogenous AChE in the extracellular milieu and the
resulting choline diffuses onto the choline-sensitive channel.

The bottom panels (C and D) in Fig. 9 illustrate the ability
of the ACh sensitive microelectrode array to detect endogenously released ACh following the pressure ejection of 3
volumes of KCl (70 mM). Tracing C illustrates the response
to the ACh sensitive channel to ejections of 40, 80, and
160 nL KCl. As in tracings A and B, the increase in current
was rapid and quickly cleared. There were no differences
in the magnitude of the signal following 40 and 80 nL (5.4
and 5.1 M equivalents, respectively). However, the signal
following the largest volume (160 nL) was signiﬁcantly larger
at 8.1 M. Tracing D illustrates the response of the channel
coated with only choline oxidase. Again, there were small
increases in signal (1.2–1.4 M equivalents) that did not vary
as a function of volume of KCl ejected.
Collectively, these data illustrate that the ACh-sensitive
microelectrode array is capable of detecting ACh that is
released in the prefrontal cortex. The signal strength following the KCl-induced depolarization of cholinergic signals
was clearly discernible and related somewhat to the magnitude of the depolarization. Ongoing experiments are
designed to reveal whether this microelectrode is sensitive
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enough to detect basal levels and behaviorally-induced
increases in ACh release in the freely moving rat.

6.2. Interpretation of Baseline Signals using
the Choline/ACh Microelectrodes
As is the case with other neurochemical measures, the
microelectrode signals generated by exposure to pharmacological or environmental stimuli are typically quantiﬁed as an
absolute (pA or M equivalent) or as a percent change from
a baseline or background current. This procedure raises several interpretational issues worthy of discussion. First, one
must consider the stability of the background signal when
microelectrodes are inserted into brain. This is particularly
important given suggestions that the sensitivity of microelectrodes diminishes as microelectrodes become fouled while
sitting in tissue (albeit the fall-off appears to reach its maximum within 30–60 min post-insertion [23, 29]). Thus, it
is crucial that event-related changes in current output be
expressed against a stable baseline that occurs over a sufﬁcient time period just prior to the stimulus-induced change
in output. Moreover, with experimental designs that involve
the presentation of multiple stimuli (i.e., dose-response relationships; multiple drugs) every effort should be made to
counter-balance or randomize stimulus order.

80 nL
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C
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Figure 8. Representative current tracings from the in vitro calibration of
our recently-developed ACh-sensitive microelectrode array. Four consecutive additions (20 L) of ACh (AC in 20 M aliquots) as well as
one addition of choline (C) bracketed by potential interferents of ascorbic acid (AA), DA and NE. This array was electropolymerized with
m-polyethylene diamine (mPD) as a restrictive surface treatment to
minimize access of anionic interferents to active sites of the microelectrode. One pair of recording sites was coated with both choline oxidase
and acetylcholinesterase and was, thus, sensitive to both ACh and Ch.
The other pair of sites was coated with only choline oxidase and was
sensitive to Ch. The top tracing illustrates the graded sensitivity of the
recording site to increasing concentrations of ACh and also to the addition of choline. The effectiveness of the mPD treatment is illustrated
by the minimal current change following the addition of DA (or NE)
to the calibration bath (contrast the effect of DA on the calibrations
depicted here with that seen in Fig. 3). The middle current tracing is
from the sentinel site that, in this case, is sensitive to Ch (but not ACh).
The bottom tracing is a self-referenced record generated by the top
and middle tracings. It is evident that this procedure localizes current
changes only to those seen as a result of the additions of ACh.
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Figure 9. Representative recordings of current, transformed into equivalent concentrations (M) of choline, following the pressure ejection
of ACh (10 mM; tracings A and B) or KCl (70 mM; tracings C and
D) from prefrontal cortex of an anasthetized rat. Ejections of ACh
resulted in a volume-dependent increase in current at the ACh- and
choline-sensitive site (tracing A). Recording from the choline-sensitive
site (tracing B) also revealed a volume-dependent increase that was
signiﬁcantly smaller than that seen in tracing A. Ejections of KCl also
resulted in a volume-dependent increase in current, presumably due to
the release of endogenous ACh (tracing C). The choline-sensitive site
(tracing D) exhibited an attenuated increase in current that did not vary
with the volume of KCl ejected.

A second issue that merits discussion is the question of
what exactly drives the basal/background output current.
More speciﬁcally, to what extent does the background current reﬂect the oxidation of the analyte (neurotransmitter)
under study vs. the oxidation of other potential electroactive interferents? If the analyte under study (say ACh) is
only contributing 10% to the background current then the
ability to detect small stimulus-induced changes in ACh levels may be more remote than if the oxidation of ACh is
contributing to 80% of the background current. This issue
has historically been a cautionary source of discussion surrounding the microdialysis harvesting and quantiﬁcation of
amino acid neurotransmitters [48]. With regard to in situ
electrochemistry, the issue highlights the value of the selfreferencing procedure outlined above for the microelectrode
arrays. Alternatively, one can insert separate background
sentinel microelectrodes in close proximity to the sensor
designed to detect the analyte under study [2, 26, 29]. In
these cases, the background current generated from the analyte under study can be isolated and subsequent treatment
effects expressed as a percent change from this baseline.
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Figure 10. Representative recordings from the somatosensory cortex of an awake rat subjected to semi-chronic (left panel) or discrete (right panel)
exposures to tail pinch. Recordings were made using a glutamate-sensitive ceramic based microelectrode array and current is expressed as  molar
equivalents of glutamate as a function of time. Exposure to tail pinch is indicated by the horizontal bar in the case of the 5 min semi-chronic
condition (left) or by the tick marks along the abscissa in the case of the discrete tail pinches (right). Exposure to discrete episodes of tail pinch
produced rapid rises in glutamate signal (M equivalents) that were rapidly cleared several seconds following the stimulus (right panel). In contrast,
exposure to the semi-chronic tail pinch produced a rapid rise in background glutamate signal that remained well above baseline levels throughout
the duration of the stimulus presentation then gradually fell toward baseline values (left panel). (Figure courtesy of Dr. Greg Gerhardt).

6.3. Use of Microelectrodes in Awake,
Behaving Animals
The full potential of the choline- and ACh-sensitive microelectrodes for behavioral neuroscience will only begin to be
realized once the technology is applied to awake animals.
In this case, electrochemical events can be studied in the
absence of potential anasthesia-induced confounds of neuronal activity. This will be particularly important in studies
focusing on the basal forebrain cholinergic efferent systems
that have been shown repeatedly to contribute to an animal’s
state of activation, arousal and attention [4, 6, 43, 44, 49].
Ultimately, the extension of rapid electrochemical recording techniques from the passive, non-anasthetized subject to
an animal responding to speciﬁc environmental stimuli or
engaged in the performance of any of the wide array of tasks
employed by behavioral neuroscientists will allow experimenters to take full advantage of the impressive temporal
resolution of the biosensor methodology. It is important to
recognize that neuroscientists have been applying rapid electrochemical recordings techniques to awake, behaving animals for over a decade. To date, these studies have used
carbon-based microelectrodes to measure transmitters that
are inherently electroactive (i.e., the catechol- and indoleamines) in contexts of stress reactivity [40], conditional
responding [15, 39, 50], and self-administration of drugs of
abuse [16, 17], to name a few. While there are no published studies to date using enzyme-selective biosensors in
awake, behaving animals the application, in principle, is no
different than that involving the voltammetric detection of
more conventional analytes. Reports from the Gerhardt laboratory [20, 37, 38], provide the technical and experimental groundwork for the use of enzyme-selective biosensors
in awake, behaving animals. Below, we introduce some of
these preliminary results and discuss some of the associated
challenges.

Recent reports [20, 37] described the use of a glutamatesensitive microelectrode array, similar in basic design to the
choline sensor described above, to measure cortical glutamate release in awake rats. The experimental protocol
involved the coupling of a modiﬁed miniature potentiostat
[51] with a dual channel recording ampliﬁer. Dual channel microelectrode arrays were implanted in somatosensory
cortex and glutamate-induced signals were recorded following contralateral or ipsilateral whisker stimulation. A rapid
increase in current on the glutamate oxidase-coated channels, coupled with a quiescent background sentinel, strongly
suggested enhanced glutamate release in somatosensory cortex following contralateral whisker stimulation. This increase
was followed by a subsequent rapid clearance (duration of
5–8 sec) of the glutamate signal. Importantly, no signiﬁcant
deviations from background were evident following stimulation of the ipsilateral whiskers.
A preliminary report has also recently characterized the
effects of tail pinch on cortical glutamate release in freelymoving rats [37]. Acute tail pinches delivered in discrete
intervals produced rapid increases in cortical glutamate signal that were cleared from the surface of the microelectrode
in a matter of several seconds (Fig. 10, right panel). The
amplitude and clearance of these signals resembled those
seen with whisker stimulation. In contrast, a semi-chronic
tail pinch, lasting for 5 min, did not result in discrete signals
but instead produced a dramatic shift in background current
that was maintained at a higher level than baseline throughout the duration of the stimulus and only gradually returned
to pre-stimulus baselines (Fig. 10, left panel).
These preliminary data clearly indicate that the ceramicbased microelectrode array can be utilized in awake, freely
moving animals to monitor the subjects’ response to sensory
stimuli. Ongoing studies in our laboratory are focusing
on the ability of the choline- and ACh-sensitive microelectrode arrays to detect changes in cortical cholinergic
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transmission in response to environmental stimuli and systemically administered drugs. Ultimately, it is hoped that
this method can be adapted to task performing animals so
that the microelectrode’s impressive temporal resolution can
be applied to studies on the neurochemical bases of speciﬁc
behavioral responses.
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7. CONCLUSIONS
The development of enzyme-coated microelectrodes has
extended the more traditional voltammetric analyses of
monoaminergic transmitters into the rapid in situ quantiﬁcation of neurotransmitter systems (e.g., amino acids, acetylcholine) and other biological molecules (choline, glucose,
lactate) that are not inherently electroactive. This review
described the use of carbon- and platinum-based microelectrodes, coupled with a choline oxidase/H2 O2 transduction
scheme to detect and quantify levels of choline (and acetylcholine). In vitro calibration studies conﬁrm the sensitivity
and selectivity of these choline and ACh biosensors. The
bulk of the in vivo studies have focused on choline-sensitive
microelectrodes and have provided initial data suggesting
that, under certain conditions, rapid changes in extracellular
choline may represent a valid marker of cholinergic transmission in several brain regions. More recent studies have
focused on the development of an ACh-sensitive microelectrode that may provide a direct measure of the more phasic
components of cholinergic transmission as opposed to the
more tonic indices provided by conventional microdialysis.
An important future challenge of this emerging technology
will be its utilization in freely-moving, task-performing animals in which the marked temporal and spatial resolution
of the microelectrode can be correlated with rapid changes
in behavior. Such an approach may foster new insights into
the neurochemical bases of complex behaviors.

GLOSSARY
Enzyme-selective biosensor A biosensor in which the
selectivity of the microelectrode is deﬁned by the binding
of an enzyme (typically an oxidase) to the electrode surface that chemically “links” the analyte in question with the
generation of a reporter molecule such as H2 O2 .
Microelectrode array A multi-channel microelectrode in
which different channels can be rendered preferentially
sensitive to one analyte(s) vs. another set of analytes.
Polyphenylene diamine Polyphenylene diamine (PD) is
a non-conducting polymer that restricts access of large
molecules (potential interferents such as ascorbic acid,
urea) to the electrode surface but permits access of small
molecules such as the reporter molecule H2 O2 utilized in
many microelectrodes.
Self referencing Self-referencing is a normalization
technique in which the current from one channel of a
microelectrode can be subtracted and normalized against
the current recorded from an adjacent channel (or from a
nearby microelectrode). This technique allows an enhancement of the signal-to-noise ratio by ﬁltering out current
generated by the oxidation/reduction of interfering analytes.
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