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Abstract
Previous experiments demonstrated that second-based transient increases in choline concentrations
measured by electrodes coated with choline oxidase (ChOx) and the amperometric detection of
hydrogen peroxide validly indicate the depolarization-dependent release of acetylcholine (ACh) and
its hydrolysis by endogenous acetylcholinesterase (AChE). Therefore, choline-sensitive
microelectrodes have become valuable tools in neuropharmacological and behavioral research. The
present experiments were designed to test the possibility that co-immobilization of ChOx plus AChE
on recording sites increases the level of detection for evoked ACh release in the brain. If newly
released ACh is not completely hydrolyzed by endogenous AChE and capable of reaching the
extracellular space, currents recorded via sites equipped with both enzymes should be greater when
compared with sites coated with ChOx only. Pairs of Platinum-recordings sites were coated either
with AChE plus ChOx or ChOx alone. Potassium or nicotine-evoked currents were recorded
throughout the entire dorsal-ventral extent of the medial prefrontal cortex (mPFC). The amplitudes
of evoked cholinergic signals did not differ significantly between AChE+ChOx and ChOx-only
coated recording sites. Additional experiments controlling for several potential confounds suggested
that, in vivo, ACh levels ≥150 fmol were detected by recordings sites featuring dual enzyme coating.
Collectively, these results indicate that co-coating of microelectrodes with AChE does not enhance
the detection of cholinergic activity in the cortex compared with measurements via recording sites
coated only with ChOx.
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1. Introduction
The most rostral component of the brain's cholinergic system consists of neurons that originate
in the basal forebrain and project to the entire cortical mantle. A substantial amount of evidence
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supports the hypothesis that the basal forebrain-cortical cholinergic projection system mediates
fundamental aspects of attentional information processing (Everitt and Robbins, 1997; Yu and
Dayan, 2002; Hasselmo and McGaughy, 2004; Parikh et al., 2007; Sarter et al., 2001, 2005,
2006).

Choline-selective microelectrodes for the amperometric measurement of acetylcholine (ACh)
release allow monitoring ACh release at a subsecond resolution (Burmeister et al., 2000,
2003; Parikh et al., 2004, 2006; Bruno et al., 2006; Parikh and Sarter, 2006) and therefore have
yielded new insights in the regulation and function of cortical ACh release in task-performing
animals (Parikh et al., 2007). In these studies, Platinum-recording sites lithographed onto
ceramic-based microlectrodes were coated with choline oxidase (ChOx) in order to measure
increases in choline resulting from hydrolysis of newly released ACh by endogenous
acetylcholinesterase (AChE). On the recording site, oxidation of choline produces hydrogen
peroxide that is detected amperometrically. Previous studies (references above) demonstrated
that blockade of voltage-regulated sodium channels with tetrodotoxin or inhibition of
endogenous AChE with an AChE-inhibitor attenuated evoked cholinergic signals recorded via
ChOx-coated sites, confirming the validity of the methods. Likewise, the selectivity of this
method was demonstrated in these prior studies; collectively selectivity is a combined result
of coating the recording sites with a polymer to prevent other electroactive analytes from
reaching the Pt-surface, the application of a voltage that optimally oxidizes peroxide, in vitro
calibration against choline as well as potential interferents (such as ascorbic acid and
dopamine), and self-referencing against recording sites not coated with enzyme.

The possibility that recording sites coated with AChE+ChOx detect lower levels of ACh release
has gained interest (Schuvailo et al., 2005; Bruno et al., 2006). Although the possibility that
ACh can escape hydrolysis by endogenous AChE and reaches the extracellular space (volume
transmission; Fuxe et al., 2005; Agnati et al., 2006) has remained a subject of debate (Umbriaco
et al., 1994; Descarries et al., 1997; Descarries and Mechawar, 2000; Mechawar et al., 2000,
2002; Mrzljak et al., 1993; Smiley et al., 1997; Turrini et al., 2001), the recovery of ACh by
in vivo microdialysis traditionally has been considered evidence for the presence of ACh in the
extracellular space. Extracellular ACh would be hydrolyzed on recording sites coated with
AChE, thereby increasing local choline concentrations and therefore resulting in greater levels
of peroxide when compared with recording sites coated with ChOx alone. However, given the
exceptional catalytic power of AChE (one molecule of AChE can hydrolyze 5000 molecules
of ACh per second; Cooper et al., 2003), spillover of ACh into the extracellular space may be
extremely limited (see also Massoulie et al., 1996; Zimmerman and Soreq, 2006). The present
experiments were designed to test the hypothesis that in response to a robust depolarization
stimulus (KCl; Herzog et al., 2003), as well as to a less potent and more physiological stimulus
(nicotine), greater currents are recorded via AChE+ChOx-coated recording sites when
compared with sites coated only with ChOx. The results do not support this hypothesis and
have implications concerning the concentrations of ACh that may be present in the extracellular
space following a massive depolarization event such as caused by KCl.

2. Methods
2.1. Animals

Adult male Fischer-344/Brown-Norway F1 hybrid rats (FBNF1; Harlan, Indianapolis, IN,
USA; N=122), weighing 250-300 g at the beginning of the experiments were used. Animals
were treated in accordance with protocols approved by the University Committee on the Use
and Care of Animals (UCUCA) of the University of Michigan and housed in facilities
accredited by the American Association of Accreditation of Laboratory Animal Care
(AAALAC). Food and water were made available ad libitum (Rodent Chow; Harlan Teklad,
Madison, WI, USA).
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2.2. Preparation and in vitro calibration of enzyme-selective microelectrodes
Ceramic-based, multi-site microelectrodes featuring four rectangular Platinum (Pt)-recording
sites arranged in side-by-side pairs (Quanteon LLC, Nicholasville, KY; Figure 1) were coated
with acetylcholinesterase (AChE) and/or choline oxidase (ChOx; Sigma Chemical Co., St.
Louis, MO) as described earlier (Bruno et al., 2006;Parikh et al., 2004,2006,2007;Parikh and
Sarter, 2006). Individual recording sites were 15×333 μm, the upper and lower pairs were 100
μm apart, individual sites per pair were separated horizontally by 30 μm and the ceramic base
was 100 μm thick. The width of the ceramic base was 150 μm measured across the center of
the lower pair and 200 μm measured across the center of the upper pair.

Briefly, AChE/ChOx was cross-linked with a BSA-glutaraldehyde mixture and immobilized
either onto the bottom or upper pair of recording sites. The remaining two recording sites were
coated only with the ChOx-BSA-glutaraldehyde solution (Parikh et al., 2004). Control
experiments were conducted using electrodes with recording sites coated with ChOx and BSA
in order to determine potential placement-dependent variations in background current (see also
Parikh et al., 2004; Parikh and Sarter, 2006).

Enzyme-coated microelectrodes were air-dried for 48-72 hrs prior to use. Afterwards, meta-
Phenylenediamine (m-PD; Fluka Biochemika, Buchs, Switzerland) was electropolymerized
onto the microelectrodes to prevent access of potential electroactive interferents, including
ascorbic acid (AA) and catecholamines, to the Pt recording sites. m-PD electroplating was
carried out by applying a constant voltage of +0.5 V to the microelectrode against a Ag/AgCl
reference electrode (Bioanalytical Systems, Inc., West Lafayette, IN) in a beaker containing a
solution of 5mM m-PD and 10 μM AA (in 0.05 M phosphate-buffered saline, PBS), bubbled
with nitrogen gas and maintained at 37°C for 60 min. The m-PD plated, enzyme-coated
microelectrodes were soaked in 0.05M PBS for 30 min prior to in vitro calibration. Calibrations
were performed using fixed potential amperometry by applying a constant voltage of +0.7 V
versus Ag/AgCl reference electrode in a beaker containing a stirred solution of 0.05M PBS
(40 mL) maintained at 37°C using a FAST-16 electrochemical system (LLC; Quanteon,
Nicholasville, KY, USA). Amperometric currents were digitized at a frequency of 5 Hz. After
achieving a stable baseline current, aliquots of stock solutions of AA (20 mM), choline (20
mM) and dopamine (DA; 2 mM) were added to the calibration beaker such that the final
concentrations were 250 μM AA, 20, 40, 60, and 80 μM choline and 2 μM DA.

To determine the efficacy of AChE+ChOx-coated recording sites for the measurement of
choline generated by immobilized AChE-induced hydrolysis of ACh, an additional in vitro
calibration was carried out. This calibration was similar to the former except that four aliquots
of ACh (20 mM) solution, in place of choline, were added to achieve a concentration of 20-80
μM of ACh in the calibration beaker. The slope (sensitivity), limit of detection (LOD) and
linearity (R2) for choline/ACh, as well as selectivity ratio for AA, were calculated for individual
recording sites. To be used in subsequent in vivo experiments, electrodes were required to meet
the following characteristics: sensitivity for detecting choline on ChOx- or ChOx+AChE-
coated channels and ACh on AChE+ChOx-coated sites was >3 pA/μM, with a background
current of <200 pA on all recording sites; LOD < 300 nM choline/ACh; ratio of selectivity for
choline/ACh to AA, >80:1; detection of increasing choline concentrations (20-80 μM) on all
Pt recording sites and ACh on AChE+ChOx-coated channels, R2 >0.98; negligible changes in
current on all recording channels after DA addition (<3 pA); and the slopes of current produced
by increasing choline concentrations measured via ChOx-coated channels deviated from slopes
measured via ChOx+AChE-coated channels by <30%. Immersion of ChOx- and ChOx
+AChE-coated channels in KCl (70 mM) and nicotine 100 (mM) for 20 min did not affect the
sensitivity of the recording sites to choline or ACh, respectively. Likewise, addition of 100
μL of KCl (70 mM) and nicotine (100 mM) to the calibration bath did not increase current.
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2.3. In vivo recordings
Animals were anesthetized with urethane (1.25-1.5 g/kg; i.p.) and placed in a stereotaxic frame
(David Kopf Instruments, Model # 962, Tujunga, CA, USA). The body temperature of animals
was maintained at 37°C using isothermal deltaphase pad (Braintree Scientific, Braintree, MA).
Single-barrel glass capillaries (1.0 mm × 0.58 mm, 6 in., A-M systems, Everett, WA, USA)
were pulled using a micropipette puller (Model # 51210, Stoelting, Wood Dale, IL) and then
bumped against a glass slide to attain an inner tip diameter of ∼15 μm. The micropipette
attached to the ceramic platform of the calibrated CO-coated microelectrode using sticky wax
(Kerr, Romulus, MI, USA) such that the tip of the micropipette was placed between the lower
and upper pair of recording sites. The spacing between the tip of the micropipette and the
microelectrode was maintained at 70-100 μm. An Ag/AgCl reference electrode prepared from
a miniature silver wire (200 μm diameter) was implanted at a site remote from the recording
area. The micropipette was loaded with KCl or nicotine (concentrations below) prior to
microelectrode implantation. The microelectrode/ micropipette assembly was slowly lowered
into the medial prefrontal cortex (mPFC; AP, +3.2 mm; ML, −0.7 mm; DV, −2.3 mm, measured
from Bregma) using a microdrive (MO-10; Narishige International, East Meadow, NY, USA;
see Figure 1A for an illustration of the microelectrode placement in the mPFC).

A fixed potential of +0.7 V was applied to the microelectrode and amperometric recordings
were collected at 1 Hz and digitized using the FAST-16 system. Baseline currents were allowed
to stabilize for 60 min following microelectrode implantation. KCl (70 mM) was ejected from
the micropipettes using PTFE tubing connected to a pressure ejection system (Picospritzer III,
Parker Hannifin, Fairfield, NJ, USA), at 2-10 psi (200 nL/ejection). The volume of locally
applied solutions was monitored using a stereomicroscope (Meiji Techno America, San Jose,
CA, USA) fitted with a reticule (Friedemann and Gerhardt, 1992). The electrode/pipette
assembly was lowered by 200 μm after each series of pressure ejection of KCl (see
Experimental Design), for a total of 5 measures spanning the dorsal-ventral extension of the
prelimbic region (2.3 - 3.1 mm, ventral from dura; Figure 1).

2.4. KCl-evoked signals
These experiments were designed to determine whether potassium-evoked signals recorded
via AChE+ChOx-coated recording sites were larger than those recorded via ChOx-coated
recording sites. A secondary goal of these experiments was to determine variations in
cholinergic responses within a cortical region; such a finding would indicate the presence of
functionally variable densities of cholinergic inputs and/or AChE. As a corollary, these
experiments were also designed to evaluate the significance of AChE−ChOx coatings relative
to ChOx-coatings. Therefore, AChE+ChOx were immobilized on the bottom pair of the
recording sites and ChOx on the upper pair, and vice versa (n=3 per arrangement). Electrode/
pipette assemblies were lowered by 200 μm after each series of KCl pressure ejections, for a
total of 5 measures spanning the dorsal-ventral (D-V) extension of the prelimbic region (Figure
1). The effects of three KCl ejections were recorded per D-V point. Following each electrode
movement, recordings were delayed by 6 min in order to allow for tissue stabilization.

A separate series of control experiments (n=6) was conducted using microelectrodes coated
with ChOx on the lower pair and BSA on the upper pair of recording sites or vice versa (n=3
for each arrangement) to determine the possibility that background currents differ across
placements and that potential placement-associated differences in cholinergic signals were
confounded by variable background currents. Finally, a control experiment was conducted in
order to exclude the possibility that endogenous AChE accumulated at ChOx-coated recording
sites, thereby inadvertently transforming these sites into AChE+ChOx sites and thus
attenuating the potential for demonstrating differential responses based on the two coating
types (Xin and Wightman 1997). For this purpose, we implanted electrodes equipped with
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ChOx- and BSA-coated recording sites into the mPFC for 1 or 4 hours (n=4 per time point).
Thereafter, electrodes were removed from the brain and calibrated in vitro to determine their
sensitivity to ACh. If endogenous AChE accumulated on these recordings sites, exposure to
ACh should elicit current.

2.5. Nicotine-evoked signals
An additional series of experiments (n=4) was conducted to determine cholinergic signals that
were evoked by nicotine (Sigma Chemical Co., St. Louis, MI, USA). For these experiments,
microelectrodes were coated with ChOx on the lower pair and AChE+ChOx on the upper pair
of recording sites or vice versa (n=2 per arrangement). Microelectrodes were implanted in
mPFC using the coordinates described above, except that measures were not taken across the
entire ventral-dorsal extension but only at one D-V point (2.7 mm). The effects of nicotine (4
nmol; based on separate dose-response studies showing near maximum signal amplitudes
recorded via ChOx-coated sites; Parikh et al.; unpubl. evidence) were determined. To confirm
that nicotine-evoked signals required neuronal depolarization in the recording region, the
effects of TTX on nicotine-evoked signals were assessed by slowly infusing 80 pmol of TTX
(800 nL; Sigma) over 5 s into the vicinity of the recording sites (Parikh et al., 2004).

2.6. In vivo detection of pressure-ejected ACh at AChE+ChOx recording sites
This experiment represented an attempt to determine the minimal concentration of ACh that
could be detected via AChE+ChOx recording sites in vivo (see above for the determination of
the LOD in vitro). Although there is no information about the volume, velocity and
concentrations of a putative extracellular wave of ACh after massive depolarization, pressure
ejections of ACh into the vicinity of recordings sites were thought to provide insights into the
potential amounts of extracellular ACh that can be detected by this method. For these
experiments, electrodes with recording sites coated with AChE+ChOx (as described above)
were implanted into the mPFC. Control recording sites for self-referencing were coated with
BSA alone. The tip of the pipettes was positioned at 100 μm away from the center of the pair
of AChE/ChOx recording sites. 10, 50 and 100 nL of 10 μM ACh, or 100, 500 and 1000 fmol,
were pressure-ejected at 2-5 psi for 2 s (n=4-6 animals per concentration). Signals were
recorded at 1 Hz sampling rate. ACh-evoked signal amplitudes that were greater than 3× level
of electrode noise were considered detectable. Baseline electrode noise levels were determined
by averaging the differences between two successive data points over 10 data points taken prior
to the application of ACh.

2.7. Signal analyses
KCl-evoked cholinergic signal amplitudes were recorded and converted into μM equivalents
of choline based on in vitro calibration slopes. As it is currently not possible to coat
differentially the two Pt-recording sites that form a pair, electrodes equipped with AChE
+ChOx- and ChOx-coated recording sites did not feature recording sites coated only with BSA.
Therefore, self-referencing could not be conducted for these electrodes. In contrast, self-
referencing was conducted for cholinergic signals recorded by using electrodes with BSA- and
ChOx-coated recordings sites (Parikh et al., 2004, 2006; Parikh and Sarter, 2006). As m-PD
electropolymerized electrodes completely do not respond to the electroactive DA (see
calibrations), currents recorded from BSA-coated sites were subtracted from currents recorded
via ChOx-coated sites and represented as equivalents of choline. The averages of three
responses per pressure ejection and per animal were used for statistical analyses (below).

2.8. Histochemical analysis
After the completion of recordings, animals were transcardially perfused with 100 mL of ice-
cold heparinised saline followed by 300 mL of 4% paraformaldehyde in 0.1M PBS (pH 7.4).
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The brains were removed and post-fixed overnight at 4°C and stored in 30% sucrose in 0.1M
PBS for 72 hrs. Coronal sections (50 μm) were cut using a freezing microtome (Leica CM
2000R, Leica Microsystems Inc., Chantilly, VA) and stored in cryoprotectant solution (30%
glucose, 60% ethylene glycol and 0.04% sodium azide in 0.05M PBS, pH 7.4) at −20°C until
further processing. Serial sections from mPFC (between 2.7 and 3.2 mm anterior to bregma)
were either Nissl-stained or processed for the histochemical visualization of
acetylcholinesterase (AChE)-positive fibers. The distribution of cortical AChE-positive fibers
generally parallels the pattern observed on ChAT-immunostained sections (Lysakowski et al.,
1989) and therefore represents a valid method for the demonstration of cholinergic innervation
patterns. Moreover, AChE-stained sections typically reveal more detail about cholinergic fiber
arrangements when compared with ChAT-immuno-stained sections (see Figure 1C) and
therefore was the preferred method. A modification of Tago's method (Tago et al., 1986),
involving tetraisopropylphosphoramide to inhibit the visualization of non-specific,
butyrylcholinesterase-positive elements (Burk et al., 2002), was used. Nissl-stained sections
were used to verify microelectrode placements.

2.9. Statistical analyses
Statistical analyses were conducted using SPSS/PC+ V.13.0 (SPSS, Chicago, IL). Two-tailed
unpaired Student's t-tests were employed to compare choline calibration parameters obtained
via AChE+ChOx- versus ChOx-coated Pt-recordings sites. Repeated measure mixed-factor
ANOVAs were employed to analyze the effects of enzyme coatings (AChE+ChOx and ChOx;
two-levels) and placement of microelectrode (five-levels) on KCl-evoked cholinergic signal
amplitudes. The effects of signal correction via self-referencing (raw and self-referenced; two-
levels) and placement (five-levels) on choline signal amplitudes recorded via ChOx and BSA-
coated recording sites were analyzed using repeated measure ANOVAS. For these statistical
analyses, the data obtained from the two identically-coated recording sites that formed a pair
(upper or lower pair) were averaged for each animal. Mixed factor ANOVAs were used to
compare the effects of the placement of ChOx-coated sites on the microelectrode (upper versus
lower pair; two-levels) and the placement of microelectrode (five-levels) on self-referenced
choline signals (against BSA-coated sites). The data from individual ChOx-coated recording
sites was used for this analysis. Post-hoc multiple comparisons were conducted using the
Bonferroni test (α=0.05 for all tests). The effects of coating type on nicotine-evoked signals in
the presence and absence of TTX were analyzed by planned two-tailed unpaired Student's t-
tests. Exact P-values are reported as recommended by Greenwald and colleagues (Greenwald
et al., 1996). The reported statistical results from repeated measure ANOVAs reflect Huyn–
Feldt-corrected degrees of freedom (Vasey and Thayer. 1987).

3. Results
3.1. In vitro calibration of AChE/ChOx- and ChOx-coated recording sites

Currents obtained via Pt-recording sites coated with AChE+ChOx or only ChOx increased
linearly to successive additions of choline (Figure 2A). Addition of AA and DA did not affect
currents, indicating the effectiveness of m-PD electroplating. Sensitivity to choline did not
differ between the two coating types (AChE+ChOx: 9.60±1.55 pA/μM; ChOx: 8.19±1.02 pA/
μM; t(28)= 0.81; P=0.42; Table 1). Likewise, LODs, R2-values and selectivity (AA:choline)
did not differ between the two types of recording sites (all P>0.05; see Table 1).

Figure 2B shows representative currents recorded via AChE+ChOx- and ChOx-coated
recordings sites in response to the administration of ACh. As expected, currents recorded via
sites coated with ChOx only were not affected by the addition of ACh. AChE+ChOx-coated
recording sites were characterized by a sensitivity of 9.36±1.17 pA/μM, R2 of 0.989±0.003
and an LOD of 191.19±51.28 nM for ACh.
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Finally, recording sites coated with ChOx only exhibited a sensitivity of 7.42±1.11 pA/μM for
choline, with a background current of 139.72±38.46 pA. The LOD for choline was 232.01
±6.04 nM, R2 was 0.99±0.003 and selectivity ratio for choline:AA was 429.09±100.53.

3.2. Effects of coating type and placement on KCl-evoked cholinergic signals
KCl-evoked choline signals were recorded simultaneously via recording sites coated with
AChE+ChOx or ChOx alone, at 5 different placements spanning the dorsal-ventral extension
of layer III of the mPFC (Figure 1). Layer III was selected for these studies as it is characterized
by a particularly high density of cholinergic fibers (see Figure 1C). KCl-evoked choline signal
amplitudes did not differ by enzyme coating type (AChE+ChOx vs. ChOx; F(1, 5)=0.38,
P=0.40; Figure 3).

The position of the enzyme-coated recording sites on the ceramic surface (one pair per enzyme
coating type, upper pair vs. lower pair; see Figure 1) along the dorsal-ventral extension of the
mPFC did not affect the amplitudes of KCl-evoked cholinergic signals (Figure 3; F(4, 20)
=1.04, P=0.40). Furthermore, coating type did not interact with placement (F(4, 20)=0.17,
P=0.79).

3.3. Nicotine-evoked signals
As exemplified in Figure 4, nicotine-evoked signal amplitudes did not differ between ChOx
and AChE+ChOx-coated recording sites (AChE+ChOx: 2.36±0.13 μM; ChOx: 2.09±0.13 μM;
t(6)=0.53, P=0.62). Furthermore, infusions of TTX robustly attenuated nicotine-evoked
signals, irrespective of whether they were recorded via sites coated with AChE+ChOx or ChOx
alone. Residual signal amplitudes after TTX administration did not differ by coating type
(AChE+ChOx: 0.50±0.16 μM; ChOx: 0.57±0.19 μM; t(6)=0.25, P=0.81).

3.4. Self-referenced recordings
We also measured KCl-evoked signals using electrodes equipped with pairs of recording sites
coated with ChOx or BSA, respectively. These experiments were conducted in order to exclude
the possibility that the measures generated via AChE+ChOx/ChOx electrodes, which did not
feature a true control recording site coated only with BSA), were confounded by placement-
dependent variations in electroactive species able to reach the Pt-sites despite m-PD
electropolymerization. Although such a confound seemed very unlikely, we were concerned
about the potential effects of “dopaminergic hotspots” and/or substantial extra-synaptic
concentrations of dopamine (Sesack et al., 1998) on recordings using electrodes not featuring
BSA-only recording sites and thus not allowing for self-referencing.

Correction of raw choline signals, recorded via ChOx-coated sites, by self-referencing against
currents obtained via BSA-coated sites (see Methods) did not significantly alter KCl-evoked
cholinergic signal amplitudes (F(1, 5)=1.58, P=0.27). Similar to the recordings obtained by
using AChE+ChOx/ChOx electrodes (above), the amplitudes of self-referenced cholinergic
signals were neither influenced by the placement of the electrodes (F(4, 32)=1.22, P=0.32) nor
by the location of ChOx-coated and BSA only-coated sites on the electrode (lower vs. upper
pair: F(1, 8)= 0.02, P=0.92).

3.5. No contamination of ChOx-only recording sites by endogenous AChE
We examined the possibility that endogenous AChE accumulates on the recording sites,
thereby inadvertently transforming ChOx-only coated recording sites into AChE+ChOx sites
(Xin and Wightman, 1997) and thus preventing the potential demonstration of larger KCl-
evoked currents on sites pre-coated with AChE+ChOx when compared with ChOx-only coated
recordings sites. Implantation of ChOx-only coated recording sites into the mPFC for 1 or 4
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hours did not result in a significant increase in the sensitivity of these recording sites to ACh
in vitro (0.87 ± 0.15 pA/μM and 0.69± 0.06 pA/μM, respectively; t(6) = 0.51, P = 0.63).
Therefore, Pt-recording sites did not accumulate endogenous AChE and thus, the absence of
KCl-evoked differences in current measured via recording sites equipped with the two coating
types was not confounded by such contamination.

3.6. Detection of pressure-ejected ACh
The results described above indicate that evoked signals recorded via AChE−ChOx-coated
sites matched the amplitude of signals recorded via sites coated only with ChOx, suggesting
that signal amplitudes recorded via either site solely reflected transient increases in choline.
To determine the concentration of an evoked “wave” of extracellular ACh that could be
detected by the present method, ACh was pressure-ejected into the vicinity of AChE+ChOx-
coated recording sites (see Methods). Significant increases in signal amplitudes, relatively to
electrode noise were observed following the administration of 500 and 1000 fmol, but not 100
fmol of ACh (Figure 5). Assuming linearity of the response of the electrode (see in vitro
calibration), ACh levels ≥150 fmol were detected following pressure ejections into the vicinity
of the recording sites in the brain.

4. Discussion
We measured potassium- or nicotine-evoked cholinergic signals via recording sites sensitive
to transient increases in choline resulting from hydrolysis of newly released ACh by
endogenous AChE (recording sites coated only with ChOx), and via recording sites sensitive
to such choline and, in addition, to choline resulting from hydrolysis of ACh by AChE
immobilized on the recording site (recording sites coated with AChE+ChOx). As the amplitude
of evoked signals recorded via the two types of recordings sites did not differ significantly,
transient increases in choline concentrations account fully for signals recorded via both types
of enzyme coating.

KCl-evoked ACh release represents a particularly effective experimental manipulation to
produce potential ACh spillover and, as a result of the orchestrated depolarization of
presumably thousands of cholinergic terminals, a putative wave of extra-synaptic ACh with
initially high concentrations. For this reason, KCl was pressure ejected over 1-2 s, to evoke a
precisely timed and orchestrated wave of ACh spillover. The present results do not indicate if
such spillover occurred or remained below the detection limit of our method. ACh levels
recovered by microdialysis traditionally have been thought to indicate the presence of ACh in
the extracellular space. However, it is not readily possible to convert concentrations measured
by microdialysis, collected over minutes and with probes exhibiting recovery rates of 10-15%
into putative second-to-second based changes in extracellular concentrations following
stimulation with KCl or nicotine. Thus, collectively the nature and concentration of waves of
extracellular ACh following substantial release events remains unclear, although our results
suggest that local levels remain below 150 fmol.

The present results indicate that co-coating ChOx-recording sites with AChE does not
appreciably enhance the measurement of phasic cholinergic activity using enzyme-selective
microelectrodes. Although we occasionally recorded greater currents via one relative to the
other coating type (Bruno et al., 2006), these differences varied across placements and did not
indicate a systematically greater sensitivity of one particular coating type over the other. In
this context, it should also be mentioned that our prior research did not substantiate potential
concerns suggesting that extracellular choline levels vary independently of changes in ACh
release. Various manipulations, including complete cholinergic deafferentation of the
recording field, did not affect basal extracellular choline levels (Parikh & Sarter, 2006; Parikh
et al., 2006), indicating an extraordinary stability of extracellularcholine levels in the intact
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brain (Loffelholz et al., 1993; see also Hartmann et al., 2007). Finally, as pressure ejections
and other manipulations occasionally produce transient amperometric artifacts, the presence
of a recording site coated only with BSA is essential. Thus, microelectrodes equipped with
recording sites coated only with ChOx as well as with BSA are sufficient to generate valid and
sufficiently sensitive (Parikh et al., 2007) measures of synaptic ACh release.
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Figure 1.
(A) Schematic illustration depicting the main features, measurement scheme and dimensions
of choline-sensitive microelectrode recording sites. Choline is generated by hydrolysis of
newly released acetylcholine (ACh) by acetylcholinesterase (AChE). Choline is oxidized by
choline oxidase (ChOx) immobilized onto the recording site. The resulting peroxide is detected
amperometrically on Pt sites. m-PD electropolymerization serves to repel electroactive
interferents including DA, AA, uric acid and DOPAC from the surface of the platinum
recording sites. The left insert illustrates the placement and the relative dimensions of the four
recording sites when placed into the medial prefrontal cortex (mPFC). (B) Schematic
illustration of the enzyme coating combinations used in the present experiments. Recording
sites were coated either with AChE+ChOx or with ChOx only. The position of the coating type
on the electrode (upper versus lower pair) was systematically varied. For control experiments,
recording sites on individual electrodes were coated with ChOx and BSA, respectively. (C)
On the left, a coronal section stained for the visualization of AChE-positive fibers is shown.
The prelimbic cortex (Prl) is indicated and shown at higher magnification (scales are 500 μm).
The greater density of AChE-positive fibers in layer III is apparent. As shown on the schematic
drawings on the right, KCl-evoked cholinergic signals were measured in layer III of the Prl in
five places, spanning the dorsal-ventral extension of this region.
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Figure 2.
In vitro calibration of ChOx- and AChE+ChOx-coated recording sites. (A) Raw current traces
depicting the responses to increasing concentrations of choline are shown, obtained from
ChOx-only (red color) and AChE+ChOx-coated (orange color) recording sites. Addition of
ascorbic acid (AA) and dopamine (DA) did not elicit current, reflecting the efficacy of the m-
PD barrier. The responses to choline did not differ between the two coating types, indicating
that co-coating with AChE did not affect the potency of ChOx. (b) Raw current traces depicting
the responses to increasing concentrations of ACh. As expected, recording sites coated with
ChOx only did not respond to ACh.
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Figure 3.
Choline signals evoked by pressure-ejection of KCl (70 mM, 200 nL) via a micropipette whose
tip was placed within 70-100 μm of the four recording sites. The orange trace shows choline
signals recorded via AChE+ChOx-coated sites, while the red trace depicts responses via ChOx
only sites. The effects of two successive pressure ejections of KCl are depicted (see arrows on
abscissa on the bottom of the figure). Electrode/pipette assemblies were lowered by 200 μm
after each series of KCl pressure ejections, for a total of 5 measures spanning the dorsal-ventral
(D-V) extension of the prelimbic region. The response to KCl did not differ between the two
types of recording sites or between placements (see Results for statistical findings).
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Figure 4.
Examples of nicotine-evoked signals recorded via recording sites coated only with ChOx (top)
or AChE+ChOx (bottom). Similar to KCl-evoked signals, signal amplitudes did not differ by
coating type. Furthermore, the attenuation of signals by TTX did not differ by coating type
(see Results for statistical findings).
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Figure 5.
Signal amplitudes evoked by pressure ejections of ACh (0-1000 fmol) recorded via sites coated
with AChE+ChOx (the data point at zero ACh indicates the baseline electrode noise; see
Methods). Significant electrode response was defined as signal amplitudes greater than 3× the
baseline noise levels. Linear regression analysis indicated that pressure ejections of <150 fmol
of ACh were detected.
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Table 1
Electrode properties (choline calibration data)

Enzyme Sensitivity (pA/μM) LOD (nM) R2 Choline:AA

AChE+ChOx 9.60 ± 1.55 236.75 ± 46.48 0.992 ± 0.004 289.32 ± 94.40
ChOx 8.19 ± 1.02 231.91 ± 17.69 0.993 ± 0.002 366.14 ± 81.79

Data are based on 15 Pt- recording sites per enzyme coating type [Mean ± S.E.M]; LOD, limit of detection; R2, linearity of the response of the microelectrode
to increasing concentrations of choline; AA, ascorbic acid

Neurochem Int. Author manuscript; available in PMC 2009 June 1.


