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ABSTRACT: Cholinergic signaling, i.e., neurotransmission mediated by
acetylcholine, is involved in a host of physiological processes, including
learning and memory. Cholinergic dysfunction is commonly associated with
neurodegenerative diseases, including Alzheimer’s disease. In the gut,
acetylcholine acts as an excitatory neuromuscular signaler to mediate smooth
muscle contraction, which facilitates peristaltic propulsion. Gastrointestinal
dysfunction has also been associated with Alzheimer’s disease. This research
focuses on the preparation of an electrochemical enzyme-based biosensor to
monitor cholinergic signaling in the gut and its application for measuring
electrically stimulated acetylcholine release in the mouse colon ex vivo. The
biosensors were prepared by platinizing Pt microelectrodes through potential
cycling in a potassium hexachloroplatinate (IV) solution to roughen the
electrode surface and improve adhesion of the multienzyme film. These
electrodes were then modified with a permselective poly(m-phenylenediamine) polymer film, which blocks electroactive interferents
from reaching the underlying substrate while remaining permeable to small molecules like H2O2. A multienzyme film containing
choline oxidase and acetylcholinesterase was then drop-cast on these modified electrodes. The sensor responds to acetylcholine and
choline through the enzymatic production of H2O2, which is electrochemically oxidized to produce an increase in current with
increasing acetylcholine or choline concentration. Important figures of merit include a sensitivity of 190 ± 10 mA mol−1 L cm−2, a
limit of detection of 0.8 μmol L−1, and a batch reproducibility of 6.1% relative standard deviation at room temperature. These
sensors were used to detect electrically stimulated acetylcholine release from mouse myenteric ganglia in the presence and absence of
tetrodotoxin and neostigmine, an acetylcholinesterase inhibitor.
KEYWORDS: platinum microelectrodes, acetylcholine, gastrointestinal tract, enzymatic biosensor

■ INTRODUCTION
Alzheimer’s disease (AD) is the most common cause of
dementia and is hallmarked by the presence of extracellular
amyloid beta (Aβ) plaques and intracellular Tau protein
tangles.1 Age is the number one risk factor for developing late-
onset AD, though genetics and family history also play a role.
For example, those carrying one or two copies of the e4 form
of the APOE gene have about a 3-fold and 8- to 12-fold greater
risk, respectively, of developing AD compared to those who
have two copies of the e3 form of the gene. Having the e4 form
of the gene, though, does not guarantee AD development.2

Due to the complexity of the disease and the lack of animal
models that fully mimic disease progression in humans, the
early-stage pathogenesis of AD remains unclear. Although
there are many hypotheses surrounding the pathogenesis of
AD (i.e., the Aβ hypothesis, the Tau protein hypothesis, the
neuroinflammation hypothesis, etc.), it is well-established that
cholinergic signaling plays a vital role. The cholinergic
hypothesis suggests that dysfunction of acetylcholine (ACh)-
containing neurons in the brain contributes to cognitive
decline in those with advanced AD.3 The cholinergic

abnormalities that manifest in aged humans and AD patients
include alterations in choline (Ch) transport, ACh release, and
nicotinic and muscarinic receptor expression.3 Most current
approved therapies for AD target the cholinergic system such
as acetylcholinesterase (AChE) inhibitors like donepezil,
rivastigmine, and galantamine. These drugs help slow (but
not prevent) cognitive decline in patients with mild to
moderate dementia.4,5 The cholinergic hypothesis has been
around for 40+ years and�though not without flaws�
portrays a convincing role for cholinergic dysfunction in AD
progression.6,7 ACh is a common neurotransmitter found in
both the central and peripheral nervous systems that plays a
critical role in cognition, learning, memory, and neural
plasticity.8−10 Within the periphery, ACh is the primary
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excitatory neurotransmitter in the enteric nervous system
(ENS), mediating smooth muscle contraction to aid in the
peristaltic propulsion of food content through the gastro-
intestinal (GI) tract.11

The focus on neurodegenerative disease is typically
dominated by the study of central nervous system (CNS)
dysfunction, but there have been an increasing number of
studies that indicate the involvement of the gut in early-stage
AD pathology. For example, enteric AD-related protein
deposition, changes in neuromuscular transmission, impaired
gut function, and gut dysbiosis have been found in various AD
rodent models, in some cases before full brain pathology
occurs.12−15 Cholinergic neuron loss in the brain is a
prominent feature of AD pathology,5 though it is unclear
whether cholinergic signaling is also affected in the ENS in AD.
One study in which Aβ was injected into the GI tract of a
general-purpose strain of ICR mice found that Aβ became
internalized into cholinergic neurons in the myenteric plexus.16

The loss of cholinergic neurons in the ileum of APP/PS1
transgenic mice has been reported12 as well as decreased AChE
activity in the small intestine of 5xFAD mice14 and reduced
neurogenic cholinergic contractions in the colon of SAMP8
mice.13 Cholinergic signaling is critical for the regulation of GI
motility. Mice with conditionally deleted choline acetyltrans-
ferase (ChAT), the enzyme responsible for ACh synthesis, in
neural crest-derived enteric neurons experienced dysmotility,
significantly decreased colonic transit, and intestinal dysbio-
sis.17 Our group is interested in using electrochemical and
pharmacological tools to determine if cholinergic signaling is
impaired in the ENS in AD like it is in the CNS.
Electrochemical tools have long been useful in neuro-

chemical analysis. Voltammetric and amperometric techniques
which employ microelectrode or nanoelectrode sensors offer a
means to detect the real-time release of electroactive signaling
molecules like dopamine (DA) and serotonin (5-HT) near
sites of release. However, it is often the case that the
neurotransmitter of interest, such as ACh, is not electroactive
and cannot be electrochemically detected directly. In cases
such as this, enzymatic biosensors are often employed.
Enzyme-based sensors rely on the formation of electroactive
products, commonly H2O2, to detect these non-electroactive
species. Construction of enzyme-based sensors for ACh
typically involves the cross-linking of AChE and choline
oxidase (ChOx) with bovine serum albumin (BSA) using
glutaraldehyde on a solid support. Using this reaction scheme,
ACh is hydrolyzed in the presence of AChE to produce Ch,
which can then be oxidized in the presence of ChOx to
produce H2O2 that is oxidized at the electrode interface. Cross-
linking is typically done using moderate concentrations of
glutaraldehyde to prevent excessive cross-linking, which can
impact the enzyme’s catalytic activity.18−20 Other methods of
enzyme immobilization include physical entrapment within a
three-dimensional matrix such as a polymer or sol−gel,
adsorption through electrostatic interaction, covalent coupling
directly to a solid support, affinity bonds between functional
groups on the solid support, and affinity tags within a protein
sequence.21−23 Although there are advantages and disadvan-
tages to each method, cross-linking is typically the method of
choice in the construction of ACh/Ch biosensors.19,20,24−27

Some researchers compared enzyme immobilization through
cross-linking the AChE/ChOx enzyme film on a polypyrrole-
polyvinylsulpfonate modified Pt electrode vs entrapping the
enzymes within the polymer film.19 The authors found that

biosensors prepared using cross-linking with glutaraldehyde
and BSA exhibit a higher affinity of the enzymes toward the
electrode substrate and better operational stability.19 Other
researchers have used the self-assembly of gold nanoparticles
along with AChE bound on the surface of a multi-walled
carbon nanotube (MWCNT)/ChOx/sol−gel-modified Pt
electrode for ACh detecion.28 Pyrolytic graphite electrodes
have also been modified with MWCNTs and zinc oxide
nanoparticles before depositing the dual-enzyme layer and
capping the electrode with a cationic poly(diallyldimethyl
ammonium chloride) polymer film to prevent enzyme leaching
for Ch and ACh biosensors.27 These sensors showed excellent
enzyme bioactivity as well as improved electrocatalytic activity
from the MWCNTs toward H2O2.

27

Metal and metal oxide nanostructures (nanoparticles,
nanotubes, nanorods, nanosheets, etc.) have a history of
being incorporated into biosensor design and can either be co-
immobilized with the enzymes or incorporated into the
electrode surface.29,30 These nanomaterials function to increase
the electrochemically active surface area (ECSA), enhance the
rate of electron transfer, catalyze specific chemical reactions,
improve enzyme stability, or impart desired electrostatic
properties during enzyme immobilization and biosensing.29,30

Pt metal is unique in its ability to catalyze the decomposition
of H2O2.

29 Although unmodified Pt microelectrodes possess
catalytic activity toward H2O2 oxidation, the incorporation of
Pt nanoparticles dramatically increases the usable surface area
and, consequently, the number of electrocatalytic sites.29

Incorporation of Pt nanoparticles on the transducer surface has
also been shown to improve the long-term stability of
electrodes, improve the signal-to-noise ratio, and increase
enzyme loading.31−33

Another important consideration with the the preparation of
electrochemical biosensors is selectivity. Non-conducting
polymers of phenylenediamine (PD) are commonly used to
enhance selectivity by allowing small molecules like H2O2 to
permeate through the polymer while restricting the perme-
ability of larger molecules such as ascorbic acid (AA).34,36,37

Thin films of this polymer with rapid response times can easily
be electropolymerized in aqueous solution either before or
after enzyme immobilization from the following PD isomers: o-
phenylenediamine (oPD), m-phenylenediamine (mPD), and p-
phenylenediamin (pPD).24−26,34,35 Films generated from the
mPD monomer offer the best permselectivity for H2O2 over
AA34,37 and have been commonly utilized in ACh/Ch
biosensor construction.24−26,35

In this paper, we report on the use of an electrochemical
biosensor and continuous amperometry (CA) to study the
real-time release of ACh from myenteric ganglia in the mouse
colon. We have previously developed a modified boron-doped
diamond microelectrode to electrochemically monitor nitric
oxide release from the mouse colon.38 For this work, we
prepared enzyme-based ACh/Ch biosensors based on the
literature24 to measure cholinergic signaling from the mouse
colon in male and female wild type mice. This work is
foundational for the planned use of the biosensor to study
cholinergic signaling in mouse models of AD. These sensors
consist of a platinized-Pt microelectrode electrodeposited with
a permselective pmPD nonconductive polymer film and coated
with a multienzyme film containing AChE and ChOx. ACh
and Ch are detected through the enzymatic production of
H2O2 from the reduction of the co-factor O2, which is
electrochemically oxidized.
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■ RESULTS AND DISCUSSION
Preparation of the Electrochemical Biosensor. The

general design of the ACh/Ch biosensor is seen in Figure 1.

The microelectrode, which reveals an elliptical area of
platinized-Pt, is insulated with non-conductive epoxy. Follow-
ing electrodeposition of the pmPD film, a multi-enzyme film
was applied to the polymer-modified electrode. As ACh is not
electrochemically active, ACh is indirectly measured through
the oxidation of enzymatically produced H2O2. Briefly, ACh is
hydrolyzed in the presence of AChE to produce Ch. In turn,
Ch is then oxidized in the presence of the second enzyme,
ChOx, to produce 2 mol of H2O2 using the co-factor, O2. The
H2O2 diffuses through the porous pmPD film to be oxidized at
the platinized-Pt interface, generating a current response that is
directly proportional to ACh concentration. The sensor also
responds to Ch via the second enzymatic reaction only.
To enhance the electrochemically active area of the

electrode and to “roughen” the substrate for better enzyme
adhesion, Pt nanoparticles were electrodeposited onto the
microelectrodes prior to pmPD electrodeposition and enzyme
immobilization. Cyclic voltammograms showing the electro-
deposition of Pt nanoparticles and the change in ECSA before
and after electrodeposition can be seen in Figure 2. In Figure
2A, one can see the reduction of Pt(IV) to Pt metal on the first
potential sweep with an increase in cathodic current starting at
∼0.05 V, initiating nucleation. With increasing cycle number,
there is an increase in oxidation current at ∼1.0 V for Pt-oxide
formation, an increase in cathodic current at ∼0.6 V for Pt-
oxide reduction, and an increase in voltammetric current
between 0.1 and −0.2 for hydrogen adsorption and desorption
as more Pt nanoparticles form and grow out from those
nucleation sites. In Figure 2B, the same electrode is potential
cycled in 0.5 mol L−1 H2SO4 before and after electro-
deposition. A significant increase in the ECSA of the electrode
is evident, with a hydrogen desorption charge increase from
21.0 nC to 559 nC, producing a roughness factor of 37.
The pmPD films were prepared by potential cycling the

platinized-Pt microelectrodes in a solution containing 5 mM
mPD monomer in 0.1 mol L−1 phosphate buffer (PB), pH 7.4.
A sample cyclic voltammogram illustrating this process can be
seen in Figure 3. As potential is swept from 0.2 to 1.0 V, there
is a large oxidation peak that occurs around 0.6 V in which the
mPD monomer is oxidized to produce a radical cation. These
radical cations are very reactive and couple with one another to
produce dimers, which are more easily oxidized due to more

extensive π electron delocalization, increasing the electron
density around the redox sites.37,41 As those dimers become
oxidized, the chain length grows, and the branched pmPD film
forms.41 The oxidation charge for this peak is 186 nC. With
increasing cycle number, this oxidation peak disappears as the
self-passivating pmPD film insulates the electrode and prevents
further monomer oxidation, forming a thin, uniform coating

Figure 1. ACh/Ch electrochemical biosensor design and reaction
scheme. Image created using protein structures from the RCSB PDB
(rcsb.org) of PDB ID 1EEA39 and 2JBV.40

Figure 2. Cyclic voltammograms showing the electrodeposition of Pt
nanoparticles by potential cycling a deoxygenated 2 mmol L−1

K2PtCl6 solution from −0.2 to 1.2 V at 10 mV s−1 for 10 cycles
with the first cathodic sweep starting at 1.0 V (A). Cyclic
voltammogram showing the same electrode shown in (A) before
and after electrodeposition in 0.5 mol L−1 sulfuric acid (B). The last
of 8 cycles is shown at 50 mV s−1.

Figure 3. Cyclic voltammograms showing the electrodeposition of the
pmPD films prepared by potential cycling the platinized-Pt micro-
electrodes in a solution containing 5 mM mPD monomer in 0.1 mol
L−1 PB, pH 7.4. A large oxidation peak for mPD oxidation at ∼0.6 V is
evident that disappears with increasing cycle number as the self-
passivating pmPD coats the entirety of the electrode. The oxidation
charge for this peak is 186 nC.
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across the electrode substrate. The optimization of the
electrodeposition scan rate and cycle number can be seen in
Figure S1.
Following pmPD electrodeposition, 1 μL of a multienzyme

solution consisting of equal parts of 200 U mL−1 ChOx, 400 U
mL −1 AChE, 10% (w/v) BSA for enzyme stabilization, and
0.75% (v/v) glutaraldehyde was deposited onto the modified
electrodes, dried for 2 h at room temperature bbefore
immersing in 0.1 mol L−1 PB, pH 7.4, and storing at 4 °C.
The volume of this multienzyme solution was optimized for
peak response to ACh (see Figure S2).
Pt Nanoparticle and pmPD Film Morphology. Prior to

pmPD electrodeposition, Pt microelectrodes were roughened
by electrodepositing Pt nanoparticles using cyclic voltammetry
(CV) in a 2 mmol L−1 K2PtCl6 solution. This modification not
only enhanced the sensitivity of the biosensors, but it also
improved batch reproducibility (see Figure S3). One can see
the change in the microelectrode’s morphology at each step of
the electrode fabrication process in Figure S4, which presents
scanning electron microscopy (SEM) micrographs in the
secondary electron image mode. A bare Pt substrate can be
seen in Figure S4A. The surface is relatively smooth with the
exception of long striations introduced during the metal wire
formation. Figure S4B shows the platinized-Pt substrate, which
exhibits a highly roughened surface decorated by small and
large Pt nanoparticles. Figure S4C shows the same platinized-
Pt microelectrode at a lower magnification, revealing the Pt
nanoparticle coverage conforming to the ridges in the Pt
substrate. Figure S4D shows a platinized-Pt microelectrode
coated with the pmPD polymer film. One can see a thin film
that bridges the Pt nanoparticles together, but it is difficult to
discern the polymer morphology.
To better visualize the films and discriminate between the

polymer coating and Pt, a bare Pt wire (80 μm diam.) was
partially coated in pmPD by immersion into a deoxygenated 5
mmol L−1 mPD in 0.1 mol L−1 PB, pH 7.4, solution and
scanning from 0.2 to 1.0 V at 25 mV s−1 for 40 cycles. Figure 4
presents SEM micrographs of this pmPD film. In Figure 4A,
one can delineate the polymer-coated and uncoated regions of
the Pt wire. In Figure 4B, a higher magnification micrograph of
the pmPD coating reveals good polymer coverage that
conforms to any roughness features on the native Pt wire. In
Figure S5A, a cross section of the pmPD-coated Pt wire is seen
in which a blade was used to cut through the electrode post-
polymerization. The polymer film detached and flaked off the
surface at the cut edge. These pieces of delaminated polymer
reveal a film thickness of ∼50 nm, which is slightly higher than
what has been reported in literature34,36,37 The polymer
accumulates in roughened regions of the Pt substrate to form
large and small clusters of pmPD in these areas. Figure S5B
reveals a larger pmPD cluster, revealing small pores and
channels that span across the polymer. This is typical of pmPD
films, which tend to have a very porous morphology that allows
small molecules, like H2O2, to partition in and diffuse through
while rejecting larger molecules, like AA, DA, norepinephrine
(NE), and 5-HT from reaching the underlying sub-
strate.34,36,37,42 Figure S5C reveals a small cluster of pmPD,
which shows a distinct spherical morphology.
Electrochemical Characterization of the Biosensors.

To determine the detection potential to be used for the
amperometric experiments, linear sweep voltammetry (LSV)
was used to determine the oxidation potential of enzymatically
generated H2O2. Figure 5A shows voltammograms for

Figure 4. Secondary electron micrographs of a length of Pt wire (80
μm diam.) that was partially coated with pmPD. Micrograph A shows
the boundary between the coated and uncoated regions of the wire,
and micrograph B shows a more magnified region of the pmPD-
coated wire, which indicates good coverage of the polymer over the Pt
substrate.

Figure 5. (A) Linear sweep voltammetric i−E curves showing the
response to increasing concentrations of ACh added to Krebs buffer,
pH 7.4. The scan rate was 10 mV s−1. Amperometric i−t curve (B)
showing an oxidation current that increases proportionally with
increasing ACh concentration added to 10 mL of magnetically stirred
Krebs buffer, pH 7.4. The detection potential was 0.75 V vs Ag/AgCl.
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increasing concentrations of ACh added to 10 mL of Krebs
buffer, pH 7.4, with the potential being swept from 0.2 to 1.2
V. The scan rate used was 10 mV s−1. One can see the onset of
oxidation at ∼0.4 V and a significant increase in voltammetric
current with increasing ACh concentration at ∼0.7 V. At this
potential, the current is at its maximum and mass transport
limited. In data not shown, an experiment was conducted to
evaluate if mass transport for this process was diffusion-limited.
A series of cyclic voltammograms were collected as a function
of scan rate in response to 1 mmol L−1 H2O2. It was revealed
that the peak oxidation current increases linearly with scan
rate, as opposed to scan rate1/2. This suggests that adsorption
of H2O2 occurs during electrochemical oxidation. The likely
explanation for this is that H2O2 adsorbs to Pt-oxide formation
sites, electron transfer occurs between the Pt-oxide/adsorbed
H2O2 complex, consequently reducing those surface sites, and
those binding sites then become electrochemically regenerated,
giving rise to the observed current response.43,44 For multiple
ACh/Ch biosensors, Ep

ox was 0.67 ± 0.05 V (n = 5). Based on
the voltammetric data, a detection potential of 0.75 V was
selected for the CA experiments. Figure 5B shows an example
amperometric i−t curve in which a biosensor was polarized at
0.75 V and an increasing concentration of ACh was added
every 100 s to 10 mL of magnetically stirred Krebs buffer at
room temperature. The biosensor responds rapidly in the
amperometric detection mode to the ACh additions,
producing an increase in oxidation current that responds
linearly from 0.5 to 200 μmol L−1, as is evident in the response
curve inset.
Determination of Detection Figures of Merit. Based on

the detection scheme in Figure 1, the biosensor responds to
both Ch and ACh. It is possible to detect ACh only if two
separate sensors are prepared: one with AChE and ChOx
immobilized and the other with only ChOx immobilized. By
employing both sensors in the sensing media and subtracting
the ChOx-only response, changes in basal levels of ACh can be
determined.24 However, this can become difficult in practice
due to variability in electrode fabrication. Some researchers
have overcome this by producing mass-fabricated micro-
electrode arrays which are much more uniform in design and
manufacture.26 However, these recording sites are 100 μm
from one another, limiting spatial resolution.26 Due to the
nature of our measurements and their dependence on
electrode position on current response, it is not possible to
employ a similar electrode for our measurements. As ACh is
rapidly hydrolyzed into Ch by AChE following synaptic
release, ex vivo measurements are a combination of ACh and
Ch release and a tool for measuring cholinergic neuronal
function rather than isolating the ACh response specifically.
Figure 6 shows example i−t curves showing the difference in
sensor response to Ch versus ACh (A) and how the response
to equimolar additions of ACh compares to equimolar
additions of the electroactive interferents AA, DA, NE, and
5-HT (B). In both curves, the electrode was polarized at 0.75
V versus Ag/AgCl, and the electrolyte was 10 mL of
magnetically stirred Krebs buffer, pH 7.4. The current
responses to Ch and ACh are nearly identical for n = 3
sensors (p = 0.76), as is the response time (p = 0.99),
suggesting that the conversion of ACh to Ch occurs rapidly.
The biosensor responds reproducibly to both Ch and ACh
with repeat 10 μmol L−1 additions of each, with a RSD of 4.7%
for Ch and 0.7% for ACh for n = 5 additions. One can see that
although the biosensor responds reproducibility to ACh, there

is little to no response to the equimolar additions of AA, DA,
NE, and 5-HT. This indicates excellent selectivity toward ACh
and Ch, making the biosensor useful for measuring cholinergic
signaling in complex media.
Table 1 summarizes the detection figures of merit calculated

for the biosensors to ACh from CA measurements made at
room temperature. The sensitivity is normalized to the
geometric area of the microelectrode. The response time was
defined as the time it took for the current response to 50 μmol
L−1 ACh to rise from 5 to 90% of its maximum steady state
response. The response time is competitive with other ACh/
Ch biosensors, which are typically ≥8 s18,19,27,28 but slower
than other biosensors utilizing pmPD, which are typically ≤1
s.24−26 This is likely because our pmPD films appear to be
thicker than what is typically observed in the literature, which
is 10−35 nm.34,36,37 Although there seems to be little effect on
sensitivity, our thicker pmPD films (∼50 nm) are likely slowing
response time. The reproducibility was determined by
calculating the RSD of the slope of the response curves within
a single batch of biosensors (n = 3). The selectivity ratio for
AA, DA, NE, and 5-HT was determined from the current
response to ACh normalized to the current response of each
interferent. The lifetime of the biosensors was assessed by
preparing a batch of biosensors and using CA to determine the
current response from 0.5 to 100 μmol L−1 ACh at room
temperature immediately after biosensor preparation, after 7
days of storage, and after 14 days of storage. The electrodes

Figure 6. Amperometric i−t curves (A) showing the respective
responses to equimolar additions of Ch and ACh added to 10 mL of
magnetically stirred Krebs buffer, pH 7.4. The detection potential was
0.75 V vs Ag/AgCl. A second amperometric i−t curve (B) showing
the response to equimolar additions of ACh followed by equimolar
additions of electroactive interferents AA, DA, NE, and 5-HT. The
last addition returns to ACh. Both measurements were made at room
temperature.
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were stored immersed in 0.1 mol L−1 PB, pH 7.4, in the
refrigerator at 4 °C between measurements. The average
biosensor response for n = 3 sensors was recorded. The
respective response curves can be seen in Figure S6. Over a
two-week period, there was no change in sensitivity for the
three biosensors. Therefore, for ex vivo measurements, the
sensors were used within two weeks of preparation.
Ex Vivo Electrochemical Measurements. To prepare for

ex vivo measurements, the effects of oxygenation and
physiological temperature were evaluated. Similar to the
experimental setup used for the tissue measurements, Krebs
buffer, pH 7.4, was perfused through a recording chamber at 4
mL min−1, while the working electrode was positioned at the
center of the chamber using a micromanipulator. The electrode
was polarized at 0.75 V versus Ag/AgCl, and the background
current was allowed to stabilize. Using standard solutions, 1, 3,
5, and 10 μmol L−1 ACh were perfused through the recording
chamber with a brief rinse period between each concentration.
For a single biosensor, these measurements were performed at
room temperature (25 °C), after bubbling O2 gas into the
buffer for 20 min prior to and during the measurement, and at
physiological temperature (37 °C) with oxygenation. The data
can be seen in Figure 7. There is not a significant difference in
the response after oxygenation, indicating that atmospheric O2
provides a sufficient concentration of the cofactor needed for
Ch oxidation in the enzymatic reactions. Unsurprisingly,
increasing the temperature nearly doubled the sensitivity of
the sensor.
To account for sensor-to-sensor variability during the ex vivo

measurements, a calibration was performed prior to each tissue
measurement in the flow bath. A sample i−t curve and its
corresponding response curve can be seen in Figure 8 in which
warmed (36−37 °C) Krebs buffer, pH 7.4, was perfused
through a recording chamber at 4 mL min−1. The electrode
was polarized at 0.75 V versus Ag/AgCl, and increasing
concentrations of ACh were perfused through the chamber
after the background current stabilized. A rinse was performed
following the final ACh concentration, and restoration of
baseline current was achieved. The sensitivity from these
calibrations was used to estimate the peak concentration of
ACh/Ch detected in the extracellular solution around the
biosensor after electrical stimulation of nearby myenteric
ganglia in the mouse colon. Compared to the measurements
conducted at room temperature, the LOD decreased to 0.3 ±
0.2 μmol L−1 and the sensitivity increased to 360 ± 60 mA
mol−1 L cm−2 for n = 6 sensors at physiological temperature.
To determine how many times a single biosensor could be

used for ex vivo measurements, a calibration was performed
using a biosensor over four consecutive days, running a full
tissue measurement after each calibration. These data can be

seen in Figure S7. There is little loss in sensitivity between days
1 and 2, less than 5%. However, after day 3, the sensitivity
decreases by 30% and by day 4, it decreases by 57%. This
gradual decline with prolonged use ex vivo is not that
surprising, as proteins in the tissue can progressively adsorb to
the electrode surface, fouling the substrate. Therefore,
individual biosensors were not used for more than two ex
vivo measurements. For experiments in which two animals
were tested within the same day, the same sensor was used, but
with a brief second calibration performed in response to 1
μmol L−1 ACh additions to ensure that the same current
response was achieved.

Table 1. Detection Figures of Merit for ACha

sensitivity (mA mol−1L cm−2) 190 ± 10
LOD (μmol L−1) 0.8 ± 0.3
LOQ (μmol L−1) 2.9 ± 1.0
linear dynamic range (μmol L−1) 3−130
response time (s) 2 ± 1
reproducibility 6.1% RSD
selectivity IACh/Iinterferent 125 ± 1 (AA), 60 ± 1 (DA), 24 ± 1 (NE), 50 ± 1 (5-HT)
lifetime ≥2 weeks

aValues are the average ± standard deviation (SD) for n = 3 electrodes for measurements conducted at room temperature (25 °C). The limit of
detection (LOD) is defined as S/N ≥ 3, and the limit of quantification (LOQ) is defined as S/N ≥ 10.

Figure 7. Amperometric i−t traces (A) showing the biosensor’s
response to increasing concentrations of ACh added to Krebs buffer
pH 7.4, which is continuously perfused through a recording chamber
at 4 mL min−1. A brief rinse period with buffer was performed
between additions. The detection potential was 0.75 V vs Ag/AgCl.
The respective response curves can be seen in (B), where the black
trace shows the current response at room temperature (25 °C), the
red trace shows the current response at room temperature but after
saturating the buffer with O2, and the blue trace shows the current
response after oxygenating the buffer and increasing the temperature
to physiological temperature (37 °C).
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For ex vivo measurements, the number of electrical stimuli
delivered to the tissue was gradually increased, and the
corresponding current response was recorded. The measured
current response results from a combination of synaptic ACh
release and Ach, which has been hydrolyzed into Ch by ACh in
the extracellular space. Due to time limitations, replicate
stimulations were not performed for each set of electrical
stimuli, but we did verify that identical stimulations produced
identical current responses. This data is presented in Figure S8.
Figure 9 shows a sample response for a single male and female
mouse in which the tissue is stimulated for 10, 20, 30, 40, and
50 pulses at 10 Hz, 80 V, 0.5 ms pulse duration. Stimulations
were performed every 5−10 min, allowing sufficient time for
vesicular restoration to occur45,46 The i−t traces are
normalized to each electrode’s calibration to display the

extracellular ACh/Ch concentration with respect to time. A
slight increase in peak ACh/Ch concentration can be seen
from 10 to 40 pulses. From 40 to 50 pulses, the peak
concentration is the same, but the peak broadens, indicating
that at 40 pulses, the peak rate of release is obtained, but a
greater number of stimuli prolongs this release. The mean ±
standard error of mean (SEM) peak concentrations as well as
the integrated area of each peak can be seen in Figure 10.

Overall, with the exception of the mean comparison between
10 and 40 and 10 and 50 pulses for the peak ACh/Ch
concentration for the male mice, there is not a significant
increase in peak concentration or area with an increasing
number of electrical stimulation pulses. This suggests that
these electrical stimulation conditions elicit a peak neuro-
transmitter release from cholinergic enteric neurons. A current
response was unable to be recorded using fewer than 10
electrical stimuli, as these concentrations are likely below the
LOD (0.3 ± 0.2 μmol L−1 at physiological temperature) of the
sensor. The peak concentrations of ACh/Ch detected are
identical between the male and female mice. Likewise, there is
not a significant sex difference when comparing the respective
areas of the peaks. The peak ACh/Ch concentration for the
male mice was 600 ± 47 nmol L−1 at 50 pulses, and the peak
concentration for the female mice was 626 ± 197 nmol L−1 at
30 pulses. Due to the absence of similar studies in the gut, our
results cannot be compared directly with any literature data.
The amount of ACh/Ch detected will depend on the distance
of the microelectrode from the release sites and the number of

Figure 8. Continuous amperometric i−t curve and corresponding
response curve (inset) showing the calibration of a single biosensor
using standard ACh solutions prior to an ex vivo measurement. The
detection potential was 0.75 V vs Ag/AgCl, and the electrolyte was
Krebs buffer, pH 7.4, perfused at 4 mL min−1 at 37 °C. The current
was smoothed by a 10 Hz lowpass filter.

Figure 9. Ex vivo continuous amperometric responses generated by
normalizing the i−t curves to their respective calibrated sensitivities
show the change in extracellular concentration of ACh/Ch following
10, 20, 30, 40, and 50 electrical stimuli at 10 Hz, 80 V, and 0.5 ms
pulse duration. The red bars indicate the onset of the stimulus. The
detection potential was 0.75 V vs Ag/AgCl. The data was filtered
through a 10 Hz lowpass filter.

Figure 10. (A) Extracellular concentrations of ACh/Ch evoked with a
tissue stimulation of 10−50 pulses at 10 Hz, 80 V, 0.5 ms pulse
duration, and the corresponding integrated areas of the current
responses (B). Data are presented as mean ± SEM for n = 5 male and
n = 5 female mice.
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cholinergic neurons in the vicinity of the microelectrode, offset
by the rate of clearance. ACh concentration in the brain
extracellular fluid is in the low nanomolar range47,48 Naturally,
electrically stimulated tissue would elicit a higher local ACh
concentration. For example, in an ex vivo experiment,
electrically stimulated mouse brain slices elicited an ACh
concentration of 0.41 ± 0.05 μmol L−1.49 In another study,
KCl and nicotine were used to stimulate ACh release from the
prefrontal cortex in rats in vivo. Low micromolar levels of ACh
were detected using a microelectrode array.25 It is generally
accepted that synaptically released ACh can reach a peak
millimolar concentration at the neuromuscular junction;
however, this concentration decays rapidly due to diffusion,
reuptake, metabolism, and receptor binding.50 Unless using
nanoelectrodes, it is not possible to probe the synaptic cleft
where ACh concentration is at its peak. Rather, we are
measuring a small fraction of ACh or Ch, which has been
formed through the metabolism of ACh that diffuses away
from multiple cholinergic release sites. This suggests our
measurements, which are in the submicromolar range, could
possibly be a reasonable estimate.
In cholinergic neurons, ACh is synthesized by ChAT using

Ch and acetyl-CoA. When ACh is released across a chemical
synapse, it acts on nicotinic or muscarinic receptors, or,
conversely, the actions of ACh are terminated by AChE, and
ACh is hydrolyzed into Ch and acetate for reuptake and
recycling.46 By inhibiting AChE with a drug like neostigmine,
one can increase the time that ACh resides in the extracellular
solution, consequently increasing the area of our measured
current response and confirming that the source of oxidation
current is in some part due to ACh.
Example continuous amperometric i−t traces showing the

general pharmacological scheme that was followed for the ex
vivo electrochemical measurements using a single 50 pulse
stimulation can be seen in Figure 11. After completing the
electrical stimulations, the tissue was perfused with 0.3 μmol
L−1 TTX, and the stimulations were repeated. After perfusing

TTX, there is some electrical noise ∼100 s downstream of the
stimulation. However, one can see that the current response,
which previously manifested as a sharp spike immediately
following the electrical stimuli, is nearly abolished after
perfusing the sodium channel blocker. This indicates that the
current response is of neurogenic origin and that release occurs
via an action potential-dependent process. Next, the tissue was
rinsed with buffer, and a single stimulation was repeated to
verify that the TTX was rinsed out, and the original current
response was restored. Lastly, the tissue was perfused with 10
μmol L−1 neostigmine, an AChE inhibitor. This drug prevents
the breakdown of ACh from occurring, resulting in an increase
in the half-life of ACh in the synaptic cleft. This extension in
time that ACh sits in the extracellular space should
hypothetically prolong the action of ACh and consequently
increase the local concentration of ACh and delay the
breakdown into Ch, resulting in an amperometric peak with
a greater area than before drug perfusion.
A summary of the drug responses for the male and female

mice is presented in Figure 12, in which the area of the

oxidation peak following the 50 pulse electrical stimulation is
compared before and after drug application. The response is
essentially abolished in the presence of TTX. The response can
be seen to be completely restored after rinsing TTX out.
Overall, there is only a slight, far from significant, increase in
response after perfusing neostigmine, but the response was
variable not only from animal to animal but also within the
same animal. For example, in most cases, only the first
stimulation performed after perfusing the drug resulted in an
enhanced ACh response, whereas repeated stimulations were
often dramatically reduced. It is possible that the concentration
of the AChE inhibitor was not high enough to see the desired
response or that these observations are the result of some
controversial effects of AChE inhibitors. For example, it has
been found that the exaggerated concentration of ACh in the
extracellular space could activate inhibitory autoreceptors on
the cholinergic neurons, therefore reducing the cholinergic
neurons response to electrical stimulation.48 However, the
more likely explanation is that the bulk of the measured

Figure 11. Sample continuous amperometric i−t curves showing the
pharmacological sequence followed during ex vivo measurements. A
single stimulation is shown in which 50 electrical stimuli at 10 Hz, 80
V, and 0.5 ms pulse duration are delivered to the tissue preparation.
The red bars indicate the onset of the stimulus. The detection
potential was 0.75 V vs Ag/AgCl. The data was filtered through a 10
Hz lowpass filter.

Figure 12. The mean ± SEM integrated peak area normalized to each
biosensor’s calibrated sensitivity for the amperometric responses to 50
pulses of electrical stimuli at 10 Hz, 80 V, and 0.5 ms pulse duration
for male (n = 5) and female (n = 5) control mice in the presence and
absence of 0.3 μmol L−1 TTX and 10 μmol L−1 neostigmine. *p ≤
0.05, ***p ≤ 0.001.
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response is from Ch formed from the hydrolysis of ACh rather
than ACh itself. When using analytical techniques such as
microdialysis, measured concentrations of ACh versus Ch are
overwhelmingly dominated by Ch47 with extracellular ratios of
ACh/Ch being about 1:12.51 On the other hand, when using
techniques like electrochemical detection with rapid response
times, ratios of ACh/Ch can be as close as 1:1.24−26 However,
these sensors exhibit response times ≤1 s, so it is likely that our
current sensor design does not respond fast enough to capture
ACh concentration before being converted over to Ch. This is
something that could be improved upon by implementing
thinner films of pmPD, which provide a less tortuous path for
H2O2 to diffuse through.

■ CONCLUSIONS
ACh/Ch biosensors, which are selective against AA, DA, NE,
and 5-HT, were successfully prepared and applied to measure
electrically stimulated ACh release from myenteric ganglia in
the mouse colon. We estimated a measured peak ACh/Ch
concentration of 600 ± 47 nmol L−1 for the male mice and 626
± 197 nmol L−1 for the female mice. The current responses
were abolished in the presence of the sodium channel blocker
TTX, suggesting that the measured current response is
neurogenic in origin. The current response was elevated
slightly in the presence of the AChE inhibitor neostigmine,
suggesting that the bulk of the current response measured is
from Ch, which has been formed through the hydrolysis of
ACh rather than ACh itself. This is one of the limitations of
this sensor design, which is the inability to differentiate
between ACh and Ch unless utilizing two separate sensors.
This can be problematic, as ACh is rapidly hydrolyzed
following synaptic release to Ch by AChE. Regardless, these
sensors provide a useful tool for measuring cholinergic
signaling that can be applied ex vivo. We plan on using these
sensors to measure ACh/Ch release in an APP/PS1 mouse
model of AD to determine if cholinergic signaling is also
affected in the ENS of AD.

■ EXPERIMENTAL METHODS
Reagents. Most reagents, including sulfuric acid (H2SO4,

99.999%, SHBK1251), potassium hexachloroplatinate (IV)
(K2PtCl6, 98%, 05720TI), m-phenylenediamine flakes (mPD, 99%,
WXBC0066V), acetylcholinesterase from Electrophorus electricus
(AChE ≥1000 units/mg protein, SLCF0924), choline oxidase from
Alcaligenes sp. (ChOx ≥10 units/mg solid, SLCM2414), BSA (≥96%,
SLCF3210), glutaraldehyde (25% in H2O, SLBC7631V), acetycho-
line chloride (ACh) (≥99%, BCCD7863), choline chloride (Ch,
≥99%, BCCF5311), L-ascorbic acid (AA, ≥99.0%, SLCO4212),
dopamine hydrochloride (DA, ≥98%, BCBF7218V), DL-norepinephr-
ine hydrochloride (NE, ≥97%, MKCC1425), and serotonin hydro-
chloride (5-HT, ≥98%, SLCC3073), were purchased through Sigma-
Aldrich (USA) and used as received. PB, pH 7.4, was prepared from
sodium phosphate monobasic (NaH2PO4, ≥99.0%, BCCF7956) and
sodium phosphate dibasic (Na2HPO4, ≥99.0%, BCCF9828). Krebs
buffer, pH 7.4, containing 117 mmol L−1 NaCl, 4.7 mmol L−1 KCl,
2.5 mmol L−1 CaCl2, 1.2 mmol L−1 MgCl2, 1.2 mmol L−1 NaH2PO4,
25 mmol L−1 NaHCO3, and 11 mmol L−1 glucose, was prepared fresh
daily. For tissue measurements, nifedipine (1 μmol L−1, 113K1408)
was added to the perfusing Krebs buffer and continuously applied
throughout measurements to prevent spontaneous muscle contrac-
tions. The sodium channel blocker tetrodotoxin (TTX, 0.3 μmol L−1,
Cayman Chemical, 0650675-1, CAUTION: potent neurotoxin, use
with extreme care) and AChE inhibitor neostigmine (10 μmol L−1,
83C-1180) were also continuously added to the perfusing buffer in
drug experiments.

Animal Model. For animal experiments, all procedures were
approved by the Institutional Animal Use and Care Committee
(IACUC) at Michigan State University. Experiments were conducted
on male (n = 5) and female (n = 5) control mice only of an APP/PS1
double transgenic mouse strain (B6C3-Tg(APPswe,PSEN1dE9)-
85Dbo/Mmjaxries; MMRRC034829, Stock: 004462-JAX) purchased
from Jackson Laboratory at 8 weeks old (https://www.jax.org/strain/
004462) and sacrificed after 12 months. All mice were maintained on
a C57BL/6; C3H (B6C3) genetic background. Although genetic
control mice were used for this study, it is a future goal to use this
model to explore amyloid plaque formation and neurogenic
dysfunction in the GI tract. All animals were housed in a 12 h
light/dark cycle with 68% humidity levels in the house, with ad
libitum access to water and food (Tekla Global 18% protein diet
(2918)). Euthanasia was performed in compliance with the Panel on
Euthanasia of the American Veterinary Medical Association using 4%
isoflurane and cervical dislocation as approved.

Instrumentation. CV, LSV, and CA experiments in a standard,
single-compartment electrochemical cell were made using a
computer-controlled electrochemical workstation (model 832A, CH
Instruments, Austin, TX) using a Pt wire counter electrode and a
commercial Ag/AgCl (3 mol L−1 KCl) reference electrode
(Bioanalytical Systems Inc., West Lafayette, IN). For the ex vivo
electrochemical measurements, an Omni 90 analog potentiostat
(formerly Cypress Systems Inc.) was used for CA experiments, and i−
t traces were recorded using an Axon Digidata 1400A Low-Noise Data
Acquisition System with Axoscope 10.7 software (Molecular Devices,
Sunnyvale, CA). Data were filtered using a 10 Hz low-pass filter and
analyzed using Clampfit 10.7 software (Molecular Devices). Trans-
mural electrical stimulation was performed by delivering voltage
pulses (80 V, 10 Hz, 0.5 ms pulse duration) across two Ag/AgCl wires
applied on either side of the tissue preparation using an electrically
isolated Grass S88 stimulator (Grass Technologies, West Warwick,
RI).

Platinum Microelectrode Preparation. Microelectrodes were
prepared by contacting one end of an 80 μm diam. Pt (Goodfellow,
99.9%) wire to a ∼3 in. piece of 0.25 mm diam. Cu (Aldrich, 99.9%)
wire using conductive silver epoxy and curing overnight. The next day,
the Pt−Cu wires were threaded through glass capillaries (1.2 mm
diam), which were pulled to a taper using a P30 vertical micropipette
puller (Sutter Instruments) and cut open so that a small gap of space
was present between the opening of the glass capillary and the Pt wire.
This end of the microelectrode was then immersed in a two-part
epoxy mixture for 30−60 s, which was prepared by mixing equal parts
epoxy resin and hardener (Gorilla Clear Epoxy). Through capillary
action, epoxy was drawn into the tip of the capillary to form a resin
plug, insulating the electrode. The back end of the capillary was also
sealed using the same epoxy. Excess epoxy was quickly wiped from the
outside of the capillary using a Kimwipe, and the resin was allowed to
cure overnight at room temperature. The next day, electrodes were
placed in the oven for 1−2 h at 70 °C to further harden the epoxy,
and the electrodes were then ground at 45° using a BV-10
micropipette beveler (Sutter Instruments) using a course diamond
abrasive plate (Cat. #104C, Sutter Instruments). This exposed an
elliptical disk area of the Pt wire with a geometric area of 7.1 × 10−5

cm−2. After grinding, the electrodes were ultrasonically cleaned in
ultrapure water for 30 min to remove any debris and then cycled
potentiodynamically from −0.2 to 1.2 V at 50 mV s−1 for 8 cycles in
deoxygenated 0.5 mol L−1 H2SO4. Well-defined features for Pt-oxide
formation, Pt-oxide stripping, and hydrogen adsorption/desorption
were typically observed after cycling.

Electrode Modification. To increase the electrochemically active
area of the electrode and improve adhesion of the multienzyme
film,29,31−33 the Pt microelectrodes were potential cycled in a solution
containing 2 mmol L−1 K2PtCl6 in 0.5 mol L−1 H2SO4 from −0.2 to
1.2 V at 10 mV s−1 for 10 cycles with an initial potential of 1.0 V
scanning cathodically to reduce Pt(IV) and initiate nanoparticle
nucleation. This tactic was previously used to enhance the sensitivity
and stability of ATP biosensors52 and to platinize boron-doped
diamond microelectrodes.38 These electrodeposition conditions

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00337
ACS Chem. Neurosci. 2023, 14, 3460−3471

3468

https://www.jax.org/strain/004462
https://www.jax.org/strain/004462
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


produce a dispersed coverage of Pt nanoparticles across the substrate
with a range of diameters. This is characteristic of a progressive
nucleation and growth process in which new nuclei continuously form
while existing Pt nanoparticles grow out of those nucleation sites.53,54

To provide selectivity against potential oxidizable interferents, a
permselective pmPD polymer film was electrodeposited onto the
platinized-Pt microelectrode prior to enzyme immobilization. Using a
deoxygenated 5 mmol L−1 mPD solution dissolved in 0.1 mol L−1 PB,
pH 7.4, the potential was cycled from 0.2 to 1.0 V at 25 mV s−1 for 40
cycles. In optimization experiments, the scan rate (10, 25, 50 mV s−1)
and cycle number (10, 20, 40) were optimized for sufficient H2O2
permeability and adequate rejection of electroactive interferents AA,
DA, NE, and 5-HT.
Enzyme Immobilization. Following platinization and pmPD

formation on the Pt microelectrodes, enzyme immobilization was
performed by pipetting 1 μL of a multienzyme solution containing
equal volumes of 200 U mL−1 ChOx, 400 U mL −1 AChE, 10% (w/v)
BSA to stabilize the enzymes, and 0.75% (v/v) glutaraldehyde onto
the electrode surface under the aid of a low-power microscope.
Enzyme immobilization is achieved through the cross-linking of the
amino groups of the proteins in the enzyme layer using glutaraldehyde
to form cross-linked aggregates that can impregnate the pores and
channels of the pmPD support for enhanced stability.20−24 The
enzyme unit activity and solution concentration values were identical
to those in the literature.24 The electrodes were allowed to dry for 2 h
at room temperature and were then immersed in 0.1 mol L−1

phosphate buffer, pH 7.4, and stored in the fridge at 4 °C. The
volume of multienzyme solution was optimized using 0.5, 1, 2, and 3
μL.
Electrochemical and Surface Characterization. CV in 0.5 mol

L−1 H2SO4 was used to determine the ECSA of the Pt micro-
electrodes before and after platinization. LSV was used to determine
the oxidation potential of enzymatically produced H2O2 in response
to increasing concentrations of ACh added to 10 mL of Krebs buffer,
pH 7.4; these experiments helped determine the detection potential
used for CA experiments, selecting an overpotential sufficient to drive
the mass transport-limited oxidation of H2O2. CA was used to
determine important figures of merit, including sensitivity, LOD,
LOQ, linear dynamic range, reproducibility, sensor lifetime, and
selectivity. Response curves were generated by plotting the current
response to increasing concentrations of ACh added to 10 mL of
magnetically stirred Krebs buffer, pH 7.4, with the electrode polarized
at 0.75 V versus Ag/AgCl. Replicate measurements (n = 3) were used
to assess reproducibility from sensor to sensor. SEM was used to
evaluate the surface morphology of the modified Pt microelectrodes
and to determine the microstructure of the pmPD films. Micrographs
were taken using an ultra-high-resolution JEOL 7500F scanning
electron microscope with a cold field emission emitter at the MSU
Center for Advanced Microscopy. For non-conductive samples, a 30 s
iridium sputter coating was used.
Ex Vivo Electrochemical Measurements. To account for any

sensor-to-sensor variability, a calibration was performed in the flow
bath used for Ex Vivo measurements by perfusing warm (36−37 °C)
Krebs buffer through a recording chamber at 4 mL min−1 and
recording the current response to increasing concentrations of ACh
(0.1, 0.5, 1, 5, and 10 μmol L−1) perfused through the chamber with
the sensor polarized at 0.75 V versus Ag/AgCl. The average current
just before the next calibration concentration was used to generate
these calibration curves. These calibrations were performed once per
day. In cases where two animals were tested within a single day, a
second brief calibration was performed using only 1 μmol L−1 ACh to
verify the current response was unchanged.

For tissue preparation, a small (∼1 cm) piece of the proximal-mid
colon was removed from a euthanized mouse (48−54 weeks old);
control mice were used only, and placed into a dish containing
prewarmed (37 °C) Krebs buffer, pH 7.4. The fat and connective
tissue were carefully removed, and the preparation was cut along the
mesenteric border, stretched, and pinned flat using steel pins and fine
forceps with the mucosa facing up. The mucosa and submucosa were
carefully peeled back exposing the circular muscle, and a section of

this preparation (∼0.5 cm2) was cut and transferred to a Sylgard-lined
recording chamber using small (0.05 mm diam.) steel pins. The tissue
was carefully stretched and pinned without tearing. A reference
electrode (Ag/AgCl) and counter electrode (Pt wire) were secured
opposite one another in the recording chamber. Warmed (36−37 °C)
and oxygenated (95% O2, 5% CO2) Krebs buffer, pH 7.4, containing 1
μmol L−1 nifedipine (to block spontaneous muscle contractions) was
perfused over the tissue at 4 mL min−1 for 30 min to equilibrate the
tissue. After 30 min, the calibrated ACh sensor was gently touched to
a region of the tissue near a myenteric ganglion using a
micromanipulator and low-power microscope. To position the
microelectrode at “zero distance,” the microelectrode was carefully
touched to the tissue and backed off until the tissue was no longer
contorted. The electrode was polarized at 0.75 V, and once the
current stabilized, transmural electrical stimulation was accomplished
by placing two Ag/AgCl wires on opposite ends of the tissue
preparation. Voltage pulses were then delivered across these wires to
stimulate all neurons and nerve fibers at 80 V, 10 Hz, and 0.5 ms pulse
duration while increasing the number of voltage pulses delivered (10−
50 pulses). The signal was also passed through a 60 Hz notch filter to
remove line noise prior to digitization. As it is difficult to visualize the
myenteric ganglia through the thickness of the circular muscle layer, a
“test” stimulation was performed initially to determine if a sufficient
response in the form of a current spike was achieved. If no response
was observed, the electrode was moved until a “hotspot” rich with
cholinergic neurons was located, as evidenced by a sharp and large
current response after stimulation. Following electrical stimulation,
the sodium channel blocker tetrodotoxin (TTX, 0.3 μmol L−1) was
perfused over the tissue for 10 min before repeating stimulations to
verify the neurogenic origin of the measured ACh release. After this,
the tissue was rinsed for 20−30 min, and a single 50 pulse stimulation
was repeated to verify the restoration of oxidation current. After this,
the AChE inhibitor neostigmine (10 μmol L−1) was perfused for 10
min prior to repeating stimulations to examine the source of the
measured oxidation current.

Statistical Analysis. Unless noted otherwise, data are presented
as mean ± SD for n = 3 replicate measurements. Unpaired Student t-
tests were used for comparing means between two groups. For ex vivo
electrochemical measurements, oxidation currents were compared
using a two-way ANOVA and Bonferroni’s post hoc test to compare
sample means using GraphPad Prism 9.5.1. To account for any
potential sex differences, n = 5 male and n = 5 female mice were used.
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