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Abstract

Monitoring concentrations of acetylcholine (ACh) in specific brain regions is important in understanding disease pathology, as well as in
designing and evaluating novel disease-modifying treatments where cholinergic dysfunction is a hallmark feature. We have developed a sensitive
and quantitative liquid chromatography/tandem mass spectrometry method to analyze the extracellular concentrations of ACh, choline (Ch) and
(3-carboxylpropyl)-trimethylammonium (iso-ACh) in brain microdialysis samples of freely moving animals. One immediate advantage of this new
method is the ability to monitor ACh in its free form without having to use a cholinesterase inhibitor in the perfusate. The separation of ACh, Ch,
iso-ACh and related endogenous compounds was carried out based on cation exchange chromatography with a volatile elution buffer consisting
of ammonium formate, ammonium acetate and acetonitrile. An unknown interference of ACh, which was observed in brain microdialysates from
many studies, was well separated from ACh to ensure the accuracy of the measurement. Optimization of electrospray ionization conditions for
these quaternary ammonium compounds achieved the limits of detection (S/N =3) of 0.2 fmol for ACh, 2 fmol for Ch and 0.6 fmol for iso-ACh
using a benchtop tandem quadrupole mass spectrometer with moderate sensitivity. The limit of quantitation (S/N = 10) was 1 fmol for ACh, 3 fmol
for iso-ACh and 10 fmol for Ch. This method was selective, precise (<10% R.S.D.), and sensitive over a range of 0.05-10 nM for ACh, 0.25-50 nM
for iso-ACh and 15-3000 nM for Ch. To demonstrate that the developed method can be applied to monitoring changes in ACh concentrations in
vivo, reference agents that have previously been shown to influence ACh levels were studied in rat dorsal hippocampus. This includes the 5-HTg
receptor antagonist, SB-271046, and the cholinesterase inhibitor, donepezil. Moreover, levels of ACh were demonstrated to be sensitive to infusion
of tetrodotoxin (TTX) suggesting that the ACh being measured in vivo was of neuronal origin. Collectively, these biological data provided in vivo
validation of this analytical method.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In 1922, Otto Loewi was the first to isolate and identify
the chemical messenger acetylcholine (ACh). Since these early
experiments, the biological functions of ACh have been stud-
ied extensively. Although this chemical is known to regulate
aspects of sleep, memory, temperature control, and blood pres-
sure [1-4], perhaps the most widely described role for ACh is
in cognitive function. In particular, deficits in central choliner-
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gic systems are a well-known characteristic of poor cognitive
performance associated with Alzheimer’s disease, schizophere-
nia and Parkinson’s disease [5—10]. Because of these purported
roles, the ability to detect and monitor levels of ACh in vivo
should not only provide valuable information for understand-
ing disease pathology/etiology, but it may also prove useful
in designing novel, disease-modifying treatments of disorders
where cholinergic dysfunction is a hallmark feature.

The use of in vivo microdialysis to measure ACh was first
pioneered by Damsma et al. [11-15], Westerink and co-workers
[16-18], and Ajima and co-workers [19-21]. Analytical meth-
ods for monitoring the levels of ACh were initially based upon
the use of chemiluminescence [22] and/or electrochemical,
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fluorescence and ultraviolet detection systems [23-26]. Tsai
reviewed the various analytical techniques employed for the
measurement of ACh [27]. However, the majority of these meth-
ods relied on detecting ACh indirectly (i.e., measuring hydrogen
peroxide turnover after using an enzyme catalyzed reaction)
and they were insufficient for the reliable quantification of
ACh in microdialysates. Moreover, many investigators included
acetylcholine-esterase (AChE) inhibitors, including physostig-
mine or neostigmine, in the microdialysis perfusion media to
enhance levels of ACh. One fundamental problem with these
methods is that the inclusion of AChE inhibitors leads to changes
in the physiology of the system being investigated. For example,
De Boer et al. [28] and Acquas and Fibiger [29] reported that
perfusion fluid containing neostigmine quantitatively and qual-
itatively influenced the manner in which dopaminergic agents
regulated ACh overflow in the striatum. Furthermore, AChE
inhibitors contained in the perfusion fluid could mask, or indeed
exaggerate, small drug-related changes in ACh levels as well
as alter transmission of other systems within the perfused area
[30-34].

The most sensitive assay that has been reported in the liter-
ature for the analysis of ACh is liquid chromatography/tandem
mass spectrometry (LC/MS/MS) [35-40]. In these studies,
the separation of ACh was based on cation-exchange [35,36],
ion-pair chromatography [36,40] or hydrophilic interaction
chromatography (HILIC) [38,39]. The analytes were detected by
MS/MS in the positive electrospray ionization (EST) mode. The
limit of detection for ACh in the literature was between 0.03 and
0.1 nM (1-1.4 fmol) using LC/MS/MS. One of the major advan-
tages of LC/MS/MS is that it provides direct detection of ACh.
Whereas, using ECD method, ACh is first converted into Ch,
and then into hydrogen peroxide using enzyme-catalyzed reac-
tions. Furthermore, the multiple reaction monitoring (MRM)
scan mode on a triple quadrupole mass spectrometer monitors
specific daughter ions from dissociation of parent molecular
ions. This approach provides a sensitive and selective analysis
that is unique for individual analytes.

The present paper describes the development and in vivo val-
idation of a liquid chromatography/tandem mass spectrometry
method to monitor concentrations of ACh, iso-ACh and Ch in
specific brain regions of freely moving rats. The aim of the
method development was to provide a sensitive and reliable
analytical approach to monitor small changes in the concen-
trations of ACh in brain microdialysis samples in the absence
of an AChE inhibitor using a benchtop tandem quadrupole
mass spectrometer with moderate sensitivity. The optimiza-
tion of electrospray ionization conditions significantly increased
the detection sensitivity. The chromatographic separation of
ACh from iso-ACh and an unknown chemical interference
in brain microdialysates ensured the accuracy of the mea-
surements. The developed method was validated in vivo by
monitoring ACh and iso-ACh concentrations in the dorsal
hippocampus of freely moving rats after administration of
the 5-HTg receptor antagonist SB-271046, and the AChE
inhibitor donepezil. The neuronal origin of ACh measured was
demonstrated using the sodium channel blocker, tetrodotoxin
(TTX).

2. Experimental
2.1. Reagents and chemicals

Acetylcholine chloride (ACh), (3-carboxylpropyl)-trime-
thylammonium chloride (iso-ACh), choline chloride (Ch) and
acetyl-B-methylcholine chloride (3-methyl-ACh) were pur-
chased from Sigma—Aldrich (St. Louis, MO, USA). LC grade
water and acetonitrile were obtained from EM Science (Gibb-
stown, NJ, USA). Ammonium acetate and ammonium formate
were purchased from Sigma (St. Louis, MO, USA). SB-271046
and donepezil were synthesized internally. Tetrodotoxin was
purchased from Sigma—Aldrich Chemicals (Milwaukee, WI,
USA).

2.2. Stereotaxic surgery

Male CD rats (260-320 g; Charles River) were group housed
for at least 1 week before undergoing surgery. Rats were kept
on a 12:12-h light:dark cycle with free access to food and water.
All experiments were conducted in accordance to the ‘Guide
for the Care and Use of Laboratory Animals’ as adopted and
promulgated by the National Institutes of Health (Pub. 85-23,
1985) and were reviewed by the Wyeth [ACUC committee.

Following induction of anesthesia with 3% halothane
(Fluothane; Zeneca, Cheshire, UK), animals were secured in
a stereotaxic frame with ear and incisor bars. Anesthesia was
maintained by continuous administration of halothane (1-2%)
while a microdialysis guide cannula (CMA/12, CMA Micro-
dialysis, Sweden) was implanted above the dorsal hippocampus
(AP: =43 mm ML: —2.6 mm DV: —2.1 mm) [41]. The guide
cannula was secured to the skull using dental acrylic and two
small stainless-steel screws. Following surgery, animals were
individually housed in Plexiglas® cages (45 cm x 45 cm), with
free access to food and water. The following day rats were used in
microdialysis experiments.

2.3. Microdialysis

Microdialysis probes (CMA12 14/02; CMA Microdialysis,
Stockholm, Sweden) were equilibrated according to manufac-
turer’s specifications. Microdialysis probes were perfused with
artificial cerebrospinal fluid (aCSF: 125 mM NaCl, 3 mM KClI,
0.75 mM MgSOy4 and 1.2 mM CaCl,, pH 7.4) prior to insertion
in the guide cannula. The microdialysis probe was then inserted
into the dorsal hippocampus via the guide cannula. A 3 h sta-
bilization period was allowed following probe insertion before
dialysate sampling was initiated.

In experiment 1, probes were perfused with aCSF at a flow
rate of 1 pl/min and samples were collected every 20 min. After
collecting 2 h of baseline samples, rats were dosed with the 5-
HTg antagonist, SB-271046 (10 mg/kg s.c.). One hour later the
perfusion fluid was switched to aCSF containing 1 puM TTX
for 60 min before switching back to regular aCSF for a further
20 min.

In experiment 2, probes were perfused with aCSF at a flow
rate of 0.5 pl/min and samples were collected every 40 min.
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After collecting 2 h of baseline samples, rats were dosed (¢=0)
with donepezil (0.5 or 1 mg/kg i.p.) or vehicle (water, 1 ml/kg
i.p.). Following dosing, dialysis samples were collected for 3 h
20 min.

At the end of all experiments, animals were euthanized and
probe placement was verified histologically. Data from animals
with incorrect probe placement were discarded.

2.4. Analyzing sample preparation

Stock solutions of standard mixtures of ACh, iso-ACh and
Ch were prepared by diluting a 10 mM water solution of each
compound with water. A stock solution of an internal stan-
dard (IS), B-methyl-ACh, was prepared in a concentration of
10 ng/ml in water. The stock solutions were stored at 4 °C. The
analysis samples were prepared by spiking 5 ul of IS and 5 pl
of water into 20 pl of dialysate followed by vortexing. Stan-
dard and QC samples were prepared by spiking 5 .l of IS and
5l of the corresponding stock standard solutions into 20 pl
of aCSF solution. Seven point calibration curves were con-
structed for each component in the concentration ranges of
0.05-10nM (1-200 fmol/20 1) for ACh, 0.25-50nM for iso-
ACh and 15-3000nM for Ch. QC samples at two different
concentration levels were used in method validation.

2.5. Liquid chromatography

An Agilent liquid chromatograph (Hewlett-Packard GmbH,
Waldbronn, Germany) was used for HPLC analysis. Chromato-
graphic separation was carried out using a Supelco LC-SCX
column (2.1mm id, 150mm length, 5pum particle size)
(Supelco, Bellefonte, PA, USA) at an oven temperature of 40 °C.
The mobile phase consisted of solvent A: 15 mM ammonium
acetate and 10 mM ammonium formate in water—acetonitrile, pH
4.0 (H,O:ACN =80:20, v/v) and B: 15 mM ammonium acetate
and 10 mM ammonium formate in water—acetonitrile, pH 4.0
(H,O0:ACN =20:80, v/v). The HPLC analysis started with a
rapid gradient from O to 100% B in 2min, hold at 100% B
for 5min, then ramped back to 0% B in 0.5 min, and finally
hold at 0% of B for 4.5 min. The flow rate was 0.4 ml/min. The
0.4 ml/min effluent from the LC column was split before the MS
and ~0.13 ml/min effluent was directed into the electrospray
interface of the mass spectrometer.

2.6. Mass spectrometry

On-line LC-MS/MS analyses were performed using a Micro-
mass Quatro Micro tandem quadrupole mass spectrometer
(Waters, Beverly, MA, USA) operated in positive electrospray
ionization mode with the source temperature at 125 °C. The mass
spectrometer was optimized prior to the analysis by post col-
umn infusion of 10ng/ml of analytes with the LC flow rate
set at 0.13 ml/min. The ESI ionization of analytes was opti-
mized to a desolvation temperature of 350 °C, a spray voltage of
+0.9kV, and a cone voltage of 18 V. Nitrogen was used as both
desolvation (1000 I/h) and nebuliser gas (fully open). The pres-
sure of the argon collision gas was set at 5 psi and adjusted to

an analyzer pressure of 2.0-3.0 x 10~* mbar. Multiple reaction
monitoring conditions for each compound were then developed.
The MRM analyses were performed by passing molecular ions
(M) through the first quadrupole (Q1) and collision dissociat-
ing the molecular ions in the second quadrupole (collision cell
—Q2). A selected product ion, based on intensity and structure
characteristics, was isolated by the third quadrupole (Q3) and
detected with the photomultiplier set at 650. The MRM transi-
tions of m/z 146 — 87 for ACh and iso-ACh, 104 — 60 for Ch,
and 160 — 101 for B-methyl-ACh were simultaneously moni-
tored. The Dwell time for each MRM transition was set at 0.2 s.
This approach provided a sensitive and selective analysis that
is unique for individual analytes. 3-methyl-ACh was chosen as
an internal standard (IS) in the analysis. The concentrations of
each neurotransmitter in microdialysates were determined by
their area ratios to that of the IS using a weighting linear fit.

2.7. Data analysis

The mean of the concentration of baseline samples was cal-
culated and denoted as 0%. All sample values were expressed
as a percent change from this pre-injection mean baseline
value (% change from baseline). Acetylcholine data, exclud-
ing pre-injection values, were analyzed by a two-way analysis
of variance (ANOVA) with repeated measures (time). All statis-
tical analyses were performed using SAS (v 1.03) within Excel®
(Microsoft).

3. Results and discussion
3.1. Optimization of mass spectrometry

Positive electrospray ionization utilizes high voltage to ionize
molecules, which have an ionisable function group, to form pro-
tonated molecularions ([M + H]"). The majority of small organic
molecules analyzed in our lab showed high ionization efficiency
to form [M + H]* ions at a spray voltage range of 3.0-3.5kV and
a cone voltage of 30—40V using the Z-spray ESI ion source on
a Micromass Quatro Micro tandem mass spectrometer. ACh,
1s0-ACh, Ch and 3-methyl-ACh have a quarternary amine func-
tion group, which carries a positive charge at acidic conditions.
Therefore, there is no need to ionize these molecules under the
mobile phase conditions (pH 4.0) used in the present work,
resulting in good sensitivity. The molecular ions (M) are the
predominant ions in the positive ESI spectra of ACh, iso-ACh,
Ch and B-methyl-ACh at acidic condition. As shown in Fig. 1a,
the sensitivity of formation of molecular ions of ACh (M* at
m/z 146) increased 2-fold when reducing the ESI capillary spray
voltage from 3.5 to 0.9 kV. The optimized cone voltage for detec-
tion of M* of ACh was also lower than that commonly used for
formation of protonated molecular ions of small organic com-
pounds. As illustrated in Fig. 1b, the sensitivity of detection
of M* of ACh increased 5-fold when reducing the cone volt-
age from 30 to 20 V. Reduced sensitivity was observed when the
spray voltage and cone voltage were lower than 0.8 kV and 10V,
respectively, which was mainly because of the poor desolvation
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Fig. 1. The effect in formation of molecular ion of ACh (M* at m/z 146) by: (a)
ESI spray voltage and (b) cone voltage.

efficiency at such low voltages. The optimized voltages of 18 V
and 0.9kV were selected for cone and ESI capillary spray,
respectively. This optimization approach achieved high sensi-
tivity, which was necessary for detection of basal ACh, using a
benchtop Quatro Micro mass spectrometer with moderate sen-
sitivity. Another interesting observation was that the intensity
of M* ion of ACh was insensitive to the organic composition
of the mobile phase (Fig. 2). In comparison, the ionization effi-
ciency to form protonated molecular ions was often significantly
enhanced or suppressed when changing eluent composition with
a LC gradient [42].

Collision-induced dissociation of molecular ions of ACh,
is0-ACh, Ch and (-methyl-ACh generated only two fragment
ions: a common fragment ion at m/z 60 and its corresponding
counterpart ions of m/z 87 for ACh and iso-ACh, m/z 101 for
B-methyl-ACh, and m/z 45 for Ch. The ion dissociation path-
ways of ACh, iso-ACh, Ch and B-methyl-ACh are presented in
Scheme 1. The substructure of the ion at m/z 60 was assigned as
trimethyl-hydro-amine. The ion at m/z 60 was a minor fragment
in the product ion spectra of ACh, iso-ACh and B-methyl-
ACh. ACh and iso-ACh produced identical product ion spectra.
The MRM transitions of m/z 146 — 87 for ACh and iso-ACh,

1001 MS ES+
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Fig. 2. The effect of mobile phase compositions on formation of molecular ion
of ACh (M* at m/z 146).
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Scheme 1. Dissociation pathways of: (a) ACh, (b) iso-ACh, (¢) Ch and (d)
-methyl-ACh.

104 — 60 for Ch and 160 — 101 for 3-methyl-ACh were chosen
for quantitation analysis.

3.2. Optimization of chromatographic conditions

The selection criteria of HPLC columns and mobile phase
systems are important for detection of these neurotransmitters
using LC/MS/MS techniques. ACh, Ch and iso-ACh are polar
molecules with low molecular weights and their retentions on
reversed phase chromatography are generally poor. Chromato-
graphic separation techniques coupled with mass spectrometry
for analysis of these small polar analytes have been achieved
by ion pairing [37,43], cation-exchange [23,35,36], and HILIC
[26,38,39,44.45]. Using ion pairing and cation-exchange tech-
niques, the major concerns were the potential ion suppression
of ESI process and the contamination of the ESI ion source
caused by ion exchange or ion-pair reagents used in the HPLC
mobile phases [40]. Using HILIC technique, the retention of
polar compounds is increased when the proportion of organic
solvent is increased [39]. In order to reduce the potential ion
suppression of ESI process, extensive method development was
often required to separate the neurotransmitters from inorganic
salts in microdialysates [38]. Other concerns for analysis are
the low concentrations of these extracellular neurotransmitters,
the complex matrixes and the small sample volume of micro-
dialysates.

In the present work, cation-exchange chromatography was
chosen for the development of an LC/MS/MS assay to mea-
sure ACh, Ch and iso-ACh in microdialysates. Mobile phase
systems containing alkanesulphonates are commonly used in
cation exchange chromatography. However, these mobile phase
systems are not ideal for electrospray ionization, since they
could significantly reduce the ionization efficiency because of
ion suppression. Hows et al. [35] developed a cation exchange
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Fig. 3. The MRM ion chromatograms of: (a) Iso-ACh (1.5nM) and ACh
(0.5nM), (b) Ch (1.5nM) and (c) IS (13 nM) standards spiked in aCSF.

chromatography with elution buffer, consisting of a mixture of
ammonium acetate, ammonium formate and acetonitrile. This
system was more suitable with MS detection. A similar mobile
phase system was also used in the present work, and high sen-
sitivity detection of these neurotransmitters was achieved.

One important consideration is the potential ion suppression
from the high concentrations of inorganic salts (sodium, potas-
sium, magnesium and calcium chlorides) in dialysates. The use
of a LC-SCX column (150 mm x 2.1 mm) with a rapid gradient
from 0 to 100% B in 2 min resulted in early elution of the inor-
ganic salts, which was diverted from the mass spectrometer for
the first 1 min. This approach rendered minimal ion suppression
typically observed during electrospray ionization, and reduced
potential ion source contamination.

Fig. 3 shows the selected MRM chromatograms of an aCSF
solution of ACh, iso-ACh and Ch standards spiked in aCSF solu-
tion. The selectivity of tandem mass spectrometry using MRM
mode allows simultaneous determination of a number of com-
pounds without chromatographic separation. However, iso-ACh
and ACh are isobar molecules and they are both present in extra-
cellular brain fluid [36,37]. ACh and iso-ACh produce the same
MRM transition [12] (Scheme 1). Therefore, baseline separation
of these two components is essential for accurate quantitation.
Separation of ACh and iso-ACh was achieved using a SCX
column with an eluent composition of 100% B (Fig. 3a).

It was mentioned by Uutela et al. [38] that the chloride ions
of the Ringers solution (or aCSF solution) may cause some cor-
rosion of the HPLC connection unions or the MS interface. The
author suggested using the inert metal material of unions instead
of stainless steel, the analysis could be carried out for weeks
without clogging. We also observed a decrease in sensitivity
over time that may be due to clogging of the ESI capillary, the
HPLC connection unions, or the PEEK tubing. We found that
the sensitivity could be easily recovered by pumping a solution
containing HyO and ACN (50:50, v/v) with 0.1% formic acid
(FA) for a couple of minutes. In a good practice, our LC/MS
system was cleaned-up weekly by pumping the HO/ACN solu-
tion with 0.1% FA for 30 min. The analysis has been carried out

for several years without changing the unions, the ESI capillary
or the PEEK tubing. In addition, this system clean-up procedure
effectively reduced the chemical noise level in MS detection.

3.3. Method validation

The selectivity of the method was investigated in aCSF
solution and microdialysis samples collected from the rat hip-
pocampus. No chemical interference was observed for all
analytes in the aCSF solution (Fig. 4). It should be mentioned
that a small interference peak was observed at the same LC
retention time and MRM transition as that of Ch in an old aCSF
solution, which was stored at 4 °C for more than 30 days. There-
fore, the aCSF solution prepared within 30 days was used for all
studies. Since baseline levels of ACh in brain microdialysates
are in fmol levels, there might be potential interferences for
ACh detection from solutions and the instrument contamina-
tion. In practice, pure aCSF solution samples were checked
daily before the analysis of microdialysates samples to avoid
the potential interferences from contamination. The ion chro-
matograms of ACh, iso-ACh and Ch in microdialysis samples
from rat hippocampus are presented in Fig. 5. Their identities
were confirmed by comparing their HPLC retention times and
the MRM transitions with the standard compounds. It should be
noticed that an unknown chemical interference peak for ACh,
which was not previously reported in the literature, was observed
in many microdialysate samples from rat brains (Fig. 5b). This
unknown chemical interference was more abundant than ACh
in many samples. In addition, the abundance of this interference
peak often increased over the sampling period. Therefore, base-
line separation of ACh and this chemical interference is essential
in accurately determining the small drug-related changes in ACh
levels. The potential chemical interferences for the IS, 3-methyl-
ACh, in microdialysis samples collected from rat brain were also
examined. As presented in Fig. 6a, an endogenous compound
was observed with the same MRM transition as 3-methyl-ACh

(a) 100
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a\@
0
(b)100 104 > 60
2 w WMWW‘MW
0 T ™ ™ T T T fﬁrl T T T T
¢) 100
© 160 > 101
=
T L
0 :
100 200 300 400 500 600 700 800
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Fig. 4. The MRM ion chromatograms of: (a) Iso-ACh and ACh, (b) Ch and (c)
IS in pure aCSF solution.
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Fig. 5. The MRM chromatograms of: (a) ACh and iso-ACh, (b) an unknown
interference peak of ACh and iso-ACh and (c) Ch in microdialysate from rat
hippocampus.

(160 — 101) in microdialysates collected from rat brain. This
endogenous compound was well separated from 3-methyl-ACh
(Fig. 6b) and did not interfere with the analysis.

In the method reported by Hows et al. [35], the concentra-
tions of ACh were measured without using an internal standard.
The reproducibility of the LC/MS analysis for quantitation of
ACh was examined with and without using the IS. In the study,
an aCSF solution contained 0.1 ng/ml of ACh and 2 ng/ml of
IS was analyzed repeatedly for 88 injections in a period of
17.6 h. The eluent from the LC column was directed into the ion
source of the mass spectrometer to observe the maximum effect

(a)1001 S 160> 101
Endogenous
o compound
0 T T T T T T
(b) 100 7 .40 160 > 101
o B -methyl-ACh (IS)
O\‘ -
0 M T T T T T 1
400 6.00 8.00 10.00 12.00
Time (min)

Fig. 6. The ion chromatograms for the MRM transition of 160> 101 in: (a)
microdialysis samples collected from rat hippocampus and (b) microdialysis
samples from rat hippocampus spiked with IS B-methyl-ACh.

of aCSF solution on enhancement or suppression of molecular
ions of ACh. A significant shift for the measured concentrations
of ACh was observed when the IS was not used. In contrast,
good reproducibility was achieved when the ACh concentra-
tion was determined using the peak area ratio to the internal
standard. The mean concentrations of ACh (n=88), mea-
sured with and without using IS, were 0.102 & 0.006 ng/ml and
0.140 £ 0.043 ng/ml, respectively. The percent deviations of the
mean values of ACh to the spiked concentration (0.1 ng/ml) mea-
sured with and without using IS were 2% and 40%, respectively.
The results indicated that the IS played an important role for
accurate measurement of ACh concentration in aCSF solution.

The samples collected from rat brain contained numerous
endogenous compounds. The potential matrix effects on the
measurements of ACh, iso-ACh and Ch in the LC/ESI/MS/MS
analysis were investigated. First, the original concentrations
of ACh, iso-ACh and Ch in microdialysis samples collected
from rat dorsal hippocampus were measured to be 0.9, 10.6
and 1525 nM, respectively. Next, standard solutions of ACh,
is0-ACh and Ch were spiked in the aliquots of the microdialy-
sis samples to make the spiked concentrations of 0.5, 10 and
1500nM for ACh, iso-ACh and Ch, respectively. The con-
centrations of these neurotransmitters in the spiked samples
were then measured and the differences in the concentrations
between the original samples and the spiked samples were cal-
culated. The mean recoveries of the spiked ACh, iso-ACh and
Ch were 106 7,93 &8 and 110 4 10% (value = CV%, n=5),
respectively. Collectively, these data indicated that there were
no significant matrix effects on the measurement.

The limit of detection (LOD) in aCSF solution for ACh,
is0-ACh and Ch was 0.01 nM (0.2 fmol on column), 0.03 nM
(0.6 fmol on column) and 0.1 nM (2 fmol on column) with a
S/N of 3:1, respectively. The limit of quantitation (LOQ) in
aCSF solution for ACh, iso-ACh and Ch was 0.05 nM (1 fmol
on column), 0.15nM (3 fmol on column) and 0.5 nM (10 fmol
on column) with a S/N of 10:1, respectively. The LOQ achieved
in this method was 10-30 times more sensitive than the previ-
ous reported methods for ACh using ion pairing/ion trap [37],
ion-exchange/tandem mass spectrometry [35], and HPLC-ECD
methodologies using enzyme reactors [46]. A similar LOD and
LOQ for ACh were claimed using HILIC/tandem mass spec-
trometry [38]. This method was three times more sensitive for
Ch than the HILIC/MS method [38].

A seven-point standard curve was prepared to establish
the calibration range, and linear regression analysis wit 1/x>
weighting was applied. Calibration curves of ACh, iso-ACh
and Ch were linear in the concentration ranges of 0.05—10nM,
0.25-50 nM and 15-3000 nM, respectively, using the peak area
ratios of the analyte to that of IS B-methyl-ACh. The corre-
lation coefficients were <0.995 for all three compounds. The
intra-batch and inter-batch accuracy and precision for analysis
of ACh, iso-ACh and Ch at two different concentrations in aCSF
solutions are summarized in Table 1. The R.S.D. was less than
5% for ACh and iso-ACh, and less than 7% for Ch.

The stability of ACh and Ch spiked in microdialysis samples
from rat hippocampus were evaluated at both 4 and 25 °C for
24 h. Our observations were in agreement with a previous report
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Table 1
Accuracy and precision of the LC/MS/MS method for the analysis of ACh, iso-ACh and Ch in aCSF solution
Nominal conc (nM) ACh Iso-ACh Ch
0.25 5.00 1.25 25.0 75.0 1500
Inter-batch (n=10)
Mean 0.249 5.01 1.24 24.7 76.2 1515
S.D. 0.0110 0.182 0.060 0.80 4.11 74.2
% R.S.D. 44 3.6 4.8 32 54 49
Intra-batch (n=3)
Mean 0.252 4.89 1.27 254 78.0 1491
S.D. 0.0101 0.161 0.053 0.82 4.50 924
% R.S.D. 4.0 32 42 32 5.8 6.2

S.D.: standard deviation; R.S.D.: relative standard deviation.

[38] showing that ACh was stable under these conditions. ACh
was stable in the rat brain microdialysates for at least 2 months
at —80°C. In contrast to ACh, Ch decomposed totally in the
microdialysis samples collected from rat brains at room temper-
ature for 24 h. Ch was stable in aCSF solution for at least a week
at room temperature suggesting that some endogenous chemi-
cals in rat brain might cause the conversion or decomposition
of Ch. When microdialysate samples were stored at —80 °C, the
degradation of Ch slowed down. Ch was stable for at least a week
in the freezer (—80 °C). In order to obtain reliable quantitation
of Ch, the microdialysis samples should be collected under low
temperature and immediately moved to a freezer after collec-
tion. The samples should be analyzed within a couple of hours
after sample defrosts.

4. Application

The developed LC/MS/MS method was evaluated in vivo by
monitoring the changes of ACh and iso-ACh concentrations in
the dorsal hippocampus of freely moving rats after administra-
tion of SB-271046 and donepezil. The chemical structures of
SB-271046 and donepezil are presented in Fig. 7.

As shown in Fig. 8, administration of the 5-HT¢ receptor
antagonist, SB-271046 (10 mg/kg s.c.) caused nearly a 2-fold
increase in the extracellular concentration of ACh related to
the baseline. In a parallel experiment, tetrodotoxin (chemical

HQ o-ch, © OH

5 N _NH;
=y
Cl /
N _NH B
§ S HO- '
[OJaNe] OH
HO
SB-271046 tetrodotoxin
Uy OO
5
HsC o

Donepezil

Fig. 7. The chemical structures of SB-271046, tetrodotoxin (TTX) and
dosepezil.

structure of TTX in Fig. 7) (1 wuM) was infused via the dialysis
probe 60 min after administration of SB-271046. Perfusion of
TTX caused a significant decrease in ACh levels to a maximum
50% below baseline (p <0.001). The decrease in ACh during and
after perfusion of the sodium channel blocker, TTX, indicates
that ACh release was impulse dependent and from a neuronal
source.

The extracellular concentrations of iso-ACh were unchanged
after administration of SB-271046 or donepezil. Perfusion of
TTX also had no effect on the iso-ACh levels from the rat hip-
pocampus. The results suggested that iso-ACh could be used
as an endogenous internal standard in quantitation of ACh to
further increase the accuracy of the measurement.

Administration of donepezil (0.5 and 1 mg/kgi.p.) produced a
dose-dependent increase in ACh levels (F2.g8 =6.25; p<0.0001)
(Fig. 9). The lower dose at 0.5 mg/kg produced a 50% increase
whereas the higher dose at 1 mg/kg produced over 150% increase
in hippocampal acetylcholine.

The increase in ACh release seen after administration of
the 5-HTg receptor antagonist, SB-271046, was consistent with
reports in the literature [47]. The increase in hippocampal ACh
release seen after administration of donepezil was consistent
with data in the literature for drugs that block the degrada-
tion of ACh through inhibition of the enzyme, AChE [48]. The
dose dependent increase in ACh data after administration of
the AChE inhibitor, donepezil, demonstrated that the developed
LC/MS/MS method provided a sensitive and reliable analysis,
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Fig. 8. Influence of the 5-HTg antagonist, SB-271046, on ACh release with or
without including TTX in aCSF perfusion solution.
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Fig. 9. Influence of donepezil (0.5-1 mg/kg i.p.) on ACh release.

which allowed the small changes in the extracellular concen-
trations of ACh to be monitored. Accurately measuring small
changes in ACh levels in specific brain regions of freely moving
animals induced by drug candidates provides important infor-
mation in understanding disease pathology as well as designing
and evaluating novel disease-modifying treatments. These bio-
logical data provided in vivo validation of the method.

5. Conclusion

A LC/MS/MS method was developed and validated to
monitor the small changes in ACh concentrations of brain
microdialysates using a benchtop tandem quadrupole mass spec-
trometer with a moderate sensitivity. This method achieved a
detection limit of ACh at 0.01 nM (0.2 fmol) and a quantitation
limit of 0.05 nM (1 fmol), which allowed reliable measurement
of basal levels of ACh in specific regions of the rat brain. In addi-
tion, since there were no AChE inhibitors present in the aCSF,
this new method enabled the measurement of ACh in its native
state. The chromatographic separation of ACh from iso-ACh
and an unknown chemical interference in brain microdialysates
ensured the accuracy of the measurements. The developed
method was validated in vivo by monitoring the changes of ACh
concentrations in the dorsal hippocampus of freely moving rats
after administration of SB-271046, donepezil and TTX. Over-
all, this new analytical method may demonstrate improved utility
in drug discovery efforts designed to engineer compounds that
interact, either directly or indirectly, with ACh and cholinergic
receptor systems.
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