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a  b  s  t  r  a  c  t

Amino  acids  and  myo-inositol  have  long  been  proposed  as putative  biomarkers  for  neurodegenerative
diseases.  Accurate  measures  and  stability  have  precluded  their  selective  use.  To this  end,  a  sensitive  liquid
chromatography  tandem  mass  spectrometry  (LC–MS/MS)  method  based  on  multiple  reaction  monitoring
was  developed  to  simultaneously  quantify  glutamine,  glutamate,  �-aminobutyric  acid  (GABA),  aspartic
eywords:
C–MS/MS
mino acids
yo-inositol
ILIC

acid,  N-acetyl  aspartic  acid,  taurine,  choline,  creatine,  phosphocholine  and  myo-inositol  in  mouse  brain
by methanol  extractions.  Chromatography  was  performed  using  a hydrophilic  interaction  chromatog-
raphy  silica  column  within  in a total  run  time  of  15  min.  The  validated  method  is  selective,  sensitive,
accurate,  and  precise.  The  method  has  a limit  of  quantification  ranging  from 2.5  to  20  ng/ml  for  a  range
of analytes  and  a  dynamic  range  from  2.5–20  to  500–4000  ng/ml.  This  LC–MS/MS  method  was  validated

n  mo
ultiple reaction monitoring (MRM) for  biomarker  discovery  i

. Introduction

Amino acids (AAs) are the building blocks for peptides and
roteins serving a broad range of cellular functions including coen-
ymes, antioxidants, and neurotransmitters [1–3]. AAs such as
lutamic acid (Glu), and �-aminobutyric acid (GABA) have a promi-
ent role in the pathobiology of several neurological disorders
4–6]. Common amongst these diseases is neuronal dysfunction
nd loss [7–9]. The basis for the dysfunction lies, in part, through
lterations in excitatory amino acid (EAA) activities such as Glu,
hich binds to a variety of EAA ligand-gated ion channels. If, for
ny reason, receptor activation becomes excessive, target neurons
re damaged and eventually die [10]. As Glu and other AAs function
s excitatory neurotransmitters within the central nervous system

Abbreviations: LC–MS/MS, liquid chromatography–tandem mass spectrometry;
ILIC, hydrophilic interaction liquid chromatography; MRM, multiple reaction mon-

toring; ACN, acetonitrile; MeOH, methanol; IS, internal standard; AD, Alzheimer’s
isease; PD, Parkinson’s disease; AAs, amino acids; QC, quality control; Gln, glu-
amine; Glu, glutamic acid; GABA, �-aminobutyric acid; NAA, N-acetyl aspartic acid;
sp,  aspartic acid; Tau, taurine; Cho, choline; PC, phosphocholine; MI,  myo-inositol;
R,  creatine.
∗ Corresponding author at: Department of Pharmaceutical Science, College of

harmacy 3039, University of Nebraska Medical Center, Omaha, NE 68198-6025,
SA. Tel.: +1 402 559 4631 (office)/+1 402 559 2407 (lab); fax: +1 402 559 9543.

E-mail address: yalnouti@unmc.edu (Y. Alnouti).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2012.01.035
dels  of human  neurological  disorders.
© 2012 Elsevier B.V. All rights reserved.

(CNS), their implications for neuronal injury in a range of neu-
rodegenerative disorders that include ischemia, traumatic brain
injury, Alzheimer’s disease (AD), Parkinson’s disease (PD), Hunt-
ington’s disease, and amyotrophic lateral sclerosis amongst others
are profound [11]. For example, previous studies indicated that AAs
such as Asp, GABA, and Glu are significantly reduced in AD brains;
whereas other studies showed elevated myo-inositol (MI) levels
in the brains and cerebrospinal fluid of AD and Down syndrome
patients, respectively [12–14].  As a consequence excitotoxic AAs
have been a long term focus of research pursuits in health and into
the pathobiology of diseases of the nervous system making their
quantitation highly relevant [15]. Therefore, quantification of AAs
may  play an important role in the diagnosis and understanding the
etiology and progression of neurodegenerative diseases [16].

AAs have been previously quantified by gas
chromatography–mass spectroscopy (GC–MS) following deriva-
tization with silylation agents such as tert-butyl-dimethylsilyl
and t-butylmethylsilyl [17–19].  AAs have also been determined
in brain tissues by liquid chromatography (LC) with UV, fluores-
cence, and coulometric detection [12,14,20].  These methods have
several disadvantages such as the tedious extraction procedure,
limited selectivity, relatively long run time, and the presence of

interfering peaks due to the low selectivity of these detection
techniques. Because of its high selectivity and sensitivity, tan-
dem mass spectrometer MS/MS  detectors can overcome these
problems. Therefore, LC–MS/MS methods were developed for

dx.doi.org/10.1016/j.jchromb.2012.01.035
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:yalnouti@unmc.edu
dx.doi.org/10.1016/j.jchromb.2012.01.035
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Table 1
MRM  transitions and MS  parameters for the analytes and IS.

MRM  transition Declustering
potential (V)

Collision
energy (eV)

Cell exit
potential (V)

Gln 147.0 → 129.9 31 15 22
MI 178.9 → 160.9 −55 −18 −1
GABA 104.0 → 68.9 31 23 12
Glu 148.0 → 84.0 36 25 14
NAA 176.0 → 133.9 36 15 22
Asp 133.9 → 73.9 36 21 12
Tau 125.9 → 107.8 41 17 18
Cho 104.0 → 60.0 56 25 10
CR  131.9 → 87.1 46 23 14
PC  184.0 → 86.0 41 25 14
Glu-d5 (IS) 153.0 → 88.0 41 25 14
6 S.P. Bathena et al. / J. Chrom

he quantification of AAs in biological samples [17–19,21,22]. It
s difficult to retain highly hydrophilic analytes using reverse-
hase chromatography, which may  lead to the co-elution of such
ydrophilic analytes with other endogenous compounds present

n the biological matrix. Ion pairing chromatography is a special
orm of reverse-phase chromatography for separating complex

ixtures of hydrophilic and ionic analytes. Therefore, ion pairing
hromatography with ion-pairing reagents such as perfluoro-
arboxylic acids (PDFOA) and trifluoroacetic acid was  used to
mprove the chromatographic separation of AAs [18]. However,
he use of these ion-pairing reagents results in ion suppression
ssues as well as irreproducibility of the retention profile over
ime. The column had to be flushed with organic solvent for 20 min
very 6 injections to prevent the accumulation of ion pairing
eagents and therefore improve reproducibility of retention time
23].

Another approach to improve the retention of hydrophilic
nalytes is to use hydrophilic interaction liquid chromatography
HILIC). The mechanism of retention in HILIC columns includes
he partitioning of analytes between a water-enriched layer of a
tagnant aqueous mobile phase attached to a hydrophilic station-
ry phase and a relatively more hydrophobic bulk mobile phase
24]. Therefore, hydrophilic molecules can be retained on nor-

al  phase columns using solvents typically used in reverse-phase
obile phases such as water and acetonitrile (ACN). Retention

f analytes is increased by increasing the ACN content in mobile
hase [25]. The high content of organic mobile phases required to
etain molecules on a HILIC column improves ionization of ana-
ytes in the ESI source, which leads to enhanced MS  response
ompared to reversed-phase chromatography [25]. One LC–MS/MS
ethod was developed for the analysis of AAs in brain micro-

ialysates using HILIC [26]. However, only two  AAs (GABA and
lu) were quantified using this method. Therefore, we report a
alid LC–MS/MS method for the quantification of nine AAs and
I in mouse brain using a HILIC silica column. This method
as developed to support multiple studies that aim to study

he role of AAs and MI  as potential biomarkers for neurological
isorders.

. Experimental

.1. Chemicals and reagents

Glutamine (Gln), myo-inositol (MI), �-aminobutyric acid
GABA), glutamic acid (Glu), N-acetyl aspartic acid (NAA), aspartic
cid (Asp), taurine (Tau), choline (Cho), creatine (CR), and phospho-
holine (PC) were purchased from Sigma–Aldrich (St. Louis, MO).
lu-d5 was purchased from C/D/N ISOTOPES, INC. (Pointe-Claire,
uebec, Canada). HPLC grade methanol, acetonitrile, 1-butanol,
cetone, formic acid, and acetic acid were purchased from Fisher
cientific (Fair Lawn, NJ, USA).

.2. Instrumentation

A Waters ACQUITY ultra-performance liquid chromatography
UPLC) system (Waters, Milford, MA,  USA) coupled with a 4000

 TRAP® hybrid quadrupole linear ion trap mass spectrometer
ith an electrospray ionization (ESI) source (Applied Biosys-

ems, MDS  Sciex, Foster City, CA, USA) was used throughout.
he UPLC and MS  systems were controlled by Empower Pro 6.0
nd Analyst 1.4.2 software, respectively. All chromatographic sep-

rations were performed using a Waters Atlantis® HILIC silica
olumn (5 �m,  150 mm × 2.1 mm)  equipped with a Phenomenex
ECURITYGUARDTM C18 (ODS) column (4 mm × 3.0 mm)  (Phe-
omenex, Torrance, CA, USA).
2.3. Liquid chromatographic and mass spectrometric conditions

Mobile phase A consisted of 0.1% formic acid in water and mobile
phase B comprised of acetonitrile (ACN). The chromatographic sep-
aration was achieved using gradient elution. The initial mobile
phase composition was  75% B for the first 5.25 min, was gradu-
ally decreased to 25% B over 0.25 min, and then held constant at
25% B for 3.5 min. The mobile phase was then reset to the initial
conditions at 75% B over 0.25 min  and the column was equilibrated
under these conditions for 5.75 min. The total run time was 15 min
and the injection volume of all samples was  10 �l. The column tem-
perature was set at 23 ◦C and a total flow rate of 300 �l/min was
used.

Mass spectrometer parameters, such as temperature, voltage,
and gas pressure were optimized by infusing each analyte and
the internal standard (Glu-d5) using a 1 �g/ml solution in H2O via
a Harvard ‘22’ standard infusion syringe pump (Harvard Appara-
tus, South Natick, MA,  USA). Analytes and internal standard (IS)
were detected in the positive ionization mode except MI,  for which
negative ionization mode was  used. The following settings were
optimized for achieving highest signal intensity, ion spray volt-
age: ±4500 V, source temperature: 600 ◦C, curtain gas: 10, gas-1:
40, gas-2: 30, collision gas pressure: high, Q1/Q3 resolution: unit;
and interface heater: on. The multiple reaction monitoring (MRM)
transitions for each analyte and IS, as well as their respective
optimum MS  parameters, including declustering potential (DP),
collision energy (CE), and cell exit potential (CXP), are shown in
Table 1.

2.4. Preparation of standard solutions and calibration curves

Brain homogenates were prepared by homogenizing approx-
imately 100 mg  brain tissues, collected from control mice, in
methanol (1:3, w/v). The brain homogenate was  then diluted 4500-
fold with distilled water. 200 �l of the diluted homogenates were
spiked with 20 �l of the appropriate working standard solutions
containing IS (Glu-d5). Samples were then extracted by protein
precipitation using 2 ml methanol. Samples were vortexed and cen-
trifuged at 20,000 × g for 10 min. The supernatants were aspirated
and evaporated under vacuum, and the resulting residues were
reconstituted in 400 �l of 50% ACN. Therefore, samples were diluted
36,000-fold (4 × 4500 × 2) by the time they are analyzed. The final
concentration of IS in the calibration curve was  75 ng/ml. The cal-
ibration curves were constructed within the following dynamic
ranges for various analytes: 2.5–500 ng/ml for Cho; 5–1000 ng/ml

for PC, GABA, Asp, NAA, and Gln; 10–2000 ng/ml for Glu, Tau, and
CR; and 20–4000 ng/ml for MI.
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.5. Sample preparation

Brain tissues were collected from mice and stored at −80 ◦C
ntil analysis by LC–MS/MS. Approximately, 20 mg  of brain tissue
as homogenized in methanol (1:3, w/v). The brain homogenate
as then diluted 1500-fold with distilled water. 200 �l of the
iluted homogenate was spiked with 20 �l of IS solution (Glu-
5). Samples were then extracted and reconstituted the same
ay as described for calibration standards. Therefore, samples
ere diluted 12,000-fold (4 × 1500 × 2) by the time they are

nalyzed.

.6. Method validation

The method was validated using 5 QC points for each calibra-
ion curve. The concentrations of QC points were 5, 10, 50, 750,
nd 1000 ng/ml for PC, GABA, Asp, NAA and Gln; 10, 20, 100, 1500,
000 ng/ml for Glu, Tau, and CR; 20, 40, 200, 3000, 4000 ng/ml
or MI;  and 2.5, 5, 25, 375, 500 ng/ml for Cho. Five replicates of
ach QC point were analyzed each day to determine the intra-
nd inter-day accuracy and precision. This process was repeated

 times over 3 days using freshly prepared calibration curves.
ntra-day accuracy and precision were calculated from the % bias
% (measured–theoretical)/theoretical concentration] and relative
tandard deviation [%RSD = % standard deviation/mean], respec-
ively, for the 5 replicates of each QC point. Inter-day accuracy
nd precision were calculated similarly for the 15 replicates of
ach QC point pooled from the 3 validation runs. The absolute
ecovery was determined for each of the 5 QC points. Absolute
ecovery was calculated by comparing the peak area of sam-
les spiked pre-extraction to the peak area of samples in neat
olution (50% ACN in water). Stability of stock solutions was deter-
ined on the bench, in the −20 ◦C freezer, and in the −80 ◦C

reezer.

. Results and discussions

.1. Method development

A sensitive method was developed for the quantification of 9
As and MI  in mouse brain. Variant columns and mobile phases
ere evaluated to optimize chromatographic conditions. AAs were
ot retained longer than 1–1.5 min  on reverse phase columns
uch as C18 and phenyl columns regardless of the composition
r the pH of the mobile phase (data not shown). Hydrophilic ana-
ytes are retained longer using normal phase, ion pairing, or ion
xchange chromatography. However, these techniques are gener-
lly not compatible with ESI-MS because of the use of nonvolatile
obile phase solvents, buffers, and or salts. In addition, despite

he availability of relatively volatile ion pairing reagents, ion sup-
ression and other issues related to method ruggedness have been
eported with LC–MS analysis of AAs as well as other analytes using
hese volatile ion pairing reagents [18,23,27].  The effect of ion pair-
ng agents in the method development process was investigated.
he use of tridecafiuoroheptanoic acid (TDFHA) at relatively small
oncentrations (0.1–1 mM)  caused significant ion suppression for
ost AAs such as Tau (75-fold), MI  (70-fold), NAA (12-fold), and
ABA and PC (3-fold). TDFHA also resulted in a marked increase in

he retention time of Gln and Glu (100%), CR (275%), and GABA and
ho (1000%). However, the retention time of other analytes were

ot affected by TDFHA. Another approach to analyze hydrophilic
nalytes is HILIC. One LC–MS/MS method was developed to quan-
ify GABA and Glu in brain microdialysates using HILIC column [26].
owever, this method quantified only two AAs (GABA and Glu).
. B 893– 894 (2012) 15– 20 17

Therefore, we  investigated the application of HILIC to support the
LC–MS/MS analysis of AAs in mouse brain.

The effect of the mobile phase composition including both the
organic and aqueous phases on the signal intensity and chromatog-
raphy of analytes using HILIC columns were investigated. The use
of ACN resulted in a higher MS  signal compared to MeOH for most
AAs. For examples, the MS  signal for Glu and Asp were 10-fold
higher when ACN, rather than MeOH, was  used in the mobile phase.
Although 0.1% acetic acid resulted in a higher signal and a slightly
higher retention time than 0.1% formic acid for most of the ana-
lytes, it, however, resulted in a poor peak shape for NAA and Asp.
The retention time of Gln, MI,  GABA, NAA, Asp, and Cho increased
with increasing the pH of the mobile phase, but there was a decrease
in signal intensity as well. Therefore, 0.1% formic acid was finally
selected as the aqueous phase because it provides baseline sepa-
ration with an acceptable peak shape and high sensitivity for all
analytes within a relatively short run time. Fig. 1 shows a represen-
tative chromatogram of all the AAs and MI  in a mouse brain sample
under final chromatographic conditions.

Preparing the calibration curve in the same biological matrices
to be analyzed compensates for losses of analytes during sam-
ple extraction and ion suppression/enhancement in the ESI source
that result from the co-eluting endogenous components of the
matrix. Because AAs are endogenous compounds, blank matrices
free from AAs are not available. Therefore, the method of standard
addition was investigated. Calibration standards were prepared
by spiking the biological matrix of interest (brain homogenate)
with analyte standards and the background of endogenous levels
of AAs in the blank unspiked samples were subtracted. Because
of the high endogenous levels of most AAs and the wide varia-
tion of the endogenous levels of the various AAs in the brain, it
was not possible to produce a calibration curve with the desirable
dynamic range for all AAs of interest by directly spiking control
tissue homogenates. Therefore, control brain homogenates were
diluted three fold more than the actual study samples before they
were used to construct the calibration curves, i.e. 1500-fold for
brain homogenates of the study samples vs. 4500-fold for the brain
homogenate used spiked with calibration standards to construct
the calibration curve. We  studied the effect of matrix dilution on
the extraction recovery to ensure that the matrix of the actual study
samples and the “diluted matrix” of the calibration standards pro-
duce similar matrix (suppression/enhancement) effects on the AA
analytes. Extraction recoveries of all analytes were not affected by
sample dilution and were similar in brain homogenates diluted in
the range of 103–105 fold (data not shown).

Several extraction procedures were investigated for the extrac-
tion of AAs from brain tissues including protein precipitation and
liquid–liquid extraction. Extraction recoveries were higher using
methanol for protein precipitation compared with acetonitrile,
ethanol, 5% FA in ethanol, or 5% NH4OH in ethanol. Liquid–liquid
extraction using methanol/H2O/hexane yielded extraction recov-
eries similar to protein precipitation with methanol but the latter
was selected, as it was simpler to perform. Extraction recoveries
of all the analytes are summarized in Table 2. The recoveries of all
analytes were higher than 70% at various QC concentrations using
methanol–protein precipitation. It has been reported that some AAs
undergo rapid degradation during sample preparation due to resid-
ual activity of endogenous enzymes [28]. Therefore, the stability
of AAs during sample preparation was investigated. Indeed, most
of the AAs of interest underwent rapid degradation after homog-
enizing brain tissues in water. In contrast, these AAs were stable
for at least 24 h after brain homogenization in methanol (Fig. 2).

This is likely due to the inhibition of the activity of endogenous
enzymes responsible for amino acid degradation by the organic sol-
vent. Therefore, the brain tissues were homogenized in methanol
in our studies.
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Fig. 1. A representative chromatogram of the endogenous levels of AAs in mouse brain before spiking with analyte standards (A), and after spiking with analyte standard
solutions (concentration) and IS (concentration) (B).

Fig. 2. Degradation profile of some AAs from brains homogenized (A) in (1:3, w/v) water and (B) in (1:3, w/v) methanol. The % relative peak area is calculated by taking the
ratio  of peak area of analytes at various time points to peak area of analytes at time “0 h”.
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Table  2
Extraction recoveries of analytes from mouse brain at 5 QC levels.

QC1 QC2 QC3 QC4 QC5
Nominal conc. 5 (ng/ml) 10 (ng/ml) 50 (ng/ml) 750 (ng/ml) 1000 (ng/ml)

PC 98.9 ± 10.3 108.6 ± 3.7 91.7 ± 5.5 101.5 ± 7.2 98.3 ± 4.7
GABA 105.0 ± 15.5 72.6 ± 3.4 80.7 ± 2.7 70.5 ± 2.1 71.4 ± 4.5
Asp  80.2 ± 8.9 101.3 ± 9.2 87.1 ± 6.0 81.0 ± 4.1 75.1 ± 5.0
NAA 84.6  ± 7.7 114.6 ± 11.1 93.5 ± 12.3 87.5 ± 4.2 71.6 ± 11.6
Gln  81.3 ± 12.8 85.7 ± 3.1 78.5 ± 3.3 75.2 ± 2.7 74.8 ± 5.2

QC1  QC2 QC3 QC4 QC5
Nominal conc. 10 (ng/ml) 20 (ng/ml) 100 (ng/ml) 1500 (ng/ml) 2000 (ng/ml)

Glu 80.0 ± 8.3 85.4 ± 9.8 88.4 ± 5.5 81.5 ± 1.2 77.2 ± 2.5
Tau 74.9 ±  10.7 84.8 ± 7.5 77.3 ± 7.4 77.2 ± 5.1 71.5 ± 1.9
CR  72.5 ± 11.9 70.0 ± 5.6 72.1 ± 3.6 75.9 ± 2.1 75.2 ± 1.0

QC1 QC2 QC3 QC4 QC5
Nominal conc. 20 (ng/ml) 40 (ng/ml) 200 (ng/ml) 3000 (ng/ml) 4000 (ng/ml)

MI  72.3 ± 10.0 75.0 ± 12.3 75.8 ± 1.7 80.2 ± 5.6 73.1 ± 11.6

QC1  QC2 QC3 QC4 QC5

3
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Nominal conc. 2.5 (ng/ml) 5 (ng/ml) 

Cho 77.3 ± 12.8 86.50 ± 7.8 

.2. Method validation

The reliability and reproducibility of this method was  evalu-
ted by determining the inter-day and intra-day (data not shown)
ccuracy and precision using 5 QC concentrations distributed
hroughout the dynamic range for each analyte. Table 3 summa-
izes the results of inter-day accuracy and precision of the method.
he precision and accuracy was <20% for all the 10 analytes at
OQ and <15% at the other four QC concentrations. The slopes and
ntercepts were consistent throughout validation and the regres-
ion coefficient (r2) was >0.95 for all analytes. The LOQ levels
anged from 2.5 ng/ml to 20 ng/ml and the dynamic ranges ranged
rom 2.5–500 ng/ml to 20–4000 ng/ml for the various analytes. The

OQ and dynamic ranges for the various analytes varied due to
he marked differences in their sensitivity and their endogenous
evels in brain. The results of stability studies indicate that neat
tandards of the analytes were stable for at least 1 week, and

able 3
ummary of the inter-day accuracy and precision of analytes in mouse brain.

QC1 QC2 QC3 

Nominal conc. 5 (ng/ml) % RSD 10 (ng/ml) % RSD 50 (ng

PC 4.90 15.79 9.57 11.79 45.49 

GABA  5.19 12.93 11.32 10.49 52.80 

Asp  4.83 14.94 10.55 9.59 51.16 

NAA  4.90 15.53 10.03 10.15 51.33 

Gln  4.77 18.61 10.63 12.93 52.97 

QC1 QC2 QC3 

Nominal conc. 10 (ng/ml) % RSD 20 (ng/ml) % RSD 100 (ng

Glu 10.62 16.01 19.24 11.94 108.96 

Tau  9.42 17.40 19.85 12.33 111.89 

CR  10.66 10.19 20.07 12.11 106.96 

QC1  QC2 QC3 

Nominal conc. 20 (ng/ml) % RSD 40 (ng/ml) % RSD 200 (ng

MI  19.60 13.46 39.43 12.21 210.70 

QC1  QC2 QC3 

Nominal conc. 2.5 (ng/ml) % RSD 5 (ng/ml) % RSD 25 (ng

Cho 2.72 11.76 4.90 11.26 25.68 
25 (ng/ml) 375 (ng/ml) 500 (ng/ml)

78.1 ± 5.7 82.3 ± 1.4 78.4 ± 3.5

2  months, on the bench, and in the −20 ◦C and −80 ◦C freezers,
respectively.

3.3. AAs in mouse brain

Table 4 summarizes the concentrations of AAs and MI  obtained
in mouse brain tissue. AA levels were reported by magnetic res-
onance (MR) spectroscopy, fluorescence detection, GC–MS, and
HPLC with UV or electrochemical detection (ECD). Data reported
from these studies varied significantly. We  report similar concen-
trations of MI,  Asp, CR, Cho, GABA, and PC to those previously
reported [29–34].  In contrast, our concentrations of Gln and Tau
were about 5-fold lower than previous reports [33,35], whereas,

NAA and Glu were 2.5-fold higher than what was  reported in pre-
vious studies [30,31]. The differences in endogenous levels of AAs
reported from the various studies could be due to degradation of
AAs during sample extraction due to residual enzymatic activity,

QC4 QC5

/ml) % RSD 750 (ng/ml) % RSD 1000 (ng/ml) % RSD

8.24 803.31 6.97 1057.29 3.85
6.39 712.68 4.55 954.68 2.89
8.68 733.79 5.06 963.45 4.34
9.95 738.14 6.29 997.51 6.16

11.34 696.75 5.94 938.33 5.42

QC4 QC5

/ml) % RSD 1500 (ng/ml) % RSD 2000 (ng/ml) % RSD

6.38 1437.81 3.41 1878.79 6.59
6.49 1355.18 5.39 1730.06 4.27
8.57 1372.24 5.27 1818.87 7.08

QC4 QC5

/ml) % RSD 3000 (ng/ml) % RSD 4000 (ng/ml) % RSD

11.98 3017.25 6.75 3734.61 7.14

QC4 QC5

/ml) % RSD 375 (ng/ml) % RSD 500 (ng/ml) % RSD

7.47 351.61 4.25 441.20 4.36
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Table  4
Endogenous levels of AAs and MI  in control mice brain obtained from our method
(n  = 9). Values are reported as mean ± SEM.

Analyte Concentration (mmol/kg tissue)

Gln 5.81 ± 0.27
MI 4.41 ± 0.32
GABA 4.34 ± 0.85
Glu 8.65 ± 0.38
NAA 4.91 ± 0.28
Asp 2.82 ± 0.47
Tau 10.25 ± 0.55
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[33] S. Murai, H. Saito, R. Shirato, T. Kawaguchi, J. Pharmacol. Toxicol. Methods 46

(2001) 103.
Cho 0.98 ± 0.28
CR  13.30 ± 0.43
PC 0.44 ± 0.07

ifferent analytical procedures used, age, gender, and/or the num-
er of mice used in the study. In addition, one study [31] quantified
As in specific regions of brain such as the cortex rather than the
hole brain.

. Conclusion

A sensitive, selective, and simple LC–MS/MS method using HILIC
as validated for the quantification of nine AAs and MI  in mouse

rain. The validated method is selective, precise, and accurate. One
tep methanol–protein precipitation was used for sample extrac-
ion. Extraction recovery for all analytes was consistently higher
han 70% throughout the dynamic range of the method. Method
alidation was performed in the range of 2.5–20 to 500–2000 ng/ml
o ensure the simultaneous quantification of all analytes of interest
n one chromatographic run. This method will be applied to sup-
ort multiple projects, aim to study the relationship between the

evels of AAs in brain and the pathological changes associated with
eurological diseases. Furthermore, this LC–MS/MS method will be
sed along with magnetic resonance spectroscopy to elucidate the
europathobiology of diseases of the nervous system.
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