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a b s t r a c t
We developed a new multiplexed reversed phase liquid chromatography-high resolution tandem mass
spectrometric (LC-MS/MS) method. The method is based on isobaric labeling with a tandem mass tag
(TMT10-plex) and stable isotope-labeled internal standards, and was used to analyze amino acids in
mouse brain microdialysis samples. The TMT10-plex labeling of amino acids allowed analysis of ten samples in one LC-MS/MS run, signiﬁcantly increasing the sample throughput. The method provides good
chromatographic performance (peak half-width between 0.04–0.12 min), allowing separation of all TMTlabeled amino acids with acceptable resolution and high sensitivity (limits of detection typically around
10 nM). The use of stable isotope-labeled internal standards, together with TMT10-plex labeling, ensured
good repeatability (relative standard deviation ≤ 12.1 %) and linearity (correlation coeﬃcient > 0.994),
indicating good quantitative performance of the multiplexed method. The method was applied to study
the effect of d-amphetamine microdialysis perfusion on amino acid concentrations in the mouse brain.
All amino acids were reliably detected and quantiﬁed, indicating that the method is sensitive enough to
detect low concentrations of amino acids in brain microdialysis samples.
© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Mass spectrometry combined with chromatographic methods
has largely been applied to quantitative bioanalysis. Quantitative
methods can be based on the use of external or internal standards.
Internal standard method, which often uses stable isotope dilution methodology, provides high reliability for quantitative analysis [1]. This is because the method can compensate for the possible variabilities in sample preparation or suppression in ionization, especially when electrospray ionization is used in liquid
chromatography-mass spectrometry (LC-MS). This is important for
the quantitative analysis of complex biological samples.
Multiplexing permits the quantiﬁcation of several samples simultaneously within one LC-MS run for relative or absolute quantiﬁcation. Multiplexing can be achieved with MS resolvable mass
difference labeling or tandem mass spectrometry (MS/MS or MS2 )
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resolvable isobaric labeling. MS2 resolvable isobaric labeling is
based on a set of isotopomeric tags that all include the same number of stable isotopes but are located at different positions in the
individual tags (Fig. 1). All isotopomers of isobaric tags have the
same mass (i.e. are isobaric); the chemical structure is composed
of a reporter group, mass balancer group, and reactive group. The
reactive group permits selective reaction with the speciﬁc functional group of an analyte that is often a primary or secondary
amine, allowing fast and easy derivatization, for example with Nhydroxysuccinimide (NHS)-ester [2]. The number of stable isotopes
(e.g. 2 H, 13 C, 15 N, or 18 O) is the same in all isotopomers, but their
number in the reporter and balancer group varies between the
different isotopomers. Multiple samples are labeled with different
isotopomeric tags and the samples are pooled for coincident analysis. In LC-MS/MS analysis, labeled isobaric analytes are eluted at
the same retention time and passed through the ﬁrst mass analyzer (MS). The labeled analytes produce multiple sample-speciﬁc
reporter ion isotopologues, which are separated with the second
mass analyzer and used for the quantiﬁcation of an analyte in each
individual sample (Fig. 1). Multiplexing is limited to the number of
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Fig. 1. The derivatization reaction of amino acids with TMT, the analytical process of multiplexing with TMT10-plex, and multiplexed MS/MS analysis of phenylalanine as an
example. Different colors in mass spectra present ten different TMT isotopomers of the amino acid.

reporter ion isotopologues. Examples of isobaric labels are commercial tandem mass tag (TMT) [3], aminoxyTMT [4] and isobaric
tag for relative and absolute quantitation (iTRAQ) [5] and custom
synthesized reagents such as cleavable isobaric labeled aﬃnity tag
(CILAT) [6], deuterium isobaric amine reactive tag (DiART) [7], and
dimethylated amino acids such as DiLeu, DiAla, and DiVal [8]. Isobaric labeling currently provides up to 18-plex with TMT reagents.
Multiplexing-based methods using isobaric labeling are unquestionably important, and have been widely used not only in quantitative proteomics [9], but also in metabolomics [10], glycomics

[11,12] and lipidomics [13]. Amino acids are an important class
of metabolites, as they are building blocks of proteins, and play a
central role in several processes such as energy metabolism, lipid
transport and neurotransmission. Dysregulation of amino acids
may result in several life-threatening diseases, and therefore quantitative analysis of amino acids in diagnostics is important [14–17].
LC-MS and gas chromatography-mass spectrometry (GC-MS)
have been widely used for the analysis of amino acids. However,
both methods are relatively slow and higher sample throughput
is needed, especially in clinical studies. Multiplexing with isobaric
2
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labeling provides a potential method to improve sample throughput. Thus far, multiplexing with isobaric labeling has rarely been
used to quantify amino acids. In 2009, Kaspar et al.[18] applied
isobaric labeling for the absolute quantiﬁcation of amino acids in
urine using 2-plex iTRAQ chemistry; iTRAQ reagent 114 (producing reporter ion m/z 114) was used for the production of labeled
amino acid internal standards, and iTRAQ reagent 115 (producing
reporter ion m/z 115) for the labeling of amino acid analytes in
urine. A new generation 2-plex iTRAQ reagent called aTRAQ, which
had an 8 mass unit difference between reporter ions (m/z 113 and
m/z 121) was used for the absolute quantiﬁcation of amino acids in
urine[19] and for relative quantiﬁcation of amino acids and amines
in urine and plasma samples for discovering potential hepatotoxic
biomarkers [20]. These types of 2-plex quantiﬁcation methods have
been shown to provide good quantitative performance, although
they do not improve sample throughput via multiplexing.
Yuan et al. improved sample throughput by ﬁrst applying isobaric 4-plex DiART labeling for multiplexed relative quantitative
analysis [21], and later 6-plex DiART labeling for multiplexed absolute quantitative analysis [22] of metabolic amines and amino
acids in human aortic endothelial cells. The absolute quantitative
analysis method used three of the 6-plex DiART isotopomers to
produce labeled analyte standards, which were used to generate
a three-point calibration curve, and three isotopomers to label analytes in the cell samples. Hao et al. presented a relative quantitation method for amine metabolites including amino acids by using 4-plex DiLeu labeling [23]. TMT-based quantitation has also
been used to measure intracellular and culture medium amino
acid concentrations by both isobaric and mass difference labeling
methods with TMT0, TMT6-plex and TMT10-plex reagents [24]. Although these studies highlight the potential of multiplexing using isobaric labeling, there is no validated absolute quantiﬁcation
method for amino acids that combines multiplexing and the use of
stable isotope-labeled amino acids as internal standards [25].
In this study, we take full advantage of multiplexing in order
to improve sample throughput. We developed an absolute quantitation method for free amino acids in mice brain microdialysis
samples using TMT10-plex labeling and isotopically-labeled amino
acids as internal standards. The developed quantitative method
was validated in terms of limit of quantitation, limit of detection,
linearity, repeatability, and speciﬁcity. The method was applied to
study the effect of d-amphetamine perfusion to the mouse brain
on absolute concentrations of 21 amino acids. The distribution of
amino acids and the effect of the central nervous system stimulants on extracellular amino acid proﬁles in the brain have been
studied earlier, but only with a limited number of amino acids
[26–30]. The method developed in this work was shown to provide
a highly sensitive and repeatable quantitative method for analyzing
amino acids in minute volumes of mouse brain microdialysis samples.

reagents, triethylammonium bicarbonate (TEAB) buffer and hydroxylamine solution were purchased from Thermo Fisher Scientiﬁc.
d-amphetamine sulphate (Tocris Bioscience) was dissolved in the
Ringer’s solution.
2.2. Samples
Brain microdialysis samples were collected from the
left striatum of 12-month-old mice (Male C57BL/6J-Tg(THSNCA∗ A30P∗ A53T)39Eric/J; The Jackson Laboratory, USA) as
described in detail in earlier works [31]. Brieﬂy, a microdialysis
probe (1-mm cuprophan membrane, o.d. 0.2 mm, 6 kDa cut-off;
AT4.9.1.Cu, AgnTho’s) was inserted through a guide cannula 2 h
before the experiments. The probe was perfused with Ringer’s
solution at a ﬂow rate of 2 μL min−1 . After the 2 hour stabilization period, the microdialysis probe was perfused with Ringer’s
solution for 60 min, followed by perfusion of d-amphetamine sulphate in Ringer’s solution (10 μM for 60–100 min, and 30 μM for
140–180 min), with perfusion of Ringer’s solution (recovery time)
(100–140 min) between the different d-amphetamine sulphate
concentrations. Finally, the microdialysis probe was perfused with
Ringer’s solution for 80 min (180–260 min). The microdialysis
samples were collected during the perfusion of pure Ringer’s
solution (for 60 min; baseline samples), and during the perfusion
of 10 μM (for 40 min) and 30 μM (for 40 min) d-amphetamine
sulphate. The samples were collected from three different mice,
then pooled and divided into three technical replicates in order to
evaluate the technical repeatability of the method with authentic
samples. All microdialysis experiments were done according to
European Communities Council Directive 86/609/EEC and were
approved by the Finnish National Animal Experiment Board
(ESAVI/441/04.10.07/2016).
Microdialysis and standard samples were spiked with 40 μL
of the stable isotope-labeled amino acids (10 μM) as internal
standards, and evaporated to dryness (40°C, SpeedVack). Standard
samples, including the 21 non-labeled amino acids, were prepared and diluted to appropriate concentrations from individual
amino acid stock solutions to the matrix-matched Ringer’s solution. The corresponding stable isotope-labeled amino acids were
used for each analyte, excluding asparagine, glutamine, gammaaminobutyric acid (GABA) and tryptophan that were not available. Stable isotope-labeled amino acids with similar ionization efﬁciencies, mass spectrometric and chromatographic behavior were
chosen as their surrogate internal standards as follows: aspartic
acid for asparagine, glycine for GABA, arginine for glutamine and
leucine for tryptophan.
Evaporated samples were reconstituted to 80 μL with 400 mM
TEAB buffer and labeled using 14 μL of 17.5 mM TMT10-plex
reagent in acetonitrile. TMT0 was used to optimize labeling conditions and to study chromatographic and mass spectrometric behavior of the TMT0-labeled amino acids as it has identical chemistry
as the isotopomers of TMT10-plex. Moreover, TMT0 is a lot cheaper
than TMT10-plex. TMT0 labeling of the amino acid standards was
done similarly as TMT10-plex labeling. The reaction was performed
at room temperature for 1 hour and quenched with 6 μL of 5 %
hydroxylamine. Different TMT10-plex isotopomers-labeled samples
were pooled and evaporated to dryness (40°C, SpeedVack). Dried
samples were reconstituted to 30 μL of 1 % methanol with 0.1 %
formic acid in water for LC-MS analysis.

2. Materials and methods
2.1. Standards and chemicals
21 non-labeled amino acid standards were purchased from
Sigma, and 17 isotope (15 N and 13 C) labeled amino acids (Cambridge Isotope Laboratories) were used as internal standards (Table S1). Deionized water used in all experiments was prepared
with a Milli-Q water puriﬁcation system (Milli-Q® Integral 15 Water Puriﬁcation System with Quantum TEX cartridge) on site. LCMS Chromasolv-grade acetonitrile and methanol were purchased
from Honeywell, and formic acid from Merck. Ringer’s solution
was prepared (147 mM NaCl (Merck), 1.2 mM CaCl2 (Merck), 2.7
mM KCl (Allied signal), 1.0 mM MgCl2 (Sigma), and 0.04 mM
ascorbic acid (Fluka biochemika)). TMT0 and TMT10-plex isobaric

2.3. LC-MS analysis
The LC-MS analyses were performed using an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientiﬁc) coupled with an UltiMate 30 0 0 liquid chromatography setup (Thermo Fisher Scientiﬁc).
The column was Acquity UPLC C-18 (HSS T3, 2.1 mm x 100 mm, 1.7
3
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Table 1
Validation of the multiplexed LC-MS/MS method for the analysis of amino acids in brain microdialysis samples. The calibration curve was determined by weighing 1/x and
n is the number of individual samples within calibration range.
Analyte

tR (min)

tR repeatabilityRSD (%)

Calibration range (μM)

n

R

LOD(μM)

LOD(ng-mL−1 )

LOQ(μM)

Method repeatabilityRSD (%)

Alanine
Arginine
Asparagine
Aspartic acid
Cystine
GABA
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

3.50
2.28
2.34
3.10
4.81
3.76
2.86
3.42
2.62
2.19
6.72
6.89
4.27
5.45
7.30
4.53
2.49
3.39
7.63
5.49
5.43

0.15
1.61
0.17
0.33
0.20
0.27
0.24
0.18
0.43
0.80
0.07
0.30
0.31
0.14
0.05
0.28
0.19
0.21
0.06
0.18
0.31

0.03
0.1
0.03
0.03
0.03
0.05
0.3
0.1
0.05
0.1
0.03
0.03
0.03
0.03
0.03
0.01
0.1
0.03
0.01
0.03
0.1

8
6
7
8
7
7
8
6
7
6
8
8
8
8
8
9
6
8
7
8
6

0.9975
0.9995
0.9952
0.9980
0.9997
0.9981
0.9992
0.9959
0.9978
0.9987
0.9967
0.9972
0.9985
0.9984
0.9971
0.9965
0.9982
0.9971
0.9962
0.9970
0.9949

0.01
0.05
0.01
0.01
0.01
0.01
0.1
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.005
0.03
0.01
0.005
0.01
0.01

0.89
8.71
1.32
1.33
2.40
1.03
14.6
1.47
0.75
1.55
1.31
1.31
1.46
1.49
1.65
0.58
3.15
1.19
1.02
1.81
1.17

0.03
0.10
0.03
0.03
0.03
0.05
0.30
0.10
0.05
0.10
0.03
0.03
0.03
0.03
0.03
0.01
0.10
0.03
0.01
0.03
0.10

10.4
4.3
11.1
8.3
3.4
3.9
4.5
2.8
8.0
5.6
3.4
8.8
3.6
6.9
3.9
9.0
11.6
8.2
6.7
4.1
12.1

-

10
10
5
10
5
10
100
10
10
10
10
10
10
10
10
10
10
10
0.7
10
10

μm with inline ﬁlter). The column and autosampler temperatures
were 10°C and 30°C, respectively; injection volume was 2 μL, and
ﬂow rate was 0.29 mL min−1 . The eluent A was 0.1 % formic acid in
methanol:water (3:97 %) and eluent B was 0.1 % formic acid in 100
% methanol. The gradient was from 0 % B to 50 % B in 8 min, from
50 % B to 95 % B in 10 min and 95 % B 3.5 min, and from 95 % B
to 0 % B in 10 min. In order to avoid any carry-over, a cleaning run
was performed after each run using the following gradient: from
0 % B to 95 % B in 15 min, from 95 % B to 0 % B in 16 min, and
20 min at 0 % B. Because the brain microdialysis samples include
high concentration of salts, they were diverted to waste by 1-min
column-switching to avoid contamination of the ion source.
MS spectra were measured using electrospray ionization in positive ion mode, wide quadrupole isolation, Orbitrap resolution of
120 0 0 0, and scan range m/z 110–10 0 0. Automated gain control
(AGC) was set to accumulate 2 × 105 ions with a maximum injection time of 100 ms. The ion transfer tube temperature was
325°C. Internal mass calibration with Easy-IC (ﬂuoranthene) was
used. MS/MS measurements were performed using parallel reaction monitoring (PRM) and timed precursor isolation based on the
analyte retention times. A quadrupole mass window of 1.1 Da was
used to isolate precursor ions, and the normalized collision energy
using higher-energy collisional dissociation (HCD) was optimized
to 30 %. Reporter product ions were detected with a mass resolution of 60 0 0 0 and scan range of m/z 90–160. AGC was set to
accumulate 3 × 105 ions with a maximum injection time of 118
ms. In order to measure the MS/MS spectra of the isobaric labeled amino acids, whole product ion spectra were measured with
a mass range of m/z 70–500 and resolution of 50 0 0 0. Mass accuracy of <10 ppm for the reporter ions were used to identify the
isobaric-labeled amino acids.

Analysis (CoA). The method was partially validated according to
ICH guidelines (ICH Q2 (R1) Validation of analytical procedures: text
and methodology) in terms of speciﬁcity, linearity, limit of detection (LOD), limit of quantitation (LOQ), and method repeatability.
LOD was determined as the lowest measured concentration producing a signal to noise ratio (S/N) > 3. LOQ was determined from
the calibration curve as the lowest measured concentration with
<25 % relative deviation from the calibration line. The calibration
curve was determined by weighing 1/x and LOQ as the lowest concentration point. Method repeatability was determined using the
multiplexed replicates of 1 μM sample (n = 9). One sample of the
10 repeatability determination replicates, as well as one calibration standard and one microdialysis sample replicate of the baseline sample were excluded as outliers based on Grubb’s test [32].
Statistical tests were done using IBM statistics SPSS 24 for Levene’s
test for equal variance, one-way ANOVA and Tukey’s HSD.
3. Results and discussion
3.1. Labeling and mass spectra
The TMT labeling produced mainly singly labeled species with
most of the amino acids, excluding cystine and lysine, which include a primary amine group on their side chain and were doubly labeled. TMT and other NHS-ester-based reagents are relatively
prone to hydrolysis reactions that may result in decreased product yields. This can be minimized by using excess of TMT labeling
reagent. Amount of TMT was optimized using samples including 5
μM of each amino acid and 1.8, 14.1, 23.8, 47.6, 70.5 and 237.9 fold
excess of TMT0. The concentration of 5 μM was selected because
the concentrations of amino acids are typically much less than 5
μM in brain microdialysis samples. The optimization results (Figure S1) as well as the repeatability tests (Table 1) show that at
least 20-fold excess of TMT labeling reagent provides full and repeatable labeling. The use of higher concentrations of TMT result
in increased costs but also in increased concentrations of TMT byproducts, which may disturb the analysis of amino acids. 20-fold
excess of TMT labeling reagent has been found to be suitable also
in the earlier NHS-based labeling methods [33,34]. NHS chemistry
related o-acylations [35] of hydroxyl bearing side chains (i.e. serine,
threonine and tyrosine) were eliminated with hydroxylamine, and
no o-acylation of serine, threonine and tyrosine were produced.

2.4. Data interpretation and method validation
The raw data was imported to Skyline, along with the transition list of each analyte and internal standard with reporter ions.
The theoretical monoisotopic masses were calculated using Excel and ChemDraw Professional (PerkinElmer, vers 18.2.0.48). Each
analyte-speciﬁc reporter ion chromatogram was integrated, and results were exported to Excel. Channel crosstalk from isotope impurities were corrected by the inverse matrix method with impurity abundance on the provided isobaric reagent Certiﬁcate of
4
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Fig. 2. MS/MS fragmentation sites of the TMT labeled amino acids and proposed structures of the fragments with accurate masses and mass errors shown as example of
TMT0 labeled alanine (R=methyl group). The MS/MS spectra are presented in more detail in Table S2.

Fig. 3. Extracted ion chromatograms of equimolar concentrations of TMT0 labeled and non-labeled amino acids. Note that the y-axis scale for the labeled amino acids is ten
times wider than for the non-labeled amino acids.

The mass spectrometric and chromatographic behavior of TMTlabeled amino acids were studied using TMT0 labeling. All the
mass spectra of the TMT0-labeled amino acids and internal standards show abundant protonated molecules with minimal fragmentation, except the double labeled amino acids (cystine and lysine), which were detected as double protonated molecules (Table
S1). The mass accuracies of the protonated molecules were below
0.75 mmu, conﬁrming the successful TMT labeling of the amino
acids (Table S1). Fig. 2 presents the MS/MS fragmentation scheme,
and Table S2 summarizes the high resolution MS/MS spectra of the
protonated molecules of the TMT0-labeled amino acids with accurate masses and mass errors. The most intensive product ions
are reporter ions that were used for the quantiﬁcation, and the
TMT end ions formed by the dissociation of the amide bond bind-

ing TMT to the amino acid (ions C and D). The C ion is likely an
acylium ion ([RCO]+ ). The accurate masses (Table S2) show that the
D ion includes three oxygen and two nitrogen atoms. This suggests
that the D ion is formed by the dissociation of the amide bond, followed by the migration of the hydroxyl group from the amino acid
moiety to the D structure by a rearrangement reaction. The product ion spectra also show minor ions formed by the loss of H2 O
(ion A) and HCOOH (ion B) from the amino acid moiety. Similar
fragmentation was observed with the stable isotope-labeled TMT0
derivatives used as internal standards. The mass accuracies of the
TMT0 reporter ions were below 0.17 mmu (1.28 ppm) (Table S2),
allowing the use of a narrow mass window (<10 ppm) for identifying analytes and thus ensuring high speciﬁcity of the analysis.

5
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Fig. 4. LC-MS/MS extracted ion chromatograms of reporter ions of TMT10-plex labeled amino acids from 10 different samples with different concentrations used to prepare
calibration curves for quantiﬁcation. Threonine is zoomed as an example.

3.2. LC-MS analysis

acids. The increased hydrophobicity of TMT-labeled amino acids
also signiﬁcantly improved the retention with the C-18 phase and
thus separation eﬃciency compared to more polar non-labeled
amino acids, which showed low retention and poor separation efﬁciency for the most polar amino acids (Fig. 3).
All TMT-labeled amino acids and corresponding internal standards were separated from each other with retention times of 2
to 8 min, and with peak widths (FWHM) of 0.04–0.12 min (Table
S3), including TMT-labeled leucine and isoleucine, which were separated with peak resolution (Rs ) of 1.3. No signiﬁcant change was
seen with retention times between TMT-labeled analytes or stable
isotope amino acids used as internal standards (Table S3). As all internal standards included at least three heavy isotopes, all internal
standards were fully separated by MS from the co-eluting analytes.
The results above indicate good chromatographic performance
of the developed LC method. The multiplexed LC-MS/MS analyses
of the amino acids were carried out by using TMT10-plex labeling
for 10 different samples including analytes and internal standards,
which were pooled to one sample after the TMT10-plex labeling.
The 10 sample-speciﬁc reporter ions within m/z 126–131 formed in

The analysis of the non-labeled and TMT0-labeled amino acids
by reversed-phase LC-MS were compared (Fig. 3). The results
show that the TMT labeling signiﬁcantly improves sensitivity
and chromatographic separation, which corroborates previous analytical methods based on the isobaric labeling of amino acids
[21,24,36]. The ionization eﬃciency and chromatographic retention
on reversed-phases of non-labeled amino acids is poor due to their
polar character. The TMT-labeled amino acids are more hydrophobic and thus more surface active than non-labeled amino acids in
the solvents used in the LC-ESI/MS analysis. The increased surface activity of the TMT-labeled amino acids improves ion emission from the charged droplets formed in ESI, resulting in improved ionization eﬃciency and thus sensitivity. Moreover, the
TMT-labeled amino acids are eluted with higher organic solvent
content in reversed-phase LC than non-labeled amino acids, which
is also known to improve ionization eﬃciency in ESI. For most
of the TMT-labeled amino acids, the sensitivity was between one
and three orders of magnitude higher than for non-labeled amino
6
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= baseline samples (n=2),
= samples collected during the perfusion of 10 μM
Fig. 5. Amino acid concentrations (μM) in the microdialysis samples of mice brain.
= samples collected during the perfusion of 30 μM d-amphetamine (n=3). The error bars presents repeatability of the technical replicates (2
d-amphetamine (n=3) and
standard deviations). One way ANOVA and Tukey HSD, ∗ p<0.05, ∗ ∗ p<0.001. Further statistics in Tables S6-S8.

the high energy collisions were fully separated with mass resolution of 60 0 0 0. The use of timed precursor ion isolation according
to retention times (Table S4) in parallel reaction monitoring (PRM)
allowed enough data points for the reliable quantiﬁcation of the
reporter ion peaks in the ion chromatograms. An example of the
extracted ion chromatograms of the reporter ions of TMT10-plex
labeled amino acid analytes used for determining the calibration
curve is presented in Fig. 4.

based on peak area ratios of the extracted reporter ion chromatograms of the TMT-labeled analytes and internal standards.
The LODs were determined as the lowest measured concentration producing signal to noise ratio (S/N) > 3. LODs were between
0.005–0.1 μM, indicating suﬃcient sensitivity for the analysis of
amino acids in mice brain microdialysis samples. LOQs were determined as the lowest measured concentration above the LOD with a
relative deviation of <25 % from the calibration curves. LOQs were
between 0.01–0.3 μM, which is below the concentration levels typically determined in mouse brain microdialysis samples [26,37–40].
LOQ was used as the lowest concentration point in determining
the calibration curve. Ten calibration samples, including analytes
and internal standards, were ﬁrst prepared in Ringer’s solution,
then TMT10-plex labeled and pooled in order to prepare the calibration curve. The correlation coeﬃcients (R) with 1/x weighing
were better than 0.994, indicating good linearity of the quantitative method. Calibrations curves of analytes are presented in Figure S2. The method repeatability was measured with 1 μM sam-

3.3. Method validation for mice brain microdialysis samples
The method was validated for speciﬁcity, limit of detection
(LOD), limit of quantiﬁcation (LOQ), linearity, and repeatability
(Table 1) using TMT10-plex labeling of the amino acids and internal standards in Ringer’s solution. The reporter ion chromatograms
were integrated using Skyline-software. Isotope impurity related
channel-crosstalk was corrected by inverse matrix calculation before determining the validation parameters. Quantiﬁcation was
7
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ples that were TMT10-plex labeled and pooled to one sample. The
relative standard deviation (RSD %) of the ratios of the peak areas
of the analytes and internal standards were ≤ 12.1 %, showing good
repeatability of the method. The RSD % of the retention times (tR )
(n=5) were typically below 0.8 %, showing good chromatographic
repeatability. The validation results show that the developed multiplexed method is feasible for quantitative analysis of amino acids
in brain microdialysis samples.

of amphetamine on the Krebs cycle, which produces precursors
for several amino acids [46]. Another main difference between
this and earlier studies is that we used alpha-synuclein transgenic
mice that have an impaired amphetamine response in the striatal dopamine release [31]. Amphetamine reverts the function of
dopamine transporter (DAT), leading to the release of dopamine
on extracellular space; amphetamine also reverts serotonin transporter (SERT), particularly with higher doses [47]. Alpha-synuclein
aggregation reduces both DAT and SERT functions [48,49], altering the amphetamine response and ultimately leading to reduced
dopamine, serotonin and other monoamines in extracellular space.
This may partially explain the reduced amino acid levels seen in
our analysis.

3.4. Microdialysis samples
The effect of adding d-amphetamine to amino acid concentrations in the mice brain was studied using the developed multiplexed LC-MS/MS method. The microdialysis samples were collected from the striatum of three different mice. Baseline samples,
as well as samples taken during the perfusion of 10 μM and 30 μM
d-amphetamine were collected. The samples from the three mice
were pooled and divided into three technical replicates (see experimental description for more detailed sample preparation). The
TMT10-plex reporter ion chromatograms of the microdialysis samples used for quantiﬁcation are shown in Figure S3. The amino
acids from all samples were clearly detected, and no signiﬁcant
background disturbances were detected in the ion chromatograms,
indicating good speciﬁcity of the method. The absolute quantitative results are presented in Fig. 5 and Table S5. The basal concentrations of amino acids in mice microdialysis samples were between 0.08 and 3.5 μM, with the exception of glutamine (concentration 75 μM). The basal concentration results are in accordance
with previous literature [26,37–40].
The Levene’s test indicated equal variances for most analyte
concentrations between basal, during 10 μM amphetamine perfusion and during 30 μM amphetamine perfusion groups (Table S6)
and a one-way ANOVA was performed to compare the effect of damphetamine perfusion on amino acid concentrations (Table S7).
Post hoc comparison using the Tukey’s HSD (Table S8) indicated
that the concentrations of most amino acids were signiﬁcantly
(p<0.05, Table S8) lower in the samples collected during the perfusion of 10 μM and 30 μM d-amphetamine than in the basal samples. Only the glutamine concentration was signiﬁcantly (p<0.05,
Table S8) increased. The amino acid concentrations in the 30 μM
d-amphetamine perfusion samples were at same level to those in
the 10 μM perfusion samples. However, the concentrations of the
most amino acids were slightly higher in the 30 μM perfusion samples than in the 10 μM samples, but still signiﬁcantly lower than
in the basal samples.
The effect of amphetamine on amino acid levels in the striatum has been studied by microdialysis in several studies. However,
unlike in our study, amphetamine is usually administered systemically. In one of the ﬁrst studies, Mora et al. showed that after 5 mg
kg−1 i.p. injection of amphetamine, the concentrations of aspartate,
glutamate and glutamine were signiﬁcantly elevated in the striatum of rats [41]. Similar results have been reported with glutamic
acid, aspartic acid and alanine [42,43]. A respective increase in glutamic acid concentration was also presented by Xue et al. [44] in
the nucleus accumbens, although aspartic acid and serine levels remained unchanged. Our results are somewhat conﬂicting with earlier results[41–44], as we found decreased concentrations for most
of the amino acids in response to the perfusion of d-amphetamine.
There are two possible explanations for this ﬁnding. First, in
contrast to several other studies, our study perfused amphetamine
directly to the striatum via a microdialysis probe. This causes
a high local concentration of amphetamine that does not occur
in systematic administration. In a comparative study, Miele et al.
showed that the effects on glutamate were different when amphetamine was administered systematically or intrastriatally to rats
[45]. One mechanism behind this could be the inhibitory effect

4. Conclusions
The developed LC-MS/MS multiplexed method based on isobaric labeling and the use of stable isotope-labeled internal standards was shown to be feasible for the quantitative analysis of
amino acids in microdialysis samples of mice brain. Analyte labeling with TMT10-plex allowed analysis of ten samples in one LCMS/MS run, signiﬁcantly increasing sample throughput – which is
especially important, for example, in clinical studies. The TMT labeling also improved the ionization eﬃciency (with ESI) and separation eﬃciency (with reversed-phase LC), resulting in improved
sensitivity and speciﬁcity of the analysis. Multiplexing also decreases variability between individual samples, hence improving
the reliability of the analysis. The validation results showed good
sensitivity (LODs typically 10 nM), repeatability (RSD % ≤ 12.1 %)
and linearity (R > 0.994), indicating good quantitative performance
of the method. The method was successfully applied to the absolute quantiﬁcation of amino acids in mice brain microdialysis samples collected after the addition of d-amphetamine to the brain. All
amino acids were well-detected, indicating that the method is sensitive enough to detect low concentrations of amino acids in small
sample volumes such as brain microdialysis samples.
APPENDIX A. Supporting information
Additional information as noted in text. (PDF)
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