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ARTICLE INFO ABSTRACT

Keywords: Repetitive Transcranial Magnetic Stimulation (rTMS) is a form of non-invasive brain stimulation that has shown
Neurotransmitter therapeutic potential for various nervous system disorders. In addition to its modulatory effects on neuronal
Amino acid excitability, rTMS is capable of altering neurotransmitter (e.g., glutamate, GABA, dopamine and serotonin)
Szph;tsit/il\\;lestranscranial magnetic stimulation concentrations in cortical and subcortical brain regions. Here we used a modified liquid chromatography cou-

pled tandem mass spectrometry (LC-MS/MS) to quantify changes in 27 free amino acids and the monoamines:
dopamine (DA), serotonin (5HT) and their metabolites (DOPAC, HVA; 5HIAA) in the mouse brain. Awake
C57BL/6 J mice (either sex, 8-12 weeks old) received 10 Hz rTMS using two devices that can deliver low (LI-;
12 mT; custom built) or high (Fo8-; 1.2 T; MagVenture) intensity rTMS. Sham (unstimulated) mice were used as
controls. Samples were collected immediately following a single session of rTMS or sham and processed for LC-
MS/MS. The modified LC-MS/MS method used to detect DA, 5-HT and their metabolites showed good accuracy
and precision with regression coefficients greater than 0.999, and an intra- and inter-day reproducibility with
values < 13%. Fo8-rTMS induced a significant reduction in cortical 5-HT turnover rates, hippocampal DOPAC
and an increase in striatal DOPAC concentrations. Fo8-rTMS also reduced concentrations of hippocampal a-
aminoadipic acid, and striatal serine, threonine, sarcosine, aspartate and glutamate. There were no changes in
the level of any compounds following LI-r'TMS as compared to sham. The rapid change in monoamine turnover
and amino acid concentrations following Fo8-rTMS but not LI-rTMS suggests that different stimulation para-
meters recruit different cellular mechanisms related to rTMS-induced plasticity. The described method can be
used for the characterisation of trace levels of neurotransmitters and amino acids in brain tissue homogenates,
providing a useful and precise tool to investigate localised neurotransmitter changes in animal models of health
and disease.

1. Introduction

Repetitive Transcranial Magnetic Stimulation (rTMS), a form of
non-invasive brain stimulation, has shown therapeutic effects for a
range of neurologic and psychiatric disorders (Cirillo et al., 2017), and
is approved for use in treatment-resistant depression (Lefaucheur et al.,
2014) and more recently, obsessive compulsive disorder (Carmi et al.,
2018). Although the mode of action of rTMS remains poorly

understood, the procedure has been shown to modulate levels of neu-
rotransmitters, not only within the cortex (Lefaucheur et al., 2014), but
also within subcortical regions. Neurotransmitter systems are critical
for maintaining homeostatic function of the brain and body. For ex-
ample, the fine balance between excitatory and inhibitory neuro-
transmitters, such as glutamate (GLU) and GABA, influence the prob-
ability of the brain to undergo synaptic plasticity (Myhrer, 2003). In
addition, monoamine neurotransmitters such as dopamine (DA) and
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List of abbreviations
Compound

5-HIAA 5-Hydroxyindole-3-acetic acid
5-HT 5-Hydroxytryptamine or serotonin
AAA a-Aminoadipic acid

ABA a-Aminobutyric acid

ALA Alanine

ARG Arginine

ASN Asparagine

ASP Aspartic acid/Aspartate
c-C Cystine
CIT Citrulline

CTH Cystathionine
d3MET d3-Methionine
DA Dopamine

DOPAC 3,4-Dihydroxyphenylacetic acid
GABA  y-Amino-n-butyric acid
GLN Glutamine

GLU Glutamic acid/Glutamate
GLY Glycine

HARG  Homoarginine

HIS Histidine

HLY Hydroxylysine (2 isomers)
HPHE Homophenylalanine

HVA Homovanillic acid

ILE Isoleucine

LEU Leucine

LYS Lysine

MET Methionine

ORN Ornithine

PHP Proline-hydroxyproline (dipeptide)
PRO Proline

SAR Sarcosine
SER Serine
R-AIB R-Aminoisobutyric acid

THR Threonine
TRP Tryptophan
TYR Tyrosine
VAL Valine

Other

ANOVA Analysis of variance

Fo8-rTMS repetitive Transcranial Magnetic Stimulation using a
commercially available high intensity figure-of-eight coil

LI-rTMS repetitive Transcranial Magnetic Stimulation using a
custom built low-intensity miniaturised circular coil

LC Liquid chromatography

-MS/MS - coupled tandem mass spectrometry

MRM Multiple reaction monitoring

MRS Magnetic resonance spectroscopy

MS Mass spectrometry

NT Neurotransmitters

rTMS repetitive Transcranial Magnetic Stimulation
SEM Standard error of the mean

serotonin (5-hydroxytryptamine; 5-HT) are implicated in the patho-
physiology of various neuropsychiatric disorders including schizo-
phrenia, depression and drug addiction (Grace, 2004; Thomas et al.,
2008; Winograd-Gurvich et al., 2006). Therefore, alterations to neu-
rotransmitter imbalances within the brain by therapeutic interventions
such as rTMS are a likely mechanism contributing to the beneficial
effect of rTMS therapy and there is a need to better understand these
alterations in order to optimise therapeutic interventions.

Characterisation of neurotransmitters in the human brain following
rTMS has been carried out using non-invasive imaging techniques such
as MRS and PET scans. rTMS targeted to the human motor cortex has
been shown to induce striatal DA release, likely due to activation of
corticofugal projections (Strafella et al., 2003, 2001). In addition, a
single session of rTMS has been shown to increase levels of combined
GLU and glutamine, a GLU metabolite, in the dorsolateral prefrontal
cortex (Michael et al.,, 2003). However these non-invasive imaging
methods are currently unable to simultaneously detect a wide range of
compounds within the brain (Badgaiyan, 2014) or to quantify those at
extremely low concentrations (Verma et al., 2016). By contrast, in-
vasive sampling techniques provide researchers with the opportunity to
use sophisticated chemical analytical methods such as liquid chroma-
tography coupled tandem mass spectrometry (LC-MS/MS) to detect a
broad range of target compounds with high sensitivity and specificity.
LC-MS/MS systems are able to simultaneously identify and quantify
various neurotransmitters, their metabolites and free-form amino acids
(AAs) in complex mixtures at picomolar concentrations (Ewles and
Goodwin, 2011).

Murine models used to investigate the neurochemical changes in-
duced by a single session of rTMS have shown altered concentrations of
DA, 5-HT and their metabolites DOPAC, HVA and 5-HIAA in the cortical
regions such as the prefrontal cortex, hippocampus and dorsal/ventral
striatum (Ben-Shachar et al., 1997; Kanno et al., 2004; Keck et al.,
2002; Zangen and Hyodo, 2002), as well as increased of GLU con-
centrations in the ventral striatum (Zangen and Hyodo, 2002).

However, most studies of rTMS effects on rodent brain chemistry have
used commercially available rodent coils, or small human coils, which
are relatively large compared to the subject's head, raising concerns
about the focality of stimulation and relevance to human studies
(Rodger and Sherrard, 2015; Vahabzadeh-Hagh et al., 2012). Use of
these commercially available coils result in widespread stimulation of
the rodent's head and/or body (Rodger and Sherrard, 2015). Our lab
has therefore developed miniature coils that target small areas of the
brain in murine models, more closely replicating focal stimulation in
humans, albeit at a lower magnetic field intensity (Rodger and
Sherrard, 2015; Tang et al., 2015) than those routinely used in human
studies (i.e., high intensity rTMS). We have previously shown that a
single session of low intensity rTMS in vitro alters neuronal excitability
(Tang et al., 2016) and cellular metabolites related to the Kreb's cycle
(Hong et al., 2018), and improves abnormal visual circuits following 14
days of treatment in vivo (Makowiecki et al., 2014; Poh et al., 2018;
Rodger et al., 2012). However, changes to neurotransmitters and cel-
lular metabolites following a single session of low intensity rTMS have
not been assessed in vivo. Because this is the first study to simulta-
neously quantify a large number of neurotransmitters and amino acids
in vivo in the context of rTMS, it was also of interest to compare the
effects of our rodent-specific coil to those of a commercially available
figure-of-eight rTMS coil (MagVenture, Denmark) that has been used to
deliver high intensity rTMS in human trials (Hilbert et al., 2019;
Zimmermann et al., 2016).

The aims of the present study were to i) develop a method using LC-
MS/MS to accurately and simultaneously quantify the concentrations of
DA, 5-HT and their metabolites (DOPAC, HVA; 5-HIAA) in samples
from mouse brain, ii) combine this method with a commercially
available sample preparation kit designed to detect and quantify up to
33 amino acids simultaneously, and iii) use this method to investigate
the effects of our custom made circular low intensity rTMS coil (LI-
rTMS) and a commercially available high intensity figure-of-eight coil
(Fo8-rTMS) against control animals on neurotransmitter and metabolite
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concentrations in the mouse cortex, hippocampus and striatum.
2. Materials and methods

2.1. LC-MS/MS conditions

The method described below was developed by us to optimise si-
multaneous detection of DA, SHT and their metabolites using the pre-
vious study by Kim et al. (2016) as a starting point for LC-MS/MS
conditions.

2.1.1. DA, 5-HT and their metabolites

Analysis was conducted using an Agilent 6460 LC-MS instrument
operated in 2D mode. With the addition of a second-dimension, the
resolution and sensitivity of LC-MS/MS produced chromatograms can
be further enhanced in targeted analysis of complex mixtures through
the use of two separation columns (i.e., in 2D-LC mode) (Leonhardt
et al., 2015). The first-dimension column was an Agilent Poroshell
EC120 2.1 X 50 mm x 2.7 pm C18 column; and the second-dimension a
Phenomenex 3 X 150 mm X 2.6 pum Biphenyl column (Torrance, USA).
LC-MS grade solvents were 0.1% formic acid in water (A) and 0.1%
formic acid in methanol (B). Initial conditions were 98% A, 2% B.
Compounds were eluted by increasing to 98% B over 5min, and the
columns re-equilibrated for 3min prior to the next injection. Com-
pounds assayed were heart cut from column 1 to column 2 between 0.3
and 3.9 min.

2.1.2. Derivatised free amino acids

A single EZ:faast AAA-MS column 250 X 2.0 mm was used on the
Agilent 6460 LC-MS instrument. The mobile phase and elution gradient
were done as described in the EZ:faast kit manual. LC-MS grade solvents
were 10 mM Ammonium formate in water (A) and 10 mM Ammonium
formate in methanol (B). Initial conditions were 68% B, 32% A, in-
creasing to 83% B over 13 min, then returning to 68% B over the next
4 min.

2.1.3. Data collection

Target compound multiple reaction monitoring (MRM) transition,
shown as precursor and product ion mass to charge ratio (m/z), re-
tention time, collision energy used and ionization polarity for DA/5-HT
and derivatised amino acids are shown in Tables 1 and 2, respectively.
Chromatogram peaks were integrated and quantified using the Mas-
sHunter Quantitative Analysis software (Agilent Technologies, Santa
Clara, United States; Fig. 1). Data was collected from compounds with a
signal to noise (S/N) ratio > 10. However, compounds witha S/N > 7

Table 1
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and an obvious chromatogram peak were also included following
manual inspection.

2.2. Materials

LC-MS grade dopamine hydrochloride (DA), 3,4-dihydrox-
yphenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin (5-
HT) and 5-hydroxyindole-3-acetic acid (5-HIAA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). DA-d,, DOPAC-'3C;, HVA-d;, 5-
HT-d; and 5-HIAA-'®C; were purchased from Toronto Research
Chemicals (Toronto, ON, Canada). The working standard (DA, 0.61 ng/
mL; DOPAC, 7.05ng/mL; HVA, 7.29 ng/mL; 5-HT, 35.2ng/mL and 5-
HIAA, 0.76 ng/mL) and working internal standard solutions (DA-dy,
50ng/mL; DOPAC-'3C;, 50ng/mlL; HVA-d;, 500ng/mL; 5-HT-d,,
50 ng/mL; and 5—HIAA—13C3, 500 ng/mL) were diluted in dH,O (LC-MS
grade). Reagents used for the simultaneous quantification of the 33 free
amino acids were completed using the commercially available EZ:Faast
kit (Phenomenex, Torrance, USA). Calibration curves were prepared by
serial dilution of the working standards (Fig. 2). ARG was standardised
against the d3MET IS as the regression coefficients of the calibration
curve was larger when compared to standardisation against the re-
commended HARG IS.

2.3. Animals

All experiments were performed in accordance with the National
Health and Medical Research guidelines and approved by The
University of Western Australia Animal Ethics Committee (AEC 100/
1453). Wildtype (C57BL/6J) mice (sham: F =2, M = 3; LI-rTMS:
F=2,M = 3, Fo8-rTMS: F = 3, M = 3) were sourced from the Animal
Resources Centre (Canning Vale, Australia). Fisher's exact test showed
no significant differences between stimulation groups in the frequency
of gender (p > 0.99). All animals were of adult age during experi-
mental testing (8-12 weeks) and housed in 12 h light/dark cycle with
food and water provided ad libitum. Grids were removed from cages of
animals that underwent coil support surgeries (as described in Poh
et al.,, 2018) and were given hydrogel (Necta H20, Able Scientific,
Australia) as a water substitute.

2.4. Magnetic stimulation

Mice were gender matched and allocated to one of three groups:
sham, LI-rTMS or Fo8-rTMS. Each mouse received a single stimulation
session at 10 Hz and stimulation parameters are described below.

For sham (handling controls) and LI-rTMS animals, a coil support

Optimal conditions of LC-MS/MS used for the quantification of DA, 5-HT and their metabolites (and labelled versions) in mouse brain homogenates.

Compound name Precursor Product Retention Collision Ionization
ion (m/2) ion (m/2) time (min) Energy (V) polarity

DA 154.1 137.1 2.95 15 Positive

DA-d4 158.1 141.1° 2.99 15 Positive
95

DOPAC 167.1 123.1 4.90 2 Negative

DOPAC-ds 172.1 123.1 4.90 5 Negative

HVA 181.2 137.2 5.30 15 Negative

HVA-d; 184.2 140.1% 5.80 2 Negative
122.1

5-HT 177.2 160.2 4.44 16 Positive

5-HT-d,4 181.2 164.1° 4.43 15 Positive
136.1

5-HIAA 192.2 146.2 5.15 16 Positive

5-HIAA-'3C; 197.2 150" 5.15 15 Positive
123

2 Transitions used for quantification.
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Optimal transitions used for the quantification of derivatised amino acids (as shown by the precursor ion charge) using the EZ:faast kit.

Compound name Precursor ion (m/z) Product ion (m/z)

Retention time (min)

Collision Energy (V) IS used for quant. Lowest conc. quantified (pM)

Essential AAs HIS 370.2 196.3 6.123
ILE 260.3 172.1 7.834
LYS 361.2 301.3 5.932
LEU 260.3 172.1 7.460
PHE 294.3 206.1 7.563
MET 278.3 190.1 5.603
TRP 333.3 245.1 6.630
THR 248.3 160.2 3.800
VAL 246.3 158.1 6.417
Non-essential AAs ALA 218.3 130.1 4.421
ASN 243.0 157.2 3.803
ASP 304.3 216.2 6.032
ARG 303.4 69.9 2.560
Cc-C 497.2 248.2 8.616
GABA 232.0 172.0 4.718
GLN 275.3 172.1 3.143
GLU 318.3 172.1 6.365
GLY 204.4 144.0 3.807
SER 234.3 146.0 3.398
PRO 244.3 156.2 5.879
TYR 396.2 136.2 9.313
Other AA AAA 332.3 244.2 7.092
ABA 232.0 172.0 6.343
B-AIBA 232.0 172.0 5.045
CIT 304.3 156.3 3.212
CTH 479.3 230.1 8.500
SAR 218.0 88.0 4.960
1S HARG 371.3 84.1 3.056
d3MET 281.3 193.1 5.564
HPHE 308.3 220.2 8.750

33 d3MET 8.734
17 d3MET 349.3
20 d3MET 912.2
17 HPHE 107.4
17 HPHE 1.494
17 d3MET 175.6
21 d3MET 1.938
10 d3MET 0.594
17 d3MET 341.6
13 HPHE 289.1
5 d3MET 38.80
19 d3MET 517.1
51 d3MET 962.74
25 HPHE 7.949
13 d3MET 5.253
21 d3MET 3784
21 d3MET 6820
5 d3MET 459.8
15 d3MET 1036
20 d3MET 30.12
43 HPHE 56.50
19 HPHE 0.912
13 d3MET 1456
13 d3MET 3057
25 HARG 937.8
23 HPHE 231.0
20 d3MET 740.1
53 -

17 -

15 -

AA = amino acid, IS = internal standards.

was attached to the surface of the skull (Poh et al., 2018) and mice were
allowed to recover for one week. Briefly, animals were anaesthetised
and the skin was cut to expose the skull. A plastic support was attached
to the surface of the skull above lambda using cyanoacrylate and dental
cement. The skull was not penetrated and the brain not exposed during
surgery. Post hoc immunofluorescent staining for microglia and acti-
vated astrocytes did not reveal any differences in the motor, somato-
sensory and visual cortex between animals that underwent surgery and
control animals (Supplementary Figure 1), suggesting that attachment
of the coil support did not affect the brain itself. Thus, sham animals
with no active stimulation were used as handling controls for both
stimulation groups (LI- and Fo8-rTMS).

The coil support allowed consistent positioning of the small coils in
awake and freely moving mice, maximising reproducibility and mini-
mising stress to the mice (Poh et al., 2018). The custom-made coil
comprised of 300 windings of copper wire (0.125 mm in diameter) with
an inner and outer diameter of 6 and 8 mm, respectively, connected to
an electromagnetic pulse generator (e-cell™) programmed to deliver
LI-rTMS at 10 Hz for 10 min. It has been shown previously that the
temperature of the custom-made coil does not go above 37 °C and it's
vibration is within the amplitude range of background, when stimu-
lated using the 10 Hz protocol, thus ruling out potential heating effect
on the brain (Grehl et al., 2015). Maximum field intensity at the base of
the coil was 12 mT. Sham animals had the coil attached to the support
for 10 min, but with the device switched off.

In the third group, rTMS was delivered using the commercially
available high intensity figure-of-eight coil (Fo8-rTMS, MC-B65-HO,
MagVenture, Denmark). Because of its large size and weight, it was not
possible to attach the coil to a support on the mouse head. Instead, mice
were habituated to handling and presence of the coil above the head for
one week prior to stimulation, allowing Fo8-rTMS to be delivered to
lightly restrained, awake mice. We applied Fo8-rTMS at 20% maximum
stimulator output (MSO; approximating mouse motor threshold), which
corresponds to approximately 1.2 T, at a frequency of 10 Hz. Due to

heating of the coil (> 40 °C), only 6 min of stimulation could be applied
(3600 pulses) to the Fo8-rTMS group.

2.5. Sample preparation

Immediately after stimulation, mice were terminally anaesthetised
using sodium pentobarbitone (0.1 mL, i.p.; Lethabarb, Virbac,
Australia) and decapitated. The cortex, hippocampus and striatum from
both hemispheres were immediately dissected on ice, rapidly frozen
with liquid nitrogen and homogenised using a tissue pulveriser cooled
with dry ice. Homogenates were stored at —80 °C until analysis. Prior
to the first injection into the LC-MS/MS instrument, 300 uL of ice-cold
0.2M perchloric acid was added to each tube, vortexed for 5s and
centrifuged for 15 min at 15 000 rpm at 4 °C. For the DA/5-HT analysis,
100 puL of the supernatant and 50 pL of the working internal standard
solution (see 3.4 Materials) were transferred into autosampler vials for
direct sampling in the LC-MS/MS instrument. Preliminary analyses
determined that the concentration of some amino acids, e.g. GLU, in
100 pL of supernatant exceeded the maximal recommended calibration
point concentration (200 uM). Therefore, samples were diluted by a
factor of 10, i.e. 10 uL of supernatant added to 90 puL of 0.2 M perchloric
acid. Samples and calibration solutions were cleaned up and derivatised
as instructed in the EZ:faast user guide (Phenomenex, Torrance, USA).
Remaining supernatants were stored at —80 °C.

2.6. Assay validation

Calibration standards were prepared by serially diluting from a
stock solution. Quality controls (QCs) for the DA/5-HT were from a
separate whole mouse brain homogenate, prepared as described in
Section 3.5, but suspended in 1450 pL of ice-cold 0.2 M perchloric acid.
As the EZ:Faast kit is commercially available, we only assessed the
intra- (within-run precision) assay variability. The QC samples were
derived from the supernatant of one brain sample assayed three times.
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Fig. 1. Example chromatogram of DA, 5-HT, their metabolites and labelled versions from a mouse whole-brain homogenate. A whole-brain homogenate was
used as the quality control to develop inter- and intra-assay coefficients of variation (%CV).
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Fig. 2. Standard curve used for DA quantification, r* = 0.99999. X-axis is concentration (UM) and Y-axis if for relative response of DA corrected by its internal
standard (DA-d,4). Additional calibration curves can be found in the Supplementary Section Fig. 2.



E.Z. Poh, et al.

After addition of 300 pL of ice-cold 0.2 M perchloric acid, the super-
natant was diluted by a factor of 20, derivatised and assayed as per
manufacturer's instructions (Phenomenex, Torrance, USA).

2.7. Statistical analyses

Raw data were processed using Microsoft Excel and values reported
for the two methods normalised to original dissected tissue mass (mg).
SPSS (version 24.00, IBM) was used for statistical analyses and sig-
nificance set at the level of p < 0.05. Figures were created using Prism
7 (GraphPad Software). Because two different LC-MS/MS assays were
used, statistical analyses were separated into i) DA, 5-HT and their
metabolites and ii) free amino acids. Changes in compound con-
centrations (pmol/mg) and turnover rates for each brain region (cortex,
hippocampus and striatum) were performed using Welch's ANOVAs and
post hoc Games-Howell test. Quantitative data for each method were
calculated as mean = SEM for each group (stimulation x brain region).

DA and 5-HT turnover rates were then calculated by summing the
final concentration of each metabolite and dividing by the parent
compound:

[DOPAC] + [HVA] _ [5 — HIAA]
[DA] >[5 - HT]

This index estimates the accumulation of a particular neuro-
transmitter relative to its metabolite(s). An increase in the index sug-
gests more of the neurotransmitter being broken down, resulting in a
decreased probability for the compound to bind to a postsynaptic site
and exert its effect. Because the index is a measure of proportional data,
the non-parametric Kruskal-Wallis tests were used to compare rank
differences in DA and 5-HT turnover rates between stimulation groups.
Where appropriate, post hoc Mann-Whitney U tests with Bonferroni
corrections were applied.

3. Results
3.1. DA, 5-HT and their metabolites

3.1.1. Method optimisation

Preliminary assessment of tissue samples extracted in 0.1% formic
acid showed a 10-50% recovery rate of the target compounds com-
pared to 0.2M perchloric acid (data not shown). Therefore, all sub-
sequent supernatants were prepared by homogenising samples in 0.2 M
perchloric acid and spiked with the working internal standards.

3.1.2. Precision and accuracy

QC samples were assayed to produce an intra- (within-run preci-
sion) and inter- (between-run precision) assay coefficient of variation
(CV%). All values were < 13%, indicating repeatability and reliability
of the present method, with no significant deviations in precision be-
tween and within runs (see Table 3).

3.1.3. Effect of magnetic stimulation
In the cortex, neither LI- nor Fo8-rTMS affected compound con-

centrations of DA (Fp, 575 = 1.69, p=0.264), DOPAC (F(,

Table 3
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6.46) = 1.04, p = 0.403), HVA (Feo, 2.43) = 3.08, p = 0.215), 5-HT (F5,
7.16) = 1.98, p= 0.206) and 5-HIAA (F(2, 6.79) = 0.41, p= 0.676;
Fig. 3). We did not observe a difference in DA turnover rates (H
(2) = 1.220, p = 0.543), but a trend to significance for 5-HT turnover
rates (H(2) = 5.460, p = 0.065). We conducted follow-up tests despite
the non-significant finding for 5-HT turnover rates because it has been
shown that this index is altered in patients with depression (Barton
et al., 2008), which may be a mechanism of the beneficial effects of
rTMS in patients. Follow-up Mann-Whitney tests with Bonferroni cor-
rection (i.e., at a 0.0167 level of significance, two tailed) showed that
Fo8-rTMS (Mean rank = 3.00) significantly reduced 5-HT turnover
rates when compared to sham (Mean rank = 8.00; U = 0, p = 0.009),
but not LI-rTMS (Mean rank = 4.60) compared to sham groups (Mean
rank = 6.40; U = 8, p = 0.347; Table 4). This finding indicates a pro-
portional increase in 5-HT concentrations within the cortex, and/or a
decrease in its metabolite concentration, 5-HIAA, following Fo8-rTMS.

In the hippocampus, analysis of HVA concentrations was not carried
out due to low concentrations and poor S/N ratios (refer to section
2.1.3). We observed a significant effect of stimulation on DOPAC con-
centrations (F(2, 7.52) = 6.45, p=0.023) and a trend towards sig-
nificance for DA (F(2, 7.49) = 4.24, p = 0.059) but no effect on 5-HT (F(o,
815 = 0.21, p = 0.811) and 5-HIAA concentrations (F, 7.5) = 0.67,
p = 0.538; Fig. 3). Post hoc tests for DOPAC concentrations revealed a
significant difference between LI-rTMS and Fo8-rTMS (p = 0.036), and
a trend towards significance between sham and Fo8-rTMS (p = 0.084).
There were no significant differences detected between all stimulation
groups for DA (H(2) = 1.112, p = 0.574) and 5-HT (H(2) = 0.193,
p = 0.908) turnover rates (Table 4). Thus, our results show that Fo8-
rTMS reduces the concentration of DOPAC, a DA metabolite, but not DA
itself.

Lastly, there was a significant effect of stimulation on DOPAC
concentrations in the striatum (F(,, 6.99) = 4.93, p = 0.045) but not for
any other compound (DA: Fi, 706 = 0.64, p = 0.550; HVA: F,
s.10) = 2.74, p = 0.122; 5-HT: Fey, 6.4y = 1.26, p = 0.343; 5-HIAA: F,
s.65 = 1.22, p = 0.339; Fig. 3). Post hoc tests revealed no significant
differences between stimulation groups in DOPAC concentrations, al-
though there was a trend to significance between sham and LI-rTMS
animals (p = 0.059). There were also no significant differences detected
in turnover rates in the striatum for DA (H(2) = 2.028, p = 0.363) or 5-
HT (H(2) = 3.841, p = 0.147; Table 4).

3.2. Derivatised amino acids

Preliminary analysis deemed the concentrations of certain target
molecules too concentrated for analysis. Therefore, following homo-
genisation in perchloric acid, supernatants were further diluted by a
factor of 10 in 0.2 M perchloric acid (10 pL supernatant + 90 pL acid)
and samples derivatised as per the manufacturer's instructions
(Phenomenex, Torrance, USA).

3.2.1. Precision and accuracy

The intra-assay CV% could not be determined for LYS, CTH and CIT,
due to the low S/N ratios recorded in the QC samples. For all other
compounds, with the exception of ARG (27.75%), intra-assay CV%

Precision of QC samples for the assessment of DA, 5-HT and their metabolites.

Compound name Individual (CV%)

Repeatability (intra-assay) Intermediate precision

(CV%) (inter-assay) (CV%)
DA 10.86, 2.50, 4.80 6.05 3.18
DOPAC 11.01, 15.82, 11.12 12.65 10.27
HVA 13.49, 3.38, 2.26 6.37 7.86
5-HT 19.56, 7.40, 2.43 9.80 12.48
5-HIAA 20.51, 12.55, 5.18 12.75 2.19

CV = coefficient of variation.
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Fig. 3. DA, 5-HT and their metabolite concentrations (pmol/mg) following sham, a single session of low intensity (LI-) and high intensity figure-of-eight
(Fo8-) rTMS in adult mice. Welch's ANOVA showed a significant effect of stimulation on DOPAC concentrations in the hippocampus (p = 0.023) and striatum

(p = 0.046). *p < 0.05. Reported values are means + SEM.

were < 20%: essential AAs: HIS (3.76%), ILE (2.66%), LEU (3.85%),
PHE (1.03%), MET (3.25%), TRP (0.58%), THR (7.62%), VAL (3.67%);
non-essential AAs: ALA (2.29%), ASN (6.4%), ASP (14.1%), C-C
(1.03%), GABA (18.71%), GLN (3.07%), GLU (7.27%), GLY (4.88%),
SER (3.58%), PRO (3.67%), TYR (2.19%), and other AAs: AAA (3.24%),
R-AIBA (12.08%), SAR (2.26%), indicating good precision and accuracy
of the current method.

3.2.2. Effect of magnetic stimulation

The amino acids 1-methyl-histidine, a-aminopimelic acid, DA, gly-
cine-proline (dipeptide), hydroxylysine4-hydroxyproline, phenylala-
nine, thiaproline were unable to be detected in the diluted supernatant
of all homogenised brain regions and were therefore excluded from
further analysis (refer to section 2.1.3).

Within cortical and hippocampal brain regions, there were no sig-
nificant differences in amino acid levels between sham, LI- and Fo8-
rTMS groups, with the exception of a-aminoadipic acid concentration
in the hippocampus (F56.4s) = 6.54, p = 0.028; Table 5). Changes to
striatal concentrations were observed for serine (F7.0) = 5.012,
p =0.043), threonine (Fi573 =9.237, p=0.01), sarcosine
(F2,4.74) = 18.784, p = 0.006), aspartate (F(26.56) = 11.54, p = 0.007)
and GLU (F(25.76) = 13.78, p = 0.006) concentrations (Table 5). Post
hoc Games-Howell tests revealed no significant differences between
sham and LI-rTMS groups. Comparisons were therefore made against
Fo8-rTMS. All tests showed a reduction in concentrations following
Fo8-rTMS: a-aminoadipic acid (sham p = 0.054; LI-rTMS p = 0.023),
threonine (sham p = 0.020; LI-rTMS p = 0.021), aspartate (sham
p =0.010; LI+TMS p = 0.020), GLU (sham p = 0.012; LIrTMS
p = 0.013), serine (sham p = 0.067; LI-rTMS p = 0.098) and sarcosine
(sham p = 0.005; LI-rTMS p = 0.287; Table 5).

4. Discussion

In the present study, we sought to investigate the effects of a single
LI- or Fo8-rTMS stimulation on various neurotransmitter and amino
acid concentrations and developed a method to identify and quantify
simultaneously DA, 5-HT and their metabolites (DOPAC, HVA; 5-HIAA)
and 33 free amino acids from mouse brain. Our findings show sig-
nificant changes in 5-HT turnover in the cortex following Fo8-rTMS and
altered DOPAC concentrations in the hippocampus and striatum.

Table 4

Twenty-seven free AAs were quantifiable using our technique, and we
found a significant reduction of a-aminoadipic acid concentrations in
the hippocampus and a reduction of serine, threonine, sarcosine, as-
partate and GLU concentrations in the striatum following Fo8-rTMS,
but not LI-rTMS, compared to sham stimulated animals.

4.1. Effect of the present high intensity Fo8-rTMS protocol

4.1.1. Dopamine and serotonin changes

We observed a reduction in 5-HT turnover rates in the cortex fol-
lowing high intensity Fo8-rTMS, indicating a relative increase in 5-HT
concentration and reduced concentration of its metabolite, 5-HIAA.
Similarly, within the hippocampus and striatum, there were changes in
DOPAC concentrations, a metabolite of DA. Our results suggest that the
present Fo8-rTMS protocol may acutely influence the activity of en-
zymes related to the metabolism of 5-HT to 5-HIAA (monoamine oxi-
dase) and of DA to DOPAC (monoamine oxidases, aldehyde dehy-
drogenase and catechol-O-methyl transferase (Meiser et al., 2013)).

Our findings for 5-HT are consistent with the lack of change in 5-HT
levels only in rats following rTMS (Ben-Shachar et al., 1997) and in
olfactory bulbectomy mice following rTMS delivered using a high in-
tensity circular coil (Heath et al., 2018). It is possible that the rTMS-
induced reduction in 5-HT metabolism may underpin its therapeutic
effects in patients with Major Depression Disorder (MDD; Lefaucheur
et al., 2014; O'Reardon et al., 2007a, 2007b), because un-medicated
patients diagnosed with MDD have elevated 5-HT turnover rates
(Barton et al., 2008). However, the lack of change observed for DA
concentrations differs from previous studies showing an increase in DA
following various high intensity rTMS protocols. In rats, two studies
have demonstrated increased DA in the frontal cortex, hippocampus
and striatum following rTMS (Ben-Shachar et al., 1997; Keck et al.,
2002). Similar to the present sampling methods of this study, pre-
viously, brain homogenates were analysed by HPLC immediately fol-
lowing a single stimulation session, thus detecting all DA present within
cells and in the extracellular space (Ben-Shachar et al., 1997). In con-
trast, Keck et al. (2002) used microdialysis, which is method considered
to sample only from the extracellular space, over a period of several
hours following a single stimulation. The results from the two studies
differ in that the first study (Ben-Shachar et al., 1997) found immediate
changes in the frontal cortex, hippocampus and striatum post-

DA and 5-HT turnover rates (mean * SEM) in various brain regions following LI- and Fo8-rTMS.

Cortex Hippocampus Striatum

Sham LI-rTMS Fo8-rTMS Sham LI-rTMS Fo8-rTMS Sham LI-rTMS Fo8-rTMS
DA 1.283 = 0.173 1.100 * 0.167 1.326 * 0.060 0.492 + 0.031 0.502 + 0.033 0.472 = 0.045 0.746 + 0.147 1.040 + 0.158 0.796 = 0.115
5-HT 0.775 = 0.097 0.575 = 0.116  **0.497 + 0.054 2.039 * 0.196 2.074 * 0.381 1.803 * 0.311 0.749 = 0.079 0.853 = 0.075 1.123 % 0.150

p = 0.009 vs. sham; based on Mann-Whitney U tests on rank differences with Bonferroni correction.
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Table 5 (continued)

Striatum

Hippocampus

F,p

Fo8-rTMS

LI-rTMS

Sham

F,p

Fo8-rTMS

LI-rTMS

2.509, 0.148

1172.03 = 95.99

101.49

1443.99 *= 137.57 1581.6 + 172.6

1584.78 + 242.47 2.064, 0.195

+ 559.17

2868.61

Non-essential AA

59.34 + 11.32

11.539, 0.007 **
1.806, 0.234
1.312, 0.329

3.394, 0.107

5967.38 = 676.57
503.7 + 57.81

9312.84 + 582.58 *

635.88 + 39.34

9892.49 + 397.31 '

558.83 + 45.68

2698.81 * 414.42 2.432, 0.165

6096.56 + 1527.88
732.6 = 153.72
13.85 = 6.11

1.798, 0.233
0.336, 0.74

488.08 = 94.45

37.21 = 11.22

18.46 = 9.21

37.34 £ 7.42

14.81 = 4.38

6437.86 = 728.85

7512.75 + 257.63
12777.1 = 1039.23

8877.72 + 575.3

1.753, 0.237

5799.36 = 1181.27
6349.81 = 1191.34

10839.03 *= 2362.59
10303.06 *= 1995.15

1.476, 0.302

9713.28 + 1362.82
16322.48 + 968.73

11353.83 *= 534.33

1.334, 0.317

13.779, 0.006 **
2.350, 0.163

23762.08 + 1525.83 7

21928.97 + 450.41 7

1.974, 0.201

15958.12 * 2301.56

1596.5 + 208.84
728.46 = 135.31
97.39 + 27.81

42.12

23469.53 + 3110.99

2229.03 + 218.24

2671.17 + 206.58
1483.4 + 152.33
145.98 + 11.64

2981.54 + 261.22

2.187, 0.185

3133.65 + 683.14
1313.05 + 190.87

194.8 = 55.71

5.012, 0.043 *
1.411, 0.319

0.759, 0.537

1046.11 + 79.48

1407.02 + 104.91

3.031, 0.106

145.38 + 38.53
55.75 + 39.65
51.09 + 8.38

199.02 + 27.68

20.74 * 6.48

1.112, 0.383

2.432, 0.199

64.53 + 8.46

71.35 = 2.61

6.539, 0.027 *
1.858, 0.221

50.84 + 11.73

107.64 * 10.4 "

Other AA

3.925, 0.079
3.926, 0.079

2313.7 = 203.44

2745.19 *= 96.09

3093.54 + 169.64

2218.27 = 408.65
2219.3 * 409.08
781.24 = 156.8

4013.09 = 804.78
4014.57 + 804.95
998.19 *= 147.02
140.13 + 14.86

2315.51 = 202.98
450.4 + 79.91
70.66 + 6.8

3094.25 = 169.58 2746.38 = 96.8

1.818, 0.226
0.607, 0.57

4.357, 0.063

602.67 *+ 40.49

409.77 * 50.85

4.638, 0.052

98.41 + 7.34

72.07 = 5.25

2.014, 0.21

98.47 + 14.51

461.06 = 123.46 225.75 *+ 41.55 18.784, 0.005 **

571.78 + 32.71 7T

2.399, 0.155

656.92 = 95.72

1140.62 = 188.97

< 0.05, **p < 0.01. Post hoc Games-Howell test p < 0.05, "p < 0.01 vs. Fo8-rTMS.

> P

F-statistic, p-value; Welch's ANOVA

Not included: APA, DA, TPR, GPR, 1MHIS.

F,p=
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stimulation, whereas the second study (Keck et al., 2002) detected
significant increases only at a delayed interval after the start of rTMS:
90 min for hippocampus and 30 min for the nucleus accumbens of the
striatum (as determined using stereotactic co-ordinates). These differ-
ences could be attributed to sampling method (e.g., brain homogenate
vs. dialysis and size of dissected tissue), which is discussed in Section
4.2.1.

In addition, variation in the stimulation parameters used such as the
magnetic field intensity and shape, frequency and number of pulses
delivered could contribute to the different effects of rTMS on the do-
paminergic system. Coils used in other studies can induce magnetic
field intensities approximately 2-3 times higher than those used in the
present study, (i.e., 2.3-4 T), although the absolute intensity was often
not provided in these studies; rather, they report stimulation intensity
as % stimulator output or % motor threshold, making it difficult to
compare methodology. In addition, frequency is suggested to be a key
determinant of rTMS outcomes (Wilson and St George, 2016). In the
present study, we used a 10 Hz stimulation protocol, whereas others
have utilised 20-25Hz protocols (Ben-Shachar et al., 1997; Kanno
et al., 2004; Keck et al., 2002). A statistical regression analysis (i.e.,
Principal Component Analysis) of rTMS studies has shown that the
number and amplitude of the pulses delivered have a weak relationship
to motor evoked potentials, a common outcome measure of rTMS
(Wilson and St George, 2016).

Overall, the differences between the results of present and previous
studies on DA and its metabolites following high intensity rTMS in-
dicate that stimulation parameters such as coil shape, intensity, fre-
quency, pulse number, may differentially regulate various aspects of DA
synthesis, binding, release and reuptake. It is, however, uncertain
whether the serotonergic system is less sensitive to differences rTMS
parameters, as our results are more consistent with previous results.
Future studies could investigate the impact of each rTMS parameter, for
example changing only the intensity, frequency and pulse number, on
the serotonergic and dopaminergic systems.

4.1.2. Other metabolites

Fo8-rTMS also reduced levels of amino acids involved in glutama-
tergic neurotransmission in the striatum, consistent with the suggestion
that alterations to the excitation and inhibition balance within cortical
networks are a mechanism of rTMS-induced plasticity (Cirillo et al.,
2017; Pell et al., 2011). Similar to GLU, serine and aspartate are ex-
citatory AAs that are necessary for NMDA receptor activation and D-
serine can act at the glycine site of the NMDA receptor as a coactivator
(D'Ascenzo et al., 2014; Wolosker, 2006). Note here that the observed
changes in serine and glutamate concentrations by Fo8-rTMS may be
influenced not only by neuronal but also by glial cell function. Although
the mechanisms of action are debated, astrocytes are involved in the
homeostatic regulation of numerous neuroactive substances including
D-serine (Henneberger et al., 2010; Wolosker, 2006; Wolosker et al.,
2016), glycine and glutamate (Schousboe, 2019). Interestingly, sarco-
sine, a precursor AA for the synthesis of glycine, was significantly re-
duced, although there were no significant changes in glycine con-
centrations. In addition, threonine was significantly reduced following
rTMS, and is a precursor AA for the synthesis of various proteins. This
suggests that various metabolic pathways may have been rapidly acti-
vated by rTMS, and future studies using methods such as untargeted
metabolomics will be useful for characterising changes in the whole
metabolic profile of various brain regions.

By contrast, within the hippocampus, only a-aminoadipic acid
concentration was regulated by rTMS. a -aminoadipic acid is an in-
hibitor of kynurenic acid synthesis (Wu et al., 1995) and is gliotoxic
(Huck et al., 1984). Kynurenic acid is relevant to synaptic plasticity as it
is a relatively non-specific excitatory AA receptor antagonist that is
produced endogenously (Ganong et al., 1983) and binds to the glycine
site on the NMDA receptor (Stone, 1993). Bath application of kynurenic
acid has been shown to antagonise hippocampal excitatory postsynaptic
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potentials (Ganong et al., 1983). Thus, the reduction of a-aminoadipic
acid observed in the hippocampus of Fo8-rTMS animals may result in
decreased excitatory activity within the hippocampus. Future studies
could investigate the relationship between a-aminoadipic acid and
kynurenic acid pathways following rTMS to elucidate the underlying
mechanisms.

4.1.3. Comparison with human studies

Analysis of neurotransmitter levels following rTMS in humans has
not been extensively performed. For 5-HT levels, long term studies have
been carried out in patients with depression: following daily 10 Hz
rTMS at 110% motor threshold for two weeks, 5-HT binding in the
prefrontal cortex was increased and positively correlated with im-
provement in Hamilton Rating Scale for Depression scale but binding in
the hippocampus decreased and was negatively correlated with out-
comes (Baeken et al., 2011). Using [11C] raclopride binding and po-
sitron emission tomography, Strafella et al. (2003) showed that rTMS of
the prefrontal cortex induces the release of endogenous DA in the ip-
silateral caudate nucleus in healthy participants, consistent with our
finding of neurotransmitter changes distant from the site of direct sti-
mulation (i.e., subcortical changes following rTMS).

4.1.3.1. Cortical vs subcortical regions. In the present study, cortical DA
concentrations were unaltered following Fo8-rTMS, although we
observed a reduction in 5-HT turnover rates. We speculate that the
different results may be due to the unique patterns of DA and 5-HT
innervation of the cortex. Dopaminergic innervation of the cortex is
sparse and heterogenous as compared to the widespread projections of
serotonergic neurons (Berger et al., 1991). Therefore, it is possible that
any regional rTMS-induced effects on DA concentrations were masked
by our sampling of the entire cortex. In addition, specific regions within
the cortex may be differentially susceptible to the effects of rTMS, as
suggested by the heterogenous protein expression of the immediate
early gene zif268 in the cortex following rTMS (Aydin-Abidin et al.,
2008). Future studies could therefore investigate the effect of rTMS in
particular cortical regions that have comparable dopaminergic terminal
densities to those in primates, such as the prefrontal cortex (Berger
etal., 1991). Although regional differences in 5-HT concentrations have
also been described in the rodent cortex, albeit at much higher
concentrations than that of DA (Reader and Grondin, 1987), our
results suggests that high intensity Fo8-rTMS induces widespread
changes to the serotonergic system, either through direct stimulation
of terminals, or via stimulation of intracortical circuits, resulting in the
observed reduction in 5-HT turnover rates.

We also found changes in subcortical regions, raising the question of
whether these effects, detected remotely from the stimulation site, are
due to direct stimulation of regions located deep within the rodent
brain, or indirect stimulation of these regions via activation of cortical
neurons. While it is possible that Fo8-rTMS in our study delivered sti-
mulation to the hippocampus and striatum at an intensity sufficiently
high to induce action potentials and alter neurotransmitter and amino
acid metabolic pathways, there is evidence from the literature that
cortical stimulation is sufficient to activate other brain regions.
Comparison of resting brain activity using fMRI has shown alterations
to subcortical regions following high intensity rTMS in humans
(Bestmann et al., 2004) and LI-rTMS in rats (Seewoo et al., 2018),
suggesting that both Fo8-and LI-rTMS are capable of modulating cor-
ticofugal connections to regions that are not within direct range of the
induced electric field. It is likely that Fo8-rTMS induces action potential
firing of corticofugal projecting neurons (Banerjee et al., 2017), thus
resulting in the significant changes we observed at the subcortical level.

4.2. Different effects of LI-TTMS and Fo8-rTMS

It was unexpected that LI-rTMS of awake and freely moving animals
had no significant effect on any of the compounds investigated in the
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present study; this is because we previously described, after a single LI-
rTMS session, altered resting state activity in rodents in vivo (Seewoo
et al., 2018), as well changes to gene expression (Grehl et al., 2015) and
levels of neurotransmitters and cellular metabolites associated with the
Krebs cycle in vitro (Hong et al., 2018). It is possible that LI-rTMS-in-
duced changes in neurotransmitter levels in vivo may be too subtle to be
detected following a single stimulation session, even with our highly
sensitive method, and we note that 5-HT and DA levels following LI-
rTMS followed similar patterns to those following Fo8-rTMS, but did
not reach statistical significance. The lower impact of LI- compared to
Fo8-rTMS is consistent with the different mechanisms activated by low
and high intensity magnetic fields: high intensity rTMS evokes action
potentials, directly triggering neurotransmitter release, whereas LI-
rTMS does not induce neuronal firing but rather causes an increase in
excitability by reducing action potential threshold and increasing spike
firing potential (Tang et al., 2016). As a result, the effects of LI-r'TMS on
neurotransmitter levels may be more prominent after multiple stimu-
lation sessions, consistent with the significant molecular, structural and
functional changes induced by LI-tTMS in vivo following chronic
treatment (Makowiecki et al., 2014; Poh et al., 2018; Rodger et al.,
2012).

However, in addition to delivering different intensities, our LI-rTMS
and Fo8-rTMS protocols differed significantly in the parameters of the
two stimulation devices. Firstly, the coil that was used for Fo8-rTMS
was a large figure-of-eight coil that would have stimulated all of the
head and part of the body of the mouse, whereas the small circular coil
used for LI-rTMS targeted the brain more focally. These devices further
differ from those used in other animal studies, which most commonly
used figure-of-eight shaped coils of varying diameter (Aydin-Abidin
et al., 2006; Ben-Shachar et al., 1997; El Arfani et al., 2017; Kanno
et al., 2004; Keck et al., 2002; Zangen and Hyodo, 2002). It is therefore
not possible to conclude that the differences we observe here between
LI- and Fo8-rTMS are due solely to the intensity of stimulation. Other
parameters such as differences in coil shape and orientation relative to
the brain, as well as pulse parameters (see for example: Lu and Ueno,
2017; Opitz et al., 2016) are likely to have contributed to the results of
the present study. An approach to specifically investigate the role of
intensity would be to reduce the intensity of the Fo8-rTMS to be
equivalent to the LI-rTMS coil, however this was not possible as 1% of
the MagVenture stimulator output is still an order of magnitude higher
than LI-rTMS. The other option, to increase the power supply to the
small coils to produce a magnetic field intensity that matched that of
Fo8-rTMS, was not physically possible due to overheating of the small
coil. We also acknowledge that pulse number and duration of stimu-
lation were limited by the physical properties of the coils (i.e., over-
heating of the MagVenture coil). Our study is therefore limited to
comparing outcomes of two different types of rTMS stimulation that
have been used in the animal rTMS literature, without identifying the
specific parameters responsible for the differences. Future studies
which involve magnetic and electric field modelling, as well as in-
novative design of miniaturised rTMS devices that enable comparative
studies in animal models and human subjects with matching stimula-
tion paradigms will be crucial for dissecting the contributions of dif-
ferent rTMS parameters (Rodger and Sherrard, 2015).

4.2.1. Differences in sampling method

Many studies have assessed concentration changes by sampling
brain microdialysates, limitations include a minimum volume of sample
required for sampling, which can take up to 10 min per time sample and
a high level of technical knowledge and training. In addition, surgical
placement of the cannula or probe is relatively large, especially when
targeting the extracellular space of specific nuclei within the mouse
brain (Shippenberg and Thompson, 2001). Therefore, the benefit of
assessing concentration changes using homogenates is the relative ease
of sample collection, requiring only good anatomical knowledge and
dissection skill. Magnetic stimulation-induced changes to AA
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concentrations are not limited to the extracellular space, but also occur
intracellularly. Thus, investigating changes to AA concentrations from
homogenates may provide a greater overview of the changes occurring
within a particular sample, and allow researchers to develop novel
biomarkers of the brain in healthy and pathophysiological states.
Limitations of this method include the ability to collect samples only at
a specific time point (post-mortem), whereas microdialysis and non-
invasive imaging techniques allow repeated and longitudinal studies,
although they may be less accurate. Therefore, the sampling method
selected will depend on the scientific aims and hypotheses of each
study.

In the present sampling method, the entire cortex and striatum was
dissected. In future, studies could look at dissecting a more specific
region, for example directly under the stimulation site in the cortex, the
prefrontal cortex and differentiating the dorsal and ventral striatum. In
addition, we were unable to quantitate HVA levels in the hippocampus
due to low S/N ratios. The presence of DA and the other major meta-
bolite, DOPAC, suggests that it should have been present in the hip-
pocampus. A possible reason for the inability of the present method to
detect HVA may be due to the addition of a fixed volume of perchloric
acid to dissolve the tissue samples (300 pL), which may have reduced
the total HVA content during sampling. Nonetheless, the LC-MS/MS
method we have described is extremely sensitive and in the present
study, we were able to quantify extremely low concentrations of par-
ticular AAs such as threonine (at 0.594 pM). Therefore, future studies
could add perchloric acid in a fixed wet weight-to-volume ratio, e.g.
10 uL acid per 1 mg brain tissue. By adopting these methods, future
studies can minimise the number of missing values and thus provide a
more complete dataset.

4.3. Conclusions

In the present study, we developed a rapid and accurate method in
combination with a commercially available kit, with minimal sample
preparation, to assay DA, 5-HT and their metabolites (DOPAC, HVA; 5-
HIAA) with an intra- and inter-day precision that was below 13%, and
27 different AAs in mouse brain homogenates, with a CV% < 15% for
those found to be significantly different. This method will be useful for
future studies to characterise and screen for brain biomarkers in both
the healthy and diseased state that can be assayed simultaneously in a
single run; leading to the development of methods that can target AAs
to a high degree of specificity and accuracy, as done for DA, 5-HT and
their metabolites in the present study. Our results highlight the im-
portance of gaining a better understanding of how rTMS parameters,
including stimulator dimensions, contribute to neurochemical changes
throughout the brain, in order to maximise the efficacy of rTMS
therapies.
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