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Summary

Magnetic resonance spectroscopy (MRS) is an emerging technique to study
metabolites in the human brain. A novel, edited MRS method allows to quan-
tify the concentration of most abundant inhibitory and excitatory neurotransmit-
ters: y-aminobutyric acid (GABA) and glutamate (Glu). This approach revealed
altered levels of neurotransmitters in pathological brain states (such as depression
and schizophrenia) but the relationship of neurotransmitter levels to neuronal ac-
tivity and behaviour is still unclear.

Crucially, studies have focused so far on the influence of baseline neurotransmit-
ter levels on fMRI (functional magnetic resonance imaging) activity or behavioural
performance, but did not investigate these relationships during identical conditions.
Moreover, studies have never analysed both neurotransmitters, GABA and Glu,
during identical states.

In this thesis, I focus on the visual system in the healthy brain and study the re-
lationship of both GABA and Glu with fMRI activity and visual performance during
different behavioural states. I also investigate whether non-invasive brain stimula-
tion allows to intentionally modulate neurotransmitter levels and might therefore
be tested as a therapeutic tool.

I started by establishing an acquisition and analysis pipeline for edited MRS on
two MR scanners in order to separately quantify GABA and Glu neurotransmitters
in the human brain. This procedure included the evaluation of scanning parameters,
the assessment of regions of interest, and the optimization of signal-to-noise ratio of
separate acquisitions. This unique and technically demanding method implemented
in our research laboratory is now ready for use in further studies.

The goal of Experiment 1 was to systematically investigate GABA and Glu neu-

rotransmitter concentrations in the visual cortex in different brain states, and to



relate them to the most typical measures in cognitive neuroscience, fMRI activity
and visual performance. Three brain states were studied with increasing visual in-
put: eyes closed state (CLOSED) with no input, eyes open state (OPEN) during
darkness with weak input, and the visual stimulation state (VIS STIM) with strong
flickering chequerboard presentation. I found opposite changes of neurotransmit-
ters along brain states with GABA decreasing from CLOSED to OPEN and Glu
increasing from CLOSED to VIS STIM. Furthermore, GABA correlated inversely
with the visual performance. This is the first report of systematic changes of ex-
citatory and inhibitory neurotransmitters across healthy brain states. Moreover,
these results might explain the inconsistent findings in previous studies as both
neurotransmitters change differently along brain states.

The goal of Experiment 2 was to systematically investigate the effects of non-
invasive brain stimulation on the neurotransmitter concentrations in the occipital
cortex. Stimulation to a distant yet connected brain region modified GABA but not
Glx concentration in the occipital cortex and affected the fMRI measures within and

outside of the visual system.

In summary, this thesis addresses two questions:

e Do neurotransmitter concentrations reflect behavioural states and visual per-

formance?

e Can we modulate neurotransmitters in the visual system with non-invasive

brain stimulation?



Zussamennfassung

Diese Dissertation untersucht die Rolle der wichtigsten inhibitorischen und
exzitatorischen Neurotransmitter - GABA und Glutamat - im visuellen Sys-
tem. Die Kombination zweier Methoden: Magnetresonanzspektroskopie (MRS)
und funktionell Magnetresonanztomographie (fMRT), erlaubte es, die Neuro-
transmitterlevel mit der neuronalen Aktivitat zu verkniipfen. Dartiber hinaus
untersuchten wir die Auswirkungen der transkraniellen Magnetstimulation auf

die Neurotransmission, sowie auf das fMRT.
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Part 1

Introduction

The balance of excitation and inhibition is a key feature of normal brain function. y-amino-
butyric acid (GABA) and glutamate (Glu) are two most important neurotransmitters in-
volved in this process. Magnetic resonance spectroscopy (MRS) is a promising method
to study these molecules in vivo. Yet, it is not completely clear which levels of neural
activity the MRS captures.

In the first experiment of this thesis, I studied the dynamics of GABA and Glu concen-
trations in the visual system across different brain states. I also established a relationship
between neurotransmitter concentrations and neuronal activity as measured with func-
tional magnetic resonance imaging (fMRI) during the same brain states. Finally, I ad-
dressed the question whether neurotransmitter levels in the visual system predict visual
performance.

In a second set of experiments, I studied whether neurotransmitter concentrations in
the visual system can be modulated by non-invasive brain stimulation. Several studies
showed altered levels of GABA and Glu in neuropsychiatric disorders. In the second part
of the thesis, I therefore explore the feasibility of brain stimulation as a therapeutic tool to

modulate the balance of excitatory and inhibitory neurotransmitters in the human brain.
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1 Magnetic resonance spectroscopy

MRS is a non-invasive technique to measure metabolite concentrations in a tissue n vivo
using an MR scanner. Its clinical use in the field of neuroradiology includes examination
of metabolic changes in tumours, regions affected by stroke, neurodegenerative and psy-
chiatric diseases. Outside of the central nervous system, MRS is an important tool to
diagnose muscle disorders and to monitor their development [110].

MRS spectra can be acquired from diverse atoms, including phosphorus (31P), car-
bon (13C) and hydrogen (1H). While phosphorus and carbon spectroscopy study cells’
respiratory and energetic processes, proton spectroscopy investigates myelin, markers of
neural functioning (among them neurotransmitters), metabolically active components and
cell membranes [110].

The MRS signal can be acquired from a single voxel (SVS — single voxel spectroscopy)
or a multi-voxel region (CSI or MRSI — chemical shift imaging or multivoxel spectroscopy).
In the SVS method, typical sequences include PRESS and STEAM, both employing
short-TE (short echo-time). The PRESS pulse sequence detects metabolites including
the neuron marker N-acetyl-aspartate (NAA), structural compounds like choline (Cho),
creatine (Cr) and phosphocreatine (PCr), the neural activity marker aspartate (Asp), the
oxidative stress marker glutathione (GSH) and the astrocyte marker myo-inositol (Ins)
[95], see Figure

In this thesis, a modified version of SVS 1H-PRESS pulse sequence was employed to
study neurotransmitter concentrations. Details of this method are described in the next

section.
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Figure 1: Metabolites measured with the PRESS MRS signal: N-acetyl-aspartate (NAA) at

2.0 ppm or 2.0.3 ppm; choline (Cho) at 3.2 ppm; creatine (Cr) and phosphocreatine (PCr) at

3.0 ppm; lactate (Lac) at 1.3 ppm; lipid signals at 0.9-1.8 ppm; glutamate (Glu) and glutamine

(Gin), usually found as a duplex (Glz) at 2.2-2.4 ppm and 3.5-4 ppm; myoinositol (Ins) at

3.6 ppm; ppm — particles per million. Adapted from [95]
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2 MEGA-PRESS spectroscopy

A recently developed extension of the 1H-PRESS sequence allows to differentiate neuro-
transmitters from the MRS-spectrum, which has not been possible with standard MRS se-
quences so far. This MEGA-PRESS (MEscher-GArwood-Point RESolved Spectroscopy)
method uses J-difference editing to resolve GABA and Glu peaks from the spectrum [81].

The GABA and Glu peaks, covered in the PRESS spectrum by creatine and choline,
are separated in the MEGA-PRESS sequence by the scalar coupling process, which is
defined as the interaction between hydrogen nuclei within a molecule. During measure-
ments, a radiofrequency pulse (RF pulse) is applied to one of the coupled hydrogens,
causing an alteration in the spin of its partner (hydrogen) and thereby uncovering the
peak of interest [29]. In this technique, two interleaved datasets are acquired. The first
dataset is edited with the pulse at 1.9 ppm with the aim to refocusing the J-coupling spins
at 3 ppm (the "ON” spectrum). In the other dataset, a regular RF pulse is applied (the
"OFF” spectrum). The subtraction of "ON” from ”"OFF” spectra removes all the peaks
that were not affected by the editing procedure and allows the quantification of GABA
and Glx (combined glutamate and glutamine signals mainly derived from the glutamate
molecule), see Figure . Since the two types of spectra are acquired in an interleaved
fashion, the subtraction is done as a post-processing step of the data analysis. In order
to increase the acquired data quality, the movement and scanner drift corrections are

incorporated in the MEGA-PRESS pulse sequence.
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Figure 2: The foundation of MEGA-PRESS method. (a) Editing pulses are applied at 1.9 ppm
to uncover the GABA peak at 3 ppm (b). Non-edited scans (OFF) are subtracted from edited
ones (ON) and the difference spectrum (DIFF) is computed. The edited spectrum contains signals
close to 1.9 ppm (directly affected by the pulses), the GABA signal at 3 ppm, the combined glu-
tamate+glutamine (Glz) peak at 3.75 ppm, and J-coupled macromolecular (MM) peaks. Adapted

Jrom [8]]



3 GABA AND GABAERGIC NEUROTRANSMISSION 19

3 GABA and GABAergic neurotransmission

GABA is the major inhibitory neurotransmitter in the human brain involved in both local
and long-axoned brain projections [31]. GABA plays an important role in such physio-
logical processes as sleep, motor control and pain. Defects in GABAergic transmission
relate to epilepsy, anxiety and psychiatric and neurodegenerative disorders [9§].

GABA is produced from glucose via the a-ketoglutarate molecule derived in the tri-
carboxylic acid cycle (TCA) by the enzyme glutamic acid decarboxylase (GAD). GAD is
exclusively localized in the neurons that use GABA as a neurotransmitter [31]. A major
source of neurotransmitter synthesis is astrocytic glutamine (Gln), as transport blockage
of this compound reduces GABA concentration [90, OT], 07]. A depiction of the GABA
cycle can be found in Figure [3]

GABA, and GABAg are two main receptors that respond to the neurotransmitter.
Both are found pre- and post-synaptically throughout the brain [98]. Modulation of
GABA receptors causes either an increase or a decrease in GABA transmission because
it depends on the amount of the generated inhibitory activity [86], 87]. Once released
into the synaptic cleft, GABA is taken up by the neurons and glial cells with one of
four types of GABA transporter proteins (GAT) that inactivate and regulate GABAergic
neurotransmission [31].

GABA is more abundant in gray matter than in white matter [22] and is found in
three main pools: in the cellular cytoplasm, inside cellular vesicles, and in the synaptic
cleft. Current research suggests that GABA MRS captures the signal from the synaptic

cleft pool [112].
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Figure 3: Schematic depiction of the GABA cycle. «-ketoglutarate formed in the Krebs cycle
is transaminated to Glu by GABA transaminase (GABA-T). The transmitter GABA is formed
from the Glu by glutamic acid decarboxylase (GAD). GABA released into the extracellular space
of the synapse is taken up by high-affinity GABA transporters (GAT) found on neurons and

glia. Adapted from[31)]
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4 Glutamate and glutamatergic neurotransmission

Excitatory amino acid transmitters are responsible for most of the fast synaptic transmis-
sion in the central nervous system. Glu, a major excitatory brain neurotransmitter [39], is
synthesized locally in nerve terminals (from glucose in the TCA cycle via a-ketoglutarate)
or from Gln in glial cells. In the indirect Glu synthesis, Gln is transported from astro-
cyte to neuron, and transformed to Glu by glutaminase (PAG) [31]. A depiction of the
glutamate cycle can be found in Figure

A depolarisation of the nerve terminal releases Glu in a calcium-dependent manner.
Once released to the synaptic cleft, the neurotransmitter is being reuptaken to neurons
and glial cells by its ionotropic (NMDA, AMPA and Kainate) or metabotropic (MGIluR)
receptors [27, 63]. There are at least eight types of metabotropic receptors identified
suggesting that the glutamatergic neurotransmission must display many critical func-
tions [31].

Since glutamate molecule may participate in both cellular communication and metabolic
processes, it is difficult to clearly explain fluctuations in its concentration [31]. However,
in most brain cells the Glu pool is mainly related to the neurotransmission [65]. In par-
ticular, the MRS-derived Glu signalling in the visual cortex strongly correlated with the

visual stimulation [74] [103].

5 Blood-oxygen-level dependent signal

Glucose and oxygen are the key substrates of energy supply for the brain. fMRI indirectly
identifies areas of neuronal activity via changes in oxygen supply. Neuronal activity

leads to vasodilatation of surrounding capillaries and to an increased oxygen supply via
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Figure 4: Schematic depiction of the glutamate cycle. Glu is packed by a vesicular transporter
into vesicles. After release from the presynaptic terminal, Glu can interact with postsynaptic
and/or release-modulating receptors. Glutamate is then taken up from the synaptic region by

the high-affinity plasma membrane transporters or by recycling through adjacent glia. Adapted

from [31]
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Figure 5: The haemodynamic response and fMRI BOLD signals. The BOLD signal has several
components: (1) the neuronal response to a stimulus or background modulation; (2) the process
of coupling neuronal excitatory and inhibitory activity with a haemodynamic response (neurovas-

cular coupling); (3) the haemodynamic response; and (4) the method of detecting this response

by an MRI scanner. Adapted from [2]

haemoglobin. fMRI is sensitive to changes in haemoglobin concentrations. An increase
in the fMRI signal, the so-called blood-oxygen-level dependent (BOLD) signal, thereby
indirectly identifies brain regions of increased neuronal activity [7, 13 28] [79, 03], see
Figure [f]

Changes in BOLD signal can be investigated during a task (task-fMRI) or at rest
(resting-state fMRI; rs-fMRI). Task-fMRI studies identify brain regions of increased BOLD-
signal while subjects perform a cognitive task in the scanner [71]. Rs-fMRI identifies signal

fluctuations related to ongoing brain activity in the resting state.

Amplitude of low-frequency fluctuations. ALFF is a measure of spontaneous low-
frequency fluctuations in the BOLD signal; its role as a biomarker was extensively inves-

tigated in the last decade. Changes in the ALFF at rest were reported in ageing processes
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[125], as well as in the course of such diseases as schizophrenia [51], 53], ADHD [129] and
Parkinsonism [126]. Alterations in the ALFF were associated with pathologies distributed

across the brain [30]; sleep deprivation was found to temporally impair ALFF scores [41].

Seed-based functional connectivity (seed-based FC). FC is a measure of syn-
chronized fMRI signal fluctuations in distinct brain regions. If the signal from a seed
area is correlated in time with a distant brain regions, these regions are likely to com-
municate and share information [106]. With the seed-based FC, cognitive skills may be
assessed, i.e. Broca’s area and Brodmann’s area 39 were found to correlate with read-
ing abilities [46]. Alterations in FC between various regions are reported in Alzheimer’s

disease [69) 123], multiple sclerosis [18, [73] and schizophrenia [70], 124].

Resting state networks derived with the independent component analysis
(ICA). ICA isastatistical approach that separates the fMRI signals into non-overlapping
spatial and time components. It was initially introduced to identify and remove technical
and physiological artefacts from the fMRI data, but ultimately helped to identify net-
works of FC in the human brain, so called resting state networks (RSN) [40, [99]. RSNs
comprise of functionally connected regions during an unconstrained resting state that
mimic networks involved in important brain operations like motor functions, visual pro-
cessing, executive functioning, auditory processing, memory, attention and consciousness
[26]. An example parcellation of the human cortex in seven resting state networks is
depicted in Figure @ Alterations in RSNs were associated with schizophrenia [76] [113],

bipolar disorder [33] and were also found in pre-term born adults [6].
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Figure 6: A parcellation of the human cerebral cortex in 7 resting-state networks as identified with
ICA from rs-fMRI data (here a sample of 1000 healthy participants): visual (purple), somato-
motor (blue), dorsal attention (green), ventral attention (violet), limbic (cream), frontoparietal

(orange), default mode network (red). Adapted from [127]
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6 Transcranial magnetic stimulation

TMS employs electromagnetic induction (of a 1-2.5 Tesla strenght) to depolarize corti-
cal neurons. Generated by the TMS coil (placed tangentially towards the scull) short
electromagnetic pulses pass through the scull inducing electric current in the tissue. The
TMS produces trans-membrane ion flow in cortical axons that depolarizes the membrane
potential and triggers an action potential (AP) in neurons. Activated neurons spread the
AP to other brain areas [57]. The effects of TMS on the brain vary between regions be-
cause of differences in local tissue conductivity and electrical properties [43]. Transcranial
magnetic stimulation is discussed as a therapeutic option to treat depression [100, [19],

migraines [15] and patients that suffered stroke [52].
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Part 11

Aims and hypotheses

The aim of this dissertation is to investigate the role of the relationship between GABA
and glutamate neurotransmitters and systems level brain activity in the visual system by
combining MRS, fMRI and TMS.

Experiment 1 investigates fluctuations in MRS and fMRI signals in brain states of
eyes closed (with no input), eyes open in darkness (with weak input) and visual stimulation
(with strong visual input). GABA and Glx levels in the visual system were correlated with
the BOLD signal change induced by visual input, and with measures of visual performance
outside the scanner.

Experiment 2 examines the effects of non-invasive brain stimulation using TMS on
MRS and BOLD signals in the visual system. Based on the network directionality model,
parietal regions exert a top-down effect on visual cortex [T01]. We therefore hypothesize
that the TMS inhibition of top-down region would decrease the connectivity and affect

neurotransmitter concentrations in the visual system.
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Part 111

Materials and methods

1 Participants and study design

After arriving at the experimental session, all volunteers were informed about the ob-
jectives and risks of the study and signed a written consent form. Participants were
confirmed to not suffer from any neurodegenerative or psychiatric disorders and to not
be under the influence of alcohol, drugs and medication (what could have altered MRS
and fMRI scores). Both studies were approved by the local ethics committee. Detailed

descriptions of study designs can be found in the following sections.

1.1 Experiment 1

Fifty-four healthy volunteers (M,g=27.3, SD=2.94, 29 males), divided in two cohorts,
participated in experiment 1, which consisted of a neuroimaging and a behavioural session.
The first cohort (24 volunteers) participated only in the neuroimaging part, and the second
cohort (30 volunteers) took part in both: neuroimaging and behavioural session.
Scanning was performed on a 3T Biograph mMR integrated MR and PET system
(Siemens, Erlangen, Germany) using vendor supplied 12-channel phase-array head coil.
During the neuroimaging session, participants were placed in the scanner in a dimmed
environment. After initial localizer and anatomical scans, counterbalanced sessions of
MRS and fMRI sequences were acquired, including sessions of: eyes closed, eyes open
and the visual stimulation (see Figure . Subjects were asked to lie down with their

eyes closed without falling asleep, referred to here as the CLOSED condition, to keep
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intrinsic state visual input

s

baseline state

Figure 7: Scheme of MRS and fMRI experimental sessions in the Experiment 1.

their eyes open without receiving any visual input, i.e. the OPEN condition, and to
look at a flickering chequerboard presentation (explained in details in section , the
VIS STIM sessions. Participants from the first cohort performed only the CLOSED and
OPEN conditions, whereas participants from the second cohort took part in all three
conditions.

A few weeks after the initial neuroimaging experiment, volunteers from the second co-

hort performed two behavioural tasks described in section[2.4] Details of the neuroimaging

pulse sequences used to acquire the data can be found in the sections [2.1.1] and [2.2.1]

1.2 Experiment 2

Thirty right-handed healthy volunteers took part in experiment 2 (M,g=25.9, SD=2.90,
16 females), each performing four counterbalanced sessions on four consecutive days; two
comprised of MRS, and the other two of rs-fMRI measurements. In each session after the

initial anatomical scan the following steps were performed:

e the baseline MRS or fMRI (pre-TMS) acquisition;
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A TMS protocol

pre-TMS MRS or 20 min rTMS in IPLor  post-TMS MRS or
fMRI acquisition left angular gyrus fMRI acquisition

Figure 8: (A) Sequence of events in the Experiment 2. Initial MRS/fMRI acquisition was
followed by the rTMS intervention, and later by the post-MRS/fMRI run. (B) Areas stimulated

by the rTMS: left angular gyrus (left) and ipsolateral inferior parietal lobus (right).

e TMS stimulation;

e the post-TMS MRS or fMRI acquisition.

The experimental setup is depicted in Figure [§] A. Details of the TMS intervention session
are described in section 2.3l The time between the end of the TMS stimulation and the
start of the MRS or fMRI sessions was measured and kept as short as possible in order
to enhance the r'TMS effect.

During all acquisitions, participants were asked to stay awake with their eyes open,
and to not fall asleep. This was ensured by observing their eyes with an MR-compatible
camera (12M, MRC Systems, Heidelberg, Germany) installed on the coil. The scanner
room was dimmed. Two areas were stimulated in separate TMS sessions: ipsolateral
inferior parietal lobus (IPL) in the parietal cortex (as part of dorsal visual stream) and left

angular gyrus (1AG) — a part of DMN network outside the visual stream (see Figure |8 B).
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The post-TMS acquisitions were named post-TMSipy, and post-TMSaq, respectively.
Neuroimaging data was acquired with 3 T Philips Ingenia scanner (Philips Healthcare,

Best, The Netherlands) using the vendor-supplied 32-channel head coil. TMS stimulation

was performed with the Nexstim eXimia NBS 4.3 system (Nexstim Oy, Helsinki, Finland).

Details of the neuroimaging pulse sequences used to acquire the data can be found in

sections [2.1.2] and [2.2.2] TMS stimulation protocol can be found in section [2.3]

2 Data acquisition

The neuroimaging data were acquired with Siemens and Philips scanners. Pulse sequence
parameters specific for different vendors are described in details in the separate sections

below.

2.1 Magnetic resonance spectroscopy
2.1.1 Siemens

MRS was acquired with the MEGA-PRESS pulse sequence provided by Siemens. For
the first cohort WIP #715 was used and for the second cohort the updated version
(WIP #795) was used respectively. A voxel with spatial resolution 25x25x25 mm? was
centred within the visual cortex, in the midline, avoiding the scull proximity. The voxel
placement is depicted in Figure [0} Both WIP sequences shared the following acquisition
parameters: 256 single averages, bandwidth 1200 Hz, delta-frequency set to the position
of creatine at -1.7 ppm relative to water. The following parameters were unique for the
WIP #715 sequence: TR/TE=1500/68ms, vector size = 512, acquisition time 6 minutes

and 30 seconds. Unique WIP #795 parameters included: TR/TE=2000/68 ms, vector
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Figure 9: MRS vozel placement in the occipital cortex in the saggital and azial plane.

size 2048, acquisition time 8 minutes and 40 seconds.

2.1.2 Philips

GABA-edited MEGA-PRESS spectroscopy was acquired using the dedicated Philips pulse
sequence developed and provided by Edden et. al. [37]. Two co-editing Gaussian pulses
of a duration of 14 msec (bandwidth of FWHM inversion = 86.6 Hz) were applied at
1.9 ppm (ON scans) and 7.46 ppm (OFF scans). One hundred and sixty transients were
acquired in 10 dynamic scans, each composed of a 16-scan cycle and containing 2048 data
points. Spectral width was set to 2 kHz, TR/TE=2000/68ms. VAPOR water suppres-
sion was applied to the spectra; first and second-order shimming parameters were based
on the pencil-beam projection-based shimming routine. Additional water-unsuppressed
acquisition was run after each ON and OFF scan pairs and was later used for the tissue

correction procedure. The total scan time was 10 minutes and 15 seconds.
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2.2 Other magnetic resonance methods
2.2.1 Siemens

High resolution structural imaging. The magnetization prepared rapid acquisition
gradient echo (MP-RAGE) T1-weighted anatomical image was acquired using following
parameters: TR=2.3 ms, TE=2.98 ms, angle=9°, 160 covering the whole brain slices with
gap=0.5 mm, FOV=256 mm, matrix size=256x256, voxel size=1.0x1.0x1.0 mm?3, and

the total scan time of 5 minutes and 3 seconds.

fMRI. In the resting state fMRI paradigm, 360 volumes of EPI images (T2*-weighted
echo-planar-imaging) in interleaved mode were acquired. Acquisition parameters were as
following: TR=2 ms, TE=30 ms/angle, 90°, 35 slices aligned to AC/PC and covering the
whole brain, FOV=192 mm, matrix size=64x 64 voxels, voxel size 3.0x3.0x3.0 mm?®. Two
counterbalanced blocks of CLOSED and OPEN conditions were acquired in 12 minutes
and 6 seconds.

The visual stimulation paradigm shared the fMRI pulse sequence parameters with the
resting state session and consisted of 10 interleaved blocks of task and rest, with a block
length of 30 seconds. In total, 300 volumes were acquired in a scan time of 10 minutes
and 6 seconds. Detailed description of the presentation used in the visual stimulation

paradigm is described in the the following paragraph.

Visual stimulation paradigm. In the VIS STIM condition, a black-white flickering
chequerboard was presented with frequency of 8 Hz. Ten interleaved 30-second blocks
of signal ON and rest (a black fixation cross on the white background) were presented.
Participants were asked before the experiment to pay attention to the stimuli when the

chequerboard was flickering, and to fixate on the cross during the rest block. Stimula-
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tion was presented on BOLD Screen 32 MR Safe Display (Cambridge Research Systems,
Cambridge, UK) with a resolution of 1920x1080 and a frame rate of 120 Hz. The screen
was placed in the back of the scanner’s bore. Participants viewed the presentation on

a mirror installed on the coil.

2.2.2 Philips

High resolution structural imaging. The T1-weighted 3D-TFE anatomical image
was acquired using the following parameters: TR=9 ms, TE=3.98 ms, angle=8°, 170 slices
with gap=1 mm, covering the whole brain, FOV=256 mm, matrix size=256x256, voxel

size=0.7x0.7x0.7 mm?, and a total scan of time 5 minutes and 58 seconds.

fMRI. Multiband EPI sequence with blipped-controlled aliasing was used to acquire
the resting state fMRI data [94] with the following parameters: voxel size 3x3x3 mm?,
multiband factor of 2, SENSE factor of 2, TR=1.25 seconds, TE=30 ms, flip angle of 90°,
40 slices covering the whole brain. In total, 600 volumes were acquired in 12 minutes and

35 seconds.

2.3 Transcranial magnetic stimulation

TMS intervention was performed by applying inhibitory, low-frequency (1 Hz) repetitive
navigated TMS (rTMS) to the IAG and IPL, see Figure [} Before the first experimental
session, the individual’s resting state motor threshold (rMT) was assessed. The MT
area was derived from the hand knob corresponding to the cortical representation of the
abductor pollicis brevis muscle (APB). The rTMS stimulation intensity in later sessions
was set to individual’s rMT intensity.

In 20 minutes of rTMS intervention 1200 pulses were applied on the target area. During
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Participant | tMT threshold || Participant | rMT threshold || Participant | tMT threshold
1 31% 11 45% 21 48%
2 35% 12 29% 22 48%
3 27% 13 32% 23 29%
4 33% 14 30% 24 36%
5 30% 15 43% 25 31%
6 36% 16 27% 26 35%
7 31% 17 35% 27 35%
8 35% 18 30% 28 28%
9 27% 19 57% 29 34%
10 31% 20 34% 30 30%

Table 1: Individual resting state motor threshold (rMT) assessed before the first TMS session in

the Ezxperiment 2.

the stimulation, the coil was angulated perpendicular to the skull surface, and anterior-
posterior orientation of the induced electric field was maintained throughout using an

adjustable coil holder.

2.4 Behavioural experiments

Subjects who took part in the neuroimaging session of Experiment 1 performed two vi-
sual experiments: an orientation discrimination task and an attentional capture task as
a control task (organized in the counterbalanced order). The orientation discrimination
task employs basic visual processes depending on excitatory-inhibitory neurotransmission

balance in the visual system [8] 20],[36]. In contrast, the attentional capture search engages
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high-level attentional resources and strongly depends on saliency processes.

The experimental protocols were approved by the ethical review board of the Fac-
ulty of Psychology and Education of the Ludwig-Maximilians-Universitat Miinchen and
performed in the Department of Experimental Psychology of the LMU. Throughout the

testing, participants were required to have normal or corrected-to-normal vision.

2.4.1 Orientation discrimination experiment

Apparatus. Gaze position was recorded using an EyeLink 1000 Desktop Mount (SR
Research, Osgoode, Ontario, Canada) at a sampling rate of 1 kHz. Participants’ head
movements were minimized using a chin and forehead rest. The experiment was controlled
by an Apple iMac Intel Core i5 computer (Cupertino, CA, USA) and the experimental
software was implemented in Matlab (MathWorks, Natick, MA, USA), using the Psy-
chophysics [16, 92] and EyeLink toolboxes [59]. Stimuli were presented at a viewing
distance of 60 cm on a 21-in gamma-linearized SONY GDM-F500R CRT screen (Tokyo,

Japan) with a spatial resolution of 1024x768 pixels and a vertical refresh rate of 120 Hz.

Procedure. The orientation discrimination design was adopted and modified from Ed-
den, 2009 [36]. Subjects initially fixated at a central black fixation dot (0 cd/m?, 0.15° ra-
dius), on a gray background (30 cd/m?), see Figure . Once a stable fixation was detected
within a 2.0° radius virtual circle centred on the fixation dot, a flickering Gabor/Noise-
stream appeared at the fixation. The stimulus was composed of interleaved sequences
of vertically oriented Gabor patches (frequency 2.5 cpd, random phase, 100% contrast,
standard deviation of Gaussian envelope 1.1°, mean luminance 30 cd/m?) and Gaussian
pixel noise patches (0.22°-width pixels ranging from white (1) to black (0), same Gaussian

envelope as for the Gabors), alternating every 25 ms. After 400-800 ms, this stream com-
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Figure 10: Orientation discrimination task. Sequence of events in the course of each trial.

prised a discrimination Gabor patch was slightly rotated clockwise or counter-clockwise.
Following the method of constant stimuli, tilt angles (nine linearly spaced angles from
1° to 17°) varied randomly across trials. After 25 ms, the oriented Gabor patch was
masked by another noise patch. 200 ms afterwards, the Gabor/Noise-stream disappeared
and participants indicated via button press in a non-speeded manner whether the dis-
crimination Gabor was tilted clockwise or counter-clockwise. They received a negative
feedback sound for incorrect responses. After one practice block, each participant per-
formed seven blocks of 35 trials. We controlled online for broken fixation (not within 2.0°

from FT) and repeated erroneous trials in random order at the end of each block.

2.4.2 Attentional capture experiment

Stimuli and Design. The attentional capture paradigm, adapted from Theeuwees,

1992 [116], was implemented in the Open Sesame software (version 3.1.6b1 [78]), modified
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and ran on an Intel computer. The visual display comprised of 8 circular (1.4° in diameter)
or rectangular geometric stimuli (100 px). Yellow (97.6 cd/m?) and blue (12.3 cd/m?)
shapes were displayed on the black background (1.24 c¢d/m?). In each trial, one of the
stimuli was in a unique shape (e.g. seven circular, one rectangular). The target, a white
line segment (111 cd/m?, 75 px), was presented inside of unique shape in either a vertical
or a horizontal orientation (with possible options: 0° or 90°), see Figure [11] A. Other line
segments inside geometric figures were tilted either to the right or to the left (possible
orientations: 30°, 60°, 120°, 150°), and distributed randomly on the display. In distractor
absent trials, all shapes were presented in the same color (for example: seven circular
shapes and one rectangular shape, all blue). In distractor present trials, one of the blue
circles was replaced with a yellow circle (see Figure B). Participants were asked to
indicate the orientation of the line segment in the unique shape. The experiment consisted
of 7 blocks 20 trials each (140 trials in total). Chin rest was used to stabilize the observer’s

head at a 55 cm distance from the screen with a visual angle of 0.7°x0.7°.

Procedure. After receiving written and oral instructions about the experimental pro-
cedure, the experiment was started with a block of practice session (20 trials). The goal of
the practice was to familiarize participants with the task. Next, the remaining six blocks
of experiment were performed.

In the beginning of each trial, a black fixation dot at the center of the screen was
presented for 500 ms. The stimuli display was presented subsequently and remained on
the display for 300 ms. Subjects were instructed to respond as fast and as accurate as
possible, and to indicate the orientation of the line in the unique shape as vertical or
horizontal. After an erroneous response, a red dot was presented on the location of the

fixation dot for 500 ms. The inter-trial interval was 500 ms.
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Figure 11: Attentional capture task. (A) Sequence of events in the course of each trial. (B) II-
lustration of the example stimuli presentations as distractor absent (upper panel) and distractor

present (lower panel).
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3 Data analysis

3.1 Magnetic resonance spectroscopy

The MEGA-PRESS spectra were exported from the scanner in the .rda (Siemens) or
.sdat (Philips) format and analysed with the Gannet 2.0 software [37]. Preprocessing
steps included: time-domain correction, frequency and phase correction, filtering with
3 Hz, line broadening and fitting choline and creatine signals. After subtracting OFF
from ON acquisitions, the single GABA+[]] peak at 3 ppm and the double GIx?| peak at
3.75 ppm were separately fitted using a five-parameter Gaussian model, and referenced
to Cr signal. Example GABA and Glx fits are shown in Figure [I2] A and B.

Averaged group GABA and Glx peak full width at half maximum (FWHM) were
analysed and compared between conditions in order to control for blood flow effects [12].
The relationship between GABA/Cr and Glx/Cr concentrations were assessed with the
Pearson product-moment correlation coefficients. Shapiro tests assuring the normality of
the distribution were performed.

The ”edit-off” spectra were analysed with LCModel version 6.3-1 [96]. With the
simulated basis set provided by the software developer, ratios of Asp, GSH, Ins, PCh
and NAA to creatine were calculated. The spectra with peak fitting errors (Cramer-Rao
minimum variance bounds) exceeding 20% were removed from further analysis. Example
fits are shown in Figure [12] C.

In order to extract the fMRI scores from the voxel of interest corresponding to the
individually placed MRS voxel, a voxel coregistration procedure was performed with the

Gannet 2.0 software [37].

!GABA+: GABA peak with a contribution from macromolecule signals

2GlIx: combined Glu and Gln signals mainly derived from Glu
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Figure 12: Sample fits of edited and ”edit-off” spectra. A) GABA fit in the edited spectrum; B)

Glz fit in the edited spectrum; C) LCModel fit of the "edit-off” spectrum.

3.1.1 Siemens

Following the preprocessing and peak fitting, the quality control of all the acquisitions was
performed. From the total of 146 runs, either GABA or Glx could not be fitted in three
runs and were therefore excluded. Later, we excluded any run that exceeded 3 SD from
the group mean in any of the following parameters: GABA, Glx or Cr fit error, GABA
FWHM, and Glx FWHM, which led to an exclusion of further 3 runs. Plots depicting
quality check parameters of all acquisitions can be found in Figure

The effects of brain states on metabolites concentrations in edited and ”edit-oftf” signals
were assessed in CLOSED, OPEN and VIS STIM conditions with ANOVAs and two-tailed

paired-samples t-tests. Individual data were used for the integrative MRS-fMRI analysis.
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Figure 13: Plots depicting single subjects’ parameters used to assess the quality of spectroscopy

data in Experiment 1. A) Bozplots representing all parameters of interest; B) scatterplot rep-

resenting Cr fit error values; C) scatterplot representing GABA fit error values; D) scatterplot

representing Glx fit error values; E) scatterplot representing GABA peak full width at half max-

imum (FWHM); F) scatterplot representing Glz peak full width at half mazimum (FWHM).
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3.1.2 Philips

From 120 separate MRS runs, all the spectra were fitted successfully. After inspecting the
data quality parameters (GABA, Glx and Cr fit error, GABA FWHM, and Glx FWHM)),
three acquisitions were excluded due to the score exceeding 3 SD of the whole group.
Plots depicting quality check parameters of all acquisitions can be found in Figure

Based on recent reports, referencing GABA to water peak (GABA /H,0) instead of cre-
atine (GABA/Cr) quantifies GABA concentrations in the MRS voxel more accurately [50]
as it allows the correction for voxel composition of gray matter, white matter and cere-
brospinal fluid. Thanks to additionally acquired water-unsuppressed scan in the MEGA-
PRESS sequence on Philips scanner, we analysed the GABA/H,0 in addition to the
GABA/Cr signals. Four GABA/H,0 fits were missing due to a lack of unsuppressed
water file.

The effects of TMS intervention on metabolites concentrations in edited and ”edit-
off” signals were assessed in pre-TMS (average between the pre-TMSaq and pre-TMSpar
sessions), post-TMSuxq, and post-TMSpar conditions with ANOVAs and post-hoc two-
tailed paired-samples t-tests and corrected for multiple comparisons with the Bonniferroni

correction. Individual data were used for the integrative MRS-fMRI analysis.

3.2 fMRI

The preprocessing of fMRI data was performed with DPARSF tool and SPMS functions,
all implemented in Matlab (Wellcome Trust Center for Neuroimaging, University College
London, www.fil.ion.ucl.ac.uk /spm) [21, 107]. The preprocessing included following steps:
slice timing, realignment and reorientation. None of the subjects exhibited 3 mm of

maximal rotation and 3 degrees of maximal translation of overall estimated head motion
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Figure 14: Plots depicting single subjects’ parameters used to assess the quality of spectroscopy

data in Ezxperiment 2. A) Boxplots representing all parameters of interest; B) scatterplot rep-

resenting Cr fit error values; C) scatterplot representing GABA fit error values; D) scatterplot

representing Glx fit error values; E) scatterplot representing GABA peak full width at half max-

imum (FWHM); F) scatterplot representing Glz peak full width at half mazimum (FWHM).
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during the course of the experiment. After the coregistration of structural image to the
functional mean volume, the structural volume was segmented, and the mean white matter
and CSF signals were regressed out from the functional signal.

The rs-fMRI data analysis to derive probabilistic Independent Component Analysis
(pICA) scores [9] was performed with FEAT (FMRI Expert Analysis Tool) Version 6.00
and MELODIC (Multivariate Exploratory Linear Decomposition into Independent Com-
ponents) Version 3.14, both being part of the FSL software package (FMRIB’s Software

Library).

Amplitude of low frequency fluctuations (ALFF). The preprocessed fMRI data
were smoothed with 4 mm Gaussian kernel, detrended, and kept in the subjects’ native
space without normalization. The signal time series from each voxel in the frequency
range of 0.01-0.1 Hz were transformed into the frequency domain. The square root of
each frequency was calculated and averaged [129]. Standardized Z-score ALFF maps were
used for the later analysis. The zALFF scores from voxels of interest corresponding to
the individually placed MRS voxel were extracted and averaged with Matlab. Difference
between CLOSED and OPEN conditions was assessed with a two-tailed paired-sample

t-test; individual zZALFF scores were used for the integrative MRS-fMRI analysis.

Functional connectivity (FC). The preprocessed data were smoothed with 4 mm
Gaussian kernel, detrended and filtered with bandpass filter of 0.01-0.1 Hz. Next, the
seed-based FC was calculated between the ROI corresponding to the MRS voxel and the
visual resting state network (derived from the 7-networks parcellation [127]). Functional
connectivity maps were normalized and transformed into Z-score maps. zFC scores from

the voxel of interest corresponding to the individually placed MRS voxel were extracted
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and averaged with Matlab. Eventually, group difference between CLOSED and OPEN
conditions was assessed and individual scores were used for the integrative MRS-fMRI

analysis.

BOLD signal change. This section describes the analysis of BOLD signal change dur-
ing task conditions. After preprocessing, the structural and functional images were coreg-
istered, normalized to MNI space and smoothed using a 6 mm FWHM Gaussian kernel.
To analyze statistical differences between blocks of task and rest conditions, 10 interleaved
blocks of ON and OFF were modelled with the SPM canonical haemodynamic response
function with motion parameters added to the general linear model. To account for the
multiple regression comparisons, a family-wise error correction was used (p<0.05, cor-
rected) for the mass-univariate voxel-wise testing. The contrast of interest was defined as
(betayisual — betayest). The contrast estimates were extracted from the individuals’ peak
voxels located in the visual cortex and were used for later analysis. At this stage, one par-
ticipant had to be excluded, because of no significant activation cluster (FWE-corrected)

in the visual cortex.

Independent component analysis (ICA). Data preprocessing for the ICA analysis
included motion correction using MCFLIRT (motion correction FLIRT), removal of non-
brain tissues with BET (brain extraction tool), spatial smoothing with 6 mm Gaussian
kernel, intensity normalization and high-pass temporal filtering. Functional data were
registered to the structural volume and normalized to the MNI space. Next, using the
MELODIC algorithm, datasets of all subjects were temporally concatenated, whitened
and projected into 25 dimensional components using Principal Component Analysis. The

dual regression was run on the set of spatial maps created in the previous step, in which
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subject-specific spatial maps were generated and associated with time series [10].

First step of dual regression was to regress out the group-average set of spatial maps
from the single subject’s 4D data set. The time series from the previous step were then
regressed out as temporal regressors from the same 4D data sets. As a result, subject-
specific spatial maps were created, one per group-level spatial map. At last, visual and
dorsal attentional network components were selected by visual inspection and used for
further analysis as they reflect parts of the visual processing stream. ICA scores from
the voxel of interest corresponding to the individually placed MRS voxel were extracted
and averaged with Matlab. The difference between CLOSED and OPEN conditions was
assessed with two-tailed paired-sample t-test. Individual ICA scores were used for the

integrative MRS-fMRI analysis.

3.3 Behavioural experiments
3.3.1 Orientation discrimination

By fitting cumulative Gaussian functions to each subject’s performance, the tilt angle
corresponding to 75% correct performance in orientation discrimination was determined.
Five participants were not able to discriminate any of the tilt angles above chance level

(50% correct), and therefore were excluded from further analysis.

3.3.2 Attentional capture

After excluding error trials from the analysis, the mean and the accuracy of distractor
absent and distractor present trials were analysed. A paired-sample one-tailed t-test was
used to assess the difference between the conditions of distractor absent and distractor

present. Regression analysis was used to assess the relationship between the concentration
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of metabolites, fMRI scores and behavioural results.

3.4 Statistical analysis

In experiments 1 and 2, the differences in metabolites’ concentrations at the group level
between conditions were assessed by one-way between subjects ANOVAs and post-hoc
paired-sample two-tailed t-tests (corrected for multiple comparisons with the Bonferroni
correction). Shapiro tests were run to assure normal distribution of the data. The effect of
GABA and Glx line broadening when comparing conditions was controlled by analysing
the FWHM of neurotransmitters peaks with one-way between subjects ANOVAs. Concen-
trations of GABA+/Cr and Glx/Cr were correlated using Pearson Correlation Coefficient
method. GABA+/Cr, GABA/H,0 and Glx/Cr concentrations in the voxel of interest
were correlated with fMRI measures and behavioural scores using using Pearson Correla-
tion Coefficient method. Statistical and behavioural data analyses were performed with

the “R” package [24].
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Part IV

Results

1 Experiment 1. The role of GABA and Glx in the

visual system

1.1 GABA and Glx concentration in different brain states

We performed the analyses of neurotransmitter concentrations in the CLOSED and OPEN
conditions on the concatenated data from both cohorts. In addition, we used the second

cohort to assess the differences between the CLOSED, OPEN and VIS STIM conditions.

GABA. A two tailed t-test revealed a significant decrease in GABA concentration
(t(47)=3.78, p=0.0004) from CLOSED (M=0.115, SD=0.0154) to OPEN (M=0.106,
SD=0.0121) condition, see Figure[15| A and B, and Table[2] For the second cohort, a one-
way between subjects ANOVA revealed a significant main effect of brain state on GABA
concentrations in CLOSED, OPEN, and VIS STIM conditions (F(2, 82)=>5.49, p=0.006).
Post-hoc paired-sample two-tailed t-tests again revealed decrease in GABA concentrations
(t(25)=3.39, p=0.00693, corrected for multiple comparisons) from CLOSED (M=0.115,
SD=0.0162) to OPEN (M=0.103, SD=0.0117) conditions, but neither the difference be-
tween CLOSED and VIS STIM (p>0.08) nor between OPEN and VIS STIM (p>0.22)
was significant, see Figure [I6] A and B, and Table 2] In summary, GABA concentration
dropped from the CLOSED to OPEN state with no further change during the processing

of visual input in the VIS STIM condition.
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GABA+/Cr concentration

Group CLOSED (SD) | OPEN (SD) STIM (SD)

Cohort IT (n=31) || 0.115 (0.0162) | 0.103 (0.0117) | 0.107 (0.0121)

Both cohorts (n=>54) || 0.115 (0.0154) | 0.106 (0.0121) —

Glx/Cr concentration

Group CLOSED (SD) | OPEN (SD) | STIM (SD)

Cohort IT (n=31) || 0.101 (0.0096) | 0.106 (0.0114) | 0.110 (0.0105)

Both cohorts (n=>54) || 0.094 (0.0130) | 0.096 (0.0150) —

Table 2: Group averaged GABA+/Cr and Glz/Cr concentrations in the CLOSED, OPEN and
VIS STIM conditions derived from edited MEGA-PRESS acquisition and analysed with gannet.

Standard deviation values are given in brackets.
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Figure 15: Concentrations of metabolites in the visual cortex in CLOSED and OPEN conditions:
data concatenated from both cohorts. (A,C) Boz plot of group GABA+/Cr and Glz/Cr concen-
trations. Statistically significant differences are marked with * (p<0.05), and *** (p<0.001).
(B,D) Changes of GABA+/Cr and Glz/Cr in individual subjects; red line depicts >5% concen-
tration increase between conditions, blue line: >5% decrease; if the concentration change was

<5%, a gray line was drawn.
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Figure 16: Concentrations of metabolites in the visual cortex in CLOSED, OPEN, and VIS STIM
conditions. (A,C) Box plot of group GABA+/Cr and Glz/Cr concentrations. Statistically
significant differences are marked with ** (p<0.01) and *** (p <0.001). (B,D) Changes of
GABA+/Cr and Glz/Cr in individual subjects; red line depicts >5% concentration increase be-
tween conditions, blue line: >5% decrease; if the concentration change was <5%, a gray line

was drawn.
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Glx. A two tailed t-test revealed a significant increase in Glx concentration (t(47)=-2.17,
p=0.035) from CLOSED (M=0.094, SD=0.0130) to OPEN (M=0.096, SD=0.0150) con-
dition, see Figure C and D, and Table [2] For the second cohort, a one-way between
subjects ANOVA revealed a significant main effect of brain state on Glx concentrations in
CLOSED, OPEN, and VIS STIM conditions (F(2, 82)=4.59, p=0.013). Post-hoc paired-
sample two-tailed t-tests again revealed an increase in Glx concentrations from CLOSED
(M=0.101, SD=0.0096) to VIS STIM (M=0.106, SD=0.0114) conditions (t(27)=4.27,
p=0.00642, corrected for multiple comparisons), with an average increase of 10.44%, but
no difference between OPEN and STIM conditions (t(25)=1.61, p=0.1196), see Figure
C and D, and Table[2 There was a marginally significant Glx concentration increase from
CLOSED to OPEN (M=0.106, SD=0.0114) conditions (t(27)=4.27, p=0.00642) with an
average signal change of 3.91%. In summary, Glx concentration did not differ between the
two baseline states of eyes CLOSED and OPEN (in darkness) but increased with visual

input.

In addition, we performed control analyses to verify the stability of GABA and Glx peak
widths and the normality of the distribution between brain states. We also assessed
whether direct correlations exist between both neurotransmitters across subjects which

would question the independence of the two signals from the MRS spectrum.

GABA and Glx peak width. A one-way between subjects ANOVA was conducted to
compare the effect of linewidth (FWHM) changes in GABA and Glx spectra in CLOSED,
OPEN and VIS STIM conditions. There was no significant effect of linewidth change
neither in GABA (F(2, 88)=0.89, p=0.41) nor in Glx (F(2, 88)=0.97, p=0.38) for the

three conditions at the p<0.05 level, see Table [3]
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GABA FWHM

Group CLOSED (SD) | OPEN (SD) | STIM (SD)

Cohort IT (n=31) 18.82 (2.506) | 18.26 (2.216) | 19.01 (2.009)

Both cohorts (n=>54) || 18.84 (2.264) | 18.17 (1.909) —

Glx FWHM

Group CLOSED (SD) | OPEN (SD) | STIM (SD)

Cohort II (n=31) 15.19 (2.365) | 14.59 (1.116) | 15.02 (1.332)

Both cohorts (n=>54) || 14.91 (2.112) | 14.51 (1.191) —

Table 3: Group averaged FWHM scores of GABA and Glx peaks in CLOSED, OPEN and

VIS STIM conditions. Standard deviation values are given in brackets.

Normality of group results distribution. GABA and Glx group results in three
conditions were tested for violation of normality of distribution with the Shapiro-Wilk
test (p<0.05). All group values were distributed normally. Group W-scores and p-values

can be found in Table [l

Correlation between GABA and Glx. Pearson product-moment correlation coeffi-
cients were computed to assess the relationships between GABA and Glx values in each
of three conditions. There were no significant correlations between the variables; r- and

p-values can be found in Table

To summarize, the control analyses revealed no changes in GABA and Glx linewidth
stability and the normality of the distribution between conditions. There was also no sig-

nificant correlation found between the neurotransmitter concentrations across conditions.
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Shapiro test results for GABA+/Cr group averages: W-scores and p-values

Group CLOSED OPEN STIM

Cohort IT (n=31) 0.9691, p=0.51 | 0.9690, p=0.51 | 0.9687, p=0.61

Both cohorts (n=54) || 0.9821, p=0.62 | 0.9777, p=0.43 —

Shapiro test results for Glx/Cr group averages: W-scores and p-values

Group CLOSED OPEN STIM

Cohort II (n=31) 0.9603, p=0.28 | 0.9556, p=0.26 | 0.9740, p=0.62

Both cohorts (n=>54) || 0.9714, p=0.22 | 0.9889, p=0.83 —

Table 4: Shapiro test results of GABA+/Cr and Glz/Cr in the CLOSED, OPEN and VIS STIM

conditions. W-scores and p-values are depicted for each separate group of interest.

Pearson correlation coefficients and p-values

Group CLOSED OPEN STIM

Cohort II (n=31) -0.242 (p=0.21) | -0.218 (p=0.26) | -0.058 (p=0.76)

Both cohorts (n=>54) || -0.078 (p=0.59) | -0.199 (p=0.16) —

Table 5: Correlation coefficients between GABA+/Cr and Glz/Cr in the CLOSED, OPEN and

VIS STIM conditions; p-values are given in brackets.
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Metabolites concentration in the ”edit-off” spectrum.

Metabolite CLOSED (SD) | OPEN (SD) | STIM (SD) | ANOVA F(2,81)

Asp 0.28 (0.060) 0.29 (0.051) | 0.28 (0.053) | F=0.97, p=0.38

GSH 0.20 (0.019) 0.20 (0.020) | 0.20 (0.017) | F=0.45, p=0.64

Ins 0.76 (0.076) 0.76 (0.078) | 0.73 (0.069) | F=0.09, p=0.92
GPC+PCh 0.15 (0.013) 0.15 (0.014) | 0.14 (0.011) | F=0.03, p=0.98
NAA+NAAG 1.68 (0.101) 1.68 (0.099) | 1.71 (0.086) | F=0.04, p=0.96

Table 6: Group averaged metabolites concentrations in the ”edit-off” spectrum in the CLOSED,

OPEN and STIM conditions. Standard deviation values are given in brackets. A one-way

between subjects ANOVA scores comparing metabolite concentrations in three conditions are

shown in the last column.

1.2 Concentration of other metabolites in different brain states

Here, we tested for the specificity of state changes on GABA- and Glx-levels and therefore
assessed the effect of different states on the concentrations of other metabolites in the same
spectrum. One-way between subjects ANOVAs were conducted to compare the effect of
brain state on Asp, GSH, Ins, PCh and NAA concentrations in CLOSED, OPEN, and
VIS STIM conditions. There was no significant effect of condition on those metabolites
at the p<0.05 level, which suggests that the changes in brain states only affected the
inhibitory and excitatory neurotransmitters and not other metabolites. Group averaged

metabolite concentrations can be found in Table [6
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1.3 fMRI measures in different brain states

Using rs-fMRI data from CLOSED and OPEN conditions, we analysed neural activity on
the local level within the MRS voxel (measured with the ALFF) and across the visual

system (measured with seed-based FC).

ALFF in the visual cortex. A paired-sample two-tailed t-test was conducted to com-
pare zALFF score differences in CLOSED (M=0.69, SD=0.556) and OPEN (M=0.77,
SD=0.384) conditions. There was no significant difference in zALFF scores (t(53)=1.01,
p=0.31) between conditions. Box plot and one sample t-test map of zALFF scores can

be found in Figure [I§ A and B.

Functional connectivity in the visual cortex. A paired-sample two-tailed t-test
was conducted to compare zFC scores differences in CLOSED (M=0.63, SD=0.218) and
OPEN (M=0.62, SD=0.181) conditions. There was no significant difference in zFC scores
(t(53)=-0.42, p=0.67) between conditions. Box plot and one sample t-test map of zFC

scores can be found in Figure [I19 A and B.

BOLD signal change. The SPM analysis of fMRI task data revealed significant activa-
tion in the left primary visual cortex when observing flickering chequerboard presentation
compared to the rest condition (p<0.05, FWE), see Figure . Other activated regions in-
cluded left primary motor cortex and right primary sensory cortex, see Table[7] Contrast
estimates from peak voxels of individual subjects located in the visual cortex were ex-
tracted (see Table[8)) and used to later assess the relationship of task activation amplitude

to neurotransmitter concentration.
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BOLD signal change results
Anatomical region MNI coordinates (x y z) | T-value | Cluster size

Primary visual cortex (L) -22-98 6 15.41 9845
-22-90 8 15.01
-14 -96 -2 14.69

Primary motor cortex (L) -44 -10 56 10.50 725
-08 -10 44 9.03

Primary sensory cortex (R) 40 -26 46 9.39 1858
58 2 40 9.33
60 -14 46 8.77

Table 7: fMRI group results corrected with family-wise error at p<0.05 level. Only clusters larger
than 100 voxels were included. Anatomical regions, MNI coordinates of local mazrima, T-values

and cluster sizes (in vozels) are depicted.
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Participant | Contrast estimate | t-value || Participant | Contrast estimate | t-value
1 8.72 20.87 16 9.50 22.88
2 14.23 30.33 17 12.53 24.22
3 11.77 33.81 18 12.71 19.06
4 8.16 19.98 19 5.95 23.82
5 10.40 19.5 20 9.09 25.59
6 7.49 23.85 21 10.44 30.23
7 6.36 15.64 22 9.56 16.35
8 10.34 16.72 23 7.34 19.41
9 7.63 16.03 24 5.79 22.86
10 8.62 31.04 25 8.39 28.06
11 9.51 25.61 26 5.89 15.7
12 - - 27 12.79 23.63
13 8.06 28.93 28 8.07 25.3
14 7.09 14.39 29 13.00 32.33
15 9.12 27.53 30 14.95 29.22

Table 8: Individual fMRI results. Contrast estimates and t-values corrected at p<0.05 are de-

picted.
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15

10

Figure 17: SPM showing task related BOLD signal increases during VIS STIM. Areas with
significant fMRI activation when observing flickering chequerboard presentation compared to the
rest condition are depicted (p<0.05, corrected). Main cluster is located in the primary visual

cortex.

To summarize, no differences were found in rs-fMRI measures between the CLOSED and

OPEN conditions but a significant activation of visual cortex during VIS STIM.

1.4 Relationship between local and distal neuronal activity, and
neurotransmitters concentration

In the integrative MRS-fMRI analysis, we first investigated the relationship of neuro-
transmitter concentrations in the visual system with rs-fMRI measures of local and distal
neuronal signalling during CLOSED and OPEN conditions. Next, we analysed whether
GABA and Glx levels during VIS STIM were associated with the BOLD signal changes

in the same brain state.

Relationship between GABA, Glx and ALFF in the visual cortex. Pearson

product-moment correlation coefficients were computed to assess the relationship between
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GABA, Glx and zALFF scores in CLOSED and OPEN conditions. Both neurotransmit-
ter concentrations in the CLOSED condition did not relate to zALFF (GABA: p>0.5,
Glx: p>0.3). There was a significant negative correlation between the GABA concentra-
tions and zALFF scores in the OPEN condition (r=-0.35, n=48, p=0.013) but not with
Glx (p>0.7), see Figure 1§ D. In summary, GABA levels in the occipital cortex drop from

intrinsic to baseline state and then correlate with the local neural activity inside the MRS

voxel (measured by ALFF).

Relationship between GABA, Glx and the FC in the visual cortex. Pear-
son product-moment correlation coefficients were computed to assess the relationship
between GABA, Glx and zFC scores in the CLOSED and OPEN conditions. Both neu-
rotransmitter concentrations in the CLOSED condition did not relate to the FC scores
(GABA: p>0.7, GIx: p>0.4). There was a significant negative correlation between GABA
concentrations and zFC scores in the OPEN condition (r=-0.32, n=48, p=0.027) but not
for Glx (p>0.5), see Figure 19/ D. In summary, GABA levels in the occipital cortex cor-
relate with the intrinsic visual cortex connectivity in the baseline, but not in the intrinsic

brain state.

Overall, we found that the levels of GABA drop from the intrinsic to baseline states and
that baseline GABA concentration correlates with local and distant measures of neuronal
activity across subjects. Glx did not change between the intrinsic and baseline states and

has no relationship with the neuronal activity as measured with fMRI.
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Figure 18: Local neuronal activity and concentrations of neurotransmitters. (A) Box plot of
group zALFF CLOSED and zALFF OPEN scores. (B) One sample t-test map of zZALFF scores
in the CLOSED and OPEN conditions (p=0.05). zALFF scores were derived from the ROIs cor-
responding to the placement of MRS vozels for individual subjects. (C) Relationship between the
2ALFF scores and GABA+/Cr in the CLOSED condition. (D) Significant correlation (p=0.013)
between the zALFF scores and GABA+/Cr in the OPEN condition. (E) Relationship between
the zZALFF scores and Glz/Cr in the CLOSED condition. (F) Relationship between the zALFF

scores and Glz/Cr in the OPEN condition.
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Figure 19: Functional connectivity and concentrations of neurotransmitters. (A) Box plot of
group zFC CLOSED and zFC OPEN scores. (B) One sample t-test map of zFC scores in
the CLOSED and OPEN conditions (p=0.05). (C) Relationship between the zFC' scores and
GABA+/Cr in the CLOSED condition. (D) Significant correlation (p=0.027) between the zFC
scores and GABA+/Cr in the OPEN condition. (E) Relationship between the zFC' scores and
Glz/Cr in the CLOSED condition. (F) Relationship between the zFC' scores and Glx/Cr in the

OPEN condition.
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Relationship between GABA, Glx and BOLD signal change in the VIS STIM
condition. Pearson product-moment correlation coefficients were computed to assess
the relationship between GABA, Glx and contrast estimates of the BOLD signal changes
in the VIS STIM condition. The GABA concentrations in the VIS STIM condition did not
relate to BOLD signal changes (r=-0.28, n=28, p=0.14). However, there was a significant
positive correlation between Glx concentrations and BOLD contrast estimates in the
VIS STIM condition (r=0.41, n=28, p=0.03), see Figure . In summary, the glutamate
concentration in the VIS STIM state relates to the fMRI activity arising from observing

the chequerboard stimulation.
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Figure 20: Relationship between the BOLD percent signal change, GABA+/Cr (A), and

Glz/Cr (B) concentration in the occipital cortex in VIS STIM condition.

1.5 Results of behavioural experiments

Orientation discrimination task. The individual performance in orientation discrim-
ination was determined for all participants and averaged to 7.1° (SD=4.18°, min=2.14,
max=17.03). Five volunteers were not able to discriminate any of the tilt angles above the

chance level, most probably because they could not see a very briefly (25 ms) presented
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Gabor patch without an extensive training.

Attentional capture task. Overall task response accuracy of all subjects was calcu-
lated and amounted to 94.0% in average. Error rates were equal for both: distractor absent
and present conditions comprised of 15 erroneous trials in all blocks. Mean reaction times
(RTs) were calculated after excluding error trials. The mean RT of a distractor absent
trial was 986 ms, and the mean RT of a distractor present trial was 1127 ms. A paired-
sample one-tailed t-test was conducted to compare differences in response reaction times
between the distractor-present and distractor-absent trials which revealed a significant

difference between the two conditions (t(27)=8.38, p=0.001).

1.6 Relationship between behaviour and neurotransmitters con-
centration

Here, we analysed whether the neurotransmitter concentrations in the VIS STIM condi-
tion related to the basic visual performance (orientation discrimination task) and not to

the attention-related processing task (attentional capture search).

Relationship between GABA, Glx and orientation discrimination task perfor-
mance. Pearson product-moment correlation coefficients were computed to assess the
relationship between GABA and Glx in VIS STIM condition, and the performance of
the orientation discrimination task. There was a significant negative correlation between
GABA concentration in VIS STIM condition and GABOR patch tilt angles discrimi-
nation (r = —0.54, n=23, p=0.008), see Fig. 21| A. There was no significant correlation
between Glx concentration and orientation discrimination task performance. In summary,

the GABA but not the Glx concentration during visual processing predicted orientation



1 THE ROLE OF GABA AND GLX IN THE VISUAL SYSTEM. 66

discrimination performance.

A _ . B _ °
o o
vw |® QW | hd
T ~ T
g ° g ™
= . = o
= =
= =
7] 7]
c o | c o
o -~ O ~
) )
© ©
2 3
= s
0 - 0 -

009 010 011 0.12 6 8 10 12 14
GABA+/Cr in VIS STIM BOLD % change

Figure 21: (A) Significant correlation (p=0.008) between GABA+/Cr concentrations in
VIS STIM condition and visual sensitivity, measured by performance in orientation discrimina-
tion. (B) Significant correlation (p=0.03) between BOLD signal changes and visual sensitivity
in individual subjects. Note that discrimination of smaller angles (deg) reflects a better visual

sensitivity.

Relationship between GABA, Glx and attentional capture task performance.
Pearson product-moment correlation coefficients were computed to assess the relationship
between GABA, Glx and RT's of the attentional capture task. There were no significant
correlations found. In summary, neither GABA nor Glx concentration predicted atten-

tional capture search performance.

1.7 Relationship between behaviour and fMRI measures

In the final step, we analysed the relationships between the behavioural experiments and

the fMRI measures. The orientation discrimination task employs basic visual signalling
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processes, so we assessed the correlation between its performance and the BOLD signal

change in VIS STIM condition.

Relationship between orientation discrimination task performance and BOLD
signal change. Pearson product-moment correlation coefficient was computed to assess
the relationship between the performance in orientation discrimination and the BOLD
signal change in the VIS STIM condition. There was a significant positive correlation
between the GABOR patch tilt angles discrimination and the contrast estimate values of
the BOLD signal (r=0.42, n=22, p=0.03), see Figure 21 B. In summary, fMRI activity in

the VIS STIM condition correlated negatively with the visual discrimination performance.

Relationship between attentional capture task performance and BOLD signal
change. Pearson product-moment correlation coefficients was computed to assess the
relationship between the performance in attentional capture search and the BOLD signal
change in the VIS STIM condition. There were no significant correlations found between

variables.

Overall, the performance in the orientation discrimination task but not in the attentional

capture search reflected BOLD signal change in the VIS STIM condition.
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2 Experiment 2. Modulation of neurotransmitters

by transcranial magnetic stimulation

In order to assure that the effects of TMS are comparable across conditions, we assessed
the time interval between the end of TMS session and the start of the MR acquisi-
tion. Average interval was 6 minutes and 54 seconds (SD=1.1 min, MIN=5 min 20 sec,
MAX=13 min). As assessed with paired-sample two-tailed t-tests, no significant dif-
ferences in time between the pre-TMS, post-TMS)ag, and post-TMSypr, conditions were

found.

2.1 Modulation of GABA and Glx by the TMS intervention

In the following paragraphs we report differences in the neurotransmitter concentrations
between the pre-TMS, post-TMS)aq, and post-TMSypr, conditions. As discussed in section
of the materials and methods part, referencing GABA peak to water (GABA/H,0)
yields better results accuracy than analysing GABA/Cr concentrations. We therefore

present both GABA concentration changes across states.

GABA /H,0 concentration. A one-way between subjects ANOVA revealed a signif-
icant effect of TMS on GABA/H,0 concentrations between conditions (F(2, 81)=7.01,
p=0.001). Post-hoc paired-sample two-tailed t-tests revealed a significant decrease in
GABA concentration between the pre-TMS (M=2.31, SD=0.194) and post-TMSjx¢ (M=
2.14, SD=0.284) conditions (t(25)=-3.8, p=0.0016, corrected for multiple comparisons)
but not between pre-TMS and post-TMSipr, conditions (p>0.4), see Figure 22| In aver-
age, signal dropped by 20.19%. The group averaged GABA /H,O concentrations can be

found in Table [d A.
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(A) Group averaged concentrations of GABA anf Glx with standard deviations

Group GABA/H,O (SD) | GABA+/Cr (SD) | Glx/Cr (SD)

pre-TMS 2.31 (0.194) 0.100 (0.0083) 0.091 (0.0016)
post-TMSac 2.14 (0.284) 0.094 (0.0132) 0.092 (0.0089)
post-TMSrpr, 2.38 (0.251) 0.104 (0.0126) 0.088 (0.0113)

(B) Group averaged FWHM values and standard deviations

Group pre-TMS (SD) post-TMSja¢ (SD) | post-TMSpy, (SD)
GABA FWHM 19.47 (1.293) 19.61 (1.558) 20.12 (2.236)
Glx FWHM 14.79 (1.425) 15.04 (1.665) 14.13 (0.991)

(C) Shapiro test results: W-scores and p-values

Group GABA/H,O (SD) | GABA+/Cr (SD) | Glx/Cr (SD)

pre-TMS W=0.976, p=0.46 | W=0.950, p=0.17 | W=0.977, p=0.75
post-TMSac W=0.953, p=0.27 | W=0.959, p=0.30 | W=0.961, p—0.32
post-TMSypr, W=0.977, p=0.77 | W=0.957, p=0.28 | W=0.979, p=0.80

(D) Pearson correlation coefficients and p-values

Group pre-TMS post-TMSjaq post-TMSipr,

GABA/CrxGlx/Cr || -0.02 (p=0.92) -0.33 (p=0.074) -0.05 (p=0.79)

Table 9: Group averaged spectroscopy results in the pre-TMS, post-TMSiaq and post-TMSpr,
conditions.  (A) Group averaged GABA/H>0, GABA+/Cr and Glz/Cr concentrations.
(B) Group averaged FWHM scores of GABA and Glz peaks. (C) Shapiro tests results. (D) Pear-

son correlation coefficients between GABA+/Cr and Glz/Cr.



2 MODULATION OF NEUROTRANSMITTERS BY TMS 70

18 20 22 24 26 28

GABA/H, O in ANG GYR

1.6

pre-"I'MS post-'TMS pre-TMS post-TMS

2.8

2.4

GABA/H, O in PAR
2.2

1.4+

2.0

pre-'TMS post-'TMS pre-TMS post-TMS

Figure 22: (A,C) Bozx plots of group GABA/H O concentration distributions before and after the
TMS intervention in the angular gyrus (A) and in the parietal cortex (C); statistically significant
difference is marked with *** (p<0.001); (B,D) Changes in GABA/H;O in individual subjects;
red line depicts > 5% concentration increase between conditions, blue line: > 5% decrease; if

the metabolite concentration change was < 5%, a gray line was drawn.
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Figure 23: (A,C) Bozx plots of group GABA/Cr concentration distributions before and after the
TMS intervention in the angular gyrus (A) and in the parietal cortex (C); statistically significant
difference is marked with ** (p = 0.01); (B,D) Changes in GABA/Cr in individual subjects; red
line depicts > 5% concentration increase between conditions, blue line: > 5% decrease; if the

metabolite concentration change was < 5%, a gray line was drawn.
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GABA/Cr concentration. A one-way between subjects ANOVA revealed a signif-
icant effect of TMS on GABA/Cr concentrations between conditions (F(2, 85)=4.45,
p=0.014). Post-hoc paired-sample two-tailed t-tests revealed a significant GABA concen-
tration decrease between pre-TMS (M=0.100, SD=0.0083) and post-TMS;x¢ (M=0.094,
SD=0.0132) conditions (t(28)=-2.87, p=0.016, corrected for multiple comparisons) but
not between pre-TMS and post-TMS;p, conditions (p>0.5), see Figure In average,
signal dropped by 9.19%. The group averaged GABA/Cr concentrations can be found in

Table [0 A.

Glx/Cr concentration. A one-way between subjects ANOVA revealed no effects of
TMS on Glx concentrations between pre-TMS, post-TMS;aq, and post-TMS;pr, conditions
(F(2, 87)=2.34, p=0.10). Box plots representing group results are depicted in Figure 24]

The group averaged Glx concentrations can be found in Table [9] A.
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Figure 24: Box plots of group Glz/Cr concentrations distribution before and after TMS inter-

vention in the angular gyrus (A) and in the parietal cortex (B).
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In summary, the TMS|pq intervention decreased the GABA concentration in the visual
system. In contrast, the TMSipy, did not affect the neurotransmitter concentrations. Next,
we performed control analyses to verify the effects of the GABA and Glx linewidth stabil-
ity, the normality of the distribution and the correlation between the neurotransmitters

on the differences in neurotransmitter concentrations across the conditions.

GABA and Glx peak width. A one-way between subjects ANOVA was conducted to
compare the effects of TMS stimulation on linewidths of GABA and Glx peaks (FWHM)
in pre-TMS, post-TMS;aq, and post-TMSypy, conditions. There was no significant effect of
the intervention on GABA FWHM (F(2, 87)=0.68, p=0.51). There was a significant effect
of condition on Glx FWHM (F(2, 87)=3.45, p=0.036). However, post-hoc paired-sample
two-tailed t-tests revealed no significant difference in Glx FWHM between the pre-TMS
(M=14.79, SD=1.425) and post-TMSjag (M=15.04, SD=1.665) conditions (t(29)=0.86,
p=0.39) and a marginally significant drop in Glx FWHM between pre-TMS and post-
TMSip, (M=14.13, SD=0.991) conditions (t(29)=-1.97, p=0.058) that did not survive
the correction for multiple comparisons. The group averaged FWHM values can be found

in Table [ B.

Normality of the group results distribution. GABA and Glx group results in three
conditions were tested for violation of normality of the distribution with the Shapiro-Wilk
test (p<0.05). All group values were distributed normally. The group W-scores and p-

values can be found in Table [0 C.

Correlation between the GABA and the Glx concentrations. Pearson product-
moment correlation coefficients were computed to assess the relationship between GABA

and Glx values in each of the three conditions. There was a marginally significant nega-
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Figure 25: Relationship between GABA/Cr and Glx/Cr concentration after the TMS interven-

tion in the angular gyrus.

tive correlation between GABA and Glx in the post-TMSjag condition (r=-0.33, n=30,
p=0.074), see Figure There were no significant correlations between those variables
in the pre-TMS and the post-TMSpr, conditions. Pearson product-moment correlation

coefficients and p-values can be found in Table [9]

To summarize, the control analyses revealed no significant changes in GABA and Glx
linewidth stability and the normality of the distribution between conditions. There was
a marginally significant correlation found between the neurotransmitter concentrations in

the post-TMS;a¢ condition.

2.2 Modulation of other metabolites by the TMS intervention

One-way between subjects ANOVAs were conducted to compare the effect of TMS stim-
ulation on Asp, GSH, Ins, PCh and NAA concentrations in the three conditions. There

was no significant effect of the TMS intervention on those metabolites at the p<0.05 level,
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Group averages of metabolites concentrations in the ”edit-off” spectrum.

Metabolite pre-TMS | post-TMSjaq | post-TMS;pr, ANOVA
Asp 0.24 (0.036) | 0.25 (0.046) | 0.24 (0.058) | F=0.33, p=0.72
GSH 0.21 (0.020) | 0.21 (0.025) | 0.22 (0.042) | F=1.28, p=0.28
Ins 0.78 (0.055) | 0.78 (0.057) | 0.81 (0.087) | F=1.89, p=0.16

GPC+PCh | 0.15 (0.013) | 0.15 (0.014) | 0.14 (0.011) | F=0.91, p=0.41

NAA-+NAAG | 1.51 (0.082) | 1.51 (0.092) | 1.52 (0.104) | F=0.29, p=0.75

Table 10: Group averaged metabolites concentrations in the ”edit-off” spectrum in the pre-TMS,
post-TMSiaq and post-TMSipr, conditions. Standard deviation values are given in brackets.
One-way between subjects ANOVAs scores comparing metabolite concentrations in three condi-

tions are shown in the last column.

which suggests that the changes in brain states only affected the GABA neurotransmitter
and not other metabolites. The group averaged metabolite concentrations can be found

in Table [10

2.3 fMRI measures before and after the rTMS

The effects of the TMS intervention on the connectivity within brain networks were as-
sessed. The IPL connects with the occipital cortex via top-down connections [101], so we
examined the effects of TMS;p;, on the visual network’s iFC. The 1AG is a part of the
default mode network (DMN) and is functionally related to the dorsal attention network

(DAN) [47, 118], so we investigated the effects of TMSjag on the DAN’s iFC.
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Visual and dorsal attention network connectivity before and after the TMS in-
tervention. Paired-sample two-tailed t-tests were conducted to compare ICA scores dif-
ferences between the pre-TMS and post-TMS conditions. After the rTMS intervention in
the parietal cortex, there was a marginally significant decrease in iFC of the visual network
between pre-TMS (M=4.39, SD=0.482) and TMS;p;, (M=4.22, SD=0.468) conditions
(£(24)=-1.85, p=0.076), see Figure[26| B. After the rTMS intervention to the angular gyrus,
there was a significant increase in iFC of the DAN between pre-TMS (M=3.78, SD=0.226)
and TMSiae (M=3.93, SD=0.229) conditions (t(24)=3.32, p=0.002), see Figure 26] C. To
summarize, TMS;py, intervention decreased iFC of the visual network, whereas TMS)aq

elevated iF'C of the DAN.
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Figure 26: Modulation of network connectivity after the TMS stimulation. (A) ICA scores in

the visual network before and after the TMSjpq. (B) Marginally significant (p=0.07) decrease

of the visual network connectivity after the intervention in the TMSipr,. (C) Significant increase

of the dorsal attention network (DAN) connectivity after TMSjaq. (D) ICA scores in the DAN

before and after the TMSipy,.
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Part V

Discussion

1 Experiment 1. The role of GABA and Glu in the

visual system

The goal of this study was to systematically investigate GABA and Glx neurotransmitter
concentrations in the visual cortex in different brain states, and to relate them to the
fMRI measures and visual performance. Three brain states were studied with increasing
visual input: eyes closed (CLOSED), eyes open (OPEN) in darkness and eyes open with

visual stimulation (VIS STIM).

1.1 Changes in GABA and Glx across brain states

We found different dynamics of both GABA and Glx across behavioural states. GABA
concentration decreased from the CLOSED to OPEN states and Glx concentration in-
creased from the CLOSED to VIS STIM states. In the following, I will discuss these
changes in relation to different states of neuronal signalling and possible confounding

effects.
1.1.1 GABA decreases from CLOSED to OPEN states with no further change
during VIS STIM

GABA concentration decreased from the CLOSED to OPEN state with no further change

in the VIS STIM condition. This is the first report showing that the inhibitory neurotrans-
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mitter concentration in the visual system drops after simply opening the eyes in darkness.
A neurophysiological analogue of this effect is a drop in alpha frequency power of the
EEG signal observed after opening the eyes [5]. Particularly, as EEG alpha rhythm is gen-
erated by neuronal GABAergic activity stimulating low-threshold T-type voltage-gated
calcium channels [60} [72]. A possible role of elevated GABAergic neurotransmission in the
CLOSED state is the synchronized inhibition of distant networks in the absence of visual
stimulation. After opening the eyes, even with low sensory input during darkness, the
visual system is prepared to process sensory signals locally and through communication
with other brain regions, thus decreased GABAergic inhibition enables these processes.
A similar shift between internal and external processing was observed in synchronized
oscillatory activity of EEG and MEG data [48], 64], 89, [119].

On the molecular level, this observed change in GABA-ergic transmission might reflect
one of the following two cellular processes: decrease of GABA production (mediated
by glutamate decarboxylase - GAD) or increase of GABA reuptake and catabolism. If
GABA re-uptake and catabolism was the underlying process, the GABA drop would
be accompanied by an immediate increase of the Glx signal (due to increased GABA
conversion to Glu in astrocytes, see the depiction of GABA/Glu cycle on Figure .
Since we did not observe this effect in our simultaneous GABA- and Glx-measurement,
the decrease of GABA production appears to be the more likely mechanism of the GABA
dynamics [38], 68].

After GABA decreased with opening the eyes, we found no further change between the
OPEN and VIS STIM states. Nonetheless, Mekle et al. recently reported a significant
GABA reduction in the occipital cortex after applying visual stimulation to the con-

tralateral hemisphere [80]. In their experiment, the MRS signal was acquired on a more
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Figure 27: Depiction of GABA /glutamate and glutamine circle between GABAergic neuron,
glutamatergic neuron and astrocyte. GABA and glutamate (Glu) are released from neurons dur-
ing neural activity. Glutamate is transported to astrocytes via membrane transporters, while
GABA can additionally be reaptaken directly to GABAergic terminals. In astrocyte, glutamate
cycle includes conversion into glutamine (Gln), which is later packaged into vesicles and trans-
ported back to glutamaergic neurons. GABA metabolism includes tricarboxylic acid (TCA) cycle
and conversion into glutamate and later processing to glutamine. Following the Gln transport
to GABAergic neuron, glutamine is converted in the TCA cycle to Glu. To finalize the cy-
cle, GABA is synthesized from Glu by glutamate decarboxylase (GAD) and loaded into synaptic

vesicles. Adapted from Sibson and Behar, 2014 [105)].
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sensitive 7T system with higher signal to noise ratio (SNR) as compared to a 3T scanner.
Nevertheless, other studies on 7T systems also found no GABA changes in the occipital
cortex between baseline and visual stimulation conditions [12], [75, 104]. An imprecise
definition of the baseline condition itself could explain the diverging results. We therefore
systematically studied GABA in different brain states. Our finding of different GABA
dynamics during several states without visual input suggests that GABA levels rather
reflect a system’s preparation for upcoming than real visual input. Proper definitions of
baseline states (eyes closed or open) are therefore essential to study GABA-ergic changes

and might explain inconsistent reports so far.

1.1.2 Glx increases from CLOSED to VIS STIM states

Glx concentration increased from the CLOSED to VIS STIM states but did not change
between CLOSED and OPEN states. The upregulation of excitatory neurotransmission
in the occipital cortex during visual stimulation has already been shown in recent stud-
ies on 7T systems [12, 56, [75, 104]. Such Glx increase was accompanied by Lac and Asp
[12 [75] 180}, 103] both associated with the TCA cycle [75]. This suggests that increased glu-
tamatergic neurotransmission might be related to the elevated oxidative metabolism and
energetic demands in the occipital cortex while processing visual input. This is supported
by PET studies reporting increased oxidative metabolism and glucose consumption in the
occipital cortex when processing visual input [7, 67, [82]. Our results therefore support
the thesis that the task-related Glx increase in the visual cortex is of signalling origin
[54, 55]. Task related increases of Glx have not only been observed in sensory but also
higher-order brain regions. Cognitive task performance was reported to up-regulate the
Glx levels in the cingulate cortex during a Stroop task [I15] and in the medial prefrontal

cortex (mPFC) during a mental imagery task [54].
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1.1.3 Control analyses

In the following, I will discuss unspecific variations in MRS parameters that might explain
the dynamics we observed in the GABA and Glx concentrations. In order to evaluate
those effects, we performed several control analyses.

Changes in metabolites across behavioural states might be simply related to blood
flow changes which would substantially impact on the peak width (FWHM) of both
GABA and GIx peaks. Furthermore, FWHM changes might occur due to changes in
local magnetic susceptibility. However, we found no variance of the FWHM of GABA
and Glx between the CLOSED, OPEN and VIS STIM conditions which speaks against
previous interpretations. Stable FWHM across brain states also rules out artefacts caused
by head movements (which reduce the coupling between the head and the radiofrequency
coil) and speaks in favor of signalling related changes in neurotransmitter concentrations
across brain states [3§].

It is still discussed in the literature whether the two neurotransmitter signals are
resolved independently from each other or whether they are highly coupled within an MRS
acquisition [83]. We therefore, for the first time, analysed both signals during identical
states and separately and independently quantified GABA and Glx peak integrals from
the edited spectrum. We then assessed the relationship between both neurotransmitters
but found no significant correlations across conditions. This suggests that GABA and
Glx peaks from the edited spectrum depict distinct molecules.

Lastly, we investigated whether the dynamics of GABA and Glx concentrations were
specific for these neurotransmitters. In control analyses we found no further changes
across conditions for other metabolites including Asp, GSH, Ins, PCh and NAA, and

therefore suggest a specific decrease of GABA from CLOSED to OPEN and a specific
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increase of Glx from CLOSED to VIS STIM conditions.

1.2 Relationship between neuronal activity and neurotransmit-
ter concentrations

We found significant relationships between neurotransmitter concentrations and neural
activity measured with BOLD. In the OPEN condition, the GABA concentration cor-
related negatively with local neuronal activity (measured with ALFF and FC). In the
VIS STIM condition, Glx correlated positively with BOLD signal changes. This is the
first study to directly relate both MRS-derived neurotransmitter levels with BOLD signal

changes in the visual cortex across brain states.

1.2.1 Baseline GABA concentrations and ongoing neuronal activity

The GABA concentration in the occipital cortex dropped from CLOSED to OPEN con-
dition and then correlated negatively with the ALFF and FC scores in the same region.
To my knowledge, this is the first study reporting a relationship between local fMRI mea-
sures and neurotransmitter concentrations in the visual system. Few studies have so far
investigated the associations between GABA levels and rs-fMRI signals in other regions
than the visual cortex of the healthy brain. In those reports, the local GABA concentra-
tion correlated negatively with iFC in the motor cortex [4, [I11], in the anterior cingular
cortex (ACC) [88] and in the DMN [61]. These findings support the role of GABAergic
inhibitory neurotransmission in regulating spontaneous neural activity as measured with
rs-fMRI.

Although the relationship between GABA and fMRI measures has only recently been

studied, others report correlations between GABA and oscillatory activity measured with
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magnetoencephalography (MEG). MEG records magnetic fields produced by electrical
currents occurring naturally in the brain during rest and while performing a task [45].
Studies found a positive correlation between gamma oscillatory frequency during process-
ing of visual grating stimuli and GABA concentration in the occipital cortex [36] [85] while
others could not replicate this finding [25]. Other groups suggest that ongoing oscillatory
activity in beta and gamma bands is possibly mediated by GABAergic neurotransmission
[T7, [44]. Moreover, in a PET study, Kujala et al. showed that GABA, receptor density
in the primary visual cortex correlates negatively with the amplitude of visually induced
gamma oscillations measured with MEG [66].

To conclude, previous reports indicate an important role of inhibitory neurotransmis-
sion in maintaining intrinsic baseline activity in the visual cortex. Our study adds to
this notion by finding a decrease of GABAergic signalling from an undisturbed intrinsic
state with eyes closed to a preparatory state expecting visual input during eyes open in

darkness.

1.2.2 Task related increase of Glx concentrations and local neuronal activity

We found a significant positive correlation between the Glx concentration in the occipital
cortex and the BOLD signal change in the same region in the VIS STIM condition. This
is in line with previous reports from 7T scanners that also found positive relationships
between the Glx concentration and task related BOLD-fMRI signal change in the occipital
cortex [11],56]. Our results indicate that a larger sample size reveals identical correlations
even on a 37T system.

No further studies exist on a possible relationship between changes of Glx and fMRI
signals from the healthy brain. However, several studies identified correlations between

iFC measures and Glx concentrations in the diseased brain. E.g. increased correlations
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were observed between Glx and the ALFF score in the prefrontal cortex of patients suf-
fering from major depression [130]. Others found elevated correlations between Glx and
prefrontal iFC in endometriosis-associated chronic pelvic pain (CPP) patients [3]. The
enhanced glutamatergic neurotransmission related to increased iFC might play a key role
in a disruption of systems-level brain dynamics.

Although Glx related to BOLD signal change during VIS STIM, we found no significant
correlation between GABA and BOLD in the same condition, which is in line with the
recent finding by Harris [49]. However, few previous studies reported such a relationship
during similar yet different settings [11], [32],[85]. One difference is that earlier reports were
based on samples of only 10-15 participants while we extended our sample to 30 healthy
volunteers. Another discrepancy are different methodologies to extract BOLD signal
changes from the fMRI data. Finally, the most critical difference is that earlier studies did
not precisely define their baseline condition. As we showed in this study, GABA changes
from CLOSED to OPEN and diverging control conditions in earlier studies might be the

reason for the differences found.

1.3 Relationship between behaviour and neurotransmitters con-
centrations

In the present study the GABA levels in the occipital cortex positively correlated with the
orientation discrimination but not with the attentional capture performance. It suggests
that the inhibitory capacity of the visual system predicts the performance in a low-level
(orientation discrimination), but not in a high-level (attentional capture) visual processing
task. This results confirms previous reports which positively correlated the performance

in the orientation discrimination with the GABA concentration [36, 85, 128].
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The role of GABA in the discrimination performance might be to regulate the oscil-
latory processes in the visual system. The temporal coding of visual input, determined
by bottom-up and top-down processes, is coordinated by alpha and gamma oscillations,
which (as mentioned in section of this discussion) are generated by the GABAergic
inhibitory activity [58].

The relationship between visual performance and the GABAergic neurotransmission
was as well reported in animal studies where GABA, receptors concentration related
to sensitivity and selectivity of V1 neurons [62]. Together with our results (and results
from other studies) it suggests that the GABA inhibition plays a fundamental role in
establishing selectivity for stimulus orientation.

GABA also regulates function of other brain regions apart from visual cortex. In
the study by Greenhouse et al. the excitability of the motor system (measured with
MEG) correlated negatively with the GABA concentration, and positively with speed in
the motor task [42]. The authors suggest that the GABA suppresses an over-reactive
motor system and thereby increases its performance. Possibly, the analogous enhanced
GABAergic inhibition of the visual system allows for better precision in the orientation

discrimination task through GABA-induced selectivity of visual input.

1.4 Study limitations

One of the study limitations is the sequential (and not concurrent) acquisition of MRS
and fMRI signals. Implementation of simultaneous MRS-fMRI pulse sequence would al-
low a more accurate comparison between the neurotransmitter levels and neural activity.
Thanks to recent developments in pulse sequences, concurrent Glx-fMRI data can be

collected on the 3T system [I]. However, the simultaneous acquisition of both neuro-
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transmitters (GABA and Glx) in addition to the fMRI signal at this field strength is
currently not feasible. With further technical advancements it should be soon possible on
the 7T scanners using short-TE sequences [35].

Another limitation of the study was that the acquisition of the neuroimaging and
behavioural data took place in separate sessions. Behavioural experiments employed
complex set-up, including the eye-tracking system and a precise interval of stimulus pre-
sentation on the display. These settings could not be implemented in the scanner so the

testing was performed in the psychological laboratory on a different date.

2 Experiment 2. Modulation of neurotransmitter

concentrations by TMS

The goal of this study was to systematically investigate the effects of non-invasive, in-
hibitory TMS intervention on the neurotransmitter concentrations in the occipital cortex,
and on fMRI fluctuations inside and outside the visual system. Two regions were stimu-
lated: IPL in the parietal cortex (as part of dorsal visual stream) and the IAG - a part of
the DMN outside the visual stream. Based on the network directionality model, parietal
and occipital regions exert a top-down effect on visual cortex. We therefore analysed
whether the TMS inhibition of top-down region would decrease the connectivity in the
visual system and affect neurotransmitter concentrations.

We started by assessing the average time interval between the pre-TMS and post-TMS
sessions in different conditions. In a pilot experiment, Castrillon and Riedl (unpublished)
found that the effect of inhibitory rTMS on the intrinsic brain activity (network connec-

tivity) drops around 20 minutes after the stimulation. In this study, all the post-TMS
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measurements started within that window thus that effects of TMS interventions should
still be detectable. In addition, the averaged pre- and post-TMS interval did not differ

across conditions, so we can assume that effects of TMS were comparable between groups.

2.1 TMS intervention modulates GABA concentration

We found a GABA concentration decrease in the occipital cortex after applying inhibitory
TMS to the DMN region (IAG) but not after TMS to the parietal region (IPL), with no
differences in Glx concentration detected across conditions. It means, that the inhibition
of the DMN region reduces the GABA concentration in the visual system. Contrary
to our expectation, TMS intervention to the IPL did not affect any neurotransmitter
concentration in this area. However, TMS of IPL did decrease iFC inside the visual
system along our hypothesis of a top-down effect of IPL.

Few studies reported effects of non-invasive stimulation on neurotransmitter concen-
trations or neural activity within the same network. Inhibitory theta-burst TMS (iTBS)
of the left parietal aspect of the DMN increased GABA concentration in the PCC [120].
Inside the motor system, TMS intervention to the dorsal premotor cortex modulated the
neural activity in the contralateral primary motor and dorsal premotor cortices [14]. In
addition, local modulation of GABA concentration was reported when applying TMS
over extended time periods. In the study by Wang et al., r'TMS applied for two weeks
in mice increased GABA concentration in prefrontal cortex (PFC) [122]. In the study by
Dubin et al., depressed subjects were stimulated by rTMS for 25 days which led to an
increase of GABA concentration by 13.8% in the left dorsolateral prefrontal cortex [34].
As shown in these studies, TMS might have a modulatory effect on brain measures dis-

tally within the same functional network. Such an effect is not observed if the regions are
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not linked. Local inhibitory TMS to the motor cortex modulated GABA concentration
in the stimulated spot, but did not affect distant (and functionally unrelated) lentiform
nucleus and occipital cortex [77]. In our study, we report for the first time the effect of
TMS intervention on the GABA concentration in a sensory brain region located outside
the stimulated yet connected functional network.

The underlying mechanism of the TMS-induced GABA modulation is still highly de-
bated. Most reports interpreted the effect as a plasticity-like modulation of the GAD en-
zyme in GABAergic neurons [77, 109, 112} 117, 120]. As mentioned earlier in section m,
the downregulation of GAD would be followed by decreased GABA production and re-
lease (see Figure and by an increase in Glx concentration. This notion is supported
by our results as in the post-TMSag condition the GABA and Glx correlated negatively,
showing that decreased GABA concentration relates to increased Glx concentration.

Besides an effect on GABA concentration, TMS did not have any affect on the Glx/Cr
concentration in the occipital cortex. Still, some authors have reported such effects fol-
lowing TMS, but using different stimulation methods. Marjanska et al. observed Glx
decrease when stimulating the motor cortex [77]. Others were using transcranial direct
stimulation (tDCS) instead of TMS. Applied to the parietal cortex, anodal (excitatory)
tDCS elevates Glx in the stimulated region [23], whereas catodal (inhibitory) stimulation
decreased Glx in the motor cortex [108]. As we used an inhibitory TMS protocol, this
might explain the missing effect on Glx in our study.

We also corrected for several confounding factors in our study. First, as already dis-
cussed for Experiment 1 blood flow variations might have an effect on the MRS
signal. However, also in this Experiment 2, GABA and Glx FWHM did not significantly

differ between conditions. Stable peak widths suggest that the changes in spectra are
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caused by modulations in neurotransmitters concentrations. Also, GABA and Glx con-
centrations were equally distributed across conditions. Second, we corrected for variability
in tissue composition of the MRS voxel. Usually, the GABA peak is referenced to the
creatine peak (GABA/Cr) in the edited spectrum, but this procedure ignores tissue com-
position. A recent development in the field is to reference GABA instead to the water
peak (GABA /H,0) [50]. In our study, GABA/H,0 concentration decreased by 20% while
GABA/Cr by only 9% after TMS to the 1AG. This suggests that water referencing is more
accurate in identifying GABA concentration changes as it accounts for tisue specific water
signal disproportions. Lastly, we analysed the TMS-specific effect on neurotransmitters
compared to other metabolites. In our study, TMS had a specific effect on GABA concen-
tration, but did not affect Glx or other metabolites measured in the spectrum, including
Asp, GSH, Ins, PCh, and NAA. However, Marjanska et al. reported that 5-Hz r'TMS ap-
plied to the motor cortex might decrease at least NAA concentration in the same region
[77]. In our study, the NAA concentration was stable across conditions, which suggests
that the distal inhibitory rTMS intervention affects only long-range connections and not

the local metabolite concentrations.

2.2 Modulation of local and distal neural activity by TMS

In order to better understand the GABAergic TMS-effect of IAG on the visual system, we
finally analysed the iFC of 1AG to networks of the visual stream (i.e. visual network and
DAN). We found that IAG TMS had no effect on the visual network itself but increased
DAN iFC. From another analysis not related to this study, we also know that IAG-TMS
decreases iFC to DAN and DMN (Castrillon and Riedl, in preparation). In summary, this

suggests that IAG TMS decreases the inhibitory effect onto DAN. Others found similar
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effects of TMS onto network iFC. In a study by Vidal-Pineiro et al [120], iTBS applied
to IPL increased iFC in the DMN. In the study by Antonenko et al., anodal tDCS (at-
DCS) applied to the sensorimotor region diminished interhemispheric connectivity of the
sensorimotor network. These authors suggested the term stimulation-induced functional
decoupling for the observed effect of brain stimulation on network-wise iFC changes.

We suggest that TMS to the 1AG (as being a part of the DMN) caused functional
decoupling of this region from the DMN and the DAN. The disconnection between these
two networks increased the iFC inside the DAN. This network is involved in processing
of spatial attention, saccade planning and visual working memory [121]. Increased iFC in
the DAN might therefore have affected the GABAergic decrease in the visual cortex of

post-TMSaq condition.

2.3 Study limitations

In this study, we unfortunately did not assess the effect of inhibitory TMS of the visual
cortex on metabolite concentrations and iFC in this region. The reason for this is twofold.
First, we observed in preliminary data of an earlier experiment that rTMS stimulation
to the occipital cortex did not affect GABA, Glx and other metabolite concentrations
(Kurcyus and Riedl, unpublished). Secondly, we were explicitly interested in the distant
effects of TMS intervention on functionally connected regions of the brain rather than

local TMS effects.
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Part VI

Conclusions and Outlook

This thesis investigates the role of the most abundant inhibitory and excitatory neuro-
transmitters - GABA and Glu - in the visual system. The combination of two methods,
MRS and fMRI, allowed relating the levels of neurotransmitters with neuronal activity.
Furthermore, we studied the effects of TMS on GABA- and glutamatergic neurotransmis-
sion.

One of the remarkable findings of my thesis is that neurotransmitters fluctuate across
different brain states in humans. This result is of great importance for the community
of MR spectroscopy and suggests that more cautious planning is needed for acquiring
MRS data in the future. In Experiment 1 we observed divergent relationships between
the neurotransmitters, neural activity and orientation discrimination performance. These
findings might contribute to the understanding of the roles of both molecules in process-
ing visual signals, and their influence on reactivity and sensitivity of the visual system.
Glutamate’s positive correlation with neural activity during visual stimulation serves as
an indicator of the visual system’s reactivity. In contrast, the GABA concentration in
the same brain state predicted the orientation discrimination performance in the visual
task and thus determined the sensitivity of the visual system to detect slight orientation
changes in the observed image. It points to a possible function of GABA as a regulator
of sensory system distractability [102], 114].

Another important contribution of this thesis is that TMS exerts distant effects on
GABA concentration in the visual cortex. To date, TMS was mostly reported to affect

neurotransmitter levels and brain activity of the stimulated spot or within the stimulated
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network [77, 111], 120]. In Experiment 2, we found distant effects of TMS on GABA
levels in the occipital cortex. The stimulation did not alter glutamate levels, suggesting
that TMS effects on Glx are mainly local, while GABA can be modified distally through
long-range connections [31].

In summary, I conclude from the experiments of my thesis that GABA- and Glu-MRS
is a novel yet promising technique to study human brain function but still needs more

refinement in terms of design and acquisition.
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