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1. The Human Stress System

The human stress response is defined as a systemic effort to maintain homeostatic balance under
real, perceived, or anticipated threat (McEwen, 2000). Dependent on the type of stressor (e.g.
psychogenic, physical, chemical) this response can either be behavioral or take the form of
adjustments to the internal milieu, a dynamic process summarized under the concept of allosta-
sis (Sterling & Eyer, 1988). The result is the body’s adaptation to changing energetic demands

through long- and short-term regulatory networks.

A dysregulation in the stress system through prolonged or over-intensive activation has been
linked to a multitude of mental and physical conditions. Stressful life events underlie post-
traumatic stress disorders, promote drug seeking behavior (Shaham & Stewart, 1995; Sharp,
2017), onset of major depressive episodes (Kendler, Karkowski, & Prescott, 1999), and increase
risk of psychosis (Day et al., 1987; Varese et al., 2012). There is evidence suggesting stress
increases susceptibility to viral infections of the upper respiratory tract (Cohen, Tyrrell, &
Smith, 1991; Murphy et al., 2008) and facilitates progression of inflammation (Cole et al.,
2007), atherosclerosis and coronary heart disease (Steptoe & Kivimiki, 2012). Further, severe
mental stress can acutely worsen myocardial ischemia (Goldberg et al., 1996; Gottdiener et al.,
1994) and induce cardiomyopathies in otherwise healthy individuals that are clinically indis-
tinguishable from cardiac infarction (Prasad, Lerman, & Rihal, 2008; Sinning et al, 2010;
Tamplin et al, 2015). The severity of these consequences makes stress not only a target of ho-
listic treatments, but also of emergency medicine. A new importance is placed on understanding
the underlying mechanisms of the stress response, particularly in the context of cardiac regula-

tion.

The far-reaching effects of stress system (dys-)function already suggest its integration into sev-
eral physiological systems. It is comprised of a central nervous regulatory component and its
autonomic and neuroendocrine effector branches (Chrousos & Gold, 1992). The two effector
branches distribute stress signals to target tissues and elicit change in energy distribution and

metabolic activity either through direct innervation (e.g. of the heart) or through mediators such



as cortisol, catecholamines, and cytokines. These end products also provide feedback to the
central nervous system (CNS), which assesses appropriate duration and intensity of the re-

sponse.

1.1 The Autonomic Stress Response
The autonomic stress system constitutes the body’s immediate response to stress. It is com-
prised of sympathetic and parasympathetic fibers and the adrenal medulla, whose stimulation
triggers synthesis and release of catecholamines epinephrine and norepinephrine into the blood-
stream (Ulrich-Lai & Herman, 2009). While the sympathetic branch is understood to be initiator

of the stress response, the parasympathetic branch is seen as a regulator of autonomic activity.

The sympathetic division of the autonomic stress system receives its input from cholinergic
neurons in the intermediolateral cell column and the central autonomic area of the spinal cord.
These project through spinal segments T1 (thoracic) to L3 (lumbar) and relay in the three me-
dially located prevertebral ganglia and the bilaterally organized sympathetic trunk. From there,
efferent fibers innervate target tissue, including the adrenal medulla, the heart, blood vessels,
bronchial airways, piloerector muscles, and salivary and sweat glands, as well as the organs of
the gastrointestinal tract (Purves, 2018). Parasympathetic ganglia are located close to or within
their effector organs, and receive CNS input from cranial nerves III (N. oculomotorius), VII (N.
facialis), IX (N. glossopharyngeus), and X (N. vagus), as well as from efferents of the sacral
spinal segments S2-S4.

Sympathetic arousal and subsequent catecholamine release from chromaftin cells of the adrenal
medulla signifies the initiation of the autonomic, so-called sympatho-adrenomedullary (SAM),
response. This occurs either via top-down control from cortical structures or reflexively through
peripheral signals of homeostatic perturbation, such as blood loss, respiratory distress, pain,
and inflammation (Ulrich-Lai & Herman, 2009). Circulating epinephrine and norepinephrine
then interact with adrenergic receptors in different tissues to modulate metabolic and cardio-
vascular behavior (for a detailed review, see Tank & Wong, 2015). Taken together, the SAM
prepares the body for fight-or-flight by effecting an increase in heart rate, blood pressure, and



respiration, through energy mobilization in fat and liver tissue, and through redirecting blood
supply from the viscera to skeletal muscle.

The parasympathetic division plays a lesser role in stress initiation and is more involved in
mediating the duration of the autonomic response. It generally counteracts SAM effects and is
activated upon sympathetic arousal over reflex arcs or through interaction of circulating cate-
cholamines with vagal adrenoreceptors (Tank & Wong, 2015). This feedback is largely gated
through the nucleus of the solitary tract (NTS) in the brainstem, a large hub for viscero- and
somatosensory information (Purves, 2018). In addition, a part of the signal is forwarded by
norepinephrine neurons in and around the NTS to higher-order thalamic and cortical structures,

allowing for integration with neuroendocrine and behavioral responses.

1.2 Neuroendocrine Stress Response
Peripheral stress adaptations beyond the targets of the SAM are mediated by the hypothalamus-
pituitary-adrenocortical axis (HPA) with glucocorticoid cortisol as the end product. The periph-
eral stress system is schematically depicted in Figure 1. HPA activity governs the body’s en-
ergy household over longer time periods, naturally peaking in the morning just before waking
and decreasing as the day progresses (Russell & Lightman, 2019). During stress, this circadian
activation pattern is interrupted in favor of phasic cortisol release and subsequent tightening of

metabolic tone.

Arousal of the HPA occurs almost exclusively via the paraventricular nucleus of the thalamus
(PVN), through peripheral signals from the brainstem, and through signals of the cortex. These
signals are then forwarded to the anterior pituitary through release of, amongst others, the neu-
rohormones corticotropin-releasing hormone and arginine vasopressin (Spencer, Robert L &
Deak, 2017). The pituitary responds by increasing release of adrenocorticotropin into the sys-
temic blood stream, a peptide that stimulates cortisol synthesis in cells of the adrenal cortex.
Cortisol continues to have fast-acting metabolic and long-term genomic effects via signaling
through membrane and nuclear receptors on target tissue, respectively. These include arresta-
tion of certain immune functions (Segerstrom & Miller, 2004), hypertension through increase

in blood volume, and induction of catabolic processes in the carbohydrate, protein and fat



metabolism (Russell & Lightman, 2019). Plasma cortisol peaks about 20 minutes after stress
onset (Droste et al., 2008), whereas modulations on the genomic level take effect after several
hours (Van Ast, Cornelisse, Meeter, Joéls, & Kindt, 2013). Attenuation occurs in a negative-
feedback manner on the level of the pituitary, the PVN, and the hippocampus (Ulrich-Lai &
Herman, 2009).

datic

parasympathetic|
- ganglia

peripheral | €<——
tissue —

Figure 1 Overview of the Peripheral Stress System. The peripheral stress system and its sympatho-adrenomedullary (red) and
hypothalamus-pituitary-adrenocortical (green) axes. The SAM receives CNS input via brainstem structures such as the nucleus
of the solitary tract (N) and acts either through direct innervation of target tissue (such as the heart) or intermediarily through
the adrenal medulla, which releases catecholamines (EN/NEN) into the bloodstream. EN/NEN also serve as mediators to the
SAM through interaction with vagal catecholamine receptors (C). The HPA is activated in the paraventricular nucleus of the
hypothalamus (H), which in turn causes release of adrenocorticotropin (ACTH) in the pituitary (P). End product is cortisol.
Stimulating/inhibitory effects are indicated with up/down arrows, respectively. CNS regulatory sites are shown in purple.

1.3 The Central Nervous Stress System
Autonomic and neuroendocrine effector branches are not always activated in the same manner,

rather stressors of different qualities elicit finely differentiated response patterns (Taggart,



Critchley, van Duijvendoden, & Lambiase, 2016; Tank & Wong, 2015). This requires an ex-
tensive amount of cross-integration of the two networks, a task that is taken on by a diffuse
network within CNS. Together with adjusting and integrating peripheral responses, the CNS
also reacts to psychogenic stressors and integrates these into emotional and cognitive processes
(van Oort et al., 2017), ultimately assessing and coordinating adequate behavioral response (e.g.
fight-or-flight). This section aims to give a brief overview of these CNS functions and their

respective anatomical parts.

1.3.1 Regulation of Peripheral Stress Responses

Processing of peripheral stress signals occurs on several hierarchical levels. Autonomic feed-
back that reaches the CNS through the NTS directly activates the HPA via projections into the
PVN (Cunningham, Bohn, & Sawchenko, 1990), establishing an immediate connection be-
tween the HPA and SAM. The NTS further targets reflex centers in the brainstem to allow
immediate adjustments to vital regulatory circuits (Ulrich-Lai & Herman, 2009). Higher-order
processing of autonomic signals is performed by the hypothalamus, amygdala, as well as the
insular cortex and the dorsal anterior cingulate cortex (dACC) of the medial prefrontal cortex
(mPFC). Though, the exact mechanisms of their involvement in peripheral stress regulation is
yet to be understood (Sklerov, Dayan, & Browner, 2019). In general, activity in each of these
regions influences the net output of sympathetic and parasympathetic arousal (Sklerov et al.,

2019).

The CNS also responds to HPA signals through cortisol receptors. These can be found through-
out the brain, yet HPA regulation is largely taken on by the basal ganglia and limbic structures
such as the hippocampus and the medial amygdala (Herman et al., 2003). Upon detection of
circulating cortisol (as a highly lipophilic molecule it is permitted through the blood-brain bar-
rier), these structures suppress PVN activity through direct and indirect y-aminobutyric acid

(GABA) pathways, resulting in negative-feedback regulation of the endocrine response.

1.3.2 CNS Adaptations in Stress
Unlike in the periphery, there is no single mechanism that signifies the CNS stress response.

Instead, the central nervous stress response is understood to be a shift in activity from default
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operational networks to ones more likely to meet present challenges (Hermans, Henckens,
Joéls, & Fernandez, 2014). The characterization of these networks heavily relies on functional
magnetic resonance imaging (fMRI) observation of experimentally induced stress states. Defi-
nitions might therefore vary dependent on the method of stress induction. Nonetheless, the past
two decades of fMRI research identified three brain networks most involved in stress responses,
the default mode network (DMN)), the salience network (SN), and the central executive network

(CEN) (Hermans et al., 2014).

The DMN comprises those brain regions most active during resting state, while no cognitive
task is being performed. It centers around the dorsal mPFC, the precuneus and the posterior
cingulate cortex which engage in self-referential processing and emotional regulation, in
memory processing, and in consciousness, respectively (Andrews-Hanna, Reidler, Sepulcre,
Poulin, & Buckner, 2010; Fransson & Marrelec, 2008). Activity of the DMN increases
throughout most stress induction paradigms (e.g. viewing of distressing images, social stress
tasks) (van Oort et al., 2017), but can at least in part be downregulated via higher-order cogni-

tive processing (Koric et al., 2012).

The SN and CEN play a role at an early and later stage during the stress response, respectively.
Accompanying enhanced connectivity within the DMN is an activation of the SN (Sinha,
Lacadie, Skudlarski, & Wexler, 2004; van Marle, Hermans, Qin, & Fernandez, 2010), which is
proposed to induce a hypervigilant state to promote emotional sensitivity, chances of threat
detection (van Marle, Hermans, Qin, & Fernandez, 2009), and fast stimulus-oriented behavior
(Corbetta, Patel, & Shulman, 2008). The prefronto-limbic dACC, anterior insula, temporal pole,
and the amygdala are structures strongly associated with these tasks (van Oort et al., 2017).

SN activity eventually is downregulated and succeeded by the CEN. The CEN mediates higher-
order cognitive functions of importance to problem solving at the late phase of the stress re-
sponse, such as decision making, goal-oriented planning, working memory, and directing at-
tention (Hermans et al., 2014). A detailed account of the SN and CEN, as well as their activation

in relation to peripheral stress responses, is given in Figure 2.
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Figure 2 CNS Activity during Stress and Comparison to Peripheral Stress Responses. (a) Activity in the salience (left) and
central executive network (right) marks the central nervous stress response. Structures of the SN include the amygdala(am),
the dorsal anterior cingulate cortex (DACC), anterior insula (Al), inferotemporal cortex (IT), midbrain (mb), thalamus (th),
temperoparietal junction (TPJ), ventral striatum (vs). The CEN is associated with the dorsolateral prefrontal cortex (DLPFC),
the dorsomedial prefrontal cortex (DMPFC), dorsal posterior parietal cortex (DPPC), and the frontal eye fields (FEF). (b)
shows the role of peripheral (top) and central nervous (bottom) response systems at different times after stress onset. Sympa-
thetic catecholaminergic pathways and the SN are immediate responders to stress, followed by cortisol- (corticosteroid) me-
diated effects. SN activity gradually is succeeded by the CEN.

1.3.3 Regulation of CNS Response

With the mapping of cortical networks involved in the stress response, there is increasing in-
terest in understanding what regulates their activity. On a systems level, the importance of GA-
BAergic pathways in stress regulation is widely recognized. GABA-receptor antagonists such
as bicuculline are categorized as anxiogenic, whereas GABA-receptor agonistic medication is
commonly prescribed for their anxiolytic effects (Delli Pizzi et al., 2017). Further, withdrawal

from GABA-receptor agonistic baclofen has shown to induce cardiomyopathies similar to those
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induced by severe stress (Levy, De Brier, Hugeron, Lansaman, & Bensmail, 2016), suggesting

GABAergic involvement in autonomic regulation.

Reactivity of the mPFC also depends on a small population of GABAergic interneurons
(Courtin et al., 2014). The mPFC receives input from the sensory cortices and directly projects
to the limbic system, as well as control sites of the SAM and HPA, exerting top-down control
of emotional and peripheral stress responses (Ellard, Barlow, Whitfield-Gabrieli, Gabrieli, &
Deckersbach, 2017). These pathways are largely mediated by glutamatergic neurons, the role
of GABA as their primary regulator under stress is still subject to investigation. While one study
was able to show prefrontal GABA concentrations decrease in immediate response to stress
(Hasler, van der Veen, Grillon, Drevets, & Shen, 2010), another (Houtepen et al., 2017) did not
replicate these findings. A third study investigated GABA in the dACC outside of the stress
context and found GABA to be a reliable predictor of connectivity between the prefrontal cortex
and limbic system (Delli Pizzi et al., 2017). These structures are strongly associated with the

SN, again pointing towards involvement of GABA in CNS stress regulation.
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2. Technical Background

Non-invasive in-situ determination of neurometabolite concentrations is currently only possible
with the help of magnetic resonance spectroscopy (MRS). In MRS, '"H-MRS specifically, hy-
drogen’s changing magnetic resonance properties in different chemical environments are used
to distinguish between constituents of a tissue. This section aims to provide a contextual over-

view of MRS methodology and its relevance in systems-level GABA research.

2.1 "H-MRS Principles

Generation of an MRS signal is based on two fundamental principles: (1) atomic nuclei intrin-
sically possess magnetic properties, and (2) a change in magnetic field induces an electrical
current. When exposing a sample to a strong external magnetic field (Bo), the net magnetic field
of nuclei (M) will tendentially align with it. In '"H-MRS, hydrogen atoms are selectively excited
with an electromagnetic radiofrequency (RF) pulse which causes a reorientation of M into the
transverse plane of Bo (de Graaf, 2019). Within a few milliseconds the excitation subsides and
M will oscillate back into alignment with Bo. This change in M induces an electrical current in
a nearby receive coil, which is recorded as the metabolite signal. Figure 3 illustrates this pro-
cess. In practice, the amount and quality of RF pulses vary depending on the pulse sequence
and research design (Bertholdo, Watcharakorn, & Castillo, 2013), however, these will not be

discussed within this section.

| receive

Figure 3 Principle of 'H-MRS Signal Generation. The net magnetic field of atomic nuclei within a sample (M) aligns with
the magnetic field of the MRS scanner (Bo). 'H atoms are then selectively excited with a radiofrequency (RF) electromagnetic
pulse which reorients M into the transverse plane of Bo. As M oscillates back into alignment with Bo, it induces a signal current
in a nearby receive coil.

2.1.1 Signal differentiation in "H-MRS
The oscillation frequency (also referred to as resonance frequency) at which M precesses

around Bo depends on several factors: the field strength of Bo, the spin properties of 'H, as well
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as the chemical environment in which the nuclei reside (de Graaf, 2019). The latter is of high
relevance to MRS as it implies hydrogen atoms of different chemical compounds produce sig-
nals deviating from the standard resonance frequency of 'H. These deviations in frequency, or
chemical shifts, lie within the range of 10" (parts per million, ppm) and are used to determine
individual contributors to the overall signal, such as GABA and glutamate. After application
of a Fourier transform, signals of distinct 'H groups are represented on a frequency spectrum
by peaks (see Methods, Figure 6d). The area under the curve of each peak is approximately

proportional to its concentration in the tissue.

2.1.1 Spatial Encoding
Clinical MRS is most commonly applied to a small volume (voxel) of several millimeters
within the brain, although methods for multi-voxel spectroscopic imaging do exist (Bertholdo
etal., 2013). In order to distinguish between signals from a voxel of interest and its surrounding
tissue, spatial encoding techniques have to be applied. Spatial encoding entails application of
orthogonal RF pulses that selectively excite in the x,y, and z plane; the voxel is defined by the
intersection of those planes (Bottomley, 1987). These pulses are coupled with intentional het-
erogenizations of the external magnetic field such that the resonance frequencies for 'H within

the region of interest contrast those in the remaining tissue.

2.1.2 Water and Lipid Suppression
Lipid and water suppression have to be performed prior to application of a pulse sequence, as
signal from these compounds influence the accuracy and resolution of metabolite signal record-
ing. Water concentration in neural tissue exceeds that of metabolites by a 10,000-fold (de Graaf,
2019). In order to minimize its contribution to the overall signal, frequency-selective pulses
(Mescher, Merkle, Kirsch, Garwood, & Gruetter, 1998) at the resonance frequency of water at
approximately 4.7 ppm are applied. Lipid signal, on the other hand, stems from adipose tissue
surrounding the brain, and can be reduced with the help of spatial-selective excitation pulses

(Felmlee & Ehman, 1987).
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2.2 Biological Implications of GABA MRS Research

Recent methodological improvements, such as advancement to ultra-high field MRS (> 7 Tesla)
have allowed for more precise neurometabolites recordings (Terpstra et al., 2016). These de-
velopments open up new possibilities of investigating neurotransmitters found in increasingly
lower concentrations in the brain such as GABA. However, there are limitations in the insight

these data give into the biochemical functioning of GABA-mediated neuronal inhibition.

GABA and other neurotransmitters involved in synaptic signaling are understood to be pre-
synthesized and stored intravesicularly within neurons until a rise in cell membrane potential
facilitates their release into the synaptic cleft. Signal transduction is thus not dependent on the
net concentration of a neurotransmitter, but rather on its relative intra- and extracellular distri-
bution. Nonetheless, with MRS, changes in GABA concentration across voxels of several mil-
limeters can be detected in immediate response to different experimental tasks (Chen et al.,
2017; Cuypers et al., 2020; Hasler et al., 2010).

This apparent confliction has previously been addressed in literature (Stagg, Bachtiar, &
Johansen-Berg, 2011), but there is no consensus on which biochemical processes govern re-
gion-wide changes in GABA concentration. While evidence exists for the involvement of glial
cells in the extra-neuronal regulation of GABA (Preece & Cerdan, 2002; Yoon et al., 2011),
more recent findings estimate the effect of these mechanisms to be relatively low (Lee et al.,
2010; Santhakumar, 2006). Moreover, it has not been shown whether MRS differentiates be-
tween intravesicular and extravesicular, intracellular and extracellular, or intrasynaptic and ex-

trasynaptic GABA.

The mechanisms behind region-wide increases of GABA thus remain to be understood, yet
functional correlations between GABA concentration and brain region activity have been es-
tablished. While these grant further investigation of GABA involvement in higher-order pro-

cessing, they give no insight into the underlying mechanisms on the (sub-)cellular level.
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3. Research Aims

The importance of prefronto-limbic structures such as the dACC and GABA pathways in stress
regulation is widely recognized. However, how and where these systems interact is still subject
to research. In consideration of recent efforts to understand the regulation of prefrontal activity
(Delli Pizzi et al., 2017; Hasler et al., 2010; Houtepen et al., 2017), this study aims to further
investigate GABA and glutamate behavior in the dACC in response to acute stress. In the case
we observe a link between stress prefrontal GABA concentrations, we consider the dACC a
candidate integrator of GABAergic signals into the central nervous and autonomic cardiac
stress response. Specifically, we expect prefrontal GABA concentrations to be lower in stressed
individuals than in controls, as well as to record higher HPA and SAM output. We wish to
contextualize spectroscopic data with measures of cardiac and cortisol response, explore the
possibility of temporal dependencies between the three and assess possible predictors of stress

vulnerability.
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4. Methods

This study was conducted at the Spinoza Centre for Neuroimaging in Amsterdam, Netherlands
and is in accordance with the Declaration of Helsinki (1997) and subsequent revisions, its ex-

perimental protocol was approved by the ethics board of the University of Amsterdam.

4.1 Participants

We included 56 psychologically and physically healthy males (mean = 24.18 years, SD = 2.82).
They were recruited through posters and digital advertisements within the greater Amsterdam
area. Inclusion criteria were 1) age between 18 and 35, 2) no diagnosis of a psychiatric, neuro-
logic, or cardiovascular condition, and 3) Dutch and English proficiency. Exclusion criteria
were 1) smoking, 2) any cardiac abnormality as determined by an electrocardiogram (ECQG),
3) excessive alcohol and drug intake, assessed with the Alcohol Use Disorders Identification
Test (AUDIT, score > 11)(Saunders et al., 1993) and the Drug Use Disorders Identification
Test (DUDIT, score > 11) (Berman, Bergman, Palmstierna, & Schlyter, 2003), respectively, 4)
MRI contra-indications, and 5) high self-reported stress levels as determined on the Perceived
Stress Scale (PSS, score > 26) (Cohen, Kamarck, & Mermelstein, 1983). The experiment was
set up as a between-subject study with an equally large stress and control group matched on
age, AUDIT, DUDIT, and PSS scores, as well as on IQ reflected by performance on the Dutch
Adult Reading Test (Mulder & Bouma, 2012).

4.2 Questionnaires
Additional questionnaires acquired were the Beck Depression Inventory II (Beck, Steer, &
Brown, 1996), the Symptom Checklist-90 Revised SCL-90-R (Pearson, United States), the
Trait Scale of the State-Trait Anxiety Inventory STAI-T (Marteau & Bekker, 1992), the Life
Event Questionnaire (Garnefski & Kraaij, 2001) for investigation of longer-term and past
stress-related life episodes, as well as a brief form of the Positive and Negative Affect Schedule

PANAS-SF (Watson, Clark, & Tellegen, 1988), which reflects current emotional state.



18

4.3 Experimental Procedure
Participants were invited to the facility twice, once for a pre-examination and once for the scan-
ning appointment. The pre-examination included a ten-lead ECG, completion of questionnaires,
and retrieval of written informed consent. Scanning appointments were scheduled between
14:30 and 21:00 h to account for circadian cycling of blood cortisol. Participants were instructed
to refrain from exercise, caffeine-, drug-, and alcohol consumption for up to 24 hours prior, and
not to eat in the three hours leading up to their appointment. Upon arrival they were given 45
minutes of acclimatization time, during which a 10-second-long baseline ECG was recorded.
The scan session itself lasted approximately ninety minutes and consisted of a pre-intervention
MRS and function magnetic resonance imaging (fMRI) scan (25minutes), a stress or control
intervention (15 minutes), and two respective post-intervention measurements (50 minutes).

Upon completion, we recorded another one-minute-long post-intervention ECG.

Salivary cortisol content of participants was sampled at five timepoints during the experimental
procedure as a measure of HPA response. These timepoints can be extracted from the schematic
procedural overview in Figure 4. Saliva samples were collected with a cotton swab and stored
in Salivette® (SARSTEDT AG & Co. KG, Niimbrecht, Germany) cortisol tubes (batch number
51/05) at - 20 °C until analysis.

Acclimatization phase Scanning phase Debriefing
45 minutes 90 minutes phase
& PANAS ECG PANAS H,O arit PANAS ECG &
v v v v v
.-___f____:f ? ;?___.
S1 S2 S3 S4 S5

Figure 4 Schematic Overview of Scan Appointment. Scan appointment lasted about 2.5 hours in total and can be divided into
three phases: acclimatization, scanning, and debriefing. Upon arrival of the participant, a baseline ECG and emotional report
(PANAS) were acquired. Timepoints of saliva sampling for monitoring of cortisol response are denoted with SI1-5. MRS scan-
ning consisted of one pre-intervention (Pre) and two post-intervention (Postl, Post2) scans, a T1-weighted image provided an
anatomical overview for voxel selection. The beginning of the water (H20) and arithmetic (arit) task of the intervention are
marked in orange. Two additional PANAS and one ECG were recorded at the indicated timepoints.

4.4 Intervention: Socially Evaluated Cold Pressor Task

The stress task performed was an adapted Socially Evaluated Cold Pressure Task (SECPT)
(Schwabe, Haddad, & Schichinger, 2008), which combines psychological (social evaluation)
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and physical (cold water) stressors into one paradigm. All trials were executed by the same
male experimenter whom none of the participants beforehand knew. In the stress condition, the
experimenter was wearing a white coat and gloves and maintained a neutral expression. After
short instructions the participant’s right foot was submerged into a bucket of cold water (0 — 4
°C) for three minutes, followed by a three-minute arithmetic subtraction task. In the control
condition, the experimenter wore street clothing and was encouraged to give friendly, positive
feedback. The cold water was replaced by warm water (20 — 22 °C) and the participants were

given simple additions to solve instead of subtractions.

4.5 Defining Cardiac Parameters
Electrocardiograms were recorded on a 10-lead ECG system and evaluated by an in-house con-
dition-blind cardiologist in terms of significant changes between pre- and post-intervention
measurements. Additionally, heart rate of participants during scans and stress intervention was
recorded with a scanner-integrated plethysmographic pulse oximeter, as it is widely recognized
to be a reliable indicator of sympathetic response. Heart rate measurements were imported to,
and corrected for outliers in MatLab (R2016a, Version 9.0.0.341360) using in-house developed

scripts.

4.6 'H Magnetic Resonance Spectroscopy

4.6.1 MRS Data Acquisition
All data was acquired using a Philips 7T Achieva MR scanner (Philips Medical Systems, The
Netherlands) equipped with a 32 channel-phased array head receive coil. 'H Spectroscopy and
functional magnetic resonance imaging (fMRI) data were obtained at the same time using one
interleaved scanning protocol. fMRI analysis, however, is not within the scope of this thesis.
We started each scan session with a T1-weighted MR image for an anatomical overview of the
brain (TR/TE=4.2/1.87 s; field of view (FOV) = 246 x 246 x 180 mm; voxel size = 0.84 x (.84
% 0.9 mm; slices = 200). Based on the T1-weighted image, a voxel of 18 x 18 x 25 mm was
placed superior to the genu corporis callosi in the sagittal plane of the dACC for MRS (Figure

5), aregion chosen for its involvement in stress-related cognitive processes and high population
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of GABAerigc neurons. We adopted a semi-localization by adiabatic selective refocusing (sLA-
SER) sequence (TR/TE = 3600/36 ms) and VAPOR water suppression (Boer et al., 2020), ac-
quiring 64 spectra before, and 368 spectra after the stress intervention. Scans were designed to

capture resting neural activity for which participants were instructed to look at a white cross in

front of a black background.

Figure 5 Voxel Placement. Voxel was positioned superior to the genu corporis callosi in the sagittal plane of the dACC and
validated in all three anatomical planes.: sagittal (left), transverse (middle), coronal (right).
4.6.2 MRS Data Processing

Prior to analysis of the spectra we performed several corrective steps using in-house developed
MatLab (R2016a, Version 9.0.0.341360) scripts. The signal of each receiving channel were
phase and amplitude corrected before coil combination. In a subsequent step, signal distortions
caused by induction of electrical currents (eddy currents) by the magnetic field are removed
using two unsuppressed water spectra. Individual spectra of one session were then phase and
frequency corrected using spectral registration (Near et al., 2015), where the spectrum of high-
est quality is used as norm. The effects of eddy current correction (ECC) and spectral registra-

tion on signal to noise ratio (SNR) are depicted in Figure 6.

Metabolite concentrations were determined using LCModel (Version 6.3-1L) for a moving av-
erage of 64 spectra for all three scans. The tool LCModel scales reference signals of neurome-
tabolites over the obtained full spectral image and returns a concentration of each reference
metabolite based on its fitted area-under-the-curve value. Neurometabolites with a stable MRS

signal, n-acteylaspertate, phosphocreatine, and phosphocholine were fitted first. In LC-Model
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the confidence parameter %SD (standard deviation, in % of mean) is provided alongside the
estimates for each concentration value, as well as the fitting curve of each reference signal (see
Figure 6d). GABA and glutamate estimates with a %SD > 30 were omitted from analysis. Ad-
ditionally, we excluded spectra with a SNR < 30 and a full-width half-maximum (FWHM) >
0.05.
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after (right) spectral registration. The red peak band indicates noticeable improvement of the overall fit. (d) LC-Model sofitware
output of 64 spectral measurements (left). The program fits reference peaks of individual metabolites to the overall signal and
determines a concentration. A concentration, confidence parameters (%SD, standard deviations in % of mean), as well as
fitting curves (right) are provided.

4.7 Statistical Analysis

All statistical analyses were performed in R (version 3.6.3; R Core Team 2020) using General
Linear Mixed-Effects Models with the function /mer of the Ime4 package (Version 1.1-21;
Bates, Méchler, Bolker, & Walker, 2015). Response variables were relativized to a baseline
measurement prior to transformation, an overview of the full model syntaxes is given in Table
1. Fixed effect terms were assessed using likelihood-ratio tests (Barr, Levy, Scheepers, & Tily,

2013). P-values < .05 were interpreted as significant.

Table 1 Response units and Imer function input for statistical modeling.

Response Units: x-fold of Full Model

Heart Rate HR pre-intervention logio(HR) ~ 1 + stress * phase + (1|subID)

Negative Affect PANAS baseline score (1) * PANASneg’l'4 ~ 1+ stress * session + (1|subID)

GABA pre scan cGABA log,o(GABA) ~ 1 + scan + stress * time + (1 + m_time + m_scan |subID)
Glutamate pre scan cGlu log,0(Glu)~ 1 + scan + stress * time + (1 + m_time + m_scan |subID)
Explanatory Variables

subID: subject ID

stress: factor with levels 0 (control) and 1 (stress).

phase: factor with levels 0 (water) and 1 (arithmetic).

session: factor with levels 0 (pre-) and 1 (post-intervention).

scan: factor with levels 0 (Postl scan) and 1 (Post2 scan).

m_scan: mean centered variable scan.

time: factor with 5 levels (0 — 4), each representing a time interval of 500 s (seconds), from 1000 s after stress onset onwards.

m_time: mean centered variable time.

! Tukey Ladder of Power Transformation (Tukey, 1977) using the function transformTukey from the rcompanion package (version 2.3.25,
(Mangiafico, 2020)

4.7.1 Analysis of Heart Rate
We investigated the effects of stress on cardiac pulse and during two phases of the SECPT, the

water task and the arithmetic task. Stress and phase were treated as fixed effects, subjectID was
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included as a random effect to this model. Further, an interaction term of the fixed effects ac-

counts for a possible disproportionate response to either task within one experimental group.

4.7.2 Analysis of Negative Affect
Negative affect, as determines by the Negative Affect Subscale of the PANAS, across stress
and control group was compared before and after the intervention. For this, stress, session, and
their interaction were included as fixed effects, subjectID as random effect in the model. Pre-
intervention questionnaire scores were interpreted as response to the MRI scanner setting,
changes in post-intervention questionnaire scores are attributed to the intervention itself. A dif-
ference in reactivity to the stress and control task is thus reflected in the model’s estimate for

the interaction term.

4.7.3 Analysis of Neurometabolite Data
GABA and glutamate responses were modelled in identical fashion. Stress and time were in-
cluded as fixed effects in the model; where time is a factor with five levels, each representing a
time interval of 500 s (seconds), from 1000 s after stress onset onwards. Their interaction ac-
counts for group-specific neurotransmitter dynamics over time. In addition, a covariate of scan
was considered by the model to avoid false positive time effects due to a baseline shift between
the Postl and Post2 scan. Collinearity between time and scan was ruled out by assessment of
Variance Inflation Factors (Field, 2005) for a standard linear model excluding the random ef-
fects. The final model further fits random intercepts for subjectID and random slopes for time
and scan, the latter two were mean centered before inclusion in the random effects term. For
both glutamate and GABA modelling, the optimizer ‘bobyqa’ was used, and datapoints were

weighed against their respective % SD values.
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5. Results

5.1 Sample Characteristics
As shown in Table 2, stress and control group matched well in terms of age, IQ, PSS and
drug/alcohol intake. For GABA and glutamate analysis, twelve (five control, seven stress) and
two (both stress) participants had to be excluded due to insufficient data quality, respectively.

Their exclusion had negligible effects on group demographics.

Table 2 Sample Characteristics. Control and Stress group did not differ significantly in matching criteria.
Matching Criterion Control, M (SD) Stress, M (SD) t-statistic, p Total, M (SD)
Age (years) 24.3 (3.03) 24.1 (2.67) 0.784 242 (2.84)
1Q 100.82 (7.84) 100.54 (6.15) 0.882 100.54 (7.04)
PSS 8.46 (3.81) 9.04 (4.37) 0.611 8.75 (4.11)
AUDIT 5.11 (3.26) 5.18 (2.69) 0.93 5.14 (2.98)
DUDIT 1.68 (2.24) 1.39 (1.95) 0.619 1.54 (2.1)

5.2 Cardiac Parameters

There were no detectable changes between pre- and post-intervention ECGs for any of the par-
ticipants. In terms of heart rate, we recorded a mean increase of 5% during the water task and
a mean 10% increase during the arithmetic task; the response of stressed and unstressed indi-
viduals was comparable. And although the arithmetic task evoked a slightly stronger response
in the stress group, the overall effect of stress is insignificant (y*= 3.11, df = 2, p = 0.211).
Individual heart responses to the stress paradigm ranged from very weak to strong, as is demon-
strated in Figure 7. Whereas some participants barely reacted to the cold water, others showed

an increase in heart rate of 20 %.
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Figure 7 Comparison of Heart Response between Subjects. Heart rate is depicted for three individuals (two stressed, one
control) during the SECPT, the start of the water and arithmetic tasks are indicated on the graphs. Cardiac response to stress

varied immensely between individuals. Subject 1123 reacted strongly to both tasks, subject 1058 shows little response overall,
as does subject 1103 of the control group. Data noise differs greatly between recordings.

5.3 Negative Affect Scores

Baseline PANAS scores were examined in a Wilcoxon Mann-Whitney Rank Sum Test and
reveal similar negative affect between stress (mean = 14. 96, SD = 2. 22) and control (mean =
16.36, SD = 3.96) subjects at their arrival to the facility (W = 303.5, p = .134). Both experi-
mental groups showed a reduction in negative affect at the start of scanning (pre-intervention)
of about 20 %.

Comparison with the null model suggests a strong overall impact of the fixed effects stress and
session (y>=27.84, df =3, p <.001). More specifically, we observed a clear difference between
stress and control group in their reactions to the intervention (t(56) = 4.267, p < .001): while
negative affect score decreased by another 11 % for controls (p <.001), it remained unchanged

for subjects of the stress group (t(56) = -1.092, p =.696) (Figure 8). These results indicate that
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controls gradually acclimatized to the testing environment, whereas the SECPT arrested this

process in stressed individuals.
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Figure 8 Effect of Intervention on Negative Affect. Comparison of pre- and post-intervention responses between stress and

control group (both n = 28) (left) and estimates by linear mixed-effects model (vight). Values are relative to baseline score
sampled at the arrival of each participant. Estimates are depicted with their respective confidence intervals of size (.95, over-
lapping confidence intervals of two estimates implies non-significance.

5.4 Neurometabolite Evaluation

5.4.1 GABA Concentration Changes over Time

Overall quality of GABA measurements was poor, 46 % of all data points had to be excluded
from analysis. Figure 9a shows the change of GABA concentration over time for each experi-
mental group. While not true for all participants, controls in general showed more stable me-
tabolite concentrations.

Comparison with the null model suggests an overall strong impact of fixed effects (y*=254.33,
df = 10, p < .001), this can largely be attributed to changes in time. Specifically, both stress
(t(72.3) = -5.956, p < .001) and control group (t(70) = -4.374, p = .002) show an increase in
GABA between time intervals 0 and 1. The statistical model predicts slightly lower GABA
concentrations for controls in earlier timepoints than for stressed individuals, however these
differences fall below the significance threshold. Experimental group therefore did not consid-

erably modulate GABA response. This is shown in Figure 9b.
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We further investigated the effect of scan session on our measurements. For GABA, we found
no difference in recordings between the first and second post-intervention scans. The covariate

was not omitted from the model, as it did have a strong impact on glutamate results (see below).
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Figure 9 Effect of Intervention on Prefrontal GABA Concentration. GABA response between stress (n = 22) and control (n
= 24) group. (a) Per participant metabolite concentrations in minutes from stress onset, relativized to a baseline level. Low
data quality results in large gaps between individual measuring points. Reaction patterns between experimental groups are
not discernible. (b) Predicted GABA responses for each experimental group by Imer model with their respective confidence
intervals of 0.95, overlapping confidence intervals of two estimates implies non-significance. Each time interval represents a
period of 500 seconds, from 1000 seconds after stress onset onwards.



30

5.4.2 Glutamate Concentration Changes over Time
Quality filtering of spectra resulted in a loss of 3 % of all glutamate data points. Figure 10a
shows each participant’s glutamate response over time. For all participants, glutamate levels
remained stable for the duration of the post-intervention measurement. Glutamate concentra-
tions of two participants were remarkably elevated in regard to the baseline measurement.
Statistical modelling confirms stress had no influence on prefrontal glutamate response.
Model estimates for different timepoints and experimental groups are indistinguishable con-
sidering their relatively large confidence intervals. We noticed measurements of the second
post-intervention scan were systemically higher, about 1 %, for both groups (t(57.0) = -3.452,
p = .006) at the average timepoint. This suggests scan to be an important covariate to the

model, as differences in metabolite concentrations might otherwise be attributed to time.
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Figure 10 Effect of Intervention on Prefrontal Glutamate Concentration. Glutamate response between stress (n = 26) and
control (n = 28) group. (a) Metabolite concentrations remain stable over time (in minutes from stress onset) for both groups.
The baseline shift at t = 42 minutes between first and second scanning session is clearly visible. (b) Predicted glutamate
response over the same intervals by statistical modeling with their respective confidence intervals of 0.95, overlapping confi-
dence intervals of two estimates implies non-significance. Each time interval represents a period of 500 seconds, from 1000
seconds after stress onset onwards.
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6. Discussion

To better understand the regulation of dACC and autonomic activity in stress, we investigated
the changes in prefrontal GABA and glutamate concentrations in response to acute stress.
GABA and glutamate concentrations in the dACC were measured in the time interval of 18-55
minutes after stress onset and compared to participants’ heart rate during the SECPT. Addition-
ally, self-reported questionnaires were acquired throughout the scan procedure to assess sub-

jective stress levels.

Success of stress induction with the SECPT is commonly determined through respective meas-
urement of psychological, endocrine, and autonomic indicators (Schwabe et al., 2008). On a
group level, stressed individuals reported higher negative affect scores than controls, but there
was no significant difference in heart rate response. On the individual level, stress reactivity is
measured in terms of cortisol response, as reliable thresholds for HPA arousal have previously
been established (Miller, Plessow, Kirschbaum, & Stalder, 2013). However, due to time re-
strictions, salivary cortisol samples have not yet been analyzed. With these results at hand, we
cannot make a clear verdict on the success of our stress induction paradigm and it is important
to revisit this question in its full context once data on cortisol is available. This importance is
highlighted in a meta-analysis of studies involving the SECPT, which showed positive re-
sponse rate to the paradigm, as assessed in terms of cortisol response, ranged from 48 to 84
percent between studies (Schwabe & Schéchinger, 2018). The possibility of non-responders

being overrepresented in the stress group thus needs to be evaluated.

While the effects of stress on heart rate are well known, there have been different reports re-
garding heart rate behavior in response to the SECPT specifically: heart rate has been shown to
increase (Giles, Mahoney, Brunyé, Taylor, & Kanarek, 2014), as well as to not react (Schwabe
et al., 2008) in response to the SECPT, and may therefore not be a reliable stress indicator for
this task. This might be due to the cold water component, which has been speculated to evoke
an increase in blood pressure that counteracts the regular heart rate increase during stress
through activation of the baroreflex (Schwabe & Schichinger, 2018). While this provides a

possible explanation to our negative findings in cardiac response, it also provides an incentive
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to explore different parameters. Heart rate variability (HRV) is one of such which compares the
millisecond variation of inter-beat intervals in a given time interval (Task Force of the European
Society Electrophysiology, 1996). Effects of stress on HRV are also well documented (A.
Hernando et al., 2016; D. Hernando, Roca, Sancho, Alesanco, & Baildn, 2018; Kim, Cheon,
Bai, Lee, & Koo, 2018) and may potentially be less sensitive to specificities of the SECPT. A
follow-up analysis will thus be conducted. Analysis of HRV will be of particular relevance,
since also no changes in participants’ ECGs were observed. This, however, is most likely due
to the time interval between stress onset and post-intervention ECG being too long to detect

autonomic modulation (t ~ 60 minutes).

We were not able to determine a significant difference between stress and control group in
terms of dACC GABA modulation. This goes against the notion that GABA is a key regulator
in the stress response, however, data loss was a critical issue in this analysis. The exclusion of
twelve participants inevitably reduced statistical power and thus sensitivity in detecting group
differences. A small group effect might have therefore gone unnoticed. GABA concentrations,
albeit insignificantly, were observed to be higher in stressed individuals compared to controls
in the first three time intervals of recording. Interestingly, this goes against previous associa-
tions of prefrontal GABA decreases with CNS stress behavior (Hasler et al., 2010). One notice-
able difference to our study is the timing of MRS relative to stress onset, as Hasler’s research
group (2010) conducted their measurements during a stress task, not afterwards. A second study
investigated the response of GABA approximately 30 minutes after stress induction was also
not able to find an effect (Houtepen et al., 2017). Taken together, these results hint towards a
narrow timeframe of GABA-mediated SN activation in response to stress. Indeed, SN activity
in acute stress is known gradually to subside in favor of CEN-mediated processing (Hermans
et al., 2014), the exact timeline of this adaptation has not yet been investigated. We show that
these adaptations occur in a glutamate-independent manner, and that further clarification re-
garding the role of GABA is necessary. MRS data will be evaluated in the context of fMRI at
a later point in time, where the activity of SN- and CEN-specific domains can be correlated to

our neurometabolite measurements.
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These preliminary findings urge more elaborate analysis of the whole experiment, but nonethe-
less raise interesting questions for debate. Stress responsiveness, cortisol and autonomic
measures still need to be verified, and spectroscopic measurements put into context with fMRI
data analysis. Several limitations to these results have been pointed out. We did not find a link
between prefrontal GABA concentrations and stress and, moreover, cardiac response, however

wish to critically reassess these findings in their full context.
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Summary

The human stress response is a systemic effort to maintain homeostatic balance under real,
perceived, or anticipated threat. In the periphery, its effects are mediated by the autonomic
nervous system (ANS) and bloodstream cortisol, end product of the hypothalamus-pituitary-
adrenocortical axis (HPA). All is overseen by a central nervous regulatory component, which
adjusts the intensity and duration of peripheral response and integrates peripheral signals of
stress into higher-order cognitive and behavioral processes. A dysregulation of this complex
system (through prolonged or over-intensive exposure to stress) can have devastating effects
on mental and physical health, including cardiac health. For example, periods of severe acute
stress have been linked to cardiac arrythmias and can even lead to sudden cardiac death (SCD),
possibly due to a disruption in ANS control of the heart.

The importance of prefronto-limbic structures such as the dorsal anterior cingulate cortex
(dACC) and y-aminobutyric acid (GABA) pathways in stress regulation is widely recognized.
GABA-receptor antagonists such as bicuculline are categorized as anxiogenic, whereas GABA-
receptor agonistic medication such as members of the benzodiazepine family are commonly
prescribed for their anxiolytic effects. Consistent with these insights, a previous magnetic res-
onance spectroscopy (MRS) study has shown prefrontal GABA concentrations to decrease in
immediate response to stress. Moreover, recent reports confirm sudden discontinuation of
GABA-receptor agonistic medication can result in development of cardiomyopathy clinically

indistinguishable from SCD.

The present study extends this research by investigating possible correlates between prefrontal
GABA concentrations and cardiac markers. Fifty-six psychologically and physically healthy
males (mean age = 24.18) were included in a between-subject experimental setup to investigate
GABA and glutamate response in the dACC to a well-established stress task (i.e. the Socially
Evaluated Cold Pressor Task). We adopted a semi-localization by adiabatic selective refocusing
(sLASER) measuring sequence (TR/TE = 3600/36 ms) at ultra-high field 7T MRS, acquiring
64 spectra before, and 368 spectra after the stress intervention in a task-negative setting. Addi-
tionally, salivary cortisol content and electrocardiographic (ECG) markers of participants were

measured to determine HPA and ANS activation, respectively. Spectroscopy and ECG data was
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analyzed in the same context to explore the possibility of temporal dependencies between the

two and assessed for reliable measures of stress vulnerability.

We did make out a significant difference between stress and control group in terms of dACC
GABA modulation. This goes against the notion that GABA 1is a key regulator in the stress
response, however, data loss was a critical issue in this analysis. Reduced statistical power
might leave small effects unnoticed and as a next step we will validate our findings with func-
tional magnetic resonance imaging datasets. Furthermore, we found the stress task to have no
effect on ECG parameters, and we raise the question of its suitability to measure SAM activa-
tion in the paradigm at hand. Due to timely restrictions, salivary cortisol data could not be
included in the analysis; HPA and SAM activation will have to be addressed at a later point

again.
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Zusammenfassung

Die Stressantwort im Menschen ist eine systemische Anstrengung der Erhaltung homdostati-
schen Gleichgewichts unter realer, wahrgenommener oder antizipierter Gefahr. In der Periphe-
rie wird sie durch das autonome Nervensystem (ANS) und durch zirkulierendes Cortisol, dem
Endprodukt der Hypothalamus-Hypophysen-Nebennierenrinden-Achse (HPA), vermittelt. Das
zentrale Nervensystem libernimmt hierbei die Regulation der Intensitdt und Dauer der periphe-
ren Reaktion und integriert zudem Stresssignale in kognitive Prozesse und das Verhalten. Eine
Maladaption dieses komplexen Systems (etwa durch chronische oder {iberintensive Belastung)
kann verheerende Auswirkungen auf geistige und korperliche Gesundheit - einschlie8lich der
des Herzens - haben. So wurden stresslastige Lebensperioden mit Herzrhythmusstorungen in
Verbindung gebracht und kdénnen in seltenen Féllen zu plotzlichem Herztod (SCD) fiihren,
moglicherweise wegen einer Storung ANS-bedingter Regulationsmechanismen.

Die Bedeutung préfronto-limbischer Strukturen wie dem dorsalen cortex cingularis anterior
(dACC) und y-Aminobuttersdure-(GABA)-erger Neuronen in der Stressregulation ist weit an-
erkannt. GABA-Rezeptor-Antagonisten wie Bicucullin werden als anxiogen eingestuft, wéh-
rend GABA-Rezeptor-agonistische Medikamente, wie etwa Mitglieder der Benzodiazepin-Fa-
milie, iiblicherweise fiir ihre anxiolytische Wirkung verschrieben werden. In Ubereinstimmung
mit diesen Erkenntnissen hat eine Magnetresonanzspektroskopie-Studie (MRS) bereits gezeigt,
dass die priafrontalen GABA-Konzentrationen in unmittelbarer Reaktion auf Stress abnehmen.
Dariiber hinaus bestétigen neuere Berichte, dass ein plotzliches Absetzen GABA-Rezeptor-a-
gonistischer Medikamente zur Entwicklung einer Kardiomyopathie fithren kann, die klinisch

von SCD nicht zu unterscheiden ist.

Mit diesem Hintergrund wurde in der vorliegenden Studie der Zusammenhang préfrontaler
GABA-Konzentrationen und Herzparametern untersucht. Hierfiir wurden 56 psychisch und
physisch gesunde Mianner (Durchschnittsalter = 24,18 Jahre) einem géngigen Stressparadigma
(dem Socially Evaluated Cold Pressor Task) unterzogen, und anschlieBend mittels 7T MRS
deren GABA- und Glutamatgehalt im dACC gemessen. Wir bedienten uns einer semi-localiza-

tion by adiabatic selective refocusing (SLASER) Messsequenz (TR / TE = 3600/36 ms), wobei
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64 Spektra vor, und 368 Spektra nach der Stressintervention in einem aufgabennegativen Um-
feld aufgenommen wurden. Zusétzlich wurden Cortisolgehalt im Speichel und elektrokardio-
graphische (ECG) Marker der Teilnehmer ermittelt, um das Ausmal einer HPA- bzw. ANS-
Aktivierung zu bestimmen. Spektroskopie- und ECG-Daten wurden im selben Kontext analy-
siert, um die Moglichkeit zeitlicher Abhdngigkeiten zu untersuchen, und um diese als Parameter

fiir die Stressempfindlichkeit zu evaluieren.

Wir stellten wider anfanglicher Annahme keine Unterschiede zwischen Stress- und Kontroll-
gruppe in Hinblick prafrontaler GABA-Konzentrationen fest, jedoch hatten wir in dieser Ana-
lyse mit kritischen Datenverlusten umzugehen. Die verringerte Aussagekraft unsere Auswer-
tung konnte kleine Effekte auBer Acht lassen, eine Validierung unserer Ergebnisse mit funkti-
oneller Magnetresonanz-Datensétze ist im néchsten Schritt daher von besonderer Bedeutung.
Wir zeichneten ebenfalls keinen Effekt von Stress auf ECG-Parameter auf, und wir hinterfragen
die Eignung dieser zur Messung von SAM-Aktivierung in dem vorliegenden experimentellen
Kontext. Aufgrund zeitlicher Einschrinkungen war der Cortisol-Datensatz nicht Teil der Ana-

lyse; HPA- und SAM-Aktivitdt miissen zu einem spateren Zeitpunkt nochmals eruiert werden.
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Abbreviations

ANS Autonomic Nervous System

arit arithmetic task of the SECPT

AUDIT Alcohol Use Disorders Identification Test
Bo external magnetic field

CEN central executive network

CNS Central Nervous System

dACC dorsal anterior cingulate cortex

df degrees of freedom

DMN default mode network

DUDIT Drug Use Disorders Identification Test
ECC eddy current correction

ECG electrocardiogram

FWHM full-width half-maximum

GABA y-aminobutyric acid

'H protium, most prevalent hydrogen isotope
H>O water task of the SECPT

HPA hypothalamus-pituitary-adrenocortical axis
HR heart rate

HRV heart rate variability

1Q intelligence quotient

M mean

M net magnetization of sample (Section 2. Technical Background)
m minutes

mPFC medial prefrontal cortex

MRI, fMRI  (functional) magnetic resonance imaging
MRS magnetic resonance spectroscopy

n sample size

NTS nucleus of the solitary tract

PANAS-SF Positive and Negative Affect Schedule, short form



ppm
PSS
PVN
RF
SAM
SCD
SD
%SD
SECPT
sLASER
SNR
SN

S

t(df)

TE

TR

40

parts per million, 10

Perceived Stress Scale

paraventricular nucleus of the hypothalamus
radiofrequency

sympatho-adrenomedullary axis

sudden cardiac death

standard deviation

standard deviation, in % of mean

Socially Evaluated Cold Pressure Task
semi- localization by adiabatic selective refocusing
signal-to-noise ratio

salience network

seconds

t-statistic

time of echo

time of repetition

Tesla

chi-squared statistic
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Support

Statistical analysis was closely guided by the biostatistical platform of the University of Veter-
inary Medicine in Vienna. I would like to express my gratitude to Dr. Marlies Dolezal in par-
ticular, who has generously offered her expertise on the subject, at times well out-of-office

hours.
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