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remedy.
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Summary
Neuropsychiatric disorders represent a major health care challenge of
the 21st century. Despite the high prevalence of these disorders, most
of the currently available psychopharmacological therapies show
suboptimal efficacy. Thus, there is an urgent need for novel, effective
and

sustainable

psychiatric

treatments.

Unfortunately,

major

pharmaceutical companies have abandoned neuropsychiatric research
due to the high risk of failure associated with the particular complexity
of psychopharmacological drug development. Thus, drug repurposing
has gained substantial interest in research areas of high failure risk,
such as psychiatry. Drug repurposing means to discover new
therapeutic aspects of an existing or abandoned drug, with the goal of
expanding the drug’s therapeutic indications. A promising repurposing
candidate, which is under current investigation for the treatment of
several neuropsychiatric disorders, is gamma-hydroxybutyrate (GHB),
also known as liquid ecstasy, k.o. drops or date-rape drug. GHB is an
endogenous GABAB/GHB receptor agonist that occurs naturally in the
mammalian brain. Due to its stimulating, euphorogenic and prosexual
effects it is abused recreationally. Beyond that, GHB is approved for the
treatment of alcohol withdrawal syndrome and narcolepsy with
cataplexy. The latter condition is characterized by severe sleep
disturbances, excessive daytime sleepiness and cataplexy. Intriguingly,
nocturnal administration of GHB has proven potency to reduce
excessive daytime sleepiness and the number of cataplectic episodes in
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narcolepsy patients. Likewise, GHB has been effective in ameliorating
sleep and waking quality in Parkinson’s disease and fibromyalgia. Given
the high prevalence of impaired sleep quality in neuropsychiatric
diseases, GHB has become a promising candidate to treat sleep
disturbances and insomnia-related symptoms in these disorders.
Despite GHB’s therapeutic potential, little is known about its underlying
mechanisms of action.
Thus, in the current thesis, I explored the effects of nocturnal GHB
administration on biological functions that are frequently impaired in
neuropsychiatric patients, namely: sleep neurophysiology (chapter 2),
neuro-immune interactions (chapter 3) and brain metabolism (chapter
4). To this end, GHB (50 mg/kg body weight) and placebo were
administered in 20 young male volunteers at 2:30 am, in the middle of
a sleep episode, the time when GHB is typically given in narcolepsy. The
sleep study followed a randomized, double-blinded, balanced, crossover design.
In chapter 2, a detailed neurophysiological assessment of GHB’s sleep
promoting effects was conducted, by analyzing the drug effects on
sleep architecture, regional changes in electroencephalographic (EEG)
sleep

spectra,

brain

electrical

sources,

and

lagged

phase

synchronization. GHB prolonged slow wave sleep (stage N3) at the cost
of rapid-eye-movement (REM) sleep. Furthermore, it enhanced deltatheta (0.5-8 Hz) activity in non-rapid-eye-movement (NREM) and REM
sleep, while reducing activity in the spindle frequency range (13-15 Hz)
in sleep stage N2. The increase in delta power predominated in medial
prefrontal cortex, parahippocampal and fusiform gyri, and posterior
cingulate cortex. Theta power was particularly increased in the
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prefrontal cortex and both temporal poles. Finally, the brain areas
which were significantly affected by GHB, also exhibited increased
lagged phase synchronization in the theta range among each other. This
detailed neurophysiological analysis revealed distinct similarities
between GHB-augmented sleep and physiologically augmented sleep
as seen in recovery sleep after prolonged wakefulness. The promotion
of the sleep neurophysiological mechanisms by GHB may, thus, provide
a

rationale

for GHB-induced

sleep

and

waking quality

in

neuropsychiatric disorders beyond narcolepsy.
In chapter 3, effects of GHB on neuro-immune interactions were
explored. More specifically, tryptophan catabolites (TRYCATs), brain
derived neurotrophic factor (BDNF), the cortisol awakening response
(CAR) and affective states (Positive and Negative Affect Schedule,
PANAS) were measured in the morning, following nocturnal GHB or
placebo administration. GHB reduced morning plasma levels of the
TRYCATs,

indolelactic

acid,

kynurenine,

kynurenic

acid,

3-

hydroxykynurenine, and quinolinic acid, the 3-hydroxykynurenine to
kynurenic acid ratio and the CAR. Serotonin, tryptophan, and BDNF
levels, as well as PANAS scores in the morning remained unchanged
after nocturnal GHB challenge. These findings indicate, that GHB may
protect the brain against the detrimental impact of inflammation and
chronic stress on neuronal functioning and mood. This action may
explain some of GHB’s therapeutic effects in neuropsychiatric disorders
involving neuro-immunological pathologies.
In chapter 4, the effects of GHB on post-awakening brain metabolite
levels in the anterior cingulate cortex (ACC) were assessed using Jresolved magnetic resonance spectroscopy (JPRESS-MRS). Moreover,
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psychomotor vigilance, executive functions and subjective sleepiness
were assessed. The analyses revealed increased morning glutamate
levels in the ACC in all subjects in the GHB condition compared to
placebo. Moreover, GHB reduced median reaction times on the
psychomotor vigilance task. Executive functions and subjective
sleepiness remained unaffected by the drug. It is hypothesized that
GHB may reduce glutamate release during its acute phase, causing a
presynaptic glutamate accumulation and a subsequent rebound when
acute drug effects fade away in the early morning. With that, GHB may
exert protecting effects against excitoxicity, by suppressing glutamate
release during the night. On the other hand, this acute suppression may
restore glutamate storages for the subsequent day, giving account for
GHB’s wake-promoting effects.
In chapter 5, the acute effects of GHB (20 and 35 mg/kg) on behavioral
and neurophysiological correlates of performance and conflict
monitoring (PM and CM) were assessed in 15 healthy male volunteers,
using the Eriksen-Flanker paradigm in a randomized, double-blind,
placebo-controlled, balanced, cross-over study. PM and CM represent
two essential cognitive abilities, required to appropriately respond to
demanding tasks and can be investigated by means of event-related
brain potentials (ERP) and associated neuronal oscillations. Thereby,
the error-related negativity (ERN) represents a correlate of PM,
whereas the N2 component reflects the process of CM. GHB prolonged
reaction times, without affecting error rates or post-error slowing.
Moreover, GHB decreased ERN amplitudes and associated neuronal
oscillations in the theta/alpha1 range. Similarly, neuronal oscillations
associated with the N2 were reduced in the theta/alpha1 range, but
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conversely the N2 amplitude was increased. Hence, GHB shows a
dissociating effect on electrophysiological correlates of PM and CM,
which is suggested to be mediated by an acute inhibition of the ACC.
In summary, the current thesis suggests that GHB may owe its unique
clinical potential to the remarkable ability to enhance physiological
sleep functions in a biomimetic manner. This biomimetic sleep
enhancement may reduce oxidative stress load by decreasing the
concentration of free-radical producing metabolites, such as 3hydroxykynurenin. Moreover, GHB may protect the brain against
excitotoxicity, by suppressing glutamate release during the night and
reducing plasma levels of the neurotoxic TRYCAT quinolinic acid. On the
other hand, GHB may promote waking-quality by reducing sleep
pressure, restock cerebral energy reserves and provide refilled
glutamate storages for the next day. Each of these attributes may
reflect GHB’s unique capacity to induce a regenerative state of
metabolic arrest similar to that found in natural sleep.

Zusammenfassung
Neuropsychiatrische Erkrankungen stellen für das Gesundheitswesen
des 21. Jahrhundert eine grosse Herausforderung dar. Trotz der hohen
Prävalenz neuropsychiatrischer Erkrankungen, weisen die meisten
gegenwärtig verfügbaren psychopharmakologischen Therapien nur
eine ungenügende Wirksamkeit auf. Daher besteht ein dringender
Bedarf an neuen, wirksamen und nachhaltige psychiatrischen
Behandlungen.

Die Entwicklung neuer psychopharmakologischer

Arzneimittel ist aufgrund der Komplexität psychiatrischer Erkrankungen
mit einem grossen Misserfolgsrisiko verbunden, weshalb sich die
pharmazeutische Industrie weitgehend aus der neuropsychiatrischen
Arzneimittelentwicklung zurückgezogen hat. „Drug repurposing“ (aus
dem Englischen: „Umnutzung eines Arzneimittel“) bedeutet die
systematische Erforschung neuer therapeutischer Aspekte einer bereits
bekannten

Substanz,

Indikationsspektrum

mit

dem

dieser

Ziel

Substanz

das
zu

medizinische

erweitern.

Ein

vielversprechender Repurposing-Kandidat, dessen Eignung für die
Behandlung

verschiedener

neuropsychiatrischer

Erkrankungen

gegenwärtig untersucht wird, ist Gamma-Hydroxybutyrat (GHB), auch
unter

den

Namen

Vergewaltigungsdroge

Liquid
bekannt.

Ecstasy,
GHB

ist

K.O.-Tropfen
ein

oder

körpereigener

GABAB/GHB-Rezeptor-Agonist, welcher endogen im Gehirn von
Säugetieren

vorkommt.

Aufgrund

seiner

stimulierenden,

euphorisierenden und prosexuellen Wirkung wird GHB insbesondere in
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der Clubszene als Freizeitdroge missbraucht. Darüber hinaus ist GHB für
die medizinische Behandlung des Alkoholentzugssyndrom und der
Narkolepsie mit Kataplexie zugelassen, wobei Letztere durch
schwerwiegende Schlafstörungen, Tagesschläfrigkeit und Kataplexien
gekennzeichnet ist. Erstaunlicherweise führt die nächtliche Gabe von
GHB bei Narkoleptikern zu einer Reduktion der Tagesschläfrigkeit und
der Anzahl kataplektischer Episoden. Auch in Parkinson- und
Fibromyalgie-Patienten verbessert GHB die Qualität des Schlafs und die
Tagesvigilanz. Da viele neuropsychiatrischen Patienten unter einer
reduzierten Schlafqualität leiden und die gängigen Schlafmedikationen
eine nur ungenügende Wirksamkeit aufweisen, stellt GHB eine
vielversprechende Option dar, um Schlafstörungen und die damit
verbundenen Negativfolgen zu behandeln. Trotz des therapeutischen
Potentials von GHB, ist nur wenig über seine zugrundeliegenden
Wirkmechanismen bekannt.
Aus diesem Grund habe ich in dieser Doktorarbeit die Wirkung einer
nächtlichen GHB-Gabe auf verschiedene biologische Funktionen
untersucht,

welche

in

neuropsychiatrischen

Patienten

häufig

beeinträchtig sind, nämlich: die Schlafneurophysiologie (Kapitel 2),
neuro-immunologische

Interaktionen

(Kapitel

3)

und

der

Gehirnmetabolismus (Kapitel 4). Dazu wurde GHB (50 mg/Kg
Körpergewicht) oder Placebo an 20 jungen Männern verabreicht. Die
Gabe erfolgte um 2:30 Uhr, zum gleichen Zeitpunkt zu welchem GHB
auch in der Narkolepsie-Behandlung verabreicht wird, d.h. in der Mitte
der

Schlafepisode.

Die

Studie

folgte

einem

doppelblinden, balancierten, Crossover-Design.

randomisierten,

VIII
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In Kapitel 2 wurde die schlaffördernde Wirkung von GHB
neurophysiologisch untersucht. Dazu wurde die Substanzwirkung auf
die

Schlafarchitektur,

die

elektroenzephalographischen

(EEG)

Frequenzspektren, die Gehirn-elektromagnetischen Quellen und die
verzögerte Phasensynchronisaton (engl. lagged phase synchonization;
LPS) untersucht. GHB verlängerte die Dauer des langsamwelligen
Schlafes (engl. slow wave sleep) auf Kosten des paradoxen Schlafes
(engl. REM sleep). Zudem erhöhte GHB die oszillatorische Aktivität im
Delta-Theta Frequenzband (0.5-8 Hz) während des NREM und
paradoxen Schlafs, wohingegen die Aktivität in der Spindelfrequenz
(13-15 Hz) im N2-Schlafstadium reduziert wurde. Die Erhöhung der
Delta-Aktivität erfolgte in erster Linie im medio-präfrontalen Kortex, im
posterioren

cingulären

Kortex

und

im

bilateralen

Gyrus

parahippocampalis und Gyrus fusiformis. Die Theta-Frequenz wurde
insbesondere im präfrontalen Kortex und in beiden temporalen Polen
erhöht. Zudem wiesen die Gehirnregionen, welche durch GHB
beeinflusst

wurden,

Phasensynchronisation
durchgeführte

untereinander
im

eine

erhöhte

Theta-Frequenzband

neurophysiologische

Analyse

auf.

verzögerte
Die

offenbart

hier
eine

verblüffende Ähnlichkeit zwischen GHB-verstärktem Schlaf und
physiologisch verstärktem Schlaf, wie es in der Erholungsnacht nach
Schlafenzug

der

Fall

ist.

Demnach

stellt

die

Förderung

schlafphysiologischer Prozesse durch GHB eine mögliche Erklärung dar,
wie GHB die Schlaf- und Wachqualitität in neuropsychiatrischen
Patienten positiv beeinflussen könnte.
Im Kapitel 3 wurde der Einfluss von GHB auf neuroimmunologische
Prozesse untersucht. Dazu wurde am Morgen nach nächtlicher Gabe

Zusammenfassung
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von GHB bzw. Placebo die Blutplasma-Konzentration sogenannter
Tryptophan-Kataboliten (TRYCATs), des Wachstumsfaktors „BDNF“
(engl. brain-derived neurotrophic factor), die Kortisol-Aufwachreaktion
und der subjektive Gemütszustand der Probanden untersucht. Am
Morgen nach GHB-Gabe war die Plasmakonzentration verschiedener
TRYCATs

im

Vergleich

zu

Placebo

verringert,

darunter

die

Indolmilchsäure, Kynurenin, Kynureninsäure, 3-Hydroxykynurenin,
Quinolinsäure und auch das Verhältnis von 3-Hydroxykynurenin zu
Kynureninsäure. Zudem war auch die Kortisol-Aufwachreaktion in der
GHB-Bedingung

verringert.

Die

Plasmaspiegel

von

Serotonin,

Tryptophan und BDNF und der subjektive Gemütszustand blieben
hingegen unverändert. Die Resultate deutend darauf hin, dass GHB das
Gehirn gegen die schädigenden Einflüsse von Entzündungen und
chronischem Stress schützen könnte. Diese pharmakologische
Eigenschaft könnte die potentielle Wirksamkeit von GHB zur
Behandlung neuropsychiatrischer Erkrankungen erklären, welche mit
neuroinflammatorischen Veränderungen einhergehen.
Im Kapitel 4 wurde der Einfluss von GHB auf morgendliche
Gehirnmetaboliten im anterioren cingulären Kortex (engl. Anterior
cingulate

cortex,

ACC)

mittels

J-aufgelöster

Magnet

Resonanzspektroskopie (JPRESS-MRS) untersucht. Zudem wurde die
Substanzwirkung auf die morgendliche psychomotorische Vigilanz,
Exekutivfunktionen und die subjektive Schläfrigkeit ermittelt. Die MRSAnalyse ergab eine Erhöhung der morgendlichen Glutamat-Spiegel im
ACC nach GHB-Gabe im Vergleich zu Placebo. Zudem wiesen die
Probanden nach GHB im Vergleich zu Placebo eine kürzere
Reaktionszeit auf. Die Exekutivfunktionen und die subjektive

X
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Schläfrigkeit blieben hingegen unverändert. Die Resultate früherer
Studien deuten darauf hin, dass GHB während der akuten Wirkphase
die Glutamat-Freisetzung hemmt, was eine akute präsynaptischen
Glutamat-Akkumulation und einen post-akuten Glutamat-Anstieg zur
Folge

haben

könnte,

sobald

die

freisetzungshemmende

Substanzwirkung nachlässt. Folglich ist es denkbar, dass GHB durch die
nächtliche Unterdrückung der Glutamat-Freisetzung eine protektive
Wirkung gegen Exzitotoxizität aufweisen könnte. Andererseits könnten
durch die präsynaptische Hemmung der Glutamat-Freisetzung
aufgebraucht Glutamatspeicher für den nächsten Tag wieder
regeneriert werden, was wiederum die vigilanzsteigernde Wirkung von
GHB erklären würde.
Im Kapitel 5 wurden die akute Substanzwirkungen von GHB (20 and 35
mg/Kg Körpergewicht) auf behaviorale und neurophysiologische Masse
der Leistungs- und Konfliktüberwachung (engl. performance and
conflict monitoring) in 15 gesunden Männern untersucht. Dazu wurde
das Eriksen-Flanker-Paradigma in einer randomisierten, doppelblinden,
Placebo-kontrollierten, Crossover-Studie eingesetzt. Bei der Leistungsund Konfliktüberwachung handelt es sich um zwei wichtige kognitive
Fähigkeiten, welche für die Bewältigung anspruchsvoller Aufgaben
nötig sind. Beide Prozesse lassen sich durch Ereignis-korrelierte
Potential und damit assoziierte neuronal Oszillationen im EEG
ermitteln. Die Fehler-assoziierte Negativität (engl. error-related
negativity, ERN) stellt ein Mass für die Leistungsüberwachung dar. Die
N2 Komponente hingegen ist ein Mass für die Konfliktüberwachung.
GHB verlängerte die Reaktionszeiten, ohne dabei die Fehlerrate oder
die Fehler-assoziierte Verlangsamung (engl. post-error slowing) zu

Zusammenfassung
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beeinflussen. Zudem reduzierte GHB die ERN-Amplitude und
assoziierte neuronale Oszillationen im Theta/Alpha1-Frequenzband.
Gleichermassen reduzierte GHB die mit der N2-Komponente
assoziierten neuronalen Oszillationen im Theta/Alpha1-Frequenzband,
wobei die Amplitude der N2-Komponente interessanterweise erhöht
wurde. Demzufolge weist GHB einen dissoziative Wirkung auf
neurophysiologische Korrelate der Leistung- und Konfliktüberwachung
auf, was auf eine akute Hemmung der ACC Aktivität hindeuten könnte.
Alles in Allem deutet die vorliegende Doktorarbeit darauf hin, dass das
klinische Potential von GHB auf seiner einzigartigen Fähigkeit beruht,
physiologische Schlaffunktionen in einer biomimetischen Art und Weise
zu intensivieren.
oxidativem

Diese biomimetische Schlafintensivierung könnte

Stress

entgegenwirken,

indem

die

Konzentration

verschiedener Metaboliten reduziert wird, welche freie

Radikale

produzieren können, wie z.B. 3-Hydroxykynurenin. Zudem könnte GHB
das Gehirn gegen Exzitotoxizität schützen, indem es die nächtliche
Freisetzung von Glutamat hemmt und die Blutkonzentration der
Quinolinsäure – einem starken Exzitotoxin - reduziert. Andererseits,
könnte GHB die Tagesvigilanz steigern, indem es den homöostatischen
Schlafdruck verringert, zerebrale Energiereserven aufstockt und die
Glutamat-Verfügbarkeit für den nächsten Tag sichert. Alle diese
Wirkungen gehen vermutlich auf die einzigarte Fähigkeit von GHB
zurück, einen metabolischen Ruhezustand zu induzieren, der dem des
natürlichen Schlafs nahekommt.

Chapter 1
1.1 General Introduction
The current crisis in psychiatric drug development
Neuropsychiatric disorders represent a major health care challenge of the
21st century. Conditions such as depression, anxiety and addiction are
highly prevalent in society and characterized by an early life onset, illnessrelated working disability, social role failure and premature death (WHO,
2011). With that, they have become responsible for the highest proportion
of total disease burden in the Western world. Most of the currently
available psychopharmacological therapies show suboptimal efficacy and
are frequently prescribed in a lengthy trial and error approach for weeks or
months to see clinical benefits. Thus, there is an urgent need for novel,
effective and sustainable psychiatric treatments. Unfortunately, major
pharmaceutical companies have abandoned neuropsychiatric research due
to the high risk of failure associated with the particular complexity of
psychopharmacological drug development (Nutt and Goodwin, 2011).
Historically, most drugs have been discovered by serendipity, whereby a
pharmacological effect of a chemical compound or a plant was observed in
animals or humans (Ban, 2006). In case the observed effect was considered
relevant for a certain disease, the substance was readily applied to humans,
to determine its therapeutic efficacy. This approach, also referred to as
“phenotypic” drug discovery,

represents

a

non-hypothesis-driven

approach, yet was the basis of the discovery of most of the currently known
drugs, particularly in psychiatry (Ban, 2006; Howland, 2010; López-Muñoz
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et al, 2012). In this regard, drug discovery has undergone a profound
paradigmatic change in the past 30 years. Technological revolutions in the
fields

of

genetics,

biochemistry

and

high-throughput

screening

methodologies have redefined drug discovery and smoothened the way
towards so-called target-based drug discovery (Drews, 2000). In this
method, rather than starting with a compound that has been observed to
unfold certain pharmacological effects, the development starts with the
extensive search for a molecular target structure, mostly a protein, which is
supposed to play a major role in the pathophysiology of the investigated
disease (for example, a protein that is overexpressed in a specific cancer
type). In case a successful target is identified, a chemical lead structure has
to be found or synthetically engineered that specifically binds to the
identified target structure and modulates its activity in a favorable way.
Promising lead structures are then chemically optimized to increase their
modulatory efficacy and afterwards tested in in-vitro disease models (e.g.,
cancer cell culture) and in-vivo animal models (e.g., a mouse model that
displays that specific cancer type) to investigate potential efficacy (e.g.
anticancer effect), toxicological and pharmacokinetic aspects. Promising
candidates, which survive this rigorous screening procedure, will finally be
tested in patients, to estimate safety, tolerability and efficacy in a time
consuming process.
In recent years the quest for disease relevant molecular target structures
has dominated industrial and academic research (Lindsay, 2003). While this
approach has produced a remarkable number of novel drugs addressing
physical

pathologies

(e.g.

oncological,

immunological,

etc.),

the

identification of reliable and valid target structures in psychiatry turned out
to be particularly challenging. This is due to the complexity of psychiatric
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pathologies and the involvement of multiple pathways (Conn and Roth,
2008). Until now no psychiatric therapies have been completely developed
de novo by this modern approach, raising the doubt, if target-based drug
discovery represents a viable approach in psychiatric drug development
(Sams-Dodd, 2005).

Drug repurposing in psychiatry
Facilitated by the shortcomings mentioned above shortcomings of targetbased drug discovery, drug repurposing has gained substantial interest as
alternative, particularly in research areas of high failure risk, such as
psychiatry (Ashburn and Thor, 2004; Fava, 2018). Drug repurposing (or drug
repositioning) aims at discovering new therapeutic aspects of an existing or
abandoned drug, with the goal to expand the drug’s spectrum of
indications. This approach is considered cheaper, less risky and eventually
more promising compared to de novo drug discovery and has been widely
employed in academia (Ashburn and Thor, 2004; Fava, 2018). One reason
for that is, that safety and tolerability profiles of repurposing candidates are
already well-known, meeting all the regulatory safety requirements.
Therefore, preclinical development and Phase-I clinical studies in humans
can be skipped. Thus, most repurposing candidates can be directly
administered to patients to explore their clinical efficacy. This is of special
value in psychiatric disorders, as in-vitro models of mental disorders are
lacking and the predictability of psychiatric animal models is very limited
(Conn and Roth, 2008). Moreover, most of the existing animal models of
mental disorders were validated using existing psychiatric drugs, and might
not catch potentially effective drugs with atypical mechanisms of action,
stressing the question about the viability of animal models in psychiatric
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drug discovery (Salgado and Sandner, 2013). Figure 1 compares typical
timelines of de novo drug discovery and drug repurposing.

Figure 1. Typical timelines of de novo drug discovery and drug repurposing. De novo drug
discovery takes 10-17 years and the success rate is below 10%. By contrast, repurposing
takes 3-12 years and shows a higher success rate, as safety and pharmacokinetic
parameters of these compounds are already known. (Figure adapted from Ashburn and
Thor, 2004)

In recent years, repurposing of illegal, psychotropic drugs has experienced
a revival in psychiatric research, after decades of legal difficulties in
studying these compounds (Kyzar et al, 2017). As an example, the
glutamatergic compound ketamine, an intravenous anesthetic and drug of
abuse, was found to unfold rapidly-acting antidepressant properties at subanesthetic doses. This is in pronounced contrast to conventional
antidepressants. Since the discovery of its rapid antidepressant activity,
ketamine is readily used off-label for the treatment of severe depression
(for review, e.g. Naughton et al, 2014). More recently, the serotonergic
compounds psilocybin (active ingredient in magic mushrooms) (CarhartHarris et al, 2018; Griffiths et al, 2016; Ross et al, 2016), lysergic acid
diethylamide (LSD) (Gasser et al, 2015) and dimethyltryptamine (DMT;
active ingredient in the traditional Amazonian ayahuasca brew) (PalhanoFontes et al, 2018; Sanches et al, 2016; dos Santos et al, 2016) were likewise
found to unfold rapid-acting antidepressant, anxiolytic and anticraving
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3,4-methylenedioxymethamphetamine

(MDMA

or

ecstasy)

represents another promising candidate, which is currently in Phase-III
clinical investigation for the treatment of post-traumatic stress disorder (for
review, e.g. Bedi, 2018). Furthermore, MDMA is further investigated for the
treatment of autism (Danforth et al, 2016).
A psychotropic compound, which has recently gained remarkable
consideration as repurposing candidate in the field of psychiatry is gammahydroxybutyrate (GHB). This natural compound and drug of abuse is better
known under the names Liquid Ecstasy, date rape drug, or k.o. drops.
Bedtime administration of GHB was found to consolidate sleep and
promote waking quality throughout the next day and has thus become a
promising candidate to treat sleep disturbances, a highly prevalent
symptom in neuropsychiatric disorders. Currently, GHB’s potential to treat
insomnia-related symptoms is being investigated in Parkinson’s (Büchele et
al, 2018), Alzheimer’s (Mamelak, 2007a), fibromyalgia (Swick, 2011), cluster
headaches (Khatami et al, 2011), schizophrenia (Kantrowitz et al, 2009),
posttraumatic stress disorder (Schwartz, 2007) and major depressive
disorder (Bosch et al, 2012; Mamelak, 2009).
Despite this broad investigational spectrum, mechanisms underlying GHB’s
clinical potential are still widely unknown. To improve this knowledge, the
present thesis is dedicated to explore potential mechanisms of action, by
investigating

the

drug’s

effects

on

neurobiological

neuropsychiatric pathologies in healthy humans.

markers

of
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1.2 Gamma-hydroxybutyrate (GHB)
History of GHB
GHB was first synthesized by Henri Laborit in 1960, who aimed at creating
an orally active analogue of the inhibitory neurotransmitter gammaaminobutyric acid (GABA) (Laborit, 1964). The sedative and narcotic
properties of the new compound were readily noticed, hence, it was
employed from early on to induce anesthesia (Langlois et al., 1960). Early
studies in psychiatric patients revealed antidepressant and anxiolytic
properties of GHB, opening GHB’s way into psychiatry. GHB stood out
against other GABAergic substances with the remarkable ability to promote
sleep patterns, resembling those found during natural deep sleep
(Mamelak et al., 1973). Moreover, GHB displayed favorable tolerability,
with nausea and dizziness being the most limiting adverse effects (DanonBoileau et al., 1962; Rinaldi et al., 1967). Despite its unique pharmacology,
the clinical use of GHB was soon displaced by the increasingly prescribed
benzodiazepines and tricyclic antidepressants. In the 1980s GHB was
available on the US market as a food supplement. Given its putative
secretagogue effects on growth hormone (GH) release, GHB was abused by
bodybuilders for anabolic purposes. In the course of its uncontrolled use,
cases of intoxications started rising, wherefore GHB was banned from the
market by the US Food and Drug Administration (FDA) in 1990. Finally, the
US government scheduled the drug under the narcotics law (Schedule I),
given the rising abuse of GHB. Figure 2 summarizes historical and legal
events regarding the use of GHB.
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Figure 2. Timeline of historical events (adopted from Bosch et al, 2012).

Recreational use of GHB
GHB elicits a broad spectrum of physical and subjective effects in a highly
dose dependent manner (for review, e.g. Bosch and Seifritz, 2016). At low
doses (<30 mg/kg), GHB typically unfolds relaxing, stimulating, prosocial,
and euphoric effects and increases general well-being (Bosch et al, 2015).
At higher doses (30–50 mg/kg), GHB progressively can trigger profound
sedation and a state resembling deep sleep (Barker et al, 2007; Iten et al,
2000; Rosen et al, 1997), whereas doses above 50mg/kg can cause coma
and respiratory depression (Metcalf et al, 1966). In the club scene, GHB is
referred to as “liquid ecstasy”, as illicit users describe its subjective effects
as comparable to both alcohol and ecstasy (MDMA) (Galloway et al, 2000).
Gamma-butyrolactone (GBL) and 1,4-butanediol (1,4-BD, BDO) represent
precursors of GHB (Figure 3), which are widely used in recreational settings
(Bosch and Seifritz, 2016). After oral administration, both precursor
substances are readily absorbed and converted into GHB in the blood,
displaying same pharmacodynamic properties (Bosch and Seifritz, 2016).
GHB’s disinhibiting, euphorogenic and empathogenic effects constitute the
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main reasons of its recreational use (Sumnall et al, 2008). Additionally, its
unique libido enhancing effect represents another common reason for its
recreational use, since many aspects of sexuality are said to be enhanced,
such as sexual desire, arousal and activity (Barker et al, 2007). Along with
its popularity for recreational use, GHB also gained notoriety as date-rape
drug, used to facilitate sexual assault (for review, e.g. Hall and Moore,
2008), which has brought GHB the name k.o. drops.

Figure 3: Chemical structures of GHB, GBL and 1,4-BD (or BDO). After oral ingestion, GBL
and 1,4-BD are readily absorbed and converted into GHB by the enzyme lactonase (GBL)
and alcohol dehydrogenase/aldehyde dehydrogenase (1,4-BD) and display equal
pharmacodynamic properties.

Medical use of GHB
Despite its disrepute, the clinical evaluation of GHB was resumed in the
early 2000s. Indeed, GHB became the first choice medication for the
treatment of excessive daytime sleepiness (EDS) and cataplexy in
narcolepsy type-1 (Black et al, 2002; Cook et al, 2003). Its sodium salt
(referred to as sodium oxybate) is since then marketed as Xyrem® in the US,
Canada, European Union and Switzerland, and typically administered in two
separate doses totaling 3-9 g, which are given about 4 hours apart at night
(Mamelak, 2009). In Germany, GHB is used as the intravenous anesthetic,
marketed as Somsanit®. In Italy and Austria, GHB is approved as Alcover®
for the treatment of alcohol withdrawal symptoms (Addolorato et al, 2009;
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Leone et al, 2006), and it is used off-label for the treatment of opioid
withdrawal (Gallimberti et al, 1994).

Safety and tolerability of GHB
GHB’s toxicity profile was found to be considerably low, when used
appropriately in a medical context (Black et al, 2002; Fuller et al, 2004;
Wang et al, 2009). Post-marketing surveillance studies were employed
between 2002 and 2008 in approximately 26,000 patients worldwide
treated with Xyrem®. The most frequently reported adverse events were
nausea (2.2%), insomnia (1.4%), headaches (1.4%), dizziness (1.3%) and
vomiting (1.0%) (Fuller et al, 2004). Due to its its fast metabolism to CO2 and
H2O, residual toxicity of GHB is very low. Regarding GHB’s addictive
potential, animal studies revealed a relatively low reinforcing effect of GHB
compared to barbiturates and benzodiazepines (Galloway et al, 2000;
Nicholson and Balster, 2001). Indeed, GHB and its precursors 1,4-BD and
GBL were unable to substitute for pentobarbital, methohexital, midazolam,
diazepam or flumazenil in rhesus monkeys. Self-administration was lower
than with these substances and the total maintained self-administration
was marginally above saline levels (McMahon et al, 2003). In humans, the
abuse liability was shown to be comparable to flunitrazepam (Abanades et
al, 2007) and intermediate between triazolam and pentobarbital (Carter et
al, 2006). While therapeutic use of GHB at night was associated with a low
potential for addiction (Bernasconi et al, 1999), regular recreational use of
GHB can lead to the development of tolerance. Abrupt withdrawal after
chronic and heavy recreational use can be accompanied by severe
complications such as hypertonia and delirium, requiring intensive care
(van Noorden et al, 2009). After abrupt discontinuation of GHB in
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narcoleptic patients under chronic treatment, 17% developed symptoms
such as anxiety, dizziness, insomnia and somnolence (Cook et al, 2003).
Nevertheless, these symptoms were interpreted as recurring narcoleptic
symptoms or mild withdrawal symptoms. Therefore, it is suggested to
gradually reduce the dose of GHB if it is intended to stop the treatment
(Cook et al, 2003). However, administered in a therapeutic context, the
safety and tolerability profile of GHB can be considered favorable
(Kantrowitz et al, 2009; Leone et al, 2006).

Pharmacokinetics of GHB
GHB is not merely a medical or recreational drug, but an endogenous shortchain fatty acid, which occurs naturally in the mammalian brain, brown fat
tissue and kidneys (Bessman and Fishbein, 1963; Snead and Morley, 1981;
Nelson 1991). With cerebral concentrations reaching approximately 0.1%
of the GABA concentration (Maitre, 1997), GHB was proposed to act as a
neurotransmitter (Maitre, 1997; Roth and Giarman, 1970). GHB is typically
synthesized from glutamate, and represents both a precursor and
metabolite of the neurotransmitter GABA (Bessman and Fishbein, 1963).
Upon oral administration, GHB follows a rapid, non-linear absorption with
limited capacity at higher doses in the therapeutic dose range. Oral
bioavailability in humans is approximately 25%, indicating a high first-pass
effect (Palatini et al, 1993). GHB is distributed rapidly following a twocompartment model (Lettieri and Fung, 1978) and does not bind
significantly to plasma proteins (Palatini et al, 1993). In the liver and the
blood, GHB is degraded to succinic semi-aldehyde by the enzyme GHB
dehydrogenase. Succinic semi-aldehyde is then metabolized by succinic
semi-aldehyde dehydrogenase to form succinic acid, which can either enter
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the Krebs cycle, or alternatively serve as precursor for the GABA synthesis
by GABA transaminase (Chambliss and Gibson, 1992; Vayer et al, 1985).

Figure 4. Metabolic pathway of GHB. Gamma-Butyrolactone (GBL) and 1,4-Butanediol
(1,4-BD) are endogenously converted to GHB which is primarily metabolized to succinic
semi-aldehyde in the liver. Succinic semi-aldehyde can either be metabolized to succinic
acid which enters the citric acid cycle or to GABA. (Figure adopted from Goldfrank, 2015)

As mentioned above, GHB is also frequently consumed in the form of its
precursors GBL and 1,4-BD, which are readily metabolized to GHB by
alcohol and aldehyde dehydrogenases and lactonase (Schep et al, 2012).
Ethanol can prolong the duration of 1,4-BD effects, since ethanol represents
a competing substrate of the alcohol dehydrogenase (Schep et al, 2012). A
schematic overview of pathways involved in the metabolism of GHB, GBL
and 1,4-BD is given in Figure 4. At low doses, the elimination of GHB in
humans follows first-order kinetics (Liechti et al, 2016). At high doses, nonlinear or zero-order kinetics occur (Abanades et al, 2006; Palatini et al,
1993), due to saturation of metabolic breakdown capacity (Palatini et al,
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1993). Peak plasma concentrations are reached within 20-50 minutes, and
the plasma half-life of GHB is approximately 30-40 minutes (Abanades et al,
2006; Liechti et al, 2016; Palatini et al, 1993). Following exogenous
administration, supraphysiological levels of GHB can be detected up to 6-8
hours in the blood and up to 12 hours in the urine (Brenneisen et al, 2004).

Pharmacodynamics of GHB
GHB shows high affinity binding properties to a family of specific GHB
receptors (Kd: 30-580 nM) and acts as a weak partial agonist at the GABAB
receptor (Kd: 2.6-16 μM) (Mathivet et al, 1997). At endogenous levels, most
of its physiological effects are mediated by the binding to its associate high
affinity GHB receptor (Andriamampandry et al, 2003; Snead and Liu, 1984).
In the rat brain, the greatest density of GHB receptors was found in the
hippocampus, specifically in the CA1 field. Moreover, brain regions with a
dense dopaminergic innervation, such as putamen, caudate, nucleus
accumbens and olfactory system, also displayed high GHB receptor density.
By contrast, the frontal, parietal, temporal and cingulate cortices, amygdala
and thalamus show lower concentrations in both, rat and human brains. In
hypothalamus, cerebellum, pons and medulla oblongata, no binding sites
were found (Castelli et al, 2003; Hechler et al, 1989, 1990, 1991, 1992;
Maitre, 1997). Furthermore, there is evidence for the existence of several
isoforms of GHB receptors (Hechler et al, 1990). The physiological functions
of GHB receptors remain elusive (Andriamampandry et al, 2007; Crunelli et
al, 2006). Some evidence indicates a potential role in the negative feedback
regulation of GABA release (Maitre et al., 2002). More precisely, following
excessive release of GABA, GABA is metabolized to GHB, which in turn
inhibits

further

GABA

release

via

a

GHB

receptor

mediated

Chapter 1 - Introduction

13

hyperpolarization of the pre-synaptic membrane. Accordingly, following
the exogenous administration of GHB, this control mechanism fails, when
high doses of GHB downregulate the GHB receptor and thus disinhibit the
release of GABA. Consequently, exogenous GHB may elevate GABAergic
tone leading to sedation and sleep (Maitre et al., 2002; Banerjee and Snead
1995).
Despite the high affinity of GHB to its associate GHB receptor, most of its
clinical, behavioral and toxicological effects following exogenous
administration were found to be mediated by a weak partial agonism at the
GABAB receptor (for review, e.g. Mamelak, 2009). GHB receptors alike,
GABAB receptors are coupled to G-proteins and expressed both on pre- and
post-synaptic membranes. The GABAB receptor is ubiquitously distributed
throughout the central nervous system (Bowery et al, 1987a). Activation of
post-synaptic GABAB receptors hyperpolarizes the membrane by triggering
the opening of K+ channels and the efflux of K+, thus inducing inhibitory
post-synaptic potentials (IPSPs). Moreover, presynaptic GABAB receptors
inhibit the release of several excitatory neurotransmitter, by inhibiting Ca2+
influx (for review, e.g. Mamelak, 2009).

1.3 Functional abnormalities in
neuropsychiatric disorders
As outlined in the previous section, drug repurposing means to discover
new therapeutic aspects of a known drug, with the goal of expanding its
therapeutic use. This thesis addresses the question whether and how GHB
affects

biological

functions,

which

are

frequently

impaired

in

neuropsychiatric patients. Furthermore, it evaluates if the observed drug
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effects may favorably add to the treatment of those diseases. Intriguingly,
neuropsychiatric pathologies such as affective disorders, schizophrenia,
Parkinson’s disease, Alzheimer’s disease and fibromyalgia share several
symptoms, possibly reflecting similar pathophysiological underpinnings.
For example, sleep disturbances, neuroinflammation, abnormal brain
metabolism and neuroendocrinological alterations are highly common in
those patients. A systematical review of all these topics is beyond the scope
of this thesis. Nevertheless, the following section will give a brief theoretical
introduction to four focal areas of research covered in this thesis and will
be treated in more detail in chapters 2-5: sleep physiology, neuro-immune
interaction, brain metabolism and performance monitoring.

Sleep physiology
Sleep disturbances are highly prevalent among neuropsychiatric patients
and have been associated with detrimental effects on emotion, cognition
and physical health (Rasch and Born, 2013; Kahn et al, 2013; Walker, 2009).
Thus, restoring physiological sleep patterns represents a major aim in
psychiatry (Harvey et al, 2011; Kupfer et al, 2013). For that reason,
exploring drug effects on sleep and waking quality represents a substantial
objective in psychiatric drug repurposing.
Sleep is a fundamental physiological state controlled by the central nervous
system, occupying approximately one third of human life. It can be found
throughout the animal kingdom (Tobler, 2005) and is thought to be one of
the most important physiological processes supporting brain and body
functions and mental health. Modern sleep research is based on the
development of the electroencephalogram (EEG), which was first applied
to humans by the German psychiatrist Hans Berger in the 1920s (Berger,
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1934). Nowadays, EEG recordings follow a highly standardized procedure,
the so called 10-20 system, to ensure inter- and intra-individual
comparability of EEG measurements (Jasper et al, 1958). The EEG quantifies
electrical fields, which emerge when large populations of neurons
depolarize synchronously. These so-called field potentials are mainly
mediated by apical dendrites and can be measured at a high temporal
resolution (Westbrook 2000). By analyzing signals coming from the EEG,
electrooculogram (EOG), electromyogram (EMG) and electrocardiogram
(ECG), sleep can be subdivided into specific sleep stages, namely rapid-eyemovement (REM) sleep and non-REM (NREM) sleep. Different vigilance
states are particularly characterized by specific EEG features and
characteristics. Thus, for analyzing purposes, the EEG signal is frequently
decomposed into different frequency bands, namely slow oscillations (< 1
Hz), delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz) and sigma (12-16 Hz). The
sleep states are systematically assigned on a 20-30 s basis by means of
standardized EEG scoring rules, such as described in the scoring manual of
the American Academy of Sleep Medicine (AASM; Iber C, Ancoli-Israel S,
Chesson AL Jr. et al, 2007). According to this manual, wakefulness with
closed eyes displays a regular alpha rhythm, predominantly over occipital
electrodes. NREM sleep is typically subdivided into the stages N1, N2 and
N3. Stage N1 is considered to be a transition phase between wakefulness
and sleep. During this transition, the alpha rhythm ceases, marking the time
point of sleep onset. N1 sleep is characterized by a mixed frequency EEG,
lacking the alpha rhythm, and slow oscillations in the EOG, also referred to
as slow eye-rolling. Stage N2 can be detected by the occurrence of so-called
K complexes and sleep spindles, characterized by a frequency of 12-16 Hz
and increasing and decreasing signal amplitude. Stage N3 contains >20% of
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slow waves, these are delta oscillations with a peak-to-peak amplitude of
>75µV. Last, REM sleep, also known as paradoxical sleep, is characterized
by a mixed frequency EEG, resembling the waking EEG, and virtual atonia in
antigravity muscles. The EOG shows the typical waves corresponding to
rapid-eye movements. Figure 5 depicts characteristic sleep EEG oscillations
of wakefulness and the sleep stages REM, N1, N2 and N3.

Figure 5. Typical EEG and characteristic oscillations for each vigilance state. REM, rapid
eye movement sleep; N1-3, NREM sleep stages 1-3. (Adopted from from Hari et al.
1982)

REM sleep appears periodically about every 90 minutes and divides sleep
into 4 to 5 characteristic sleep cycles, consisting of an alternating sequence
of a NREM and REM sleep episode. Propensities of NREM and REM sleep
show opposite tendencies over the course of a night. While stage N3 of
NREM sleep predominates the beginning of a sleep episode and diminishes
over the night, REM sleep propensity is low in the beginning of the night
and increases towards the end of the sleep period. Figure 6 shows a typical
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hypnogram and a time-frequency decomposition of a representative
healthy subject.

Figure 6. Hypnogram (top) and time-frequency decomposition (bottom) of a normal
sleep period. A sleep period can be divided into 4 to 5 characteristic sleep cycles
consisting of an alternating sequence of a NREM and REM sleep episode. NREM sleep
predominates the beginning of the sleep period, while REM sleep propensity increases
towards the end of the sleep period. (Figure adopted from chapter 2 of this thesis)

Although its molecular basis and biological functions are not yet fully
understood, it is widely accepted, that sleep plays a crucial role in restoring
vigilance and cognitive performance after sustained times of wakefulness.
Conceptualized in the two-process model of Alexander Borbély, sleep
propensity (or sleep pressure) rises with waking time and declines during
sleep (Borbely, 1982). Recently, sleep was proposed to play a crucial role in
in the maintenance of synaptic functioning and energy regeneration (Cirelli,
2006; Tononi and Cirelli, 2006). Particularly during deep sleep, the
expression of genes involved in vesicle recycling, synaptic remodeling and
membrane repair are up-regulated (Cirelli, 2006; Tononi and Cirelli, 2006).
Moreover, glucose and oxygen consumption decrease during sleep and as
a consequence, glycogen reserves are restored (Franken et al, 2006; Kong
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et al, 2002; Madsen et al, 1991; Maquet et al, 1990; Petit et al, 2002). More
recently, sleep was found to increase the turnover of a macroscopic waste
clearance system, referred to as glymphatic flow, which was hypothesized
to clear the brain from neurotoxic waste, such as amyloid-ß, thus
preventing their accumulation (Jessen et al, 2015; Mendelsohn and Larrick,
2013). On a neurochemical level, sleep was proposed to have a recalibrating
effect on several excitatory neurotransmitter systems (Tononi and Cirelli,
2006; De Vivo et al, 2017), thus allowing these neurotransmitters and their
associate receptors to recover after sustained demands during the day.
Additionally, sleep seems to play a major role in the regulation of
hormones, such as growth-hormone (Van Cauter et al, 1997). Moreover,
deep sleep might also be involved in the consolidation of new memory
traces (Rasch and Born, 2013).
To summarize, several hypotheses regarding the physiological role of sleep
have been suggested and they may partially explain the need for sleep.
Nevertheless, they are not generally accepted, as they still lack substantial
evidence. Most likely, sleep does not display only a single function, but
might be implicated in the homeostatic regulation of several biological and
psychological processes, in concert with the endogenous circadian clock. As
such,

sleep-wake

disturbances

represent

a

major

concern

in

neuropsychiatric patients and effective sleep therapies are thus urgently
needed.

Neuro-immune interaction
In recent years, converging lines of evidence have supported the notion that
inflammatory processes and oxidative stress are deeply involved in the
pathogenesis of neuropsychiatric disorders (for review, e.g. Najjar et al,
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2013). Intriguingly, experimental and clinical observations suggest a tight
relationship between immunological processes and mood regulation. Thus,
attenuating inflammation and oxidative stress in psychiatric patients
represents a novel treatment strategy, which is extensively investigated at
present.
In animals and humans, peripheral administration of immune modulators,
such as pro-inflammatory cytokines (e.g. interleukin 1-β [IL-1β], tumor
necrosis factor alpha [TNF-α], interferon- α [IFN-α], and IFN-ß) (for review,
e.g. Raison et al, 2010) provoke psychiatric symptoms, including depression
and social withdrawal (Dantzer et al, 2008; Eisenberger et al, 2010; Harrison
et al, 2009). Moreover, injections of low doses of endotoxin, a
lipopolysaccharide (LPS) contained in the exterior wall of gram-negative
bacteria, triggers the release of pro-inflammatory cytokines and cause
anhedonia in humans, most likely by blunting the activity of the ventral
striatum, a key region involved in reward regulation (Eisenberger et al,
2010). Particularly, chronic inflammatory conditions, such as rheumatoid
arthritis, Crohn’s disease, obesity and malignancies are characterized by
chronically elevated levels of pro-inflammatory cytokines. Intriguingly,
these diseases were found to represent risk factors for the development of
depression, bipolar disorder and schizophrenia (Benros et al, 2013; Dantzer
et al, 2008; Haroon et al, 2016; Leboyer et al, 2012). Several studies in major
depressive disorder found increased serum levels of pro-inflammatory
cytokines (soluble IL-2 receptor, IL-6 and TNF-α) (Janelidze et al, 2011; Liu
et al, 2012), with peak serum levels during acute depressive episodes
(Hestad et al, 2003; Kubera et al, 2000). Successful treatment with
antidepressants (McNally et al, 2008) and electroconvulsive therapy
(Müller and Schwarz, 2007a) were found to normalize elevated levels of
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these cytokines. Likewise, in bipolar disorder, levels of TNF-α, IL-6 and IL-8
were found to be elevated during manic and depressive phases (Brietzke et
al, 2011). Similarly, studies found increased levels of TNF-α, IFN-γ, IL-12 and
soluble IL-2 receptor in chronic schizophrenia (Buckley et al, 2011).
Furthermore, neurodegenerative diseases, including Parkinson’s and
Alzheimer’s diseases, multiple sclerosis and amytrophic lateral sclerosis
were associated with increased neuroinflammatory processes (for review,
e.g. Chen et al, 2016).
Pro-inflammatory cytokines are secreted primarily by microglia, T helper
cells type 1 (Th1 lymphocytes) and M1 phenotype monocytes and
macrophages (Haroon et al, 2012; Müller and Schwarz, 2007a). These
chemokines have been associated with detrimental effects on mood. By
contrast, astroglia, Th2 lymphocytes, regulatory T cells, and M2 phenotype
monocytes and macrophages (Haroon et al, 2012; Raison et al, 2010)
primarily secret anti-inflammatory cytokines and may mitigate harmful
inflammation.
The so-called tryptophan catabolite (TRYCAT) pathway was recently
suggested as a metabolic hub, linking inflammatory processes,
neurotransmission and mood (for review, e.g. Maes et al, 2011). Proinflammatory cytokines were shown to directly modulate levels of
serotonin, an essential mood regulating neurotransmitter, by interfering
with the metabolism of its precursor tryptophan (Maes et al, 2011b). More
precisely, pro-inflammatory cytokines induce an enzyme called indole-2,3deoxygenase (IDO), which is responsible for catabolizing tryptophan
towards the TRYCAT branch. This shift towards the TRYCAT branch is
thought to lower tryptophan availability for serotonin synthesis, leading to
depleted serotonin levels and thus depressed mood (Maes et al, 2011c).
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Likewise, increased cortisol levels shift the tryptophan catabolism towards
the TRYCAT branch, by inducing the enzyme tryptophan-2,3-dioxygenase
(TDO). By contrast, anti-inflammatory cytokines were found to reduce the
expression of IDO and thus the induction of the TRYCAT pathway (Yuan et
al, 1998). Constituents of the TRYCAT branch display multiple different and
partly opposite neurological and behavioral effects, ranging from
antioxidative, neuroprotective, antidepressant and anxiolytic effects to
oxidative stress inducing neurotoxic, depressogenic and anxiogenenic
effects (Lapin, 2003; Mackay et al, 2006). Thus, the TRYCAT branch is
commonly subdivided in a neuroprotective and a neurotoxic branch. In
more detail, the activation of the IDO (expressed by microglia and astroglia)
by pro-inflammatory cytokines or TDO (expressed by astroglia) by elevated
glucocorticoid levels, mediates the conversion of tryptophan to kynurenine
(KYN). Th1 response mediated release of pro-inflammatory cytokines
activates the neurotoxic branch by promoting the microglial conversion of
KYN towards 3-hydroxykynurenine (3-OH-KYN) and quinolinic acid, both
displaying excitotoxic, depressogenic and anxiogenic properties. By
contrast, Th2 response activates the neuroprotective branch by promoting
the astroglial production of kynurenic acid, an NMDA receptor antagonist
with anti-excitotoxic properties (Müller and Schwarz, 2007b, 2007a; Steiner
et al, 2012). Figure 7 provides an overview of the TRYCAT pathway.
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Figure 7. Overview of the TRYCAT’s pathway. (adapted from Maes et al. 2011)

Systemic inflammation may not only be associated with psychiatric
symptoms, but also with an increase in oxidative and nitrosative stress (for
review, e.g. Maes et al, 2011a). Oxidative and nitrosative stress comprise
the generation of radical oxygen and nitrogen species, which can damage
biological structures, such as proteins, cell membranes, mitochondria and
DNA, and can induce apoptosis. Moreover, the modification of biological
structures can result in the production of highly immunogenic epitopes,
causing autoimmune reactions and thus an exacerbation of inflammation
(Maes et al, 2011a). Both, oxidative and nitrosative stress are thought to
play a major role in the pathogenesis of neurodegenerative and psychiatric
disorders. Figure 8 illustrates the relationships among inflammation,
oxidative stress, the stress axis and the TRYCAT pathway.
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Figure 8. Interconnections between the TRYCAT pathway, inflammation, oxidative and
nitrosative stress pathways. Pro-inflammatory cytokines (IFN-γ, IL-1β, TNF-α and IL-6)
and reactive oxygen species (ROS) induce peripheral IDO. Inflammation and oxidative
stress as well cause increased gut permeability, leading to increased penetration of
lipopolysaccharide (LPS) derived from gut bacteria, itself exacerbating inflammation. The
activation of IDO depletes tryptophan plasma levels, reduces brain 5-HT and elevates
TRYCAT levels, which may have neurotoxic, pro-oxidative, depressogenic and anxiogenic
effects. Moreover, Pro-inflammatory cytokines increase corticotropin-releasing hormone
(CRH) and adrenocorticotropic hormone (ACTH) secretion. Consequently, cortisol levels
increase and may induce TDO, further depleting plasma tryptophan, central serotonin
and increasing TRYCAT levels. Taken together, increased TRYCAT levels,
neuroinflammation, oxidative and nitrosative stress may cause affective disorders, such
as bipolar and major depressive disorder and neurodegenerative pathologies, including
Parkinson's disorder (PD), Alzheimer's disorder (AD) and multiple sclerosis (MS).
(adopted from Maes et al, 2011b)

To summarize, inflammatory processes appear to be overactivated in a
wide range of neuropsychiatric disorders. Vice versa, chronic activation of
the immune system, such as in chronic inflammatory diseases, represents a
risk factor for the development of psychiatric symptoms. Thus, evidence
points towards a bi-directional relationship between inflammatory
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processes and psychiatric symptoms, with elevated inflammation either
being a cause or a symptom of mental disorders. Likewise, oxidative stress
seems

to

contribute

substantially

to

the

pathophysiology

of

neuropsychiatric diseases. Thus, decreasing the inflammatory and oxidative
stress load in neuropsychiatric patients may represent a crucial clinical goal.

Brain metabolism
Different metabolic brain imaging techniques have emerged in recent
years, enabling the investigation of metabolite levels in the human brain.
As such, magnetic resonance spectroscopy (MRS), a particular magnetic
resonance imaging (MRI) technique, has gained considerable popularity for
the in-vivo assessment of several brain metabolites, particularly in
neuropsychiatric conditions (Castillo et al, 1996). In contrast to positron
emission tomography (PET), MRS does not require the injection of
radioactive tracers or contrast agents, and is thus considered as noninvasive. The theoretical and technological foundations of all MRI methods
trace back to the nuclear magnetic resonance (NMR) technique, which was
first described in the 1940’s, by Edward Purcell and Felix Bloch, both
working on magnetic moments of atomic nuclei (Bloch et al, 1946; Purcell
et al, 1946). The technique was first applied in-vivo in the 1970’s, aiming to
create anatomical images. Nowadays, MRI represents an indispensable
imaging tool in medicine. It is beyond the scope of this introduction, to give
a detailed description on the basic principles of MRS. Interested readers are
referred to detailed technical descriptions, which can be found elsewhere
(Neil and Ackerman, 2014).
In principal, all MRI techniques are based on the ability of certain nuclei to
absorb and re-emit radiofrequency energy, when exposed to strong
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magnetic fields. In the high magnetic field of a MRI scanner, nuclei align
their spins with the magnetic field. By applying a radiofrequency pulse with
a specific frequency, the so-called Larmor frequency, nuclear spins can
deflect from their alignment with the magnetic field by absorbing the
radiofrequency energy. As soon as the radiofrequency pulse ceases, spins
start precessing and slowly move back to their original alignment with the
magnetic

field.

While

precessing,

nuclei re-emit

the

absorbed

radiofrequency energy. Importantly, every metabolite precesses at a very
specific frequency, defined by the configuration of its chemical structure.
The re-emitted energy shows the very same frequency. This metabolitespecific re-emission frequency is also referred to as chemical shift and
represents the basis of the MRS technique. In other words, this
physicochemical property allows to decompose the detected signal into a
metabolite spectrum, thus enabling identification and quantification of
several metabolites. Most frequently detected brain metabolites are
glutamate,

glutamine,

glutathione,

GABA,

glycine,

choline,

N-

acetylaspartate (NAA), glucose, lactate, myoinositol, N-acetyl-aspartylglutamate (NAAG), phosphoethanolamine, scylloinositol and ascorbic acid.
Metabolic spectra can be obtained from different nuclear species, such as
hydrogen, phosphorus, carbon, nitrogen, whereas the most frequently
applied technique is 1H-MRS. This is because 1H represents the most
abundant atom in the body and shows a high sensitivity to magnetic fields.
Typically, MR spectra are obtained from a single region of interest (ROI),
which is defined prior to each assessment. Thus, only emitted signals
coming from the respective ROI are measured.
Several studies in neuropsychiatric disorders revealed abnormal metabolite
levels in the anterior cingulate cortex (ACC). The ACC is deeply involved in
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the regulation of mood, cognition and behavior (Devinsky et al, 1995).
Dysfunctions of this region have been implicated with many psychiatric
symptoms (for review, e.g. Yücel et al, 2003). Among others, glutamate
levels were found to be reduced in MDD (Yksel and Öngür, 2010),
schizophrenia (Marsman et al, 2013), Parkinson’s (Pyatigorskaya et al,
2014) and Alzheimer’s disease (Griffith et al, 2008) and were implicated
with difficulties in modulating negative affects and decreased goal-directed
behavior (Lichenstein et al, 2016).
Despite still being in their infancy, metabolite imaging techniques offer a
powerful tool for in-vivo assessments of the impact of neuropsychiatric
disorders and pharmacological challenges on brain metabolic processes.

Performance monitoring
Throughout their lifes, humans face the huge challenge of appropriately
interacting with a continuously changing and demanding environment. To
master this task, humans need to learn from the consequences of their
actions and additionally, to employ this information for behavioral
adaptations. To this end, a neural self-monitoring system constantly
examines the performed actions and its original intent. This self-monitoring
process can be assessed by the so-called error-related negativity (ERN), an
event-related potential (ERP) detectable in the EEG. The ERN appears in the
EEG 50-100 ms after commission of an erroneous response, for example, in
speeded two-choice reaction tasks (Gehring et al, 1993). The ERN has been
proposed to represent the output of a neural performance monitoring
system, which is activated when a performed action does not match the
original intent (Holroyd et al, 2002). Moreover, the ERN seems to be elicited
especially in conflicting situations, when two competing response
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tendencies are present at the same time (Yeung and Nieuwenhuis, 2009).
The ERN component in the EEG is depicted in Figure 9.

Figure 9. The error-related negativity is an event-related potential elicited in the anterior
cingulate cortex immediately after an erroneous response.

Several neurophysiological (EEG) and neuroimaging (fMRI, PET) studies
have proposed the anterior cingulate cortex (ACC; see Figure 10) to be a key
area of ERN generation (Holroyd et al, 2004; Van Veen and Carter, 2002).
The ACC is regarded to play an essential role in planning, generation and
execution of motor behavior. It receives inputs from several brain areas
concerned with directing motor behavior (Devinsky et al, 1995).
Additionally, the ACC seems to be tightly influenced by emotional and
motivational information, provided by projections arriving from other
limbic areas, such as the orbitofrontal cortex and the amygdala (Morecraft
and Van Hoesen, 1998). Studies in monkeys have shown, that damages to
the ACC lead to akinetic mutism, a state in which the affected subject lacks
the will or the motivation to generate behavior, despite the physical ability
to do so (Devinsky et al, 1995). Moreover, after topical administration of
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muscimol, an agonist of the inhibitory GABAA receptor, to the ACC of
monkeys, animals were unable to perform behavioral adaptations in
response to a reward reduction, which occurred in case of error trials
(Shima and Tanji, 1998).

Figure 10: Location of the anterior cingulate cortex in the human brain (yellow).

Holroyd and Coles suggested, that the “goodness” of an ongoing event is
monitored by detecting the discrepancy between expected and effective
reward, the so-called prediction error (Holroyd et al, 2002). The
mesencephalic dopamine system (MCDS) was proposed to be the
responsible structure for carrying information about erroneous actions to
the ACC, thereby enabling behavioral adaptation. The highest density of
cortical projections of the MCDS is reached in the medial regions of the
frontal cortex, where, amongst others, the ACC is located (Berger et al,
1991). Accordingly, strong correlations between dopaminergic firing rate in
the MCDS and the presence of a predictive error were shown (Holroyd et
al, 2002). Dopaminergic neurons decrease their firing rate, when a reward
is lower than expected. Vice versa dopaminergic firing rate increases, if the
reward is higher than expected (Schultz et al, 1997). Thus, it seems likely,
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that the MCDS plays an important role in carrying the prediction error signal
to other parts of the brain, where they are further processed to generate
appropriate behavioral changes (Holroyd et al, 2002). Consistently, a high
susceptibility of the ERN amplitude towards changes in dopaminergic
signaling was found. Indeed, both pharmacological interventions and
neuropsychiatric conditions affecting the dopaminergic system, were found
to affect the ERN (for review, e.g. Holroyd et al, 2002). In Parkinson’s
disease, dopamine levels are depleted due to the degeneration of
dopaminergic neurons in the basal ganglia. Indeed, Parkinson’s disease
patients display reduced ERN amplitudes (Seer et al, 2016). Likewise, ERN
amplitudes are reduced in patients with schizophrenia, a pathology
associated with dopaminergic abnormalities (Foti et al, 2012). ERN
abnormalities were also found in major depression, anxiety and obsessive
compulsive disorder (Hajcak et al, 2008; Holmes and Pizzagalli, 2008;
Ruchsow et al, 2006).
To summarize, the ERN is a neurophysiological correlate of error
processing. It is generated in the ACC and may reflect the functioning of this
important brain region. The ACC plays an essential role in cognitive and
emotional processes. Abnormalities within this brain region, which are
typically found in neuropsychiatric patients, could provide a neurobiological
explanation for several psychiatric symptoms, including impaired cognition,
negative mood and behavioral rigidity.
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Main research aims of the present thesis
Gamma-hydroxybutyrate (GHB) has recently gained considerable interest
as a repurposing candidate for the treatment of various neuropsychiatric
diseases. Nevertheless, several mechanisms underlying its clinical
potential are elusive. Having this in mind, the main research goal of this
thesis was to explore how GHB affects biological processes, which are
affected in the pathophysiology of neuropsychiatric disorders, including
sleep physiology, neuro-immune interaction, brain metabolism and error
monitoring. To this end, two randomized, double-blind, placebocontrolled studies were performed in healthy young volunteers. Their
results will be presented in chapters 2-5. The data summarized in chapters
2-4 were obtained in the same study, whereas the data reported in
chapter 5 stem from a previous experiment.
In more detail, in chapter 2, the effects of GHB on sleep neurophysiology
were investigated by analyzing drug-induced changes in sleep architecture,
EEG spectral properties, brain electrical sources of the EEG signal, as well as
functional connectivity between sleep relevant neural hubs. Chapter 2
explores the notion, that GHB may not merely induce a sedative state but
rather intensifies physiological sleep processes in a biomimetic fashion.
Chapter 3 examined the post-acute effects of a nocturnal dose of GHB on
post-awakening stress-axis activity, neuro-inflammatory processes and
neuroplasticity. Activity level of the stress axis was assessed by means of
the so-called cortisol awakening response in saliva. Drug effects on neuroimmune processes were examined by quantifying the plasma levels of the
TRYCATs pathway, which are known to mediate oxidative stress and
neurotoxicity in response to inflammation. Finally, drug effects on blood
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correlates of neuroplasticity were studied by quantifying BDNF plasma
levels.
Chapter 4 explored the effects of a nocturnal dose of GHB on postawakening metabolite levels in the anterior cingulate cortex (ACC), applying
magnetic resonance spectroscopy (MRS). The ACC plays a central role in
regulating cognition, emotion and behavior. Abnormalities in the ACC were
found to play a major role in the pathophysiology of several
neuropsychiatric diseases.
In chapter 5, the acute effects of GHB on neurophysiological correlates of
performance and conflict monitoring, two cognitive processes involved in
the self-detection of erroneous behavior, were examined. Both
performance and conflict can be analyzed by means of event-related
potentials, which are elicited in the EEG signal when subjects commit errors
in performance tasks. Performance and conflict monitoring emerge from
dopaminergic signaling within the ACC, thus their assessment allows the
examination of acute drug effects on dopaminergic signaling in this
important brain region.
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Abstract
Gamma-hydroxybutyrate (GHB) is an endogenous GHB/GABAB receptor
agonist, which has demonstrated potency in consolidating sleep and reduce
excessive daytime sleepiness in narcolepsy. Little is known whether GHB’s
efficacy reflects the promotion of physiological sleep mechanisms, and no
study has investigated its sleep consolidating effects under low sleep
pressure.
GHB (50 mg/kg p.o.) and placebo were administered in 20 young male
volunteers at 2:30 am, the time when GHB is typically given in narcolepsy,
in a randomized, double-blinded, cross-over manner. The effects on sleep
architecture, regional changes in electroencephalographic (EEG) sleep
spectra, brain electrical sources, and lagged phase synchronization were
analyzed.
GHB prolonged slow wave sleep (stage N3) at the cost of rapid eye
movement (REM) sleep (p < 0.001). Furthermore, it enhanced delta-theta
(0.5-8 Hz) activity in NREM and REM sleep, while reducing activity in the
spindle frequency range (13-15 Hz) in sleep stage N2. The increase in delta
power predominated in medial prefrontal cortex, parahippocampal and
fusiform gyri, and posterior cingulate cortex. Theta power was particularly
increased in the prefrontal cortex and both temporal poles. Finally, the
brain areas affected by GHB exhibited increased lagged phase
synchronization in the theta range among each other.
Our study revealed distinct similarities between GHB-augmented sleep and
physiologically augmented sleep as seen in recovery sleep after prolonged
wakefulness. The promotion of the sleep neurophysiological mechanisms
by GHB may, thus, provide a rationale for GHB-induced sleep and waking
quality in neuropsychiatric disorders beyond narcolepsy.
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Introduction
Sleep-wake disturbances are highly prevalent in society, especially among
patients with neurological and psychiatric disorders (Fernandez-Mendoza
and Vgontzas, 2013; Ohayon et al, 1998; Weissman et al, 1997). The
restoration and promotion of physiological sleep represents a core aim in
psychopharmacology. Nevertheless, the currently used medications to
manage sleep disturbances have insufficient clinical efficacy (Nutt and
Goodwin, 2011) and may cause neurocognitive deficits (Ban, 2006). Thus,
therapeutic alternatives are urgently needed.
Gamma-hydroxybutyrate (GHB or sodium oxybate), an endogenous
GHB/GABAB receptor agonist, has recently gained interest as a potential
pharmacological agent to promote physiological sleep (Ban, 2006;
Howland, 2010; López-Muñoz et al, 2012). When administered at bedtime,
GHB enhances sleep efficiency and electroencephalographic (EEG) slow
waves in non rapid eye movement (NREM) sleep, and reduces pathological
sleepiness in patients suffering from narcolepsy, Parkinson’s disease and
fibromyalgia (Drews, 2000). Given the hypothesized importance of EEG
slow waves in NREM sleep for cognition and emotions (Tononi and Cirelli,
2014; Walker, 2009), GHB’s beneficial effects have primarily been assigned
to its ability to promote slow wave sleep and to produce EEG slow
oscillations during sleep (Godbout and Montplaisir, 2002; Morawska et al.,
2016). Nevertheless, GHB also reduces cataplexies and hypnagogic
hallucinations in narcolepsy, which may indicate that it normalizes rapideye-movement (REM) sleep (Godbout and Montplaisir, 2002), for example
by reducing the number of awakenings during REM sleep episodes (Lapierre
et al, 1990).
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Despite the clinical observations summarized above, it is currently unclear
whether GHB promotes physiological sleep mechanisms and enhances
homeostatically regulated sleep intensity. Sleep homeostasis refers to the
general biological principle that sleep is more intense than baseline sleep
when recovering from prolonged waking or sleep restriction (Borbely,
1982). Sleep intensity can be reliably quantified in the EEG power spectrum
during NREM sleep (Achermann and Borbély, 2017). More specifically, it is
well established that EEG delta (~ 0.5-4.5 Hz) and theta (~ 6-9 Hz) activity in
NREM and REM sleep are enhanced after extended wakefulness, whereas
activity in the frequency range of sleep spindles (~ 12-15 Hz) in NREM sleep
is reduced (Bachmann et al, 2012; Retey et al, 2006). The reverse pattern is
observed in the second half of a sleep episode, reflecting the declining trend
of sleep propensity and sleep intensity throughout the night (Bachmann et
al, 2012; Holst et al, 2014).
Because of its short half-life time, GHB in clinical practice is typically
administered in two doses, one dose at bedtime and one dose in the middle
of the sleep episode. In most previous studies in healthy volunteers, GHB
was administered at the beginning of the night when sleep intensity is high
(Van Cauter et al, 1997; Vienne et al, 2012). Here, we administered a
therapeutic dose (50 mg/kg) of GHB only once in the middle of the night
and employed complementary neurophysiological imaging methods to test
the hypothesis that the drug-induced effects on sleep and the sleep EEG
mimic physiologically enhanced sleep intensity. Thus, we addressed the
specific question whether GHB induces similar changes in sleep
architecture, regional sleep EEG power spectra, and synchronization among
distinct brain regions as those observed in sleep after acute sleep
deprivation. The latter increases stage N3, and reduces stage N2 and REM
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sleep. Furthermore, during recovery sleep EEG delta-theta activity in NREM
and REM sleep is elevated, particularly in frontal brain regions, while
spindle frequency activity in NREM sleep is attenuated. Finally, the topology
of functional brain networks is altered after prolonged wakefulness (Krause
et al, 2017).
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Methods
Permission. The study was approved by SwissMedic and Ethics Committee
of the Canton of Zurich and registered at ClinicalTrials.gov (NCT02342366).
All participants provided written informed consent according to the
declaration of Helsinki.
Study design. The study followed a randomized, placebo-controlled,
balanced, double-blind, cross-over design. All study participants completed
a screening night in the sleep laboratory, to exclude sleep-related disorders
such as sleep apnea, restless legs syndrome, sleep onset REM sleep and
insufficient sleep efficiency (< 80%) before definite enrollment into the
study. The study protocol consisted of two randomized, experimental
nights (GHB and placebo) separated by a washout phase of seven days. Each
experimental night was preceded by an adaptation night for habituation to
the laboratory environment.
Participants. Twenty healthy, male volunteers (mean age: 25.8 ± 5.1 years)
completed the study. Following criteria were required for inclusion: (i) male
sex (to avoid unknown pregnancy and a potential impact of menstrual cycle
on primary outcome variables); (ii) age within the range of 18 to 40 years;
(iii) absence of somatic or psychiatric disorders; (iv) no first-degree relatives
with a history of heritable psychiatric disorders such as schizophrenia,
bipolar disorder, autism, and ADHD; (v) non-smoker; (vi.) no history of
regular drug use (lifetime use <5 occasions of each drug, except occasional
cannabis use). No participant reported previous experiences with GHB in
their life. Participants had to refrain from illegal drugs for two weeks and
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from caffeine for one week prior to the first experimental night and
throughout the study. No alcohol was allowed 24 h before each study night.
Participants were instructed to keep a regular sleep-wake rhythm with eight
hours in bed from 23:00 to 07:00 during one week prior to the first
experimental night and in the week between the two experimental nights.
To ensure compliance with this requirement, participants wore an
actimeter on the non-dominant arm and kept a sleep-wake diary. All
participants received a monetary compensation for study participation.
Urine immunoassay. On each test night, urine samples were taken upon
arrival in the laboratory, to ensure that all participants abstained from
illegal drug use (Drug-Screen Multi 12-AE, Nal von Minden GmbH,
Regensburg, DE).
Drug administration. Study volunteers sleeping in the sleep laboratory
were awoken at 2:30 am to receive 50 mg/kg of GHB (Xyrem®; Cantonal
pharmacy, Zurich, Switzerland) dissolved in 2 dl of orange juice or placebo,
matched in appearance and taste. The administered dose represents the
maximal therapeutic starting dose in narcolepsy. After GHB/placebo intake,
volunteers where allowed to immediately return to sleep.
EEG data acquisition. Sleep was quantified by all-night polysomnography
with Rembrandt® Datalab (Version 8; Embla Systems, Planegg, Germany)
from 23:00 (lights off) to 7:00 (lights on). The recording setup consisted of
19 EEG electrodes according to the 10-20 system (Jasper, 1958), a bipolar
electrooculogram (EOG), a submental electromyogram (EMG) and an
electrocardiogram (ECG). All data were recorded with dedicated
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polygraphic amplifiers (Artisan®, Micromed, Mogliano Veneto, Italy). As in
previous studies, the analog signals were conditioned by a high-pass filter
(EEG: −3 dB at 0.15 Hz; EMG: 10 Hz; ECG: 1 Hz) and an antialiasing low-pass
filter (−3 dB at 67.2 Hz), digitized and stored with a resolution of 256 Hz
(sampling frequency of 256 Hz) (Rétey et al, 2006; Valomon et al, 2018).

Sleep stage scoring. For sleep scoring, the C3-A2 derivation was used. Sleep
variables were visually scored based on 30-s epochs according to the
criteria of the American Academy of Sleep Medicine (Iber C, Ancoli-Israel S,
Chesson AL Jr. et al, 2007). Movement- and arousal-related artifacts were
visually identified and excluded from analyses. The following sleep variables
were computed: (i) duration of sleep stages (N1, N2, N3 and REM sleep, and
wakefulness); (ii) duration of NREM sleep (time spent in stages N2 and N3);
(iii) total sleep time (TST; time spent in N1, N2, N3 and REM sleep); (iv) time
in bed (TIB; time between lights-off and lights-on); and (v) sleep efficiency
index (SEI = [TST ⁄ TIB]*100). Sleep variables were computed for the 1st and
2nd halves of the sleep episodes, as well as for the entire night.

Spectral analysis. Power spectra were computed by a Fast-Fourier
transform based on 4-s epochs, resulting in a frequency resolution of 0.25
Hz. Spectra between 0.5-20 Hz were investigated. The power spectra were
computed for the 1st and 2nd halves of the sleep episodes, as well as for the
entire night, separately for NREM sleep, stages N2 and N3, and REM sleep.
Current Source Density (CSD) analysis. To investigate how GHB affected
physiological EEG oscillations in NREM sleep, 10-min segments around the
maximum of slow-wave activity values in the 1st NREM sleep episode
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following GHB/placebo administration were extracted for further analyses.
All used segments were located in the peak phase of drug action (t45-t75)
(Liechti et al, 2016). The procedure is depicted in Fig. 1, indicating the time
point of GHB (red triangle) and placebo (black triangle) administration and
segment extraction for CSD analysis (marked with a green arrow) in a
representative individual. Extracted segments were pre-processed using
Brain Vision Analyzer 2 software (Brain Products GmbH). First, EEG data
were re-referenced to the average of all scalp electrodes. Second, a
bandpass-filter from 0.5-40 Hz was applied to the EEG data, to attenuate
channel drifts and satisfy the assumption of stationarity necessary for
computing independent component analysis (ICA) (Onton and Makeig
2006). Third, movement-related artifacts were visually identified and
excluded. Fourth, the preprocessed segment was segmented into 12-s
segments and exported for further analysis. The minimal segment number
used for CSD analyses was 45. Two subjects had to be excluded from CSD
analysis because of insufficient data quality. The CSD was analyzed using
exact low-resolution brain electromagnetic tomography (eLORETA,
http://www.uzh.ch/keyinst/loreta.htm), a widely used mathematical
approach to estimate the sources of electrical currents measured with scalp
EEG. eLORETA computes a three-dimensional EEG CSD map by applying a
three-spherical shell model restricting the solution space to grey matter and
hippocampus, resulting in 6239 different voxels of 5 x 5 x 5 mm each. The
anatomical brain model used for the computation of intracerebral CSD
values was registered on a digitized average MRI brain of the Talairach and
Tournoux atlas (Brain Imaging Centre, Montreal Neurological Institute). To
compute spectral density (μA/mm2), the signal was split into delta (0.5-4.5
Hz), theta (4.5-8 Hz), alpha (8-12 Hz), sigma (12-16 Hz) and beta (16-20 Hz)
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frequency bands.

Figure 1: Hypnogram (top row), time frequency analysis (middle row) and course of
slow-wave activity (bottom row; SWA, power density within 0.75–4.5 Hz; C3A2derivation) of a single subject (N=1) after intake of a placebo (left panel) and GHB (right
panel). The triangles indicate the time point of placebo (black) GHB (red) administration.
Arrows indicate time point of EEG segment extraction for eLORETA analysis (CSD and
LPS). W, wake; R, REMS; N1 stage 1 sleep; N2 stage 2 sleep, N3 stage 3 sleep

Lagged Phase Synchronization (LPS) analysis. The LPS analysis
implemented in the eLORETA software was used to characterize differences
in functional connectivity among brain areas in GHB-augmented sleep when
compared to placebo. This method has undergone cross-modal validation
from both, diffusion tensor imaging (Babiloni et al, 2011) and fMRI (De
Ridder et al, 2011). LPS allows calculating the functional connectivity among
regions of interest (ROI) for all defined frequency bands. Six brain regions,
which were significantly affected by GHB (as revealed by the CSD analysis)
were chosen for ROI analyses: anterior cingulate cortex (ACC; X = 1, Y = 29,
Z = 14), posterior cingulate cortex (PCC; X = 1, Y = -51, Z = 8), left dorsolateral
prefrontal cortex (ldlPFC; X = -39, Y = 40, Z = 28), right dorsolateral
prefrontal cortex (rdlPFC; X = 39, Y = 40, Z = 28), left parahippocampal gyrus
(lPHG; X = -27, Y = -40, Z = -14), and right parahippocampal gyrus (rPHG; X =
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27, Y = -40, Z = -14).
Statistical analyses. A linear mixed effects model, with condition (GHB vs.
placebo) as within-subject factor and subject ID as random effect was
employed on R (RStudio Version 1.0.136; RStudio, Inc.) for the analyses of
the sleep variables (R-package ‘lme4’, Version 1.1-15). P-values of posthoc
tests (R-package ‘emmeans’, Version 1.2.1) were corrected for multiple
comparison using Benjamini-Hochberg correction of the false discovery
rate (Hochberg and Benjamini, 1990). Spectral data were statistically
analyzed with a linear mixed-effects model (R-package ‘nlme’; Version 3.1),
while controlling for inter-frequency bin correlations, by an autoregressive
moving average model (ARMA) and comparing bin-wise with general linear
hypothesis tests. Statistical differences in CSD between the conditions were
calculated using a nonparametric mapping approach as implemented in the
eLORETA software (Pascual-Marqui et al. 2011). A voxel-by-voxeldependent t-test was used, whereby the contrast between the conditions
for all frequency bands were calculated separately. Corrections for multiple
comparisons were performed across voxels and frequency bands, applying
a randomization strategy with 5000 permutations. Statistical differences in
LPS between the conditions were calculated using a non-parametric
mapping approach (as implemented in the eLORETA software) (PascualMarqui et al, 2011). A paired t-test was used, calculating the contrasts
between the conditions for all frequency bands. Corrections for multiple
comparisons were performed across ROIs and frequency bands, applying a
randomization strategy with 5000 permutations.
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Results
Sleep variables. GHB robustly prolonged N3 sleep and NREM sleep and
shortened REM sleep when compared to placebo (Fig. 2). While these
effects were significant when the entire night was considered, they were
even more pronounced when the analysis was restricted to the 2nd half of
the night (supplementary Table S1). No differences between GHB and
placebo were observed for sleep efficiency, the durations of total sleep
time, duration of N1 and N2 sleep and wakefulness.

Figure 2: Duration of sleep stages in GHB (green) and placebo (red) conditions. Boxplots
represent visually scored wakefulness and the sleep stages N1-N3 and REM sleep.
Horizontal lines indicate median values; boxes extend from the 25th to the 75th
percentile; vertical extending lines denote adjacent values (i.e., the most extreme values
within 1.5 interquartile range of the 25th and 75th percentile); dots denote observations
outside the range of adjacent values. NREM = combined stages N2 & N3. (Iber C, AncoliIsrael S, Chesson AL Jr. et al, 2007)Entire night: from 23:00 to 07:00. Second half of the
night: from 02:30 (time of GHB and placebo intake) to 07:00. Asterisks indicate
significant differences between GHB and placebo conditions: * p < 0.05; *** p < 0.001
(Benjamini-Hochberg corrected postHoc t-tests, n = 20)

EEG power spectra. Sleep architecture and the evolution of EEG power
between 0.5-30 Hz as well as EEG slow-wave activity (SWA; power in the
0.75-4.5 Hz range) in a representative individual in the placebo and GHB
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conditions are plotted in Fig. 1. Reflecting the declining trend in sleep
intensity across the sleep episode, SWA in the second half of the night is
drastically reduced compared to the first half of the night in the placebo
condition. While the volunteer returned to sleep almost immediately
following both GHB and placebo administration, a prominent GHB-induced
increase in SWA in NREM sleep episodes 3 (at around 03:00) and 4 (at
around 05:00) is clearly apparent. On the group level, the compound
increased EEG activity in virtually all bins of delta/theta (0.5-8 Hz)
frequencies in stages N2 and N3, as well as when these stages were
analyzed together (Fig. 3). In N2 sleep and combined stages N2 & N3 (NREM
sleep), GHB also reduced power in the frequency range of sleep spindles
(13-15 Hz). In REM sleep, the differences between GHB and placebo were
restricted to the < 1-Hz and 6-8 Hz bands. The GHB-induced changes in
sleep EEG power spectra reflect more intense sleep when compared to
placebo.
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Figure 3: Absolute EEG power spectra (C3-A2 derivation) in the 2nd half of the night
(02:30-07:00) following GHB (red lines) and placebo (black lines) administration. Mean
values and confidence intervals (shading) were plotted for NREM sleep (combined stages
N2 & N3), REM sleep, and stages N2 and N3 separately. Green dots at the bottom of the
panels indicate frequency bins (0.25-Hz resolution), which differed significantly from
placebo (p<0.05, linear mixed effects model with condition as within-subject factor).

Current source density. CSD analysis in the 1st NREM sleep episode
following GHB and placebo intake was performed for the EEG delta, theta,
alpha, sigma and beta ranges (see Fig. 1 for an illustration of time point
when the CSD analyses were conducted). These analyses revealed
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increased CSD in delta (0.5-4.5 Hz) and theta (4.5-8 Hz) ranges following the
administration of GHB when compared to placebo. The increase was
distributed approximately symmetrically in both hemispheres. In the delta
range, the following brain areas were affected by the drug:
parahippocampal gyrus, lingual gyrus, fusiform gyrus, PCC, ACC, cuneus,
Medial Frontal gyrus, subcallosal gyrus, rectal gyrus, inferior frontal gyrus,
orbital gyrus, superior frontal gyrus and middle frontal gyrus (Fig. 4, upper
panel). In the theta range, the following brain areas were affected by the
drug: medial frontal gyrus, ACC, superior frontal gyrus, orbital gyrus, rectal
gyrus, middle frontal gyrus, inferior frontal gyrus, subcallosal gyrus, insula,
superior temporal hyrus, middle temporal gyrus, uncus, parahippocampal
gyrus, inferior temporal gyrus (Fig. 4, lower panel). Table 1 summarizes the
results of the statistical analyses, reporting significantly affected brain
regions, the number of significant voxels within the brain regions, Talairach
coordinates of the maximal t-value and the corresponding t- and p-values.

Figure 4: Statistical maps depicting the brain regions which differ between GHB and
placebo in delta (0.5-4.5 Hz; upper panel) and theta (4.5-8 Hz Hz; lower panel)
frequencies in the 1st NREM sleep episode following GHB and placebo administration (n
= 18). Significant log F ratios at p < 0.05 are illustrated in yellow (GHB > placebo) and log
F ratios at p < 0.1 are depicted in red (GHB > placebo).
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Delta activity 0.5-4.5 Hz)
Brain region

# of
voxels

Coordinates of max.tvalue
X

Y

Z

max.t-value

max.pvalue

Parahippocampal Gyrus

91

10

-48

2

2.89

0.014

Lingual Gyrus

24

10

-53

3

2.89

0.014

Fusiform Gyrus

28

-25

-40

-15

2.84

0.016

Posterior Cingulate

14

10

-43

7

2.83

0.017

Anterior Cingulate

99

5

29

-1

2.77

0.018

Cuneus

1

10

-58

8

2.77

0.018

Medial Frontal Gyrus

117

5

24

-14

2.76

0.019

Subcallosal Gyrus

13

5

19

-14

2.76

0.019

Rectal Gyrus

32

5

18

-22

2.75

0.019

Inferior Frontal Gyrus

15

15

28

-14

2.72

0.022

Orbital Gyrus

19

15

23

-22

2.72

0.022

Superior Frontal Gyrus

35

10

53

-3

2.72

0.022

Middle Frontal Gyrus

2

20

38

-15

2.68

0.023

Medial Frontal Gyrus

237

-5

53

-3

3.76

0.001

Anterior Cingulate

144

-5

48

-2,

3.75

0.001

Superior Frontal Gyrus

230

-5

58

-3

3.75

0.001

Orbital Gyrus

31

-5

48

-19

3.70

0.001

Rectal Gyrus

44

-5

52

-24

3.68

0.002

Middle Frontal Gyrus

232

-20

53

-7

3.59

0.002

Inferior Frontal Gyrus

270

-10

38

-19

3.57

0.002

Subcallosal Gyrus

23

-10

24

-10

3.3

0.003

Insula

23

30

24

-1

3.03

0.009

115

-45

23

-18

2.93

Middle Temporal Gyrus

27

-50

8

-30

2.8

0.018

Uncus

25

-25

8

-30

2.79

0.018

Parahippocampal Gyrus

7

-20

4

-17

2.75

0.02

Inferior Temporal Gyrus

9

-50

-2

-34

2.72

0.022

Theta activity (4.5-8 Hz)

Superior
Gyrus

Temporal

0.013
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Table 1. Current source density analysis of the effects of GHB. Brain regions affected by
GHB treatment in the delta range (top) and in the theta range (bottom) are summarized.
The table reports the numbers of significantly affected voxels in each brain region, the
Talairach coordinates of the maximal t-value and the corresponding t- and p-values. The
brain regions are ordered according to the t-values, from the highest to the lowest.

Lagged phase synchronization. As illustrated in Fig. 5, functional
connectivity (or synchronization) in the theta range (4.5-8 Hz) was
significantly increased after GHB when compared to placebo between ACC
and PCC, ACC and lPHG, ACC and rdlPFC, ACC and ldlPFC, ldlPFC and PCC,
and between rdlPFC and rPHG. Table 3 summarizes the t- and p-values of
the corresponding connections. No significant effects of GHB on functional
connectivity were found in the delta, alpha, sigma or beta ranges (results
not shown).

Figure 5: Region-of interest-(ROI) based analysis of LPS in the 1st NREM sleep episode
following GHB and placebo administration (n = 18). Based on the results of the CSD
analysis, a network of six cortical brain regions was significantly modulated by GHB in
the theta range (4.5-8 Hz). This network included the anterior and posterior cingulate
gyri, the left and right dorso-lateral prefrontal cortices, and the left and right
parahippocampal gyri, which were defined as ROIs. The red lines indicate significantly
increased LPS between ROIs after GHB when compared to placebo. A, anterior; P,
posterior; S, superior; I, inferior; R, right; L, left.
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LPS in theta range
Connection

max. t-value

max. p-value

ACC – right dlPFC

4.40

0.002 **

Right dlPFC – right PHG

4.32

0.003 **

ACC – left dlPFC

4.04

0.007 **

ACC – PCC

3.82

0.031 *

PCC – left dlPFC

3.74

0.038 *

ACC – left PHG

3.71

0.002 **

ACC – right PHG

3.28

0.056 .

Left dlPFC – left PHG

3.27

0.058 .

Right dlPFC – left PHG

3.24

0.061 .

PCC – right dlPFC

3.19

0.069 .

Left dlPFC – right dlPFC

3.15

0.077 .

Left dlPFC – right PHG

2.88

0.13

PCC – left PHG

2.38

0.34

Left PHG – right PHG

1.57

0.82

PCC – right PHG

0.40

0.99

Table 2. Lagged Phase Synchronization analysis of the effects of
GHB. The Table summarized the t- and p-values for the effect of GHB
compared to placebo on LPS between the corresponding
connections in the theta range (4.5-8 Hz). The results are ordered by
the t-values, from the highest to the lowest. ACC = anterior
cingulated cortex; PCC = posterior cingulate cortex; PHG =
parahippocampal gyrus; dlPFC = dorso-lateral prefrontal cortex.
Asterisks indicate significant differences between GHB and placebo
conditions: * p < 0.05; ** p < 0.01.
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Discussion
Our study provides evidence that a therapeutic dose of GHB induces a
biomimetic enhancement of sleep intensity when administered to healthy
adults under low homeostatic sleep pressure. More specifically, 50 mg/kg
GHB given at 2:30 am, at the time of typical dosing of GHB dose in
narcolepsy treatment, increased the duration of deep NREM sleep (N3) at
the cost of REM sleep. Furthermore, it enhanced EEG delta and theta
activity in NREM and REM sleep, while reducing spindle frequency activity
in more superficial N2 sleep. Source localization suggested that GHB
augmented delta band activity in NREM sleep especially in the ACC, in the
medio-prefrontal cortex, in both PHG, and in the PCC. In the theta band, the
increase predominated in the prefrontal cortex, ACC and both temporal
poles. The functional connectivity in this frequency range during GHBaugmented sleep was strengthened among bilateral dlPFC, ACC, PCC, and
bilateral PHG. Collectively, the GHB-induced changes in sleep and the sleep
EEG resemble the characteristics of recovery sleep after sleep deprivation.
Clinically, GHB is the first-line treatment of excessive daytime sleepiness
and cataplexy in narcolepsy type-1 and has recently been shown to be an
effective novel treatment option for sleep-wake disturbances in Parkinson’s
disease (Büchele et al, 2018; Mamelak, 2018). Although it has been
suggested that GHB may augment the regenerative functions of sleep
(Mamelak, 2007b, 2009) and activate similar physiological mechanisms as
sleep deprivation (Morawska et al, 2016), the neurophysiological signature
of GHB-augmented sleep has not yet been systematically investigated. In
fact, the two available studies that examined the effects of GHB on the
sleep EEG in healthy volunteers in conditions of either attenuated or
enhanced physiological sleep came to different conclusions. While one
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noted that GHB-induced slow waves are functionally dissimilar to
physiological slow waves (Vienne et al, 2012), the other indicated that
enhancing slow wave sleep with GHB reduces the homeostatic response to
sleep loss and, thus, promotes physiological sleep-wake mechanisms
(Walsh et al, 2010). Although in our study, no experimental manipulation of
homeostatic sleep propensity was performed, the here shown findings
support the latter hypothesis.
The prevalence of slow wave sleep, as well as EEG delta/theta frequencies
in NREM sleep decrease in the course of a sleep episode (see Fig. 1), are
reduced after a daytime nap, and predictably enhanced after extended
wakefulness (Ong et al, 2017). It is widely accepted that recovery sleep
following prolonged wakefulness is physiologically intensified when
compared to baseline sleep. Here, at a time of reduced sleep pressure in
the second half of a sleep episode, we observed striking similarities
between the effects of GHB and those induced by sleep deprivation.
Following GHB intake, the duration of deep NREM sleep (stage N3) was
increased, whereas REM sleep duration was reduced. Moreover, GHB
increased delta and theta activity and attenuated spindle frequency activity
in NREM sleep, and also enhanced theta power in REM sleep. Very similar
changes are well established after sleep deprivation (Bersagliere et al, 2017;
Borbely, 1982; Finelli et al, 2001; Maric et al, 2017). The CSD analysis further
corroborated the similarity with the physiological effect, and revealed
striking topographical overlaps between GHB-modulated and recovery
sleep, including increased delta and theta power over frontal recording
sites in NREM sleep (Borbély et al, 1981; Finelli et al, 2001; Marzano et al,
2010).
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On a molecular level, most of GHB’s sleep electrophysiological effects can
most likely be attributed to low-affinity agonistic binding to GABAB
receptors (Kaupmann et al, 2003), and work in mice, rats and cats suggests
that GABAB receptors contribute to endogenous sleep oscillations (Gauthier
et al, 1997; Juhász et al, 1994; Vienne et al, 2010). Given the wide-spread
expression of GABAB receptors throughout the brain (Bowery et al, 1987b),
the area-specific increase in delta/theta power may appear astonishing.
Nevertheless, GHB may predominantly increase low-frequency power in
NREM sleep in brain areas, which are also increased under conditions of
elevated homeostatic sleep pressure (Finelli et al, 2001; Marzano et al,
2010). On the other hand, while the present study is consistent with
experimental and theoretical evidence that agonism at GABAB receptors
increases deep sleep and EEG delta power (Vienne et al, 2010; Walsh et al,
2010), it cannot be excluded that also other neurotransmitter systems
contribute to the promotion of EEG slow waves by GHB. For example, both
GHB and GABAB receptors affect the serotonergic system (Szabo et al, 2004;
Olpe et al, 1988), which also contributes to changes in the EEG spectrum
which are similar to those seen after sleep deprivation (Landolt et al, 1999).
Apart from frontal-central sites, GHB enhanced delta activity in the PHG,
the fusiform gyrus and the PCC. The functional connectivity analysis further
revealed strengthened LPS among these areas after drug intake. A similar
effect was found in a previous study, when investigating the effects of GHB
on waking resting state LPS in healthy subjects (Von Rotz et al, 2017).
Nevertheless, in waking subjects GHB’s effects on CSD distinctly differ from
those found in this study, indicating that GHB’s neurophysiological effects
may depend on the subject’s state of consciousness.
In vitro studies demonstrated that bath application of GHB to thalamo-
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cortical neurons hyperpolarized these cells into a voltage range, -65 to -75
mV, at which the rhythmic pacemaker oscillations of the cell membrane
exhibits a frequency of 0.5 to 4.0 Hz (Crunelli and Leresche, 2002; Williams
et al., 1995). A similar hyperpolarization was also observed in hippocampal
neurons, which might give a mechanistic explanation for the increased delta
power in the PHG (Xie and Smart, 1992).
Intriguingly, these structures not only share tight anatomical connections,
but are also functionally associated in the process of learning, memory
encoding and retrieval (Born and Wagner, 2009; Maddock et al, 2001).
Consequently, damages within these structures – as found in Alzheimer’s
disease – severely affect learning and memory (Köhler et al, 1998; Leech
and Sharp, 2014). Likewise prefrontal atrophy in elderly and Alzheimer’s
patients was associated with hippocampal-dependent memory impairment
and disrupted NREMS (Mander et al, 2013). Thus, GHB’s ability to induce
slow oscillations and strengthen functional connectivity in those brain sites,
might underline its clinical potential as regenerative sleep-aid in
neurodegenerative disorders (for review, e.g. Mamelak, 2007b, 2018).
GHB not only affected NREM sleep, but also had a significant impact on REM
sleep. In accordance with previous research (Walsh et al., 2010; Vienne et
al., 2012), GHB acutely reduced REM sleep and increased EEG delta and
theta activity also in this sleep state. Despite its nominal reduction, more
than one hour of REM sleep persisted during the peak phase of
pharmacological action, indicating that REM sleep can prevail under
elevated GABAB-ergic tone, which may favor EEG-defined deep NREM
sleep. This finding may reflect the well-known sleep-dependent
disinhibition of and high endogenous pressure for REM sleep in the early
morning hours, at the time of GHB administration (Borbely, 1982; Czeisler
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et al, 1980; Dijk and Czeisler, 1995). Nevertheless, even in this condition of
high endogenous REM sleep pressure, we found no support for the notion
that the stimulation of GABAB receptors favors sleep onset REM sleep
episodes that was suggested by previous work (Vienne et al, 2012). It is
likely that in the present study, REM sleep was reduced as a result of
increased N3 sleep duration, yet an ad libitum sleep opportunity would be
required to study the acute and subacute effects of GHB on REM sleep
expression.
Similar to the spectral changes in NREM sleep, the increased delta/theta
power in REM sleep is reminiscent of the impact of prolonged waking on
recovery sleep (Borbély et al, 1981; Brunner et al, 1990; Marzano et al,
2010). These changes may underlie GHB’s ability to restore REM sleep
functions in neuropsychiatric disorders, including narcolepsy and major
depressive disorder (Mamelak, 2009). On the other hand, GHB was
reported to reduce arousals during REM sleep episodes in healthy
volunteers (Lapierre et al, 1990). Future studies should investigate the
interaction between GHB and sleep deprivation, to more conclusively tackle
the question whether the same mechanisms are activated during GHBaugmented sleep and recovery sleep after prolonged wakefulness.
Although comparisons between pharmacologically and physiologically
induced alterations of sleep mechanisms must be made with caution,
several studies indicate that GHB-augmented sleep not only shows
neurophysiological overlaps

but also functional similarities

with

physiological sleep. For example, acute GHB administration spared energy
metabolism and, similar to well several wake-promoting neurotransmitter
systems (Brancucci et al, 2004; Cruz et al, 2004; Hechler et al, 1991;
Kuschinsky et al, 1985; Labouèbe et al, 2007; Szabo et al, 2004), induced
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growth hormone release in a similar fashion as natural slow-wave sleep
(Van Cauter et al. 1997), and reduced the consequences of sleep loss on
measures of alertness and attention (Walsh et al., 2010). Together with the
present data, these convergent findings support the view, that GHB
enhances restorative aspects of sleep rather than just inducing a sedative
state.

Limitations
When interpreting the current study, some limitations should be kept in
mind. All study subjects where young healthy men, which limits the
generalizability of the results to female, elderly or clinical populations.
Moreover, the intervention comprised one single administration, whereas
in a clinical setting, chronic administration is the rule. Thus, based on our
findings, long-term GHB effects on sleep neurophysiology are difficult to
predict so far. Finally, despite LORETA’s accuracy in localizing cortical
electrical sources, the algorithm is not able to detect subcortical sources. In
other words, neural structures that are crucially involved in sleep-wake
regulation, including thalamus, hypothalamus and basal ganglia, cannot be
investigated with this method. Thus, it remains unclear whether and how
these brain areas contribute to GHB’s effects on sleep.

Conclusion
In the present study, a detailed sleep neurophysiological signature of GHBaugmented sleep under low-homeostatic sleep pressure was established.
Intriguingly, the GHB-induced changes in sleep architecture, sleep EEG
power spectra, current source density and functional connectivity
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mimicked many characteristics of physiologically intensified sleep, such as
in recovery sleep following sleep deprivation. Thus, the potential of GHB to
promote physiological sleep mechanisms and its clinical application to
improve sleep and waking quality in neurological and neuropsychiatric
disorders should be further investigated.
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Placebo
Variable

GHB

Mean

SD

Mean

SD

df

p-value

Wake [min]

14.2

11.0

15.1

11.2

306

1

N1 [min]

6.7

3.6

8.8

5.4

306

1

N2 [min]

90.3

18.2

88.8

21.1

306

1

N3 [min]

64.0

18.9

62.3

23.7

306

1

REMS [min]

34.8

16.4

34.9

15.7

306

1

NREMS [min]

161.1

16.3

159.9

19.7

306

1

TST [min]

195.8

11.0

194.9

11.2

306

1

TIB [min]

210.0

0.0

210.0

0.0

306

1

SEI [%]

93.2

5.2

92.8

5.3

306

1

Wake [min]

16.1

16.9

15.3

11.9

306

0.95

N1 [min]

13.2

8.5

10.6

10.3

306

0.95

N2 [min]

129.8

21.8

133.1

29.1

306

0.95

N3 [min]

17.8

13.1

41.4

36.4

306

< 0.001 ***

REMS [min]

91.4

22.8

68.2

21.5

306

< 0.001 ***

NREMS [min]

160.8

24.5

185.1

22.5

306

< 0.001 ***

TST [min]

252.2

16.9

253.3

12.3

306

0.95

TIB [min]

268.3

3.2

268.6

2.1

306

0.95

SEI [%]

91.0

9.4

92.4

5.7

306

0.95

Wake [min]

19.3

19.1

19.1

13.4

306

0.97

N1 [min]

17.0

10.9

15.6

13.1

306

0.97

N2 [min]

220.1

31.5

221.9

43.7

306

0.97

N3 [min]

81.9

27.4

103.7

55.2

306

< 0.05 *

REMS [min]

126.2

31.6

103.2

29.5

306

< 0.05 *

NREMS [min]

319.0

31.7

341.2

35.7

306

< 0.05 *

TST [min]

445.2

22.8

444.3

18.4

306

0.97

TIB [min]

478.3

3.2

478.6

2.1

306

0.97

SEI [%]

93.1

4.7

92.8

3.7

306

0.97

1st half of the night

2nd half of the night

Entire night
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Table S1. Visually scored sleep variables. Means and standard deviations (SD) of the
sleep variables in the placebo and GHB nights (n = 20). The results are separately
reported for the 1st (top) and the 2nd half of the nights (middle) as well as for the entire
night (bottom). p-Values: posthoc-tests, Benjamini-Hochberg corrected
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Chapter 3 – Neuro-immune interaction

Abstract
Gamma-hydroxybutyrate (GHB; or sodium oxybate) is an endogenous GHB/GABAB receptor agonist. It is approved for the application in narcolepsy
and has been proposed for potential treatment of Alzheimer’s and
Parkinson’s disease, fibromyalgia, and depression, all of which involve
neuro-immunological processes. Tryptophan catabolites (TRYCATs), the
cortisol awakening response (CAR), and brain derived neurotrophic factor
(BDNF) have been suggested as peripheral biomarkers of neuroimmunological processes. GHB has been shown to induce a delayed
reduction of T helper and natural killer cell counts and alter basal cortisol
levels, but GHB’s effects on TRYCATs, CAR and BDNF are unknown.
Therefore, TRYCAT and BDNF plasma levels as well as CAR and the affective
state (Positive and Negative Affect Schedule, PANAS) were measured in the
morning after a single nocturnal dose of GHB (50 mg/kg body weight) in 20
healthy male volunteers in a placebo-controlled, balanced, randomized,
double-blind, cross-over design.

In the morning after nocturnal GHB

administration, the TRYCATs indolelactic acid, kynurenine, kynurenic acid,
3-hydroxykynurenine, and quinolinic acid, the 3-hydroxykynurenine to
kynurenic acid ratio and the CAR were significantly reduced (p<0.05-0.001,
Benjamini-Hochberg corrected). The quinolinic acid to kynurenic acid ratio
was reduced by trend. Serotonin, tryptophan, and BDNF levels as well as
PANAS scores in the morning remained unchanged after nocturnal GHB
challenge. GHB has postacute effects on neuro-immunological biomarkers,
which might be a model to explain some of its therapeutic effects in
neuropsychiatric disorders involving neuro-immunological pathologies
(ClinicalTrials.gov: NCT02342366).
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Introduction
Gamma-hydroxybutyrate (GHB, or sodium oxybate) is a short-chain fatty
acid that occurs naturally in the mammalian brain (Bessman and Fishbein,
1963). It is a gamma-aminobutyric acid (GABA) metabolite and binds to
specific high affinity GHB binding sites (Benavides et al, 1982). Moreover,
the molecule also binds with low affinity to GABAB receptors, and most of
its subjective and behavioral effects are mediated by this mechanism when
exogenously applied (Carter et al, 2009). GHB also stimulates
neurosteroidogenesis in animals (Barbaccia, 2004) and progesterone
secretion in humans, which is a proposed peripheral marker of
neurosteroidogenesis (Bosch et al, 2015). Neurosteroids act as GABAA
agonists with neuroprotective, anxiolytic and potential antidepressant
effect (Barbaccia, 2004; Bosch et al, 2015). Moreover, GHB appears to have
a homeostatic regulatory effect on the hypothalamic-pituitary-adrenal
(HPA) axis, as it was shown to reduce elevated and increase normal cortisol
levels in humans (Van Cauter et al, 1997; Nava et al, 2007). GHB has also
been reported to have immunomodulating and neuroprotective properties.
In humans, it induces a delayed reduction of T helper and natural killer cell
levels – both are activators of pro-inflammatory processes by releasing
cytokines such as interferon gamma (IFN- γ) and tumor necrosis factoralpha (TNF-α) (Pichini et al, 2010). In animals, GHB was shown to protect
neuronal tissue against oxidative stress (Gao et al, 2008). Clinically, GHB is
approved for the treatment of narcolepsy, and is the only medication that
can treat all symptoms of narcolepsy (Boscolo-Berto et al, 2012).
Restoration of a disturbed sleep wake cycle was achieved using GHB also in
patients suffering from Parkinson’s disease (Büchele et al, 2018) and
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fibromyalgia (Spaeth et al, 2012). Moreover, due to its beneficial effects on
sleep, wakefulness, and mood, the drug has been proposed as an
experimental therapeutic in Alzheimer’s disease (Klein et al, 2015) and
depression (Bosch et al, 2012; Mamelak, 2009). In all of these disorders,
neuro-inflammation via cytokine stimulation is currently discussed as a
pathophysiological factor (Decourt et al, 2016; Maes, 2011; MaurovichHorvat et al, 2014; Qin et al, 2016; Tsilioni et al, 2016). An important proinflammatory downstream effect of increased cytokine release is the
activation of the tryptophan catabolites (TRYCAT) pathway, by which
tryptophan is degraded to partly neurotoxic metabolites, thereby reducing
the available amount of serotonin in the brain (Maes et al, 2011b). The
entry point of the TRYCAT pathway are two rate-limiting enzymes:
indoleamine 2,3-dioxygenase (IDO) and tryptophan dioxygenase (TDO)
(Myint and Kim, 2014). IDO is activated by neuro-inflammatory processes,
primarily by IFN- γ, but also by TNF-α (Pemberton et al, 1997; Takikawa et
al, 1988). On the other hand, TDO is activated by psychophysiological stress
via cortisol release (Myint and Kim, 2014). Both enzymes metabolize
tryptophan to kynurenine, which is metabolized to kynurenic acid. This
metabolic pathway constitutes the neuroprotective branch, because
kynurenic acid acts as an antagonist at glutamatergic N-methyl-D-aspartate
(NMDA) receptors and reduces glutamate-related neuronal excitotoxicity
(Klein et al, 2013). There is also a neurotoxic branch, in which kynurenine is
metabolized to 3-hydroxykynurenic acid and quinolinic acid. Both of these
metabolites are supposed to be neurotoxic and oxidative stress inducing
with depressogenic and anxiogenic effects, and serve as biomarkers for
neurodegeneration (Maes et al, 2011b).
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Another physiological system that is implicated in the neuro-immunological
functioning is the HPA axis, which mediates the physiological stress
response (Bellavance and Rivest, 2014). The cortisol awakening response
(CAR) is a reliable method to test morning cortisol levels, which mirror HPA
axis functioning (Stalder et al, 2016), and was shown by a recent metaanalysis to be increased in depression (Boggero et al, 2017).
Finally, brain derived neurotrophic factor (BDNF) is a neurotrophin
regulating synaptic activity, which has been discussed to contribute to the
pathogenesis of above mentioned disorders (Lu et al, 2015). BDNF
functioning is linked to cytokine activation (Xu et al, 2015). In depression,
impaired feedback suppression of cortisol plasma levels was found to be
associated with reduced BDNF levels (Masi and Brovedani, 2011).
As stated above, GHB has an impact on cytokine-producing lymphocytes
and a regulatory impact on the HPA axis. Cytokines and cortisol are
regulators of the TRYCATs pathway and BDNF function. However, the
effects of GHB on TRYCATs and BDNF levels, and CAR are unknown to date.
To identify GHB-specific effects on peripheral neuro-immune parameters,
we assessed plasma levels of TRYCATs including kynurenic acid, kynurenine,
xanthurenic acid, 3-hydroxy-kynurenine, and quinolinic acid, as well as
BDNF and the CAR in the morning after a nocturnal dose of 50 mg/kg GHB
p.o. vs. placebo in twenty healthy male volunteers. Additionally, the
Positive and Negative Affect Schedule (PANAS) was applied to assess
potential effects on mood. We used a postacute assessment, because the
immunomodulating effects of GHB start with a delay of 2-4 hours (Pichini
et al, 2010), and nocturnal dosing followed by therapeutic effects during
daytime is the standard pattern in the treatment of narcolepsy (BoscoloBerto et al, 2012). The study followed a placebo-controlled, balanced,
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randomized, double-blind, cross-over design. In conclusion of the above
mentioned effects of GHB on neuro-immune and neuro-inflammatory
parameters, we expected that the drug would reduce TRYCAT levels and
the CAR, while increasing serotonin, tryptophan, and BDNF levels and
enhance mood.
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Materials and Methods
Permission. The study was approved by the Swissmedic and Cantonal Ethics
Committee of Zurich and registered at ClinicalTrials.gov (NCT02342366). All
participants provided written informed consent according to the
declaration of Helsinki.
Participants. Twenty healthy, non-smoking, male volunteers (mean age
25.8±2.45 years) participated in the study. Following criteria were required
for inclusion: male sex to avoid the potential impact of menstrual cycle on
blood chemical variables, age within the range of 18 to 30 years, absence
of any somatic or psychiatric disorders, no first-degree relatives with a
history of psychiatric disorders, non-smoking, without a history of drug
abuse (lifetime use > 5 occasions, with exception of occasional cannabis
use). None of the participants reported previous experiences with GHB in
their life. Before inclusion into the study, each subject was screened with
all-night polysomnography in the sleep laboratory, to exclude sleep-related
disorders such as sleep apnea, restless leg syndrome, sleep onset REM
sleep, and insufficient sleep efficiency (< 80%).
Study design. The study followed a placebo-controlled, randomized,
balanced, cross-over design. Two experimental nights were separated by a
washout phase of seven days. Each experimental night was preceded by an
adaptation night to habituate subjects to the laboratory environment.
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Figure 1: Session design.

Participants were instructed to refrain from illegal drugs for at least two
weeks and from caffeine for one week prior to the first and until the second
experimental night. No alcohol was allowed 24 h before each experimental
night. Participants had to keep a regular sleep-wake rhythm with a bedtime
of eight hours from 11:00 p.m. to 07:00 a.m. for one week prior to the first
experimental night and during the week between the two experimental
nights. To ensure adherence to these instructions, participants wore an
actimeter on the non-dominant arm and kept a sleep-wake diary. All
participants received a monetary compensation for the completion of the
study.
Drug administration. GHB is currently the first-line, FDA-approved
treatment for cataplexy and excessive daytime sleepiness in patients with
narcolepsy (Boscolo-Berto et al, 2012). GHB-induced neuro-immunological
alterations were previously shown to start at 2-4 hours after ingestion
(Pichini et al, 2010). The drug is typically administered twice, an initial dose
at bedtime and a second dose 2.5-4 hours later, to stabilize the severely
disturbed sleep continuity in narcolepsy patients (Boscolo-Berto et al,
2012). Therefore, a single oral dose of GHB was administered 3.5 hours
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after bedtime. All study participants were awoken at 02:30 am and received
50 mg/kg of GHB dissolved in 2 dl of orange juice and a placebo, matched
in appearance and taste. Immediately after GHB ingestion, subjects were
allowed to return to sleep. The used dose represents the starting dose used
for the treatment of narcolepsy (Boscolo-Berto et al, 2012).
Urine Drug Screening. Urine samples were taken upon arrival in order to
ensure that all participants abstained from illegal drug use (Drug-Screen
Multi 12-AE, Nal von Minden GmbH, Regensburg, DE). Additional urine
samples were collected in the morning following experimental nights to
confirm GHB ingestion. Morning urine samples were analyzed with a cloned
enzyme donor immunoassay (CEDIA®, Indiko plus, Thermo Fisher Scientific,
San Jose, USA) for GHB with a cut-off concentration of 40 mg/L for GHB.
Blood collection. Venous blood was sampled from the ante-cubital vein at
10:00 a.m. After a coagulation time of 30 minutes, blood was centrifuged
for 10 minutes at 2000 RCF to obtain clear serum. Supernatant serum was
then distributed to Eppendorf tubes and immediately stored at -80°C.
Tryptophan catabolites. TRYCATs were analyzed using a ultra-high
performance liquid chromatography (UHPLC) system (Thermo Fisher, San
Jose, California, USA) coupled to a 5500 linear ion trap quadrupole mass
spectrometer (Sciex, Darmstadt/Germany). The method was validated
according to the guidelines of the German Society of Toxicology and
Forensic Chemistry (GTFCh) (32). For details, see supplementary material.
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Cortisol awakening response. Saliva of each subject was sampled at time
points 7:00 (immediately after awakening), 7:15, 7:30, 7:45, and 8:00 a.m.
Thereby, subjects were instructed to chew the swab for 60 seconds and
then return it in to the Salivette® tube (Sarstedt, Germany). After sampling,
tubes were immediately stored on ice until final storage at -80°C. For
cortisol detection, tubes were defrosted and centrifuged for 5 minutes at
5’000 rpm to yield clear saliva in the conical tube. Three subjects had to be
excluded, as the amount of saliva yielded from the swabs was insufficient
for further analysis. Then, the swab was removed and the yielded saliva was
used for further analysis. A liquid-liquid extraction was carried out by
adding 1.5 mL ethyl acetate to 265 μL of saliva sample and 50 µl IS (CortisonD7 0.1 ng/µL). The resulting mixture was subsequently shaken for 10 min at
5 Hz. The samples were centrifuged for 5 min at 9000 rpm and then placed
in a freezer (-20° C) for approximately 60 min. The ethyl acetate layer was
poured off and dried under nitrogen at 35° C. The dry residue was resuspended using 150 μL MeOH and 350 μL ammonium formate (5 mM)
solution which was used for liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis following a recently published method
using 13C3-labeled cortisol as surrogate analyte for calibration (Binz et al,
2016). The method was validated according to the guidelines of the German
Society of Toxicology and Forensic Chemistry (GTFCh) (Peters et al., 2009).
The limit of detection for cortisol was 0.55 nmol/L and the limit of
quantification was 1.1 nmol/L.
Brain derived neurotrophic factor. Quantification of serum BDNF levels
was conducted at the Department of Clinical Psychology and Psychotherapy
at the University of Zurich using a 96-Well MULTI-ARRAY® BDNF Assay
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(Meso-Scale Discovery, Rockville, Maryland). The analysis was performed
according to the manufacturer’s instruction.
Positive and Negative Affect Schedule
Post-awakening mood was assessed at 10 a.m. using the PANAS, a
questionnaire in which the participant is asked to rate the occurrence and
intensity of 20 mood states (ten positive, ten negative adjectives) on a 5point Likert scale in the moment of the rating (Watson et al, 1988).
Statistical analysis. All analyses were conducted using RStudio Version
1.0.136 (RStudio, Inc.). Three independent Linear Mixed Effects Models
(LME) were used for TRYCATS, CAR, and BDNF levels. Posthoc testing was
carried out using the R package emmeans (Version 1.2.1). Individual
averages for each TRYCAT and the 3-hydroxykynurenine to kynurenic acid
and the quinolinic acid to kynurenic acid ratios were entered in a LME,
whereas possible factors were condition (GHB vs. placebo) and metabolite
(type of TRYCAT). Furthermore, statistical differences (p<0.05) of each
TRYCAT was tested using post-hoc t-tests, applying Benjamini-Hochberg
correction to adjust for multiple comparison (Hochberg and Benjamini,
1990). Individual cortisol levels were entered in a LME, whereas possible
factors were condition (GHB vs. placebo) and time point (7:00, 7:15, 7:30,
7:45, 8:00 a.m.). Furthermore, statistical differences (p<0.05) in cortisol
levels at each time point were tested using post-hoc t-tests, applying
Benjamini-Hochberg correction to adjust for multiple comparison.
Individual BDNF levels were entered in a LME, with condition (GHB vs.
placebo) as possible factors. Furthermore, statistical differences (p<0.05) in

72

Chapter 3 – Neuro-immune interaction

BDNF levels were tested using post-hoc t-tests, applying BenjaminiHochberg correction to adjust for multiple comparison.
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Results
Urine Drug Screening. Drug screening revealed no positive test results for
all subjects on both experimental nights. Morning urine analysis revealed a
positive result for GHB exclusively in the drug condition of all investigated
subjects.
Tryptophan catabolites. Statistical analysis revealed a significant main
effect for condition (F(1,475)=28.81; p<0.001; η2=0.057). Posthoc tests
further revealed reduced levels of indolelactic acid, kynurenine, kynurenic
acid, 3-hydroxykynurenine, quinolinic acid and the 3-hydroxykynurenine to
kynurenic acid ratio in the GHB condition compared to placebo (corrected
for multiple comparisons). Tryptophan and the quinolinic acid to kynurenic
acid ratio were reduced on a trend level. All other metabolites remained
unaffected by the drug. Results of statistical analysis are summarized in
Table 1.
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Tryptophan catabolites levels (nM) and ratios
Placebo

GHB

Metabolites

Mean

SD

Mean

SD

t-value

Coh d

p-value

Indolelactic acid

1100

180

990

160

-3.37

1.18

< 0.01 **

Serotonin

1000

370

940

370

-1.78

1.54

0.11

61

4.9

58

2.9

-4.28

0.75

< 0.01 **

Tryptophan

90000

13000

85000

8700

-2.05

0.75

0.085

Kynurenine

2600

390

2400

380

-2.90

0.78

< 0.05 *

Xanthurenic acid

25

7.9

36

49

0.97

-1.44

0.37

3-Hydroxykynurenine

35

6.7

30

5.4

-6.00

1.53

< 0.001 ***

Hydroxyindoleacetic acid

39

8.2

38

5.1

-0.86

0.65

0.40

Quinolinic acid

450

100

410

97

-5.22

1.35

< 0.001 ***

3-HK:KYNA ratio

0.57

0.09

0.53

0.09

-3.33

0.77

< 0.01 **

QUIN:KYNA ratio

7.4

1.6

7.0

1.7

-2.00

0.60

0.085

Kynurenic acid

Table 1: Means, standard deviations (SD), t-value and cohen’s d (Coh d) of assessed
metabolites, for the placebo and GHB condition (N=20). 3HK: 3-hydroxykynurenine, KYNA:
kynurenic acid, QUIN: quinolinic acid. ***p<.001, **p<.01, *p<.05 (Benjamini-Hochberg
correction).
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Figure 2: TRYCATs plasma concentrations at time point 3h post-awakening/ 7.5 h postGHB challenge placebo vs. GHB. 3HK: hydroxykynurenine, KYNA: Kynurenic acid.
***p<.001, **p<.01, *p<.05 (Benjamini-Hochberg correction).

Cortisol awakening response. Statistical analysis revealed a significant
main effect for condition (F(1, 125.41)=4.08; p<0.05; η2=0.029). Posthoc
testing further revealed reduced cortisol levels at time points 7:00, 7:15 and
7:30 a.m. in the GHB condition compared to placebo (corrected for multiple
comparisons). By contrast, cortisol levels at time points 7:45 and 8:00 a.m.
remained unaffected by the drug.
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Figure 3: Cortisol awakening response (CAR) at time point 3h post-awakening/ 7.5 h
post-GHB challenge placebo vs. GHB. **p<.01, *p<.05 (Benjamini-Hochberg correction).

Brain derived neurotrophic factor. Statistical analysis revealed no
significant different BDNF levels between the GHB and the placebo
condition (F(1,18.07)=0.29; p=0.59; η2=0.01).

Figure 4: Brain derived neurotrophic factor BDNF plasma levels at time point 3h postawakening/ 7.5 h post-GHB challenge placebo vs. GHB.

Chapter 3 – Neuro-immune interaction

77

Positive and Negative Affect Schedule. Statistical analysis revealed no
significant differences in the PANAS rating between the GHB and the
placebo condition (F(1,56.99)=0.02; p=0.87; η2=0.0004).
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Discussion
Here, we investigated the neuro-immunological effects of the mixed GHB/GABAB receptor agonist GHB, assessing plasma levels of TRYCATs
(including serotonin and tryptophan) and BDNF, as well as the CAR from
saliva and subjective mood effects using the PANAS. We found that in
healthy male subjects, a nocturnal dose of 50 mg/kg p.o. GHB reduces
peripheral levels of the TRYCATs indolelactic acid, kynurenic acid,
kynurenine, 3-hydroxykynurenine, and quinolinic acid 7.5 h after GHB
intake, while BDNF, serotonin and tryptophan levels as well as PANAS
scores remained unchanged. Moreover, the CAR was also inhibited 4,5 h
after drug intake.
Neuro-immune systems play a major role in the pathogenesis of a series of
neuropsychiatric and neurodegenerative disorders (Decourt et al, 2016;
Maes, 2011; Maurovich-Horvat et al, 2014; Qin et al, 2016; Tsilioni et al,
2016). GHB is an internationally established treatment of narcolepsy, but is
also experimentally used and investigated to treat Parkinson’s (Büchele et
al, 2018) and Alzheimer’s disease (Klein et al, 2015), as well as depression
(Bosch et al, 2012; Mamelak, 2009). The therapeutic efficiency of GHB in
these disorders was classically attributed to its unique effects on the sleepwake cycle, as evening/nocturnal doses of the drug strongly increase slow
wave sleep and reduce daytime sleepiness and fatigue during the next day
(Büchele et al, 2018; Van Cauter et al, 1997). However, therapeutic effects
of

GHB

were

also

hypothesized

to

originate

from

putative

neurodegeneration inhibiting properties and neuro-immune modulation
(Gao et al, 2008; Klein et al, 2015; Mamelak, 2009).
The TRYCAT pathway is a critical molecular mediator of neuroinflammation, and involved in the pathophysiology of above mentioned
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diseases (Maes and Anderson, 2016; O’Connor et al, 2009; Ogyu et al,
2018). The metabolization of tryptophan down the TRYCAT pathway is
initiated by the enzymes IDO and TDO, thereby reducing neuronal levels of
tryptophan, serotonin, and melatonin. IDO is strongly activated by
inflammatory cytokines such as IFN-γ and TNF-α, and inhibition of this ratelimiting enzyme prevents the development of inflammation-induced
depression- and anxiety-like behaviors (O’Connor et al, 2009; Salazar et al,
2012). Moreover, the products of this process are partly neurotoxic and
pro-inflammatory, such as 3-hydroxykynurenine and quinolinic acid
(Chiarugi et al, 2001). In our healthy volunteers, GHB induced a postacute
inhibition of the putatively neurotoxic TRYCATs 3-hydroxykynurenine and
quinolinic acid, but also of kynurenine and the putative neuroprotective
kynurenic acid. Intriguingly, this effect outlived the acute drug phase, given
the short half-life of GHB (30-50 min) and the late time point of blood
sampling (t7.5h). Inhibition of the TRYCAT pathway by GHB may occur on
several levels, but most evidences point towards indirect interactions of the
drug with the function of the two rate-limiting enzymes of tryptophan
degradation, IDO and TDO.
First, GHB induces a delayed reduction of T helper and natural killer cell
levels in humans (Pichini et al, 2010). These lymphocytes are major cytokine
producers and it is likely that GHB reduces the plasma cytokine load via this
mechanism. Second, direct GABAB receptor stimulation of astrocytes
(Gould et al, 2014a) and microglia (Kuhn et al, 2004) also reduces the
release of the inflammatory cytokines TNF-α and IL-6, both of which were
identified as the most reliable inflammatory biomarkers of major
depression (de Bie et al, 2016). Although IDO is strictly an IFN-γ gene
product, TNF-α synergistically increases the transcriptional stimulation of
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IDO synthesis in response to IFN-γ by up to 300% (Robinson et al, 2005). A
third mechanism, by which GHB might indirectly inhibit IDO activity, is via
increased progesterone release (Bosch et al, 2015).

Progesterone

attenuates IFN- γ-mediated TRYCAT synthesis in human macrophages in
vitro, leading to decreased levels of quinolinic acid and increased kynurenic
acid levels (de Bie et al, 2016). Thus, GHB-induced lymphocyte reduction
and astrocyte activation might reduce cytokine levels and thus IDO activity,
while progesterone release seems to directly inhibit neurotoxic TRYCATs
formation in macrophages.
The other rate-limiting enzyme of the TRYCAT pathway is TDO. Reduction
of TDO activity was early hypothesized to be an antidepressant treatment
mechanism (Lapin and Oxenkrug, 1969), as TDO degrades approximately
99% of tryptophan in the periphery (Watanabe et al, 1980). Although TDO
activity is generally stable and mainly controlled by the tryptophan level
itself, stress-related cortisol release can enhance TDO degradation of
tryptophan (Nakamura et al, 1987). As we found that GHB reduced CAR in
our subjects, indicating a down-regulation of HPA axis activity, this may be
another mechanism by which the drug inhibits the TRYCAT pathway. In fact,
enhancement of IDO activity by cytokines and enhancement of TDO activity
by cortisol are hypothesized to be the core mechanisms of TRYCATmediated degenerative neuropsychiatric disorders (Myint and Kim, 2014),
and both seem to be inhibited by GHB in humans.
The two putatively neurotoxic products of the TRYCAT pathway are 3hydroxykynurenine and quinolinic acid. The plasma levels of both
molecules were reduced the next morning after GHB ingestion in our
subjects. 3-hydroxykynurenine is a free radicals producer potentially
involved in the mediation of oxidative stress and neuronal cell death
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(Chiarugi et al, 2001). Furthermore, 3-hydroxykynurenine can cause
oxidative protein damage by generating superoxide and hydrogen peroxide
(Goldstein et al, 2000). Several studies found associations of 3hydroxykynurenine

with

neuropsychiatric

and

neurodegenerative

pathologies: Memory deficits were associated with the molecule in patients
with bipolar (Platzer et al, 2017) and major depressive disorder (Young et
al, 2016). One study with 20 patients suffering from Alzheimer’s disease
revealed elevated 3-hydroxykynurenine plasma levels compared to
controls (Schwarz et al, 2013). Another study with 48 patients with
Parkinson’s disease, found an increase of 3-hydroxykynurenine by 30% in a
metabolomics analysis of cerebrospinal fluid (Lewitt et al, 2013).
The other potentially neurotoxic TRYCAT metabolite, quinolinic acid, acts as
an agonist at NR2A and NR2B subtypes of glutamatergic NMDA receptors
and thereby mediates excitotoxicity (Braidy et al, 2009). It is also a free
radicals producer, as it induces nitric oxide synthase and excessive nitric
oxide-mediated free radical damage (Braidy et al, 2009). As with 3hydroxykynurenine, elevated quinolinic acid levels were associated with
Alzheimer’s disease (Guillemin et al, 2005), Parkinson’s disease (Nemeth et
al, 2006), and depression (Ogyu et al, 2018).
The pathophysiological role of indolelactic acid, which was also reduced by
GHB in our participants, is still unclear. Some evidences point towards
increased indolelactic acid in liver toxicity (Manna et al, 2010).
Not only neurotoxic TRYCATs such as quinolinic acid and 3hydroxykynurenine, but also the putatively neuroprotective TRYCAT
kynurenic acid was reduced after GHB administration in our participants.
This was most likely due to an inhibition on the IDO and TDO activity, as all
three molecules are downstream metabolites of these enzymes. However,
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it seems that this inhibition is stronger on the neurotoxic TRYCAT branch,
as GHB also reduced the 3-hydroxykynurenine to kynurenic acid ratio
significantly and the quinolinic acid to kynurenic acid ratio by trend. A
comparable effect was already shown after electroconvulsive therapy
(Guloksuz et al, 2015) and after antidepressant medication (Kocki et al,
2012) in depression.
Anti-oxidative effects of GHB are well-established, as the drug limits the
damage caused by reactive oxygen species, lipid peroxides, and other
reactive molecules (for review, e.g. Mamelak, 2007b). However, reduction
of oxidative stress via inhibition of 3-hydroxykynurenine and/or quinolinic
acid has not been documented to date. It was shown that GABAB agonism
reduces excitatory glutamatergic neurotransmission in the brain (Chalifoux
and Carter, 2011). So, GHB seems to inhibit a major source of
neuroinflammation-induced excitotoxicity and via GABAB agonism also the
target receptor of excitotoxic molecules. Interestingly, the rapid
antidepressant effects of ketamine have been attributed to its NMDAantagonistic action, but also recently to its potential neuroinflammationinhibiting properties (Cui et al, 2018). Therapeutic inhibition of kynurenine
3-monooxygenase, the enzyme that metabolizes 3-hydroxykynurenine and
quinolinic acid from kynurenine is in development, but no clinically
applicable medication was found to date (Smith et al, 2016). GHB, a medical
drug that is used in the treatment of narcolepsy for decades, may be an
available alternative at hand for the treatment of TRYCAT pathologies
involved in neuropsychiatric and neurodegenerative disorders such as
Parkinson’s, Huntington’s, and Alzheimer’s diseases, as well as major
depression. Our findings strengthen the notion that GHB should be further
investigated as an experimental therapeutic in these disorders and that
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TRYCAT pathway inhibition is a candidate mechanism by which therapeutic
GHB effects might be mediated.
Further evidence for a modulation of human neuroendocrine and neuroimmune pathways by GHB is given by our finding that the drug reduces
saliva CAR. The stress hormone cortisol is the end product of the HPA axis,
and the CAR reflects the steep increase of cortisol occurring immediately
after awakening. Diverse factors such as psychological functioning,
psychiatric disorders, and alterations of the sleep-wake cycle have an
impact on the CAR, but there is considerable heterogeneity in the literature
(Elder et al, 2014). However, evidences from meta-analyses point to
associations of depression, stress and elevated vigilance with high and
history of posttraumatic stress, fatigue, as well as schizophrenia with low
cortisol output (Boggero et al, 2017; Chida and Steptoe, 2009).
Consequently, GHB-induced CAR reduction may be interpreted in line with
potential antidepressant and stress-reducing effects of the drug.
Subjective mood was assessed using the PANAS, but no significant
postacute drug effect was found. As we tested the drug in healthy
participants, a potential antidepressive effect was not addressed. However,
overall tolerability of GHB was good, and no severe adverse effects
occurred.
Our study has limitations. First, it was performed with healthy volunteers
and not in a clinical sample. Therefore, further studies with patients
suffering from neuropsychiatric disorders involving neuro-immune
pathologies should be performed to test if GHB induces the same effects on
TRYCATs and CAR along with therapeutic effects in these subjects. Second,
we only applied a single dose of GHB instead of a continuous treatment as
it is usually used in narcolepsy patients. Studies with repeated dosing
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should evaluate the course of plasma TRYCATs and CAR during GHB
treatment in healthy participants and patient populations.
In summary, in healthy volunteers, a single nocturnal dose of GHB
significantly reduces post-awakening plasma levels of the TRYCATs
indolelactic acid, kynurenine, kynurenic acid, 3-hydroxykynurenine,
quinolinic acid, as well as the 3-hydroxykynurenine to kynurenic acid ratio.
Moreover, CAR was significantly reduced. These effects are most likely
mediated by indirect inhibition of the rate-limiting enzymes of the TRYCAT
pathway, IDO and TDO. IDO may be inhibited via multiple mechanisms that
reduce the plasma cytokine load, while TDO seems to be inhibited via
reduction of HPA axis activity. These effects show that GHB modulates
neuro-inflammatory and neuro-immune pathways in humans and suggest
that this mechanism may be responsible for its existing and potential
therapeutic effects in neuropsychiatric and neurodegenerative disorders
including narcolepsy, depression, as well as Alzheimer’s and Parkinson’s
disease.
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Supplementary material Chapter 3
Tryptophan catabolites assessment (detailed). Serotonin, tryptophan,
hydroxyindolelactic acid, indolelactic acid, kynurenine, kynurenic acid, 3hydroxykynurenine, quinolinic acid, xanthurenic acid and labeled kynurenic
acid (KA-D5) were purchased from Sigma-Aldrich (St. Louis, USA). Labeled
kynurenine (Kyn-D4) was purchased from Buchem Chemie (Cologne,
Germany),

serotonin-D4 was

purchased

from AlsaChim

(Illkirch-

Graffenstaden, France) and Tryptophan-D5 was purchased from Cambridge
Isotope Laboratories (Tewksbury, USA). All used chemicals were of highest
grade available. Briefly, 200 µl of serum, 50 µl of the internal standard (IS)
mixture (1.5 µM serotonin-D4, 0.03 µM KA-D5, 3.5 µM Kyn-D4 and 60 µM
tryptophan-D5) and 50 µl of methanol (MeOH) were added to a tube.
Protein precipitation was performed by slow addition of 400 µl acetonitrile
(ACN). Samples were shaken for 10 minutes and centrifuged (5 min, 10‘000
rpm). 350 µl of the supernatant was transferred into an auto-sampler vial
and evaporated to dryness under a gentle stream of nitrogen, reconstituted
in 100 µl of a mixture of eluent A and B (95:5, v/v). Calibrator (Cal) and
quality control (QC) samples were prepared with the same sample
preparation and the 50 µl of MeOH was replaced with the Cal and QC
solutions, respectively. Additionally, a pooled sample of the study samples
was prepared. The samples were analyzed using a ultra-high performance
liquid chromatography (UHPLC) system (Thermo Fisher, San Jose,
California, USA) coupled to a 5500 linear ion trap quadrupole mass
spectrometer (Sciex, Darmstadt/Germany). The mobile phases of the
UHPLC consisted of water (eluent A) and ACN (eluent B), both containing
0.2 % of formic acid (v/v). The flow rate was set to 0.35 mL/min with the
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following gradient: start conditions 100 % A for 0.5 min, 0.5 to 10.5 min
decrease to 65 % A and increase of eluent B to 35 %, 10.5 to 10.7 min
increase to 95 % B and hold that level until 12 min, switch to 100 % A and 0
% B at 12.01 min and hold these conditions for 1 min for re-equilibration.
Injection volume was 10 µl. A Kinetex Biphenyl column (100 × 2.1 mm, 2.6
µm) (Phenomenex, Aschaffenburg, Germany) was used for the separation
of the analytes. The mass spectrometer (MS) was operated in positive
electrospray ionization mode with scheduled multiple reaction monitoring
(MRM) with an MRM detection window of 40 to 120 s and a target scan
time of 1 to 11 s, depending on the analyte. Two MRM transitions were
used for each analyte and 1 transition for each IS. The MS was controlled
by the Analyst 1.6.2 software (Sciex, Darmstadt, Germany). Analyst was
used for peak integration. The method was validated according to the
guidelines of the German Society of Toxicology and Forensic Chemistry
(GTFCh) (Peters et al., 2009). For quantification, the peak area of the
analytes were integrated and divided by the peak area of the IS. Cal samples
were fitted with a least squares fit and weighted by 1/x. The calculated
concentration of the analytes in the pooled serum sample was subtracted
from all samples (background subtraction). Calculations were obtained in
Prism 7 (GraphPad Software, CA, USA).
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Chapter 4
Elevated morning glutamate levels in the anterior
cingulate cortex after a nighttime dose of gammahydroxybutyrate in humans: A Magnetic
Resonance Spectroscopy Study
Dornbierer DA, Zölch N, Quednow BB, Hock A, Baur DM, Stucky B,
Kraemer T, Seifritz E, Bosch OG, and Landolt HP

To be submitted
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Abstract
Gamma-hydroxybutyrate (GHB) is an endogenous short-chain fatty acid
that has demonstrated efficacy in the treatment of excessive daytime
sleepiness in narcolepsy, Parkinson’s disease and fibromyalgia. Despite its
clinical efficacy, no study has investigated in humans the neurochemical
basis underlying its wake promoting effect.
A therapeutic dose of GHB (50 mg/kg body weight) or placebo were
administered orally to 16 healthy male volunteers at 2:30am, in the middle
of a sleep episode from 11pm-7am, to specifically augment sleep intensity
in the second half of the night. Upon awakening, cerebral metabolite levels,
were quantified in the anterior cingulate cortex (ACC) applying J-resolved
magnetic resonance spectroscopy (JPRESS-MRS) at 3.0 Tesla. Psychomotor
vigilance, executive functions, subjective sleepiness and mood were also
assessed. The study followed a placebo-controlled, double-blinded,
crossover design.
JPRESS-MRS analyses revealed increased morning glutamate (Glu) levels in
the ACC in all subjects in after GHB compared to placebo (p<0.001;
Benjamini Hochberg corrected). Moreover, GHB reduced median reaction
times. Executive functions, subjective sleepiness and mood remained
unaffected by the drug (p>0.05)
A nighttime dose of GHB increased post-awakening Glu levels in the ACC
and reduced reaction times of healthy volunteers, without affecting other
metabolite levels, executive functions, subjective sleepiness and mood.
GHB is proposed to suppress Glu release during its acute action during the
night, causing a Glu accumulation and a rebound, when drug effects fade
away. Thus, GHB’s ability to consolidate sleep and promote daytime
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performance should be further investigated in a neuropsychiatric
population.
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Introduction
Sleep disturbances are widespread in society and chronic sleep can lead to
excessive daytime sleepiness (EDS), impaired cognition and depressed
mood (Riemann et al, 2009). Particularly, insomnia is highly prevalent in
neuropsychiatric patients, where it exacerbates disease progression and
patient’s wellbeing (Baglioni et al, 2016; Chen et al, 2017; Spiegelhalder et
al, 2013). Unfortunately, effective sleep therapies are lacking and
conventional hypnotics - such as benzodiazepines, z-substances, tricyclic
antidepressants or neuroleptics – typically disrupt physiological sleep
architecture rather then promoting restorative sleep (Wafford and Ebert,
2008; Winsky-Sommerer, 2009).
By contrast, gamma-hydroxybutyrate (GHB) – an endogenous short-chain
fatty acid and GABAB/GHB receptor agonist – has gained substantial interest
as a sleep-aid with the ability to enhance sleep intensity in a biomimetic
manner (for review, e.g. Mamelak, 2007). It is approved as a first-line
treatment in narcolepsy type 1, were it effectively reduces EDS, cataplexy
and hypnagogia (Broughton and Mamelak, 1979; Huang and Guilleminault,
2009). Moreover, its sleep consolidating and pro-vigilant properties are
being investigated in other pathologies, including Parkinson’s (Büchele et
al, 2018; Ondo et al, 2008) and Alzheimer’s disease (Mamelak, 2007b),
fibromyalgia (Swick, 2011) and major depressive disorder (Bosch et al,
2012).
GHB’s sleep effects are characterized by an elevation of low-frequency
electroencephalographic (EEG) oscillations (0.5-8 Hz), an increase of nonrapid eye movement (NREM) sleep duration and a reduction of sleep
fragmentation (Van Cauter et al, 1997; Vienne et al, 2012; Walsh et al, 2010,
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Dornbierer et al, submitted). Interestingly, neurophysiological data
indicates striking overlaps between GHB-augmented sleep and naturally
intensified sleep, as it is found when recovering from prolonged
wakefulness (Walsh et al, 2010; Dornbierer et al 2018; submitted),
underlining its outstanding potential to promote physiological aspects of
sleep.
The importance of slow wave sleep in the regulation of sleep propensity is
widely accepted (Borbely, 1982; Hofer-Tinguely et al, 2005; Ong et al,
2017). Moreover, several processes regulating neurological homeostasis
have been proposed to occur particularly during slow wave sleep, such as
synaptic remodeling (Cirelli, 2006; Tononi and Cirelli, 2006), restauration of
glycogen reserves (Franken et al, 2006; Kong et al, 2002; Madsen et al,
1991; Maquet et al, 1990; Petit et al, 2002), glymphatic flow (Mendelsohn
and Larrick, 2013) and the recalibration of neurotransmitter systems
(Tononi and Cirelli, 2006; De Vivo et al, 2017). Interestingly, the shutdown
of wake-promoting neurotransmitter systems represents a prerequisite for
the generation of NREM sleep (Mamelak, 2009), suggesting that
neurotransmitters and their associate receptors may recover during NREM
sleep, after sustained demands throughout the day. Work in mice, rats and
cats suggests a critical role of GABAB receptors in the regulation of these
neurochemical changes (Gauthier et al, 1997; Juhász et al, 1994; Vienne et
al, 2010). Pre-synaptic GABAB receptors inhibit Ca2+ influx and, thus the
release of several neurotransmitters (Bettler et al, 2004), many of them
displaying wake-promoting properties, such as histamine (OkakuraMochizuki et al, 1996), noradrenaline (Szabo et al, 2004), hypocretin
(Kilduff et al, 2007), dopamine (Howard and Banerjee, 2002) and glutamate
(Ferraro et al, 2001, Crunelli and Leresche, 2002). However, it is not yet
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clear, how the nocturnal activation of GABAB receptors by a therapeutic
dose of GHB affects post-awakening neurotransmitter levels and how these
changes contribute to its pro-vigilant effects.
To this end, magnetic resonance spectroscopy (MRS) offers a non-invasive
tool to study cerebral metabolite levels in-vivo and has been widely applied
to investigate the impact of pharmacological challenges and psychiatric
pathologies on neurochemistry. Particularly, glutamate (Glu) - the principal
excitatory neurotransmitter of the brain - can be assessed in-vivo by MRS
and numerous studies indicate a glutamatergic dysregulation in the
anterior cingulate cortex (ACC) in a wide range of psychiatric pathologies
associated with insomnia (Spiegelhalder et 2016; Yksel and Öngür, 2010).
Glu receptors are densely expressed in the ACC (Vogt, 2009), regulating its
various neural contributions to cognitive, emotional and motor control
(Devinsky et al, 1995).
Interestingly, cerebral Glu levels were found to be modulated by
psychostimulants, including modafinil, methylphenidate and amphetamine
(Ferraro et al, 1998; Haris et al, 2014; White et al, 2018). Like GHB, these
drugs exhibit pro-vigilant effects and are thus used in the treatment of EDS
in narcolepsy (Thorpy and Dauvilliers, 2015). In mice, modafinil and
amphetamine increase cerebral Glu levels (Ferraro et al, 1998; Haris et al,
2014). In humans, amphetamine and methamphetamine (which is off-label
used to reduce EDS) likewise increased Glu and Glx (combined glutamine
and Glu) levels in the ACC, whereas this neurochemical change was
associated with the stimulating effect of the drugs (White et al, 2018). As
mentioned above, nighttime administration of GHB is likewise effective in
reducing EDS compared to daytime administration of psychostimulants
(Black and Houghton, 2006). By contrast, GHB’s pro-vigilant effect can not

Chapter 4 – Brain metabolism

95

be assigned to its acute pharmacological action, as GHB’s half-life is to short
to outlive the sleeping period (Liechti et al, 2016). Hence, we aim to
understand if GHB’s pro-vigilant effect is likewise associated with an
increase in ACC Glu levels and if this effect outlives the drug’s acute phase
of action.
To this end, we investigate the effects of a single nocturnal dose of GHB (50
mg/kg BW) on post-awakening Glu levels in the ACC, applying twodimensional J-resolved magnetic resonance spectroscopy (JPRESS-MRS) at
3.0 Tesla in a randomized, placebo-controlled, double-blinded, crossover
sleep study in 16 healthy volunteers. Vigilance is tested using the
psychomotor vigilance test (PVT) and executive functioning is assessed with
the random number generation (RNG) task. Subjective sleepiness is
assessed using the Karolinska Sleepiness Scale (KSS) and the Tiredness
Symptoms Scale (TSS) and mood using a Visual Analogue Mood Scale
(VAMS). Considering GHB’s clinical efficacy in reducing EDS, we hypothesize
increased post-awakening ACC Glu levels, as observed during the acute
action of the psychostimulants mentioned above (Haris et al, 2014; White
et al, 2018). Furthermore, we expect GHB to increase morning vigilance,
indicated by reduced reaction times and number of lapses in the PVT,
higher performance in the RNG, reduced scores in the KSS and TSS and
improved mood.
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Methods
Permission. The study was approved by the Swissmedic and Cantonal Ethics
Committee of Zurich and registered at ClinicalTrials.gov (NCT02342366). All
participants provided written informed consent according to the
declaration of Helsinki.
Study design. The study followed a placebo-controlled, randomized,
balanced, cross-over design. Each subject attended a polysomnographic
screening night to exclude sleep related disorders such as sleep apnea,
restless leg syndrome, sleep onset REM and insufficient sleep efficiency (<
80%) in the sleep laboratory setting. Two experimental nights were
separated by a washout phase of seven days. Each experimental night was
anteceded by an adaptation night to habituate subjects to the laboratory
environment.

Figure 1: Study design of the experimental night. Sleep period (23:00-7:00), time point
of drug administration (2:30), KSS and TSS assessment (7:15), MRS scan (9:00) and PVT
and RNG testing (10:00) are indicated.

Participants. Sixteen healthy, male volunteers (mean age 25.8±2.3 years)
participated in the study. Following criteria were required for inclusion: (i.)
male sex in order to avoid the potential impact of menstrual cycle, (ii.) age
within the range of 18 to 40 years, (iii.) absence of any somatic or
psychiatric disorders, (iv.) no first-degree relatives with a history of
psychiatric disorders, (v.) non-smoking given the effects of nicotine on EEG
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signals (Franken et al, 2010), (vi.) without a history of drug abuse (lifetime
use > 5 occasions, with exception of occasional cannabis use), (vii.) no metal
parts in the body (for MR-safety reasons; e.g. prosthesis, metal implants,
tattoos). None of the participants reported previous experiences with GHB
in their life. Participants had to restrain from illegal drugs for two weeks and
from caffeine for one week prior to the first and until the second
experimental night. No alcohol was allowed 24 h before each experimental
night. Participants were instructed to keep a regular sleep-wake rhythm
with a bedtime of eight hours from 23:00 to 07:00 o’clock for one week
prior to the first experimental night and in the week between the two
experimental nights. To ensure adherence to this regular sleep-wake
pattern, participants were instructed to wear an actimeter on the nondominant arm and to keep a sleep- wake diary. All participants were
monetary compensated for the completion of the study.
Drug administration. The study subjects sleeping in the sleep laboratory
where awoken at 2:30 am to receive 50 mg/kg of GHB (Xyrem®; Cantonal
pharmacy, Zurich, Switzerland) or placebo dissolved in 2 dl of orange juice
or placebo, matched in appearance and taste. The administered dose
represents the maximal therapeutic starting dose in narcolepsy. After
GHB/placebo intake subjects were allowed to immediately return to sleep.
Vigilance and executive functions. Vigilance was assessed applying a 10
minutes version of the psychomotor vigilance task (PVT) (Dorrian et al,
2005) at 10 am. Thereby, median reaction time (RT), number of lapses
(trials with RT > 500 ms), 10% and 90% percentile, and interpercentile
differences were calculated. Executive functions were measured using the
Random Number Generation Task (RNG) (Baddeley et al, 1998; Brugger et
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al, 1996) at 10 am. To evaluate the degree of randomness in the generated
digit series redundancy (degree to which subjects chose some response
alternatives over others), RNG-index (frequency of same digit pairs), null
score quotient (NSQ; percentage of possible response pairs that were not
used in the response set) and adjacency (a measure of counting tendency)
where calculated according to previous studies (Gottselig et al, 2006; Towse
and Neil, 1998).
Subjective sleepiness and mood. Subjects completed the Karolinska
Sleepiness Scale (KSS) and the Tiredness Symptoms Scale (TSS) to assess
subjective sleepiness and its physical symptoms (Åkerstedt and Gillberg,
1990). A four-items Visual Analogue Mood Scale was applied to assess
mood, energy, motivation and agitation.
JPRESS-MRS. All MRS sessions were performed at 9:00 am on a Philips
Achieva 3T whole-body MR-unit using a 32-channel head coil (Philips
Medical Systems, Best, The Netherlands) with the d-stream upgrade for
analog to digital conversion. For MRS acquisition the JPRESS sequence
proposed by Schulte (Schulte et al, 2006) was used with slight adjustments.
JPRESS is based on the conventional single-voxel spectroscopy spin-echo
technique PRESS, but by varying the acquisition echo time the J-coupling
evolution can be encoded in a second dimension. 2D-spectroscopy
measures the signal both as a function of the chemical shift as well as of the
coupling constant J that is metabolite specific. This method allows the
resolution of overlapping signals and the detection of multiplets such as
GABA, Glutamate and Glutamine. In this study a voxel of 28 mm (L-R) x 16
mm (I-S) x 44 mm (A-P) with a total size of 19.7 cm3 was investigated using
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JPRESS as described in previous studies with a minimal echo time (TE) of 30
ms (Soeiro-de-Souza et al, 2015). TE was incremented in 100 steps of 2 ms
each and for each time increment ΔTE sampling started ΔTE/2 earlier with
respect to the echo-top (Schulte et al, 2006). The repetition time (TR) was
set at 1600 ms and for each TE step two averages were acquired. Non-water
suppressed spectrum was only acquired at every tenth TE to reduce the
total scan time to 5.8 min per segment. The spectral bandwidth was 2000
Hz and the number of points per spectrum was 1024. An automatic second
order B0 shimming routine was used and water suppression was achieved
by VAPOR (Tkáč et al, 1999). ProFit (PRiOr knowledge FITting) was used by
a qualified physicist to quantify metabolites (Fuchs et al, 2014).

Figure 2: Voxel position in the bilateral anterior cingulate cortex on the anatomical
scan (T1) of a representative subject. R, right; L, left; A, anterior; P, posterior

Urine Immunoassay. Urine samples were taken upon arrival in order to
ensure that all participant abstained from illegal drug use (Drug-Screen
Multi 12-AE, Nal von Minden GmbH, Regensburg, DE). Additional urine
samples were collected in the morning following experimental nights to
confirm GHB ingestion. Morning urine samples were analyzed with a cloned
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enzyme donor immunoassay (CEDIA®, Indiko plus, Thermo Fisher Scientific,
San Jose, USA) for GHB with a cut-off concentration of 40 mg/L for GHB.
Statistical analysis. Five independent linear mixed effects models were
employed on R (RStudio Version 1.0.136; RStudio, Inc.) for the analyses of
1) metabolite levels, 2) PVT scores, 3) RNG performance and 4) subjective
sleepiness (KSS and TSS) and 5) mood (R-package ‘lme4’, Version 1.1-15),
with condition (GHB vs. placebo) as within-subject factor and subject as
random effect. P-values of posthoc tests (R-package ‘emmeans’, Version
1.2.1) were corrected for multiple comparison using Benjamini-Hochberg
correction (Hochberg and Benjamini, 1990).

Chapter 4 – Brain metabolism

101

Results
Metabolite levels. Statistical analysis revealed, significantly increased postawakening Glu:cre ratios (p<0.0001) in all investigated subjects (Figure 3) in
the GHB condition compared to plaecebo. By contrast, all other metabolites
remained unaffected by the drug (p>0.05) (Table 1).

Metabolite levels
Placebo
Metabolites

GHB

Mean

SD

Mean

SD

df

BH.p.value

NAA

1.08

0.06

1.09

0.06

496

0.99

total choline

0.17

0.01

0.17

0.01

496

0.99

Glucose

0.19

0.07

0.20

0.08

496

0.99

Glutathione

0.33

0.02

0.33

0.03

496

0.99

Aspartate

0.43

0.07

0.43

0.06

496

0.99

GABA

0.14

0.03

0.14

0.03

496

0.99

Glutamine

0.24

0.04

0.24

0.04

496

0.99

Glutamate

1.20

0.08

1.29

0.09

465

<0.0001 ****

Glycine

0.08

0.01

0.08

0.01

496

0.99

Lactate

0.09

0.02

0.09

0.02

496

0.99

Myoinositol

0.79

0.05

0.80

0.05

496

0.99

NAAG

0.08

0.02

0.08

0.02

496

0.99

Phosphoethanolamine

0.24

0.07

0.24

0.07

496

0.99

tau

0.21

0.04

0.21

0.04

496

0.99

Scylloinositol

0.05

0.01

0.05

0.01

496

0.99

asc

0.35

0.05

0.37

0.06

496

0.93

Table 1. Post-awakening metabolite levels in the anterior cingulate cortex. The table
summarizes mean values, standard deviation (SD), degrees of freedom (df) and pvalues (Benjamini-Hochberg corrected) for the effect of GHB compared to placebo on
metabolite levels in the ACC. NAA, N-acetylaspartate; GABA, gamma-aminobutyric
acid; NAAG, N-acetyl-aspartyl-glutamate; tau, tau protein; asc, ascorbic acid. Asterisks
indicate significant condition effects: p<0.0001 (****)
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Figure 3: Boxplot of post-awakening Glu:Cre ratio are shown. Horizontal lines indicate
median values; boxes extend from the 25th to the 75th percentile; vertical extending
lines denote adjacent values (i.e., the most extreme values within 1.5 interquartile
range of the 25th and 75th percentile); dots denote observations outside the range of
adjacent values. Results of the other metabolites are not shown, given the lack of
significant condition effects. Asterisks indicate significant condition effects: p<0.0001
(****)

PVT and RNG. GHB significantly decreased median reaction times in the
PVT (p<0.05) without affecting the number of lapses, 10%- and 90%percentiles and interpercentile difference (p>0.05) (Fig. 4). Moreover, GHB
did not affect any indices of randomness assessed in the RNG task, which
are redundancy, RNG-index, NSQ and adjacency (p>0.05). Results for the
RNG analysis are summarized in table 2.

Figure 4: Boxplot of median reaction times in the PVT. Horizontal lines indicate median
values; boxes extend from the 25th to the 75th percentile; vertical extending lines
denote adjacent values (i.e., the most extreme values within 1.5 interquartile range of
the 25th and 75th percentile); dots denote observations outside the range of adjacent
values. Results of the 10%- and 90-percentiles and interprecentile difference are not
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shown, given the lack of significant condition effects. Asterisks indicate significant
condition effects: p<0.05 (*)
Random Number Generation
Placebo

GHB

Index

Mean

SD

Mean

SD

df

p.value

Redundancy

0.67

0.36

0.72

0.42

19

0.99

RNG-index

0.39

0.02

0.41

0.03

19

0.99

NSQ

17.50

4.99

20.71

6.88

19

0.26

Adjacency

35.49

6.28

38.02

9.86

19

0.29

Median

297.9

26.04

290.25

25.87

19

0.035

10% quantile

255.13

10.61

253.38

9.21

19

0.59

90 % quantile

362.62

30.55

358.71

27.97

19

0.65

Interquantile difference

107.48

29.11

105.32

24.57

19

0.78

Psychomotor Vigilance Task
Index

Table 2. Random number generation task and psychomotor vigilance task. The table
summarizes mean values, standard deviation (SD), degrees of freedom (df) and pvalues (Benjamini-Hochberg corrected) for the effect of GHB compared to placebo on
random number generation variables; redundancy, RNG-index, null core quotient (NSQ)
and adjacency.

Subjective sleepiness and mood. Statistical analysis of the KSS, TSS and
VAMS did not reveal any significant differences between the GHB and the
placebo condition (p>0.05). Results are summarized in table 3.
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Subjective measures
Placebo

GHB

Measures

Mean

SD

Mean

SD

df

p.value

Karolinska Sleepiness Scale

4.70

1.59

4.63

1.86

278

0.98

Tiredness Symptoms Scale

1.85

2.25

2.00

2.94

278

0.98

Mood

53.80

18.29

54.89

16.62

278

0.98

Energy

49.25

14.28

51.89

16.19

278

0.98

Motivation

39.95

13.53

38.26

16.09

278

0.98

Agitation

38.00

14.51

42.00

13.67

278

0.98

Visual Analogue Mood
Scales

Table 3. Subjective sleepiness and mood. The table summarizes mean values, standard
deviation (SD), degrees of freedom (df) and p-values (Benjamini-Hochberg corrected)
for the effect of GHB compared to placebo on subjective measures of sleepiness (KSS),
physical symptoms of sleepiness (TSS) and assessed items of the Visual Analogue Mood
Scales (VAMS).
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Discussion
The present study provides evidence that a nocturnal dose of GHB
administered to healthy adults may unfold pro-vigilant effects by a
modulation of cerebral Glu levels. More precisely, a nighttime dose (50
mg/kg) of GHB given at 2:30 am, was found to increase post-awakening Glu
levels in the ACC, assessed by JPRESS-MRS and to reduce reaction times in
the PVT. Other metabolite levels, executive functions, mood and subjective
sleepiness remained unaffected by the drug. With that, GHB stands out
with the unique pharmacological ability to intensify nighttime sleep,
promote wakefulness during the day and spare cognitive functions.
GHB has proven clinical efficacy in the treatment of EDS and cataplexy in
narcolepsy type 1 and has recently been shown to likewise reduce EDS in
Parkinson’s disease (Büchele et al, 2018) and fibromyalgia (Swick, 2011).
Thus it was suggested, that GHB not merely induces a sedative state, but
that it promotes functional characteristics of physiological sleep by
enhancing endogenous sleep processes (for review, e.g. Mamelak, 2007).
In narcolepsy, psychostimulants including amphetamine, methylphenidate
and modafinil are frequently administered by day to counter EDS and
cataplexy (Thorpy and Dauvilliers, 2015). By activating the sympathetic
nervous system, these drugs reduce subjective sleepiness, increase
vigilance but unfortunately, also deteriorate nighttime sleep by triggering
the ascending reticular activating system. On a neurochemical level,
amphetamine and methamphetamine primarily act on monoaminergic
neurons, increasing the levels of dopamine and noradrenaline in the
synaptic cleft, therewith depolarizing post-synapses (Howell and Kimmel,
2008; Sulzer et al, 2005). Indeed, MRS studies found amphetamine and
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methamphetamine to increase the major excitatory neurotransmitter Glu
in the ACC (White et al, 2018). Moreover, a PET study found increased
energy metabolism in the ACC under the acute influence of amphetamine
(Vollenweider et al, 1998), suggesting a tight relationship between Glu
levels and metabolic activity. Interestingly, increased Glu levels were found
to correlate with the stimulant’s subjective effect (White et al, 2018),
proposing that an increased excitatory tone in the ACC might mediated
some aspects of the stimulant effect. In microdialysis and MRS studies,
modafinil, a non-amphetaminergic psychostimulant, was likewise shown to
enhance Glu levels in the rat brain (Ferraro et al, 1998; Haris et al, 2014),
suggesting increased Glu levels to be a shared neurochemical mechanism
of psychostimulant action. Intriguingly, as well found increased Glu levels
in the morning after a nighttime dose of GHB. By contrast, this effect is
unlikely to result from an acute pharmacological modulation of Glu release
by GHB, considering GHB’s short half life (30-50 min) (Liechti et al, 2016)
and the time point, MRS spectra were acquired (6.5 hours post
administration). Thus, the increase of post-awakening ACC Glu levels is
suggested to reflect a post-acute effect of the drug.
GHB acts as a high affinity agonist at its putative GHB receptor and as a
weak partial agonist at the GABAB receptor (Benavides et al, 1982; Maitre
et al, 1983; Snead and Liu, 1984). While most of its physiological actions (at
endogenous levels) are mediated by the activation of GHB receptors,
pharmacological effects occurring at supraphysiological levels (e.g.
following exogenous administration) are mediated by an activation of
GABAB receptors (Kaupmann et al, 2003). GABAB receptors are expressed
both on pre- and post-synapses (Bettler et al, 2004). Pre-synaptic GABAB
receptors inhibit Ca2+ influx and, thus the release of several
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neurotransmitters, whereas post-synaptic GABAB receptors hyperpolarize
the membrane by triggering the opening of K+ channels and the efflux of K+
ions (Bettler et al, 2004). Many of the neurotransmitters controlled by presynaptic GABAB display wake-promoting properties, including histamine
(Okakura-Mochizuki et al, 1996), noradrenaline (Szabo et al, 2004),
hypocretin (Kilduff et al, 2007), dopamine (Howard and Banerjee, 2002) and
glutamate (Ferraro et al, 2001, Crunelli and Leresche, 2002). The acute
suppression of these neurotransmitters not only reflects in the sedative
properties of GHB, but also in it’s ability to promote slow-oscillatory
electroencephalographic (EEG) activity, resembling that occurring during
deep non-rapid eye movement (NREM) sleep. Slow-oscillatory activity
requires the hyperpolarization of cortical neurons and indeed, GHB was
found to move thalamo-cortical neurons into a voltage range (-65 to -75
mV) at which the rhythmic pacemaker oscillations of the cell membrane
exhibits a frequency of 0.5 to 4.0 Hz (Crunelli and Leresche, 2002; Williams
et al., 1995). In the present study we found a significant increase of slowoscillatory activity (0.5-8 Hz) occurring throughout the night, whereas this
effect was most prominent in the frontal brain, and especially in the ACC
(Dornbierer et al, submitted). Moreover, in a previous study investigating
the acute effects of GHB on the waking EEG in healthy adults, we found
increased resting state alpha power in the ACC, which is indicative for
drowsiness (Von Rotz et al, 2017) and reduced performance monitoring,
reflecting a reduced reactivity of the ACC to committed errors in speeded
two-choice reaction task (Holroyd et al, 2002; Dornbierer et al, submitted).
Thus, it seems likely, that GHB hyperpolarizes the ACC during its acute
phase, by inhibiting the release of excitatory neurotransmitters, such as
Glu. This assumption stresses the question, how an acute Glu suppression
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could lead to elevated post-awakening Glu levels found in the present
study.
A similar paradoxical effect on neurotransmitter levels has been reported
by previous work, investigating the effects of GHB on the dopaminergic
system (Hechler et al, 1991, Chéramy et al, 1977; Redgrave et al, 1982). An
initial inhibition of dopamine release by GHB was found to be followed by
a rebound, suggesting that the initial inhibition could lead to an
accumulation of dopamine and thus an increased release when the acute
drug effect fades away (Hechler et al, 1991). A similar mechanism was
proposed by Mamelak in regard to GHB’s effects on the noradrenergic
system (Mamelak, 2007). According to that, nocturnal GHB administration
suppresses noradrenaline release (Szabo et al, 2004), leading to its
accumulation and a rebound during daytime. Although this hypothesis has
not been proven yet, it provides a neurochemical explanation for some
aspects of GHB’s clinical efficacy. More specifically, GHB is well known to
induce cataplexies and sleep onset rapid-eye movement episodes
(SOREMS) during the night (Broughton and Mamelak, 1979; Lapierre et al,
1990; Vienne et al, 2010), most likely resulting from a reduced
noradrenergic tone during the acute drug action. By contrast, during the
day GHB efficiently prevents cataplexies and hypnagogia, both symptoms
associated with a noradrenergic insufficiency (Burgess and Scammell,
2012), indicating an increased noradrenergic tone in the post-acute phase
of drug action. Moreover, a single dose of GHB given at bedtime increases
sleep intensity during the first half of the night, but rather increases
wakefulness during the second half of the night when drug effects cease
(Van Cauter et al, 1997). Thus, converging evidence supports the view of a
bi-phasic effect of GHB on sleep-wake regulation.
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Thus, we propose that the post-acute increase of morning Glu levels found
in our study, may be the product of a similar bi-phasic effect on Glu
signaling, as it was suggested for dopamine (Hechler et al, 1991, Chéramy
et al, 1977; Redgrave et al, 1982) and noradrenaline (Mamelak, 2017). In
more detail, we hypothesize that GHB reduces the release of Glu during its
acute action, leading to an accumulation of Glu and a rebound when GHB’s
inhibiting effects fade away. This bi-phasic mode of action may not be
limited to neurons, but is likely to involve as well glia (Gould et al, 2014b),
as it was shown in mice and rats, that a prolonged exposure of brain slices
to GHB or baclofen (a selective GABAB receptor agonist) reduces astrocytic
Glu release via an activation of both, GABAB and GHB receptors (Gould et
al, 2014a).
In the present study, GHB increased post-awakening psychomotor
vigilance, indicated by faster reaction times in the PVT. This finding is in line
with previous work, where GHB was shown to counter the effects of sleep
restriction on PVT performance (Walsh et al, 2010). Intriguingly, the ACC
displays crucial functions in the regulation of motor behavior (Devinsky et
al, 1995). Thus, increasing ACC Glu levels may contribute to the faster
reaction found here. Moreover, the ACC plays a critical role in cognitive
control (Devinsky et al, 1995) but interestingly, RNG performance remained
unaffected by the drug, either indicating a subordinated role of the ACC in
the generation of random numbers, or a ceiling effect, given the young age
and the high baseline performance of the investigated subjects. The ACC
was also shown to be a core neural hub in the regulation of emotion, and
accordingly, a glutamatergic dysregulation in the ACC was found in several
neuropsychiatric pathologies (Yksel and Öngür, 2010). In major depressive
disorder (MDD), there is evidence pointing towards reduced Glu levels in
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the ACC (Godfrey et al, 2018) and consistently, ketamine, a NMDA-receptor
antagonist with rapid-acting antidepressant properties, enhances ACC Glu
levels (Rowland et al, 2005). Thus, future studies will have to address GHB’s
efficacy not only in consolidating disrupted sleep and promote daytime
wakefulness, but also in relieving depressed mood in neuropsychiatric
patients.
This study bears a number of limitations. First, the study sample consisted
of young and healthy volunteers. Further studies in elderly and
neuropsychiatric patients suffering from daytime sleepiness are required.
Several neurotransmitter systems promote wakefulness, including
histamine, hypocretine, noradrenaline, dopamine, but to date none of
these can be assessed non-invasively by MRS. Thus, it remains unclear how
these neurotransmitters contribute to GHB’s clinical efficacy. Lastly, to
verify the assumption of a bi-phasic Glu modulation, GHB’s acute effects on
Glu levels should be assessed during sleep.

Conclusion
A nighttime dose of GHB was found to increase post-awakening Glu levels
in the ACC and reduce reaction times of healthy volunteers, without
affecting other metabolites, subjective sleepiness, mood and cognitive
function. On this basis, GHB is proposed to suppress Glu release during its
acute action at night, causing a Glu accumulation and a rebound when drug
effects fade away. Thus, GHB’s ability to consolidate sleep and promote
daytime performance should be further investigated in a neuropsychiatric
population.
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Abstract
Performance and conflict monitoring (PM and CM) represent two essential
cognitive abilities, required to respond appropriately to demanding tasks.
PM and CM can be investigated using event-related brain potentials (ERP)
and associated neural oscillations. Namely, the error-related negativity
(ERN) represents a correlate of PM, whereas the N2 component reflects the
process of CM. Both ERPs originate in the anterior cingulate cortex (ACC)
and PM specifically has been shown to be susceptible to gammaaminobutyric acid (GABA) A receptor activation. Contrarily, the specific
effects of GABAB receptor (GABABR) stimulation on PM and CM are
unknown. Thus, the effects of gamma-hydroxybutyrate (GHB; 20 and 35
mg/kg),

a

predominant

GABABR

agonist,

on

behavioral

and

electrophysiological correlates of PM and CM were here assessed in 15
healthy male volunteers, using the Eriksen-Flanker paradigm in a
randomized,

double-blind,

placebo-controlled,

cross-over

study.

Electroencephalographic (EEG) data were analyzed in the time and timefrequency domains. GHB prolonged reaction times, without affecting error
rates or post-error slowing. Moreover, GHB decreased ERN amplitudes and
associated neural oscillations in the theta/alpha1 range. Similarly, neural
oscillations associated with the N2 were reduced in the theta/alpha1 range,
while N2 amplitude was conversely increased. Hence, GHB shows a
dissociating effect on electrophysiological correlates of PM and CM.
Reduced ERN likely derives from a GABABR-mediated increase in
dopaminergic signaling, disrupting the generation of prediction errors,
whereas an enhanced N2 suggests an increased susceptibility towards
external stimuli. Conclusively, GHB is the first drug reported, thus far, to
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have opposite effects on PM and CM, underlined by its unique
electrophysiological signature.

116

Chapter 5 – Performance Monitoring

Introduction
Performance and conflict monitoring (PM and CM, respectively) represent
two vital cognitive processes, required to appropriately interact with a
continuously changing and demanding environment. On the one hand, PM
is engaged in evaluating the accordance between an ongoing action and its
original intent. Thus, erroneous actions can be readily detected and
behavior can be adjusted in order to improve performance in response to
future events (Devinsky et al, 1995). PM is typically investigated in terms of
the error-related negativity (ERN), an event-related potential (ERP) elicited
in the electroencephalogram (EEG), when subjects commit errors in
speeded two-choice tasks (Falkenstein et al, 2000; Gehring et al, 1995).
More precisely, the ERN originates from a phase-resetting of frontomedial
delta and theta oscillations and, accordingly, these oscillations were also
found to be increased after error commission (Luu et al, 2004; Yordanova
et al, 2004; Munneke et al, 2015).
On the other hand, CM serves in the evaluation of conflicting response
alternatives, enabling a dynamic recruitment of top-down neural resources
that are needed to choose the most appropriate response (Yeung et al,
2004). CM can be assessed by means of the stimulus-locked N2 ERP and
associated frontal theta oscillations. Specifically, the amplitude of the N2 is
thought to reflect the conflict load arising from simultaneously active
response tendencies, as its amplitude was repeatedly found to increase
proportionally with the strength of the conflict (Yeung et al, 2004; Cavanagh
et al, 2009).
Both the ERN and the N2 reflect similar processes of a complex neural
control system, with the anterior cingulate cortex (ACC) representing its
core neural generator. The ACC is influenced by the striatal dopaminergic
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reward system and implements behavioral adjustments during PM and CM
in conjunction with the dorsolateral prefrontal cortex (DLPFC) (Botvinick et
al, 2001; Van Veen & Carter 2002; Holroyd et al, 2004; MacDonald 2000).
Importantly, the mesencephalic dopamine system (MCDS) plays a critical
role in the activation of the ACC during error commission and response
conflict. As proposed by the reinforcement learning theory, a “prediction
error” is generated, when outcomes are worse than expected. This
prediction error signal is then transmitted to the ACC via a phasic dip in the
tonic activity of the MCDS, disinhibiting the ACC and thereby enabling
behavioral adjustment (Holroyd et al, 2002; Schultz et al, 1997). Based on
this notion of dopaminergic involvement in the generation of the ERN,
many pharmacological studies have investigated the effects of drugs on PM
and CM. Interestingly, while the ERN shows a high susceptibility to a wide
range of pharmacological manipulations, the N2 seems to be more resistant
to such interventions (Spronk et al, 2011, 2014). ERN amplitudes were
found to be enhanced in subjects treated with the indirect dopamine
agonist d-amphetamine, but N2 amplitudes remained unaffected (De Bruijn
et al, 2004). In contrast, administration of antipsychotics such as
haloperidol and olanzapine – both antagonists at dopaminergic receptors –
reduced ERN amplitude, but again without affecting N2 magnitude (De
Bruijn et al, 2006). Additionally, the involvement of gamma-aminobutyric
acid-A receptors (GABAAR) in the process of PM has been demonstrated
repeatedly, as indicated by reduced ERN amplitudes after treatment with
positive GABAAR modulatory benzodiazepines or the full GABAAR agonist
muscimol (Riba et al, 2005; De Bruijn et al, 2004; Shima 1998). Likewise,
ethanol, with its modulatory effects on GABAAergic transmission, shows a
blunting effect on the ERN (Spronk et al, 2014; Ridderinkhof et al, 2002).
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However, despite their effects on the ERN, neither benzodiazepines nor
ethanol significantly affect N2 magnitude (De Bruijn et al, 2004; Riba et al,
2005; Riba et al, 2005).
To our knowledge, no data are available that elucidate a role for GABABergic
transmission in the processes of PM and CM. Therefore, we investigated
the effects of gamma-hydroxybutyrate (GHB), an endogenous short-chain
fatty acid, on the behavioral and electrophysiological correlates of PM and
CM in healthy volunteers. GHB has an agonistic action at GABAB and GHB
receptors and its subjective and behavioral effects were shown to be
predominantly mediated by GABABR (Nissbrandt & Engberg 1996; Carter et
al. 2009). Given the similarity between GHB and GABAAergic drugs, we
expected comparable effects on PM and CM to those reported for ethanol
and benzodiazepines. Consequently, we hypothesized a blunting effect of
GHB on PM indicated by reduced ERN amplitudes and a decreased spectral
power in associated neural oscillations in the theta range. Given the
repeatedly reported insusceptibility of the N2 to pharmacological
manipulations, we expected no effects on CM, indicated by unaffected N2
amplitudes and spectral power in associated neural theta oscillations. As
GHB has been reported to have both stimulant and sedative effects
(Abanades et al, 2006; Bosch et al, 2018), no specific drug effects on
behavioral outcomes were expected. Besides the relevance of this study for
increased understanding of the role of GABABR in the processes of PM and
CM, it is also of clinical relevance, as GHB has become a repurposing
candidate for the treatment of major depressive disorder (Bosch et al,
2012), Parkinson’s (Ondo et al, 2008) and Alzheimer’s disease (Mamelak,
2007a), which in turn have all been shown to be associated with altered PM
and CM processes (Ullsperger, 2006).
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Methods
Permission. The study was approved by Swissmedic and Cantonal Ethics
Committee of Zurich and registered at ClinicalTrials.gov (NCT02342366).
According to the declaration of Helsinki all participants provided written
informed consent.
Study design. The study followed a placebo-controlled, randomized,
balanced, cross-over design. Each subject attended a screening, two
experimental days and a follow-up session, wherein experimental days
were separated by a washout phase of seven days.
Participants. Twenty healthy, male volunteers (mean age 25.8±5.1 years)
participated in the study. The following criteria were required for inclusion:
(i.) male sex in order to avoid the potential impact of menstrual cycle, (ii.)
age within the range of 18 to 40 years, (iii.) absence of any somatic or
psychiatric disorders, (iv.) no first-degree relatives with a history of
psychiatric disorders, (v.) non-smoking, given the effects of nicotine on EEG
signals (Franken et al, 2010), (vi.) without a history of drug abuse (lifetime
use > 5 occasions, with exception of occasional cannabis use). None of the
participants reported previous experiences with GHB in their life.
Participants were instructed to abstain from ethanol 24 hours before the
session and were asked to neither have breakfast nor drink caffeinated
beverages in the morning of an experimental session, as bioavailability of
GHB is markedly reduced when taken together with food (Borgen et al,
2004). Urine samples were collected on the two experimental days in order
to ensure that all participants abstained from illegal substance use. All
participants were instructed about potential risks concerning the
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administered substance and were monetarily compensated for the
completion of the study. We previously reported effects of GHB on resting
state EEG, pharmacokinetics, social cognition and mood in the same study
sample (Von Rotz et al, 2017.; Liechti et al, 2016; Bosch et al, 2015).
Drug administration. Each subject received either 20 mg/kg (N=10) or 35
mg/kg (N=10) of GHB (Xyrem®) dissolved in 3dl of orange juice and a
placebo, matched in appearance and taste. The doses used were safe and
tolerable and can be regarded as intermediate in intensity, characterized
by significant subjective and cognitive effects. Undesired side effects such
as vomiting or narcosis are unlikely to occur in this dosage range (Palatini
et al, 1993; Abanades et al, 2006).
Eriksen-Flanker task. In a modified version of the Eriksen-Flanker task
(Eriksen 1974) subjects were required to respond as fast and accurately as
possible according to the direction pointed by a centrally presented arrow
with either the index finger of the left hand (←) or the right hand (→),
respectively. Two additional arrows flanking the target arrow on the left as
well as the right side either favored the target response (congruent trials,
←←←←← or →→→→→) or primed the other response (incongruent
trials, ←←→←← or →→←→→). The stimuli were presented on a black
background for 650 ms. In order to assure a constant error rate throughout
participants and to ensure a sufficient number of incorrect responses, the
difficulty level during the task was programmed in a dynamic way. In the
case of an error commission, presentation time was prolonged by 15 ms for
the subsequent trial; in the case of a correct response, presentation time
was shortened by 30 ms. Furthermore, visual feedback about the
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correctness of the response was given 3000 ms after the response,
indicated by smiling (J) or sad faces (L), or by a question mark (?) if a
response was too slow. The task consisted of 240 trials (120 congruent, 120
incongruent) and each of the four stimuli were presented in a randomized
order. The task was performed between 70-90 min after GHB/placebo
administration, which is shortly after peak drug effects (Abanades et al,
2006; Liechti et al, 2016).
Blood samples. To determine the plasma kinetics of GHB postadministration, blood was withdrawn at minutes t-20, t35, t60, t100, t140, and
t200 with the help of a permanent peripheral venous catheter. GHB was
quantified in the plasma by liquid chromatography-mass spectrometry,
according to the procedure of Meyer and colleagues (2011). As blood
sampling was not feasible during the task execution, plasma values for the
task time point (t70-t90) were estimated by averaging the plasma values at
t60 and t100 (figure 1).
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Fig. 1 Mean and standard error of mean GHB plasma values in nmol/mL for all three
dosage levels. Paired t-tests used for comparison of GHB with placebo condition: * p <
.05, ** p < .01, *** p < .001. All p-values are corrected for multiple comparisons by
Holm’s sequential rejective procedure. Time point of EEG acquisition is depicted in green.

Subjective measurement. Subjective drug effects were monitored with a 4dimensional Visual Analog Scale (VAS). Therein, the dimensions “general
drug effect”, “sedation”, “stimulation” and “dizziness” were assessed on a
scale ranging from zero (“no effect”) to ten (“strong effect”). The VAS was
applied at time points t–15, t40, t60, t100, t120; and t180 minutes.
EEG data acquisition. A BioSemi ActiveTwo electrode system (BioSemi,
Netherlands) including 64 scalp electrodes was used for EEG recording.
Additional electrooculographic electrodes were placed superior and lateral
to the eyes in order to detect horizontal and vertical eye movements. EEG
signals were sampled at a rate of 2048 Hz.
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EEG data preprocessing EEG data preprocessing was performed using the
Brain Vision Analyzer 2 software (Brain Products GmBH). First, channels
with bad data quality were interpolated using spherical splines (Perrin,
Pernier, Bertrand, and Echallier 1989). Second, the EEG data were rereferenced to the average of all scalp electrodes. Third, EEG data were
bandpass-filtered from 0.5-40 Hz in order to attenuate channel drifts and
to satisfy the stationarity assumption necessary for computing independent
component analysis (ICA) (Onton and Makeig 2006). Fourth, an Ocular
Correction ICA was applied to remove eye blinks as well as vertical and
horizontal eye movements (Bell and Sejnowski 1995; Lee and Seung 1999).
ERN, Correct-related negativity (CRN), N2. Response-locked ERP segments
were generated based on the marker position of incorrect response (ERN)
and correct responses (CRN) (-1500 ms to 1500 ms). Moreover, stimuluslocked ERP segments were generated based on the marker position for
congruent trials and for incongruent trials (-1500 ms to 1500 ms). The
analysis was restricted to N2s preceding correct trials, wherein congruent
(N2-con) and incongruent trials (N2-inc) were differentiated. Artifactcontaining segments (maximal allowed amplitude difference: +/-100 µV,
maximal allowed voltage step: 50 µV/ms, Lowest allowed activity: 0.5 µV)
were automatically rejected from the data set. The remaining single trials
were averaged within subjects (Avg_ERN, Avg_CRN, Avg_N2-con, Avg_N2inc). Furthermore, to ensure interpretable ERPs, only subjects with at least
24 clean segments were included in the analysis. Therefore, one subject had
to be excluded due to low data quality and 4 subjects due to a low number
of incorrect trials (<24). Fifteen subjects thus entered the final analysis (low
dose N=6, high dose N=9).
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ERN and CRN amplitudes were quantified by subtracting the most negative
peak between 0 to 150 ms post-response from the most positive peak -150
to 0 ms pre-response at electrode FCz, where ERN/CRN amplitudes were
largest. For the N2 component, amplitudes were quantified by subtracting
the most negative peak between 200 to 350 ms post-stimulus from the
most positive peak 0-200 ms post-stimulus at the FCz electrode, where N2
amplitudes were largest.
Time-frequency analysis. To assess the time-frequency of neural
oscillations, a continuous Morlet Complex Wavelet Transformation was
applied to the 3s segments (segment window: -1500 to 1500 ms around
stimuli (N2-con/N2-inc) or response (ERN/CRN)) at the FCz electrode.
Spectral power was calculated between 1-12 Hz (Delta (1-4 Hz), Theta (5-7
Hz), Alpha1 (8-10), Alpha2 (11-12 Hz)) using a Morlet parameter of 5.5 and
Gabor-normalized instantaneous amplitudes. Single trial values were
averaged within subjects and condition. Peak spectral values for each
frequency band during a +/-100 ms time-window around the ERN/CRN or
N2 peaks were exported for further analysis. Furthermore, the extent of
normalized phase variability across trials for each condition was quantified
by the phase-locking value (Lachaux et al, 1999). This results in values
ranging from 0 (randomized phases across trials) to 1 (consistent phase
across trial).
Prestimulus activity. To determine pre-stimuli frequency power, a
continuous Morlet Complex Wavelet Transformation was applied to a 0.8 s
epoch prior to stimulus presentation (segment window: -600 to 200 ms
before stimulus presentation) at the FCz electrode. Spectral power was
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calculated between 1-12 Hz, using a Morlet parameter of 5.5 and Gabornormalized instantaneous amplitudes. Single trial wavelets were averaged
within subjects and peak spectral wavelet values for each frequency band 600 to -200 ms prior to stimulus presentation were exported for further
analysis.
Statistical analysis. All analysis was conducted using RStudio Version
1.0.136 (RStudio, Inc.). Individual averages for 1) reaction time, 2) error
rates, 3) post error slowing, 4) ERN/CRN amplitude, 5) N2 amplitudes, 6)
spectral power and 7) Phase-locking factor (PLF) were entered in a Linear
Mixed Effects Model (LME). Thus, possible factors were condition (GHB vs.
Placebo), GHB_plasma (GHB plasma concentration), and furthermore
correctness for PM analysis and congruency for CM analysis.
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Results
Behavioral data. Statistical analysis of behavioral data (F.2A-C) revealed a
significant main effect of GHB_plasma (p<0.01) and congruency (p<0.001)
on reaction times. Moreover, post-hoc testing revealed that GHB prolonged
reaction times only for congruent (p<0.05) and not for incongruent trials
(p>0.05). Neither error rates (p>0.05) nor post-error slowing (p>0.05) were
affected by the drug.

Fig. 2 Means and standard error of means of behavioral parameter. (A) represents
reaction times, depicted for congruent (con) and incongruent (inc) trials, (B) post-error
slowing and (C) error rates. * represents significant GHB_plasma effect: * p < .05, ** p <
.01, *** p < .001. # represents significant congruency effect: # p < .05, ## p < .01, ### p <
.001.

Response-locked potentials. Statistical analysis of response-locked
potentials (F.3A-C) revealed a significant decreasing effect of GHB_plasma
(p<0.05) on ERN (p<0.01) and CRN (p<0.05) amplitudes. Post-hoc testing
revealed a decreasing effect of GHB_plasma on CRN (p<0.05) and ERN
(p<0.01) amplitudes. Furthermore, there was a significant correctness
effect (p<0.001), indicated by higher amplitude for incorrect compared to
correct trials.
Response-locked oscillations. Statistical analysis of response-locked
spectral power values (F.3F) revealed a significant main GHB_plasma
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(p<0.05) and correctness (p<0.001) effect on response-locked spectral
power. Post-hoc testing revealed a significant correctness effect on all
investigated frequency ranges (delta (p<0.001), theta (p<0.001), alpha1
(p<0.001), alpha2 (p<0.001)). Furthermore, we found a significant
GHB_plasma effect on theta (p<0.05) and alpha1 (p<0.05) power for
incorrect trials, and a trend-level decrease for correct trials in the alpha1
range (p=0.09891).

Fig. 3 (A) CRN and (B) ERN with topographical maps thereof, depicted for the placebo (black) and GHB (red) condition. (C) Means and
standard error of means of CRN and ERN amplitudes. (D) Correct and (E) incorrect response-locked spectral analysis for the placebo
(PLA) and the GHB (GHB) condition. (F) Means and standard error of means of correct and incorrect response-locked spectral powers
for delta, theta, alpha1 and alpha2 range. * represents significant GHB_plasma effect: . p< 0.1, * p < .05, ** p < .01, *** p < .001. #
represents significant correctness effect: # p < .05, ## p < .01, ### p < .001.
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Stimulus-locked

potentials.
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Statistical

analysis

of

stimulus-locked

potentials (F.4A-C) revealed a significant GHB_plasma effect (p<0.01) and
no congruency effect on N2 amplitudes (p>0.05). Furthermore, we found a
significant increasing effect of GHB_plasma on N2-inc amplitudes (p<0.05),
whereas, N2-con amplitudes were increased on a trend level (p=0.07043).
Stimulus-locked oscillations. Statistical analysis of spectral power values
(F.4D-F) revealed a significant main GHB-plasma (p<0.05) and congruency
(p<0.05) effect on stimulus-locked spectral power. For grouped congruent
and incongruent trials, post-hoc testing revealed a significant increasing
effect of GHB_plasma on delta power for congruent trials (p<0.05) and a
significant decreasing effect on the alpha1 (p<0.05) power. Theta power
was decreased on a trend level (p=0.08793). Moreover, there was a
significant congruency effect on theta power (p<0.05).

Fig. 4 (A) N2-con and (B) N2-inc with topographical maps thereof, depicted for the placebo (black) and GHB (red) condition. (C) Means
and standard error of means of N2-con and N2-inc amplitudes. (D) Congruent and (E) incongruent stimulus-locked spectra for the placebo
and the GHB condition. (F) Means and standard error of means of congruent and incongruent stimulus-locked spectral powers for the
delta, theta, alpha1 and alpha2 range. * represents significant GHB_plasma effect: . p< 0.1, * p < .05, ** p < .01, *** p < .001. # represents
significant congruency effect: # p < .05, ## p < .01, ### p < .001.
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Response-locked Phase-locking. Statistical analysis revealed a main
GHB_plasma (p<0.05), but no correctness (p>0.05) effect on PLF (F.5A).
Post-hoc testing revealed a significant decreasing effect of GHB_plasma on
PLF in the delta (p<0.001) and alpha2 (p<0.05) frequency ranges, but only
for incorrect trials.
Stimulus-locked Phase-locking Statistical analysis revealed a main
GHB_plasma (p<0.05), but no congruency (p>0.05) effect on PLF (F.5B).
Post-hoc testing revealed a significant increasing effect of GHB_plasma on
PLF in the delta range (p<0.05) for incongruent trials and a decreasing effect
on the alpha2 range (p<0.05) for incongruent trials.

Fig. 5 Means and standard error of means of (A) response-locked trials, depicted for correct (corr) and incorrect (incorr) and (B) stimulus-locked trials, depicted
for congruent (con) and incongruent (inc) trials. PLFs are shown separately for the delta, theta, alpha1 and alpha2 range. * represents significant a
GHB_plasma effect: * p < .05, ** p < .01, *** p < .001.
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Pre-Stimulus activity. Statistical analysis of pre-stimulus time-frequency
analysis (F.6A-C) revealed a significant main GHB_plasma effect on spectral
power values. Post-hoc testing revealed a significant increasing effect of
GHB_plasma on all frequencies (delta (p<0.001), theta (p<0.001), alpha1
(p<0.01) and alpha2 (p<0.01)).

Fig. 6 Time-frequency analysis of the prestimulus activity depicted for the placebo (A)
and GHB condition (B). (C) Means and standard error of means of prestimulus spectral
powers for the delta, theta, alpha1 and alpha2 range. * represents a significant
GHB_plasma effect: * p < .05, ** p < .01, *** p < .001.
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Discussion
The current study revealed a significant effect of the GABABR agonist GHB
on the neurophysiological correlates of PM and CM. GHB decreased the
ERN and associated frontomedial oscillations in the theta/alpha1 range.
Similarly, GHB reduced neural oscillations in the theta/alpha1 range
associated with the N2 component, but intriguingly increased the N2
amplitude itself. Behavioral analysis revealed prolonged reaction times and
unaffected error rates or post-error slowing under GHB. These effects were
accompanied by mixed subjective effects of sedation, stimulation and
euphoria as published previously (Bosch et al, 2015).
Our data suggest a disrupting effect of GHB on PM as reflected by the
reduced ERN magnitude. As reported in previous studies, the ERN
component most likely derives from an amplitude increase and a phaseresetting of ongoing delta and theta oscillation after error commission
(Trujillo & Allen 2007; Yordanova et al, 2004). Consistently, GHB also
reduced spectral power in the theta/alpha1 range, as well as phase-locking
in the delta range during error commission. As the blunting effect of GHB
on these processes was more pronounced for incorrect then correct
responses, it seems likely that GHB particularly impairs the ability to detect
the commission of errors and not PM in general. Furthermore, we found
enhanced spectral power over all examined frequencies (1-12 Hz) after
error commission, compared to correct trials. These findings further
underpin the sensitivity of these frontomedial neural oscillators to
erroneous responses (Yordanova et al, 2004). Interestingly, we found no
differences in phase-locking between correct and incorrect responses,
suggesting that the power of these oscillations is more decisive for error
detection than phase-resetting, at least in the data at hand. Based on these
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findings we conclude that GHB disrupts PM by diminishing the ability to
elevate phasic neural oscillations in response to an error, characterized by
decreased power in the theta/alpha1 range and a reduced phase-locking of
delta oscillations. These oscillatory effects most likely underlie the GHBinduced reduction in the ERN, as previous studies have revealed a close
relationship between those oscillations and the ERN (Trujillo & Allen 2007;
Yordanova et al, 2004). Several studies found the ACC to be the core neural
structure involved in the generation of these neural rhythms (e.g., Gehring
& Willoughby 2004). As assumed by the reinforcement learning theory,
error commission produces a neural encoded error signal, which is
transmitted to the ACC via a phasic decline in the tonic activity of
mesencephalic dopaminergic neurons (Holroyd et al, 2002). Importantly,
GHB has been shown repeatedly to substantially affect both the ACC and
dopaminergic transmission (e.g. Bosch et al, 2017; Cruz et al, 2004). Indeed,
GHB induced a tonic power increase in pre-stimulus frontomedial
oscillations over all examined frequencies (1-12 Hz) in the present study.
Moreover, in an independent study we found increased resting-state
regional cerebral blood flow in the ACC under GHB (Bosch et al, 2017). We
thus argue, that a tonic increase in ACC oscillatory activity could desensitize
the ACC towards phasic events, such as error commission. Alternatively,
GHB may not disrupt PM due to its effects on the ACC, but via its effects on
the transmission of prediction errors by the MCDS. This view appears
especially plausible, given GHB’s notable downstream effect on the
dopaminergic system. It is not yet clear, whether GHB enhances (Cruz et al,
2004) or decreases (Brancucci et al, 2004) dopaminergic output in terminal
regions, but converging evidence indicates a dose-dependent, bidirectional modulation of mesolimbic dopamine release, with lower doses
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having a disinhibiting effect on dopaminergic neurons in the ventral
tegmental area (VTA) and higher doses directly inhibiting dopaminergic
neurons (Labouèbe et al, 2007). Considering the euphorogenic and
stimulating effects of GHB observed in our subjects, it seems likely that the
dose range used can be considered low enough to disinhibit dopaminergic
transmission rather than inhibiting it. Consequently, we suggest that the
resulting increase in tonic mesencephalic dopaminergic transmission could
counter the ability to decrease dopaminergic signaling in response to
errors, leading to a deteriorated generation of prediction errors and thus a
reduced disinhibition of the ACC.
In summary, our results of disrupted PM under GHB complement the
findings of previous studies on the inhibiting effect of GABAAR agonists,
such as benzodiazepines and ethanol, on the ERN (De Bruijn et al, 2004;
Holroyd & Yeung 2003; Riba et al, 2005; Ridderinkhof et al, 2002),
demonstrating that GABABR agonism also has a suppressing effect on ERNgenerating networks, despite its stimulant effects.
We further explored the impact of GHB on neurophysiological correlates of
CM. Against expectations, N2 amplitudes were found to be significantly
higher in the GHB condition compared to the placebo condition, indicating
enhanced conflict detection under GHB. Interestingly, GHB also reduced –
but to a lesser extent –spectral power in the theta/alpha1 range, similarly
to the reduction observed for PM, implying an equally inhibiting effect of
GABABR agonism on frontomedial oscillations, both during error
commission and response conflict. This diverging effect on the N2 and
associated spectral power might indicate that the N2 does not equally
interrelate with frontomedial neural oscillation in the theta/alpha1 band,
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contrary to observations for the ERN.
Moreover, we found no significant congruency effect on N2 amplitudes,
prima facie implying a similar response conflict load for congruent and
incongruent trials. Nevertheless, time-frequency analysis revealed
significantly higher spectral power (1-12 Hz) locked to incongruent than to
congruent stimuli, demonstrating the sensitivity of these oscillations to
conflict load (Yeung & Nieuwenhuis 2009). Again, we observed a
dissociation of the N2 component and corresponding neural oscillations,
here in regard to their susceptibility to response conflict, providing further
evidence supporting the view that the N2 does not equally rely on these
oscillations, compared to the ERN.
Interestingly, we found an increased phase-locking in the delta range, which
is opposed to the reduction seen during error commission. Besides its
involvement during error detection (Yordanova et al, 2004), delta band
activity has also been associated with target detection (Schurmann et al,
2001). From this point of view, such a delta increase might be indicative of
an increased salience of the target stimuli, resulting in increased N2
amplitudes. This view is supported by our recent neuroimaging studies,
where GHB was found to activate the salience network (SN), a network
involved in the detection of relevant internal and external stimuli to
manage adaptive behavior (Bosch et al, 2018). The SN is anchored in the
anterior insula and the dorsal ACC as well as in subcortical structures such
as the ventral striatum, nucleus accumbens and the VTA (Menon, 2011,
2015; Menon and Uddin, 2010).
Taking the response conflict theory into account, similar drug effects on
both PM and CM would be expected, as this theory suggests that the same
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neural ERP-generating mechanisms underlie the ERN and the N2 (Botvinick
et al, 2001). However, our data revealed that GHB differently affects PM
and CM at the electrophysiological level. Thereby, these results support the
view of previous neuroimaging studies investigating PM and CM, where
spatially distinct substructures within the medio-frontal cortex were found
to be responsible either for PM or CM (Ullsperger and Von Cramon, 2001).
Previous studies have revealed dissociative drug effects on the ERN and the
N2 but, to our knowledge, GHB is the only drug reported so far to elicit
opposite effects on the ERN and the N2. This divergence might reflect or
underpin the different cognitive functions of the ERN and the N2. One
prominent theory states that, while the ERN stems from the processing of
implicit target stimulus information, the N2 rather deals explicitly with the
processing of external stimulus information (Yeung & Cohen 2006). This
view is consistent with our above suggestion that GHB’s increasing effect
on the activity within the SN could account for an increase in the
experienced salience of external stimuli, resulting in increased N2
amplitudes. Regarding the ERN, it seems likely that GHB – with its positive
effects on mood – decreases the affective valence of negative internal
information, resulting in a blunted ERN (Bosch et al, 2015). Conclusively,
our results indicate that GHB has a distinctly different effect on CM than
that of the GABAAR agonistic benzodiazepines or ethanol (Riba et al, 2005b;
Ridderinkhof et al, n.d.).
The present study bears a number of limitations: our sample size was
moderate and limited to male subjects. However, we initially investigated
20 individuals, but because of data quality control reasons we had to
exclude 5 participants. Since PM and CM were assessed between 70 to 90
minutes after GHB ingestion, our findings may not reflect peak drug effects.
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Nevertheless, subjective drug effects were still present in the time window
of data assessment, indicating that our findings still reflect GABABR effects.
Finally, in our discussion we attribute the effects mainly to the GABABR,
although GHB also has agonistic properties at the GHB receptor. However,
it has been shown that the behavioral effects of exogeneously administered
GHB are mainly mediated by GABAB and not by GHB receptors (Carter et al,
2009).

Conclusion
The present study reveals a dissociating effect of the GABAB-/GHB-R agonist
GHB on the neurophysiological correlates of PM and CM, reflected in
decreased PM and inverse effects on CM. Reduced PM most likely derives
from a disrupted transmission of prediction errors to the ACC, caused by a
tonic increase of mesencephalic dopaminergic signaling. Elevated CM,
conversely, may stem from GHB’s ability to increase the visual salience of
external stimuli. These effects resemble those observed for ethanol and
benzodiazepines, with a distinct difference regarding an enhancing effect
of GHB on the N2. Therefore, GHB is the first drug reported so far to have
diverging effects on the neurophysiological correlates of PM and CM,
underlined by its unique neuropsychopharmacological signature.
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Chapter 6
Concluding Remarks
In the present thesis, I explored the effects of the repurposing candidate
GHB on neurobiological markers of neuropsychiatric disorders, namely:
sleep neurophysiology, neuro-immune interactions, brain metabolism and
performance monitoring. To do so, GHB (50 mg/kg p.o.) and placebo were
administered to 20 young healthy males at 2:30 am, in the middle of a sleep
episode, at a time when GHB is typically given in narcolepsy. As reported in
Chapter 2, I conducted a detailed neurophysiological assessment of GHB’s
sleep promoting effects, analyzing changes in sleep architecture, EEG
spectral power, brain electrical sources and functional connectivity. In
Chapter 3, I explored the effects of GHB on neuro-immune interactions, by
analyzing the cortisol awakening response, morning blood concentrations
of TRYCATs, BDNF and affective states. In Chapter 4, I assessed the effects
of GHB on post-awakening brain metabolite levels in the ACC, using JPRESSMRS. Moreover, drug effects on psychomotor vigilance, executive
functions, and subjective sleepiness were examined. Finally, in a second
study reported in chapter 5, I investigated the acute effects of GHB (20 and
35 mg/kg) on behavioral and neurophysiological correlates of performance
and conflict monitoring (PM and CM) in 15 healthy male volunteers, using
the Eriksen-Flanker paradigm. Drug effects on neurophysiological
correlates of PM and CM were assessed by analyzing event-related brain
potentials and their underlying neuronal oscillations.
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A synopsis of the major findings is provided in Table 1. In the following
section, the results are presented in a broader context and related to
current research.
GHB may enhance physiological sleep functions
Almost two decades ago, GHB has been approved for the treatment of
narcolepsy with cataplexy, where it has proven efficacy in reducing daytime
sleepiness and mitigating cataplexy (Black et al, 2002). Due to its unique
effects on sleep and waking quality in narcolepsy patients, GHB has gained
considerable interest for the treatment of neuropsychiatric disorders,
which are frequently associated with sleep disturbances. Possible
indications include Parkinson’s disease (Büchele et al, 2018), Alzheimer’s
disease (Mamelak, 2007b), fibromyalgia (Swick, 2011), PTSD (Schwartz,
2007), schizophrenia (Kantrowitz et al, 2009), cluster headache (Khatami et
al, 2011) and MDD (Bosch et al, 2012). In fact, GHB has been demonstrated
to improve sleep and waking quality in Parkinson’s disease (Büchele et al,
2018) and fibromyalgia (Swick, 2011). Nevertheless, only little is known so
far regarding underlying mechanisms of its clinical efficacy. Intriguingly, the
results reported in chapter 2 of the current thesis revealed remarkable
neurophysiological similarities between GHB-augmented sleep and
naturally enhanced sleep, such as recovery sleep after sleep deprivation.
GHB’s sleep neurophysiological signature may suggest that the compound
not merely induces a state of pharmacological sedation, but rather
reinforces

physiological

sleep

by

amplifying

endogenous

sleep

mechanisms. This unique pharmacological property relies predominantly
on GHB’s capacity to activate GABAB receptors, therewith moving
thalamocortical neurons into the voltage range, at which endogenous slow
waves occur (Crunelli and Leresche, 1991). Indeed, GABAB receptor
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antagonists can prevent both, naturally occurring slow wave sleep and
GHB-augmented sleep, underlining the central role of GABAB receptors in
the generation of endogenous and GHB-induced sleep rhythms (Gauthier
et al, 1997; Juhász et al, 1994; Kaupmann et al, 2003; Vienne et al, 2010).
Thus, converging lines of evidence indicate, that GHB not only may mimic
neurophysiological properties of natural sleep, but that it as well triggers
several physiological functions of sleep.
GHB and homeostatic sleep pressure
As described in chapter 1, one crucial task of sleep is to mitigate physical
and mental symptoms of tiredness, which build up over the course of the
day. As proposed by the two-process model of sleep regulation, sleep is
intensified in a homeostatic manner after prolonged wakefulness, to
normalize excessive sleep pressure (Borbely, 1982). Interestingly, the
cortical concentration of endogenous GHB was found to increase following
sleep deprivation in mice, which might contribute to the enhanced slowwave activity observed during recovery sleep (Hinard et al, 2012). Likewise,
exogenous GHB administration seems to substantially interfere with sleep
homeostatic processes. In fact, GHB not only reversed daytime sleepiness
in narcolepsy (Black et al, 2002), Parkinson’s diseases (Büchele et al, 2018)
and fibromyalgia (Swick, 2011), but also reduced the behavioral and
subjective impact of sleep loss in healthy volunteers (Walsh et al, 2010).
Similarly, the current thesis revealed pro-vigilant effects of GHB, even in
well-rested heatlhy volunteers, as indicated by reduced morning reaction
times in the PVT (chapter 4). As such, GHB distinctly differs from other
hypnotics, which may cause hangover symptoms, including drowsiness and
cognitive impairments (Wafford and Ebert, 2008; Winsky-Sommerer, 2009).

146

Chapter 6 – Concluding remarks

Altogether, several lines of research indicate that GHB may reduce
homeostatic sleep pressure, by intensifying sleep in a similar way as it
occurs naturally during recovery sleep after prolonged wakefulness.
While the effects of sleep on behavior and mood are quite well understood,
many of the neurobiological basics underlying homeostatic sleep regulation
are still elusive. However, cerebral energy metabolism may play a central
role in the regulation of sleep pressure. Adenosine-triphosphate (ATP) has
long been recognized as an intracellular energy source in the brain. Its
breakdown results in the formation of adenosine, a neuromodulator with
sleep promoting properties (Hinard et al, 2012; Mackiewicz et al, 2008;
Porkka-Heiskanen et al, 2002). Under conditions of high neuronal activity,
such as during wakefulness, adenosine levels may increase in the brain and
mediate symptoms of sleepiness via an activation of adenosine receptors
(Porkka-Heiskanen et al, 1997). As such, caffeine, an adenosine receptor
antagonist, is frequently used to counter symptoms of sleepiness (Nehlig,
1999). During slow wave sleep, neuronal activity and concomitant glucose
utilization decrease. Thus, sleep is thought to provide a state of metabolic
rest, enabling the regeneration of glycogen and ATP, and the reduction of
adenosine levels (Benington and Craig Heller, 1995; Porkka-Heiskanen et al,
1997). Interestingly, GHB is likewise supposed to spare energy metabolism
by several mechanisms. On the one hand, GHB enhances low frequency
sleep oscillations, which may reduce the metabolic rate of neurons
(Taberner et al, 1972). On the other hand, GHB is metabolized to succinate,
an energy substrate of the citric acid cycle, which may additionally
contribute to the regeneration of energy storages (Brenneisen et al, 2004).
In fact, GHB has been shown to spare cerebral glucose and ATP
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consumption, reduce lactate and increase glycogen levels even under
hypoxic conditions (MacMillan, 1980; Taberner et al, 1972).
Thus, GHB may mimic the energy restorative function of sleep, by reducing
the metabolic activity of neurons and by providing additional energy
resources in the form of its metabolite succinate. Overall, this reduction in
metabolic turnover, may provide refilled cerebral energy storages for the
subsequent day and therewith reduce homeostatic sleep pressure.
GHB and oxidative stress
Beside its role in the regeneration of cerebral energy storages, sleep has
also been associated with protecting the brain from the damaging effects
of radical oxygen species (ROS) (Villafuerte et al, 2015). High oxygen
consumption has been associated with an increased formation of ROS, and
the brain seems particularly susceptible to oxidative damage by ROS, given
its high oxygen utilization (Perry et al, 2002). During sleep, oxygen
consumption decreases substantially, which may also reduce the formation
of ROS and thus, protect the brain against oxidative stress (Villafuerte et al,
2015). Consistently, studies have demonstrated that markers of oxidative
stress, such as lipid peroxidation and nitric oxide synthase activity, increase
after chronic sleep restriction (Villafuerte et al, 2015). Moreover, sleep has
been shown to increase the formation of nicotinamide adenine
dinucleotide phosphate (NADPH), which represents an essential cofactor
implicated in the proper functioning of several anti-oxidative enzymes, such
as glutathione reductase and succinate semialdehyd reductase (Mamelak,
2007b). As such, chronic sleep disturbances may cause increased
inflammation, oxidative and nitrosative stress. Interestingly, inflammation
and oxidative stress not only damage neurons, but also have a well-
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documented impact on mood (Maes et al, 2011c). Particularly, the so-called
TRYCAT pathway has recently been suggested as a metabolic hub, linking
oxidative stress, inflammation, neurotransmission and mood (for review,
e.g. Maes et al, 2011). Pro-inflammatory cytokines have been shown to
directly modulate levels of serotonin, an essential mood regulating
neurotransmitter, by interfering with the metabolism of its precursor
tryptophan (Maes et al, 2011b). More precisely, pro-inflammatory
cytokines induce the enzyme IDO, which is responsible for catabolizing
tryptophan towards the TRYCAT branch. Shifting the equilibrium towards
the TRYCAT branch lowers tryptophan availability for serotonin synthesis,
which may deplete serotonin levels and thus, cause depressed mood (Maes
et al, 2011c). Likewise, increased cortisol levels shift the tryptophan
catabolism towards the TRYCAT branch, by inducing the enzyme TDO (Maes
et al, 2011b). Different constituents of the TRYCAT branch display multiple
neurological and behavioral properties, ranging from antioxidative,
neuroprotective, antidepressant and anxiolytic effects to oxidative stress
inducing, neurotoxic, depressogenic and anxiogenenic effects (Lapin, 2003;
Mackay et al, 2006). Interestingly, in the present thesis morning plasma
levels of several TRYCATS were found to be reduced following GHBaugmented sleep compared to placebo. Especially, GHB reduced blood
concentrations of 3-OH-KYN and QA, both of which show free-radicalproducing properties (Maes et al, 2011b). This effect may be mediated by
GHB’s cortisol decreasing effects found in this study. On the other hand, in
previous studies, GHB reduced blood counts of cytokine producing cells,
such as T-cells and natural killer cells, which could have also contributed to
the lowered concentrations of TRYCATs (Gould et al, 2014b). Additionally,
similar to sleep, GHB was found to increase the formation of NADPH by
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shifting energy metabolism towards the pentose phosphate pathway
(Taberner et al, 1972). Moreover, GHB was demonstrated to induce the socalled cyclic AMP-responsive element-binding protein (CREB) signaling
pathway, which has been implicated in protecting the brain against
oxidative stress (Ren and Mody, 2006) and in the homeostatic regulation of
sleep in animal models (Mackiewicz et al, 2008).
Growth hormone (GH) is a peptide hormone, which may play an important
role in mitigating oxidative stress and stimulating cell proliferation and
regeneration (Castillo-Padilla et al, 2012). It is naturally released from the
pituitary primarily during slow wave sleep (Van Cauter et al, 1997).
Interestingly, GHB was found to increase GH secretion, whereas this
stimulating effect was significantly associated with a simultaneous increase
of slow wave activity (Van Cauter et al, 1997). As such, GHB-augmented
slow waves seem to mimic endocrinological functions of natural slow waves
and may thus intensify tissue regenerating effects of sleep by triggering the
release of GH.
Altogether, GHB may reduce the generation of free-radicals, by lowering
oxygen utilization and by enhancing several sleep-related mechanisms
engaged in the reduction of oxidative stress.
GHB and excitotoxicity
Besides oxidative stress, excitotoxicity has become a primary focus of
attention in psychiatric research, because accumulating evidence
implicates excitotoxicity in the pathophysiology of a wide range of
neuropsychiatric and neurodegenerative disorders (Sanacora et al, 2008;
Zorumski and Olney, 1993). Particularly, elevated glutamate concentrations
in the extracellular fluids have been proposed to promote NMDA-receptor-
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mediated apoptosis and neurodegeneration (Hynd et al, 2004).
Interestingly, results from animal studies indicate, that sleep may play an
essential role in the regulation of extracellular glutamate in the brain (Dash
et al, 2009). More precisely, extracellular glutamate levels in the frontal
cortex of freely moving rats were found to rise during wakefulness and REM
sleep and decrease during NREM sleep (Dash et al, 2009). Consistently, MRS
studies in humans revealed reduced morning glutamate levels compared to
the evening (Volk et al, 2018) and an increase of glutamate levels in the
basal ganglia upon sleep deprivation (Weigend et al, 2018), whereas this
increase was partially reversed by recovery sleep. It is yet unclear, however,
whether the increase of glutamate concentrations during wakefulness
approaches excitotoxic conditions. Anyhow, NREM sleep may effectively
oppose glutamate accumulation in the extrasynaptic space. As mentioned
above, GABAB receptor activation seems to play an essential role in the
endogenous generation of slow wave sleep. Presynaptic GABAB receptors
suppress the release of several wake-promoting neurotransmitters, such as
histamine (Okakura-Mochizuki et al, 1996), noradrenaline (Szabo et al,
2004), hypocretin (Kilduff et al, 2007), dopamine (Howard and Banerjee,
2002) and glutamate (Ferraro et al, 2001, Crunelli and Leresche, 2002),
which may represent a prerequisite of slow wave sleep induction (Hinard et
al, 2012). Consequently, activation of GABAB receptor by GHB has been
demonstrated to suppress glutamate release in animals and brain slices
(Castelli et al, 2003). Surprisingly, our study found increased morning
glutamate levels in the ACC, following GHB-augmented sleep. Although this
has yet to be proven, we hypothesize, that GHB may suppress glutamate
release during its acute phase of action, causing a presynaptic glutamate
accumulation, which is then followed by a rebound as soon as the acute
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drug effects start fading away in the early morning. Indeed, in an
unpublished pilot study we found, that bedtime administration of GHB
produces rebound arousals, as soon as the acute drug effects start ceasing
in the second half of the night (Figure 1). This post-acute stimulation may
be the result of a rebound release of excitatory neurotransmitters, when
GHB’s presynaptic release inhibition declines. In line with that, microdialysis
studies in mice found a similar bi-phasic effect of GHB on dopamine
(Hechler et al, 1991) and noradrenaline release (Szabo et al, 2004).

Figure 1: Hypnogram (top row), time frequency analysis (middle row) and course of
slow-wave activity (bottom row; SWA, power density within 0.75–4.5 Hz; C3A2derivation) of a single pilot subject (N=1) after intake of a placebo (left panel) and GHB
(right panel). The triangles indicate the time point of placebo (black) GHB (red)
administration. Red boxes in the right panel indicate rebound arousals, occurring in the
post-acute phase of drug action. W, wake; R, REMS; N1 stage 1 sleep; N2 stage 2 sleep,
N3 stage 3 sleep

Thus, GHB may reduce excitotoxicity by reducing glutamate release
throughout the night. Furthermore, in this thesis I found reduced morning
plasma levels of QA following GHB administration. QA is an NMDA receptor
agonist, which has been shown to exert potent excitotoxic, depressogenic
and anxiogenic effects (Braidy et al, 2009). Moreover, previous studies in
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rats demonstrated, that GHB protects cerebral tissue from the damage
produced by the local injections of the endogenous excitotoxin kainic acid
(Ottani et al, 2003; Zaczek et al, 1981).
Thus, several lines of evidence indicate, that GHB may decrease
excitotoxicity by lowering cerebral levels of glutamate and endogenous
endotoxins and as well protect cerebral tissue against the damaging effects
of these toxins.
Acute effects of GHB in waking subjects
The drug effects reported in chapter 2-4 of the current thesis, represent
acute effects of a nocturnal dose of GHB (50 mg/kg) on sleep
neurophysiology (chapter 2) and post-acute drug effects on postawakening outcomes (chapter 3/4). Anyhow, in a second study, the acute
effects of GHB (20 and 35 mg/kg) were as well investigated in waking
healthy males (chapter 5). Interestingly, neurophysiological analysis of the
acute effects of GHB on resting state waking EEG revealed distinct
differences, compared to its neurophysiological effects during sleep, as
described in chapter 2 (Von Rotz et al, 2017). During NREM sleep, GHB
enhanced delta and theta activity predominantly in the prefrontal cortex
and reduced spindle activity during N2 sleep. Moreover, during REM sleep
GHB likewise induced a prominent increase in theta activity, but only a
slight increase in delta activity. By contrast, we found only a local increase
in theta activity in the PCC and alpha1 (8-10 Hz) activity in the ACC, when
GHB was administered during wakefulness in resting subjects (Von Rotz et
al, 2017). Moreover, in subjects performing the Eriksen-Flanker task
(chapter 5) we found a tonic increase of pre-stimulus frontomedial spectral
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power over all examined frequencies (1-12 Hz) and a response- and
stimulus-locked reduction in theta/alpha1 (4.5-10 Hz) activity.
Thus, GHB seems to differently affect the EEG during different sleep stages
(NREM and REM), resting wakefulness and attentive vigilance (during
Eriksen-Flanker task performance). On the one hand, this diverging drug
effects on neurophysiology reported in chapter 2 and 5 may be attributed
to the difference in dosing (20 and 35 vs. 50 mg/kg). On the other hand, one
may argue, that GHB exerts different neurophysiological effects depending
on the state of consciousness of the investigated subject.
Thus, GHB may modulate neurobiological processes in an adaptogenic way,
indicated by its stimulating, euphorogenic and prosexual effects during
wakefulness and its sleep-enhancing effects when administered at night.
Perspectives
In summary, the findings reported in this thesis contribute to a better
understanding of the neurophysiological, neuroimmunological and brain
metabolic effects of the repurposing candidate GHB. Overall, GHB’s ability
to reduce homeostatic sleep pressure, decrease biomarkers of oxidative
stress and excitotoxicity, may be the result of its unique capacity to enhance
physiological sleep processes in a biomimetic manner.
Anyhow, the results of the current thesis and previous studies suggest, that
GHB may provide a safe, tolerable and effective candidate for the
treatment of sleep disturbances and insomnia-related symptoms in a wide
range of neuropsychiatric disorders, when used appropriately in a medical
context.
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Nocturnal gamma-hydroxybutyrate
reduces cortisol awakening
response and morning tryptophan
catabolites in healthy volunteers

Chapter 3

Neurophysiological signature of
gamma-hydroxybutyrate
augmented sleep in healthy
volunteers may reflect biomimetic
sleep enhancement

Chapter 2

Topic

No post-acute GHB effects on the
positive and negative mood scale
(PANAS)

n/a

Subjective effects

Table 1: Synopsis of the results in the current thesis

GHB increased:
•
N3 & NREM sleep duration
•
theta & delta power during
REM
and
NREM
sleep,
predominantly in the prefrontal
cortex, bilateral PHG and PCC
•
LPS between the ACC, PCC,
r/l PHG, r/l DLPFC
GHB reduced:
•
Spindle activity during
NREM sleep
•
REM duration
n/a

Behavioral and
electroencephalographic
effects

•
•

•

serotonin, tryptophan, and
BDNF levels remained
unaffected by the drug

Nocturnal GHB
administration reduced morning
blood levels of indolelactic acid,
kynurenine, kynurenic acid, 3hydroxykynurenine, quinolinic
acid, 3hydroxykynurenine:kynurenic
acid ratio and the cortisol
awakening response

n/a

Biomarkers
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Effects of gamma-hydroxybutyrate
on neurophysiological correlates of
performance and conflict
monitoring

Chapter 5

Elevated morning glutamate levels
in the anterior cingulate cortex
after a nighttime dose of gammahydroxybutyrate in humans: A
Magnetic Resonance Spectroscopy

Chapter 4

Topic

Nocturnal GHB increased
post-awakening glutamate levels
(Glu:Cre) in the ACC in all
subjects
•
other metabolites remained
unaffected by GHB

n/a

GHB reduced
•
ERN and CRN amplitudes
•
frontomedial theta/alpha1
power
GHB increased
•
N2 amplitude
•
Prestimulus EEG power (112Hz)
•
reaction times
•

GHB induced acute subjective
stimulation, sedation and euphoria

•

Biomarkers

Nocturnal GHB
administration reduced postawakening median reaction
times in the PV
•
executive functions (RNG)
remained unaffected by the drug

•

Behavioral and
electroencephalographic
effects

Subjective sleepiness (KSS) and
mood (VAMS) remained
unaffected by the drug

Subjective effects
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List of Abbreviations
1,4-BD
ACC
ADHD
ATP
BDNF
CAR
CM
CRN
CSD
DMT
ECG
EDS
EEG
eLORETA
EMG
EOG
ERN
ERP
FDA
fMRI
GABA
GBL
GH
Glu
Glx
hdEEG
HPA axis
ICA
IDO
IFN
IL

1,4-Butanediol
Anterior cingulate cortex
Attention deficit hyperactivity disorder
Adenosine triphosphate
Brain-derived neurotrophic factor
Cortisol awakening response
Conflict monitoring
Correct-related negativity
Current source density
Dimethyltryptamine
Electrocardiogram
Excessive daytime sleepiness
Electroencephalogram
exact low resolution brain electromagnetic tomography
Electromyogram
Electrooculogram
Error-related negativity
Event-related potential
Food and Drug Administration
functional magnetic resonance imaging
Gamma-aminobutyric acid
Gamma-butyrolactone
Growth hormone
Glutamate
Combined glutamate/glutamine
High density electroencephalography
Hypothalamus-pituitary-adrenal axis
Independent component analysis
Indole-2,3-dioxygenase
Interferone
Interleukine
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JPRESS-MRS
MRS
Kd
KSS
LC-MS
ldLPFC
LME
lPHG
LPS
LSD
MCDS
MDMA
MeOH
MRI
MRS
N1
N2
N3
NAA
NAAG
NMDA
NREM
NSQ
OCD
p.o.
PANAS
PCC
PET
PM
PSG
PVT
rdLPFC
REM
RNG
ROI

List of Abbreviations

J-resolved magnetic resonance spectroscopy
Magnetic resonance spectroscopy
Dissociation constant
Karolinska sleepiness scale
Liquid-chromatography – mass-spectroscopy
Left dorsolateral prefrontal cortex
Linear Mixed Effect model
Left parahippocampal gyrus
Lagged-phase synchronization
Lysergic acid diethylamide
Mesencephalic dopamine system
3,4-Methylenedioxymethamphetamine
Methanol
Magnetic resonance imaging
Magnetic resonance spectroscopy
Stage 1 sleep
Stage 2 sleep
Stage 3 sleep
N-Acetyl-aspartate
N-Acetylaspartylglutamic acid
N-methyl-D-aspartate
Non-rapid eye movement sleep
Null score quotient
Obsessive compulsive disorder
Per oral
Positive and negative affect schedule
Posterior cingulate cortex
Positron emission tomography
Performance monitoring
Polysomnography
Psychomotor vigilance task
Right dorsolateral prefrontal cortex
Rapid-eye movement sleep
Random number generation
Region of interest

List of Abbreviations

rPHG
rpm
RT
SD
SEI
SWA
TDO
TE
Th
TIB
TNF
TR
TRYCAT
TSS
TST
VAMS
WHO
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Right parahippocampal gyrus
Rotations per minute
Reaction time
Standard deviation
Sleep efficiency index
Slow wave activity
Tryptophane-2,3-dioxygenase
Echo time (MRI)
T helper lymphocyte
Time in bed
Tumor necrosis factor
Repetition time (MRI)
Tryptophan catabolite
Tiredness symptoms scale
Total sleep time
Visual analogue mood scale
World health organization
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