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Abstract 

Anxiety- and trauma-related disorders are severe and debilitating illnesses and among the most 

prevalent psychiatric disorders worldwide. The current treatment options include 

psychopharmacological support and particularly exposure-based psychotherapy. Both 

approaches leave room for improvement and with the ongoing legalisation of medical cannabis, 

the endocannabinoid system (ECS) has become one of the key targets in 

psychopharmacological research. Rodent models suggest an anxiolytic effect for the two main 

endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), and were able to 

demonstrate that the ECS is involved in stress-related processes, the modulation of fear learning 

and aversive memory consolidation. So far, the most promising therapeutic potential has been 

the inhibition of the degrading enzymes of AEA, fatty acid amino hydrolase (FAAH), as well 

as that of 2-AG, monoacylglycerol lipase (MAGL). Additionally, the application of 

cannabinoid receptor agonists and the phytocannabinoid cannabidiol (CBD) has yielded 

promising results. Research in humans and clinical samples remains scarce, but some studies 

have pointed towards different levels of circulating endocannabinoids in psychiatric disorders, 

and genetic studies have found several single nucleotide polymorphisms (SNP) to have an 

impact on the availability of endocannabinoids. Most frequently mentioned is the FAAH SNP 

C385A (rs324420), which is associated with lower catabolic performance of FAAH and 

subsequently increased levels of AEA. Previous findings are encouraging, but translational 

research on the basic functioning of the ECS in fear learning processes is rare, yet crucial to 

understand the mechanisms involved. 

To address this lack of research, this thesis was designed to advance the translational transfer 

of animal research findings regarding the role of peripheral endocannabinoids in fear 

conditioning, fear extinction, and extinction recall. Study 1 investigated these processes in 55 

healthy, male humans who underwent functional magnetic resonance imaging (fMRI) before 

analysing baseline and task-related changes of AEA and 2-AG, as well as the FAAH 

polymorphism (rs324420). In study 2, the fear ratings of 41 patients with anxiety-related 

disorders, who received an exposure-based therapy as part of their guideline cognitive-

behavioural therapy (CBT) were examined with regard to the same polymorphism. 

Results from Study 1 showed that stress, evoked by means of an unpleasant heat stimulus, was 

associated with decreases in AEA and increases in 2-AG, however only in a subsample. For 

fear conditioning, no significant correlations between the endocannabinoids and neural 

activation were found. The neural activation associated with extinction learning correlated 
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positively with baseline AEA levels, and task-related changes in AEA were found particularly 

during fear extinction learning, independent of the genotype. Next, extinction recall varied as a 

function of the FAAH SNP C385A, resulting in a greater neural activation associated with the 

extinction recall for AC-heterozygotes. In Study 2, no significant interaction of genotype and 

extinction learning was found.  

The data indicate a putative role for 2-AG in the processing of stress-related stimuli, an 

important role for AEA in fear extinction learning, as well as an enhanced neural signal related 

to extinction recall in relevant brain regions in AC-heterozygotes of the FAAH SNP C385A. As 

a prospective clinical proof of concept, patients with stress or anxiety disorders and lower AEA 

levels could be pre-treated with AEA-enhancing or FAAH inhibiting drugs to promote 

extinction learning prior to cognitive behavioural therapy interventions. Future 

neuropsychological studies applying psychopharmacological interventions in patients with 

anxiety disorders are highly necessary to reveal the potential benefits of cannabinoids. As with 

the FAAH polymorphism, future research should investigate the putative roles of 2-AG and 

MAGL, as well as their genetic precursors, in fear and anxiety disorders.
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Zusammenfassung 

Angst- und Traumafolgestörungen sind schwere und einschränkende Krankheiten, die zu den 

häufigsten psychiatrischen Störungen weltweit gehören. Die derzeitigen 

Behandlungsmöglichkeiten beinhalten psychopharmakologische Ansätze und besonders 

expositionsgestützte Psychotherapie. Beide Ansätze bieten Raum für Verbesserung und mit der 

laufenden Legalisierung von medizinischem Cannabis, ist das Endocannabinoidsystem (ECS) 

zu einem der Hauptziele der psychopharmakologischen Forschung geworden. Tiermodelle 

deuten darauf hin, dass die beiden wichtigsten Endocannabinoide, Anandamid (AEA) und 

2-Arachidonoylglycerol (2-AG), einen anxiolytischen Effekt haben und konnten 

demonstrieren, dass das ECS bei stressbezogenen Prozessen, der Modulation von Angstlernen 

und aversiver Gedächtniskonsolidierung involviert ist. Bislang liegt das vielversprechendste 

therapeutische Potential bei der Inhibition des Abbauenzyms von AEA, der Fettsäureamid-

Hydrolase (FAAH), sowie des Abbauenzyms von 2-AG, der Monoacylglycerin-Lipase 

(MAGL). Zudem hat die Anwendung von Cannabinoid-Rezeptoragonisten und des 

Phytocannabinoids Cannabidiol (CBD) vielversprechende Ergebnisse gezeigt. Bislang gibt es 

wenig Forschung am Menschen und kaum klinischen Studien, aber erste Untersuchungen 

deuten auf veränderte Konzentrationen an zirkulierenden Endocannabinoiden bei 

psychiatrischen Störungsbildern hin und Genstudien haben verschiedene Einzelnukleotid- 

Polymorphismen (SNP) entdeckt, die einen Einfluss auf die Endocannabinoid-Konzentrationen 

haben. Am häufigsten wird der FAAH SNP C385A (rs324420) genannt, der mit einer 

geringeren katabolen Leistung des FAAH Enzyms und folglich einer erhöhten Konzentration 

von AEA einhergeht. 

Um diese Forschungslücke zu adressieren und den translationalen Transfer der 

Forschungsergebnisse am Tiermodell bezüglich der Rolle von peripheren Endocannabinoiden 

während der Angstkonditionierung, Angstextinktion und der Extinktionsretention 

voranzubringen, wurde diese Thesis erarbeitet. Studie 1 untersuchte die genannten Prozesse an 

55 gesunden, männlichen Erwachsenen, die an einer Untersuchung mittels funktioneller 

Magnetresonanztomographie teilnahmen, bevor ihre AEA und 2-AG Basiskonzentrationen, 

sowie deren aufgabenbezogene Veränderung und der FAAH Polymorphismus (rs324420), 

analysiert wurden. In Studie 2 wurden die Angstratings von 41 Patienten mit einem 

angstbezogenen Störungsbild, die eine expositionsbasierte Therapie im Rahmen ihrer 

leitlinienkonformen Kognitiven Verhaltenstherapie erhielten, mit Bezug auf denselben 

Polymorphismus untersucht.  
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Die Ergebnisse von Studie 1 zeigen, dass Stress, welcher durch einen unangenehmen Hitzereiz 

hervorgerufen wurde, mit einer Abnahme von AEA und einer Zunahme von 2-AG einhergeht, 

jedoch nur in einer Teilstichprobe. Für die Angstkonditionierung konnten keine signifikanten 

Korrelationen zwischen den Endocannabinoid-Konzentrationen und der neuronalen 

Aktivierung gefunden werden. Die neuronale Aktivierung beim Extinktionslernen korrelierte 

positiv mit der basalen AEA Konzentration und unabhängig vom Genotyp wurden, 

insbesondere an Tag 2, aufgabenbezogene Veränderungen der AEA Konzentration gefunden. 

Des Weiteren variierte die Extinktionsretention als eine Funktion des FAAH SNPs C385A, was 

sich in stärkerer neuronaler Aktivierung für die Extinktionsretention bei Trägern des AC-Allels 

zeigte. In Studie 2 wurden keine signifikanten Interaktionseffekte zwischen dem Genotyp und 

dem Extinktionslernen gefunden.  

Die Ergebnisse zeigen eine vermeintliche Rolle von 2-AG bei der Verarbeitung von 

stressbezogenen Stimuli, eine wichtigen Rolle von AEA beim Extinktionslernen, sowie ein 

erhöhtes neuronales Signal bezüglich der Extinktionsretention in relevanten Gehirnregionen bei 

Individuen mit dem AC-Allel des FAAH SNP C385A. In einem prospektiven klinischen 

Konzept könnten folglich Patienten mit Stress- oder Angststörungen mit AEA erhöhenden oder 

FAAH inhibierenden Medikamenten vor den Interventionen der Kognitiven Verhaltenstherapie 

behandelt werden um das Extinktionslernen zu verbessern. Zukünftige neuropsychologische 

Studien, die psychopharmakologische Interventionen bei Patienten mit Angststörungen 

untersuchen, sind äußerst notwendig, um den potentiellen Nutzen von Endocannabinoiden 

weiter zu untersuchen. Wie mit dem FAAH Polymorphismus, sollte zukünftige Forschung auch 

die mutmaßliche Rolle von 2-AG und MAGL, sowie weitere mit Angststörungen assoziierte 

SNPs untersuchen.  
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1 Introduction  

Fear and anxiety disorders, such as post-traumatic stress disorder (PTSD), panic disorders (PD), 

and specific phobias are among the most frequently diagnosed psychiatric conditions 

worldwide (Breslau et al., 2005). For patients, the resulting disabilities and loss in quality of 

life are significant and represent a serious burden to their familial environments. Current gold 

standard treatments for anxiety disorders, such as cognitive behavioural therapy (CBT), 

exposure therapy, and eye movement desensitisation and reprocessing (EMDR) make use of 

extinction learning processes, and have been shown to be highly effective and superior to 

pharmacotherapies, which often cause adverse side effects (Papagianni & Stevenson, 2019; 

Watkins et al., 2018). Additionally, pharmacotherapeutic approaches, such as treatment with 

benzodiazepines, may even increase the risk of developing PTSD or substance abuse disorders 

(Guina et al., 2015). 

However, exposure therapies are costly in terms of time and require a great amount of 

dedication and motivation as well as cognitive and emotional resources on the patient’s side. 

For these reasons, some of the most heavily affected populations have little access, and many 

patients suffer from relapses after therapy (Vervliet et al., 2013). Thus, limitations in the 

applicability of extinction learning approaches still leave room for improvement in terms of 

efficacy and effectiveness (Cuijpers et al., 2016). In order to expedite the development of more 

effective therapies, major research effort is currently directed towards elucidating the 

underlying mechanisms of fear and anxiety disorders, as well as their behavioural correlates. 

Particularly the neuromodulatory and genetic components, as well as physiological and 

behavioural processes involved in the acquisition and extinction of fear and anxiety have been 

intensively studied in experimental setups in animals and humans in the past decades, and have 

led to major progress in understanding underlying neurobiological processes suited to promote 

the development of new therapeutic approaches (Kaplan & Moore, 2011; Rabinak & Phan, 

2014; Singewald & Holmes, 2019).  

In the past decades, with regard to the ongoing legalisation processes and its well-known 

excellent pharmacological accessibility, the endocannabinoid system (ECS) has become a 

central target in basic anxiety research. The results indicate that the ECS may be one of the key 

players in the regulation of fear-, anxiety-, and stress-related behaviour (Gunduz-Cinar, 

MacPherson et al., 2013; Lutz et al., 2015; Riebe et al., 2012; Ruehle et al., 2012). Research in 

animals and humans has been able to demonstrate that genetic variations of the ECS have an 
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impact on the effect of exposure therapies (Dincheva et al., 2015; Mayo et al., 2018), and animal 

studies, as well as the first translational studies indicate that endocannabinoid modulation might 

enhance fear extinction and furthermore promote fear extinction recall (Mayo et al., 2019; 

Papini et al., 2015; Rabinak et al., 2013). In such a manner, exposure therapies can be further 

improved and the frequency of relapses can be reduced. Also, many patients frequently self-

medicate and consume cannabis or cannabidiol (CBD) for their anxiolytic characteristics, but 

without any stable effects regarding the disorder (Hill et al., 2018; Sarvet et al., 2018). One 

possible explanation is that endocannabinoid modulation might only be beneficial at specific 

points in time or conditions, for example during an exposure therapy or when disrupting 

memory reconsolidation (Papagianni & Stevenson, 2019). So far, the understanding of the 

ECS’ reactivity during fear conditioning, fear extinction, and extinction recall in humans is 

fragmentary, and more translational approaches are required.  

The aim of this thesis was to establish a valid setup to investigate the processes of fear 

conditioning, fear extinction, and extinction recall in healthy humans and to determine the role 

of the ECS as a potential modulator of these processes. A second study with clinical patients 

investigated whether a specific polymorphism may affect fear extinction learning during 

exposure therapy. 

1.1 Anxiety disorders  

Anxiety disorders, among the most prevalent mental illnesses, have high comorbidity rates, put 

a serious burden on the patients, society and the health system, and current treatment options 

are limited (Breslau et al., 2005; Krystal et al., 2017). According to the Diagnostic and 

Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) the different anxiety disorders 

in adults are specific phobias (e.g. spider phobia), panic disorder, agoraphobia and generalised 

anxiety disorder (GAD). PTSD is defined as a trauma- and stressor-related disorder, but shares 

onset factors, symptoms and treatment options with other anxiety disorders (Kroenke et al., 

2007). Common symptoms of anxiety disorders and PTSD are avoidance behaviour, panic 

attacks, low levels of well-being, hyperarousal as an excessive response to threatening or 

aversive situations, and hypervigilance in anticipation of threats (Kroenke et al., 2007; Olatunji 

et al., 2007). The currently available pharmaceutical treatments, such as selective serotonin 

reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), 

benzodiazepines, and atypical antipsychotics, frequently show a wide array of side effects, 

limited response rates, the risk of substance abuse and rebound effects after discontinuation of 

medication (Guina et al., 2015; Murrough et al., 2015; Shin et al., 2014; Singewald et al., 2015). 
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CBT, the current gold standard in the treatment of anxiety disorders (Otte, 2011), EMDR or the 

combination of psychotherapeutic treatment and pharmacotherapy show better efficacy in 

treating anxiety disorders, such as PTSD, but still present high drop-out rates (Bisson et al., 

2013; Mendes et al., 2008). These may occur due to the high amount of motivation and 

tolerance that patients undergoing exposure therapy need to invest, since being confronted with 

highly threatening memories and situations can be emotionally, cognitively and physically 

intense. These limitations and side effects of the currently available treatments point towards a 

high priority for the development of new psychopharmaceutical approaches (Blessing et al., 

2015; Fitzgerald et al., 2014) and with regard to its dual capability to reduce anxiety and impact 

emotional memory processing, the ECS has become a key topic of research (Batista et al., 2014; 

Singewald et al., 2015; Trezza & Campolongo, 2013; Viveros et al., 2005). Manipulating the 

ECS with its anxiolytic characteristics seems perspicuous for multiple reasons: the ECS offers 

the possibility to influence both the emotional and the cognitive component of anxiety 

disorders, anxiety patients frequently self-medicate marihuana for symptom relief (Kevorkian 

et al., 2015), and one of the endocannabinoid modulators - CBD - has been well-tolerated and 

shows fewer side effects than currently applied psychopharmacological treatments 

(Bergamaschi et al., 2011; Bitencourt & Takahashi, 2018; Fraser, 2009).  

Additionally, clinical studies on patients with anxiety disorders, such as PTSD, found 

alterations in the ECS in these samples. For example, in PTSD patients, decreased peripheral 

and cerebral levels of the main endocannabinoids, N-arachidonoylethanolamine (anandamide, 

AEA) (Neumeister et al., 2013) and 2-arachidonoylglycerol (2-AG) as well as an upregulation 

of cannabinoid receptor 1 (CB1) have been reported (Hill et al., 2013; Neumeister et al., 2013, 

while other studies have indicated elevated levels of AEA and 2-AG (Boileau et al., 2018; 

Hauer et al., 2013; Heimendahl, 2012). Lu et al. (2008) found that a specific polymorphism 

related to the endocannabinoid system, namely in the Cannabinoid Receptor 1 (CNR1) gene, 

may be associated with higher risks for the development of PTSD and Pardini et al. (2012) 

showed that in male Vietnam veterans, the single nucleotide polymorphism (SNP) rs2295633 

in the fatty acid amide hydrolase (FAAH)-coding gene, which plays a role in the degradation of 

AEA, was associated with higher PTSD prevalence, and carriers of the C-allele were found to 

experience more severe re-experiencing of the trauma events. Taken together, these studies 

strongly suggest the involvement of the ECS in anxiety-related disorders (see further Section 

1.5 and 1.6). 
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1.2 Fear conditioning 

Before introducing the manifold findings on the ECS and its involvement in fear- and anxiety-

related processes, an overview of the most frequently applied paradigms to investigate fear 

learning is presented. 

Research of the past decades has been potent in clarifying underlying processes of fear learning 

and anxiety to gain a deeper understanding of the mechanisms involved and to advance 

therapeutic interventions. The most commonly applied paradigm to investigate the mechanisms 

of fear learning stems from Pavlovian fear conditioning, a valuable and valid instrument to 

characterise mechanisms of fear conditioning in both animals and humans (Duits et al., 2015; 

Lissek et al., 2005; Lonsdorf et al., 2017; Mechias et al., 2010). An initial, neutral stimulus (e.g. 

an image (conditioned stimulus, CS)) is coupled with an aversive stimulus (e.g. a loud sound 

or painful/unpleasant stimulus (unconditioned stimulus, US)). Over time, the resulting 

conditioned stimulus (CS+) is able to elicit a fear response, even when presented without the 

aversive stimulus. This fear response can be compared to responses associated with another 

non-conditioned stimulus (CS-), for example in terms of differential neural activation associated 

with both stimulus categories (Lissek et al., 2005; Milad & Quirk, 2012; Vervliet et al., 2013; 

Wiech & Tracey, 2013). 

 

Neural correlates 

Regarding cerebral networks involved, correlates of fear learning and extinction in humans 

have been summarised by various meta-analyses of neuroimaging studies, suggesting that 

particularly the dorsal anterior cingulate cortex (dACC) and the anterior insular cortex (AIC) 

are reactive in both processes. For fear learning, in addition to the dACC and AIC, the 

ventromedial prefrontal cortex (vmPFC), dorsolateral prefrontal cortex (DLPFC), thalamus, 

amygdala (AMY), hypothalamus and hippocampus (HIPP) have been identified as potential 

key structures (Duits et al., 2015; Etkin & Wager, 2007; Fullana et al., 2016; Marin et al., 2017; 

Mechias et al., 2010; Murphy et al., 2003; Tovote et al., 2015). Interestingly, the most recent 

meta-analysis by Fullana et al. (2016) highlights that different neural networks appear to be 

operating when it comes to fear learning of the conditioned stimulus as a response to a 

threatening stimulus (CS+) as compared to safety learning as a response to a neutral stimulus 

(CS-). They suggest that “threat learning” and “safety learning” are separate active processes, 

a concept that has been considered in the present study (Fullana et al., 2016; Riebe et al., 2012). 
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1.3 Fear extinction  

To investigate the processes underlying exposure therapy, fear extinction paradigms have been 

established in the past decades. Fear extinction is a process during which the cued stimulus is 

repeatedly presented, as for example during prolonged exposure therapy, one of the most 

commonly applied treatments for PTSD (see further Section 1.6). In the event of a fear 

extinction paradigm in the laboratory, the CS+ is later presented without the US, resulting in a 

decline in the elicited fear response (Myers & Davis, 2007). Pavlovian conditioning and 

extinction paradigms in animals and humans have been successfully applied not only to enhance 

the understanding of anxiety disorders but also to improve the development of therapeutic 

approaches. During exposure therapy, for treatment of e.g. PTSD, specific phobias, or panic 

disorders, two processes co-occur while the patient is encouraged to fully re-experience the 

adverse event. First, a process termed habituation takes place, meaning that the physical and 

emotional arousal which originally accompanied the stimulus experienced as threatening 

decreases during exposure of the situation. Secondly, the new “safe” experience is reintegrated 

into the autobiographic memory, thus allowing the patient to learn that the stimulus previously 

experienced as threatening no longer poses a threat (Neuner et al., 2004; Vervliet et al., 2013). 

It is notable, especially within the context of exposure therapy, that the anxiety linked to the 

aversive stimulus is not erased, and can recur after a certain period of time, which is why 

patients after exposure therapies are commonly encouraged to confront themselves repeatedly 

with the stimulus to strengthen the new association of the previously aversive stimulus as now 

“safe” (Lissek et al., 2005). Extinction recall refers to the retention of the new information that 

the stimulus may now be considered non-threatening, and in experimental settings, it occurs 

after the reconsolidation of the extinguished stimulus. While consolidation in the context of 

fear learning is associated with the processing of information and transferring the aversive 

experience into the long-term memory, such as the threatening memory after a traumatic 

experience, reconsolidation refers to the reactivation of the fear memory via a short presentation 

of the threatening stimulus (e.g. CS+) (Nader & Hardt, 2009). Interventions could then disrupt 

memory consolidation, enhance extinction, modify consolidation of the extinguished 

information and/or disrupt its reconsolidation to relieve patients from distressing symptoms 

(see Figure 6, Section 1.6). Commonly, extinction recall is tested within 24 hours after 

extinction learning and the CS+ (extinguished) is contrasted with the CS- or the CS+ (unextinguished) 

(Fullana et al., 2018; Mayo et al., 2018; Rabinak et al., 2013). 
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Neural correlates 

For extinction learning, meta-analytical results summarise the dACC extending to the pre-

supplementary motor cortex (pre-SMA), the medial prefrontal cortex (mPFC), the AIC, the 

anterior putamen extending to the ventral caudate, the ventral pallidum, anterior and medial 

thalamus and dorsal pons (Fullana et al., 2018) as the core neural regions involved. In a first 

attempt to characterise effects of cannabinoids on these networks, Rabinak and colleagues have 

demonstrated that ∆9-tetrahydrocannabinol (THC) application before the extinction session 

enhanced extinction and extinction recall, and healthy volunteers showed heightened vmPFC 

and hippocampus activation during the extinction process (Rabinak et al., 2014; Rabinak et al., 

2013). Linking this to the ECS, Andrade et al. (2019) highlight the role of the anterior insula in 

anxiety disorders and the subjective “high”, which is commonly associated with THC 

administration (Pujol et al., 2014; van Hell et al., 2011).  

1.4 Basic principles of the endocannabinoid system 

The plant Cannabis sativa has been used for recreational purposes for centuries, with a peak in 

the 1960s (Di Marzo et al., 2004). Many users report a feeling of relaxation and calmness, 

which points towards the key role endocannabinoid signalling may play in stress and anxiety-

related states (Tart, 1970). Often users also report laughter or the “munchies”, an urge to eat. 

This appetite stimulating function led to the first pharmaceutical drug (“Dronabinol”) on the 

market leveraging the plant’s potential with a synthetic copy of one of its main ingredients, 

THC (Patel & Cone, 2015).  

Cannabis sativa contains more than 300 different compounds, with THC and cannabidiol as 

the most well-known and researched (McGilveray, 2005; Millar et al., 2018). After the 

discovery of THC in the 1960s (Mechoulam & Parker, 2013), ample research was conducted 

and led to the discovery of the endocannabinoid system with its two specific cannabinoid 

receptors CB1 and CB2 and their endogenous ligands in the early 1990s (Pertwee, 1997). Since 

then, numerous studies have investigated the mechanisms of the ECS and its pharmaceutical 

potential for new or combinatorial approaches to enhance treatments for various disorders.  

The main endocannabinoid receptors are G-protein coupled receptors (GPCR). Several orphan 

GPCRs have recently been found to be related to endocannabinoid signalling (Irving et al., 

2017), but have not received much attention in research so far. Focussing on the two main 

endocannabinoid receptors, CB1 receptors are densely distributed in brain regions associated 

with cognition, memory and movement, whereas CB2 receptors are mostly located on blood 

cells and immune tissue (Munro et al., 1993; Pertwee, 1997; Russo & Guy, 2006). The two 
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main endocannabinoids are AEA, and 2-AG, which are derivatives of arachidonic acid (AA), a 

long-chain polyunsaturated fatty acid (McAllister & Glass, 2002). AEA and 2-AG play a role 

in a variety of cognitive processes, affect regulation and pathological conditions such as 

neurodegenerative diseases, reward, inflammation, cancer, pain, and psychiatric disorders such 

as addiction, schizophrenia, affective disorders, eating disorders, and stress- and anxiety-related 

disorders, such as PTSD (Coccaro et al., 2018; De Marchi et al., 2003; Hill et al., 2009; Koethe 

et al., 2009; Laezza et al., 2020; Li et al., 2012; Mechoulam & Parker, 2013; Seeman, 2016; 

Wirz et al., 2018; Woodhams et al., 2017).  

The first studies experimenting with cannabimimetic compounds and cannabinoid receptor 

agonists and antagonists quickly found that up- and down-regulation of the receptors had an 

impact on locomotor activity, arousal and short-term memory in mice and rats (Compton et al., 

1996; Santucci et al., 1996; Terranova et al., 1996). This in turn led to the discovery of the dose-

dependent biphasic properties of some of the components of the cannabis plant. While high 

amounts of THC, a direct CB1 receptor agonist, and FAAH inhibitors are assumed to have 

anxiogenic effects (Blessing et al., 2015; S. Patel & Hillard, 2006; Zuardi et al., 1981) and are 

often linked to cannabis induced psychoses (Englund et al., 2017; Lundqvist et al., 2001), lower 

doses generally have anxiolytic properties (Andrade et al., 2019; Ruehle et al., 2012; Viveros 

et al., 2005).  

Interestingly, over the course of the past decades, the THC content in herbal cannabis consumed 

has increased, making it more potent and harmful with regard to addiction, psychosis and 

cognitive impairment (Cascini et al., 2012; Curran et al., 2016; ElSohly et al., 2016; Englund 

et al., 2017; Morgan et al., 2012). However, the anxiogenic characteristics of THC in humans 

may be counterbalanced to some extent when CBD is co-administered (Bloomfield et al., 2019; 

Freeman et al., 2019; Fusar-Poli et al., 2009; Karniol et al., 1974; Mechoulam & Parker, 2013; 

Russo & Guy, 2006; Zuardi et al., 1981). CBD itself has been shown to have an anxiolytic 

effect, and studies in rodents have confirmed this property when CBD was systemically applied 

or injected into brain areas relevant for fear processing. However, some discrepancies between 

CBD and THC are apparent (Blessing et al., 2015; Campos et al., 2013; J. L. C. Lee et al., 

2017). Generally, CBD inhibits the transport, reuptake and metabolism of AEA by FAAH (the 

degrading enzyme for AEA) and the metabolism of 2-AG by monoacylglycerol lipase (MAGL) 

(the degrading enzyme for 2-AG) (Bisogno & Maccarrone, 2013; De Petrocellis et al., 2011; 

Elmes et al., 2015). Additionally, CBD works as a facilitator of the serotonin receptors 5-HT1A, 

which are a well-known target for anxiolytic treatments like buspirone (Chessick et al., 2006). 
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Contrary to THC, no dose-dependent effects have been reported for CBD, and in models of 

generalised anxiety disorder, even high doses did not show anxiogenic effects. 

To make the multiple characteristics of the ECS, and the effects of CBD and THC more 

complicated, age seems to play a relevant role in explaining the properties of the functioning 

of the ECS. In their review, Calabrese & Rubio-Casillas (2018) summarise the biphasic dose 

response on neurological functions and neurogenesis in relation to age. Rubino et al. (2015) 

found that THC consumption during adolescence resulted in lower spine density in the 

pyramidal neurons in the prefrontal cortex (PFC). Moreover, Bilkei-Gorzo et al. (2017) have 

found that low doses of THC in young mice tend to interfere with neuroplasticity, while they 

enhanced cognitive function in old mice. These are just two illustrations of the complexity of 

the ECS which point towards the necessity for more research. Especially translational research 

in humans seems indispensable, since the chemical structures of the CB1 receptors in rats and 

humans show 97% similarity, and of the CB2 receptors in mice and humans show approximately 

80% similarity (Pertwee, 1997; Shire et al., 1996). 

Multiple additional facets of the ECS and their role in various disorders are of great interest, 

however, they would exceed the capacity of a dissertation. The focus of the following research 

is therefore on the role of the endocannabinoid system in stress and fear learning, fear extinction 

and retention of the latter, as well as the corresponding neural correlates. In former studies, 

numerous effects of cannabinoids and the modulation of the ECS on processes involved in fear 

learning and extinction have been studied in rodents and to a lesser extent in humans. Lutz et 

al. (2015), and Hillard et al. (2018) have postulated an important neuromodulatory role, 

particularly of the endocannabinoids AEA and 2-AG, in fear-related processes. The authors 

have suggested that manipulating AEA and 2-AG, or their degrading enzymes may modulate 

these processes (Gil-Ordonez et al., 2018; Gunduz-Cinar, Hill et al., 2013; Hill et al., 2013; 

Hillard, 2018; Lutz et al., 2015; Mayo et al., 2019; Rabinak & Phan, 2014).  

 Endocannabinoid receptors 

The two best-known endocannabinoid receptors CB1 and CB2 are differently distributed in the 

human body, with CB1 receptors showing the highest density in the brain. In the rat brain, they 

are particularly found in regions such as the cerebellum, hippocampus, neocortex, striatum, 

vmPFC, amygdala, nucleus accumbens, thalamus and the substantia nigra (Freund et al., 2003; 

Herkenham et al., 1990; Marsicano & Lutz, 1999; Mato et al., 2004). In the human brain, 

highest densities have been observed via in vitro and in situ hybridisation in the hippocampus, 

striatum, frontal cortex, amygdala, cerebellum, globus pallidus, cingulate gyrus, thalamus and 
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hypothalamus, Wernicke’s area, and basal ganglia (Glass et al., 1997; Westlake et al., 1994). 

At the cellular level, CB1 receptors are mostly located on presynaptic axon terminals of 

glutamatergic and gamma-aminobutyric acid (GABA)-ergic neurons and modulate the 

excitability of related cells (Worley et al., 2018) via a retrograde feedback mechanism to lower 

synaptic transmission and modulate both inhibitory and excitatory synapses (Lutz et al., 2015). 

This process is exemplified by means of an excitatory synapse in Figure 1. Here, afferent 

stimulation evokes presynaptic glutamate release, thereby stimulating the postsynaptic terminal 

via Ca2+ influx, which leads to a subsequent synthesis of the endocannabinoids (Lutz et al., 

2015; Wilson & Nicoll, 2002). Depending on synaptic activation, the two endocannabinoids 

AEA and 2-AG are synthesised on demand in the postsynaptic neuron following membrane 

depolarisation. AEA is synthesised in various manners. The best known is via the enzymes N-

acyl phosphatidylethanolamine phospholipase D (NAPE-PLD), which is mostly present in the 

presynaptic terminal of glutamatergic axon cells (Nyilas et al., 2008). 2-AG is synthesised by 

diacylglycerol lipase (DAGL). After synthesis, the endocannabinoids travel in a retrograde 

manner to bind on the CB1 receptors on the presynaptic membrane where, once activated, CB1 

receptors inhibit adenylyl cyclase activity, which reduces the cyclic adenosine monophosphate 

(cAMP) cascade and in turn augments the activation of potassium channels, which via voltage-

gated calcium channels inhibit calcium influx (Howlett, 2002). Subsequently, neurotransmitter 

release is inhibited and termination of the action of AEA and 2-AG takes place via enzymatic 

hydrolysis (Ahn et al., 2008). FAAH is the catabolic enzyme that hydrolyses AEA, mainly to 

arachidonic acid and ethanolamine (EA), and is preferentially located at the post-synaptic 

terminal, while MAGL hydrolyses 2-AG to arachidonic acid and glycerol (Glyc), and is found 

mainly in the presynaptic terminal (Ahn et al., 2008; Bisogno & Maccarrone, 2013). Even 

though the mechanisms of action of AEA and 2-AG in synaptic transmission seem to be similar, 

research suggests that they play varying roles. While AEA shows high affinity for the CB1 

receptor, it works only as a partial CB1 agonist, but at transient receptor potential cation channel 

subfamily V member 1 (TRPV1) receptors it works as a full agonist (Ligresti et al., 2016). The 

TRPV1 receptor is a postsynaptic receptor involved in heat and pain sensation, which has a 

critical role in regulating the extent to which endocannabinoids influence the presynaptic 

neurotransmitter release (Lee et al., 2015). On the other hand, 2-AG shows lower affinity but a 

higher efficacy in initiating an intracellular signal transduction (Hillard, 2000). The 

presumption is that AEA reduces the probability of presynaptic GABA release and plays a role 

in regulating the tonic neuronal balance (Kim & Alger, 2010; Morena et al., 2016), whereas 2-

AG seems to interact with GABA receptors within the postsynaptic neuron (Sigel et al., 2011) 
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and modulates the neuronal circuit via long-term plasticity, such as endocannabinoid mediated 

long-term depression (LTD). Furthermore, 2-AG seems to be involved in short-term plasticity, 

such as depolarisation induced suppression of inhibition (DSI) and excitation (DSE) 

(Guggenhuber et al., 2015; Katona & Freund, 2012; Shonesy et al., 2014). In summary, 

retrograde and non-retrograde signalling is stimulated by the endocannabinoids via CB- or 

TRPV1 receptors (Castillo et al., 2012). AEA is assumed to tune the general circuit excitability, 

while 2-AG seems to modulate stimulus-related synaptic plasticity by triggering fast inhibitory 

and excitatory CB1 receptor activation (Worley et al., 2018). 

 

 

Figure 1. General endocannabinoid signalling at the synapse. When a neurotransmitter, here glutamate, 

is released, intracellular Ca2+ is increased postsynaptically. This increase enhances the synthesis of 

endocannabinoids. For the synthesis of AEA, phospholipid precursors such as 

phosphatidylethanolamine are hydrolysed by N-acyltransferase (which is Ca2+ dependent), which results 

in N-arachidonoyl PE and is then hydrolysed by a phospholipase D to yield AEA. For the synthesis of 

2-AG, phospholipase C hydrolyses phosphatidylinositol into diacylglycerol. Diacylglycerol lipase then 

converts diacylglycerol into 2-AG. The endocannabinoids then travel across the synaptic cleft and bind 

to presynaptic CB1 receptors. CB1 receptor activation leads to the suppression of glutamate release via 

G-proteins inhibiting adenylyl cyclase and regulating ion channels. To terminate endocannabinoid 

signalling, fatty acid amide hydrolase hydrolyses AEA to arachidonic acid and ethanolamine and 

monoacylglycerol lipase hydrolyses 2-arachidonoyl glycerol to arachidonic acid and glycerol. Other 
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pathways for synthesis and degradation exist, but are not listed in this illustration (Lutz et al., 2015; 

Morena et al., 2016; Zajkowska et al., 2014). Abbreviations: 2-AG: 2-arachidonoyl glycerol, AA: 

arachidonic acid, AEA: anandamide, Ca2+: calcium, CB1: cannabinoid receptor 1, EA: ethanolamine, 

glyc: glycerol, DAG: diacylglycerol, DAGL: diacylglycerol lipase, FAAH: fatty acid amide hydrolase, 

Gi/o: subfamily of G-proteins; K: potassium, MAGL: monoacylglycerol lipase, NAPE: N-arachidonoyl 

phosphatidylethanolamine, NAT: N-acyltransferase, PLC: phospholipase C, PLD: phospholipase D, PE: 

phosphatidylethanolamine, PI: phosphatidylinositol. This image was created with BioRender.com. 

 

 Processing of stress and the ECS in human and animal research 

Stress plays an essential role in the development of various psychiatric disorders, such as PTSD 

(Hill et al., 2013; Worley et al., 2018), anxiety disorders (Duval et al., 2015), schizophrenia 

(Walker & Diforio, 1997) and depression (Zajkowska et al., 2014). However, stress may impact 

individuals differently. While some individuals possess a wide array of coping mechanisms and 

recover fast from stressful events, such as trauma, others lack this kind of resilience and develop 

chronic stress-related disorders, such as anxiety disorders or PTSD (Worley et al., 2018). While 

the term stress offers a wide range of interpretation, a useful differentiation can be made 

between acute and chronic stressors (Musazzi et al., 2017), and escapable and inescapable stress 

(Worley et al., 2018). The following section gives a brief overview of relevant stress-related 

processes in rodents and humans and the connection to the ECS, starting with a short summary 

of the functioning of the hypothalamic-pituitary-adrenal (HPA)-axis.  

The HPA-axis controls the stress response of humans and rodents alike. In humans, when the 

hypothalamus receives a “stress signal”, it releases the corticotropin-releasing hormone (CRH). 

This hormone stimulates the pituitary glands to release adrenocorticotropic hormone (ACTH), 

which consequently leads to the release of cortisol (or corticosterone in rodents) from the 

adrenal glands. Cortisol may then lead to the release of glucose, which provides energy to cope 

with the stress response. Additionally, elevated cortisol levels work via a negative feedback 

inhibition loop to signal to the relevant brain structures such as the hypothalamus to terminate 

the stress response and down-regulate the HPA-axis (Stephens & Wand, 2012) (see Figure 2). 

Neuroimaging studies in humans have identified several brain regions involved in the 

processing of stress and emotion regulation, namely the vmPFC, the amygdala and the 

hippocampus (Etkin et al., 2011; McEwen et al., 2015).  

Animal research suggests that the ECS comes into play at the point of termination of the initial 

phase of the stress response mediated by the HPA-axis. The rationale is that exposure to stress 
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leads to an increase in CRH in the basolateral amygdala (BLA) in rodent models, which induces 

the mobilisation of FAAH. This in turn leads to the degradation of AEA and propagates the 

stress response. In a second cascade 2-AG is mobilised to terminate the stress response (Gray 

et al., 2015; Gunduz-Cinar, Hill et al., 2013; Hill et al., 2010; Morena et al., 2016) (see Figure 

3). Thus, these studies suggest that the ECS in the context of stress works as an emotional buffer 

(Hill et al., 2010; Lutz et al., 2015; Morena & Campolongo, 2014). 
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Figure 2. Stress and the hypothalamus-pituitary-adrenal axis. In humans, when the hypothalamus 

receives a “stress signal”, it releases the corticotropin-releasing hormone (CRH). This hormone 

stimulates the pituitary glands to release adrenocorticotropic hormone (ACTH), which leads to the 

release of cortisol from the adrenal glands. Cortisol may then lead to the release of glucose, to provide 

energy to cope with the stress response. Additionally, elevated cortisol levels work via a negative 

feedback inhibition loop to signal to the relevant brain structures such as the hypothalamus to terminate 

the stress response and down-regulate the HPA-axis. 
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Figure 3. Endocannabinoid signalling following stress exposure. Stress leads to an increase of the 

corticotropin releasing hormone (particularly in the basolateral amygdala in rodent models), which 

enhances the degrading enzyme fatty acid amide hydrolase, which subsequently decreases AEA, leading 

to the onset of the stress response. The increase of glucocorticoids such as cortisol mobilises 2-AG 

(particularly in the mPFC in rodent models, by mechanisms which are not yet elucidated). Via negative 

feedback inhibition, 2-AG inhibits the activation of excitatory neurons and the HPA-axis and supports 

the end of the stress response by suppressing the release of CRH. Abbreviations: CRH: corticotropin-

releasing hormone; FAAH: fatty acid amide hydrolase; AEA: anandamide; 2-AG: 

2-arachidonoylglycerol. Small symbols represent molecule concentrations. Image based on Morena et 

al. (2016). 

 

 

Recent animal research has furthermore demonstrated that the augmentation of AEA may have 

anxiolytic capacities on confrontation with acute stressors (Haller et al., 2009), as well as for 

chronic stress, where increased FAAH activity has been reported (Hill et al., 2013). More 

precisely, Hill et al. (2011) found that the administration of a CB1 receptor antagonist into the 

mPFC extended the corticosterone activation, which suggests that intact CB1 receptor signalling 

is essential for the down-regulation of the stress response. Similarly, blockade of CB1 receptors 

in the rodent amygdala lead to increased anxiety-like behaviour (Morena et al., 2016), 

heightened HPA-axis activity (Hill et al., 2009) and higher amygdala activity (Patel et al., 

2005). These findings were substantiated by Mayo et al. (2018), who found that AEA levels in 

STRESS

CRH

FAAH

Onset of the 
stress response

AEA

End of the stress 
response

2-AG

CORTISOL

Time



Introduction 
 

 15 

mice were reduced in the periphery, the amygdala, and in the prefrontal cortex after a stress 

task. However, rodents with genetically elevated AEA levels were protected from these stress-

induced decreases. In line with these findings, AEA levels in the rodent vmPFC have been 

found to be decreased after exposure to acute, uncontrollable stressors (McLaughlin et al., 

2012). Furthermore, the same authors have shown that FAAH inhibition within the rodent 

vmPFC led to elevated AEA levels in the vmPFC and reduced the activation of the HPA-axis 

post stress exposure. For 2-AG, MAGL inhibition had protective effects in a chronic stress 

model in mice (Sumislawski et al., 2011). However, it is important to note that, at least in 

rodents, intracellular signalling cascades of the corticotropin-releasing hormone receptor type 1 

(CRHR1), which is mainly involved in FAAH receptor signalling, differ between the amygdala 

and the PFC, with respect to their roles in fear processes. A possible explanation for this 

phenomenon, which seems of relevance in fear-related processes, (see Section 1.5), lies in the 

divergence of cell types (excitatory or inhibitory) in both regions (Gray et al., 2015; Refojo et 

al., 2011). In this context, Hill et al. (2010) investigated AEA and 2-AG levels in the brain 

tissue of rats who underwent a stress task and found that AEA levels in the corticolimbic regions 

were consequently lowered, while 2-AG levels in the amygdala were augmented, indicating 

region-specific regulative functions of the endocannabinoids in stress adaptation. 

To summarise, the findings suggest that the ECS acts as a stress buffer and may exert a 

protective function against anxiety provoked by stress including aversive stimuli (Morena & 

Campolongo, 2014). In humans, Mayo et al. (2018) have found increases in AEA directly after 

a stress task, which decreased after a 20-minutes recovery phase. In their study they found 

protective effects of the AA-genotype of the FAAH polymorphism rs324420 resulting in a lower 

decrease of AEA in the recovery phase of the stress task. These results are intriguing, because 

they indicate that the mechanisms in rodents and humans may act differently. While Gunduz-

Cinar et al. (2013) suggested a drop in AEA in the BLA after FAAH mobilisation to initiate the 

stress response in rats, the results by Mayo et al. (2018) point towards elevated, however not 

significant, serum AEA levels in humans, which decrease during recovery. These results have 

been observed in other studies by Dlugos et al. (2012), who found a significant increase in 

serum AEA but a moderate increase in 2-AG in a Caucasian subgroup after a stress task. 

Moreover, accumulating evidence, mainly from rodent studies, points towards two different 

roles for the two endocannabinoids: AEA may act as a mediator for tonic endocannabinoid 

signalling, while 2-AG mediates phasic endocannabinoid signalling as a response to acute 

stressors (Ahn et al., 2008; Gunduz-Cinar, Hill et al., 2013). Adding to the human findings, Hill 

et al. (2009) found that, after the Trier Social Stress Test (TSST), 2-AG serum concentrations 



Introduction 
 

 16 

were higher than before the task, while AEA showed no significant differences. Both 

endocannabinoids presented a non-significant decrease during the 30-minutes recovery phase 

after the experiment. 

Taken together, the ECS seems to be highly involved in stress-related processes and thus poses 

a great opportunity to enhance therapeutic approaches for stress-related disorders. However, 

most studies on the matter have been conducted in rodent models and since the current findings 

are controversial, translational human studies are urgently required to understand the 

corresponding mechanisms.  

1.5 The ECS in animal research on fear-related processes 

Animal research of the past decades has paid much attention to the mechanisms underlying 

ECS signalling in fear- and anxiety-related processes. The following section provides an 

overview of the intriguing and partly conflicting findings but does not aim to present all animal 

research on fear-related processes conducted to this point.  

In rodents, CB1 receptors are highly expressed in brain regions such as the hippocampus and 

the BLA (Katona et al., 2001; Marsicano & Lutz, 1999), the bed nucleus of the stria terminalis 

(BNST) (Puente et al., 2010), and the PFC (Lafourcade et al., 2007). The BLA and PFC are 

known to be involved in the formation and extinction of fear-related processes and have 

therefore been the primary target for endocannabinoid modulation in various studies (Lutz et 

al., 2015). Rodent models investigating anxiety disorders mainly use pain stimuli such as foot-

shocks to simulate fear conditioning. The success of the fear conditioning or fear extinction 

intervention is usually assessed by means of a startle or freezing response, and the measurement 

of biomarkers, lesions, intracranial electrodes and optogenetics allows the examination of the 

brain regions involved. 

Rodent models suggest that an increase in AEA signalling by genetic deletion or inhibition of 

the degrading enzyme FAAH, or via the administration of CB1 agonists, such as WIN55,212-2, 

has a protective function against the anxiogenic impact of aversive stimuli (Haller et al., 2009; 

Pistis et al., 2004). It also decreases anxiety-like behaviour by protecting from stress-induced 

reductions of AEA, and thus promotes fear extinction (Bitencourt et al., 2008; Gunduz-Cinar, 

Hill et al., 2013; Gunduz-Cinar, MacPherson et al., 2013; Hill et al., 2013; Lin et al., 2009; 

Mayo et al., 2018; Moreira et al., 2008; Pamplona et al., 2006; Rabinak & Phan, 2014; Zubedat 

& Akirav, 2017).  

The following section is divided into subsections describing the effects of endocannabinoid 

agonists or degradation inhibitors, which elevate endocannabinoid levels, versus antagonists or 
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genetic blockade of the CB receptors leading to lower endocannabinoid levels. Their influence 

in relation to fear conditioning and fear extinction learning is then displayed. 

 Agonists or degradation inhibitors 

Fear conditioning 

The selective CB1 receptor agonist HU-210 impaired memory consolidation after a fear 

conditioning paradigm in rats (Mackowiak et al., 2009). Injecting the non-selective CB1/CB2 

receptor agonist WIN55,212-2 into the hippocampus and the amygdala induced the same effect 

(Shoshan & Akirav, 2017; Zarrindast et al., 2010; Zarrindast et al., 2012), while it conversely 

enhanced fear consolidation when injected into the BLA (Campolongo et al., 2009). Depending 

on the task, WIN55,212-2 showed also opposite effects and impaired fear consolidation when 

infused into the BLA (Kuhnert et al., 2013).  

Morena et al. (2014) found that AEA, but not 2-AG levels were elevated in the BLA, 

hippocampus and mPFC after inhibitory avoidance training, positively correlating with the 

training intensity. A post-training infusion with the FAAH inhibitor URB597 injected directly 

into these three brain regions enhanced the following memory consolidation. 

Additionally, when using the CB1 agonist CP55,940, the acute freezing response as a correlate 

of anxiety in response to the CS+US in mice was increased (Morena et al., 2014). However, the 

endocannabinoid uptake inhibitor AM404 reduced the acute freezing response (Llorente-Berzal 

et al., 2015). Adding to the multiple studies, (Balogh et al., 2019) found that slightly enhanced 

fear conditioning occurred after systemic administration of URB597 (a FAAH inhibitor), while 

local injections into the ventral hippocampus and prelimbic cortex led to augmented acquisition 

of fear conditioning, which was resistant to later fear extinction.  

In a study by Kishimoto et al. (2015) involving knock-out mice deficient in MAGL and 

consequently enhanced 2-AG levels, context-dependent results were found, with normal fear 

acquisition in the Morris water maze (MWM), and facilitated fear acquisition in the novel object 

recognition and water-finding test. This differential role of AEA and 2-AG in anxiety-related 

processes was also investigated by Busquets-Garcia et al. (2011), who found that the FAAH 

inhibitor URB597, the MAGL inhibitor JZL184 and the selective CB2 receptor agonist 

JWH-133 had anxiolytic-like effects, but using knock-out mice, the authors were also able to 

show that the pathways vary. While the FAAH inhibition via URB597 affects the CB1 

receptors, MAGL inhibition via JZL184 works via CB2 receptor pathways.  
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These results stress the importance of the task applied and demonstrate the complexity of the 

ECS, its biphasic opposite effects, the different pathways of action and the relevance of the 

brain region administrated. 

  
Fear extinction  

When looking at fear extinction learning, the CB1 receptor agonists WIN55,212-2 and AM4040 

have been shown to have enhancing effects in rats (Pamplona et al., 2006). This was replicated 

in studies using FAAH inhibition to elevate AEA, for example with URB597, prior to extinction 

training where additionally enhanced extinction recall was found (Lin et al., 2009), a result 

which was substantiated by the findings of a study using a systemic administration of another 

FAAH inhibitor AM3506 (Gunduz-Cinar et al. 2013; Hill et al., 2013). They found that 

AM3506 augmented AEA levels in the BLA, and when administered before extinction learning, 

led to decreased anxiety-like behaviour. In addition, they found that extinction training led to 

increased AEA levels in the BLA (Gunduz-Cinar, Hill et al., 2013). 

Interestingly, these results emphasise the importance of the time point of drug administration, 

highlighting potentiated extinction only when the FAAH inhibitor is administered before 

extinction learning and not when given before the fear conditioning phase of the experiment or 

after fear extinction learning, a finding which was confirmed by Segev et al. (2018) who found 

similar effects for the FAAH inhibitor URB597. Systemic URB597 infusions have also been 

shown to have a positive impact on fear extinction learning, as well as extinction recall, for 

example by decreasing freezing behaviour (Bowers & Ressler, 2015; Dincheva et al., 2015; 

Llorente-Berzal et al., 2015). Additionally, cannabidiol, a CB1 receptor agonist, promoted fear 

extinction learning when infused into the mPFC (Do Monte et al., 2013).  

Furthermore, the systemic administration or direct infusion into the BLA with the MAGL 

inhibitor JZL184 showed opposite effects and impaired fear extinction learning, suggesting 

different roles for the enzymes (Hartley et al., 2016). However, these results should be 

considered with caution, because in another study with MAGL ablation in mice, the influence 

of 2-AG was highly context-dependent. In the Morris water maze, mice showed faster 

extinction of the learned behaviour, however in a contextual fear conditioning paradigm, they 

showed slower fear extinction (Kishimoto et al., 2015). The administration of the MAGL 

inhibitor JZL184, inhibiting 2-AG degradation before memory retrieval, increased the freezing 

response in another paradigm by Llorente-Berzal et al. (2015). However, Morena et al. (2016) 

found no effects of JZL 184 on extinction learning in rats, nor on their social behaviour. Yet, 
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they found minor reductions on the memory recall and in contrast, in the same study, URB597 

improved extinction consolidation (Morena et al., 2016).  

In summary, when looking at the effects of CB1 agonists and FAAH inhibitors on fear 

extinction with regard to the brain sites injected (BLA, infralimbic cortex, retrosplenial cortex 

(RSC), dorsal hippocampus, insular cortex), enhanced fear extinction learning was found 

(Alvarez et al., 2015; Do Monte et al., 2013; Lin et al., 2008; Lin et al., 2009; Zubedat & Akirav, 

2017). 

 Antagonists or genetic manipulations with concurrent effects 

Fear conditioning 

On the other hand, when looking at the pool of studies using CB1 receptor antagonists, some 

fitting conclusions can be made, since the effects are mostly opposite to those of studies using 

CB1 receptor agonists. After infusing the CB1 antagonist AM251 directly into the BLA, fear 

conditioning was impaired in rats (Bucherelli et al., 2006). Contrarily, for the CB1 receptor 

antagonist SR141716 (Ribonamant), in a three-day fear conditioning, fear extinction learning 

and extinction recall experiment, an increase in freezing behaviour was found on three 

consecutive days (Llorente-Berzal et al., 2015). 

Once again, these findings point towards the manifold and sometimes controversial behavioural 

effects as a consequence of drug administration. 

 
Fear extinction  

Concordantly, it has been shown, that the genetic deletion of CB1 receptors in knock-out mice 

or administration of CB1 antagonists, such as AM251, is associated with impaired extinction 

learning (Marsicano et al., 2002) and anxiogenic effects in animal models (Patel & Hillard, 

2006). Studies using a systemic antagonist (e.g. SR141716A), showed impaired fear extinction 

when infused directly into the BLA or the PFC (Finn et al., 2004; Lin et al., 2009). In line with 

these results, Marsicano et al. (2002) revealed that mice, who were injected with a CB1 receptor 

antagonist, or genetic deletion of the receptor, showed impaired fear extinction. These results 

were replicated by various other studies (Kamprath et al., 2006; Plendl & Wotjak, 2010; Ruehle 

et al., 2012). Remarkably, Marsicano et al. (2002) also found that different brain regions play 

divergent roles in endocannabinoid signalling and neural excitation. They observed that AEA 

and 2-AG signalling during re-exposure to an aversive stimulus increased AEA and 2-AG in 

the BLA, but not in the mPFC.  
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Additionally, the reduction of 2-AG by gene deletion produced fear extinction deficits and 

increased anxiety-related behaviours (Jenniches et al., 2016; Lin et al., 2009; Shonesy et al., 

2014). Complementarily, Jenniches et al. (2016), and Cavener et al. (2018) found that deletion 

of DAGL, the enzyme that synthesises 2-AG, or DO34, another 2-AG synthesis inhibitor, 

disrupted fear extinction.  

 The ECS in animal research on fear-related processes: summary 

Taken together, studies using CB1 antagonists stress the importance of the different brain 

regions involved in extinction learning, and suggest varying functioning of the CB1 receptors. 

Impaired extinction learning can be found in studies where CB1 antagonists have been injected 

into the BLA, the dorsal hippocampus, RSC, the CA1 area of the hippocampus, or the insular 

cortex (de Oliveira Alvares et al., 2008; Lin et al., 2009; Sachser et al., 2015). 

Combined, these studies indicate an essential role of the ECS in fear extinction learning. The 

mixed results of the different agonists and antagonists can potentially be explained by the 

variety of paradigms used, an inverted U-shaped dose response, which has frequently been 

associated with ECS drugs, generalised effects due to the activation of additional receptors (e.g. 

CB2, TRPV1), and the brain region into which the drug was injected. For example, when 

looking at the effects in the BLA during fear extinction learning, 2-AG and AEA seem to play 

diverging roles (Lisboa et al., 2019). Generally, the deletion of CB1 receptors is linked to 

anxiogenic effects (Patel & Hillard, 2006), while CB1 agonism is associated with enhanced fear 

extinction learning, and fittingly, CB1 antagonism is associated with impaired fear extinction 

learning. For fear conditioning, more controversial effects of ECS modulation have been found. 

More recently, the focus has shifted increasingly towards extinction retention, and the first 

studies show promising effects of FAAH inhibition and cannabinoid facilitation on fear 

extinction recall (Mayo et al., 2019; Rabinak & Phan, 2014). 

To summarise, these studies indicate a potential use for CB1 agonists or FAAH inhibitors to 

facilitate extinction processes. The manifold research on endocannabinoids in rodents should 

be considered carefully, however. Firstly, because preclinical models are still scarce and the 

human and rodent ECS do not entirely overlap (Pertwee, 1997), and secondly, the mechanisms 

of action of the ECS seem to be highly complex because modulation of cannabinoid receptors 

by both agonists and antagonists of CB receptors seem to impact fear memory consolidation 

(de Oliveira Alvares et al., 2008; Ratano et al., 2014; Sachser et al., 2015; Santana et al., 2016) 

(see Figures 4 and 5). 
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Figure 4. AEA modulation and behavioural outputs. Upper panel: direct CB1 receptor agonists and 

FAAH inhibition (the degrading enzyme of AEA) lead to an increase in AEA concentrations in rodents 

and humans. Resulting, enhanced fear extinction learning and anxiolytic effects can be observed. Lower 

panel: in rodents, genetic manipulations and CB1 receptor antagonists lead to reduced AEA levels, which 

are associated with impaired fear extinction, anxiogenic effects and activation of the HPA-axis. Lilac 

rectangles represent AEA concentrations. Abbreviations: CB1: cannabinoid receptor 1; AEA: 

anandamide; FAAH: fatty acid amide hydrolase; HPA: hypothalamic-pituitary-adrenal 
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Figure 5. 2-AG modulation and behavioural outputs. Upper panel: in rodents, MAGL inhibition (the 

degrading enzyme of 2-AG) and related genetic manipulations lead to an increase in 2-AG 

concentrations. Resulting, enhanced fear extinction learning and anxiolytic effects can be observed. 

Lower panel: in rodents, DAGL inhibition (the synthesising enzyme) and related genetic manipulations 

lead to reduced 2-AG levels, which are associated with impaired fear extinction learning and anxiogenic 

effects. Turquoise rectangles represent 2-AG concentrations. Abbreviations: MAGL: monoacyl-

glycerol lipase; DAGL: diacylglycerol lipase; 2-AG: 2-arachidonoylglycerol. 

 

 Animal research on CB2 and TRPV1 receptors  

Lastly, a rather small portion of research has been dedicated to CB2 receptors, but growing 

evidence shows that they may play a role in emotion regulation, too. For example, in a study 

with mice in stressful situations, an overexpression of CB2 receptors was followed by less 

depressive-like behaviours (Garcia-Gutierrez & Manzanares, 2010; 2011), and Llorente-Berzal 

et al. (2015) showed that the CB2 antagonist AM360 lead to a decrease in conditioned freezing 

during fear conditioning.  

Furthermore, given AEA’s potential to act on CB1 and TRPV1 receptors, another study was 

able to demonstrate opposing effects on these receptors (Gobira et al., 2017). With the 

appropriate agents, synergistic anxiolytic effects were obtained. These findings point towards 

the importance of a holistic approach. Modulation of the ECS seems a promising tool in 

advancing pharmaceutical approaches, however, their effects on pathogenesis and other 
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receptor types are not yet fully understood and should be carefully considered in the 

development of medical approaches (Busquets-Garcia et al., 2018). Future research may 

explore new avenues of pharmacological enhancement of the ECS, leading to safer and more 

efficient treatment (Di Marzo et al., 2004). 

Finally, these studies have all been conducted in rodents while translational studies 

investigating the role of the ECS in humans are limited. Also, studies investigating the 

interaction of the ECS and other systems are scarce and necessary. 

For clarification, the manifold results are illustrated in Figures 4 and 5. 

1.6 Human research on fear-related processes 

Anxiety disorders put a serious burden on patients and their social environment alike. The 

current psychopharmacological treatments target the symptoms, but rarely the source or the 

cognitive alterations related to these disorders. Patients benefit from CBT and particularly 

confrontational interventions making use of extinction learning, but high drop-out rates stress 

the need for improvements. The ECS, with its well-known accessibility provides a possibility 

to enhance the underlying processes of CBT for anxiety disorders (Murrough et al., 2015; 

Papagianni & Stevenson, 2019; Vervliet et al., 2013). 

The following section provides an overview of the existing research related to stress and anxiety 

conducted on the ECS in humans. The section is structured according to the modalities through 

which modulation of the ECS could be beneficial in the prevention and treatment of anxiety 

disorders (see Figure 6). Since most research has been conducted on patients with PTSD, it will 

be used exemplarily to illustrate the underlying mechanisms, which also occur in other anxiety 

disorders.  

A starting point for endocannabinoid treatment to reduce the impact of a threatening or 

traumatic event (e.g. a car accident) could be in the direct aftermath of its experience, with the 

goal of disrupting the consolidation of the aversive memory (Berardi et al., 2016; Papini et al., 

2015). In previous studies, Pavlovian fear conditioning has been successfully used to replicate 

the underlying processes in the laboratory. A next potential target for cannabinoid 

administration could be interference with the process during memory retrieval and during fear 

extinction learning, a process whereby one learns that a previously aversive or negative 

stimulus (e.g. the car after a car accident) is no longer threatening and no longer elicits a stress 

response related to the experience (e.g. intrusions, hyperarousal, dissociations, etc.) (Quirk et 

al., 2010). Thus, by reducing the stress- or anxiety-related response to the stimulus and by 

enhancing the consolidation of the newly acquired “safety learning”, cannabinoids may be of 
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great benefit. Lastly, the consolidation of the newly acquired information during fear extinction 

learning and the extinction recall seem to be targets for cannabinoid treatment (Mayo et al., 

2019). For practitioners and clinicians, fear extinction learning, as it occurs during exposure 

therapy and extinction recall, will most likely be the intersections of interest. In the future, ECS 

modulation might improve the therapeutic process for patients and potentially enhance their 

therapeutic commitment.  

In the past years, the focus has shifted more towards research in humans, but the translation of 

findings from animal models to humans, which is necessary to develop pharmacological tools, 

remains tentative (Blessing et al., 2015; Lee et al., 2016; Papini et al., 2015).  

 
Figure 6. Targets to disrupt fear-related processes in experimental paradigms and clinical settings. Main 

nodes of action: disrupt fear learning consolidation, enhance fear extinction learning, promote fear 

extinction consolidation, enhance extinction recall. 

 

 Preclinical and clinical approaches 

When looking at the first stage of therapeutic application (fear conditioning), people treated 

with the anaesthetic drug propofol after accidents had an increased risk of developing PTSD 

and showed higher PTSD symptom severity (Usuki et al., 2012). Propofol, which facilitates 

GABA-mediated inhibitory transmission, has also been shown to increase AEA by inhibiting 

FAAH (Patel et al., 2003). Consequently, it can be concluded that propofol might enhance the 

consolidation of traumatic memory via AEA elevation (Berardi et al., 2016; Hemmings & 

Mackie, 2011). These findings indicate that ECS stimulation immediately after trauma 

experience might not be beneficial with regard to PTSD development. Based on research in 

animal models and genetic studies, the focus has thus shifted more towards fear extinction and 

extinction recall. The findings are summarised in the following paragraph.  

The SNP rs324420 in the FAAH-coding gene has been demonstrated to modulate fear extinction 

learning in humans, and similarly in rodent models. Accordingly, AA-homozygous human 
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individuals, who display reduced FAAH activity, present higher AEA levels, show increased 

stress-coping, facilitated fear extinction, and an augmented extinction recall effect (Dincheva 

et al., 2015; Gunduz-Cinar, MacPherson et al., 2013; Hariri et al., 2009; Mayo et al., 2018). 

However, little is known about task-related changes of endocannabinoids, particularly AEA. 

The first related findings stem from Mayo et al. (2019) who in a double blind, placebo-

controlled study found that FAAH inhibition with PF-04457845 (4 mg for 10 days) enhanced 

extinction recall in humans. In the experiment, there was no effect of the FAAH inhibitor on 

fear acquisition, nor on fear extinction, however they found that FAAH inhibition had a 

protective influence on stress-related decreases in peripheral AEA levels in healthy subjects 

(Dlugos et al., 2012; Mayo et al., 2018).  

Concordantly, Rabinak et al. (2014) have shown that administration of the CB1 receptor agonist 

THC promotes vmPFC activation during fear extinction recall and, in another study, they found 

that THC prior to extinction training led to lower skin conductance response (SCR) during 

extinction recall and higher activation of the hippocampus in PTSD patients (Rabinak et al., 

2018). Moreover, in a study where participants orally ingested 7.5 mg THC (as “dronabinol”) 

or placebo prior to the extinction session, the same research group found that the dronabinol 

(THC) group showed significantly lower SCR when presented with the extinguished CS+ in 

comparison to the unextinguished CS+ during extinction recall on the next day (Rabinak et al., 

2013). In a similar study conducted by Das et al. (2013), subjects were given 32 mg CBD 

directly before or after the extinction session. They found no differences during the extinction 

session, but for the extinction recall test they found lower shock expectancy ratings in the group 

treated with CBD post extinction learning. Additionally, the two groups who had received CBD 

pre or post extinction training showed lower SCR during reinstatement than the control group, 

indicating more persistent extinction learning (Das et al., 2013). Conversely, Klumpers et al. 

(2012) administered either 10 mg THC, 250 mg N-methyl-D-aspartate (NMDA), or a placebo 

to three groups prior to extinction training and found lower SCR, but no reductions in fear-

potentiated startle in the THC group as compared to the other groups. However, this effect was 

not retained during extinction recall, indicating an acute, but not persistent effect of the drug 

(Klumpers et al., 2012). In another fear conditioning paradigm, the same research group 

genotyped 150 humans for two CNR1 polymorphisms within the promotor region (rs2180619) 

and the coding region (rs1049353) and overall found no effects for rs1049353 and no 

differences between genotypes for acquisition and expression of conditioned fear for 

rs2180619. Interestingly, rs2180619 AA homozygotes showed no extinction of fear-potentiated 

startle, which was still observable at the end of the extinction session (Heitland et al., 2012). 
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First clinical trials using nabilone, a synthetic cannabinoid agonist, in treatment resistant PTSD 

patients, found cessation or a significant reduction of nightmares in 72% of the patients and 

improvements in the quality of sleep, and reductions of night sweats and daytime flashbacks 

(Fraser, 2009). Looking at other anxiety disorders, Bergamaschi et al. (2011) demonstrated that 

600 mg of CBD, when given to subjects with untreated social anxiety disorder before a public 

speech stress study, reduced anxiety as measured with the visual analogue mood scale, a result 

which was replicated in healthy participants (Linares et al., 2019).  

To summarise, the preclinical and clinical findings in humans point towards CB1 receptor 

agonists as feasible candidates for the modulation of fear extinction learning and for the 

enhancement of the consolidation post extinction training, however their modes of action in 

humans remain poorly understood. Importantly, when comparing animal research to human 

research, human research investigating peripheral task-related changes in AEA and 2-AG is 

scarce, and suggests that peripheral endocannabinoids may act differently, as for example 

demonstrated by an increase in AEA concentrations during a stress task and a decrease in the 

recovery phase (Mayo et al., 2018). Also, no peripheral endocannabinoid measures have been 

investigated in trauma-related approaches, such as during exposure therapy or during extinction 

recall. This study aims to fill this important gap. 

 ECS-genetics 

This section displays the relevant research on genetic variations of the ECS in humans, while 

relevant rodent studies were presented in Section 1.5. Various single nucleotide polymorphisms 

seem of interest when investigating the ECS. However, so far, only one SNP has been found to 

be reliably involved in fear and anxiety-related processes: the FAAH polymorphism C385A, 

rs324420. Approximately 38% of the European population are A-allele carriers (AA/AC), 

leading to the FAAH enzyme being more vulnerable to a proteolytic degradation, which, in 

case of the AA-homozygotes, leads to less than half of the FAAH activity as compared to 

wildtype lymphocytes and thus higher peripheral AEA levels (see Figure 7) (Boileau et al., 

2018; Chiang et al., 2004; Dincheva et al., 2015; Mayo et al., 2018). In line with these findings, 

animal studies were able to demonstrate enhanced extinction processes when using a FAAH 

inhibitor (Gunduz-Cinar et al., 2013). Studies indicate beneficial effects for human AA-

homozygotes and AC-heterozygotes of the polymorphisms and positive anxiety-related effects 

(Dincheva et al., 2015; Hariri et al., 2009; Spagnolo et al., 2016). Recently, Mayo et al. (2018) 

have found that gene-dependent higher levels of AEA enhanced fear extinction and extinction 

recall, and that elevated AEA levels in AA-homozygotes have a protective function during 
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stress-related responses, in a way that A-allele homozygotes showed no significant decreases 

in AEA levels after a stress task. However, this effect was not observed for AC heterozygotes 

(Mayo et al., 2018). Hariri et al. (2009) have also found divergent effects of endocannabinoid 

signalling in humans associated with threat- and reward-related brain function. Their findings 

revealed, that the AA-homozygotes/AC-heterozygotes of the FAAH SNP C385A showed lower 

amygdala activation in a threat-related face processing task and increased activation in the 

ventral striatum in a reward task (Hariri et al., 2009). In addition, in their functional magnetic 

resonance imaging (fMRI) study, Gunduz-Cinar et al. (2013), observed that AC-heterozygotes 

or AA-homozygotes of the allele presented significantly enhanced habituation to threatening 

faces in an amygdala-mediated manner. In another fMRI study with healthy humans, AA-

homozygotes displayed enhanced fronto-amygdala connectivity during rest, but no differences 

in emotion regulation strategies during a paradigm with negative pictures (Gartner et al., 2019). 

Moreover, Cajanus et al. (2016) demonstrated that the FAAH polymorphism (rs324420) plays 

a role in pain sensation. In a sample of 1000 women undergoing surgery for breast cancer, the 

authors found that AA-homozygotes showed significantly lower sensitivity to cold pain and 

less need for analgesia after surgery (Cajanus et al., 2016).  

Another SNP of the CNR1 gene (rs1049353) has been demonstrated to be involved in affective 

disorders and emotional processing, however clinical studies have shown conflicting results, 

and its putative mechanisms on the CB1 receptor remain unclear (Wirz et al., 2018). Taking the 

research on ECS-related polymorphisms a step further, one study analysed the interaction of 

five genetic variations in the CNR1, CNR2 and FAAH genes on CBT-treatment outcomes in a 

large sample of children with anxiety disorders (Lester et al., 2017). None of the SNP-

dependent effects survived corrections for multiple testing, but one SNP (rs12133557) was 

nominally linked to an augmented treatment response and two SNPs (rs806365 and rs6454676) 

to a deteriorated treatment response. The authors conclude that the analyses provide only 

limited indications for a role of the tested SNPs in predicting CBT treatment outcomes in 

children and adolescents. 

For MAGL, one SNP (rs604300) has been found to correlate with childhood adversity and to 

predict cannabis dependence and habituation of the amygdala (Carey et al., 2015), but no human 

studies have found a MAGL-relevant polymorphism related to stress and anxiety processing. 
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Figure 7. FAAH SNP C385A (rs324420). The CC-homozygotes (increased fatty acid amide hydrolase 

(FAAH) activity) are associated with the lowest anandamide (AEA) levels, and the AA-homozygotes 

(lowest FAAH activity) with the highest concentrations of AEA. Small lilac rectangles represent AEA 

concentrations.  
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2 Study objectives and hypotheses 

2.1 State of the art 

Previous studies have highlighted the potential functional role of the ECS in the processing of 

stress and fear learning, as well as during fear extinction learning and extinction recall (Hill & 

Lee, 2016; Lutz et al., 2015; Mayo et al., 2018; Morena et al., 2016). Despite some controversial 

findings, during stress processing, AEA is assumed to be decreased, which is associated with 

the initiation of the stress response. In a next step, 2-AG is presumed to be increased to 

terminate the stress response (Morena et al., 2016). For fear conditioning, the findings of 

previous studies are also mixed. However, rodent studies revealed elevated AEA levels in the 

AMY, hippocampus and mPFC (Morena & Campolongo, 2014), suggesting an involvement of 

AEA during fear processing. Interestingly, CB1 agonism and inhibition of the degrading 

enzymes (FAAH and MAGL) of the endocannabinoids has mostly been associated with 

enhanced memory consolidation in rodents, as frequently measured with a following freezing 

response. During fear extinction learning, inhibition of the degrading enzymes of the 

endocannabinoids has been linked to improved fear extinction. Those findings were replicated 

in human studies using THC for instance, however, the results are again miscellaneous. When 

looking at fear extinction recall, recent human studies have pointed towards a promising role 

for FAAH inhibition in enhancing the fear extinction memory consolidation (Mayo et al., 

2019). Furthermore, the FAAH polymorphism (rs3244020) has been associated with lower 

FAAH activity, subsequently increased levels of AEA and enhanced stress adaptivity (Mayo et 

al., 2018), ameliorated fear extinction learning and improved extinction recall (Dincheva et al., 

2015; Mayo et al., 2019).  

Moreover, literature has focussed on the underlying neural basis of fear conditioning, fear 

extinction learning and extinction recall. Many studies, especially in rodents and human 

samples, have identified the amygdala and the PFC as prominent regions of fear processing 

(Gunduz-Cinar, MacPherson et al., 2013; Kuhnert et al., 2013; Morena et al., 2019). However 

recent meta-analyses and studies using larger samples found that the anterior insular cortex and 

the dACC, among others, appear to be the core neural clusters additionally involved in these 

processes (Fullana et al., 2016; MacNamara et al., 2015). 

Extensive research in existing literature has shown that no study has so far investigated the 

above-mentioned processes in combination, and combined previous studies have not addressed 

the following questions: firstly, the working mechanisms of the ECS in humans are generally 
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poorly understood and it is unclear whether the results of rodent studies can be translated to 

human setups. More precisely, no study has previously analysed the peripheral circulating 

endocannabinoids and their task-related changes during fear conditioning, fear extinction 

learning and extinction recall. When addressing the neural underpinnings of fear conditioning, 

fear extinction learning, and extinction recall, previous studies have investigated the impact of 

THC, for instance, and found changes in resting state connectivity and electrodermal activity 

(Klumpers et al., 2012; Rabinak et al., 2018). However, knowledge regarding the activity and 

reactivity of the ECS in humans remains preliminary.  

Secondly, the role of the FAAH SNP C385A has been investigated in previous studies, 

indicating a beneficial effect for AA-homozygotes/AC- heterozygotes in stress- and anxiety-

related processes (Dincheva et al., 2015; Hariri et al., 2009; Spagnolo et al., 2016). 

Nevertheless, its role during fear conditioning, fear extinction learning and extinction recall, 

and particularly the link to the respective neural regions activated, remains unclear. 

Thirdly, the neural underpinnings of fear conditioning, fear extinction learning and extinction 

recall have been inconsistently described and seem to vary between rodents, between healthy 

and clinical human samples, as well as between smaller and larger samples (Fullana et al., 2016; 

MacNamara et al., 2015). This complexity is increased by the methodology applied in many 

studies. There seems to be a lack of consensus regarding the amount of trials compared to 

investigate fear extinction learning, as well as regarding the stimuli compared to analyse 

extinction recall (Lonsdorf et al., 2017).  

Therefore, in this thesis, the current gap in endocannabinoid research and fear processing in 

humans was addressed by means of two studies. 

2.2 Research question and hypotheses 

Study 1: in the given context, to investigate the neural underpinnings of stress, fear 

conditioning, fear extinction learning and extinction recall, and especially the role of peripheral 

circulating endocannabinoids, an experimental Pavlovian-like, three-day fear conditioning - 

fear extinction - extinction recall paradigm was set up (see Methods 3.1.4). For this purpose, a 

heat shock (unconditioned stimulus) was applied to 55 healthy, male participants by means of 

a thermode while inside the MRI scanner. The experimental setup was guided by previous 

studies (Rabinak et al., 2013; Lonsdorf et al., 2017) in order to reach comparability with recent 

meta-analyses by (Fullana et al., 2018; Fullana et al., 2016). 

Study 2: a clinical sample of 41 patients with anxiety-related disorders as main or comorbid 

diagnosis underwent an exposure therapy as part of their guideline CBT. Fear- and State-Trait 
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Anxiety Inventory ratings (Spielberger et al., 1971) related to the exposure therapy were 

assessed and the role of the genetic FAAH SNP C385A (rs3244020) modulating FAAH 

availability was analysed.  

For illustrative purposes, a working model was designed for each study (see Figures 8 and 9).  

Figure 8. Working model, Study 1. 55 healthy male humans underwent a three-day fear conditioning, 

fear extinction and extinction recall paradigm while inside an MRI scanner. Blood samples and anxiety 

ratings were assessed before and after the scan on each day to analyse baseline levels and task-related 

changes in circulating endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG), as 

well as the role of the FAAH SNP C385A (rs324420). Arrows represent possible modulatory effects. 
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Figure 9. Working model, Study 2. 41 patients diagnosed with an anxiety-related disorder underwent 

an exposure therapy as part of their guideline cognitive-behavioural therapy. Subjective fear ratings 

were assessed before, during and after the therapy, as well as the State-Trait Anxiety Inventory pre and 

post exposure therapy. Blood samples were taken to examine possible modulatory effects of the FAAH 

SNP C385A (rs324420) on fear extinction. 

 

2.3 Hypotheses 

Hypotheses related to stress and ECS signalling 

A common risk factor for the development of psychiatric disorders, such as affective and 

anxiety disorders, is stress exposure (Gillikin et al., 2016) with stress being an unequivocal 

effect of fear conditioning. The ECS’ function as a contributor to stress adaptation seems of 

great interest due to its ubiquitous role in acute and chronic stress-related processes and anxiety 

disorders (Hill et al., 2009; Morena et al., 2016). Previous research investigating the ECS 

mainly focused on rodent models, so that translational studies are still necessary. Since the two 

main endocannabinoids of interest are AEA and 2-AG, their role in stress reactivity will be 

examined with the following hypotheses: 

 

Hypothesis 1: In healthy humans, the electrodermal activity (EDA) related to stress as applied 

by means of an unpleasant heat stimulus correlates with neural activation of 

Study 2 (patients)
n = 41

FAAH
C385A

Fear Extinction
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brain regions belonging to the salience and pain network, such as the anterior 

insula and the amygdala (Borsook et al., 2010; Menon, 2015). 

 

Hypothesis 2: In healthy humans, neural activation related to stress as applied by means of an 

unpleasant heat stimulus correlates with baseline endocannabinoids levels 

(AEA and 2-AG). 

 

Hypothesis 3: In healthy humans, neural activation related to stress as applied by means of an 

unpleasant heat stimulus correlates with task-related percent changes in 

endocannabinoids levels (AEA and 2-AG). A reduction in AEA and an 

increase in 2-AG is presumed (Morena et al., 2016). 

 

Hypotheses related to fear conditioning 

As discussed by Fullana et al. (2016), two different processes are assumed to take place during 

fear conditioning, namely “threat learning” of the CS+ and “safety learning” of the CS-. For 

“threat learning” the following clusters were identified: the anterior insular cortex, the ventral 

striatum and thalamic nuclei, the medial wall cortex including the pre-supplementary motor 

area and SMA, the secondary somatosensory cortex, the DLPFC, the lateral premotor cortex 

and ventral-posterior precuneus and the lateral cerebellum. For “safety learning” the clusters 

included: the lateral and midline primary sensory cortex, the dorsal posterior insular cortex, the 

dorsal anterior PFC, vmPFC, posterior cingulate cortex, lateral orbitofrontal cortex, inferior 

parietal cortex, lateral RSC, posterior cerebellum, dorsal caudate nucleus and dorsal posterior 

precuneus.  

A test was conducted to verify the prediction that the present sample’s brain activation 

associated with fear learning would replicate the above meta-analytical findings leading to the 

following hypotheses:  

 

Hypothesis 4:  In the present setup, neural activation for “threat learning” replicates the meta-

analytical findings as described by Fullana et al. (2016). 

 

Hypothesis 5:  In the present setup, neural activation for “safety learning” replicates the meta-

analytical findings as described by Fullana et al. (2016). 
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Hypothesis 6: In healthy humans, baseline levels and task-related percent changes of AEA 

and 2-AG correlate with the neural activation related to fear conditioning 

(Mayo et al., 2018). 

 

Hypotheses related to fear extinction learning and ECS signalling 

Core regions for fear extinction learning as described in a recent meta-analysis by Fullana et al. 

(2018), including the rostro-dorsal ACC extending to the pre-SMA and mPFC, AIC, DLPFC, 

anterior putamen extending to the ventral caudate, ventral pallidum, anterior and medial 

thalamus and midbrain are expected to be activated in the present paradigm to validate fear 

extinction learning. 

 

Hypothesis 7: In the present setup, neural activation for fear extinction replicates the meta-

analytical findings as described by Fullana et al. (2018). 

 

In a second step, the main goal was to investigate the link between the neural activation related 

to fear extinction learning, the role of the FAAH polymorphism (rs324420), baseline AEA and 

2-AG levels, as well as task-related percent changes of individual plasma levels of circulating 

AEA and 2-AG. Given the information from previous studies, 2-AG was assumed to play a 

rather ancillary role and it was expected that the neural signalling associated with extinction 

learning should vary as a function of individual levels of AEA, with the expectation that greater 

individual plasma levels would predict greater neural signalling of extinction learning. 

Moreover, changing individual plasma levels of circulating AEA and 2-AG measured before 

and after the fear extinction task were expected to be associated with neural extinction learning 

signalling. 

 

Hypothesis 8: In healthy humans, neural activation related to fear extinction learning varies 

as a function of the FAAH polymorphism (rs324420), and AA-homozygotes/ 

AC-heterozygotes are expected to display enhanced fear extinction (Dincheva 

et al., 2015). 

 

Hypothesis 9:  In healthy humans, baseline levels of AEA (and 2-AG) and task-related percent 

changes in endocannabinoids levels (AEA and 2-AG) correlate with the neural 

degree of extinction learning. 
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Hypotheses related to extinction recall 

Key regions related to extinction recall, as identified by Fullana et al. (2018), such as the dACC, 

AIC extending to the frontal operculum, the septal-hypothalamic region and secondary 

somatosensory opercular cortex are expected to be replicated in this study, serving as an 

additional marker of validity. Given the findings of previous studies in humans, extinction recall 

was expected to significantly differ between genotypes of the FAAH SNP C385A (AC vs. CC) 

(Dincheva et al., 2015; Mayo et al., 2019). Given the anxiolytic properties of AEA and 2-AG, 

their respective baseline levels were expected to positively correlate with the extinction recall 

on Day 3.  

 

Hypothesis 10: In the present setup, neural activation for “extinction recall” replicates the 

meta-analytical findings as described by Fullana et al. (2018). 

 

Hypothesis 11: Extinction recall varies as a function of the FAAH polymorphism (rs324420). 

The presumption is an enhanced extinction recall for AA-homozygotes/ AC-

heterozygotes (Mayo et al., 2019). 

 

Hypothesis 12: Higher levels of baseline AEA and 2-AG correlate positively with the neural 

degree of extinction recall (Mayo et al., 2019). 

 

Hypotheses related to the clinical sample 

For the patient sample, similar hypotheses as for the healthy sample are tested. Accordingly, 

subjective fear ratings before, during and after exposure therapy were expected to vary as a 

function of the FAAH polymorphism (rs324420). The same was expected for the ratings given 

on the State-Trait-Anxiety-Inventory (State) pre and post exposure therapy, as well as the State-

Trait-Anxiety-Inventory (Trait). 

 

Hypothesis 13: Fear extinction during exposure therapy varies as a function of the FAAH 

polymorphism (rs324420) and AA-homozygotes/AC-heterozygotes show 

enhanced fear extinction (Dincheva et al., 2015). 
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Hypothesis 14: State and trait anxiety as assessed with the STAI-S and STAI-T are predicted 

to vary as a function of FAAH polymorphism (rs324420), and AA-

homozygotes/AC-heterozygotes are predicted to score lower on both scales.



Methods 
 

 37 

3 Methods 

The methodology of the two studies will be described in the following section. Methods used 

in the fMRI paradigm to investigate the link between endocannabinoid signalling, anxiety and 

neural activity during a fear conditioning, fear extinction and extinction recall experimental 

setup will be described first. Secondly, methods for the patient study investigating the role of 

the genetic polymorphism (rs324420) of the FAAH SNP C385A and the impact on extinction 

learning during exposure therapy are introduced. Both studies took place at the Ulm University 

Hospital, Department for Psychiatry and Psychotherapy III, Germany and were conducted 

according to the guidelines of the Declaration of Helsinki after having received positive votes 

form the local Ethical committee (fMRI study: EA2017/344; genetic study: EA 2013/127). 

3.1 Study 1 - Fear conditioning, fear extinction and extinction recall during functional 

magnetic resonance imaging 

 Participants  

Fifty-five right-handed, native German-speaking, Caucasian, male participants (mean 

age = 22.8 years, standard deviation (SD) = 2.90 years, mean body mass index 

(BMI) = 24.23 kg/m2, SD = 3.09 kg/m2) took part in the present study, which was conducted 

from November 27th, 2017 until August 13th, 2018. Subjects had no past or current history of 

psychiatric or neurological disorders as assessed by a preclinical Structured Clinical Interview 

for DSM-IV (SCID-I) (First & Gibbon, 2004), particularly no history of any drug or alcohol 

abuse/dependence, which would have led to exclusion at pre-screening. Regarding lifetime 

exposure to cannabis, 27 of 55 participants had tried cannabis at least once previously, but none 

reported regular use in the past. All participants confirmed complete abstinence from cannabis 

use in the two months before the experiment, which was in line with negative THC screening 

results. Further exclusion criteria were serious medical conditions, intake of any regular 

medication (except for thyroid hormones), or medication as needed at the time of the study. 

Four participants were excluded (technical failures, acute medical problems, data quality) (see 

Table 1 for detailed description of the inclusion and exclusion criteria). All participants were 

current or recently graduated university students and signed an informed consent prior to the 

study as approved by the Ethics Board of Ulm University, Germany. Participants received a 

financial compensation of 90 €. After the pre-clinical screening, subjects participated in a three-
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day fear conditioning, fear extinction and extinction recall paradigm. To test the validity of the 

experiment, electrodermal activity was measured.  

 
Table 1: Inclusion and exclusion criteria for Study 1. 

Inclusion criteria 

Age between 18-28 

Caucasian ancestry 

Right-handedness 

Exclusion criteria 

Regular intake of medication (except for thyroid hormones) 

Serious medical conditions 

Left-handedness 

History of drug addiction 

Intake of psychopharmaceutical drugs 

Current drug consumption 

Neurological diseases (multiple sclerosis, history of concussion, epilepsy, head trauma) 

Psychiatric disorders as assessed with the SCID-I (affective disorders, schizophrenia and 

other psychotic disorders, eating disorders, lifetime and current alcohol and drug abuse, 

obsessive-compulsive disorder, suicidality) 

Cannabis consumption during the past eight weeks 

BMI < 18 kg/m2 

MRI contraindications (claustrophobia, heart-pacemakers, tattoos and non-removable 

jewellery, implanted metal and electronic devices) 

Abbreviations: SCID-I = preclinical Structured Clinical Interview for DSM-IV, BMI = body 

mass index, MRI: magnetic resonance imaging 

 

 EDA subsample 

Due to a technical defect in the electrode cable, EDA was recorded from only 22 participants. 

This subsample did not significantly differ from the entire sample with regard to age or BMI 

(mean age = 22.68 years, SD = 2.90 years, mean BMI = 24.23 kg/m2, SD = 3.43 kg/m2), or 

previous cannabis history. Also, the distribution of the FAAH SNP C385A did not vary between 

the subsample and the entire sample (see Results 4.1). 
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 Thermal stimulation 

Before the start of the main experiment, the intensity of the unconditioned stimulus (US), an 

unpleasant thermal stimulation on the right shinbone, was determined. An fMRI-compatible 

ATS-thermode (30 x 30 mm, TSA-II, Medoc Advance Medical Systems, Ramat Yishai, Israel) 

was mounted on an area pre-treated with 0.5% capsaicin solution (Wörwag Pharma 

GmbH & Co, Böblingen, Germany). The intensity of stimulation was individually determined 

by gradually increasing the temperature of the thermode until subjective unpleasantness of 6 

out of 10 was reached on a 0 to 10 analogue scale, where 0 was “not unpleasant at all”, and 10 

was “the most imaginable state of pain” (Attar et al., 2012). The number 6 on this scale indicated 

a thermal stimulation that was “clearly unpleasant, but still endurable and not painful”. Mean 

temperature over subjects was 46.59 °C, SD = 2.96 °C. During the main experiment, 

temperature oscillated between +/- 1.6 °C on average.  

 Experimental task during fMRI 

Based on previous experiments (Lonsdorf et al., 2017; Sehlmeyer et al., 2009; Seymour et al., 

2005), participants underwent three phases of a classical Pavlovian conditioning paradigm over 

the course of three consecutive days (see Figure 10), which is described in greater detail below: 

fear conditioning, fear extinction, and extinction recall. The start of the experiment was 

standardised between 7 AM and 9 AM for all participants and they were instructed to fast 

overnight, with no breakfast and only water allowed before the experiment (Gatta-Cherifi et al., 

2012; Hillard, 2018). On Day 1, fear conditioning took place. Three different geometric stimuli 

were presented on a computer screen, with a duration of 4 s and an inter-trial interval (ITI) of 

8-18 s (mean = 9.9 s, SD = 2.4), during which a fixation cross was presented on the screen. 

Stimulus onsets were jittered by randomly adding fractions of the fMRI repetition time. One 

stimulus remained neutral (CS-) and two stimuli (CS+a, CS+b) were coupled with the unpleasant 

thermal stimulation (US) to the right shinbone at a partial reinforcement rate of 50%. Ramping 

of the US started 2.5 s after CS+ onset at a rate of 8 °C/s to achieve maximum thermal 

stimulation at about 4 s after trial onset. Once reaching the peak temperature, the temperature 

decreased, again at a rate of 8 °C/s until reaching the baseline temperature of 32 °C, resulting 

in a trial length of about 6 s for thermal stimulation trials. All stimuli (CS-, CS+a, CS+b, 

CS+a + US, CS+b + US) were presented 20 times in pseudo-randomised order. To avoid biasing 

by effects form colour or shape, shapes and colours of stimuli were balanced across subjects. 

In the extinction phase on Day 2, CS- and CS+a were presented 30 times each, without 
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presentation of the US. To test extinction recall on Day 3, all three stimuli (CS-, CS+a, CS+b) 

were presented 20 times without the US. Thus, 100 stimuli were presented on Day 1, and 60 

stimuli were presented on experimental Days 2 and 3, with an average duration of the whole 

experiment of about 23 min (Day 1) and 14 min (Days 2 and 3), respectively. On all three days, 

participants were informed that thermal stimulation was possible. Capsaicin cream and the 

thermal stimulation device (see below) set to a baseline temperature of 32 °C were applied on 

all three days. To program and present the trials, Presentation 14.8 (Neurobehavioral Systems 

Inc., Albany, CA) was used. The stimuli were presented to the participants on a 32” liquid 

crystal display (LCD) (NordicNeuroLab AS, Bergen, Norway) at a resolution of 1280 x 720 

pixels, which was installed behind the MR scanner and was visible by means of a double-mirror 

mounted on top of the head coil.  

 

 
Figure 10. Schematic overview of the experimental setup. On Day 1, 20 stimuli of each condition were 

presented (CS-, CS+a, CS+b, CS+a + US(heat), CS+b + US(heat)) at a reinforcement rate of 50% in the 

case of CS+US. Blue and yellow depict the conditioned stimuli (CS+a and CS+b), green the neutral 

stimulus (CS-), and the red arrows represent the unconditioned, unpleasant stimulus (heat, US) applied 

with a thermal stimulation device on the right shinbone. On Day 2, CS+a and CS- were presented 30 
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times each. Additionally, on Day 2, a T1 structural image, and on Day 3 a T2 proton density weighted 

image was acquired afterwards. On Day 3, all conditions (CS-, CS+a (extinguished), and CS+b (unextinguished)) 

were presented to check extinction recall. 

 

 Blood sampling, measurement and analysis of endocannabinoids 

To investigate influences of the experiment on endocannabinoid levels (AEA and 2-AG), blood 

samples (2 x 2.7 ml EDTA) were taken at six time points, that is, within 5 min before and 5 min 

after the fMRI scan on each of the three experimental days, respectively. To further study the 

link between endocannabinoid levels and specific genetic polymorphisms, particularly that in 

the gene for FAAH (C385A; rs324420) as the primary catabolic enzyme for the 

endocannabinoid anandamide (Dincheva et al., 2015; Mayo et al., 2018), a separate blood 

sample (2 x 7.5 ml EDTA) was taken together with the first blood sample. Blood to plasma 

processing, as well as extraction and analysis of plasma endocannabinoids were carried out 

following previously described protocols (Lerner et al., 2017) at the University Hospital, 

Mainz, Department for Lipidomics with the highly appreciated support from Dr. Laura Bindila 

(head of Lipidomics Group) and Claudia Schwitter (technical assistant). In a next step, paired 

t-tests were computed to test for significant differences between each days’ pre- and post-levels 

of AEA and 2-AG. 

By means of a two-sample t-test, it was also tested whether significant differences in baseline 

endocannabinoid levels (AEA, 2-AG) between the FAAH groups (AC-heterozygous vs. CC-

homozygous) existed.  

Additionally, baseline AEA, as well as pre-to-post percentage changes on each experimental 

day (six time points in total) were compared between the AC-heterozygous and CC- 

homozygous groups of the FAAH SNP C385A by means of a repeated measures analysis of 

variance (ANOVA) with the factors time point and genotype, and furthermore used for 

correlation analyses with other data modalities, such as post scan questionnaire data and neural 

activation. As described in more detail in the Results section (Day 2), exploratory analyses of 

the task-related changes in endocannabinoid levels led to a further division of the full sample 

into four subgroups according to the participants’ degree of task-related AEA increase or 

decrease during fear extinction (Day 2).  
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 FAAH genotyping 

Deoxyribonucleic acid (DNA) was extracted applying standard protocols of a commercial 

extraction kit (MagNA Pure 96 DNA and Viral NA Small Volume Kit) and the MagNA Pure 96 

(Roche Diagnostics, Mannheim, Germany). Genotyping at FAAH C385A was performed via 

real-time quantitative polymerase chain reaction using melting curve detection analysis with 

Cobas z480 Analyser (LightCycler) (Roche Diagnostics, Mannheim, Germany). The primers 

were obtained from TIB-Molbiol, Berlin, Germany. 

 Electrodermal Activity 

Recording: to assess a marker for the sympathetic arousal during the three experiments 

with fear conditioning, fear extinction and extinction recall, EDA was recorded on all three 

days during the experiment. For this purpose, two sintered silver/silver chloride electrodes 

(Brain Products GmbH, Gilching, Germany) were applied on the volar middle phalanges of the 

left index and middle fingers. For better skin conductance response, the electrodes were 

prepared with TD-246 Skin Conductance Electrode Paste (0.5% saline; Discount Disposables, 

St. Albans, VT, USA). The electrodes were then connected to the “Galvanic Skin Response 

(GSR) sensor for fMRI”, based on the constant voltage (0.5 V) measuring principle. The 

incoming signal was transferred to the “ExG AUX Box” and then amplified by the “BrainAmp 

ExG-MR-16”. From here, the signal was propagated out from the MR cabin via a fibre optic 

cable. Then the signal was opto-electrically converted by the “USB 2 Adapter”, which was 

connected to a laptop outside the cabin. Using BrainVision Recorder 1.20.0506 the EDA signal 

was recorded at a sampling rate of 5000 Hz, and low-pass filtered (cut-off at 250 Hz). 

Unfortunately, due to a technical defect in the electrode cables, EDA was recorded only for the 

first 22 participants. 

Analysis: using BrainVision Analyzer 2.0.4.368 (Brain Products GmbH, Gilching, 

Germany), the raw data were converted into the Brain Vision Data Exchange Marker File. A 

software written in-house under MATLAB 2013b was used to extract all data between the first 

and the last TTL trigger sent by the MR scanner. Next, data were down-sampled to a rate of 

1 Hz and bandpass filtered with a third order Butterworth filter and cut-off frequencies of 

0.083 Hz and 0.0078 Hz to remove fast and slow changes in the skin conductance level. Next, 

to continue processing with SPM12, data were transformed into binary ANALYZE (7.5) file 

format. A temporally extended response function was utilised as a predictor in a General Linear 

Model, analogue to the fMRI data analysis. As basis function, a canonical skin conductance 
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response function (SCRF) was computed (Bach et al., 2010). As such, the function is in 

principle a modelled Gaussian smoothed exponential function with empirically derived 

estimates for event-to-peak-time, rise time, and two exponential constants approximately 

defining the decay.  

The EDA first-level analyses were performed in a manner identical to the MRI first-level 

analyses (see Methods 3.1.11) except for trial onsets, which were convolved with the canonical 

SCRF only (i.e., no temporal derivative was used). After model estimation, one-sided t-contrast 

images representing estimated EDA for each condition (versus baseline) were computed. The 

EDA parameter estimates for the CS+US were forwarded to a correlation analysis with the 

neural activation for the CS+US on Day 1 using SPM12. For the present thesis, EDA results 

will only be reported for the CS+US response on Day 1. All other results related to the EDA 

assessed on the three experimental days are the subject of another doctoral thesis. 

 Post-scan questionnaires 

After completion of the fMRI experiment, while still inside the MR scanner, participants were 

asked to give their subjective ratings related to each of the stimuli (Gramsch et al., 2014). 

Utilising a visual analogue scale visible on the LCD screen, participants rated perceived fear 

related to the stimuli as previously described in other studies (How afraid are you of the 

stimulus coupled to this symbol?) (for a review see Lonsdorf et al., 2017). The scale ends were 

defined as 0 not at all – 10 very much. The ratings were given by means of an MRI-compatible 

trackball (NAtA TECHNOLOGIES, Coquitlam, Canada). To investigate differences between 

the expected fear coupled to the stimuli on all days and for pre versus post differences on Day 2 

(fear extinction), paired t-tests were calculated, and to investigate the link between subjective 

anxiety ratings and endocannabinoid signalling several correlations were computed. 

Additionally, a repeated measures ANOVA with the factors time point, genotype and stimulus 

was computed to analyse differences between CC-homozygotes and AA-homozygotes/AC-

heterozygotes of the FAAH SNP C385A. For the calculations STATISTICA 13 (TIBICO 

Software, Inc., Palo Alto, USA) was used.  

Outside the MR scanner, subjects filled out questionnaires, again related to their regular 

substance consumption such as caffeine, cannabis, and other drugs, previous medical history, 

sleeping patterns, and various questionnaires, such as the Edinburgh handedness inventory 

(Oldfield, 1971), Affective Neuroscience Personality Scales (ANPS) (Pingault et al., 2012), 

NEO-Five-Factor-Inventory (NEO-FFI) (German version: Borkenau & Ostendorf, 2008, 

original: Costa Jr & McCrae, 1992), Maslach Burnout Inventory General Survey (MBI – 
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General – R) (Schaufeli et al., 1996), Emotion Regulation Questionnaire (ERQ) (German 

version: Abler & Kessler, 2009), questions regarding the population of their places of birth and 

of their current residence. Additionally, participants completed the Beck Depression Inventory 

II (BDI-II) (German version: Hautzinger et al., 2009, original: Beck et al., 1996), and the State-

Trait Anxiety Inventory (STAI-T and STAI-S) (German version: Laux et al. 1981, original by 

Spielberger et al., 1971), questions regarding their physical activity, the relationship status of 

their parents and the Childhood Trauma Questionnaire (CTQ) (German version: Wingenfeld et 

al., 2010, original: Bernstein & Fink, 1998) in the listed order. As the results of the above-

mentioned questionnaires, except for the STAI-S and STAI-T, are part of another doctoral 

thesis, they will not be mentioned any further in this dissertation. 

At the beginning of the study, the STAI-S questionnaires were filled out before and after the 

MRI task on Day 1, before the MRI task on Day 2 and after the MRI task on Day 3, resulting 

in four time points of measurement. For practical reasons, after the 18th participant, STAI-S 

questionnaires were filled out before and after the MRI task on all days, leading to six time 

points of measurement. For data calculations, only complete data sets were used (Day 1 pre and 

post, Day 2 pre and Day 3 post). Missing values were corrected applying mean value 

imputation. Using STATISTICA 13, a repeated measures ANOVA with the factors time point 

and genotype was computed to check for significant pre to post changes between the AC-

heterozygotes vs. CC-homozygotes in the STAI-S at the four time points of measurement. 

Furthermore, post-hoc Newman-Keuls tests were calculated. For the STAI-S and STAI-T, a 

two-sample t-test was computed to analyse differences between the AC-heterozygotes vs. CC-

homozygotes. 

 

State-Trait Anxiety Inventory 

The State-Trait Anxiety Inventory (Spielberger et al. 1971) was translated to German by Laux 

et al. (1981). It is a self-report questionnaire consisting of 40 items assessing state and trait 

anxiety. The first 20 items (STAI-X1, in this thesis further labelled STAI-S) address the 

person’s temporary emotional state using a four-point Likert scale (1 = not at all, 2 = somewhat, 

3 = moderately, 4 = very much so) (Laux et al., 1981, p. 8). An exemplary item of the STAI-S 

is: “I feel nervous and restless” (Spielberger et al., 1971). The second scale (STAI-X2, in this 

thesis further labelled STAI-T) assesses the rather stable emotional trait, also on a four-point-

Likert scale (1 = not at all, 2 = somewhat, 3 = moderately, 4 = very much so) (Laux et al., 1981, 

p. 8). An exemplary item of the STAI-T is: “I worry too much over something that doesn’t 

matter” (Spielberger et al., 1971). Resulting, a sum score across both scales can be calculated 
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ranging from 20 points (absence of anxiety) to 80 points (maximal fear-intensity) (Laux et al., 

1981, p.49). Cronbach’s α as a measure of the internal consistency is high (0.90 – 0.96) (Laux 

et al., 1981, p.33). 

 MRI data acquisition 

Acquisition of magnetic resonance imaging data was performed on a 3 Tesla MAGNETOM 

Prisma (Siemens AG, Erlangen, Germany) with a 64-channel head/neck coil. 

On all three days prior to the main task, resting state fMRI was acquired. Participants were 

instructed to look at a fixation cross, stay awake and to not concentrate on anything particular. 

A T2*-weighted echo-planar gradient pulse sequence was used, with the following parameters: 

repetition time (TR) = 2400 ms, echo time (TE) = 36 ms, flip angle = 78°, 

bandwidth = 2004 Hz/Px, PAT factor = 2 (GRAPPA mode), field of view (FOV) = 210 mm, 

matrix size = 96 x 96, interleaved slice acquisition yielding 36 transversal slices, slice 

thickness = 3.6 mm, voxel size: 2.29 mm x 2.29 mm x 3.60 mm. Scan time was 7.21 minutes, 

corresponding to 180 echo-planar imaging (EPI) volumes. These resting state data are not part 

of the present thesis. 

For the estimation of task-related brain activation, the T2*-weighted blood oxygen level 

dependent (BOLD) signal was measured using echo-planar imaging with the following 

parameters: TR = 2000 ms, TE = 33 ms, flip angle = 90°, bandwidth = 2136 Hz/Px, PAT 

factor = 2 (GRAPPA mode), FOV = 220 mm, matrix size = 90 x 90, number of slices: 32, slice 

orientation: transversal, acquisition: ascending, slice thickness: 3.0 mm, interslice 

gap = 1.0 mm, voxel size: 2.44 mm x 2.44 mm x 4.00 mm. During the fMRI session on Day 1, 

705 EPI volumes were acquired, corresponding to an experimental time of 23.38 minutes (and 

14.32 min for 432 EPI volumes on Day 2 and Day 3, respectively; all acquired with the same 

set of parameters as reported above). 

At the participants’ second visit, and after completion of the main experimental task, a high 

resolution T1-weighted structural image was obtained by administering a 3D magnetisation 

prepared rapid acquisition gradient echo sequence (MPRAGE; TR = 2300 ms, TE = 2.98 ms, 

inversion time = 900 ms, flip angle = 9°, FOV = 256 mm, matrix size: 256 x 256, voxel 

volume = 1 mm3, slice orientation: sagittal; PAT factor = 2 (GRAPPA mode); scan time = 5.21 

min). 

At the third visit, a T2 proton density-weighted scan was acquired after the main experimental 

task, the parameters of which were: TR = 5550 ms, TE = 21 ms, flip angle = 120°, 

bandwidth = 326 Hz/Px, PAT factor = 2 (GRAPPA mode), FOV = 288 mm, matrix 
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size = 384 x 384, ascending slice acquisition, 41 transversal slices, slice thickness = 1.8 mm, 

interslice gap = 0.2 mm, voxel size: 0.75 mm x 0.75 mm x 2.0 mm, scan time: 4.33 min. 

 Pre-processing of fMRI data 

The pre-processing and statistical analyses of the MRI data were conducted using the software 

Statistical Parametric Mapping (SPM) 12 (r6225; Wellcome Department of Cognitive 

Neurology, London, UK). Data from all participants met the criteria for high quality and scan 

stability with minimum motion (< 3 mm displacement in any one direction) and were 

subsequently included in fMRI analyses. The resting state and task-related EPI series from all 

three days were first slice time corrected and spatially realigned to their respective mean EPI 

volume. Afterwards, the mean EPIs, and the T1 image were co-registered to the mean EPI of 

the first resting state series. Next, for normalisation to Montreal Neurological Institute (MNI) 

space, the T1 image was segmented using SPM’s “normalise” routine, and the resulting 

deformation field was applied to all pre-processed images. Subsequently, images had a voxel 

size of 2 x 2 x 2 mm3. Smoothing of the EPI volumes was performed using a Gaussian kernel 

with 8-mm full width at half maximum. 

 Analysis of fMRI data 

First-level analysis 

Subject-wise, a General Linear Model was set up to model the pre-processed fMRI data. As for 

the first day (conditioning phase), both CS+ conditions were combined. Therefore, a regressor 

was computed modelling the 20 CS+a and 20 CS+b trials that were not coupled with thermal 

stimulation. A second regressor modelled all trials coupled with thermal stimulation (CS+US), 

and a third regressor modelled the 20 CS- trials.  

To incorporate all trials involved in the fear extinction process, based on Kamprath & Wotjak 

(2004) the process of extinction learning (Day 2) was expected to modulate the amplitude of 

the BOLD responses elicited by CS+a and CS- trials in the course of the experiment. More 

specifically, a rapidly decaying signal following an exponential decay function was predicted. 

In order to estimate the decay, SPM’s parametric modulation option was used. The first-level 

models therefore included not only two regressors representing the onsets of CS+a and CS- trials, 

respectively, but also parametric modulation regressors, one for each condition. Modulation 

values were computed by entering the trial onset times (t) into the equation y = exp(-2t/tau) + C, 
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with tau = total duration of the experiment divided by 8, and 

C = tau * (exp(-total duration / tau) – 1) / total duration.  

To test the extinction recall on Day 3, as suggested by previous literature, one regressor 

modelled the first 3 trials of the CS+a (extinguished) and the second regressor modelled the first 

3 trials of the CS+b (unextinguished). The other trials were included in the analysis as separate 

regressors (Fullana et al., 2018). 

Trial onsets were convolved with the canonical hemodynamic response function (HRF) and its 

temporal derivative (except for Day 2). For the trials coupled with thermal stimulation (Day 1), 

stimulus duration was set to the actual length of stimulus presentation (approximately 6 s from 

cue onset to the end of thermal stimulation), while all other trials were modelled with duration 

of zero seconds. The spatial realignment parameters were added to the design matrix as 

regressors of no interest. Data were high-pass filtered (frequency cut-off: 1/128 s) to remove 

low-frequency scanner drifts. An autoregression model of polynomial order 1 was used to 

account for temporally correlated residual errors. After model estimation, one-sided t-contrast 

images were computed that either represented estimated activation (Days 1: CS+US, CS+a/b and 

CS-; Day 3: CS+a (extinguished) and CS+b (unextinguished)) or estimated modulation of activation decay 

against implicit baseline (Day 2). Further contrasts, calculated to investigate differences 

between the conditions will be specified in the Results sections. 

 

Second-level analysis  

3.1.11.1 Day 1 - a) Neuronal stress response 

A first strand of analyses was dedicated to the neural response to the CS+US (heat) stimulus 

representing the stressful condition. Firstly, one-sample t-tests were computed to investigate 

the difference between the three EDA regressors (CS+US > CS+a/b; CS+a/b > CS-) Next, in order 

to investigate the link between the neural stress response, endocannabinoid signalling and EDA, 

several SPM12 regression analyses were set up. Separate correlations were computed for the 

neural activation associated with the CS+US and the EDA, and for the neural activation induced 

by CS+US and endocannabinoid signalling. Here, for endocannabinoid signalling, separate 

models were set up for the 2-AG baseline level, the AEA baseline level, as well as their 

respective pre to post percent changes.  
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Due to a technical defect in the cable for the EDA assessment, the above-mentioned analyses 

were first carried out in the subsample (n = 22; see above). Results were assessed at a voxel-

height threshold p < 0.005 and clusters were required to consist of at least 30 contiguous voxels. 

Regression analyses for the neural signalling (CS+US) and the endocannabinoid signalling were 

then replicated for the entire sample (n = 51). The threshold for the resulting statistical 

parametric maps was set at a voxel-height level p < 0.001 and a family-wise error (FWE)-

corrected cluster threshold p < 0.05. 

3.1.11.2 Day 1 - b) Fear conditioning 

To test for significant effects of fear conditioning on Day 1 and to evaluate the validity of the 

experiment, estimated neural activation related to the CS+a/b and CS- were propagated to a 

second-level random-effects analysis, implemented in SPM12 as a flexible factorial design with 

factors subject, group (FAAH AC/CC) and condition. Replicating the methods of Fullana et al. 

(2016), and irrespective of the FAAH rs324420 genotype, the contrasts “CS+a/b > CS-“ and 

“CS- > CS+a/b” were computed to test for “threat learning” and “safety learning”, respectively. 

These contrasts represented averaged group-effects. Another t-contrast tested for significantly 

greater fear conditioning in the CC than in the AC group (“(CS+a/bCC > CS-CC) > 

(CS+a/bAC > CS-AC)“). Next, separate models were computed to investigate the correlations 

between the neural activation associated with “threat learning” and “safety learning” and 

endocannabinoid signalling. Here, to evaluate the effects of endocannabinoid signalling, 

separate models were set up for the 2-AG baseline level, the AEA baseline level as well as their 

respective pre to post percent changes. The threshold for the resulting statistical parametric 

maps was set at a voxel-height level of p < 0.001, uncorrected, and an FWE-corrected cluster 

threshold of p < 0.05 corresponding to 224 contiguously significant voxels. 

3.1.11.3 Day 2 - Fear extinction 

To analyse fear extinction on Day 2, a one-sided t-contrast per subject was computed for the 

parametric modulation regressor representing the expected exponential signal decay for CS+a. 

This contrast image was collected from all subjects and passed on to a one-sample t-test in 

SPM12. The statistical threshold for the resulting statistical parametric map was set at a voxel-

height level of p < 0.001, uncorrected and an FWE-corrected cluster threshold of p < 0.05, 

which corresponded to a cluster extent of at least 193 contiguously significant voxels.  
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A second analysis investigated whether neural fear extinction learning differed between FAAH 

genotypes. To that end, a two-sample t-test was set up in SPM12 to investigate the exponential 

decay for the CS+a AC vs. the exponential decay for the CS+a CC (p < 0.025, uncorrected).  

Next, Hypothesis 9 was addressed, predicting that individual AEA levels would correlate with 

neural signalling associated with fear extinction learning. For this purpose, the contrast images 

representing the exponential decay signal for CS+a were collected from all participants and 

entered into regression analyses in SPM12. Following, (1) the corresponding baseline levels of 

AEA, which were assessed before the start of the experiment on Day 1, and (2) task-related 

changes in AEA levels on Day 2 were analysed for their suitability to predict neural activations 

during fear extinction learning. The same analysis was carried out for 2-AG. To analyse all the 

regions potentially involved in fear extinction learning as mentioned by a previous meta-

analysis, a binary mask featuring the extinction results by Fullana et al. (2018) was applied.  

Results of both analyses were restricted to this mask and a threshold of p < 0.001, uncorrected 

at the voxel level was applied, the cluster-pFWE-corrected was adjusted for this mask volume, 

corresponding to a cluster size of at least 73 contiguously significant voxels.  

As described in more detail in the Results section, AEA changes did not significantly predict 

the neural signal decay for the CS+a. Thus, in an exploratory approach, an alternative statistical 

setup was implemented after having observed that increases and decreases of AEA levels on 

Day 2 were equally distributed over the entire sample. Subsequently, to investigate the relation 

of AEA level changes and neural signalling, the entire group was divided into 4 subgroups 

according to quartiles in AEA level changes (quartile 1: high increase, quartile 2: low increase, 

quartile 3: low decrease, quartile 4: high decrease).  

Next, contrast images representing the exponential signal decay for CS+a were subjected to a 

random effects analysis, implemented in SPM12 as full factorial design with the factor group. 

To investigate how neural activation varies related to AEA level changes, t-contrasts were 

formulated, which tested for linear increases and decreases of AEA changes over the 4 groups. 

The statistical threshold for the resulting statistical parametric maps was set at a voxel-height 

level of p < 0.001, uncorrected and an FWE-corrected cluster threshold of p < 0.05, which 

corresponded to a cluster extent of at least 184 contiguously significant voxels. 

This four-group design was also applied to the subjective pre to post anxiety ratings of the 

participants on Day 2 and two-sample t-tests were computed to investigate differences between 

the quartile-groups (STATISTICA 13). 
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3.1.11.4 Day 3 - Extinction recall 

To address the hypothesis (11) that neural extinction recall (Day 3) would vary as a function of 

FAAH genotypes, one-sided t-contrast images representing estimated activation for the 

conditions CS+a (extinguished) and CS+b (unextinguished) were computed and subjected to a second-level 

random-effects analysis, implemented in SPM12 as flexible factorial design with the factors 

subject, genotype (FAAH) and condition.  

An average t-contrast was set-up to investigate neural signalling related to the extinction recall 

(CS+b (unextinguished) > CS+a (extinguished)) across groups. Next, addressing Hypothesis 11, predicting 

a higher neural extinction recall for the AC group than for the CC group, a t-contrast was set 

up. The threshold for the resulting statistical parametric map was set at a voxel-height level 

p < 0.001, uncorrected and an FWE-corrected cluster threshold of p < 0.05 corresponding to 

173 voxels. Additionally, two separate regression analyses were calculated to investigate the 

link between individual neural activation related to the (CS+b (unextinguished) > CS+a (extinguished)) and 

each subjects’ AEA and 2-AG baseline (Day 1) levels.  

3.2 Study 2 - Exposure therapy and FAAH SNP C385A 

This section describes the patient sample, procedure, data collection and data analysis of the 

second study. 

 Participants and procedure 

Between May 12th, 2017 and January 24th, 2020, data from 41 patients was collected (mean 

age = 33.91 years, SD = 12.43 years). They were either receiving inpatient treatment at the Ulm 

University Hospital, Department of Psychiatry and Psychotherapy III, Germany or currently 

undergoing outpatient psychotherapy at the Aus- und Weiterbildungsinstitut für 

Verhaltenstherapie und angewandte Psychotherapie (AWIP) Ulm. Contact was established via 

oral communication with the respective therapists. All patients were personally debriefed, had 

the possibility to ask questions and signed an informed consent prior to the study, which was 

approved by the Ethics Board of Ulm University, Germany. They received no financial 

compensation for their participation. The diagnoses and comorbid diagnoses of the patients are 

illustrated in Table 2. All 41 patients fulfilled either all the criteria of an anxiety disorder, or of 

a PTSD as assessed with the SCID-I and qualified for an exposure therapy. Severe neurological 

conditions and mental retardation were exclusion criteria. The different kinds of exposure 

therapies are also illustrated in Table 2 and took place as part of the regular guideline CBT 
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therapy which the patients underwent. For the assessment of the relevant data, all patients filled 

out a STAI-S questionnaire directly prior and post exposure therapy and the STAI-T post 

exposure (German version: Laux et al., 1981, original by Spielberger et al., 1971) and the BDI-

II (Beck et al., 1996). Additionally, they filled out an exposure protocol before and after the 

exposure session, to assess the fear rating before, during and after the exposure therapy on a 

ten-point Likert scale (Lang et al., 2012). They also completed the questionnaires mentioned in 

section 3.1.8, which will not be further mentioned in this dissertation. In a last step, to study the 

link between specific FAAH SNP (C385A, rs324420), and subjective ratings, blood samples 

(2 x 7.5 ml EDTA) were taken. After blood collection, 1.5 ml unprocessed plasma was pipetted 

into 1.5 ml tubes and stored at -27 °C until further processing according to protocol (see Section 

3.1.6). Due to missing data (no show for the blood sampling, missing questionnaires) 5 patients 

were excluded from the data analysis and the final sample consisted of 36 patients. 
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Table 2. Overview of the diagnoses and exposure types in the patient sample (n = 36). 

Social phobia exposure: starting a conversation with strangers, asking for the way or a product, using 

public transport, eating in the cafeteria, being on a market place or in the mall; Trauma exposure: 

narrative exposure therapy, prolonged exposure therapy; Interoceptive exposure: hyperventilation test, 

cardio exercises. Specific exposure: elevator ride, climbing the minster, going to the toilet, taking a 

blood sample, separate from objects, resisting habits. Abbreviations: BPD: borderline personality 

disorder; OCD: obsessive-compulsive disorder; PD: panic disorder; PTSD: posttraumatic stress 

disorder; n = sample size. 

 

 Data analysis 

Single missing values in the questionnaires were corrected applying mean value imputation. 

Since the sample contained only n = 3 AA-homozygotes of the FAAH SNP C385A, AA-

homozygotes and AC-heterozygotes were combined for further analysis and shall further be 

grouped as “AC”, in line with Hariri et al. (2009).  

For the data analysis, two-sample t-tests were conducted to investigate differences between the 

STAI-T of the AC-heterozygotes and the CC-homozygotes and repeated measures ANOVAs 

Diagnosis  
Comorbid 

diagnoses 
 

Type of exposure 

therapy 
 

Social phobia n = 8 
Depression 

BPD 
Specific phobia 

n = 3 
n = 2 
n = 1 

 
Social phobia exposure 

 

 
n = 8 

 

PTSD n = 9 

 
BPD 

Depression 
 

n = 3 
n = 3 

 
Social phobia exposure 

Trauma exposure 
 

 
n = 1 
n = 8 

 

PD n = 5 Depression n = 2 Interoceptive exposure 
 

n = 5 
 

Agoraphobia 

with PD 
n = 9 

 
Depression 

Eating disorder 
Social Phobia 

 

n = 2 
n = 1 
n = 1 

 
Specific exposure 

Social phobia exposure 
Interoceptive exposure 

 

n = 2 
n = 5 
n = 2 

Specific 

phobia 
n = 2 Depression n = 1 Specific exposure n = 2 

OCD n = 3 Schizophrenia 
Depression 

n = 1 
n = 1 Specific exposure n = 3 
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with the factors genotype (CC-homozygotes vs. AA-homozygotes /AC-heterozygotes) and time 

point (pre vs. post exposure therapy) to investigate the differences between the genetic groups 

related to the STAI-S pre - post exposure therapy, as well as for the fear ratings before, during 

and after the exposure therapy. Data calculations were carried out with STATISTICA 13. 



Results 
 

 54 

4 Results 

4.1 Descriptive results 

This section illustrates the socio-demographic data of the healthy sample, which participated in 

the fMRI study, the subsample with recorded EDA, as well as the clinical sample, which 

participated in the exposure therapy study (see Table 3). Following, relevant experimental data, 

such as the STAI-S, STAI-T, anxiety questionnaires and the endocannabinoid parameters are 

shown. The STAI-S scores, the anxiety ratings and endocannabinoid levels were assessed 

before (pre) and after (post) fear conditioning (Day 1), fear extinction (Day 2) and extinction 

recall (Day 3). For the second study, the STAI-S was assessed before and after the exposure 

therapy session, as were the fear ratings. 
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Table 3. Socio-demographic characteristics and relevant questionnaire parameters of the entire 

group of healthy participants, the EDA subsample of the fMRI study, and the patients of the 

exposure therapy study. Baseline refers to Day 1 pre. Abbreviations: FAAH: fatty acid amide 

hydrolase; AEA: anandamide; 2-AG: 2-arachidonoylglycerol; STAI: state-trait anxiety inventory; M: 

mean; SD: standard deviation; n: sample size; EDA: electrodermal activity; D: day; BDI-II: Beck 

Depression Inventory II; fMRI: functional magnetic resonance imaging. 

Variable 

Healthy sample – 

MRI study 

 

n = 51 

M (SD) 

Subsample EDA 

 

 

n = 22 

M (SD) 

Patients – exposure 

therapy study 

 

n = 36 

M (SD) 

Gender male = 51 male = 22 
male = 13 

female = 23 

Age in years 22.63 (2.90) 22.68 (2.90) 33.91 (12.43) 

Body mass index, kg/m2 24.23 (3.09) 24.23 (3.43)  

FAAH genotype AA/AC n = 17 n = 7 n = 10 

FAAH genotype CC n = 34 n = 15 n = 26 

Baseline AEA pmol/ml 0.42 (0.15) 0.47 (0.15)  

Baseline 2-AG pmol/ml 0.70 (0.19) 0.74 (0.17)  

    

Temperature (°C) 

(unconditioned stimulus) 
46.49 (2.98) 46.81 (3.22)  

STAI-S D1 – pre fMRI 34.67 (4.79) 34.13 (5.03)  

STAI-S D1 – post fMRI 36.72 (7.28) 35.82 (8.28)  

STAI-S D2 – pre fMRI 34.16 (5.56) 33.60 (6.39)  

STAI-S D3 – post fMRI 33.06 (5.59) 32.45 (6.35)  

STAI-T 33.15 (6.32) 32.68 (8.14) 44.00 (10.02) 

STAI-S – pre therapy   57.71 (8.68) 

STAI-S – post therapy   41.47 (12.01) 

Fear rating before therapy   6.92 (2.01) 

Maximum fear during 

therapy 
  7.63 (1.90) 

Fear after therapy   3.05 (2.87) 

BDI-II 5.57 (5.11) 4.91 (5.61) 21.95 (15.55) 
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4.2 Anxiety ratings 

On all days after the experiment, and on Day 2 and Day 3 additionally before, participants rated 

“How afraid are you of the stimulus coupled to this symbol?” on a scale from 0-10 (not at all 

– very much). The results are presented in Figure 11. Significant differences, as calculated with 

paired t-tests, were found on Day 1 between CS+a (Mean = 7.54, SD = 1.73) and CS- (Mean = 

0.76, SD = 1.56) (t(50) = 18.33, p < 0.001) and respectively between CS+b (Mean = 7.42, SD 

= 1.90) and CS- (t(50) = 18.02, p < 0.001), supporting successful fear conditioning. On Day 2, 

the difference between the CS+a pre (Mean = 7.26, SD = 2.16) and CS- pre (Mean = 0.72, SD = 

1.43) (t(50) = 16.31, p < 0.001) was still significant, and as predicted, the difference between 

CS+a pre and CS+a post (Mean = 3.12, SD = 3.01) was significant (t(50) = 10.37, p < 0.001), 

indicating successful fear extinction learning. Also, the difference between CS+a post and CS- 

post (Mean = 0.93, SD = 1.68) was significant (t(50) = 5.74, p < 0.001). On Day 3, as a marker 

for successful extinction recall, the difference between the CS+a (extinguished) pre (Mean = 5.08, 

SD = 2.85) and the CS+b (unextinguished) pre (Mean = 5.78, SD 3.09) was significant when tested 

one-tailed (t(50) = 1.98, p = 0.027). The difference between the CS+a (extinguished) pre and the CS- 

pre (Mean = 0.98, SD = 1.59) was also significant (t(49) = 9.97, p < 0.001). Lastly, despite the 

numerical decreases, differences between the CS+a (extinguished) post (Mean = 2.72, SD = 2.65) and 

the CS-post (Mean = 0.52, SD = 1.33) (t(50) = 5.38, p < 0.001) as well as between the CS+b 

(extinguished) post (Mean = 2.97, SD = 2.58) and the CS-post (t(50) = 6.03, p < 0.001), were still 

above chance, indicating that successful extinction from Day 2 remained stable, and did not 

further decrease due to exposure on Day 3. To check for differences between the FAAH 

genotype (AC-heterozygotes vs. CC-homozygotes), a repeated measures ANOVA with the 

factors time point, genotype and stimuli, was performed, which revealed no significant main 

effect for genotype (F(1,10) = 0.27, p = 0.611), or for the interaction time point and genotype 

(F(4,40) = 0.89, p = 0.475), or the interaction genotype and stimuli (F(2,20) = 0.25, p = 0.779). 

Significant main effects were found for time point (F(4,40) = 10.96, p < 0.001) and stimuli 

(F(2,20) = 25.98, p < 0.001). 
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Figure 11. Anxiety ratings. A) displays the anxiety ratings for fear conditioning on Day 1, B) for 

extinction learning on Day 2, and C) for extinction recall on Day 3. For simplified illustrative purposes, 

CS+b pre is not displayed on Day 2. Error bars denote standard error of the mean. Asterisks represent 

significant group differences (* p < 0.05; *** p < 0.001). Abbreviation: a.u.: arbitrary unit. 
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4.3 STAI-S and STAI-T 

For the STAI-S analysis, questionnaires from Day 1 pre and post, Day 2 pre and Day 3 post 

were used. The results are displayed in Figure 12.  

When looking at the STAI-S scores as a function of the FAAH genotype, a repeated measures 

ANOVA with the factors time point and genotype revealed significant main effects for time 

point (F(3,147) = 7.05, p < 0.001), and genotype (F(1,49) = 5.43, p = 0.024). The interaction 

between both factors was not significant (F(3,147) = 0.46, p = 0.713). When looking at the 

factor time point, Newman-Keuls post-hoc tests revealed a significant increase between Day 1 

pre and Day 1 post (p = 0.006), and a decrease between Day 1 post and Day 2 pre (p = 0.002) 

for the STAI-S ratings. Further, post-hoc Newman-Keuls tests revealed that the CC-

homozygotes displayed a significant increase in STAI-S ratings for Day 1 pre to post (p = 0.019) 

whereas AC-heterozygotes did not (p = 0.053). Also, the decrease for Day 1 post to Day 2 pre, 

was only significant in the CC-homozygous group (p = 0.030). Lastly, there was a significant 

decrease for both groups for Day 1 post to Day 3 post (CC: p = 0.004; AC: p = 0.014).  

For the STAI-T, a two-sample t-test did not reveal a significant difference between the FAAH 

AC-heterozygous and CC-homozygous groups (t(49) = 0.44, p = 0.659). The descriptive 

statistics (means and SDs) for STAI-S scores for both allele-groups are tabulated in Table 3. 

 

Figure 12. Mean STAI-S scores from all experimental days. Error bars denote standard error of the 

mean. Asterisks represent significant differences between the timepoints of assessment (** p < 0.01).  
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4.4 Peripheral endocannabinoid levels 

To date, no study has investigated peripheral blood endocannabinoids levels prior to and after 

fear conditioning, fear extinction and extinction recall in humans. Thus, the following section 

displays the results regarding these parameters, including the effects of the FAAH SNP C385A.  

  Changes in AEA and 2-AG signalling 

When further looking at the changes in endocannabinoid signalling on the experimental days, 

paired t-tests revealed significant reductions in AEA levels from pre to post task for Day 1 (fear 

conditioning) (t(50) = 2.63, p = 0.006) and Day 3 (extinction recall) (t(50) = 3.52, p < 0.001) 

(see Figure 13). With regard to 2-AG, significant reductions were detected on Day 2 (fear 

extinction) (t(50) = 1.90, p = 0.032) and Day 3 (t(50) = 3.07, p = 0.002) (see Figure 14). 

Interestingly, on Day 1, 2-AG increased. However, this was not significant (t(50) = 1.04, 

p = 0.305).  

  

Figure 13. Peripheral pre and post levels of AEA from all the experimental days (D1: fear conditioning, 

D2: fear extinction, D3: extinction recall). Error bars denote standard error of the mean. Asterisks 

indicate significance level (** p < 0.01; *** p < 0.001). Abbreviation: AEA: anandamide. 
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Figure 14. Peripheral pre and post levels of 2-AG from all the experimental days (D1: fear conditioning, 

D2: fear extinction, D3: extinction recall). Error bars denote standard error of the mean Asterisks 

indicate significance level (* p < 0.05; ** p < 0.01). Abbreviation: 2-AG: 2-arachidonoylglycerol. 

 

 AEA levels as a function of FAAH genotype 

A two-sample t-test indicated that the mean baseline (Day 1 pre) plasma levels of AEA were 

significantly higher (t(49) = 2.81, p = 0.007) in the 17 participants identified as AC-

heterozygous ([AEA]CA = 0.49 ± 0.16 pmol/ml) compared to the 34 individuals of the wildtype, 

homozygous for the C-allele ([AEA]CC = 0.38 ± 0.13 pmol/ml). A repeated measures ANOVA 

with the factors time and genotype revealed a significant main effect for time (F(5,245) = 3.07, 

p = 0.024) and genotype (F(1,49) = 8.92, p = 0.004), however the interaction between factors 

was not significant (F(5,245) = 0.66, p = 0.654). Additional two-sample t-tests investigating 

the post-task AEA levels revealed that the AC-group displayed significantly higher levels on 

all three days (Day 1: t(49) = 3.01, p = 0.004; Day 2: t(49) = 3.15, p = 0.003; 

Day 3: t(49) = 2.67, p = 0.010) (see Figure 15).  
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Figure 15. Peripheral pre and post levels of AEA from all the experimental days for the FAAH genotypes 

(CC-homozygotes vs. AC-heterozygotes). D1: fear conditioning, D2: fear extinction, D3: extinction 

recall). Asterisks represent significant group differences (* p < 0.05; ** p < 0.01). Abbreviation: AEA: 

anandamide. 

 

4.5 Day 1 - a) Correlation of stress and fluctuations in the ECS (n = 22)  

To investigate Hypothesis 1, predicting a link between stress as applied by means of an 

unpleasant heat stimulus and endocannabinoid signalling, the neural signalling related to the 

stress condition on Day 1 (CS+US (heat stimulus)) was correlated with the corresponding EDA 

signal. Next, separate correlations were computed for the neural activity related to the CS+US 

and the baseline AEA and 2-AG levels and the respective change in endocannabinoid 

signalling. Since reliable EDA data were only available for a subsample, these analyses were 

carried out with n = 22. 

 EDA 

The strongest EDA response was found for the stressful heat stimulus (CS+US), which was 

significantly greater than the EDA response elicited by the CS+a/b (t(21) = 4.43, p < 0.001). 

Next, a significantly stronger EDA was found for the CS+a/b than for the CS- (t(21) = 2.60, 

p = 0.017), indicating successful fear conditioning (see Figure 16). 
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Figure 16. EDA associated with CS+a/b, CS+US and CS- on Day 1. Error bars denote standard error of 

the mean. Asterisks indicate significance level (* p < 0.05; *** p < 0.001). Abbreviations: a.u.: arbitrary 

unit; EDA: electrodermal activity. 

 

 Relation between EDA and neural signalling 

Across participants, the magnitudes of estimated neural activation and EDA in response to the 

aversive stimulus (CS+US (heat)) showed positive correlations in various areas. However, when 

taking a closer look at the distribution of the clusters, many of them were found in white matter 

regions, which allowed no meaningful interpretation. Hence, only the grey matter regions shall 

be presented and discussed. 

Here, positive correlations were found in the amygdala (AMY), the anterior insular cortex 

(AIC), superior temporal gyrus (STG), middle temporal gyrus, cerebellum, thalamus, the 

supplementary motor area (SMA) and the midbrain (p < 0.005, k = 30) (see Table 4 and Figure 

17).  
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Table 4. Positive correlation between EDA and neural activity for CS+US (Day 1). 

n = 22. Significance: p < 0.005, unc (voxel-level) forming clusters of at least 30 continuously 

significant voxels. Abbreviations: L: left, R: right. 

 Brain region 

Number 

of 

voxels 

Peak voxel 
Peak 

statistics 
Cluster statistics 

x y z r t(20) r t(20) 

R Cerebellum 1949 8 -50 -28 .81 6.28 .60 3.35 

L Cerebellum  -10 -42 -30 .75 5.11   

R Midbrain  6 -22 -12 .72 4.61   

R Thalamus  18 -26 2 .71 4.50   

L Anterior insula 71 -36 20 12 .72 4.62 .61 3.43 

L Anterior insula 60 -30 16 -8 .64 3.68 .57 3.13 

R Amygdala 37 22 0 -22 .69 4.27 .60 3.39 

L Amygdala 32 -12 -6 -20 .69 4.21 .60 3.32 

R Supplementary motor area 174 8 -12 70 .67 4.08 .58 3.18 

R Supplementary motor area  4 -6 50 .56 3.00   

L Superior temporal gyrus 138 -52 -20 10 .70 4.38 .60 3.39 

R Superior temporal gyrus 464 46 -28 16 .67 4.04 .59 3.26 

R Superior temporal gyrus  60 -32 10 .66 3.88   

R Middle temporal gyrus  62 -28 -2 .67 3.98   

 

 



Results 
 

 64 

  

Figure 17. Correlation between EDA for the CS+US and the neural signalling for CS+US. The upper 

panel presents this correlation for the right amygdala (37 voxels, right cluster), and the lower panel for 

the left anterior insular cortex (71 voxels, upper cluster). Scatter plots refer to the voxel with the highest 

correlation coefficient. Significance was assessed at p < 0.005, k = 30. Abbreviations: EDA: 

electrodermal activity; AMY: amygdala; AIC: anterior insular cortex; a.u.: arbitrary unit; L: left; R: 

right. 

 

 Relation between neural stress- and endocannabinoid signalling (n = 22) 

Addressing Hypothesis 2 and 3, predicting that the neural stress response would relate to 

changes in endocannabinoid signalling, correlations between the baseline levels and the pre to 

post percent changes of AEA and 2-AG on Day 1, and neural signalling for the CS+US 

condition were calculated (p < 0.005, k = 30). For AEA baseline levels, significant correlations 
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were found in the cerebellum, the lingual gyrus, the superior temporal gyrus, the rolandic 

operculum and the fusiform gyrus (see Table 5). For the percent change in AEA, a negative 

correlation was observed in the middle and superior temporal gyrus and the SMA. For 2-AG 

baseline levels, a positive correlation was evident in the supramarginal gyrus. Neural signalling 

correlated negatively with the 2-AG percent change in the AIC, and the cerebellum, similar to 

the above-mentioned clusters related to the stress response (see Figure 18 and Table 5). This 

means, the higher the neural signalling in the AIC and cerebellum, the lower the increase in 

2-AG.  

 

  
Figure 18. Correlations between the percent change in the level of 2-AG on Day 1 and neural activity 

for CS+US in the left anterior insula. Abbreviations: 2-AG: 2-arachidonoylglycerol; AIC: anterior 

insular cortex; a.u.: arbitrary unit; L: left; R: right. 
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Table 5. Positive correlations between Day 1 endocannabinoid levels and neural activity related 

to CS+US. 

n = 22. Significance: p < 0.005, unc (voxel-level) and a cluster extent threshold of at least 30 

voxels. Abbreviations: L: left, R: right. 

 Brain region 

Number 

of 

voxels 

Peak voxel 
Peak 

statistics 
Cluster statistics 

x y z r t(49) r t(49) 

Positive correlation between Day 1 AEA baseline levels and neuronal activity related to 

CS+US 

L Cerebellum 2420 -12 -36 -14 .77 5.33 .58 3.19 

 Cerebellum  0 -44 -6 .62 3.55   

R Lingual gyrus  8 -46 6 .66 3.88   

L Lingual gyrus  -12 -54 -6 .64 3.69   

R Superior temporal gyrus 282 58 -26 2 .70 4.37 .58 3.22 

L Superior temporal gyrus 100 -54 -12 2 .64 3.75 .58 3.15 

R Rolandic operculum 100 58 -8 18 .64 3.70 .58 3.17 

R Fusiform gyrus 48 26 -36 -20 .59 3.27 .56 3.03 

Negative correlation between Day 1 AEA % change and neuronal activity related to 

CS+US 

 

 

L Middle temporal gyrus 75 -64 -16 0 -.70 4.33 -.59 3.24 

L Superior temporal gyrus  -56 -12 4 -.66 3.93   

R Supplementary motor area 84 10 -12 60 -.67 4.09 -.58 3.22 

R Supplementary motor area  8 -14 70 -.61 3.46   

Positive correlation between Day 1 2-AG baseline levels and neuronal activity related to 

CS+US 
 
L Supramarginal gyrus 51 -60 -28 30 .61 3.45 .56 3.05 

Negative correlation between Day 1 2-AG % change and neuronal activity for the CS+US 

L Anterior insula 201 -32 24 -10 -.70 4.38 -.59 3.28 

L Anterior insula  -36 16 6 -.64 3.76   

R Middle cingulate cortex 74 4 0 32 -.66 3.93 -.59 3.24 

R Rolandic operculum 204 52 -16 18 -.61 3.47 -.56 3.02 

R Supramarginal gyrus  56 -26 20 -.60 3.31   

L Superior temporal gyrus 42 -50 -16 8 -.59 3.25 -.56 3.02 

R Lingual gyrus 34 4 -62 -2 -.56 3.06 -.55 2.93 
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 Relation between neural stress- and endocannabinoid signalling (n = 51) 

In order to test for generalisability of the above reported effects in the subsample of 22 

participants, the same analyses were repeated for the entire sample (n = 51). The focus was 

again on the link between endocannabinoid signalling and the neural activation for the CS+US, 

particularly between baseline AEA levels and the mobilisation of 2-AG. However, no 

significant results for any of the endocannabinoid parameters were found. 

4.6 Day 1 - b) Neural activation during fear conditioning (n = 51)  

In line with Hypotheses 4-6, the aim was to replicate the results of the most recent meta-analysis 

on fear conditioning (Fullana et al., 2016). For this purpose, the entire sample of 51 participants 

was included in a flexible factorial design to investigate the neural underpinnings of “threat 

learning” and “safety learning”. Additionally, it was analysed if “threat learning” and “safety 

learning” differed between the AC-heterozygotes and the CC-homozygotes of the FAAH SNP 

C385A, and if the neural signalling correlated with the baseline AEA and 2-AG levels or their 

respective percent changes on Day 1. The results are depicted below. 

 Categorical effects of fear conditioning  

With the present paradigm, key regions that were previously described in a meta-analysis 

(Fullana et al., 2016) were replicated and shall be further discussed in the Discussion 5.2. In 

line with Hypothesis 4, neuronal task-related activation during fear learning, that is, 

significantly greater activation for CS+a/b relative to CS- trials (Day 1) was observed in the 

following cerebral regions (whole-brain analysis, voxel-level p < 0.001, cluster-level p < 0.05, 

FWE-corrected): bilateral anterior insula, thalamus, ventral tegmental area, caudate nucleus, 

and left pallidum (see Figure 19 and Table 6). For the FAAH SNP C385A, the CC group 

compared to the AC group displayed a stronger neural activation for “threat learning” in the 

middle temporal gyrus (cluster size: 246 voxels, MNI coordinates: 52, -16, -14; z = 4.21). No 

significant correlations were found for either baseline AEA and 2-AG levels, or for their 

respective percent changes on Day 1 (Hypothesis 6).  
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Figure 19. Brain regions involved in fear conditioning, (CS+a/b > CS-). Significance was assessed at 

p < 0.001 (voxel level) and p < 0.05 (cluster level, FWE-corrected corresponding to 224 voxels). The 

statistical parametric map was superimposed on sections of the group averaged T1 image. Blue and 
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green bars represent parameter estimates of neural activation (arbitrary unit, a.u.) associated with CS+a/b 

and CS-, respectively, for selected, representative peak voxels of the left anterior insula (AIC; [-26, 24, 

-2]), left ventral striatum (STR; [-10, 10, -2]), and thalamus ([0, -8, 6)]. Coordinates refer to MNI space. 

Error bars denote standard error of the mean. Abbreviations: a.u.: arbitrary unit; L: left; R: right. 

 

Table 6. Brain regions with a significant effect of fear conditioning. 

n = 51. Contrast: “CS+a/b minus CS-“. Significance: p < 0.001 at the voxel level and p < 0.05 (FWE-

corrected) at the cluster level, corresponding to cluster sizes of at least 224 contiguous voxels. 

Abbreviations: L: left; R: right. 

 Brain region Number of voxels 
Peak voxel (MNI space) 

x y z z-score 

L Anterior insula 369 -26 24 -2 5.43 

L Anterior insula  -34 26 4 4.71 

R Anterior insula 1414 30 26 2 4.97 

R Anterior insula  34 24 10 4.27 

L Pallidum  -16 -4 -4 5.41 

L Ventral striatum  -10 10 -2 5.18 

R Ventral striatum  12 2 0 5.23 

L Ventral tegmental area  -2 -20 -12 5.18 

 Thalamus  0 -8 6 5.10 

 

 Categorical effects of safety learning  

In line with the above-mentioned meta-analysis, the opposite contrast, testing for greater neural 

activation upon CS- in comparison to CS+a/b, detected significant clusters in the following 

regions (Hypothesis 5) (whole-brain analysis, voxel-level p < 0.001, cluster-level p < 0.05, 

FWE-corrected), described in more detail in Table 7: the bilateral hippocampi, posterior 

cingulate cortex/precuneus, bilateral pre- and postcentral gyri, right parahippocampal gyrus, 

bilateral middle temporal gyrus, superior temporal pole, bilateral inferior temporal gyrus, 

bilateral fusiform gyrus, right angular gyrus, left inferior parietal lobule (IPL), right precentral 

gyrus, and the right superior frontal gyrus (SFG) (please see also Figure 20). For the FAAH 

SNP C385A, no interaction effect was found for “safety learning”. Moreover, addressing 

Hypothesis 6, no significant correlations were found either for baseline AEA and 2-AG levels, 

or for their respective percent changes on Day 1. 
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Figure 20. Clusters observed for safety learning (CS- > CS+a/b) at p < 0.001 (voxel level) and p < 0.05 

(cluster level, FWE-corrected, corresponding to 224 voxels). The statistical parametric map was 

superimposed on sections of the group averaged T1 image. Blue and green bars represent parameter 

estimates (arbitrary unit, a.u.) associated with CS+a/b and CS-, respectively, for selected, representative 

peak voxels of the right hippocampus (HIPP; [22, -6, -20]), and right superior frontal gyrus (SFG; [16, 

34, 52]). Coordinates refer to MNI space. Error bars denote standard error of the mean. Abbreviations: 

a. u.: arbitrary unit; L: left; R: right.  
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Table 7. Brain regions with a significant effect of safety learning. 

n = 51. Contrast: “CS- minus CS+a/b”. Significance: p < 0.001 at the voxel level and p < 0.05 (FWE-

corrected) at the cluster level, corresponding to cluster sizes of at least 224 contiguous voxels. 

Abbreviations: L: left; R: right. 

 
Brain region Number of voxels 

Peak voxel (MNI space) 

x y z z-score 

R Hippocampus 1756 22 -6 -20 6.98 

R Parahippocampal gyrus  36 -24 -18 5.10 

R Middle temporal gyrus  56 -8 -22 6.67 

R Superior temporal pole  40 18 -26 5.39 

R Inferior temporal gyrus  58 -46 -8 4.20 

R Fusiform gyrus  40 -46 -18 4.71 

L Fusiform gyrus 629 -34 -32 -18 5.14 

L Hippocampus  -22 -8 -20 4.84 

L Hippocampus  -26 -18 -20 4.18 

L Inferior temporal gyrus 333 -54 -12 -24 4.90 

L Middle temporal gyrus  -54 -16 -12 4.48 

R Middle temporal gyrus 286 46 -60 22 3.94 

R Angular gyrus  48 -70 38 3.53 

L Inferior parietal lobule 388 -44 -36 38 5.31 

R Precentral gyrus 352 38 -10 40 4.10 

R Superior frontal gyrus 583 16 34 52 5.40 

R Superior frontal gyrus  12 54 38 4.43 

 Rectal gyrus 253 0 30 -16 4.63 
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4.7 Day 2 - Neural activation during fear extinction 

The second day of the experiment investigated the neural mechanisms of fear extinction 

learning, defined as an exponential signal decay on Day 2 and the link to the FAAH SNP 

C385A, as well as the correlation to peripheral endocannabinoid signalling. Hypotheses 7-9 

were addressed and for this purpose the entire sample (n = 51) was used. Parts of the results of 

Day 2 have been published by Spohrs et al. (2021). 

 Categorical effects of fear extinction learning 

In line with Fullana et al. (2018) and MacNamara et al. (2015), brain regions engaged during 

fear conditioning were also involved in fear extinction, defined as exponential decay during the 

extinction phase, as revealed by a one-sample t-test (Hypothesis 7). As a consequence, two 

reliably significant clusters located in the bilateral anterior insula (see Figure 21 and Table 8) 

can be reported (whole-brain analysis, voxel-level p < 0.001, cluster-level p < 0.05, FWE-

corrected). Some clusters bearing a fear extinction effect at an uncorrected p < 0.001 at the 

voxel level were too small to survive cluster FWE-correction for multiple comparisons, and 

revealed significant activation only after small volume corrections (radius: 8 mm; p < 0.05 

FWE-corrected): the ventral striatum (cluster size: 14 voxels; peak coordinates: -10, 4, 0; z-

score: 3.64) and the thalamus (cluster size: 4 voxels; peak coordinates: -2, -8, 6; z-score: 3.45).  

 
Table 8. Brain regions with a significant effect of fear extinction. 

n = 51. Significance: p < 0.001 (voxel level) and FWE-corrected (p < 0.05) cluster sizes corresponding 

to at least 193 continuously significant voxels. Abbreviations: L: left; R: right. 

 
Brain region Number of voxels 

Peak voxel (MNI space) 

x y z z-score 

R Anterior insula 276 32 26 4 5.22 

L Anterior insula 299 -34 16 12 4.70 

L Anterior insula  -32 28 6 4.45 
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Figure 21. Significant effects of fear extinction learning, modelled as an exponentially decaying signal 

in the bilateral anterior insula. Significance was assessed at p < 0.001 (voxel level) and p < 0.05 (cluster 

level, FWE-corrected, corresponding to 193 voxels). The statistical parametric map was superimposed 

on a coronal section of the group averaged T1 image. For a statistically reliable inference of neural 

extinction learning, please see the summary tabulated in Table 8. The y-coordinate refers to MNI space. 

Abbreviations: L: left; R: right. 

 

 FAAH SNP C385A group differences and neural fear extinction signalling 

Addressing Hypothesis 8, a two-sample t-test, comparing the neural fear extinction signalling 

as computed by means of an exponential decay, did not reveal any significant differences 

between the AC-heterozygotes and CC-homozygotes of the FAAH polymorphism (rs324420) 

(two-sample t-test in SPM12; p < 0.025, uncorrected).  

 Correlation between baseline AEA and 2-AG and neural signalling during fear 

extinction  

To address Hypothesis 9, predicting an enhanced extinction signal linked to higher 

endocannabinoid availability, the parameters baseline AEA and 2-AG levels were correlated 

with the neural extinction signal. The baseline AEA levels, as assessed before the start of the 

experiment (Day 1), correlated positively with the degree of extinction learning in the dACC 

and the right anterior insula (whole-brain analysis, voxel-level p < 0.001, cluster-level p < 0.05, 

FWE-corrected) (see Figure 22 and Table 9). However, there was no evidence of a robust 

correlation between 2-AG baseline levels and the neural fear extinction signalling when 

applying the same significance level. 
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Figure 22. Correlation between AEA baseline levels and the degree of extinction learning on Day 2 in 

the dorsal anterior cingulate cortex (78 voxels) and right anterior insular cortex (104 voxels). The 

clusters resulted from the extinction mask as provided by Fullana et al. (2018). Scatter plots refer to the 

voxel with the highest correlation coefficient. Significance was assessed at p < 0.001 at voxel level and 

p < 0.05 (FWE-corrected) at cluster level. Coordinates are given in MNI space. Abbreviations: a.u.: 

arbitrary unit; AEA: anandamide; AIC: anterior insular cortex; dACC: dorsal anterior cingulate cortex; 

L: left; R: right. Spohrs et al. 2021. 
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Table 9. Brain regions whose degree of neural fear extinction learning was significantly predicted 

by participants’ baseline AEA blood levels. 

n = 51. Significance: p < 0.001 (voxel-level) and p < 0.05 (cluster-level), FWE-corrected for 

adjusted search volume (extinction mask as obtained from Fullana et al. (2018)) corresponding to 

clusters of at least 73 voxels. Abbreviations: AEA: anandamide; R: right. 

 

Brain region 

Number 

of 

voxels 

Peak voxel Peak statistics Cluster statistics 

x y z r t(49) r t(49) 

R Dorsal anterior cingulate 78 2 22 36 .51 4.13 .45 3.56 

R Dorsal anterior cingulate  4 22 28 .46 3.62   

R Anterior insula 104 38 22 -2 .50 4.05 .45 3.56 

R Anterior insula  36 14 -8 .45 3.56   

 

 Correlation between percent changes in AEA and 2-AG and neural signalling during 

fear extinction  

In a next step, to address Hypothesis 9, analysing if the task-related percent change of the two 

endocannabinoids on the second day of the experiment (fear extinction) correlated with the 

neural signalling, additional correlation analyses were set-up. However, the percent changes in 

endocannabinoid signalling revealed no significant correlations, neither for AEA, nor for 2-AG. 

4.8 Day 2 - Exploratory analyses on the relationship between pre to post differences in 

AEA levels and neural signalling during extinction learning 

Given the highly significant correlations between baseline AEA levels and extinction learning 

above, it was astonishing that no such relationships were observed for pre to post changes in 

AEA levels. Consequently, this gave rise to the idea that individual increases and decreases in 

AEA signalling might correlate with neural extinction learning within individuals with either 

increasing or decreasing AEA changes, but that directions of both regressions would follow 

opposite trends thereby cancelling each other out.  

Therefore, changes in AEA signalling were analysed in an exploratory manner. Individual pre 

to post changes of AEA levels on Day 2 were computed, and the distribution of difference 

values was used for the division of the entire sample into four subgroups according to quartiles 

in AEA level changes (quartile 1: high increase (n = 13), quartile 2: low increase (n = 13), 
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quartile 3: low decrease (n = 12), quartile 4: high decrease (n = 13) (see Figure 23). The 

assigned groups were then used to investigate the link between the neural correlation of fear 

extinction learning and changes in AEA levels. 

 

 
Figure 23. Relative changes (in %) in AEA related to fear extinction (Day 2) grouped in quartiles 

according to changes in AEA (see group description above). Error bars denote standard errors of the 

mean. Abbreviations: AEA: anandamide; inc: increase in AEA during fear extinction; dec: decrease in 

AEA during fear extinction. Spohrs et al. 2021. 

 

 Inter-individual variations in AEA and neural fear extinction signalling 

Given the above-mentioned findings, in an exploratory step, it was examined if the degree of 

neural extinction learning as expressed by the exponential decay was modulated by the factor 

group in AEA changes. For that purpose, the first-level contrast images representing the 

exponentially decaying neural signal associated with CS+a on Day 2 were entered into a full 

factorial model in SPM 12, and a factor group was added. This factor had four levels, 

corresponding to the four groups showing either a higher or lower increase in AEA (groups 1 

and 2) or a lower or higher decrease (groups 3 and 4) in AEA. In order to test whether a task-

induced change in AEA levels parametrically varied with the extent of neural signal decay, a t-
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contrast with following weights was formulated: [+0.75 INC High, +0.25 INC Low, -0.25 DEC 

Low, -0.75 DEC High]. This contrast yielded significant clusters in the following brain regions: 

the precuneus, bilateral DLPFC, and the left IPL (see Figure 24). For a detailed summary of 

findings, please see Table 10.  
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Figure 24. Brain regions bearing a significant parametric effect of fear extinction (modelled as 

exponential decay) related to AEA quartiles during extinction learning. Please note that only values 
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below zero indicate a decay in neural fear extinction. Significance was assessed at p < 0.001 (voxel-

level) and p < 0.05 (FWE-corrected) at the cluster-level. On the right-hand side, parameter estimates are 

shown for the peak voxel with the maximum parametric effect within the respective cluster. MNI-

coordinates: left dorsolateral prefrontal cortex (DLPFC): [-38, 36, 12]; left inferior parietal lobule (IPL): 

[-56, -46, 44]; precuneus: [4, -68, 50]. The statistical parametric map was superimposed on sagittal and 

coronal sections of the group averaged T1 image. Abbreviations: a.u.: arbitrary unit; L: left, R: right. 

Spohrs et al. 2021. 

 
 
Table 10. Brain regions with a significant effect of fear extinction as computed by an exponential 

decay related to relative increases (INC groups) versus decreases (DEC groups) in AEA levels 

during extinction learning. 

n = 51. Significance: p < 0.001 (voxel level) and FWE-corrected (p < 0.05) cluster sizes corresponding 

to at least 184 continuously significant voxels. Abbreviations: AEA: anandamide; L: left; R: right. 

 
Brain region 

Number of 

voxels 

Peak voxel (MNI space) 

x y z z-score 

L Inferior parietal lobule 616 -56 -46 44 4.64 

L Angular gyrus  -38 -52 36 4.16 

L Inferior frontal gyrus (opercular part) 607 -42 12 16 4.62 

L Inferior frontal gyrus (triangular part)  -38 36 12 4.31 

L Dorsolateral prefrontal cortex  -38 40 26 4.10 

R Dorsolateral prefrontal cortex 210 36 28 36 4.00 

R Inferior parietal lobe 248 52 -36 50 3.97 

R Supramarginal gyrus  50 -44 36 3.81 

L Lingual gyrus 194 -18 -82 -6 3.78 

L Cerebellum  -14 -76 -20 3.56 

R Precuneus 219 4 -58 50 3.60 
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 Anxiety ratings according to AEA percent change quartiles 

As described in the Exploratory Analyses, the group was further divided into four subgroups 

according to quartiles in AEA level changes (quartile 1: high increase (n = 13), quartile 2: low 

increase (n = 13), quartile 3: low decrease (n = 12), quartile 4: high decrease (n = 13) (see 

Figure 23), a setup which was also applied to the anxiety ratings. Interestingly, the groups 

displaying an increase in AEA during the fear extinction learning task, showed higher anxiety 

ratings for both stimuli before and after the experiment, while the groups with the task-related 

decrease in AEA displayed lower anxiety ratings (see Figure 25). However, exploratory 

analyses revealed that this effect was only significant for the CSa+ post between the high-

increase group and the high-decrease group as revealed by a two-sample t-test (t(49) = 0.61, p 

= 0.04). In addition, participants’ average ratings of subjective anxiety related to the stimuli 

after the conditioning experiment and before and after fear extinction learning served as an 

additional marker for the validity of the experimental setup (see Results 4.2). For the entire 

sample (n = 51), successful fear extinction learning was indicated by a significant difference 

between CS+a pre and CS+a post (t(49) = 10.47, p < 0.001). Anxiety after extinction learning 

(CS+a post) was significantly correlated with individual post extinction AEA levels (r = 0.34, p 

= 0.015), suggesting that subjects with higher post extinction anxiety had higher AEA levels. 

The percent changes in AEA on Day 2 were positively correlated by trend (r = 0.22, p = 0.057) 

with the subjective anxiety ratings related to CS+a post assessed after the experiment, suggesting 

that greater decreases in AEA levels were associated with less anxiety while increases in AEA 

levels were related to higher anxiety levels after the experiment.  
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Figure 25. Mean subjective anxiety ratings given for CS+a and CS- before (pre) and after (post) fear 

extinction (Day 2), grouped according to changes in AEA (quartiles). A rating of 0 indicates no feeling 

of fear in association with the stimulus, 10 indicates greatest fear. Error bars denote standard error of 

the mean. Abbreviations: a.u.: arbitrary unit; inc: increase in AEA during fear extinction; dec: decrease 

in AEA during fear extinction. 

 

4.9 Day 3 - Extinction recall 

This section addresses Hypotheses 10-12, investigating whether the neural extinction recall 

signal varied between the AC- and CC group of the FAAH SNP C385A and in line with the 

previous analyses on Day 1 and 2, whether it correlated with the baseline AEA- and 2-AG 

levels.  

 Extinction recall across groups 

Firstly, to investigate extinction recall on Day 3, based on the work of Fullana et al. (2018), the 

neural activation for the unextinguished CS+ compared to the extinguished CS+ was examined 

(Hypothesis 10). The average extinction recall across the entire group revealed one cluster in 
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the left anterior insula at an uncorrected level (p < 0.001) that did not survive correction for 

multiple comparisons (cluster size: 38 voxels; peak coordinates: -36, 28, 4; z-score: 4.73, see 

Figure 26).  

 

 

Figure 26. Extinction recall across groups. Significant effects of extinction recall (CS+b (unextinguished) > 

CS+a (extinguished)) in the left anterior insula. Significance was assessed at p < 0.001 (voxel level, 

uncorrected). The statistical parametric map was superimposed on a coronal section of the group 

averaged T1 image. Abbreviations: L: left; R: right. 

 

 FAAH SNP C385A group differences and neural extinction recall signalling 

To address Hypothesis 11, predicting a higher extinction recall signal (CS+b (unextinguished) > CS+a (extinguished)) for 

AC-heterozygotes, a two-sample t-test was computed. A significantly stronger neural signal 

was observed in the AC-heterozygous group in the following regions (Figure 27 and Table 11): 

the left medial SFG, the bilateral dACC, the bilateral anterior and middle insula, the bilateral 

superior temporal pole, the left middle temporal gyrus, the left postcentral gyrus and the right 

caudate nucleus (whole-brain analysis, voxel-level p < 0.001, cluster-level p < 0.05, 

FWE-corrected). 



Results 
 

 83 

 
Figure 27. Brain regions showing a higher extinction recall signal (CS+b (unextinguished) > CS+a (extinguished)) in 

the FAAH AC-heterozygous group as compared to the CC-homozygous group. Significance was 

assessed at p < 0.001 (voxel level) and p < 0.05 (cluster level FWE-corrected, corresponding to 173 

voxels). The statistical parametric map was superimposed on coronal and sagittal sections of the group 

averaged T1 image. Coordinates refer to MNI space. Differential parameter estimates were extracted 

from the right anterior insula (AIC) (303 voxels; upper right panel) and the anterior cingulate cortex 

(ACC) (2341 voxels; lower right panel). For comparison, parameter estimates are presented for all three 

experimental days: fear conditioning (CS+a/b > CS-; Day 1), fear extinction (exponential decay of CS+a; 

Day 2), and extinction recall (CS+b (unextinguished) > CS+a (extinguished); Day 3). Please note that only the 

extinction recall signal was tested for significant group differences. Abbreviations: a.u.: arbitrary unit; 

Ext: Extinction; L: left; R: right. 
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Table 11. Brain regions showing a higher extinction recall signal (CS+b (unextinguished)> CS+a (extinguished)) 

in the FAAH AC-heterozygous group as compared to the CC-homozygous group. 

n = 51. Significance: p < 0.001 (voxel level) and FWE-corrected (p < 0.05) cluster sizes corresponding 

to 173 contiguous voxels. Abbreviations: L: left; R: right. 

 
Brain region Number of voxels 

Peak voxel (MNI space) 

x y z z-score 

L Medial superior frontal gyrus 2341 -6 62 22 4.58 

 Dorsal anterior cingulate  0 24 30 4.45 

R Dorsal anterior cingulate  4 40 22 4.32 

L Anterior insula 303 -34 6 8 4.29 

L Middle insula  -42 2 -2 3.58 

R Anterior insula 869 40 12 6 4.69 

R Middle insula  48 2 0 4.15 

R Superior temporal pole  58 6 0 4.67 

L Superior temporal gyrus 278 -62 -14 4 4.27 

L Middle temporal gyrus  -52 -30 4 4.13 

L Postcentral gyrus 287 -60 -18 32 4.56 

L Postcentral gyrus  -48 -22 46 3.86 

R Caudate nucleus 506 12 4 14 4.36 

R Caudate nucleus  20 22 2 3.88 

 

 Correlation between baseline endocannabinoid levels and neural signalling for the 

extinction recall  

To identify potential correlations with extinction recall signalling, the baseline AEA- and 2-AG 

levels (Day 1) were analysed (Hypothesis 12). The correlation with baseline AEA showed no 

significant results, however the correlation with baseline 2-AG revealed a significant negative 

correlation with the inferior frontal gyrus (p < 0.001, k = 194 voxels). Another negative 

correlation was found between 2-AG and the dACC, and even though the dACC cluster did not 

survive correction for multiple comparisons, it is listed as it has shown to be a relevant cluster 

during fear extinction (see Table 12).  



Results 
 

 85 

 

Table 12. Positive correlation between 2-AG baseline levels and neural extinction recall. 

n = 51; Significance: p < 0.001, unc. Please note that the cingulate cluster just missed (pFWE = 0.076) 

the nominal level of cluster-corrected significance requiring k = 194 contiguous voxels. 

Abbreviations: 2-AG: 2-arachidonoylglycerol; L: left; R: right. 

 

Brain region 
Number 

of voxels 

Peak voxel 
Peak 

statistics 
Cluster statistics 

x y z r t(49) r t(49) 

L Precentral gyrus 240 -52 2 18 .64 5.85 .49 3.90 

L Rolandic operculum  -38 4 20 .53 4.43   

L 
Inferior frontal gyrus, 

opercular part 
 -54 16 12 .43 3.31   

R Dorsal anterior cingulate  170 2 26 22 .53 4.40 .46 3.66 

L Dorsal anterior cingulate   -2 16 22 .45 3.55   

 

4.10 Study 2 - Exposure therapy and FAAH SNP C385A 

This chapter presents the results of the second study investigating whether AA-homozygous 

/AC-heterozygous patients (lower levels of FAAH) show enhanced fear extinction during 

exposure therapy as compared to CC-homozygous patients (higher levels of FAAH) 

(Hypothesis 13-14). Therefore, before the exposure therapy, patients were asked to rate their 

expected fear and fill out the STAI-S. After completion of the exposure therapy, patients were 

again asked to fill out the STAI-S and the STAI-T as well as their fear ratings for the highest 

experienced fear during the exposure therapy and their fear ratings after the exposure (Lang et 

al., 2012).  

 STAI-S and STAI-T ratings  

Investigating Hypothesis 13, a repeated measures ANOVA with factors genotype (CC-

homozygotes vs. AA-homozygotes/AC-heterozygotes) and time point (pre vs. post exposure 

therapy) did not reveal a significant interaction for the STAI-S (F(1,34) = 0.55, p = 0.464). 

However, a significant main effect of time point was found, reflecting a decrease in STAI-S 

ratings from pre to post exposure therapy (F(1,34) = 36.36, p < 0.001). A two-sample t-test 

showed no significant differences between the AA-homozygotes/AC-heterozygotes and the 
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CC-homozygotes regarding STAI-T anxiety (t(34) = 0.76, p = 0.452). The values are displayed 

in Figure 28 and Table 3. 

 

 

Figure 28. Mean STAI-S scores before and after exposure therapy and STAI-T scores for the two FAAH 

groups (CC-homozygotes vs. AA-homozygotes/AC-heterozygotes). Error bars denote standard error of 

the mean.  

 Exposure therapy-related fear ratings 

Regarding the three questions assessing the patients’ fear (Hypothesis 14), there was no 

significant interaction between genotype (CC vs. AA/AC) and time point (i.e., before, during 

and after exposure therapy): (F(2,68) = 0.33, p = 0.720) as computed by means of a one-way 

repeated measures ANOVA (see Figure 29 and Table 3). However, fear ratings significantly 

decreased from pre to post therapy, that is, there was a significant main effect of time point 

(F(2,68) = 45.15, p < 0.001). 
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Figure 29. Mean fear ratings pre, during and post exposure therapy for the two FAAH groups (CC-

homozygotes vs. AA-homozygotes/AC-heterozygotes). Error bars denote standard error of the mean. 

Abbreviation: a.u.: arbitrary unit.
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5 Discussion 

In a translational setup, this thesis investigated the role of the endocannabinoid system (ECS), 

particularly the role of the two main endocannabinoids - anandamide (AEA) and 2-

arachidonoylglycerol (2-AG) - in fear conditioning, fear extinction learning and fear extinction 

recall during functional magnetic resonance imaging (fMRI). The main hypothesis was that 

AEA and 2-AG would correlate with task-specific activation in the core neural structures as 

suggested by recent meta analyses (Fullana et al., 2016; Fullana et al., 2018). In a second step, 

the role of the FAAH polymorphism (rs324420), which is associated with lower levels of fatty 

acid amide hydrolase (FAAH) in AA-homozygotes/AC-heterozygotes and higher individual 

AEA levels (Dincheva et al., 2015; Mayo et al., 2018), was analysed in the context of the fMRI 

data, and was examined during exposure therapy in patients with different kinds of anxiety 

disorders. Since FAAH plays a major role in the degradation of AEA, the main prediction in 

this regard was that fear extinction learning, as it occurs during exposure therapies, would be 

facilitated in AA-homozygous/AC-heterozygous patients.  

Adding to the few studies conducted in humans, this is the first study to present peripheral 

endocannabinoid levels and their respective changes following fear conditioning, fear 

extinction and extinction recall, and their neural correlates. Furthermore, the baseline levels of 

AEA and 2-AG and their task-related percent changes correlated with the respective neural 

activation (Day 1 and Day 3) and with the exponential decay of neural activation (Day 2) of the 

core regions activated during the three phases of the paradigm. The results support a potential 

role for 2-AG during fear conditioning and an essential role for AEA during fear extinction 

learning and extinction recall. The exploratory results indicate a notable role for task-related 

AEA increases as opposed to decreases (percent changes) and neural activation, especially on 

Day 2, which had not been investigated so far. Furthermore, neural activation during extinction 

recall (Day 3) varied significantly between the AC-heterozygotes and the CC-homozygotes of 

the FAAH single nucleotide polymorphism (SNP) C385A, suggesting a crucial role for AEA 

during the consolidation of aversive memory. Finally, when comparing the patient sample for 

group differences between the AA-homozygotes/AC-heterozygotes and the CC-homozygotes, 

no effects between the groups during exposure therapy were observed.  

5.1 Day 1 – a) Correlations between stress, neural signalling and the ECS 

The first strand of analyses of Day 1 (fear conditioning), investigated the link between neural 

activation related to a somatosensory stressor and electrodermal activity (EDA), as well as the 
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role of peripheral baseline endocannabinoids and their task-related changes in this process. In 

the following, the first translational results on circulating endocannabinoids and neural 

signalling will be integrated into the findings by earlier studies, firstly for the partial sample (n 

= 22) that is, including EDA data, neural signalling and endocannabinoids, and in a next step 

for the entire sample (n = 51). 

 Relation between EDA and neural signalling 

An unpleasant thermal stimulus (CS+US), which was used as the stressor in this study, has 

previously been shown to elicit neural activation in various brain regions such as the insular 

cortex, inferior frontal gyrus (IFG), cingulate gyrus, secondary somatosensory cortex, 

cerebellum, medial frontal gyrus, and thalamus (Brooks et al., 2002; Wager et al., 2013). In the 

present data collected, EDA and neural activation related to the CS+US revealed correlations in 

the bilateral amygdala, superior temporal gyrus (STG), cerebellum and the right thalamus, 

supplementary motor area (SMA) and midbrain. The activation of the left anterior insular cortex 

(AIC) is in line with previous work, suggesting that it plays a fundamental role in nociception 

and in the processing of pain and of unpleasant stimuli, and that insular activation might be 

more prominent contralateral to the body side where the thermal heat was applied (in this case: 

right shinbone) (Brooks et al., 2002; Segerdahl et al., 2015). Given the cerebellum’s role in 

detecting repetitive structured patterns to predict future occurrences, the large cluster detected 

in the cerebellum also seems to fit well into the paradigm used in this study (Adamaszek et al., 

2017). Accordingly, another meta-analysis has summarised the cerebellum’s function in pain 

processing leading to sensorimotor adaptation, however the precise role remains unclear 

(Moulton et al., 2010). Furthermore, the correlation between EDA and the amygdala activation 

is consistent with previous research, underlining that the amygdala plays a role in fear 

expression, and may be involved in pain processing and expectations for pain (Simons et al., 

2014). In combination with the STG, the insula, thalamus, putamen, cerebellum and anterior 

cingulate cortex (ACC), the amygdala has been assumed to be involved in EDA production 

(Knight et al., 2005). Another region of interest in pain processing is the SMA, which has been 

found activated in tibia pain stimulation, similar to the setup used in this thesis (Arienzo et al., 

2006). The link between EDA and neural activation related to the CS+US corresponds to the 

results of previous studies and as such corroborates the validity of the experimental setup. Thus, 

the neural responses can be interpreted in the context of a “pain processing – fear expression” 

circuit, although the stimuli used in the present study were not painful but highly unpleasant. 
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Hypothesis 1 can thus be confirmed and these results lay the foundation for the interpretations 

that follow.  

 Relation between neural stress signalling and endocannabinoid signalling 

Multiple studies have suggested a putative mechanism of action for the stress responses in 

rodents (Hill et al., 2010; Hillard, 2018; Morena et al., 2016), highlighting the role of AEA as 

a modulator of tonic endocannabinoid signalling and 2-AG for phasic signalling in response to 

acute stressors (Ahn et al., 2008; Gunduz-Cinar, Hill et al., 2013). Translational studies on the 

matter are rare, but they suggest first an increase and then a drop in AEA levels in AC-

heterozygotes/CC-homozygotes, which was not observed in AA-homozygotes of the FAAH 

SNP (rs324420) (Mayo et al., 2018). Dlugos et al. (2012) investigated the role of 2-AG in a 

stress task, however they did not find any significant differences in the stress versus no-stress 

conditions. When looking at the findings of the present study and addressing Hypothesis 2, 

baseline AEA levels correlated with activation in the left cerebellum, the bilateral lingual gyrus 

and the bilateral STG, the right fusiform gyrus and the right rolandic operculum during fear 

conditioning using heat as a stressor in the subsample with the available EDA measures. As 

described above, there is a consensus for the involvement of the cerebellum in pain and 

emotional processing as well as their regulation, which would be well in line with the observed 

correlation with endocannabinoid signalling (Adamaszek et al., 2017; Moulton et al., 2010). 

However, the exact role of the cerebellum and endocannabinoid signalling remains tentative 

and subject to future investigations. The lingual gyrus, the STG and the rolandic operculum 

also seem to play a role in pain and sensory perception and processing, however they have not 

received much attention in previous research in this context (Longo et al., 2012; Maliia et al., 

2018).  

For the percent changes in AEA and the neural activation related to the CS+US, negative 

correlations were detected in the left middle and STG and the SMA, and for 2-AG, negative 

correlations were found in the left anterior insula, the middle cingulate cortex, the right rolandic 

operculum, the supramarginal gyrus, superior temporal gyri and lingual gyrus (Hypothesis 3). 

As listed above, these regions have previously been discussed as highly relevant in the neural 

activation related to pain (Borsook et al., 2010).  

Given the nature of correlations, no causal assumption can be made, however a diffident 

interpretation can be offered. Considering the direction of the calculation of the percent changes 

in endocannabinoids (i.e., post- minus pre-values), a negative correlation between percent 

changes in AEA levels and the neural activation for the CS+US can on average be translated as 
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a stronger decrease in AEA related to higher neural reactivity to the CS+US. However, as 

reported in the Results 4.5.3, 2-AG on average increased during Day 1. In this context, the 

observed negative correlation might suggest that high task-related percent changes in 2-AG 

have led to a down regulation of the respective neural activation. This might support previous 

interpretations of the role of endocannabinoid signalling as a “stress buffer” well in line with 

rodent studies, where stress exposure resulted in an overall decrease in AEA and an increase in 

2-AG (Hill et al., 2010; Hillard, 2018; Morena et al., 2016). Moreover, these findings are 

consistent with the findings of Hill et al. (2009), who in a sample of 15 depressed women found 

elevated 2-AG levels after a stress task, as compared to 15 healthy controls. These findings 

support a putative role for 2-AG as a potential player in the phasic modulation of the stress 

response (Morena et al., 2016). However, this interpretation is preliminary and needs to be 

replicated. 

Given the link between peripheral endocannabinoids and neural activation related to the stress 

condition (heat), the same analysis was replicated for the entire sample (n = 51). Surprisingly, 

no significant effects were found for any of the endocannabinoid parameters. Reasons for this 

may be an overestimation of the effect size in smaller samples (Yarkoni, 2009). Smaller sample 

sizes have previously been subject to critique in fMRI studies and portend the necessity for 

large sample sizes in future studies (Yarkoni et al., 2010). As such, these findings need to be 

replicated in future studies, and also stress the necessity for large samples sizes when 

investigating the role of peripheral endocannabinoids in humans. 

5.2 Day 1 - b) Fear conditioning 

In addition to the effects of stress processing, a second strand of analyses regarding experiments 

on Day 1 examined the effects of “threat” and “safety” learning during the fear conditioning 

paradigm of the fMRI study (n = 51), which will subsequently be discussed. 

 Categorical effects of fear conditioning  

In accordance with the results of a recent meta-analysis (Fullana et al., 2016) and various fear 

conditioning studies (Büchel et al., 1998; MacNamara et al., 2015), similar brain areas as 

reported by previous human studies on threat-related and safety-related neural responses were 

identified in this study: for fear conditioning (CS+a/b > CS-), notably the bilateral AIC, the 

(primarily) ventral striatum, pallidum, ventral tegmental area and thalamus were reported. 

However, other regions mentioned in the meta-analysis by Fullana et al. (2016), were not 



Discussion 

 92 

detected in the present study, for example the SMA, pre-SMA and dorsal anterior cingulate 

cortex, the secondary somatosensory cortex, the dorsolateral prefrontal cortex (DLPFC), the 

lateral premotor cortex, ventral-posterior precuneus, and the lateral cerebellum. Furthermore, 

many fear conditioning studies have identified amygdala activation during fear conditioning, 

similar to studies conducted in rodents (Gunduz-Cinar, MacPherson et al., 2013; Rabinak et al., 

2018). In the present study, as well as in the meta-analysis by Fullana et al. (2016), the amygdala 

could not reliably be found in association with fear conditioning, which will be further 

discussed in combination with the results of the fear extinction learning results in the next 

section.  

Considering the findings of the present study however, the results are well in line with another 

fMRI study by MacNamara et al. (2015), who conducted a fear conditioning paradigm similar 

to the one in this study with an equally large sample of 49 participants. The key region for the 

CS+ > CS- contrast identified by MacNamara et al. (2015) was the bilateral insula. Interestingly, 

their arguments are in line with the findings of the meta-analysis by Fullana et al. (2016). 

Moreover, their approach was based on a sufficiently large sample size to comply with the 

claim of Yarkoni et al. (2010), that the sample size for fMRI studies should be at least n = 40. 

Combined, these findings suggest that previous results from fear conditioning paradigms may 

have lacked statistical power and may have suffered from overestimation of effect sizes 

(Yarkoni et al., 2009).  

In the context of fear conditioning, the anterior insular cortex is assumed to integrate affective, 

cognitive and physical states, as well as anticipatory responses in interoceptive processing, and 

all relevant functions in the process of threat anticipation and fear learning (Medford & 

Critchley, 2010; Paulus & Stein, 2006). More precisely, it is assumed that the anterior insula 

facilitates the transformation of raw sensory inputs into subjective feeling states and conscious 

awareness of, for example, bodily sensations like pain (Medford & Critchley, 2010; Paulus & 

Stein, 2006). Craig (2009) takes this one step further and proposes that the key role of the AIC 

lies in human awareness. An essential role of the ventral striatum during fear conditioning, 

particularly during contingency learning has also been documented (Klucken et al., 2009) and 

in combination with the AIC and the ventral tegmental area, these regions are known to be an 

integrative part of the salience network (SN). The SN filters stimuli depending on their 

perceptual characteristics and is involved in classifying stimuli with regard to their importance 

to allow goal directed-behaviours. Thus, the salience network is assumed to play a central role 

in emotional control and emotional processing, as well as the integration of sensory, cognitive 

and emotional input (Craig, 2009; Menon, 2015). Hypothesis 4, addressing the neural 
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underpinnings for fear conditioning therefore received support as confirmed in this sample of 

healthy, male adults.  

 Categorical effects of safety learning  

In this study, the contrast modelling safety learning (CS- > CS+a/b) revealed activation in the 

bilateral hippocampi, bilateral pre- and postcentral gyri, right parahippocampal gyrus, bilateral 

middle temporal gyrus, superior temporal pole, bilateral inferior temporal gyrus, bilateral 

fusiform gyrus, right angular gyrus, left inferior parietal lobule (IPL), right precentral gyrus, 

the right superior frontal gyrus (SFG), and ventromedial prefrontal cortex (vmPFC). Compared 

to the meta-analysis by Fullana et al. (2016), the lateral and midline somatosensory cortex, the 

posterior insula, posterior cingulate cortex, lateral orbitofrontal cortex (OFC), posterior 

cerebellum, dorsal caudate nucleus, and dorsal-posterior precuneus were not detected. Even 

though the results do not entirely overlap, they clearly corroborate the validity of the 

experimental setup and fear conditioning paradigm, which can be further fortified by the 

subjective anxiety ratings (see Figure 11). Especially the large cluster in the hippocampus 

seems of interest as a region involved in memory encoding. Given this function, the neural 

activation might thus represent the establishment of episodic memory traces for the CS-, as a 

“safety trace”, potentially contributing to an active contingency awareness of the safety signal 

(Knight et al., 2006). Additionally, the greater activation of the hippocampus and of the anterior 

insula may display some form of relief, as for instance from the absence of the negative US, 

which is in line with a study conducted by Leknes et al. (2011). The SFG and the angular gyrus 

have previously been associated with the human’s default mode network (DMN), which has 

been suggested to play an active neural role in safety learning. Interestingly, Marstaller et al. 

(2017) conclude that the DMN is essential during safety learning and that the contextualisation 

of the safety traces may play an integrative role in constraining fear-related processes. For 

instance, a safety memory might be linked to the omission of an aversive stimulus, thus 

allowing an adequate behavioural response. 

In combination, the findings of the present study related to fear conditioning and safety learning 

are well in line with previous research on fear conditioning and support the validity of the 

applied paradigm, confirming Hypotheses 5. Contrary to Hypothesis 6, however, no significant 

correlations could be found for any of the endocannabinoid parameters.  
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5.3 Fear extinction 

With regard to the results of Day 2 (fear extinction learning), the categorical effects are 

summarised in this section, followed by the interpretation of the findings on genetic differences 

and circulating endocannabinoids in these processes.  

 Categorical effects of fear extinction learning 

Consistent with another recent meta-analysis by Fullana et al. (2018), the anterior insular cortex 

was identified as the core region involved in fear extinction learning defined as an exponential 

decay of the neural signal along the time axis of exposure. Other regions, such as the thalamus 

and the ventral striatum did not survive cluster-level FWE-correction for multiple comparisons 

and were only significant after small volume corrections. Neural structures, such as the rostro-

dorsal anterior cingulate cortex, the dorsolateral prefrontal cortex, and the pons, which have 

been described by Fullana et al. (2018), were not found in the present study at the given 

significance level. Interestingly, in their meta-analysis, just as in this study, the amygdala, 

previously assumed to play a major role during fear conditioning and fear extinction learning 

was not reported. This could be explained by multiple reasons: firstly, the amygdala as a core 

region of the defence-survival circuit (LeDoux, 2014) might not properly be engaged during 

experimental fMRI setups posing no “real” danger to the participants (Bach et al., 2011; Fullana 

et al., 2018). This may also explain the amygdala’s engagement in clinical studies with patients 

with anxiety disorders and posttraumatic stress disorder (PTSD), but not in healthy humans 

during fear conditioning and fear extinction learning.  

Although not all regions identified by the meta-analysis were detected in the present study, the 

neural extinction signal during extinction learning in the AIC represents a core part of the 

network associated with salience and arousal processing as expected during fear extinction 

learning (Fullana et al., 2018; Menon, 2015). This is in line with a comparable study by 

MacNamara et al. (2015), who also identified the bilateral insula as the main region involved 

during fear extinction learning in their sample (Hypothesis 7). 

Considering the consistent activation of the AIC during fear extinction learning in human 

neuroimaging studies (see above) as shown in fMRI studies using larger samples, it propounds 

that the association between human and animal studies, where the amygdala plays an important 

role, might not be as close as previously assumed. Multiple reasons might account for this 

finding: firstly, as mentioned above, it might be challenging to evoke real fear in human 

experimental studies; secondly, more cognitive control processes might be involved during fear 
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extinction learning in humans, and thirdly, the SN, contributing to conscious awareness, which 

is strongly associated with insular activation, seems to play an essential role in human fear 

extinction learning (MacNamara et al., 2015; Menon, 2015) and should be addressed in future 

studies. The importance of the insular cortex in the context of anxiety and fear processing is 

also stressed in a review by Andrade et al. (2019): besides being one of the regions where CB1 

receptors were detected (Glass et al., 1997), the insular cortex with its function to process 

interoceptive states, has been linked to anxiety disorders, where insular hyperactivity is 

associated with heightened interoceptive awareness, potentially mediating increased anxiety 

(Duval et al., 2015). Furthermore, reduced grey matter volume in the left anterior insula has 

been associated with affective disorders, psychosis and anxiety (Hatton et al., 2012), and, more 

specifically, the insular cortex has been linked to the subjective feelings associated with ∆9-

tetrahydrocannabinol (THC) intake (van Hell et al., 2011). Yet another study demonstrated that 

the functional connectivity between the insula and the DMN is heightened in participants with 

heavy cannabis consumption, which was also associated with lower anxiety scores and 

decreased memory proficiency (Pujol et al., 2014). These preclinical and clinical studies point 

towards the importance of the AIC in fear-related processes, and endocannabinoid signalling in 

this region may contribute to the mechanisms involved in fear extinction learning (Andrade et 

al., 2019). This idea is tentative and remains to be verified in future investigations, however a 

first step regarding the potential role of circulating endocannabinoids in the process of fear 

extinction learning will be given in the following sections. 

 FAAH SNP C385A group differences and neural fear extinction signalling 

In a next step, group differences related to the FAAH SNP C385A were examined. However, 

no significant differences were detected. This might not be fully in line with Hypothesis 8, 

nonetheless these findings can be integrated into the results of the most recent literature (Mayo 

et al., 2019; Rabinak et al., 2018), and the findings might point towards the particular role of 

AEA during aversive fear memory consolidation. Thus, baseline and task-related percent 

changes in AEA levels may be of greater importance than the effects mediated by the FAAH 

SNP C385A. This will be further discussed in the following sections. 
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 Correlation between baseline AEA and 2-AG and neural signalling during fear 

extinction  

Analysing the role of baseline endocannabinoid levels in peripheral plasma and neural 

activation during fear extinction learning, no effects were found for 2-AG, but for AEA, which 

highlights the potentially specific role of AEA affecting extinction learning. In particular, 

baseline levels of AEA indeed predicted the neural activation in the dACC and the AIC, two 

core regions in the fear extinction network as identified by Fullana et al. (2018) and key 

modulators of fear processing (Andrade et al., 2019; Etkin et al., 2011; Sehlmeyer et al., 2009; 

VanElzakker et al., 2014). Furthermore, the ACC is known to have a high density of 

cannabinoid receptors (Glass et al., 1997). Pain conditioning studies have suggested that the 

ACC and the AIC integrate nociceptive input and memory consolidation to allow the organism 

to prepare for future adverse stimuli, to respond appropriately (Medford & Critchley, 2010) and 

to be involved in anticipatory anxiety (Alvarez et al., 2015; Dunsmoor et al., 2011; Graeff & 

Del-Ben, 2008; Simmons et al., 2006). Especially the dACC has been shown to elicit 

sympathetic autonomic arousal, which is one of the key physiological components of anxiety 

(Critchley, 2003; Straube et al., 2006), and to be one of the main structures in extinction 

learning (Sehlmeyer et al., 2011). Linking this to the data at hand, it seems likely that the 

attenuation in the activation of the dACC and the AIC during extinction learning reflects a 

reduction of fear-related arousal, which is also one component of successful therapy of anxiety 

disorders (Ball et al., 2017; Phelps et al., 2001; Straube et al., 2006). Remarkably, higher 

baseline AEA levels seem to predict neural activation during fear extinction learning, which 

potentially represents a correlate of more effective aversive memory processing as suggested 

by previous studies (Dincheva et al., 2015; Mayo et al., 2018; Rabinak & Phan, 2014). The AIC 

and dACC are also conceived as core regions of the salience network, which is known to be 

involved in the detection of sensory cues that are behaviourally relevant to the organism 

(Menon, 2015). From this perspective, the exponentially decaying activity of the dACC and the 

AIC during fear extinction may well reflect the decline of the relevance of the stimulus (here 

CS+a) as it changes from an originally “threatening” stimulus to a “safe” or “neutral” stimulus 

during the experimental task. The correlation with baseline AEA levels suggests a stronger 

decay during fear extinction learning in participants with higher baseline AEA levels, thus 

substantiating the role of AEA especially while processing aversive memories.  

The results support the notion of AEA as a putative modulator of neuronal excitability and 

thereby affecting extinction learning as shown in previous rodent models, confirming 
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Hypothesis 9 regarding AEA baseline levels (Dincheva et al., 2015; Jenniches et al., 2016; 

Rabinak & Phan, 2014). Additionally, the data are in line with the hypothesis proposed by Mayo 

et al. (2019), Dincheva et al. (2015), and Rabinak et al. (2013), that fear extinction learning in 

humans may be enhanced by CB1 agonism or FAAH inhibition. 

 Exploratory analyses 

When further looking into the results of the exploratory analyses and the established four 

subgroups with individual increases and decreases in AEA levels, a strong link between on-

demand changes in AEA and neural activation during extinction learning (defined as neural 

exponential decay) was identified: the data demonstrate that in addition to the neural activity 

related to fear extinction learning, the two subgroups with a pre to post increase in AEA during 

the task showed exponential decreases in neural activation in fronto-parietal and midline 

networks of brain regions, which have previously been linked to cognitive control, while the 

two subgroups displaying a decrease in AEA showed an inverse pattern (Marek & Dosenbach, 

2018; Power et al., 2011; Spreng et al., 2013) (see Figure 24). 

A further corroboration of the hypothesis of a specific role of AEA as a modulator of anxiety 

mechanisms and aversive memory processing, is the link between the AEA levels after fear 

extinction and the positive correlation with the fear anxiety ratings after fear extinction learning 

(Day 2). This observation, coupled with an, although not significant, higher subjective anxiety 

rating across conditions on Day 2 in participants with higher percent changes in AEA, might 

reflect a compensatory physiological reaction to higher anxiety levels, resulting in AEA-

increases. 

Another explanatory approach when considering previous human studies (Dlugos et al., 2012; 

Mayo et al., 2018), can be discussed regarding the recovery rates of AEA. The findings of Mayo 

et al. (2018) highlight the reactivity of AEA during a stress task, indicating elevated levels 

directly after the task and a drop in AEA during the post-task recovery phase. The results of the 

present thesis emphasise this dynamic of the ECS, indicating that AEA might be increased or 

decreased according to individual demands and is potentially related to neural activation of the 

fronto-parietal cognitive control network. Marek and Dosenbach (2018) suggest that fronto-

parietal and cingulo-opercular networks, which overlap with the activated regions in this study, 

are critically involved in cognitive control. Particularly the DLPFC and IPL may support 

performance feedback, while anterolateral prefrontal regions are assumed to be relevant for the 

maintenance of control. Thus, the fronto-parietal network was advocated to be a key network 

for flexible coordination of cognitive control (Marek & Dosenbach, 2018). Integrating this into 
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the findings of this thesis, in subjects with increasing AEA levels during extinction learning, 

activation of the fronto-parietal and the cingulo-opercular network followed the model of an 

exponential decay in neural activation. In subjects with decreases in AEA, this reactivity was 

reversed in the fronto-parietal network, suggesting that differential activity of the ECS and 

particularly AEA signalling may be associated with differential fronto-parietal activation 

related to flexible cognitive control coordination, resulting in different shifts regarding the 

recovery stage of the AEA levels. Cole et al. (2014) proposed that this fronto-parietal and 

cingulo-opercular control system may play a crucial function in the maintenance of 

psychological health, and that psychological disorders may lead to a disruption of the 

functionality of the control system. This may result in limited capacities to regulate domains 

that are disorder-related (Cole et al., 2014). In line with these findings, participants with 

increases in AEA levels displayed higher anxiety ratings and slower exponential decay rates.  

Considering the conclusion that participants with a stronger decrease in AEA levels might have 

reached the recovery phase faster, while the group with an increase in AEA might still have 

shown elevated anxiety levels during extinction learning, more research with more time points 

of measurements is necessary to elucidate the mechanism of aversive memory learning and 

peripheral AEA levels. Importantly though, the increases and decreases of peripheral AEA 

signalling in stress tasks as well as in the present study seem to involve additional or separate 

mechanisms in the synthesis and degradation of the endocannabinoids, which were not fully 

elucidated by previous work in rodent models, stressing the importance of more translational 

studies. Nevertheless, they point towards a specific role for AEA in aversive memory 

consolidation, which will be further elaborated in combination with the results of the extinction 

recall in Section 5.4. 

5.4 Fear extinction recall 

This section discusses the findings related to Day 3 (extinction recall), with the same approach 

as the previous sections. Firstly, the overall extinction recall effect is discussed taking the 

current literature into account, next the effect of the FAAH SNP C385A will be investigated, 

and lastly the effects of peripheral endocannabinoids are considered. 

 Fear extinction recall across groups 

When looking at the extinction recall, expressed as the contrast of neural activation associated 

with the unextinguished CS+b versus the extinguished CS+a during the early trials on Day 3, 
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only the left anterior insula was significant for this effect (however, not surviving multiple 

comparisons for cluster-size corrections). Contrary to Hypothesis 10, other regions supposedly 

mediating extinction recall, such as the left anterior and right dorsolateral prefrontal cortex, the 

subgenual ACC, posterior vmPFC, left lateral OFC, left parietal operculum, and right anterior 

hippocampus (Fullana et al., 2018), were not found in the present work. These non-findings 

will be interpreted in the next section in combination with the findings of the genetic analysis. 

 FAAH SNP C385A group differences and neural extinction recall signalling 

An explanation for the discrepancy described above might be offered when accounting for the 

genetic FAAH SNP C385A. When contrasting the effects of extinction recall in the group of 

AC-heterozygotes with those in the group of CC-homozygotes, significantly greater neural 

activation was found in the medial SFG extending into the dACC, the bilateral middle and right 

anterior insula, the left superior and middle temporal gyrus, left postcentral gyrus and the right 

dorsal caudate nucleus, confirming Hypothesis 11. Compared to the networks related to 

extinction recall, as described in the meta-analysis by Fullana et al. (2018), the frontal 

operculum and the left secondary somatosensory-parietal opercular cortex were not detected. 

Similar to extinction learning, this study presented here, corroborates the involvement of core 

regions of the SN, namely the AIC and the dACC, during extinction recall (CS+ unextinguished > 

CS+ extinguished). These regions are involved in the detection of salient stimuli, together with the 

mediation of interoceptive awareness and physiological responses related to the salient 

stimulus, and the mobilisation and interaction with other networks to enable memory processes 

(Menon, 2015). 

Especially when consulting the literature on clinical samples, the ACC seems to play a major 

role during fear extinction recall in PTSD patients, who frequently show disturbances in 

extinction recall and exhibit altered activation of the ACC, the hippocampus, amygdala, OFC, 

and vmPFC, as compared to trauma-exposed healthy controls (Helpman et al., 2016; Milad & 

Quirk, 2012; Suarez-Jimenez et al., 2019). Also, AIC hyperactivity has been implied in anxiety 

disorders, such as generalised anxiety disorder, social phobia, and again PTSD (Paulus & Stein, 

2006; Peterson et al., 2014). 

When looking at the findings of this thesis, they appear to reflect an essential role of the FAAH 

SNP C385A and consequently lower FAAH activity, which leads to elevated AEA levels during 

the consolidation of the memory after fear extinction learning and particularly during the 

consolidation of the newly created “safe” information (Knight et al., 2004). Moreover, these 

findings are congruent with the results by Mayo et al. (2019), who, in a first FAAH inhibitor 
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study found no differences in fear extinction learning between the experimental group and the 

control group, but significant behavioural effects compared to placebo group during extinction 

recall. Again, this indicates an improvement of the consolidation of the fear extinction by means 

of increasing AEA levels. Noteworthy are the significant decreases of AEA and 2-AG levels 

found on Day 3 in this thesis, which might once again point towards an essential role for 

endocannabinoid signalling in aversive memory consolidation and safety learning. 

Summarised, complementary to the few previous human studies (Dincheva et al., 2015; Mayo 

et al., 2019), the results of this study suggest that AEA may potentiate fear extinction learning 

and that a gene-dependent elevation of AEA levels may promote consolidation of emotional 

memories. In accordance with these findings, Rabinak et al. (2013) found a lower stress reaction 

sampled via EDA during fear extinction recall in healthy humans treated with THC - a CB1 

receptor agonist - before fear extinction learning, as compared to a placebo control group. 

Taken together with the results from Day 2 – fear extinction learning, these data provide a 

compelling rationale for the hypothesis that neural functioning in the fronto-temporal-limbic 

circuit underlying fear conditioning, fear extinction and extinction recall may be directly 

modulated by endocannabinoid signalling. These findings match well with the research 

conducted in rodents, where CB1 receptor agonism, inhibition of FAAH or the FAAH genotype 

(rs324420) have been found to enhance fear extinction learning and its consolidation as tested 

during fear extinction recall (Bitencourt et al., 2008; Dincheva et al., 2015; Gunduz-Cinar, 

MacPherson et al., 2013). However, it seems noteworthy to stress the importance of the time 

point of application as well as the individual and task-related fluctuations in the 

endocannabinoids, which should be subjected to future translational research in humans (Lisboa 

et al., 2019). 

5.5 Study 2 - Exposure therapy and FAAH SNP C385A 

The second study investigated the role of the FAAH SNP C385A (rs324430) in patients with 

anxiety disorders, which underwent an exposure treatment as part of a guideline cognitive 

behavioural therapy (CBT) therapy. This section integrates the findings into the literature and 

the findings of Study 1. 

 STAI-S and STAI-T and fear ratings  

Contrary to Hypotheses 13 and 14, but in line with other studies (Gartner et al., 2019; Hariri et 

al., 2009; Lazary et al., 2016) scores obtained from the state-trait anxiety inventory (STAI; 
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Spielberger et al., 1971) were not significantly modulated by genotype (AA-homozygotes /AC-

heterozygotes vs. CC-homozygotes of the FAAH SNP C385A). In addition, the fear ratings 

were also not significantly affected by genotype, again evidenced by a lack of a significant 

genotype-by-time point interaction. These non-findings, combined with the significant main 

effects of time point in fear ratings and STAI-S scores, suggest that exposure therapies are 

effective across differences in the FAAH SNP C385A. However, when looking at the results, a 

great share of the variance might be explained by the heterogeneity of the clinical sample 

investigated, with regard to the diagnosis, exposure approach, and sample size (see 

Limitations). Yet another limiting factor accounting for the non-significant findings may lie in 

the investigation of a naturalistic setting without standardisation of the treatment approach 

across participants. Therefore, some patients might have used more cognitive elements, such as 

cognitive restructuring (Foa et al., 2005) or might have benefitted from positive emotional 

anchors (Reddemann & Flatten, 2003). None of these variables were controlled, which 

inevitably leads to greater variance across the data. Also, even though the therapists conducting 

the exposure treatment were all given standardised instructions for the procedure, the 

supervision was not standardised and exposure techniques might have varied. This is in line 

with Lester et al. (2016), who reported limited effects of the ECS-related genes on treatment 

response effects in a comparably large sample of children. They concluded that while exposure 

therapy may be conducted in standardised manners, CBT effects are usually multifactorial, and 

one single genetic polymorphism might be rather unlikely to adequately explain the variance in 

clinical samples (Lester et al., 2017). 

Overall, the data suggest that all patients experienced a decrease in their anxiety ratings during 

exposure therapy. These findings can be substantiated with the STAI-S ratings as well as with 

the specific fear-related questions and seem to be in accordance with the findings of Study 1, 

investigating fear extinction learning during fMRI. However, as previous research and the 

results of Study 1 - Day 3 suggest, greatest effects of the FAAH SNP C385A have been found 

during extinction recall (Mayo et al., 2019; Rabinak et al., 2013). The present study served as 

a pilot study to investigate the potential role of the FAAH SNP C385A in patients during fear 

extinction learning. As a preliminary study, it did not aim at assessing all potential nodes of 

action, such as extinction recall. Nevertheless, the results of this small sample (see Limitations) 

denote that the focus of future studies should be directed towards extinction recall, where the 

long-term success of fear extinction learning can be better assessed. It would be of great interest 

to investigate the maintenance of the extinction memory in follow-up investigations and to 
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analyse factors such as symptom relief, relapse, or the risk of spontaneous recovery of fear 

memories (Lester et al., 2017). 

5.6 General limitations 

Finally, the following limitations have to be considered. Due to technical failures, the 

physiological marker EDA cannot be provided for the entire sample but only for n = 22. In 

addition, on Day 1, the results related to ECS signalling could not be replicated in the full 

sample, which stresses the importance of statistically sufficient sample sizes in future studies 

investigating the effects of neural and endocannabinoid activation (Button et al., 2013). Next, 

when considering fear extinction learning on Day 2, an exponentially decaying function was 

used to model the entire learning process. Previous studies have used only the first 3-5 stimuli 

contrasted against the last stimuli, or even the activation during fear conditioning contrasted 

against the last trials of the fear extinction learning (Lonsdorf et al., 2017; Mayo et al., 2019). 

These contrasts might display more significant results, however this thesis aimed to incorporate 

all stimuli during fear extinction on Day 2 to avoid biasing of results due to the selection of 

trials of interest (Easterbrook et al., 1991). Another limitation relates to the experimental 

setting. Since participants were instructed that the CS+US in the form of unpleasant thermal 

heat could be applied on all three days, expectation effects probably limited the statistical 

comparisons, for example for the CS+ and the CS- on Day 2 and for the CS+ (unextinguished) > CS+ 

(extinguished) on Day 3. 

The findings seem to be well suited to extend the knowledge on the interaction of the ECS and 

fear conditioning, as well as fear extinction learning. In rodents, fear conditioning studies 

highlight the importance of the basolateral amygdala (BLA) and the medial PFC (mPFC) as the 

core regions in fear processing (Milad & Quirk, 2012; VanElzakker et al., 2014). Fittingly, in 

patients with PTSD, neuroimaging studies have found the amygdala and the hippocampus to 

be hyper-responsive, and the mPFC to be hypo-responsive (Patel et al., 2012), however a 

transfer to clinical settings might still be limited with regard to the cerebral networks involved. 

Yet, as Fullana et al. (2018) have suggested, various brain regions, such as the amygdala, may 

be activated only during intense states of fear, for example during the experience of traumatic 

events. Fear conditioning and fear extinction paradigms used for research purposes apply only 

mild forms of fear and are often based on healthy samples, a setup which might not be fully 

suited to investigate the interaction of the ECS and fear processing networks relevant for 

clinical settings, since the underlying neural networks might differ (Suarez-Jimenez et al., 

2019). Another factor that needs to be considered with caution are the effects of circulating 
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endocannabinoids. Rodent studies have frequently investigated endocannabinoid signalling in 

tissue from the relevant brain areas and may hence not be comparable to the investigated 

endocannabinoid signalling in peripheral blood plasma in humans. In addition, in the present 

study, although time of study onset, sleep, food or drug intake were variables that were 

standardised across participants, other variables such as current stressful events (e.g. exam 

period, personal critical events), or exercise habits, that were not controlled, may have had an 

impact on endocannabinoid signalling. Additionally, the generalisability of this sample of 

young, healthy, male students onto the general population might be limited. 

Even though the results of the genetic analyses are of great interest, especially for the extinction 

recall on Day 3, and may be highly beneficial in the understanding of the working mechanisms 

of the ECS, the effect sizes for the clinical group of Study 2 are small (Dick et al., 2015). Thus, 

the results reported in chapters 4.9, on extinction recall in healthy subjects, and in 4.10 on the 

influence of the FAAH SNP C385A on fear extinction in CBT exposure therapy in a clinical 

sample should be interpreted with caution and require replication in larger samples. 

Furthermore, when examining the patient sample, additional limitations have to be considered. 

Firstly, the extinction recall was not assessed during this study. Secondly, when looking at the 

diagnoses and the types of exposure therapies performed, the sample was quite heterogeneous. 

A focus with just one kind of anxiety disorders, as for example PTSD and only prolonged 

exposure therapy might have resulted in different findings.  

Yet another factor which was not considered in the present study is found in gender differences 

in ECS signalling. As previous research has demonstrated, estradiol has shown to have an 

impact on fear extinction learning, indicating that lower estradiol levels may negatively impact 

fear extinction learning in women (Milad et al., 2010). Furthermore, Shvil et al. (2014) found 

impaired extinction recall in males as compared to females. However, to minimise confounding 

factors, in Study 1 only healthy male participants were included. It seems of importance to note 

that not only fear extinction learning seems to differ between the sexes, but the reactivity of the 

ECS, too. As previous studies have found, men and women tend to differ with regard to their 

responses to cannabinoids (Cooper & Craft, 2018; Millar et al., 2018). In rats, for example, 

Fattore et al. (2007) discovered that females are more sensitive to the agonistic effects of CB1 

receptor enhancement, a finding that needs to be replicated in humans. Additionally, 

Neumeister et al. (2013) found that women displayed lower levels of AEA than men, which is 

in line with research in rodents (Reich et al., 2009). In another study with depressed patients, 

Hill et al. (2008) found decreased levels of 2-AG in 16 women diagnosed with a major 

depression, as compared to the healthy control group, and elevated AEA levels in 12 women 
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with a minor depression, as compared to the healthy control group. The study used a rather 

small sample and was lacking a male control group; however, it indicates that endocannabinoid 

signalling may play a role in women suffering from minor or major depressive episodes (Hill 

et al., 2008). 

5.7 Future directions 

As the results of this thesis indicate, modulation of the ECS, due to its impact on fear extinction 

learning and extinction recall, may appear as a promising approach to enhance CBT for anxiety 

disorders. However, more research is necessary to investigate the underlying mechanisms of 

endocannabinoid modulation in humans as well as to find the best working treatment. AEA 

enhancement via direct stimulation (e.g. with cannabidiol, CBD) or FAAH inhibition seem to 

be the leading approaches (Papagianni & Stevenson, 2019), but also research on 2-AG and 

inhibition of monoacylglycerol lipase (MAGL) is currently being conducted (Gil-Ordonez et 

al., 2018) and should be critically evaluated before their clinical implementation to avoid 

hazardous side effects (Eddleston et al., 2016). Thus, it seems of great importance to take a 

dynamic and holistic approach into consideration and focus more on basic research of the ECS, 

since the role of endocannabinoid signalling on transient receptor potential cation channel 

subfamily V member 1 (TRPV1) receptors, as well as effects of ECS modulation on 

dopaminergic, noradrenergic, serotonergic and adenosinergic receptors remain tentative 

(Blessing et al., 2015; Domingos et al., 2018; Katona & Freund, 2012; Rubino et al., 2008). 

Furthermore, the impact of endocannabinoid signalling on other neurotransmitters, such as 

gamma-aminobutyric acid (GABA) and glutamate has not been fully elucidated (Laricchiuta et 

al., 2013). Even though direct CB1 receptor agonism seems to be inferior to FAAH inhibition 

in the context of fear extinction learning (Cravatt & Lichtman, 2003; Morena et al., 2018), 

N-acyl phosphatidyl ethanolamine phospholipase D (NAPE-PLD) and diacylglycerol lipase 

(DAGL), the enzymes which are involved in the synthesis of AEA and 2-AG, respectively, 

have been rather neglected in studies investigating the role of the ECS in anxiety processes, and 

might be of equal importance as the degrading enzymes. For example, Shonesy et al. (2014) 

have revealed an anxiogenic effect after DAGL deletion in rodents. Previous examples of the 

complexity of the ECS were demonstrated by the diverse effects of another drug – Ribonamant, 

which was developed as an anti-obesity drug, and works as an inverse CB1 receptor agonist. In 

preclinical models, the drug showed anti-depressant effects, however it had to be withdrawn 

due to severe side effects, such as depression and suicide (Steiner et al., 2008; Topol et al., 

2010). While modulation of the ECS seems to have the potential to provide a great relief to 
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people suffering from anxiety disorders, clinical studies should be conducted with great care 

and sufficient sample sizes. Adding to the complexity and paradoxical effects at various points, 

gene-by-gene interactions need to be further investigated in pharmacological studies before 

enhancers or inhibitors of the endocannabinoids and their enzymes can be applied as treatments 

(Demers et al., 2016; Wirz et al., 2018). 

Another important factor when looking at the potential of the ECS is displayed in the various 

side effects of other psychopharmaceutical approaches. They frequently lead to tremendous 

side effects, as well as substance abuse disorders, as for example shown for benzodiazepines 

(Papagianni & Stevenson, 2019). Also, many psychopharmaceutical drugs applied in anxiety 

disorders were developed and used to treat other psychiatric disorders, such as anti-depressants 

for depressive episodes, and were not designed for anxiety treatment. ECS modulation may 

come with less adverse effects, and FAAH inhibition and CBD, with their anxiolytic potential 

and their effect on ameliorating extinction recall (Guina et al., 2015; Singewald et al., 2015), 

could be beneficial add-on applications in exposure therapies (Papagianni & Stevenson, 2019). 

Given CBD’s anxiolytic function and its protective function with regard to stress, it has also 

been shown to have anti-depressant-like effects in rodents and sleep improving functions in 

humans (Carlini & Cunha, 1981), while having less psychotropic side effects than THC, thus 

representing a major candidate for new ECS modulating treatments (Blessing et al., 2015; 

Loflin et al., 2017).  

Especially when considering the current pharmaceutical treatments, such as selective serotonin 

reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), and 

benzodiazepines, administering CBD and/or FAAH inhibition could be beneficial for the 

therapeutic process since their application would be limited to the duration of the exposure 

therapy as the results of this study and the study of Mayo et al. (2019) indicate. Thus, they could 

bear less potential for side effects in terms of psychological and physiological impairments, as 

well as non-chronic administration, which potentially might enhance compliance and show less 

abuse liability than benzodiazepines, for instance (Guina et al., 2015; Morena et al., 2018; 

Papagianni & Stevenson, 2019). Medical cannabis has been shown to be beneficial for various 

disorders and symptoms, and in preclinical studies, FAAH inhibitors have been demonstrated 

to be useful tools (Mayo et al., 2019). However, given their great potential, it seems crucial to 

standardise doses and ratios of THC/CBD for scientific and medical practices (Zeyl et al., 

2020), to avoid hazardous effects (Eddleston et al., 2016) and to establish legal regulations to 

prevent the distribution of high potency cannabis or synthetic cannabinoids, which are 
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associated with higher risks of adverse effects, such as cognitive deficits, psychosis and 

dependence (Englund et al., 2017). 

To promote the understanding of the link between neural signalling, neural connectivity and 

ECS activity, future studies could also benefit from resting state fMRI investigations and 

peripheral endocannabinoid signalling, and the results should further be tested in relation to 

additional biomarkers, such as cortisol (Di Iorio et al., 2017; Mayo et al., 2018; Pardini et al., 

2012). Also, the putative role of cerebellar activation during fear conditioning and the given 

correlation with AEA seems of interest for future research (Sacchetti et al., 2002). 

Another field of interest is early life stress, such as childhood neglect and childhood abuse and 

the impact on endocannabinoid signalling. In a study by Agrawal et al. (2012), the CNR1 

polymorphism (rs1049535) exerted an effect on the link between childhood abuse and 

anhedonia in adulthood, and in a study by Lazary et al. (2016) the findings point towards yet 

another implication for childhood abuse. In their study, AA-homozygotes/AC-heterozygotes 

(relative to CC-homozygotes) displayed higher vulnerability for affective and anxiety disorders 

in adult life when they had high scores on the Childhood Adversity Questionnaire, a shorter, 

evaluated version of the Childhood Trauma Questionnaire (Bernstein & Fink, 1998). This is 

contrary to the previously assumed role of elevated endocannabinoids and points towards a 

strong influence of early life stress on lifetime endocannabinoid signalling related to stress 

responses (Lazary et al., 2016). As Lee et al. (2016) summarise in their review, sensitive 

developmental periods, especially for fear and anxiety learning, concur with specific 

endocannabinoid signalling changes, which makes research on lifespan endocannabinoid 

signalling so important.  

With regard to the second study of this thesis, even though no significant differences were found 

between the AA-homozygotes/AC-heterozygotes and CC-homozygotes of the FAAH SNP 

C385A, therapygenetics and research on epigenetics may provide further insight into 

underlying mechanisms of the development and manifestation of disorders as well as promote 

an understanding of positive treatment responders (Lester et al., 2017). For example, Gunduz-

Cinar et al. (2019) have identified a novel gene pPid, which has been found to modulate 

extinction learning via BLA activation. As such, neurogenetic investigations seem to be a 

compelling approach to identify differences between genetic subgroups, which might enhance 

specific treatments (Lazary et al., 2016). Consistent with this idea, in a sample of 139 

participants, Wirz et al. (2018) identified higher vmPFC activity when looking at negative 

pictures after stress in AA-homozygotes/AG-heterozygotes of a CNR1 polymorphism 

(rs1049353) as compared to the GG-homozygotes. 
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Additionally, it seems interesting to see if the previous findings in rodents and healthy humans 

can be translated to clinical samples and patients with anxiety disorders and to see, how fear 

extinction learning or reactivation of the traumatic memory is linked to endocannabinoid 

activation. Using fMRI, this might bring further insight into the mechanisms involved. Since 

anxiety disorders are frequently comorbid with substance abuse and/or sleep disorders, and the 

ECS is a key target for both disorders, ECS modulation could synergistically be of use, 

particularly for comorbid substance abuse disorders and depression (Scherma et al., 2019; Wirz 

et al., 2018). Given the willingness of clinical subpopulations to use medicinal cannabis for 

short-term symptom alleviation (Sarvet et al., 2018), its pharmaceutical application seems 

expedient. However, since chronic cannabis consumption is associated with unfavourable down 

regulation of CB1 receptors (Hirvonen et al., 2012), thorough research is crucial to achieve the 

best long-term beneficial effects. The possibilities and potential research fields seem broad and 

require intense and ample research. 

With regard to the involvement of 2-AG during fear conditioning on Day 1, more research is 

required in the search for a regulator of stress-related responses and into possibly treating 

people in the immediate aftermath of traumatic events to inhibit the consolidation of the fear 

memory. However, this might not always be feasible, and so far, the results from rodent models 

do not seem too promising. Therefore, targeting the extinction process and the ensuing 

consolidation of the newly acquired “safe” information seems plausible and a practical 

approach in the search for potential enhancers for CBT. Short-term intake of cannabinoid 

agonists or FAAH inhibitors could reduce the anxiety responses and facilitate exposure 

therapies, without putting patients at risk of addiction (Mayo et al., 2019), however it seems 

crucial to intensively study the optimal timing and duration of drug administration. Rodent 

research has yielded different results for different time points of drug administration (Busquets-

Garcia et al., 2011), and since time-related factors, such as the duration of the presentation of 

the stimuli during the extinction session, or the duration of the exposure therapy already play a 

great role in preclinical and clinical models of fear extinction learning, these factors should be 

carefully considered (Vervliet et al., 2013). 

Combined, the findings of this doctoral thesis corroborate a putative role of the ECS in the 

therapy of anxiety disorders, but more research in humans is still required to gain a deeper 

understanding of the underlying mechanisms (Di Marzo, 2008). Nevertheless, the results 

accentuate the importance of future investigations on circulating endocannabinoids in healthy 

humans and in patients with different anxiety disorders, especially before and after CBT, before 

attempting to stimulate the ECS. More research on the precise stages and doses of ECS 
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modulation should be done to avoid potential confounds, as it has occurred previously with 

other drugs (Bitencourt & Takahashi, 2018; Fusar-Poli et al., 2009; Klumpers et al., 2012; 

Lacasse & Leo, 2005).  

5.8 Conclusion 

To put it in a nutshell, this thesis, based on a translational approach, offers the first investigation 

of changes in peripheral endocannabinoid signalling during fear conditioning, fear extinction 

learning and fear extinction recall and their neural correlates in humans, which may be useful 

for future research indicating the ECS’ important function to the homeostasis in humans 

(Hillard, 2014). Next, the results on stress and endocannabinoid signalling are in line with 

previous research, suggesting an involvement of 2-AG as a potential modulator of 

hypothalamic-pituitary-adrenal (HPA)-axis activity. However, these results could not be 

replicated for the entire sample and this discrepancy remains a subject for future research. With 

regard to fear conditioning, fear extinction learning, and extinction recall, the respective neural 

correlates identified in the present work are in line with those reported in recent meta-analyses 

(Fullana et al., 2018; Fullana et al., 2016). For the processes related to fear extinction learning 

and extinction recall, particularly AEA seems to play an important role in shaping the related 

neural activation. Nonetheless, with regard to the previous assumption that AEA levels closely 

depend on FAAH activity (Dincheva et al., 2015), the exploratory results suggest that other 

mechanisms may be at work simultaneously, and that task-related changes in AEA seem to 

have an effect on the neural signalling during fear extinction learning in neural activation in 

fronto-parietal and midline brain regions. For extinction recall, no significant effects were 

found, neither for AEA, nor for 2-AG. Stronger extinction recall was, however, observable in 

the AC-heterozygotes of the genetic FAAH SNP C385A, in the related regions such as the 

insula, caudate nucleus, and dACC, among others, highlighting a specific role for AEA in 

processes related to extinction retention, in line with previous research on the topic (Mayo et 

al., 2019).  

Combined, these data point towards a putative role for 2-AG in the processing of stress-related 

stimuli, an important role for AEA in fear extinction learning, as well as an enhanced extinction 

recall in relevant brain regions in AC-heterozygous individuals of the genetic FAAH 

polymorphism (rs324420). When looking at the second study, no effects of this genetic 

polymorphism were found, however this may be different in larger studies with more 

homogenous samples. Importantly, when looking at the results of the two studies conducted in 

the present thesis, future preclinical and clinical research should focus on extinction recall as a 
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measure of fear extinction success. Given the varying involvement of endocannabinoid 

signalling during the different tasks, future translational research is essential for a better 

understanding of the processes and mechanisms at work and needs to be conducted before the 

implementation of pharmaceutical applications. In combination with other translational 

research currently being conducted, these results may hopefully benefit the advancement of 

treatment options for anxiety disorders.
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