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Glossary of terminology

Agonist

Allele

Antagonist

Chromatin

Consolidation

D-prime (d')

Emotion regulation

Encoding

Endophenotype

Pharmacological agent that binds to and activates a
receptor, thereby increasing its natural response.

One of two variants from a gene that is located on a
specific position on the chromosome. Two alleles
represent the genotype of a specific gene, which can be
homozygous (identical alleles) or heterozygous (different
alleles).

Pharmacological agent that binds to and blocks a
receptor, thereby reducing its natural response.
Substance of a nucleus that forms chromosomes during
cell division and that is composed of DNA, RNA and
proteins.

In memory, a stabilization process that helps to transfer
information from short-term to long-term storage.
Sensitivity index from Signal Detection theory, which in
memory research reflects the difference between hits
(correct identification of an old item) and false alarms
(correct rejection of a new item) and thus takes into
account response biases.

Implementation of strategies that influence the intensity,
duration and type of emotion experienced.

In memory, conversion of perceived information into a
structure that can be stored in the brain.

Biological marker or intermediate phenotype that
reflects an underlying phenotype with a clear genetic
connection and is distinct from behavioral symptoms.
The overt behavioral symptom in schizophrenia for
example may be psychosis, but the underlying

endophenotype may be a lack of sensory gating.
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Epigenetics

Epistasis

Extinction

Haplotype
Hardy-Weinberg equilibrium

Heteroreceptor

Inverse agonist

Linkage disequilibrium

Long-term potentiation

Phenotype

viii

Field of research that investigates changes in gene
expression caused by gene x environment interactions,
such as DNA methylation.

Gene x gene interactions, in which the phenotypic effect
of one gene is dependent on the effects of one or more
other genes. Epistatic statistics by definition are engaged
with  statistical deviation from additive genetic
interaction effects.

The process underlying exposure therapy used for
treating fear-related disorders. A conditioned response
to a stimulus previously paired with an aversive outcome
is extinguished after the stimulus is repeatedly presented
in absence of the aversive outcome.

Combinations of alleles that are inherited together.
Principle stating that the genetic variation in a
population remains constant over generations when
undisturbed by mutations, natural selection among
others.

Receptor that regulates the synthesis and/or release of
neurotransmitters other than its own ligand.
Pharmacological agent that binds to the same receptor
as an agonist but that induces the opposite response,
thereby decreasing its activity.

Nonrandom association of different alleles at nearby
locations on the chromosome that together form a
haplotype are said to be in high linkage disequilibrium.
Process of strengthening between synapses thought to
be one of the main mechanisms underlying learning and
memory.

Physical appearance of a specific trait, such as eye color.



Pleiotropic

Reconsolidation

Retrieval

Single Nucleotide Polymorphism

Synonymous substitution

Pleiotropic in this case means that neurotransmitter,
such asendocannabinoids, have multiple diverse effects.
Endocannabinoids, for example, affect synthesis and
release of GABA, glutamate, acetylcholine, noradrenaline
and serotonin. Originally, pleiotropy denotes a gene
which has several phenotypic effects.

The process of anew consolidation of memories that,
after reactivation, have entered a labile state, in which
they are susceptible to modulation.

In memory, the process of recovering information stored
in memory.

A difference in DNA sequence in which a nucleotide (A, T,
C, G) differs between individuals.

Substitution of a base pairin an exon of a gene coding for
a protein in a way that does not change the amino acid

sequence.
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Abstract

A stressful encounter sets a variety of processes in motion, all of which act on behalf of adaptive
responding to the stressor. Importantly, individual differences influence these processes,
contributing to relative resilience and vulnerability. In two large and independent experiments, we
investigated genetic differences in stress effects on affective processing and memory. Carriers of
an a2B-adrenergic receptor gene variant associated with enhanced noradrenaline availability
(ADRA2B deletion) showed enhanced amygdala-hippocampus coupling, preventing a stress-
induced shift toward dorsal striatum habit memory as indicated by reduced amygdala-dorsal
striatum connectivity. A haplotype containing mineralocorticoid receptor gene variants
associated with high receptor functionality facilitated a stress-induced shift toward the dorsal
striatum, an effect mediated by reduced hippocampus activity and amygdala-hippocampus
connectivity. During negative picture encoding, carriers of a cannabinoid receptor type 1 gene
variant that may protect against dysfunctional affective processing, showed enhanced
ventromedial prefrontal cortex activity under stress and stronger ventrolateral prefrontal cortex-
amygdala coupling under no stress, a sign of appropriate regulation of negative affect. They also
showed a positive correlation of the pattern of activation (hippocampus, insula, amygdala) and
functional connectivity (hippocampus-basolateral amygdala) during negative picture encoding
with memory performance 24 hours later, a mechanism which may be important for appropriate
memory consolidation. Taken together, these findings suggest that in response to stress,
enhanced noradrenergic activation of the amygdala promotes engagement of the hippocampus
which may lead to overly strong encoding of the stressful experience, whereas enhanced
mineralocorticoid receptor functioning promotes a shift toward the dorsal striatum in order to
save cognitive resources and prevent performance deficits. Additionally, augmented
endocannabinoid signaling may promote regulation of negative affect and appropriate
incorporation of the emotional learning experience into autobiographical memory. These results
suggest that engagement of prefrontal regions facilitates appropriate emotional responding and
that a shift toward the dorsal striatum is an adaptive response to rescue performance. Therefore,
the ADRA2B non-deletion, mineralocorticoid receptor haplotype and CNR1 polymorphism may

confer some degree of resilience against stress-related psychopathologies.
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General introduction

1. Generalintroduction

As different as humans can be, as diverse are their reactions to stress. Considering that stress
affects every aspect of our being, including how we think (cognition), how we learn (memory), how
we feel (emotion) and how we act (behavior), investigating individual differences is essential. More
importantly, these individual differences determine whether someone will or will not be at risk of
developing a psychiatric disorder in response to a highly aversive or chronically reoccurring
stressor. In other words, some traits will make an individual more vulnerable, whereas others will
increase resilience. These traits can be genetically determined, environmentally shaped, or - as
will be discussed in chapter 4.2.3 - epigenetically (gene x environment interactions) controlled. In
addition to providing answers to clinically relevant questions, researching individual differences
will greatly expand our knowledge about the underlying brain systems that support certain
functions, as well as the hormones and neurotransmitters and their respective receptors that are

involved when these systems are challenged, for example by stress.

This dissertation investigated individual differences in highly relevant candidate genes and how
they influence stress effects on memory and affective processing. Using electroencephalography
(EEG) and functional magnetic resonance imaging (fMRI), the effects of single nucleotide
polymorphisms (SNPs, changes of single nucleotides) in the genes coding for the cwe-adrenergic
receptor (AR; ADRA2B gene deletion) and the mineralocorticoid receptor (MR; Nuclear receptor
subfamily 3 group C member 2 (NR3C2) gene haplotype) on the engagement of multiple memory
systems after stress were examined. Additionally, the neural underpinnings of the influence of a
SNP in the CNR1 gene coding for the cannabinoid receptor type 1 (CB1R) on affective processing
in response to stress were investigated. In the following, | review relevant theories and empirical
studies that laid the groundwork for these experiments. First, the concept of stress and its
relevance for our health and well-being is introduced. Second, | elucidate the physiological effects
of stress with a particular focus on molecular stress mediators (hormones and neurotransmitters),
their receptors and where, when and how in the brain they exert their actions. Third, research on
the effects of stress on affective processing, episodic memory und multiple memory systems is
reviewed. Finally, I introduce the concept of individual differences, heritability and the SNPs that

we investigated.



Chapter1

1.1 Stressin health and cognition

Stress is such a ubiquitous phenomenon in our daily lives that every woman and every man of any
culture will be able to relate to its concept. While its cause - the stressor — as well as its severity
and frequency of occurrence may differ, stress is generally understood as a state in which we
evaluate something as aversive (stressful) and exceeding our currently available coping resources,
a concept brought forward by Lazarus and Folkman in their transactional stress model (Lazarus,
1966; Lazarus and Folkman, 1984). The resulting imbalance leads to the initiation of an adaptive
(stress) response with the goal of restoring homeostasis. In case of a highly traumatic event or
chronically reoccurring stressors, this originally adaptive response can go awry, making us sick
eventually. A highly elaborated model of the physiological reaction to stress and how it may cause
disease has been proposed by Selye already in 1950 and developed further ever since. As defined
by McEwen (1998, 2004), it is allostatic load, the wear and tear on the body resulting from a

prolonged or constantly recurring initiation of the stress response, which can lead to disease.

A myriad of intelligently designed studies has since provided evidence for the multitude of
cognitive and affective processes that are affected by stress. Higher-order cognitive functions,
allowing for the flexible regulation of behavior and depending on prefrontal brain areas, seem to
be particularly sensitive to the impairing effects of stress (Arnsten, 2009, 2015). These include
inhibition, working memory and cognitive flexibility, the core executive control functions.
Inhibition, a function dependent on the right inferior (ventral) prefrontal cortex (PFC; Aron et al,,
2004), can be further subdivided into the ability to inhibit inappropriate motor actions and the
cognitive inhibition of distracting thoughts and stimuli, which aids attentional focusing. Whereas
the former was shown to be facilitated by acute stress exposure, an effect that disappeared
following MR blockade (Schwabe et al,, 2013a), stress had impairing effects on the latter.
Specifically, stress disrupted selective attention by reducing attention allocation to task-relevant
stimulus features, an effect reflected by increased error rates and decreased brain potentials
related to top-down guided attention (Sanger et al., 2014). Similarly, chronic stress exposure
compromised attentional control and frontoparietal network connectivity known to be important
for attentional shifting (Liston et al., 2009). As is evident from the concordant results of a multitude
of studies and the conclusion of a recent meta-analysis, an even clearer picture emerges for the
influence of stress on working memory and set-shifting/cognitive flexibility. Consistently, working
memory, defined as the ability to maintain and actively manipulate information in short-term

2
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memory (Baddeley, 1992; D'Esposito and Postle, 2015), has been shown to be impaired by stress
(for a review see Arnsten, 2009, 2015); for a meta-analysis see Shields et al., 2016). Interestingly,
stress-induced working memory deficits could be prevented by stimulation of the dorsolateral
PFC, emphasizing the causal role of this brain region and the potential therapeutic benefits of
brain stimulation (Bogdanov and Schwabe, 2016). Similarly to working memory, stress also
impaired performance on tasks requiring cognitive flexibility, the ability to detect change (e.g. in
task rules) and to adapt our behavior accordingly (Alexander et al., 2007; Plessow et al., 2011;

Plessow et al., 2012; Goldfarb et al., 2017).

In contrast to the impairing effects of stress on such higher-order cognitive functions, processes
supported by the amygdala such as vigilance, threat detection and more reflexive behaviors are
enhanced in response to stress, likely because they are highly relevant in the face of adversity
(Hermans et al., 2014). Stress seems to shift the organism into a hypervigilant state, promoting
stimulus-driven attentional mechanisms that prepare us for quick detection of salient stimuli in
our environment (van Marle et al., 2009). Most importantly, enhanced vigilance and threat
detection mechanisms facilitate the processing of emotionally relevant information (Weymar et
al., 2012) and shift the organism into a memory formation mode (Smeets et al., 2008), leading to a
stress-induced memory enhancement, a phenomenon that has frequently been replicated (for

reviews see Cahill and McGaugh, 1998; McGaugh, 2000; Roozendaal et al., 2009).

What most likely drives these stress-induced changes in cognitive and affective processes, is a
reconfiguration of brain networks that promotes vigilance and enhanced memory formation,
processes supported by the salience network, but that impairs cognitive functions known to rely

on the executive control network (Hermans et al., 2011; McEwen et al., 2015; van Oort et al., 2017).

1.2 The stress system: stress mediators and their
receptors

An acute stressor sets highly coordinated and manifold operations in motion, some of which work
in parallel, whereas others follow stringently timed sequences (Joéls and Baram, 2009). The goal
of this evolutionary and biologically highly conserved stress response is to deal with the challenges
that we encounter in our daily lives. In vitro as well as in vivo rodent studies have uncovered some

of the mechanisms by which stress, in a brain region-dependent manner, exerts its effects (Ulrich-
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Lai and Herman, 2009; Karst and Joels, 2016). Acute stress leads to the secretion of a broad range
of monoamines, neuropeptides and steroids (Joéls and Baram, 2009). In this dissertation, | will
focus on noradrenaline (NA), glucocorticoids (GCs; cortisol in humans, corticosterone in rodents),
endocannabinoids (eCBs) and their respective receptors. Their actions are realized within different
stress response phases that interact and partially overlap. Broadly, they consist of (1.) an initial
and rapid arousal phase mainly mediated by NA and corticotropin releasing hormone (CRH), (2.)
a slightly delayed non-genomic and mostly excitatory phase driven by GCs which interact with and
potentiate noradrenergic signalingand (3.) an even further delayed stress response phase in which
genomic GC actions reduce neuronal excitation and restore the brain’s homeostasis. An additional
stress mediator which has received much less attention but is highly important for the realization

of GC effects, is the eCB system.

1.2.1 The rapid noradrenergic stress response

In response to threat, independent of whether it poses a real or just a potential danger, within
seconds the first stress response phase is initiated. Set in motion by the hypothalamus, the
sympatho-adrenal medullary (SAM) system through its sympathetic neuronal projection from the
spinal cord to the adrenal medulla, induces several effects that are characteristic of the fight or
flight’ response. Both adrenergic release from the adrenal medulla and noradrenergic secretion
from sympathetic nerves are rapidly enhanced, thereby accelerating heart rate, blood pressure,
respiratory rate, sweat production and energy mobilization (Ulrich-Lai and Herman, 2009; Figure

1).
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Figure 1. Sympatho-adrenal medullary (SAM) and hypothalamic-pituitary-adrenal (HPA) axes activation during stress.
Stress activates sympathetic neurons in the spinal cord, which ultimately results in increases in adrenaline from the
adrenal medulla, noradrenaline (NA) from sympathetic nerves, heart rate, vasoconstriction and energy mobilization.
Stress-induced release of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) from neurons in the
paraventricular nucleus (PVN) of the hypothalamus into the median eminence act on the anterior pituitary to promote
the secretion of adrenocorticotropic hormone (ACTH), which acts on the adrenal cortex to initiate the synthesis and
release of glucocorticoids (GCs; from Ulrich-Lai and Herman, 2009).

Since adrenaline and NA cannot cross the blood-brain-barrier, they stimulate the vagus nerve,
which in turn increases NA levels in the brain through its actions on brain stem nuclei, most
importantly the nucleus of the solitary tract and the locus coeruleus (LC). Generally, a-ARs are
widely expressed throughout the brain with particularly high levels in the brain stem (especially
the LC), followed by the cerebral cortex, hypothalamus, hippocampus and amygdala (McCune et
al., 1993; Scheinin et al., 1994; Day et al., 1997; Figure 2). The 3-AR plays a vital role for the cardiac
stress response but is also highly expressed and known for its memory-enhancing function in the
hippocampus (Roozendaal et al., 2009; O'Dell et al., 2015), followed by a somewhat lower
expression in the cerebellum, thalamus, basal ganglia and cerebral cortex (Reznikoff et al., 1986;

Figure 2).
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a- AR
B- AR
CBIR
GR
MR

Putamen
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(V)mPFC
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Figure 2. Schematic presentation of receptor distributions in the human brain as suggested by rodent studies. The
adrenergic receptors (ARs) of the family a are highly expressed in the brain stem (locus coeruleus (LC)), followed by
the cerebral cortex, hypothalamus, hippocampus and amygdala. Beta-ARs are highly expressed in the hippocampus,
followed by the cerebellum, thalamus, basal ganglia and cerebral cortex. The cannabinoid CB1 receptor (CBLR) is
prominently expressed in the forebrain, particularly in the (ventro)medial prefrontal cortex (vymPFC but also in the
brainstem, basal ganglia, hippocampus, amygdala and hypothalamus. The mineralocorticoid receptor (MR) is mainly
restricted to limbic regions with high levels in the hippocampus and moderate levels in the amygdala, hypothalamus
and PFC. In contrast, the glucocorticoid receptor (GR) is more widely expressed, with particularly high levels in the

hypothalamus, especially in the PYN.Importantly but beyond the purpose of this dissertation, regional
and functional differences exist between the a- and 3-AR subtypes. Under baseline conditions, NA
follows a circadian rhythm (de Boer and van der Gugten, 1987) and mainly high-affinity a,-ARs are
occupied at moderate NA levels (Figure 3A), promoting PFC-dependent processes (Arnsten, 2009).
In response to stress, however, NA binds to G-protein coupled al- and 3-ARs (Figure 3B), which,
since it does not involve gene transcription, allows for rapid stimulation of limbic brain regions
such as the amygdala, thereby increasing hypervigilance and attention to salient and relevant

features in the environment (Hermans et al., 2014).
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Figure 3. Schematic presentation of glutamatergic excitation at baseline and in the rapid noradrenergic stress
response. (A) At baseline, a,-ARs are occupied at moderate levels of NA, regulating glutamate (Glu) release as
heteroreceptors and further NA release as autoreceptors. The endocannabinoid (eCB) anandamide (AEA) exerts tonic
inhibitory effects on excitatory afferents to the PVN, thereby gating HPA axis activity (AEA also regulates gamma
aminobutyric acid (GABAergic) signaling of inhibitory afferents to the PVN, see (McLaughlin et al., 2014). Moderate
cortisol levels occupy MRs but not GRs to maintain homeostasis and to determine the stress response threshold. (B)
In response to stress, NAis rapidly released from the LC and binds to a,- and B-ARs, which quickly stimulate Glu release
probability in limbic regions to increase vigilance. Simultaneously, CRH is released from the PVN, thereby increasing
fatty acid amide hydrolase (FAAH) levels, which start degrading AEA. (C) The rising CRH-induced FAAH levels lead to a
downregulation of the inhibitory influence of AEA, leading to even further Glu activation.

1.2.2 The non-genomic glucocorticoid stress response

Following this rapid surge of NA release, the second stress response phase is initiated. Specifically,
neurons in the paraventricular nucleus (PVN) of the hypothalamus secrete CRH and vasopressin
into the median eminence (Ulrich-Lai and Herman, 2009). CRH then leads to a quick reduction in
levels of the endocannabinoid (eCB) N-arachidonyl ethanolamine (anandamide; AEA), an effect
that may precede activation of the hypothalamic-pituitary-adrenal (HPA) axis (Morena et al., 2016).
Presumably, under non-stressful conditions, AEA exerts tonic activation in the basolateral
amygdala (BLA), hippocampus and mPFC with the function to gate HPA axis activity (Dubreucq et
al., 2012; McLaughlin et al., 2014; Figure 3A). Through CRH, levels of fatty acid amide hydrolase
(FAAH), the hydrolytic enzyme that degrades AEA, are increased, leading to the lowering of the

tonic inhibitory tone of AEA, which then allows for the stress-induced activation of the HPA axis
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response (Figure 3C). This claim is supported by the fact that AEA, despite its high-affinity for the
G-protein coupled CBLIR, shows only poor signal transduction efficacy, leading to more tonic,
subtle CBI1R stimulation (Hillard, 2000). In addition, inhibition of FAAH in the amygdala was shown
to attenuate HPA axis activation in response to stress (Hill et al., 2009b) and CB1R antagonist
administration into the mPFC prolonged the GC stress response (Hill et al., 2011). Both studies
suggest a highly important role for eCB signaling in negative feedback control of the HPA axis, a
factor which likely contributes to the anxiolytic effects of FAAH inhibitors (Haller et al., 2009).
Importantly, at baseline AEA is synthesized on demand and, in a retrograde manner, leads to the
suppression of glutamatergic excitation at the presynapse, thereby providing protection against
damage caused by excessive excitation (Marsicano et al., 2003; Lutz et al., 2015; Figure 3A).
Accordingly, stress-induced reductions in AEA result in disinhibition of excitatory projections from
the BLA to the PVN, thereby leading to augmented secretion of CRH and vasopression, which then
act on the anterior pituitary gland to promote the release of adrenocorticotropic hormone (ACTH;
Ulrich-Lai and Herman, 2009). In turn, ACTH initiates the synthesis and secretion of GCs from the
adrenal cortex (Figure 1). Whereas at baseline, cortisol concentrations show circadian rhythmicity
with peak and nadir concentrations reflecting awake and asleep states, respectively (Figure 3A),
stress can — depending on the stress induction paradigm - increase GC levels by a factor of 2 to 4
(Kirschbaum et al., 1992; Schwabe and Schachinger, 2018). Glucocorticoid levels begin to increase
approximately 5-10 min after stress and reach peak levels around 20-30 min post stressor onset
(Dickerson and Kemeny, 2004). Originally it was suspected that the sole purpose of GCs was to
antagonize processes induced by the initial stress response via genomic mechanisms in order to
restore homeostasis. However, this view dramatically changed in consequence of the discovery of
membrane-bound receptors. Specifically pre- and postsynaptically located MRs have been
discovered in the hippocampus (Karst et al., 2005) as well as in the BLA (Karst et al., 2010; Prager
etal,, 2010), where GCs exert rapid, reversible and more long-lasting effects, respectively. Evidence
for the importance of membrane MRs comes from pharmacological experiments in rodents,
showing the effectiveness of MR but not glucocorticoid receptor (GR) agonists, antagonists and
gene knockout (Karst et al., 2005). It thus seems that rapid GC effects are mediated by membrane
MRs, which have a much lower affinity for GCs than their cytosolic counterparts and therefore play
a highly important role in mediating the effects of rising GC levels in response to stress (Groeneweg

etal,, 2011; Figure 4A).
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Figure 4. Schematic presentation of glutamatergic excitation in the non-genomic and genomic GC stress response.
(A) Whereas NA binding to ARs decreases, rising CRH levels lead to augmented secretion of cortisol, which reaches
peak levels around 20-30 min post stressor onset and quickly binds to membrane-bound MRs to increase Glu release
probability. Cortisol also binds to membrane-bound GRs to increase levels of the eCB 2-arachidonylglycerol (2-AG),
which exert rapid inhibitory feedback. (B) After about an hour post-stress, membrane-bound GRs regulate gene
transcription indirectly through second messengers, whereas cytosolic GRs upon binding translocate to the nucleus
to regulate gene transcription. Slow genomic GC actions provide further inhibitory feedback, facilitating recovery to
baseline.

Particularly important seems to be the interaction between stress mediators in the brain (Joéls
and Baram, 2009) and for the effects of non-genomic MRs in particular, interactions between GCs
and NA in regions such as the amygdala, hippocampus and PFC (van Stegeren et al., 2008; van
Stegeren et al., 2010; Krugers et al., 2012; Vogel et al., 2016). In vitro experiments were able to show
that combined adrenergic and corticosteroid administration caused transient increases followed
by later suppression of glutamatergic transmission in the rat BLA (Karst and Joels, 2016).
Presumably, membrane MRs facilitate the initial stress response by increasing neuronal
excitability, e.g. by augmenting glutamate release probability, whereas concomitant membrane
and genomic GR-mediated feedback acts inhibitory (Groeneweg et al.,, 2011). In detail, whereas
membrane MRs increase excitation in the BLA, subsequent pulses of GCs act via membrane GRs,
which in turn induce synthesis and release of the eCB 2-arachidonylglycerol (2-AG) and potentially
AEA. These eCBs then bind to CBI1Rs at the presynapse, thereby inhibiting glutamate release
probability (Karst et al., 2005; Figure 4A), a mechanism required for rapid inhibitory feedback of
the HPA axis (Evanson et al., 2010; Hill and McEwen, 2010). Importantly, however, the mechanisms
of the memory-enhancing effects of GC-induced eCB signaling via membrane GRs seem to be
quite different (Atsak et al, 2015) and to require eCB-dependent inhibition of gamma

aminobutyric acid (GABAergic) neurons, as will be discussed in more detail in chapter 1.3.2. In



Chapter1

general, stress-induced and GC-initiated eCB signaling through presynaptic CB1Rs, which are
ubiquitously expressed throughout the forebrain, especially the vmPFC (Marsicano and Lutz,
1999), basal ganglia and the limbic system (McPartland et al., 2007; Figure 2), acts to confine
neuronal activation in these structures and to suppress excitatory actions of CRH-producing cells,

thereby terminating HPA axis activity (Hill and McEwen, 2010).

1.2.3 The genomic glucocorticoid stress response

Termination of HPA axis activity should not be equated with termination of GC effects. On the
contrary, the genomic stress response phase mediated by cytosolic MRs and GRs is presumably
not initiated until 60 min after stressor cessation and can last up to several hours (Hermans et al.,
2014). Whereas membrane-bound GRs can only indirectly, via second messengers, regulate gene
transcriptions, cytosolic GRs can do so directly. In contrast to membrane-bound receptors,
intracellular GRs have a tenfold lower affinity for GCs than MRs, suggesting that genomic GR
actions become particularly relevant when GC levels rise in response to stress (de Kloet et al.,
1998). Upon binding, the receptor translocates to the nucleus, where it binds to GR response
elements to regulates gene transcription, thereby changing transactivation and transrepression —
the up- and downregulation of gene expression - of responsive genes (Datson et al., 2008; Figure
4B). In general, slow nuclear MR-mediated actions are important for maintaining neuronal
integrity and stability and determining the stress response threshold (Joéls et al., 2008), whereas
genomic GR processes, similarly to non-genomic GR effects (Zarzer et al,, 2013), prevent
overshooting of the initial stress response, facilitating recovery to baseline levels by providing
inhibitory feedback in the PVN and pituitary gland (de Kloet and Reul, 1987). Interestingly, effects
are bidirectional, with both receptor number and location influencing GC levels and GCs
influencing receptor expression. Also, overlap between the genes that are affected by both MR and
GR genomic effects amount to less than 30 %, indicating highly diverse consequences of these
receptor actions (Datson et al., 2001). Expression of the MR is mainly confined to limbic regions,
with high levels in the hippocampus and moderate levels in the amygdala and PFC (Reul and de
Kloet, 1985). In contrast, the GR is expressed ubiquitously throughout the brain and shows highest
expression in the PVN and hypothalamus (Reul and de Kloet, 1985; Figure 2). In addition,

important regional and receptor-dependent differences of genomic GC actions exist. Whereas in
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the hippocampus, low GC levels (via the MR) enhance and high GC levels (via the GR) inhibit
plasticity, the opposite pattern is observed in the amygdala (Groeneweg et al., 2011).

1.2.4 Chronic and early life stress

Chronic stress augments some of these effects, whereas also additional and sometimes opposing
consequences have been shown (Chattarji et al., 2015). Also, structural changes including
adaptations in receptor density and secretion of their respective ligands are caused by chronic
stress (Chattarji et al., 2015). Specifically, whereas dendrites and spine density are reduced in the
hippocampus and PFC, dendritic branching in the BLA is increased. In combination with
augmented CRH and vasopression messenger ribonucleic acid (mRNA) expression, this leads to
region-specific up- or downregulation of GRs and MRs, as well as to reduced CB1R expression on
GABAergic terminals and enhanced excitability of the SAM and HPA systems and their responses
to stress, which is reflected in reduced AEA levels and increased GC and 2-AG secretion (Joéls and
Baram, 2009; McLaughlin et al., 2014; McEwen et al., 2015). Stress during sensitive developmental
stages may have similar consequences (Maccari et al., 2003; Benoit et al., 2015). Thus, both chronic
and early life stress may have extensive and severe consequences, leading to enhanced
vulnerability for stress-related disorders (Chrousos, 2009). Importantly, MR and eCB signaling may
buffer some of these effects. Endocannabinoid signaling through CB1Rs also seems to limit
excitatory neurotransmission in limbic structures in response to acute stress (Patel et al., 2005) as
well as structural changes caused by chronic stress (McEwen et al, 2015). Further, MR
overexpression in prefrontal areas or the BLA has been associated with reduced HPA axis activity

in response to stress (Rozeboom et al., 2007; Mitra et al., 2009).

1.3 Stress, affective processing and memory

Rapid, non-genomic and slower genomic processes initiated in response to an acute stressor have
important consequences. Briefly summarized, stress rapidly increases the release of NA, thereby
augmenting attentional vigilance toward salient features in the environment. These effects are
reinforced by rapid, non-genomic GC effects via membrane-bound MRs, whereas membrane and
genomic GR processes mediated by eCB (mainly 2-AG) signaling via CB1Rs predominantly act to
return the organism to homeostasis. Genomic MR mechanisms and AEA signaling have mainly
regulatory functions and determine HPA axis responsivity. These different stress response phases
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and the precisely timed actions of NA, GCs and eCBs, have important implications for affective

processing and episodic memory (Roozendaal and McGaugh, 2011; Hermans et al., 2014).

1.3.1 Stress and affective processing

Affective stimuli activate a broad network of brain regions, with the amygdala likely being the most
relevant and extensively studied structure. Although much research has investigated the role of
the amygdala in the processing of fear (LeDoux, 2000), the amygdala has been shown to respond
to both positive and negative stimuli (Sergerie et al., 2008). Several models haven been proposed
to explain the preferential processing of emotional stimuli. A highly intriguing model brought
forward by Pessoa and Adolphs (2010) suggests that the amygdala is more generally involved in
processing salient, relevant and unexpected information and acts to prioritize features of
information that are most important to the current goals. In addition, multiple streams of
information processing are proposed that can be activated simultaneously. The amygdala can
either directly, through regions of the visual cortex, or indirectly, via PFC areas, enhance sensory
processing of affective stimuli. Indeed, compelling evidence suggests that the amygdala provides
such direct and indirect top-down signals to potentiate early visual processing of affective stimuli
(Vuilleumier et al., 2004; Vuilleumier, 2005). Time-sensitive EEG recordings of affective processing
lend further support to the enhancing effects of affective stimuli on early visual and attentional
processes (Olofson et al., 2008). Highly important for these modulatory influences driven by the
amygdala, is noradrenergic activity since blockade of the noradrenergic system by means of the
B-adrenergic antagonist propranolol decreases amygdala activation in response to aversive
pictures (van Stegeren et al.,, 2005). Interestingly, enhanced amygdala activation in response to
affective pictures was even more vigorous in subjects with high baseline cortisol levels (van
Stegeren et al., 2008). The fact that propranolol abolished this effect suggests that cortisol likely
interacted with NA in the amygdala. This finding immediately raises the question whether stress,
known to increase NA and GC levels, may further enhance activation of the amygdala and thereby
potentiate the preferential processing of affective stimuli even further. Indeed, such a stress-
induced amplification is what several studies suggest. Affective face stimuli,embedded in stressful
movie clips, led to enhanced amygdala activation as well as amplified sensory processing in early
visual cortex and face-sensitive brain regions (van Marle et al., 2009). Interestingly, prolonged

increases in functional connectivity of the amygdala with an attention network including the
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dorsal anterior cingulate cortex (ACC) in the aftermath of stress, suggest that stress leads to an
extended period of heightened attentional vigilance (van Marle et al., 2010). Also, an EEG study
showed stress-induced amplitude increases of the late posterior potential in response to
emotional pictures, an indication of enhanced attention allocation toward these stimuli (Weymar
et al.,, 2012). Further evidence revealed that stress increases activation of and interconnectivity
within the salience network, its core regions including the insular cortex, dorsal ACC, temporal
pole and amygdala, and that the strength of this network connectivity correlated with stress-
induced increases in cortisol and negative affect (Hermans et al., 2011; Figure 5). The role of this
salience network seems to be the facilitation of attention toward salient features in the
environment, which is highly relevant for immediate threat detection (Hermans et al., 2014).
However, excessive noradrenergic signaling can also be detrimental, as is indicated by overly
strong amygdala responses to negative stimuli in patients suffering from posttraumatic stress

disorder (PTSD; Rauch et al., 2000).

In addition to activation of the amygdala and attention-related systems, emotional stimuli
activate the dorsomedial (dm)PFC, which together with the dorsal ACC is involved in the appraisal
and expression of negative affect (Etkin et al., 2011). Although a clear separation cannot be drawn,
the ventral ACC and ventromedial (vm)PFC seem to be particularly important for the regulation of
negative affect, which is achieved through their strong innervations of the limbic system. Direct
causal evidence comes from a study showing that lesion-induced hypoactivation in the vmPFC led
to elevated levels of amygdala activation and negative affect (Motzkin et al., 2015). Ameta-analysis
of 55 PET and fMRI affective processing studies identified the medial (m)PFC as the region most
commonly activated (Phan et al., 2002), stressing the importance of this structure in affective
processing. Whereas recruitment of prefrontal brain regions as part of the executive control
network seems to be impaired in response to stress, activation within the default mode network
may be enhanced and may reflect increased self-referential processing (van Oort et al., 2017;
Figure 5). Particularly activation of the anterior part of the default mode network, including the

mPFC, has been proposed to reflect attempts of regulating negative affect (van Oort et al., 2017).
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Figure 5. Functional connectivity networks in the acute stress phase. Core regions of the salience network are the
insular cortex (IC), the dorsal anterior cingulate cortex (dACC), temporal pole (TP) and amygdala (Amy). The default
mode network comprises the medial prefrontal cortex (mPFC), the posterior cinglutate cortex/precuneus (PCC/PCU)
and the inferior parietal lobule (IPL). The parahippocampal gyrus and hippocampus (HP) are strongly related to the
DMN. Core regions of the central executive network are the dorsolateral prefrontal cortex (dIPFC) and posterior
parietal cortex (PPC), as well as parts of the dorsomedial prefrontal cortex (dmPFC) and frontal eye fields (FEF; from
van Qort et al., 2017).

Functional connectivity of the amygdala with core default mode network structures (posterior
cingulate cortex, precuneus, vmPFC) was increased even one hour after stress induction,
suggesting adaptive processes in the recovery phase after stress (Veer et al., 2011). Prefrontal brain
regions are highly important for emotion regulation in response to affective stimuli (Ochsner et al.,
2012). In highly threatening situations such as stress, however, individuals seem to opt for
maladaptive habitual strategies (Sheppes et al., 2014), likely because the use of more beneficial
cognitive strategiesisimpaired under stress (Raio et al., 2013). Since effective emotional regulation
skills have been proposed as the key mechanism for resilience (Kalisch et al., 2015), it is not
surprising that psychopathologies such as PTSD, anxiety disorders and depression are proposed

to be, at least partly, driven by stress-induced impairments in effective emotion regulation abilities

14



General introduction

(Joormann and Gotlib, 2010; Campbell-Sills et al., 2011). Specifically, these disorders seem to be
linked to a predominant use of avoidance, rumination or emotion suppression, maladaptive
strategies that have been associated with enhanced sympathetic and subjective arousal, as well
as sustained activation of emotion generating brain regions, such as the amygdala and insula
(Goldin et al., 2008; Moore et al., 2008; New et al., 2009). Thus, under stress, subjects may show an
enhanced bias toward emotional stimuli associated with augmented activation of the amygdala,

and an inability to successfully engage prefrontal regions to downregulate negative affect.

The eCB system may be a particularly relevant for emotional processing and responding and has
been referred to as the emotional buffer system (Morena and Campolongo, 2014). Specifically,
CB1Rs are not only abundantly expressed in the amygdala and hippocampus; high density is also
observed on inhibitory GABAergic neuron terminals in the mPFC (McLaughlin et al.,, 2014).
Disinhibition of the vmPFC by eCBs may lead to suppression of the BLA in response to negative
stimuli, thereby reducing excessive responding to affective stimuli (Morena and Campolongo,
2014). Pharmacological studies in healthy human subjects showed that eCB agonist A9-
tetrahydrocannabinol administration led to reduced amygdala activity specifically in response to
negative stimuli (Phan et al., 2008; Bossong et al., 2013). In contrast, in rodents, pharmacological
or genetic CBIR inhibition has been associated with increased anxiety under stress (Lutz, 2009;
Dubreucq et al.,2012) and eCB depletion in the BLA potentiated anxiety-like behaviors induced by
intra-BLA administration of urocortin I, a structural analogue of CRH that stimulates ACTH release
from the pituitary (Dono and Currie, 2012). These studies support a highly important role for eCB
signaling in preventing exaggerated fear responding and maintaining proper functioning during
stress exposure. In humans, administration of the CB1R antagonist rimonabant was associated
with reduced activity in regions of the brain reward system in response to pleasant stimuli (Horder
et al., 2010) and with a negative bias in memory recall (Horder et al., 2009; Horder et al., 2012). In
the early 1990s rimonabant was used as a weight-reducing medication but had to be taken off the
market due to its severe side effects. Specifically, imonabant use was associated with significant
increases in depressive symptoms and anxiety (Mitchell and Morris, 2007; Hill and Gorzalka, 2009),
providing further evidence for the importance of eCB signaling in healthy affective processing and

responding.
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1.3.2 Stress and memory

Affective processing and episodic memory are inherently linked because attention and a certain
level of processing/encoding are necessary for successful consolidation and later retrieval of the
information. A key characteristic of adaptation is not only to rapidly detect and process emotional
information but to remember it for future reference. Episodic memory can best be described by
the phenomenon of mental time traveling: the time and place of the to-be-remembered
information is recovered from memory, allowing for a detailed, vivid, and consciously accessible
remembering of past experiences (Tulving, 2002). Linking temporal and spatial information of a
certain event together to form an episodic memory is a process considerably dependent on the
hippocampus (Squire, 1992a; Eichenbaum, 2000). Similarly to affective processing, memory for
emotional information can be enhanced and has been shown to correlate with glucose metabolic
rate of the amygdala (Cahill et al., 1996) and bilateral blood oxygenation level-dependent (BOLD)
activity in the amygdala at encoding (Dolcos et al., 2004). Activity during successful encoding in
the amygdala, hippocampus and entorhinal cortex (EC) was shown to be stronger and significantly
correlated with memory retrieval for emotional pictures (Dolcos et al., 2004). In addition, in
response to emotionally arousing information, independent of its valence, functional connectivity
of the amygdala with the hippocampus quickly and strongly increased (Fastenrath et al., 2014),
providing evidence for the modulatory role of the amygdala on memory storage regions such as
the hippocampus (Hamann, 2001). The contribution of amygdala-medial temporal lobe
connectivity to vivid remembering of affective pictures was even shown to increase over time
(memory tested 20 minutes vs. 1 week after encoding; Ritchey et al., 2008). In another study, it was
shown that retention of affective information was greater when memory was tested one day as
opposed to one hour after learning, suggesting that arousal effects on memory benefit from a
period of consolidation (Sharot and Phelps, 2004). Animal studies investigating the effects of post-
training pharmacological injections into the amygdala supported the role of NA in mediating
memory-enhancing effects of affective material by showing that whereas adrenergic agonists
improved memory for the task, 3-adrenergic antagonists abolished these effects (McGaugh et al.,
1993; McGaugh and Cahill, 1997). In humans, administration of the B-adrenergic antagonist
propranolol prevented amygdala activation during encoding and hippocampal activation during
retrieval of emotional stimuli (Strange and Dolan, 2004), providing additional evidence for the role

of NA and suggesting comparable mechanismsin animals and humans. To summarize, arousal or
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rather noradrenergic activation induced by affective stimuli leads to enhanced memory
consolidation which correlates with the strength of activation in and connectivity between the

amygdala and hippocampus at encoding (LaBar and Cabeza, 2006).

Affective memory is highly sensitive to the effects of stress and GCs and similarly to the influence
of stress on affective processing, GC actions seem to require concurrent noradrenergic activation
in the BLA (Roozendaal et al., 2009). Importantly, stress effects can be quite diverse and depend
on the emotional valence of the information, the timing of the stressor relative to the memory
phase (encoding, consolidation, retrieval) and the timing of memory testing (Schwabe, 2017).
Investigating the impact of stress solely on encoding, the conversion of perceived information into
a construct that can be stored in memory, is a demanding task, because effects will inevitably be
confounded with consolidation and retrieval mechanisms. To avoid the confound of retrieval, in
an experiment by Payne and colleagues (2007), memory was tested a week after encoding, when
cortisol levels had returned to baseline and genomic cortisol effects had likely ceased. Results
show that stress before encoding improved long-term memory for visual episodes that had been
complemented with an affective narrative, whereas memory for neutral narratives was impaired.
Since noradrenergic signaling in the BLA might have already returned to baseline at the time of
encoding and the neutral content of the material itself likely did not increase noradrenergic
activation, increased cortisol levels may have disrupted encoding and consolidation processes.
Generally, a recent meta-analysis of studies using healthy human subjects and inducing stress
prior to or during encoding suggests that when the delay between the stress manipulation and
encoding is very short and the study material is stress-related or otherwise relevant, stress
improves encoding (Shields et al.,, 2017). Direct evidence for the modulation of hippocampal
activation in response to stress hormones comes from an imaging study showing that concurrent
hydrocortisone and reboxetine (NA reuptake inhibitor) administration enhanced hippocampal

activity during encoding of affective stimuli (Kukolja et al., 2011).

Compelling evidence for the enhancing effects of stress on memory consolidation, the process by
which information is transferred into long-term memory, and the importance of NA and GC

interactions in the BLA is provided by pharmacological and lesion studies in rodents. It is

17



Chapter1

important to note that studies in rodents use mainly spatial memory tasks!, which, similar to
episodic memory tasks in humans, strongly depend on the hippocampus; as will be elucidated
later, the effects of stress and stress hormones on memory involve very similar mechanisms in
both rodents and humans (Cahill and McGaugh, 1998). The importance of noradrenergic arousal
is demonstrated by several studies in which post-training administration of epinephrine and GCs
improved memory performance, whereas amygdala lesions or 3-adrenergic antagonist infusions
into the amygdala prevented these effects (McGaugh et al., 1996). In addition to the effects of
noradrenergic inhibitors, blockade of GC synthesis was shown to impair memory consolidation in
stressed rats (Roozendaal et al.,, 1996b) and to abolish stress or epinephrine-induced memory
enhancement (Roozendaal et al., 1996a), thereby demonstrating the importance of GCs. In
addition, several experiments in rats showed that post-training corticosterone administration
enhanced memory only in emotionally aroused animals, an effect prevented by concurrent
systemic or intra-BLA administration of the 3-AR antagonist propranolol, or in non-aroused
animals that simultaneously received the a,-AR antagonist yohimbine, thereby stimulating NA
release (Roozendaal et al., 2006). Together, these studies convincingly illustrate the importance of
concurrent NA and GC interactions in the BLA to facilitate memory consolidation. Presumably,
such interactions modulate synaptic plasticity in the hippocampus to enhance memory. Indeed,
post-training intra-BLA administration of a B-AR agonist improved memory consolidation and
increased expression of the early-gene activity-regulated cytoskeletal-associated protein in the
hippocampus, a protein which is known for its role in brain plasticity and memory (McIntyre et al.,
2005). A similar effect was found in response to corticosterone administration and was blocked by
concurrent intra-BLA propranolol injections (McReynolds et al., 2010). Human studies confirm the
memory-enhancing effects of concurrent NA and GC actions, since the improving effects of stress
or cortisol administration on memory are most pronounced for affectively arousing learning
material, which leads to noradrenergic stimulation (Buchanan and Lovallo, 2001; Cahill et al,,
2003). Direct evidence forthe role of the amygdala comes from a study showing that in participants
with high compared to low cortisol levels, amygdala activation in response to emotionally
arousing stimuli was enhanced, an effect that was prevented by propranolol intake (van Stegeren

etal., 2007).

! Spatial memory is frequently tested with versions of the Morris water maze task. In this task the animal is placed in a
pool of water where it has to find a platform with the help of visual cues, allowing it to escape the water.
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In contrast to the enhancing effects of stress on memory consolidation, stress prior to retention
testing seems to impair retrieval of previously learned material. In rodents, 30 minutes after foot
shock stress, rats showed impaired spatial memory retrieval, whereas this was not the case when
shocks were given 2 minutes or 4 hours before testing (de Quervain et al., 1998). Interestingly, these
time-dependent effects corresponded to corticosterone levels at the time of retrieval. This effect
was also observed when GCs were administered before memory retrieval (de Quervain et al., 1998).
Similarly to consolidation, evidence suggests that for stress effects on retrieval to occur,
noradrenergic arousal and a functional BLA are required (Roozendaal, 2002). Studies using healthy
human subjects showed analogous results. Specifically, exposure to a laboratory stressor before
retention testing was shown to impair retrieval of affective words, whereas stress had no effects
on neutral words (Kuhlmann et al., 2005). Importantly, retrieval was not impaired when tested
immediately after the stressor but only when tested 25 minutes (elevated cortisol levels) and 90
minutes (cortisol levels returned to baseline) later, suggesting that rapid, non-genomic, as well as
genomic GC actions impair memory retrieval (Schwabe and Wolf, 2014). A pharmacological study
showed that cortisone administration prior to free recall impaired memory retrieval for affective
words, an effect that was blocked by concurrent intake of propranolol (de Quervain et al., 2007b).
Further, a PET study suggested that the impairing effects of cortisone administration on
declarative memory retrieval are associated with reduced blood flow in the medial temporal lobe
(MTL; de Quervain et al., 2003). In one behavioral study the effects of stress on all three memory
phases were investigated (Smeets et al., 2008). Specifically, the authors tested memory 24 hours
later when participants had been exposed to the stressor either shortly before (~5 minutes;
encoding) or after (~5 minutes; consolidation) a word learning task, or it was tested approximately
10 minutes after the stressor when participants had learned the words 24 hours earlier. Compared
to all other groups (encoding stress, retrieval stress, no-stress), stress shortly after learning
improved recall for affective words. Stress before retrieval, however, impaired recall, especially for
affective words. These effects correlated with stress-induced levels of salivary cortisol and alpha-

amylase (sympathetic activity; Smeets et al., 2008).

The work of Marian Joéls and her colleagues has been very influential in this respect. According to
their theory, stress will only enhance learning and memory when occurring around the time and
context of learning and when stress hormones act on the same brain circuits as the learning

episode itself (Joéls et al., 2006). This theory entails specific hypotheses: stress in the context of
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learning will increase NA, CRH and GC levels, which will facilitate the learning process and suppress
learning of unrelated information during the genomic effects of GCs; however, when stress comes
to pass earlier and not within the learning context, the gene-mediated suppression will have
developed by the time the learning episode occurs, thereby impairing memory. This theory, as well
as the work of Roozendaal et al. (2006) with respect to the interaction of NA and GCs in the BLA,

were integrated in an elegant model by Schwabe et al. (2012; Figure 6).

Figure 6. Integrative model of stress effects on memory. Rapid, non-genomic actions of NA and GCs interact in the
basolateral amygdala (BLA) to shift the hippocampus into a memory formation mode, which facilitates encoding and
early consolidation of the stressful event. Later genomic GC actions promote a memory storage mode, in which
encoding of new information is suppressed to reduce interference with memory consolidation (from Schwabe, 2017).

This model suggests that rapid noradrenergic and non-genomic GC actions shift the brain into a
memory formation mode, consequently augmenting perception, attention, encoding and early
consolidation ofinformation, whereas processes which may interfere are suppressed (e.g. retrieval
of previously stored information). When genomic GC actions set in, the brain is shifted into a
memory storage mode to promote long-term storage of the information experienced under stress.
During this period, besides retrieval of stress-unrelated information, also encoding of new
information is suppressed (Schwabe et al., 2012). A very insightful addition to this model are the
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explications of Sandi (2011) who in detail describes the different pathways by which MRs and/or
GRs can genomically or non-genomically change glutamatergic signaling and thereby affect
memory processes. She also adds dosage as an important factor and concludes that moderate-
to-high GC levels, induced by a stressful task or by GC administration around the time of training,
will increase glutamate levels. Following a cascade of other processes, this will lead to the
induction of long-term potentiation (strengthening of synapses), the cellular mechanism of
memory consolidation, in synapses activated by the learning experience. In contrast, high-to-very
high GC levels that do not coincide with the learning experience, will block glutamate reuptake.
Excessive extracellular glutamate levels will then facilitate the induction of long-term depression
(weakening of synapses), impair the effects of long-term potentiation and impede cognitive

processing (Sandi, 2011).

Given this model, the question arises how the different stress hormone receptors and their
functions might exactly fit in. It seems that although membrane-bound MRs have been shown to
amplify glutamatergic excitation in the BLA and hippocampus - an important mechanism for the
initial stress response including appraisal and coping to facilitate encoding (Joéls et al., 2008) -
membrane and genomic GR actions seem to be particularly important for the stress-induced
facilitation of memory consolidation in the hippocampus. Indeed, rodent studies suggest that
non-genomic GR actions initiate early consolidation processes (Roozendaal et al., 2010) and
gene-dependent GR activation facilitates long-term storage (Roozendaal and McGaugh, 1996).
Evidence in humans comes from a pharmacological study showing that stress-induced cortisol
levels enhanced long-term memory, even though the MR was blocked, which suggests that
consolidation processes are augmented through GC actions via GRs (Cornelisse et al., 2011). An
important role for the membrane-bound MR, however, has been proposed for memory retrieval
processes. In several experiments on mice, intra-hippocampal injections of an MR antagonist were
found to block the retrieval deficit caused by corticosterone conjugated to a
3-O-carboxymethyloxime-bovine serum albumin conjugate which cannot cross the cell
membrane, thereby causing corticosterone to only bind to membrane-bound receptors (Dorey et
al., 2011). Accordingly, membrane-bound MRs seem to mediate the rapid, non-genomic effects of
acute stress on memory retrieval. Genomic MR effects are also important for memory retrieval,
because MR blockade approximately 8 hours before retention testing - the learning episode had

occurred 3 days earlier - was shown to impair free recall, especially of emotional learning material
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(Rimmele et al., 2013). GR blockade, however, improved free recall, a finding which isin line with a
study in rodents showing that GR blockade prevented retrieval impairments in rats with high

hippocampal corticosterone levels (Dorey et al., 2012).

Accumulating evidence suggests that stress and GCs may also modulate memory dependent on
the dorsal striatum. Specifically, as was shown by a study investigating the effects of amygdala
lesions on memory for an aversive avoidance task?, lesions restricted to the BLA blocked the
memory-enhancing effects of post-training synthetic GC injections (Roozendaal and McGaugh,
1996). Similarly, post-training GC injections directly into the caudate nucleus improved inhibitory
avoidance memory consolidation (Medina et al., 2007). In a water maze task, rats received training
on acued task version in which a rubber ball indicated the location of the platform, which changed
every other trial, and on a spatial task version, in which the submerged platform remained at the
same spatial location (quadrant) of the pool (Quirarte et al., 2009). Post-training corticosterone
injections into the dorsal striatum dose-dependently increased performance on the cued version
but had no influence on retention of the spatial training. Thus, increased corticosterone levels in
the dorsal striatum after training strengthened simple stimulus-response (S-R) memory that is
dependent on this brain region (Quirarte et al, 2009). Similar to corticosterone-induced
impairments in hippocampus-dependent declarative memory retrieval (de Quervain et al., 2000),
corticosterone injections were shown to impair retrieval of S-R memory, an effect blocked by

concomitant metyrapone (corticosterone synthesis inhibitor) administration (Atsak et al., 2016).

Considering the abundance of CB1Rs in limbic areas such as the amygdala and hippocampus and
the observation that eCB signaling is crucial for synaptic plasticity (Kano et al., 2009), it naturally
followed that eCBs may play an important role in mediating the effects of stress on memory.
Several studies, conducted mainly in rodents, suggest that as is the case with NA and GCs the
effects of eCB signaling on learning and memory depend on the emotionality of the material, the
memory phase that is being investigated and the brain regions involved (Akirav, 2011).
Cannabinoid CB1Rs in the BLA have been proposed to regulate the effects of stress and of GCs on

memory (Katona et al., 2001). This idea was investigated in a series of pharmacological

2During the training phase of the inhibitory avoidance task, the animalis placed in a brightly illuminated compartment
(which the animal naturally wants to avoid) and is allowed to enter a dark compartment, where upon entering it
receives a foot shock. During the retention phase the animal is placed again inside the bright compartment and the
latency of entering the dark compartment is measured. Longer latencies are interpreted as indicating better retention.
This type of memory is based on simple S-R learning supported by the dorsal striatum.
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experiments conducted by Campolongo and colleagues (2009). Specifically, bilateral intra-BLA
injections of a CB1R agonist after inhibitory avoidance training dose-dependently enhanced
memory retrieval, whereas CB1R antagonist administration impaired retention. Interestingly, a
usually non-impairing dose of the antagonist was sufficient to block the enhancing effects of both
the agonist and the systemic corticosterone administration. In addition, effects of the CBIR
agonist and antagonist were not observed when these drugs were administered 3 hours after
training, when noradrenergic activity was likely to be low, or when injected into the central nucleus
of the amygdala (Campolongo et al., 2009). This strongly suggests that concurrent noradrenergic
activity is necessary and that CB1R activity in the BLA is required for the modulation of memory.
CBIR antagonist injections into the hippocampus were also shown to block the memory-

enhancing effects of synthetic GC administration (de Oliveira Alvares et al., 2010).

The rapidity with which eCBs were shown to increase in response to corticosterone administration
in rats (Hill et al., 2010) leads to the assumption that non-genomic processes must be involved.
Indeed, researchers were able to show that injections of a GR agonist or a GC ligand which cannot
penetrate the cell membrane (corticosterone conjugated to bovine serum albumin) after
inhibitory avoidance training, dose-dependently enhanced memory (Atsak et al., 2015). In
contrast, intra-BLA CB1R antagonist administration prevented these effects, suggesting that eCB
signaling is essential for the enhancing effects of GCs on memory consolidation. Interestingly,
administration of a cannabinoid agonist was sufficient to enhance memory consolidation, an
effect that was not abolished by GR blockade (Atsak et al., 2015). These findings support the notion
that eCB signaling, induced by rapid actions of membrane-bound GRs, modulates synaptic
transmission, likely by stimulating the release of NA from presynaptic terminals (Campolongo et
al., 2009). Theideais that GC signaling through membrane-GRs rapidly increases eCB levels, which
retrogradely act on GABAergic interneurons to disinhibit NA release and increases excitability of
BLA neurons, which then facilitates encoding and/or early consolidation processes in the

hippocampus (Figure 7).
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Figure 7. Facilitation of memory consolidation through eCBs. Glucocorticoid binding to membrane-bound GRs
increases the release of eCBs, which travel back to the presynapse, where they bind to cannabinoid receptors type 1
(CB1Rs) on GABAergic interneurons, resulting in disinhibition of the presynaptic neuron. Ultimately, this may lead to
increased NA release in the amygdala, which, through its connection to regions such as the hippocampus, may
promote memory consolidation (from de Quervain et al., 2017).

Another very intriguing study was able to shed more light on the differential roles of the eCB
ligands 2-AG and AEA in the stress-induced modulation of spatial memory (Morena et al., 2015).
Specifically, rats were trained on a highly (19°C water temperature) or insignificantly (25°C water
temperature) stressful version of a water maze task. Rats trained on the stressful version showed
improved memory and heightened corticosterone levels as opposed to those in the low stress
condition. Bilateral intra-hippocampal injection of either a CB1/CB2 receptor agonist or a 2-AG
hydrolysis inhibitor 60 minutes before retention testing impaired this stress-induced memory
enhancement, whereas injection of an AEA inhibitor was ineffective. At the time of retention
testing, untreated rodents displayed greater 2-AG levels and diminished monoacylglycerol lipase
(MAGL; the main 2-AG-degrading enzyme) activity, whereas hippocampal AEA levels and FAAH
activity remained unchanged. These findings specifically suggest the importance of 2-AG signaling

to mediate stress effects on hippocampus-dependent memory.
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With respect to memory retrieval, several experiments by Atsak and colleagues (2012) revealed
interesting findings. In a contextual fear conditioning paradigm?, corticosterone administration
before retention testing was shown to increase 2-AG levels and to impair contextual fear memory,
an effect prevented by hippocampal CB1R blockade. Further, an intra-hippocampal propranolol
injection abolished memory retrieval impairments induced by a CB1R agonist. These experiments
provide strong evidence for an important role of eCB signaling in mediating NA-GC interactions to

impair memory retrieval of arousing experiences.

1.4 Stress and multiple memory systems

While the previous paragraph highlighted the effects of stress on memory quantity - how much is
learned and retrieved - multiple memory systems can be engaged during learning which
qualitatively changes how something is learned. Importantly, stress can affect the relative
engagement of these different memory systems. Whereas such stress effects have been
demonstrated in many different types of learning (Wirz et al., 2018), my further explications will
focus on research that has investigated the effects of stress on navigational (mostly studies in

rodents) and category learning.

1.4.1 Multiple memory systems

Contrary to what was commonly believed, memory is not a unitary system that is responsible for
all learning and storage operations and that is supported by a single neural structure. That such
an oversimplification cannot be true was convincingly demonstrated with help from Henry Gustav
Molaison, better known as patient H. M., who selflessly made himself available for years of highly
informative research. Due to severe epileptic seizures, bilateral MTL resection was performed,
leaving H. M. with considerably strong anterograde amnesia (Scoville and Milner, 1957). Whereas
H. M. was unable to integrate new experiences into declarative long-term memory, his procedural
memory capabilities were largely intact (Corkin, 2002). This supported the notion that declarative

memory, including episodic and semantic memory, depends on the MTL (consisting of the

30n day 1 of the contextual fear conditioning paradigm, animals are habituated to the training context. During contextual fear
conditioning on day 2, animals are placed in the training context and receive foot shocks. On day 3, animals are re-exposed to the
fear conditioning context, whereas control animals are placed in a different but previously habituated context. Freezing behavior
is analyzed to test whether animals retrieve the contextual fear memory.
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hippocampal formation (dentate gyrus (DG), subiculum, CA1-CA3) and the entorhinal, perirhinal
and parahippocampal cortices), whereas procedural skills as part of the non-declarative memory
system are dependent on the striatum (consisting of a dorsal (dorsomedial: caudate nucleus,
dorsolateral: putamen) and a ventral part; Squire and Zola, 1996). Particularly influential for the
study of multiple memory systems are lesion studies in rodents (White and McDonald, 2002),
studies of amnesic patients such as H. M., as well as investigations of neurodegenerative disorders,
such as Parkinson’s (PD) or Huntington’s disease (HD; Squire and Zola, 1996; Squire, 2004).
Although multiple memory systems perform different actions and depend on different structures
inthe brain, it isimportant to note that they also interact with each other and can work in parallel
(Kim and Baxter, 2001), suggesting that it is the relative engagement of these memory systems

rather than an-all-or-nothing principle that determines learning and memory processes.

Navigational learning

Research on navigational learning dates back to the early work of Edward Tolman (1938), who
attempted to answer the question of “why rats turn the way they do”. As suggested by his
experiments, rats do so on the basis of different strategies, namely a hippocampus-dependent
spatial strategy, in which the relationship of multiple cues forms a cognitive map, and a dorsal
striatum-dependent strategy based on simple S-R learning (Tolman, 1948). These experiments
stimulated a plethora of experimental studies in rodents using different tasks to dissociate the use
of these strategies, the most common of which are versions of the Morris water, the plus maze or
the radial maze tasks. In two versions of the radial maze task, animals were either reinforced for
avoiding previously visited arms (win-shift) or for returning to them (win-stay; Gaffan and Davies,
1981). Inthe former, food rewards had to be collected at the end of each arm, requiring the animals
to remember and avoid previously rewarded arms, so as to enter only those arms that still hold a
reward. In the latter, reward was always placed in the same arm, requiring the animal to enter that
arm only. Rats with damage to the fornix, the main output structure of the hippocampus, showed
impaired learning of the win-shift version, whereas damage to the dorsal striatum impaired the
win-stay version, suggesting that the fornix is necessary for the acquisition of a cognitive map,
remembering the arms that were already rewarded, whereas learning dependent on the dorsal
striatum leads to the formation of simple S-R associations (Packard et al., 1989). This finding was

later replicated with direct damage to the hippocampus (McDonald and White, 1993). In another
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study an adapted Morris water maze task was used with two cues, one leading to a platform
(correct cue) and the other to a thin pedestal that the animal could not escape on (incorrect cue;
Packard and McGaugh, 1992). In a spatial version of the task the correct cue was always located in
the same quadrant of the maze, but the appearance of the cues alternated between trials. In a
visual discrimination version of the task the correct cue always had a specific appearance, whereas
its location was varied. The authors observed a double dissociation: lesions of the fornix but not
of the caudate nucleus led to impairments in the spatial maze version, whereas the opposite was
true for thevisual discrimination version (Packard and McGaugh, 1992). In a similar adapted Morris
water maze task with two versions, rats learned to swim to a visible platform and to a platform
that was submerged into water but was located in the same quadrant as before (McDonald and
White, 1994). On the final probe trials, the visible platform was placed in a different quadrant of
the pool. The results showed that rats with dorsal striatal damage chose to swim to the spatial
location of the platform that they had previously learned, instead of swimming to the visible
platform in the new location. In contrast, rats with damage to the fornix acquired the visible
platform version and swam to the visible platform in the new location but were unable to learn
the spatial location of it, thereby failing the hidden platform version of the task (McDonald and
White, 1994). Highly intriguing results came from another study by Packard and McGaugh (1996).
Specifically, rats were trained on a plus maze task in which rewards were constantly given in a
certain arm. On days 8 and 16 rats were placed in the arm opposite to the one they were usually
put in. Rats which approached the place where they had been rewarded before were so-called
place learners, whereas rats that made the same turn as in the trial before were response learners.
Highly interesting to observe, control rats showed a preference for place learning on day 8§,
whereas they displayed response learning on day 16, suggesting that this task can be performed
using different strategies and that there is a shift in those strategies with extended training.
Further, rats with temporal inactivation of the caudate nucleus caused by lidocaine injections
showed place learning on both probe trials, whereas hippocampal injections led to no differences
in strategy use on day 8 but to a preference for response learning on day 16, indicating a blockade
of response and place learning, respectively (Packard and McGaugh, 1996). These findings not only
lent further support for independent and dissociable memory systems that can govern behavior
but also indicated that hippocampus-dependent place learning is acquired faster than caudate-

dependent response learning, that with learning expertise a shift toward the caudate nucleus
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occurs, and that, should this system fail, the hippocampus-dependent strategy can still be used.
In a navigational learning task in humans, video sequences of routes running through different
rooms in a virtual environment were used and patients with HD, a neurodegenerative disorder
characterized by early-stage caudate nucleus dysfunction, were compared to healthy control
subjects (Voermans et al., 2004). Participants learned a fixed route through the different rooms and
were, in a subsequent recognition task, asked to indicate where they thought the route had led
them by pressing an arrow button at each intersection. The results showed that during route
recognition, activity of the hippocampus positively and that of the caudate nucleus negatively
correlated with disease severity in HD patients. Importantly, the patient group showed greater
hippocampal and healthy controls greater caudate nucleus activity, an effect that had no
influence on actual task performance (Voermans et al., 2004). This suggests that the hippocampus
could compensate for dysfunctions in the caudate nucleus during route recognition, thereby
rescuing performance, a finding that is in accordance with the previously reported animal data

(Packard and McGaugh, 1996).

Probabilistic classification learning

Inspired by navigational learning tasks, a similar distinction between hippocampus-dependent,
cognitive and dorsal striatum-dependent habit learning can be made in probabilistic classification
learning (PCL). The weather prediction task (WPT) is likely the most famous PCL task and before
presenting study results based on this task, I explain it in more detail, especially since we also used
it in our experiments and the underlying concepts are quite complicated. Essentially, while
performing a PCL task, participants learn a set of associations that are not obvious and difficult to
memorize due to the probabilistic nature of the task. Consequently, single trials are not reliable
indicators of what the true associations are, making it indispensable to acquire information across
many trials. Because of its probabilistic nature, it mirrors real life decisions and learning processes
very well. In case of the WPT, participants learn to predict the weather (‘sun’ or ’rain’) based on
different cards (4 possible cards) and card combinations (14 possible combinations, each
combination has no more than 3 cards) through trial-by-trial feedback. Every card and every
combination has a certain probability for the two outcomes ‘sun’ and ’rain’, meaning that when
the probability of a card for the outcome ‘sun’ is 85.7 % (e.g. the card with the triangles), the

participant will receive positive feedback in this percentage of trials, whereas in the remaining 14.3
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% of the trials depicting that card negative feedback is given when the participants responds with
‘sun’ (Figure 8). Interestingly, Gluck and colleagues (2002) investigated different strategies that
participants performing the WPT may use. They distinguished between a singleton strategy, in
which subjects learn to predict the outcome for trials with only a single card, a one-cue strategy,
in which predictions are based on the presence or absence of one specific card, and a multi-cue
strategy, in which participants focus on all 4 cards and their combinations. Which of these
strategies a participant predominantly uses in a given set of trials can be determined by firstly
generating ideal data for each strategy and secondly using a least mean squares approach to
compare these ideal data with the participant’s actual responses (Figure 9). The smaller the
resulting fit-value for a certain strategy, the lower the error (the difference between the ideal and
the actual data), and the better the fit for that strategy. Importantly, as | will review below, the one-
cue and singleton strategies seem to depend on the hippocampus, whereas the multi-cue strategy
is supported by the dorsal striatum (Shohamy et al., 2004; Schwabe and Wolf, 2012). Further, it has
been demonstrated that the WPT can be equally well supported by both memory systems
(Knowlton et al., 1996a; Poldrack et al., 2001). Only when participants use the singleton, one-cue,
or multi-cue strategy throughout the task, respective performance levels would be 75 %, 87.5 % or
100% (see Figure 8). Evidence for multiple memory systems also comes from an EEG experiment
showing that the use of a hippocampus-dependent learning strategy was associated with a more
pronounced P300, an event-related potential (ERP) component that has first and foremost been
associated with cognitive processes supporting memory (Ernst and Steinhauser, 2012; Rustemeier
et al,, 2013). In contrast, the feedback-related negativity (FRN) has often been shown to reflect
dopaminergic feedback learning dependent on the striatum (Bellebaum and Daum, 2008; Ernst
and Steinhauser, 2012; Glienke et al., 2015). Thus, also EEG measures suggest dissociable memory

systems and may be advantageous in investigating their temporal dynamics.
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Before the calculation of hippocampus- versus dorsal striatum-dependent strategies was
introduced, different versions of PCL tasks were used and patients were investigated to
differentiate the two memory systems. Since learning dependent on the declarative memory
system is accessible to conscious awareness, whereas procedural memory processes do not
require or entail conscious recollection or awareness (Squire, 1992b), the degree of explicit task
knowledge likely provides a clue about the predominant memory system. Specifically, a study
investigating PCL in amnesic and PD patients, a neurodegenerative disease causing cell death in
the substantia nigra and loss of neostriatal input, revealed that whereas amnesiacs were capable
of learning the task, they showed severely impaired declarative knowledge about the learning
episode (Knowlton et al.,, 1996a). In contrast, PD patients were able to recall this information but
failed to perform the task. This double dissociation provided evidence for separate memory
systems dependent on the hippocampus and the dorsal-striatum, supporting declarative memory
and habitual learning, respectively. A similar finding that is in accordance with results from
navigational learning research (Voermans et al., 2004) suggested that HD patients are also highly
impaired in PCL task performance (Knowlton et al., 1996b). Another study replicated the finding
that amnesic patients could learn the WPT but interestingly were impaired on transfer tests that
required the flexible use of the acquired knowledge, suggesting that non-declarative habitual
processes are relatively inflexible, whereas flexible knowledge acquisition may require a functional

hippocampus (Reber et al., 1996).

Evidence for competition between the two memory systems in healthy subjects was provided by
a neuroimaging study in which increased activation of the caudate nucleus during WPT learning
was paralleled by MTL deactivation (Poldrack et al.,, 1999). Further, depending on whether
declarative (paired-associative WPT version) or non-declarative (feedback-based WPT version)
processes were emphasized, performance was supported by the MTL or caudate nucleus,
respectively (Poldrack et al., 2001). In a second experiment using the feedback-based WPT, the
authors demonstrated that initial learning was paralleled by enhanced MTL activation, whereas
later on caudate nucleus activation predominated (Poldrack et al., 2001). In addition, by looking
at the activation of individual trials within each subject, a negative correlation between MTL and
caudate nucleus activity became apparent. Similar to the plus maze task findings (Packard and
McGaugh, 1996), participants initially preferred hippocampus-dependent strategies, but

eventually dorsal striatum-dependent learning took over (Poldrack et al., 2001). Possibly, in the
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beginning of learning, when representations of the stimuli are being developed, participants select
an outcome based on their declarative memory of the accuracy of their responses to the cue that
was presented shortly before. With extended training, stimulus presentations are used by the
dorsal striatum to develop and strengthen more complex S-R associations, which can guide

behavior with potentially less effort.

In addition, whether and with how long a delay feedback is provided strongly influences the
relative contribution of the hippocampus and dorsal striatum on PCL performance. Specifically, in
a PCL task version with no feedback, PD patients were no longer impaired and an imaging study
with healthy subjects revealed task-induced reductions in striatal activity (Shohamy et al., 2004).
Similarly, when feedback was delayed by a few seconds, amnesic patients with MTL damage
showed severe impairments in task performance, whereas they had no trouble learning the
probabilistic associations when feedback was presented immediately (Foerde et al., 2013). The
opposite pattern was observed in PD patients, again indicating a dissociation between the two

memory systems and supporting a role of the MTL in PCL (Foerde et al., 2013).

Another factor that influenced the relative engagement of these memory systems is performance
of a secondary task. Specifically, a neuroimaging study revealed that performing a demanding
secondary task reduced the amount of declarative PCL knowledge, although it had no effect on
overall task performance (Foerde et al., 2006). In addition, MTL activity correlated with single-task
performance, whereas striatal activity correlated with dual-task performance. These data suggest
that although distraction by a secondary task may not affect performance, it does seem to
influence the use of more flexible, hippocampus-dependent learning processes. Another
behavioral study reported similar findings, showing that whereas implicit cue-outcome
associations could be learned, flexible and explicit knowledge of these relationships was impaired

(Foerde et al., 2007)

Although there is still some debate about whether a multiple memory systems approach is
superior to one that regards memory as a single system (Poldrack and Foerde, 2008), the evidence
reviewed above clearly demonstrates the differential contributions of the hippocampus- and the
dorsal striatum-dependent systems which support cognitive, flexible and rather rigid, habitual
processes, respectively. The studies reviewed above suggest that certain factors can change the
relative engagement of these memory systems as well as the cooperative or competitive nature of

their interactions (feedback timing, task proficiency, performance of a secondary task; see data
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from Dickerson et al., 2011 and reviews from Poldrack and Packard, 2003; Hartley and Burgess,
2005 on the subject of cooperation vs. competition). In the following paragraph, studies are
reviewed that elaborate on stress as another highly relevant modulator of the relative engagement

of multiple memory systems.

1.4.2 Stress-induced shift in multiple memory systems

Two highly crucial findings paved the way for research investigating the effects of stress on the
engagement of multiple memory systems. First, another study by Packard (1999) with a design
very similar to the plus maze study 3 years earlier (Packard and McGaugh, 1996) revealed that rats
who had received glutamate infusions into the hippocampus or dorsolateral caudate on training
days 3-5 displayed place or response learning on both testing days (days 8 and 16), respectively.
This study provided strong evidence that glutamatergic strengthening of one system or the other
can modulate the shift from place to response learning that is usually observed with extended
training. A similar mechanism is likely induced by stress, because GCs act through glutamatergic
pathways to modulate memory (Sandi, 2011). Second, intra-BLA injections of amphetamine, a
potent central nervous system stimulant, enhanced performance on the caudate nucleus-
dependent visible platform version of the Morris water maze task (Packard and Teather, 1998),
suggesting that the BLA may modulate the engagement of multiple memory systems. Since ARs
as well as MRs and GRs are abundantly expressed in the amygdala (Reul and de Kloet, 1985;
McCune et al., 1993), stress hormones acting via these receptors may similarly stimulate the

amygdala to modulate multiple memory systems.

Navigational learning

First evidence from navigational learning in rodents came from a maze task which could be
performed by learning spatial cues outside the maze, a strategy dependent on the hippocampus,
or by associating the correct arm with a proximal cue, thus by simple S-R learning known to
depend on the dorsal striatum (Kim et al., 2001). In a probe trial, in which the proximal cue was
relocated, rats that had been exposed to a foot shock stressor before training tended to rely more
on the dorsal striatum-dependent S-R strategy. Evidence for the importance of noradrenergic
activation in the BLA came from an experiment, in which an adapted version of the plus maze task

from previous studies (Packard and McGaugh, 1996; Packard, 1999) was used (Packard and
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Wingard, 2004). Specifically, the plus maze was filled with water and during training trials, rats
learned to swim to a hidden platform in one of the arms. When placed inside the opposite arm of
the one used during training, rats that had received systemic or intra-BLA injections of the a,-AR
antagonist yohimbine before training, showed a bias toward dorsal striatum-dependent response
learning, indicated by the rat making the same turn that had previously been reinforced. Thus, an
arousing state induced by enhanced noradrenergic activation was shown to modulate the use of
multiple memory systems in favor of the more simple but rigid dorsal striatum-dependent
memory system. Another experiment found that, similar to pre-training injections, systemic or
intra-BLA infusion of an ax-adrenoceptor antagonist before the probe trial also led to a bias toward

the use of response learning dependent on the dorsal striatum (Elliott and Packard, 2008).

These results by Packard and Wingard (2004) were replicated in a study using two versions of a
modified plus maze task (Wingard and Packard, 2008). Again, the maze was filled with water and
animals had to find a hidden platform in one of the arms. During training, the startingarm in which
animals were placed was pseudo-randomly alternated. In the place learning task, animals had to
swim to the same goal arm to access the escape platform independent of their starting point, so
that both left and right turns were reinforced. In the response learning task, rats had to turn
consistently in the same direction to reach the platform. The results suggested that rats receiving
post-training intra-BLA injections of an a,-AR antagonist were impaired in the place task but
showed superior performance in the response task. These findings support the notion that
noradrenergic activation in the BLA, with efferent projections to the hippocampus and dorsal
striatum, allows the BLA to modulate multiple memory system. Further, the authors concluded
that the results pointed to injection-induced impairments of hippocampal memory, because if the
dorsal striatal system was enhanced by the antagonist, no impairments should have been seen in
the place learning task, since both left and right body turns had been reinforced (Wingard and
Packard, 2008). Instead, however, the observed performance deficits were likely caused by BLA-
mediated impairments of the hippocampus-dependent memory system, a finding supported by
similar deficits observed after hippocampal inactivation (Schroeder et al., 2002). Evidence for the
critical role of the BLA in mediating the influence of arousal on multiple memory systems was
provided by another set of experiments, in which post-training intra-BLA injections of both an .-
AR antagonist and a local anesthetic were given (Packard and Gabriele, 2009). Both the enhancing

and the impairing effects of the a,-AR antagonist on navigational response and place learning,
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respectively, were blocked by the anesthetic-induced inactivation of the BLA. Another task
designed to differentiate between hippocampus-dependent spatial and dorsal striatum-
dependent S-R learning made use of a circular hole board, in which animals were trained to find
an exit hole, either by memorizing spatial cues or by learning the association of a proximal cue
with the correct escape hole (S-R learning; Schwabe et al., 2010b). In a final probe trial, the
proximal cue was relocated. Animals that tried to enter the hole next to the proximal cue were
dedicated S-R learners, whereas mice that had learned the spatial location of the cue and
therefore entered the same hole in space as before, were identified as spatial learners. The results
showed that both restraint stress and corticosterone injections before training induced a bias
toward increased S-R learning (Schwabe et al., 2010b). This finding is highly relevant, since it
suggests that increases in GCs, similarly to theirimportance for the quantitative aspect of memory,
are crucial for the shift from hippocampus-dependent spatial toward dorsal striatum-dependent

S-Rmemory.

Importantly, these results in rodents were also shown in healthy human subjects. Specifically, to
investigate the effects of stress on the engagement of multiple memory systems, participants were
randomly assigned to a stress (Trier Social Stress Test (TSST)) or control condition (Schwabe et
al., 2007). The TSST is one of the most intensively researched and reliable stressors, leading to
rapid increases in sympathetic arousal, indicated by increases in salivary alpha amylase, blood
pressure and pulse, as well as to a reliable activation of the HPA axis, resulting in a 2- to 3-fold
increase in salivary cortisol levels (Kirschbaum et al., 1993; Dickerson and Kemeny, 2004; Kudielka
et al., 2007). After 5 min of preparation, the participant performs a mock job interview, during
which he or sheis asked to convince a reserved and non-reinforcing panel within 5 min that he or
she is the ideal candidate for a job tailored to the participant’s interests. In a subsequent mental
arithmetic task, the participant is asked to count backwards from 2043 in steps of 17 for another 5
min. During the whole procedure, the participantis being videotaped and made believe that these
recordings will serve to analyze their facial expressions later on. In contrast, participants in the
control condition perform a non-stressful task, during which they are asked to freely talk about a
self-chosen topic and then to count forward in steps of 15 while being alone in a room and no
video recordings are taken. In the study by Schwabe et al. (2007), following stress induction and
as soon as cortisol levels had reached their peak levels, participants were presented with a 3D

model of a room in which 4 cards laid upside down on a table. In addition, a proximal cue (plant
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on the table) and more distal spatial cues (door, window, picture, and clock) were present.
Participants learned to identify the ‘win’ card by looking inside the room from various
angles (a different wall was removed on each trial), whereas the ‘win’ card remained at the same
location. Participants could either memorize the location of the ‘win’ card relative to the proximal
cue (S-R learning) or learn its location in space with help from the distal cues (spatial learning).
Similar to the hole board task, in a final probe trial the proximal cue was relocated. Results showed
that stressed participants more often chose the card next to the proximal cue which was
considered the S-R strategy, in comparison to participants in the control condition who
predominantly used the spatial strategy and also had greater explicit task knowledge. Thus, also
in humans enhanced sympathetic arousal, indicated by increased blood pressure during the
stress manipulation and augmented cortisol levels at the time of task performance, seems to shift
memory toward simple S-R strategies known to depend on the dorsal striatum at the expense of
more cognitive and flexible learning (Schwabe et al., 2007). Interestingly, rats exposed to chronic
restraint stress and human subjects assigned to a high chronic stress group based on an
assessment by means of the Trier Inventory of Chronic Stress (TICS; Schulz and Schlotz, 1999;
Schulz et al., 2004) both showed increased use of the S-R strategy in the hole board task and an
adapted 2D version of the task by Schwabe et al. (2007), respectively (Schwabe et al., 2008). Thus,
in addition to acute stress, chronic stress may reprogram the organism toward predominant

engagement of rigid S-R learning.

To sum up, animal and human data indicate that increased noradrenergic and GC activation can
bias the relative engagement of multiple memory systems toward the use of dorsal striatum-
dependent S-R learning. Similar to stress effects on memory quantity, the BLA seems to be crucial.
Likely, NA and GC interact in the BLA to increase competition between these memory systems,

thereby orchestrating the stress-induced shift.

Probabilistic classification learning

The findings reviewed above stimulated further research and an intriguing neuroimaging study
revealed that also in PCL a stress-induced modulation of the engagement of multiple memory
systems can be observed (Schwabe and Wolf, 2012). More importantly, this study provided
important insights into the neural underpinnings of these effects. In detail, in this study by

Schwabe and Wolf (2012) participants were exposed to a laboratory stress or control manipulation
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25 min before performing the WPT. As proposed by Shohamy et al. (2004), who found evidence
showing that simple one-cue strategies are supported by the hippocampus and complex multi-
cuestrategiesdepend on the dorsal striatum, learning strategies were assessed (Gluck et al., 2002).
Successful stressinduction was verified by increased blood pressure, salivary cortisol and negative
mood. Participants exposed to the stressor showed significantly less explicit task knowledge and
used dorsal striatum-dependent, multi-cue strategies significantly more often than controls. Also,
the use of multi-cue strategies positively correlated with salivary cortisol levels measured right
before the WPT and 90 min after the stressor, as well as with increases in systolic blood pressure
during the stress manipulation. Highly interesting results were provided by the neuroimaging data.
Specifically, a predominant use of hippocampus-dependent, single-cue strategies was associated
with increased activity in the hippocampus, whereas multi-cue strategy use positively correlated
with dorsal striatal activity. Further, the larger the cortisol levels prior to and after the stress or
control manipulations, the stronger the activity in the dorsal striatum. In control subjects, left
hippocampal activity positively correlated with PCL task performance. In contrast, a positive
correlation between dorsal striatal activity and task performance was observed in response to
stress, whereas the association between task performance and hippocampal activity was
negative. The fact that cortisol levels were associated with PCL task performance and increased
activity in the dorsal striatum, in combination with stress-induced reductions in hippocampal
activity suggest that stress may have disrupted the hippocampal system, thereby increasing the
relative contribution of the dorsal striatum. Interestingly, the negative correlation between
hippocampal activity and PCL task performance suggests that subjects who continued to rely on
the hippocampus after stress suffered from performance deficits, a finding that is in line with
previous studies (Kim et al., 2001; Schwabe et al., 2010b). This also suggests that a shift toward the
dorsal striatum-dependent system may be beneficial after acute stress, rescuing performance at

the cost of enhanced flexibility of the acquired knowledge (Schwabe and Wolf, 2012).

Role of the mineralocorticoid receptor

Although forthe first time it was shown that stress modulates the engagement of multiple memory
systems in PCL as well, in contrast to research on the quantitative aspect of memory, it remained
unclear whether learning differences really depended on GC actions and which receptors were

predominantly involved in mediating this stress-induced shift toward dorsal striatum-dependent
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memory. For this reason, Schwabe et al. (2013b) conducted a similar experiment, this time
blocking the MR before participants were exposed to a stressor or control manipulation and
performed the WPT. The reasons why the researchers expected an involvement of the MR rather
than the GR go back to earlier studies conducted in rodents and the general responsiveness of the
MR to rising GC levels. As discussed previously, membrane-bound MRs are highly expressed in
limbic areas and have a much lower binding affinity for cortisol than their cytosolic counterparts
(Groeneweg et al., 2011). Accordingly, they are thought to be involved in the initial appraisal of
stressful situations and to mediate the rapid effects of stress (Joéls et al., 2008). First evidence for
the involvement of the MR in the engagement of multiple memory systems came from two
experimental studies, in which mice with genetic deletion of MRs in the forebrain were tested on
the hole board task (ter Horst et al., 2012; ter Horst et al., 2013). These rats were found to display
impaired spatial learning performance under control conditions, whereas further impairments in
response to stress were prevented by enhanced use of the S-R strategy (ter Horst et al., 2012).
Interestingly, mice lacking the forebrain MRs were shown to require significantly more time in
finding the exit hole when using the S-R strategy, suggesting the relevance of these receptors in
successfully using this strategy (ter Horst et al., 2013). Further evidence came from a second
experiment of the hole board study in rodents conducted by Schwabe et al. (2010b), in which an
MR antagonist was administered 30 min before restraint stress or corticosterone injections and 60
min prior to behavioral testing. Similar to their first experiment, stress and corticosterone
administration both significantly increased the use of S-R strategies. Blockade of the MR, however,
prevented the stress-induced shift toward S-R learning, suggesting that GC actions via the MR are

required for these effects to occur (Schwabe et al., 2010b).

Based on these data, the MR antagonist spironolactone was used 90 min prior to a stress or control
manipulation and about 2 hours before PCL task performance in the study by Schwabe et al.
(2013b). Whereas spironolactone administration lead to an increase in cortisol levels, this increase
was augmented even further by implementation of the laboratory stressor. Blockade of the MR in
stressed participants was associated with impaired PCL performance and increased use of single-
cue, hippocampus-dependent strategies, a finding in contrast to the stress-induced shift toward
multi-cue, dorsal striatum-dependent strategies under placebo conditions. The neuroimaging
data provided highly important evidence for the neural correlates of these MR-dependent stress

effects. In accordance with a stress-induced preference for the dorsal striatal memory system,

39



Chapter1

activity in the hippocampus was reduced. More importantly, only in participants receiving the
placebo was the functional connectivity of the amygdala with the hippocampus reduced, whereas
coupling of the amygdala and the dorsal striatum was enhanced. These effects, however, were
abolished by concurrent spironolactone intake in stressed participants. In addition, in stressed
participants who had taken the placebo, PCL task performance positively correlated with
activation in the dorsal striatum and explicit task knowledge was reduced, whereas enhanced
hippocampal activation was assocated with improved performance in control subjects. None of
these effects were observed in participants receiving the MR antagonist. Importantly, the
connectivity data suggested that it is indeed the amygdala that orchestrates the stress-induced
shift in multiple memory systems. Although in contrast to the stress (hormone) studies on
quantitative memory, there is no direct evidence for an interaction between NA and GCs in the
amygdala, the finding that spironolactone-induced increases in cortisol did not lead to changes
in the relative engagement of multiple memory systems is a first hint. Further, in line with GR-
mediated impairments in hippocampal functioning, MR blockade did not diminish hippocampal
activity directly but rather prevented the stress-induced changes in fuctional connectivity,
suggesting that the stress-induced shift toward the dorsal striatum is mediated by GC binding to
MRs in the amygdala. Despite this evidence for the critical involvement of the MR, the authors
noted that because of its blockade, the MR:GR balance was disturbed and cortisol likely acted
primarily via GRs, suggesting that more research is needed to elucidate the role of the GR in the

modulation of multiple memory systems (Schwabe et al., 2013b).

Further evidence for the importance of the MR in the stress-induced shift subsequently came from
astudy by Vogel et al. (2015). The authors suggested that the stress- or GC-induced shiftin memory
systems proposed by Schwabe and Wolf (2013) was in line with the stress-induced network
reorganization proposed by Hermans et al. (2014), in which resources are mainly allocated to the
SN at the expense of the executive control network . In an attempt to bring these two lines of
research closer together and to gain further insights into the role of the MR, participants were
exposed to a laboratory stressor or control manipualtation inside an MRI scanner which was
immediately followed by performance of an emotional face-matching task used to assess
vigilance processing (Vogel et al.,, 2015). Although neither performance nor brain activity during
the face-matching task was affected by stress or MR blockade, stress was shown to increase

functional connectivity of the central amygdala with the striatum, an effect that positively
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correlated with increases in cortisol levels and that was not observed when the MR was blocked.
This increase in functional connectivity evolved within a few minutes after stress, when NA was
presumably still active and cortisol levels were rising, suggesting that not only does stress rapidly
enhance vigilance, but resources are similarly reallocated to the amygdala and dorsal striatum to
promote simple, automatic and habitual functioning. Importantly, these effects seem to be
mediated by rapid non-genomic MR actions (Vogel et al., 2015). In this same study, participants
also performed a navigational learning task inside the MRI scanner, which was similar to previously
presented tasks, in that boundary (spatial) cues as well as a landmark (proximal) cue were used
(Vogel et al., 2017). In a first-person computer version of this task, participants navigated through
an arena and were required to find and collect four everyday objects. Critically, between three
learning blocks, the landmark was relocated but the objects maintained their location. The
relative influence of the landmark cue or the boundary cues on the participant’s response was
calculated to differentiate spatial, hippocampus-dependent from S-R, dorsal striatum-dependent
learning strategies. Results showed that the increase in cortisol in response to a laboratory stressor
before task performance led to a significant increase in S-R learning strategy use, an effect
accompanied by augmented activity in the amygdala as well as functional connectivity with the
striatum. Importantly, these results were not seen after MR blockade, providing further evidence
for that receptor’s importance in mediating the stress-induced and likely amygdala-driven shift

toward dorsal striatum-dependent memory (Vogel et al., 2017).

Together, the findings from navigational and classification learning suggest that stress- or
pharmacologically-induced increases in stress hormones may act in the amygdala via membrane-
bound MRs to strengthen connectivity of the amygdala with the dorsal striatum and/or to impair
connectivity of the amygdala with the hippocampus to increase the competition between multiple
memory systems in favor of the dorsal striatum, prompting a shift toward habitual processes,
which may serve to rescue performance at the cost of increased flexibility (Figure 10; Vogel et al.,
2016; Schwabe, 2017; Packard et al., 2018; see Goldfarb and Phelps (2017) for a discussion about

possible modulation pathways).
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Figure 10. Schematic presentation of the distribution of cognitive resouces. Under baseline conditions (left), resources
are mainly distributed among cognitive systems such as the hippocampus and prefrontal cortex (PFC), promotong
flexible and goal-directed behavior. Under acute stress (right), stress hormones acting via the MR cause a reallocation
of these resources toward brain regions of the salience network, such as the amygdala, which leads to increased
attention, vigilance and emotional learning, and toward the dorsal striatum which suppports habitual forms of
learning. This shift in resources also leaves fewer means for PFC- and hippocampus-dependent behavioral control.
(from Vogel et al., 2016).

1.5 Stressresilience and vulnerability: individual
differences

Although the findings reviewed above seem to generally hold true, they may not necessarily do so
in some individuals. While it is neither realistic nor desirable to investigate how each individual by
him- or herself will respond to stress, process affective information, or memorize that information,
itis a highly relevantissue — and not merely an experimental irritant we want to get rid of by using
larger samples - when it comes to resilience and vulnerability (Ebner and Singewald, 2017). It
should be our ambition to discover why someone may suffer from the pathogenic consequences
of stress while another does not. Why is it that not only Sapolsky’s zebras do not get ulcers but
also some of us do not suffer as much from the negative consequences of stress? Investigating the
underlying traits and learning from those who are resilient will aid the development of
preventative measures and treatment options for those who are vulnerable. A first step toward

this goal is to investigate such individual difference.

Individual variability may come about through differences in our genetic makeup as well as our
experiences and upbringing, which together determine how we respond to the stressor itself, as
well as how we think and behave when confronted with a stressor. Particularly relevant for

individual differencesin stress effects are prenatal or early life stressors, as well as chronic or highly
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traumatic stress experiences later in life. These stressors are highly relevant risk factors for the
development of stress-related psychopathologies such as PTSD, anxiety disorders and depression
and have been shown to cause sustained changes in cognitive and affective functioning (Lupien
et al., 2009; Oitzl et al., 2010). Stress during sensitive developmental periods in particular is
associated with a series of disturbances, ranging from hippocampus-dependent memory deficits
to affective dysfunctions which cause symptoms such as anhedonia (Bolton et al., 2017). These
are likely caused by stress-induced augmentation of excitatory signaling in stress-sensitive regions
such as the hypothalamus, as well as by structural changes, including atrophy and altered
connectivity, in the amygdala and hippocampus, promoting vulnerability to future stressors
(Bolton et al., 2017). Prenatal stress in rats was found to increase the use of response compared to
place learning strategies in a maze task, indicating increased dorsal striatum-dependent learning
(Sutherland et al., 2000). Interestingly, two rodent studies suggest that despite these negative
consequences, early life stress may actually prepare the organism toward superior performance
under stress-like conditions (Champagne et al., 2008; Oomen et al., 2010). In the offspring of low-
caring mothers, rats showed increased long-term potentiation in response to high corticosterone
levels in vitro, and improved performance in a hippocampus-dependent contextual fear-
conditioning task in vivo (Champagne et al., 2008). Further, postnatal maternal deprivation led to
structural changes in the hippocampus and impaired water maze learning under no-threat
conditions but facilitated spatial learning in a highly stressful environment, showing that early life
stress may not develop into a general impairment of hippocampal functioning later in life but
rather program the individual for optimal performance under stressful circumstances (Oomen et
al., 2010). Although studying early life stress in humans is difficult, studies that do exist suggest
that early life stress leads to a number of cognitive, higher-order (memory, executive functions), as
well as affective (reward and affective processing, emotion regulation) deficits, especially when
these functions depend on brain regions that undergo extensive changes during postnatal
development (for a review see Pechtel and Pizzagalli, 2011). The amygdala appears to be
particularly sensitive to the effects of early life stress and may, through dysfunctional affective
processes, increase the risk for later psychopathologies (Pechtel and Pizzagalli, 2011). Similar to
these early life stressors, chronic stress exposure is associated with structural and functional
changesin brain networks which are determined by multiple factors of individual vulnerability and

resilience (Sousa, 2016).
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Independent of these individual life experiences, certain personality traits may confer risk for or
protection against the consequences of stress. In a study that investigated the relationship
between personality and the acute stress response, personality was able to explain 11 % of the
variance observed in emotional stress responding (Childs et al., 2014). More specifically, high
negative emotionality, defined as the tendency to experience negative emotions such as anxiety
or anger, was associated with increased emotional distress in response to the TSST, whereas high
positive emotionality, indicative of a strong tendency to experience positive emotions and to
actively engage with the environment, was related to diminished cortisol and blood pressure
responses to acute stress (Childs et al., 2014). Interestingly, with respect to coping, optimism,
extraversion, conscientiousness and openness were shown to predict attempts to actively change
and adapt to stressful events, whereas neuroticism was associated with disengagement coping
(Carver and Connor-Smith, 2010). Thus, early life and chronic stress have detrimental functional
and structural consequences but may also adaptively prepare the individual for future stressful
events. In combination with certain personality characteristics, which influence the way we
respond to and cope with a stressor, these factors have important implications for stress resilience

and vulnerability.

Differences in certain genes are another highly relevant source of individual variability in the
effects of stress. Although genes necessarily operate in interaction with the environment,
especially when it comes to environmental stressors, twin studies can reveal the degree of genetic
involvement and the extent to which individual differences can be attributed to our genome or to
environmental factors (Thompson et al., 2001). It has been suggested that 30 to 80 % of the
variability in cognitive phenotypes can be explained through an individual’s genetic architecture
(Scult and Hariri, 2018). Genetic rodent, as well as twin and adoption studies in humans have
provided great advances concerning the heritability of human behaviors and suggest that multiple
genes with small effects are involved rather than single major genes (Plomin, 1990). Advancements
of molecular biology techniques, resulting for example in gene knock-out and knock-in mouse
models, have been and still are greatly contributing to the investigation of highly complex
phenotypes such as behavior (Plomin, 1990; Plomin et al., 1994).Particularly great advances with
respect to the association of genetic differences and the development of stress-related
psychopathologies such as depression, addiction, PTSD and anxiety disorders have been achieved

(for reviews see Kreek et al., 2005; Arloth et al., 2015; Smoller, 2016), although the complexity of
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these disorders and the myriad possible interactions between genes and environmental
influences will require many more years of vigorous research. Accumulating evidence also points
to the importance of epigenetic mechanisms, because of their ability to fundamentally change
receptor expression and activity in reaction to stress (McEwen et al., 2015). Thus, neuroplastic
adaptations take place, some of which seem to be only observed in resilient individuals (Russo et
al., 2012). Heritability estimates revealed that 62 % of the variance seen in cortisol levels and 40-
48 % of that observed in the cortisol awakening response are genetically determined (Wust et al.,
2000; Bartels et al., 2003). Twin studies estimated the heritability of episodic memory at up to 50-
60 % (Rasch et al., 2010; Papassotiropoulos and de Quervain, 2011), whereas no data exists
regarding heritability of the qualitative nature of memory. The strongest heritability of different
neural pathways within the limbic system has been shown to amount up to 80 % and is found in
a temporo-amygdala-orbitofrontal network which is associated with affective processing,
semantic cognition and social behavior (Budisavljevic et al., 2016). This profound contribution of
our genome has stimulated a lot of research and the study of SNPs in several candidate genes has
evolved as a common method to investigate the association of genetic variants - often of known

functionality — with certain traits of interest (Rasch et al., 2010).

As reviewed in chapters 1.2 and 1.3, the eCB system is highly important for negative feedback
inhibition of the HPA axis, as well as for affective processing and memory under stress (Morena
and Campolongo, 2014; Morena et al., 2016). Research on genetic differences in the cannabinoid
CBI1R gene (CNR1) has mainly been concerned with the receptor’s protective role against anxiety
disorders such as PTSD and major depression (Hillard et al., 2012), both of which are associated
with dysfunctional affective processing (Etkin and Wager, 2007; Siegle et al., 2007). Specifically, in
homo- and heterozygous A allele carriers of the rs1049353 SNP, the lifetime risk for anhedonia and
depression after early life stress caused by physical abuse during childhood was significantly
reduced (Agrawal et al., 2012). In contrast, G allele carriers showed increased antidepressant
treatment resistance (Domschke et al., 2008). Further, neuroimaging data suggest diminished
activation of the amygdala and striatum in response to happy faces in G allele carriers with major
depression (Domschke et al., 2008) as well as healthy subjects (Chakrabarti et al., 2006), which may
indicate reduced processing of positive stimuli and dysfunctional social reward responsivity. Since
this SNP has been particularly relevant in depression but notin disorders such as ADHD (Hillard et

al., 2012), this polymorphism may be especially important for healthy affective processing and
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responding. Although the rs1049353 SNP is synonymous, meaning that it is not changing the
amino acid sequence, it is positioned in the exogenic region of the CNR1 gene responsible for
encoding part of the mature mRNA, which may have dramatic functional effects by altering mRNA
stability or translation, an effect similar to that observed for synonymous SNPs of the dopamine
receptor D2 gene (DRD2; Domschke et al., 2008). In addition, or alternatively to this direct
mechanism, this SNP may be in high linkage disequilibrium with other polymorphisms with a so
far unknown functionality, thereby possibly indirectly affecting CNR1 gene expression (Hill and

Patel, 2013).

With respect to memory and the engagement of multiple memory systems, stress-induced
increases in noradrenergic activation of the amygdala seem to be highly important (Packard and
Wingard, 2004; Wingard and Packard, 2008; Roozendaal and McGaugh, 2011). In line with this,
another set of studies has proposed a prominent role of a common functional deletion of the aze-
AR gene (rs2900568; also called ADRA2B; de Quervain et al., 2007a; Rasch et al., 2009). This deletion
of the presynaptic AR leads to the loss of 3 glutamatic acid residues (301-303) in the third
intracellular loop of the receptor, which changes the receptor’s negative feedback function
(Cousijn et al., 2010). The ADRA2B deletion is present in about 30% of Caucasians and most likely
acts as a loss-of-function variant, leading to increased availability of NA (Small et al., 2001; de
Quervain et al., 2007a; Rasch et al., 2009). In line with the finding that administration of the a,-AR
antagonist yohimbine increased noradrenergic signaling in the amygdala, thereby potentiating
the effects of affective arousal on memory (Roozendaal et al., 2006), a role for the ADRA2B deletion
in memory was suggested. Specifically, participants were presented with positively and negatively
valenced as well as neutral pictures, and delayed free recall was tested 10 min after presentation
(de Quervain et al., 2007a). The results showed increased memory for affective pictures in homo-
and heterozygous ADRA2B deletion carriers, an effect independent of differences in affective
arousal, suggesting that the ADRA2B genotype influenced noradrenergic transmission and
memory formation rather than arousal itself (de Quervain et al., 2007a). A functional imaging study
investigated the neural mechanisms of these effects and could replicate the memory-enhancing
influence of the ADRA2B deletion variant, although due to the lower statistical power, the p-value
did not quite reach significance (Rasch et al., 2009). Importantly, amygdala activation during
encoding of negative pictures, as well as functional connectivity between the amygdala and insula

were enhanced in ADRA2B deletion carriers (Rasch et al.,, 2009). A very recent imaging study
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revealed enhanced bilateral hippocampus activation, particularly for negative pictures, in ADRA2B
deletion carriers (Schimann and Sommer, 2018). Increased activation of the amygdala and
hippocampus are in line with the emotional memory enhancement found in ADRA2B deletion
carriers. Interestingly, de Quervain and colleagues (2007a) also investigated whether the ADRA2B
deletion variant may be associated with enhanced memory for traumatic experiences. They did
so by assessing memory for traumatic experiences during the Rwandan civil war in survivors living
in a refugee camp at the time of investigation. Deletion carriers displayed enhanced traumatic
memory and greater re-experiencing symptoms than non-carriers, effects independent of an
actual PTSD diagnosis. Another study which directly investigated the influence of the ADRA2B
deletion in response to laboratory stress revealed that whereas slower, tonic changes in amygdala
activity occurred independent of genotype, phasic amygdala responses to affective faces in
response to acute stress were enhanced in deletion carriers (Cousijn et al.,, 2010). Thus, the
augmented NA availability in deletion carriers may have caused NA to increase even further in
response to affective stimuli, causing augmented phasic responses (Cousijn et al., 2010). A model
proposed by Todd et al. (2011) suggests that the ADRA2B deletion genotype, through its influence
on noradrenergic transmission in the amygdala, is particularly important for memory
consolidation, leading to strengthening of the connections to sensory- and memory-related brain
regions. Although evidence mainly implicated B-ARs in memory consolidation, a-ARs have been
found to indirectly modulate their influence (Ferry et al., 1999). Another study showed that the
ADRA2B deletion variant was associated with increased amygdala and inferior frontal gyrus
activity during successful affective memory formation, whereas no activation differences in
carriers and non-carriers were observed during retrieval, providing further support for the
important role of the ADRA2B deletion in memory formation (Urner et al., 2011). Importantly,
recent evidence also suggests that the ADRA2B deletion variant amplifies the memory-enhancing
effects of a laboratory stressor to which participants were exposed to immediately before learning

(Zoladz et al., 2017).

Considering the evidence suggesting that the MR is necessary for the stress-induced shift from
cognitive, hippocampus-dependent toward habitual, dorsal striatum-dependent memory (Vogel
et al., 2016), individual differences in the gene coding for the MR seem to be highly relevant. Two
genetic variants of the MR gene have been extensively studied and associated with HPA axis

reactivity (DeRijk, 2009). Specifically, one SNP which is characterized by a guanine (G) to cytosine
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(C) change (rs2070951; also called MR-2G/C) revealed changes in transactivational activity using
dexamethasone, an artificial GC, or cortisol as a ligand in vitro and has been associated with
differences in basal and morning cortisol levels following dexamethasone administration the
previous day, as well as with increased MR protein expression in vivo (DeRijk, 2009; van Leeuwen
et al., 2010). Another SNP characterized by an isoleucine (A) to valine (G) change (rs5522; also
called MRI180V) showed in vitro loss of function using cortisol as a ligand and has been associated
with an increased cortisol response to the TSST (DeRijk et al., 2006; DeRijk, 2009). Both SNPs were
also found to be associated with an increased autonomic stress response, indicated by a
heightened heart rate (DeRijk and de Kloet, 2008). In addition, the val allele of the MRI180V SNP
was related to increased threat-related amygdala reactivity in children with low childhood
adversity (Bogdan et al.,2012) and predicted depression and depression-like HPA axis dysfunction
(DeRijk and de Kloet, 2008; van Leeuwen et al., 2010; Klok et al., 2011). In contrast, increased MR
functionality or expression (rs2070951 C allele, rs5522 A allele) has been associated with enhanced
resilience to traumatic stress (ter Heegde et al., 2015). Another interesting study also pointed to an
important role of the MRI180V SNP in striatal learning (Bogdan et al., 2010). In accordance with the
importance of MRs in the stress-induced shift from hippocampus-dependent cognitive or spatial,
toward dorsal striatum-dependent habit or S-R learning and memory (Schwabe et al., 2010b;
Schwabe et al., 2013b), the val allele of this SNP which is associated with reduced MR functionality
revealed deficits in stress-induced reward learning, which likewise depends on striatal functioning

(Bogdan et al., 2010).

Together, these candidate gene studies show that hypothesis-driven testing of genetic differences
in specific SNPs can be highly informative. They also suggest that polymorphisms in the aze-AR,
MR and CB1R genes are particularly promising and may explain some of the individual differences
regarding stress effects on affective processing and memory. These genetic variants may likely
influence vulnerability or resilience to environmental stressors, leading to psychopathology in

some individuals only.
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1.6 Research goals

Advances in the identification of genetic polymorphism have opened the possibility of
investigating genetic differences in complex phenotypes such as affective processing and
memory. Associating individual differences in affective processing and the engagement of
multiple memory systems with variants in genes relevant to these phenotypes is a powerful means
to detect their molecular pathways. Particularly imaging genetics is a highly promising research
area with the aim to identify the mediating mechanisms through which genetic variability shapes
these individual differences. Since NA, GCs and eCBs are highly important stress mediators
affecting emotion and cognition and individual differences in these domains are associated with
relative vulnerability and resilience to stress-related psychopathologies, the overall goal of our
experimental studies was to answer the following general question: Can individual differences in
the genes of important stress mediators (NA, GCs, eCBs) explain differences in stress effects on

affective processing and memory?

Given the evidence for the involvement of the ADRA2B deletion in memory and taking into account
the findings from rodent studies which showed that pre-training systemic or intra-BLA
administration of the a,-AR antagonist yohimbine led to enhanced dorsal striatum-dependent S-
Rlearning (Packard and Wingard, 2004; Elliott and Packard, 2008; Packard and Gabriele, 2009), the
ADRA2B deletion may likewise be able to explain at least part of the individual differences in the
engagement of multiple memory systems after stress. The first goal of our experimental studies
was thus to answer the following question: Is the stress-induced shift from hippocampus-
dependent cognitive toward dorsal striatum-dependent habit memory modulated by the

ADRA2B deletion?

Considering the MR candidate gene studies, it seems likely that genetic variants in this gene may
also modulate the engagement of multiple memory systems. Such a modulation may come to
pass indirectly, by affecting cortisol levels and autonomic arousal in response to stress, which
would be in line with studies suggesting that memory is affected by individual differences in the
cortisol stress response (Buchanan et al., 2006), or by dose-dependent differences after
corticosterone injections (Quirarte et al., 2009). This would suggest that the stress-induced shift
toward the dorsal striatum is reduced in participants carrying MR SNPs associated with enhanced

MR expression, since negative feedback inhibition of the HPA axis would be increased.
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Alternatively, higher MR expression in the amygdala, may directly facilitate the stress-induced shift
toward the dorsal striatum, for example by providing more binding sites for GCs, which would
then, possibly in interaction with NA, strengthen connectivity with and activation of the dorsal
striatum. The second goal of our experimental studies thus concerned the following question: Is
the stress-induced shift from hippocampus-dependent cognitive toward dorsal striatum-

dependent habit memory modulated by MR gene variants?

The evidence reviewed above suggests that the eCB system is highly important for stress (Lutz et
al., 2015) and affective processing (Morena and Campolongo, 2014), and that genetic variants in
the CBIR gene are associated with disorders characterized by dysfunctional affective processing
(Hillard et al., 2012). The rs1049353 SNP specifically has been proposed to protect against stress-
related psychopathologies (Hill and Patel, 2013). Particularly interesting since the effects of eCBs
and CB1R gene differences with respect to affective processing are highly understudied, this led
to the third question we aimed to investigate: Are the effects of stress on affective processing

modulated by the rs1049353 genotype?

This dissertation investigated these questions in experimental studies with large sample sizes and
by means of a genetics approach using EEG and fMRI to infer the underlying neural mechanisms
of the genetic modulation of stress effects on affective processing and the engagement of multiple

memory systems.
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2. Genetic modulation of stress effects on multiple
memory systems

2.1 ADRA2B deletion reduces the stress-induced shift from
cognitive to habit memory

Wirz L, Wacker J, Felten A, Reuter M, Schwabe L (2017) A deletion variant of the alpha2b-
adrenoceptor modulates the stress-induced shift from “cognitive” to “habit” memory. J Neurosci

37:2149-2160. (Appendix A pages 131-143)

2.1.1 Background

Multiple memory systems may work cooperatively or competitively (Hartley and Burgess, 2005). A
factorthat has been shown to increase competition between these systems, leading to a shift from
hippocampus-dependent cognitive toward dorsal striatum-dependent habit memory, is stress
(Schwabe et al., 2012). Particularly relevant for this shift to occur are, in addition to cortisol, stress-
induced increases in noradrenergic activation of the amygdala, the structure which likely
orchestrates this stress-induced shift from flexible to more rigid memory processes (Packard and
Wingard, 2004; Vogel et al., 2016). However, not all individuals show this bias toward dorsal
striatum-dependent habit memory after stress (Schwabe et al., 2007; Schwabe and Wolf, 2012).
Thisisimportance because the balance between cognitive and habit memory is highly relevant in
the context of anxiety disorders such as PTSD (Schwabe et al., 2010a; Goodman et al., 2012; de
Quervain et al, 2017). The ADRA2B deletion has been associated with enhanced episodic,
hippocampus-dependent memory for emotional material in healthy subjects (de Quervain et al.,
2007a; Rasch et al., 2009), as well as with traumatic experiences in Rwandan civil war survivors (de
Quervain et al, 2007a). Neuroimaging data showed increased amygdala activation and
connectivity with the insula for emotional material (Rasch et al., 2009), as well as increased stress-
induced amygdala activation in deletion carriers (Cousijn et al., 2010). Considering the enhanced
hippocampus-dependent memory for emotional material and the increased activation of the
amygdala in deletion carriers, we hypothesized that carriers of the ADRA2B deletion genotype
would show enhanced crosstalk between the amygdala and hippocampus, thereby attenuating

the stress-induced shift toward dorsal striatum-dependent memory.
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2.1.2 Methods

A total of 252 healthy individuals scanned for medication intake, history or current diagnosis of
psychiatric disorders and other factors which may influence HPA axis responsiveness (e.g.
hormonal contraceptives, smoking) participated in our first experiment (127 women; mean age
25.1 + SD: 3.5 years; stress group: 74 carriers, 52 non-carriers; control group: 69 carriers, 57 non-
carriers). For genetic analyses, deoxyribonucleic acid (DNA) was extracted from buccal cells and
genotyping was performed by real-time PCR. In accordance with previous studies (de Quervain et
al., 2007a; Rasch et al., 2009) homo- and heterozygous ADRA2B deletion carriers were compared

to homozygous non-carriers (Figure 11).

SNP Alleles Group
1528365031 GAAGAGGAG o Pe
homozygous
ADRA2B ,
Deletion
rs28365031  -------- homo- and
heterozygous

Figure 11. ADRA2B genotype. Homo- and heterozygous ADRA2B deletion carriers were tested against homozygous
non-carriers (wild-type).

Participants performed a stress (TSST) or control condition around 15 minutes before performing
100 trials of the WPT while EEG data were recorded (Figure 12). The WPT was administered as
described before, participants received trial-by-trial feedback in the form of a happy or sad face,
and single- as well as multi-cue learning strategies were calculated. The EEG data were
preprocessed, segmented into epochs from -200 to 800ms with respect to the feedback stimulus,
baseline corrected and trials with artifacts were rejected before averaging, leaving data from 228
participants (stress group: 68 carriers, 46 non-carriers; control group: 64 carriers, 50 non-carriers).
The FRN could provide direct evidence for group differences in striatum-dependent feedback
processing (Nieuwenhuis et al., 2005; Hauser et al., 2014) and was calculated as the most negative
peak in the time window between 200 and 350 ms following feedback presentation relative to the
preceding positive peak between 150 ms and the latency of that negative peak (Rustemeier et al.,

2013).
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Figure 12. WPT card probabilities and design of the EEG experiment. After a fixation period, participants see 1 of 14
possible card combinations. After they choose ‘sun’ or 'rain’, they will receive feedback in form of a happy or sad face.
Event-related potentials (ERPs) with respect to feedback onset were analyzed.

Throughout the experiment, subjective mood and blood pressure were measured and saliva
samples for cortisol analyses were sampled (Figure 13). Subjective and physiological
measurements were analyzed using mixed-design ANOVAs with time as within-subject and
experimental manipulation (TSST vs. control) as well as ADRA2B deletion genotype (carriers vs.
non-carriers) as between-subjects factor. To assess PCL performance, another mixed ANOVA with
10-trial blocks as within factor was used. EEG data were analyzed using a mixed design ANOVA
with electrodessite (FC1, Fz, FCz, FC2) and feedback (positive vs. negative) as within-subject factors.

Stress- and genotype-dependent differences in strategy use were analyzed by means of x* tests.

: : TSST
Questionnaires / WPT 29 Task
Control
1 1 1 1 1 1 1 1
-30 -20 -10 0 10 20 30 40 50 60 70 80

1y (A ¢ 14

Figure 13. Experimental procedure of the EEG experiment. The WPT was performed 30 to 55 min after stress or control
manipulation onset (T =0 min). Saliva samples were taken 25 min before, and 20, 30,40 and 80 min after manipulation
onset. Blood pressure was measured 25 min before, during, as well as 20 and 80 min after manipulation onset.
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Since replication studies are particularly important in genetics and with the aim to investigate
group differences in activation and connectivity patterns during PCL performance, we conducted
a second experiment. In this second experiment, 128 volunteers participated (62 women; mean
age 25.1 +SD: 3.5 years; stress group: 32 carriers, 33 non-carriers; control group: 31 carriers, 32 non-
carriers), fulfilling the same inclusion criteria as in our first experiment with the addition of criteria
relevant for fMRI measurements. After performing the stress or control manipulation, participants
performed the WPT inside an MRI scanner. In addition to 100 WPT trials, participants completed
100 visuo-motor control trials, in which they were asked to indicate whether <2 or =2 cards were

presented on the screen (Figure 14).

Figure 14. WPT and motor control trials in the fMRI experiment. WPT trials are similar to the EEG trials with the
exceptions that the timing is adapted to the BOLD response and feedback is given by showing the correct answer. In
motor control trials participants indicate whether <2 or =2 cards are presented.

Also, the timing of the task was adapted to the slow BOLD response. As before, subjective and
physiological measures were taken throughout the experiment (Figure 15). Participants were
genotyped for the ADRA2B deletion, their WPT strategy was calculated, and similar statistical
analyses asin our first experiment were performed. The fMRI data acquired with a 3T Trio Scanner
equipped with a 32-channel head coil (37 transversal slices, repetition time (TR) = 2000 ms, echo
time (TE) =30 ms) were preprocessed and analyzed using SPM12. Due to technical difficulties and
excessive head motion, the final sample consisted of 120 participants (N =30/group). Control and

PCL trials were modeled and contrast images for group differences in activation (PCL minus
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control) and functional connectivity by means of psycho-physiological interaction (PPI) analyses
(PCL correct minus PCL incorrect) were generated. In addition to explorative whole-brain analysis
(p < 0.05 threshold at cluster level, family-wise error (FWE) correction), region of interest (ROI)
analyses were performed (amygdala, hippocampus, caudate nucleus, putamen; small volume

correction (SVC) p <0.05 uncorrected threshold followed by FWE correction).

. . TSST APT recall
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Figure 15. Experimental procedure of the fMRI experiment. The WPT was performed 30 to 55 min after stress or control
manipulation onset (T = 0 min). Saliva samples were taken 25 min before, and 20, 30 and 90 min after manipulation
onset. Blood pressure was measured 25 min before, during, as well as 20 and 90 min after manipulation onset.

2.1.3 Results

Verification of the successful stress induction was provided by increases in negative mood, blood
pressure and salivary cortisol. These measures were not modulated by genotype. Peak cortisol
concentrations were reached immediately before participants performed the WPT. Correct
responses in the PCL task improved from 59 to 74 % and neither stress nor genotype showed any
effects. The strategy analyses replicated previous findings (Schwabe and Wolf, 2012; Schwabe et
al., 2013b) by showing that stressed compared to control participants used significantly more
dorsal striatum-dependent multi-cue strategies. Importantly, these effects were modulated by
genotype, in that only in ADRA2B deletion non-carriers did stress increase multi-cue strategy use
(70 to 88 %; Figure 16), whereas the difference between stress and control participants was not
significantly different in deletion carriers. Our EEG data revealed an augmented FRN for negative
feedback in stressed participants, a finding that has been shown in another feedback-based
learning task as well (Glienke et al., 2015) and that may point to increased dorsal striatum-
dependent processing in stressed individuals, which is in line with increased multi-cue strategy

use in these participants.
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Figure 16. Strategy use in ADRA2B deletion carriersin exp. I. Stress increased the bias toward more multi-cue strategies
in ADRA2B deletion non-carriers but not in ADRA2B deletion carriers (from Wirz et al., 2017a). *p < 0.05

Similar to our first experiment, subjective and physiological measures increased in response to
stress and cortisol peak concentration were reached immediately prior to task performance in the
MRI scanner. Participants’ PCL performance increased from 37 to 63 % with no effects of stress or
genotype. Strategy analyses showed that ADRA2B deletion carriers used overall more single-cue
strategies. As shown before, stress was associated with a significant increase in multi-cue strategy
use. More importantly, we replicated the results from our first experiment by showing that only in
ADRA2B deletion non-carriers did we observe a significant increase in dorsal striatum-dependent
multi-cue strategies (48 to 77 %; Figure 17A). The functional neuroimaging data shed more light
on the underlying mechanisms of these effects. In response to stress, activation of the caudate
nucleus during task performance was significantly increased. In line with the role of the amygdala
in orchestrating the memory shift under stress, functional connectivity of the amygdala with the
putamen was increased, whereas the crosstalk of the amygdala with the CA (cornu ammonis)
subregion of the hippocampus was diminished. Importantly, functional connectivity of the
amygdala with the dorsal striatum and hippocampus was modulated by ADRA2B genotype.
Specifically, deletion carriers generally showed increased coupling of the amygdala with the EC,
the main hippocampal input region (Figure 17B). In line with a genotype-dependent modulation
of the effects of stress, we found that the functional connectivity of the amygdala with the
putamen was enhanced only in stressed ADRA2B deletion non-carriers but not in deletion carriers

(Figure 17C).
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Figure 17. Strategy use and ADRA2B effects on functional brain connectivity in exp. II. (A) Stress biased learning toward
multi-cue strategies only in ADRA2B deletion non-carriers but not in ADRA2B deletion carriers. (B) Independent of
stress, ADRA2B deletion carriers showed enhanced functional connectivity of the left amygdala with the right
entorhinal cortex prwe < 0.05). (C) Under stress, ADRA2B deletion non-carriers compared to carriers showed increased
amygdala-putamen connectivity prwe = 0.006, whereas genotype groups did not differ under control conditions (prwe
=0.352; from Wirz et al., 2017a). Error bars indicate SEM. *p < 0.05, L left, R right

2.1.4 Discussion

For the first time and in two independent experiments, we showed that the ADRA2B deletion
modulated stress effects on the engagement of multiple memory systems. In line with previous
studies (Schwabe and Wolf, 2012; Schwabe et al., 2013b), stress induced a shift from
hippocampus-dependent cognitive toward dorsal striatum-dependent habit memory. Increased
recruitment of the dorsal striatum after stress was shown by an enhanced FRN and enhanced
dorsal striatal activation during PCL. Also, functional connectivity data revealed an alleviated
connectivity of the amygdala with the hippocampus, whereas the crosstalk of the amygdala with
the putamen was increased after stress. This is in line with previous studies showing that the
preferable engagement of habit memory can be realized by an impaired hippocampal as well as
by a strengthened dorsal striatal system after stress (Schwabe and Wolf, 2012; Schwabe et al.,
2013b; Vogel et al., 2015). Importantly, the shift toward dorsal striatum-dependent habit memory
was reduced in deletion carriers, an effect which seems to be mediated by enhanced and reduced
connectivity of the amygdala with the hippocampus and dorsal striatum, respectively. Generally,
ADRA2B deletion carriers displayed a stronger connectivity of the amygdala with the EC, which

may account for their superior episodic memory for emotional material (de Quervain et al., 20073;
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Rasch et al., 2009). This enhanced engagement of the hippocampus under no-stress conditions in
deletion carriers may have prevented a shift toward the dorsal striatum after stress, so that in
response to stress, coupling of the amygdala with the putamen only increased in deletion non-
carriers, which is in accordance with increased dorsal striatum-dependent, multi-cue strategy use
in these participants. The ADRA2B deletion has been linked with increased noradrenergic
activation (Small et al., 2001), which in combination with animal data showing a bias toward the
dorsal striatum after a,-AR antagonist administration seems to be at odds with our findings.
However, the ase-AR subtype may act differently than an unspecific a,-AR antagonist, and acute
changes induced by an antagonist can hardly be compared to genetic effects associated with a
general adaptation of the NA system (Small et al., 2001). Considering the increased traumatic
memory and re-experiencing symptoms observed in deletion carriers (de Quervain et al., 2007a),
our findings may suggest that the impaired ability to switch to a more appropriate memory system
in response to stress may render ADRA2B deletion carriers particularly vulnerable for developing

PTSD (Liberzon et al., 1999; Liberzon et al., 2014; Schwabe, 2017).

2.2 NR3C2 haplotype facilitates the stress-induced shift
from cognitive to habit memory

Wirz L, Reuter M, Wacker J, Felten A, Schwabe L (2017b) A haplotype associated with enhanced
mineralocorticoid receptor expression facilitates the stress-induced shift from "cognitive" to

"habit" learning. eNeuro 5:¢0359-17.2017. (Appendix B pages 144-160)

2.2.1 Background

Several pharmacological studies showed that GC binding to membrane-bound MRs is crucial for
the stress-induced shift from hippocampus-dependent cognitive toward dorsal striatum-
dependent habitmemory (Schwabe et al.,2013b; Vogel et al., 2015; Vogel et al., 2016). It thus seems
highly likely that, in addition to individual differences in the noradrenergic system (Wirz et al,,
2017a), genetic variability in the MR gene contributes to differences in stress effects on the relative
engagement of multiple memory systems. Two common variants in the MR gene are the MR-2G/C
(rs2070951) and MRI180V (rs5522) SNPs. The major/wild-type alleles (rs2070951 C and rs5522
isoleucine (A)) have been associated with enhanced MR expression and transactivation activity in
vitro (DeRijk and de Kloet, 2008; van Leeuwen et al., 2010), as well as altered HPA axis reactivity in
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vivo (DeRijk, 2009). In contrast, the minor alleles (rs2070951 G and rs5522 valine (G)) showed,
similar to blockade of the MR (Schwabe et al., 2013b; Vogel et al.,, 2015; Vogel et al., 2016),
enhanced cortisol levels after stress (DeRijk et al., 2006). Since these two MR SNPs are in high
linkage disequilibrium, they together form haplotypes, and the CA (rs2070951 C and rs5522 A)
haplotype in particular has been associated with enhanced resilience against depression (Klok et
al., 2011) and traumatic stress (ter Heegde et al., 2015; de Kloet et al.,, 2016). Considering the
importance of the MR in the stress-induced shift toward dorsal striatum-dependent habit memory
and the extensive differences in MR functionality as determined by several MR SNPs, we
hypothesized that carriers of an MR haplotype, comprised of MR SNPs associated with enhanced
MR expression and transactivation, would facilitate the stress-induced shift toward dorsal

striatum-dependent memory.

2.2.2 Methods

For this purpose we reanalyzed the data from our two experiments and investigated group
differences in MR haplotype carriers and non-carriers. In addition to the ADRA2B deletion, we
genotyped participants for 7 MR gene SNPs (rs1512344, rs2070950, rs2070951, rs4835519, rs5522,
rs5534, rs7658048) on which linkage analyses were performed and haplotypes were calculated.
Homo- and heterozygous carriers of an MR haplotype containing SNP alleles associated with
enhanced MR expression and transactivation (rs2070951 C and rs5522 A) were tested against
homozygous non-carriers (Figure 18). We performed similar analyses as before to investigate
group differences in stress induction, PCL performance and strategy use, and the neural correlates
of these effects assessed by EEG and fMRI measurements. In addition to the FRN, we calculated
the P3a (mean activity 235-425 ms post feedback at C1, Cz, C2) and P3b (mean activity 270-420 ms
post feedback at P1, Pz, P2), ERP components known to facilitate attention and to promote
memory processes (Polich, 2007). In our first experiment, behavioral analyses included 252
participants (stress group: 90 carriers, 36 non-carriers; control group: 101 carriers, 25 non-carriers),
whereas EEG analyses were performed on 228 participants (stress group: 81 carriers, 33 non-
carriers; control group: 91 carriers, 23 non-carriers). In our second experiment, the sample size for
the behavioral analyses constituted 128 participants (stress group: 50 carriers, 15 non-carriers;
control group: 48 carriers, 15 non-carriers), whereas fMRI data were available from 120 participants

(stress group: 47 carriers, 13 non-carriers; control group: 45 carriers, 15 non-carriers).
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Figure 18. MR haplotype. Homo- and heterozygous carriers of a haplotype containing the rs2070951 C and rs5522 A
alleles were tested against homozygous non-carriers.

2.2.3 Results

The MR haplotype analyses showed significantly strong linkage between all but one (rs5534) MR
SNP. The haplotype including the rs2070951 C and rs5522 A alleles was of particular interest
(allelesin order of all SNPs: CCCTAG) and tested against carriers of the other haplotypes that were
found not containing these high-functioning MR SNP alleles. In our first experiment, this MR
haplotype did not affect any of the subjective or physiological measures, neither in the stress, nor
in the control condition. Importantly, whereas MR genotype did not affect PCL performance, it
modulated strategy use in response to stress, in that only MR haplotype carriers showed the shift
toward dorsal striatum-dependent multi-cue strategy use (71 to 87 %; Figure 19A). Our EEG data
did not reveal a modulatory effect of MR genotype on the FRN, but the P3a was shown to be
generally reduced in MR haplotype carriers, an effect already observed at earlier ERP components

(P2, N2; Figure 19B).

Figure 19. Strategy use and MR haplotype modulation of EEG data in exp. I. (A) Stress induced a bias toward dorsal
striatum-dependent, multi-cue strategy use only in MR haplotype carriers but not in non-carriers. (B) Irrespective of
stress, MR haplotype carriers showed a reduced P3a at central electrodes (C1, Cz, C2), calculated as the mean activity
in the time window between 235-425 ms following feedback presentation (from Wirz et al., 2017b). Error bars indicate
SEM. **p<0.01
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In our second experiment, cortisol levels were modulated by the MR haplotype. Specifically, in line
with enhanced cortisol levels in MRI180V A carriers after stress (DeRijk et al., 2006), cortisol levels
were generally lower in MR haplotype carriers, an effect that tended to be stronger in response to
the stress compared to the control condition (Figure 20A). Analysis of the behavioral data
collected in our second experiment replicated the results from our first experiment. The MR
haplotype did not affect PCL task performance but most importantly, the stress-induced shift
toward dorsal striatum-dependent strategies was mainly confined to carriers of the MR haplotype

(Figure 20B).

Figure 20. Cortisol levels and strategy use in MR haplotype carriers in exp. II. (A) Salivary cortisol levels increased in
response to the Trier social stress test (TSST) but were generally reduced in MR haplotype carriers. (B) Stress induced
a bias toward dorsal striatum-dependent, multi-cue strategy use only in MR haplotype carriers but not in non-carriers
(from Wirz et al., 2017b). Error bars indicate SEM. Stress x time of measurement ***p < 0.001 MR haplotype *p < 0.05

The neuroimaging data showed stress-induced increases in caudate nucleus and amygdala
activation, as well as reduced functional connectivity of the amygdala with both the CA and EC
hippocampal subregions. Importantly, the MR haplotype modulated activation and connectivity
patterns. Specifically, activation in the hippocampus was reduced in stressed MR haplotype
carriers, whereas the stress-induced increase in amygdala activity was only observed in MR
haplotype non-carriers (Figure 21A). Further, generally reduced activation in the caudate nucleus
and putamen was found in MR haplotype carriers (Figure 21B). Interestingly, relative to non-
carriers, MR haplotype carriers showed reduced amygdala-parahippocampus coupling after stress
and enhanced amygdala-caudate nucleus connectivity under control conditions (Figure 21C).
Due to MR haplotype-dependent changes in cortisol levels, we additionally tested for mediation
and moderation effects but found no significant effects with respect to strategy use that depended
on these group differences in cortisol levels, nor did our functional imaging data crucially change
when cortisol was added as a covariate.
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Figure 21. MR haplotype effects on brain activity and functional connectivity in exp. II. (A) Under stress, MR haplotype
carriers showed reduced bilateral activation of the amygdala (both prye < 0.067) and the hippocampus (both prue <
0.047). (B) Independent of stress, MR haplotype carriers showed reduced activation of the right caudate nucleus (prwe
< 0.032) and putamen (prwe < 0.006). (C) Under stress, MR haplotype carriers showed reduced amygdala-anterior
parahippocampus connectivity (both prwe < 0.063), whereas under control conditions, amygdala-caudate nucleus
coupling was increased (pewe < 0.018; from Wirz et al., 2017b). Error bars represent SEM. L left, R right

2.2.4 Discussion

In addition to the evidence provided by our first set of analyses showing that a deletion in the a,s-
AR gene modulated the effects of stress on the engagement of multiple memory system, a similar
modulation was shown for a haplotype containing MR SNP alleles associated with increased MR
expression and functionality. This MR haplotype was found to facilitate the stress-induced shift
from hippocampus-dependent cognitive toward dorsal striatum-dependent habit memory, an
effect mainly associated with impaired hippocampal processing and reduced amygdala-
hippocampus coupling after stress. Membrane-bound MRs are particularly important mediators

of rapid non-genomic GC effects (Joéls et al., 2008), and the necessity for a functioning MR system
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in the stress-induced shift toward the dorsal striatum has previously been demonstrated
(Schwabe et al., 2010b; Schwabe et al., 2013b). The findings that the P3a was generally reduced in
MR haplotype carriers and that hippocampus activation was reduced in MR haplotype carriers
after stress suggests reduced functioning of the hippocampal system, which may render these
participants particularly vulnerable to the effects of stress. Together with the stress-induced
decrease in the crosstalk of the amygdala with the parahippocampus, an MTL structure adjacent
to the hippocampus and similarly involved in episodic memory (Hayes et al., 2007), these data fit
very well with the existing literatures proposing a stress-induced shift toward dorsal striatum
memory which may at least partly be caused by impaired hippocampal functioning (Schwabe and
Wolf, 2012; Schwabe et al., 2013b). Increased connectivity of the amygdala with the caudate
nucleus under no-stress conditions may also point to a general vulnerability for the stress-induced
shiftin MR haplotype carriers. Reduced amygdala activation after stress and reduced caudate and
putamen activation under control conditions in MR haplotype carriers are less easy to interpret
but may be understood in terms of enhanced cortical efficiency (Rypma et al., 2006), which may
have facilitated the shift toward the dorsal striatum after stress. Importantly, our observations that
differences in cortisol levels were only found in our second experiment and that results remained
largely unchanged when these differences were accounted for suggest that MR haplotype effects
do not simply come to pass through differences in cortisol concentrations. Upregulation of
receptor density or increased binding efficiency may be involved, potential mechanisms which
require further investigations by molecular studies. In line with a protective role of the high-
functioning MR SNPs included in the MR haplotype (DeRijk et al., 2011; Klok et al., 2011; de Kloet
et al., 2016), the shift toward the dorsal striatum in MR haplotype carriers may be an important
adaptive response in the face of adversity. In the light of GC-based interventions that have been
proposed for the treatment of PTSD, the investigation of genetically determined individual

differences may aid the development of more personalized treatment strategies.
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2.3 A Bayesian approach to gene x gene interactions

In addition to and as an extension of these findings, | present further analyses with the purpose of
investigating gene x gene modulations of stress effects on multiple memory systems. Results will
be discussed with respect to evidence for the alternative as well as the null hypothesis using a

Bayesian approach.

2.3.1 Background

Previous studies suggest that anxiogenic drug injections into the amygdala as well as
administration of GCs in animals are sufficient to induce a shift toward habit learning (Packard and
Wingard, 2004; Schwabe et al., 2010b). The importance of MR-dependent GC actions in the stress-
induced shift toward habits has been confirmed in humans as well (Schwabe et al., 2013b; Vogel
etal., 2017). As opposed to the compelling evidence for the facilitation of noradrenergic effects on
memory consolidation by GCs that interact in the BLA (Roozendaal et al., 2009), whether such
interactions play a role in stress effects on multiple memory systems is still unknown. Since we
showed evidence for the modulation of stress effects on multiple memory systems by a deletion
of the aze-AR gene as well as by an MR haplotype, which supports the important influence of
noradrenergic and MR-mediated GC effects, investigating potential interactions between these
genetic variants allows pooling of the relative small effects of individual polymorphisms, may
encourage future pharmacological studies and provide evidence for genetic interactions between

these systems in their effects on the engagement of multiple memory systems under stress.

2.3.2 Methods

In behavioral genetics, studies require large sample sizes to reliably detect significant genotype-
dependent differences in behavior (Rasch et al., 2010). Therefore and for the purpose of detecting
possible gene x gene interactions, the raw data sets from our EEG and fMRI experiments were
combined and re-analyzed using JASP (Version 0.8.5.1). Group differences in single- and multi-cue
strategy use were investigated using X’ tests with the factors experimental manipulation (control
vs. stress), ADRA2B (wild-type vs. deletion) and MR haplotype (carriers vs. non-carriers). Although
the ADRA2B and NR3C2 genes are located on different chromosomes (2 and 4, respectively) which

precludes them from being in high genetic linkage, this was additionally tested using a x? tests. In
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addition to p-values, Bayes factors (BFs) for the null as well as for the alternative hypothesis are

reported.

2.3.3 Results

In accordance with the assumption that the ADRA2B and NR3C2 genes are unlinked, the
proportions of ADRA2B deletion carriers and non-carriers are similar in MR haplotype carriers and
non-carriers (x’y) = 0.140, p = 0.708). Replicating the results of our separate analyses, ADRA2B
deletion non-carriers (x’n) = 9.512, p = 0.002) and MR haplotype carriers (x*q) = 10.938, p < 0.001)
show a stress-induced increase in dorsal striatum-dependent multi-cue strategies. Bayes factors
of 21.873 and 35.110, respectively, indicate very strong evidence for these differences in strategy
use. Evidence for the null hypothesis in ADRA2B deletion carriers (BF = 2.532) and non-carriers of
the MR haplotype (BF = 3.704), however, is only mediocre. Interestingly, our results suggest that
ADRA2B deletion non-carriers only use more multi-cue strategies under stress when they also carry
the MR haplotype (%1 = 8.183, p = 0.004) but not when they do not carry the MR haplotype (x%q) =
1.815, p = 0.178; Figure 22). Given the small sample size of participants not carrying both the
ADRA2B deletion and the MR haplotype (N=33) and as is supported by a rather small Bayes factor
(1.110) for the null hypothesis, there is, however, only very little evidence that there are indeed no
differences in strategy use between the control and stress condition in participants carrying both
of these gene variants. Contrary to our finding that ADRA2B deletion carriers do not show a stress-
induced increase in multi-cue strategies, deletion carriers who also carry the MR haplotype show
this shift after stress (x’q) = 4.065, p = 0.044; Figure 22), which indicates that the MR gene may
overrule the effects that the ADRA2B genotype has by itself. Given a BF of only 1.485, however,

further investigation of this possibility is required.
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Figure 22. Combined data of strategy use in ADRA2B deletion and MR haplotype carriers in exp. | and II. Independent
of the ADRA2B deletion, MR haplotype carriers use significantly more dorsal striatum-dependent, multi-cue strategies
after stress, whereas the shift is not observed in MR haplotype non-carriers.

2.3.4 Discussion

Genes do not work in isolation but interact with one another. Instead of having additive effects,
multiple genes that contribute to a single phenotype often show epistatic interactions. In such a
gene x gene interaction, one gene may for example prevent another gene’s phenotypic
characteristic. Importantly, it has been suggested that negligence of these interactions is one of
the reasons why candidate gene studies are often not successfully replicated (Moore and Williams,
2009). Naturally and importantly, gene x environmentinteractions as they were investigated in this
dissertation by looking at genotype-dependent differences in behavior under stress and no-stress
conditions, render the reality even more complex. The results presented here suggest that there
may be epistatic interactions between the ADRA2B and NR3C2 genes and that the NR3C2 gene is
dominant. Specifically, alleles of MR SNPs that are associated with enhanced MR expression and
transactivational capacity may, if absent, prevent phenotypic effects of the ADRA2B genotype and
at the same time, if present, may provoke those effects in the ADRA2B deletion carriers that are
usually not seen when this genotype is investigated on its own. Thus, the MR haplotype may be
associated with an increased shift toward dorsal striatum-dependent, habit memory even in

ADRA2B deletion carriers, who, in isolation, usually do not show this shift under stress. This would
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indicate that rather than noradrenergic activity, it is the efficiency of GC actions via MRs that drives
the shift toward dorsal striatum-dependent habit memory under stress. Although this is an
intriguing thought, Bayesian analyses lend only little support for such interactions, which may be
owed to small sample sizes and the fact that due to relatively few homozygous ADRA2B deletion
carriers, homo- and heterozygous carriers were grouped together. Although very common and
necessary when investigating certain genetic variants with a very low probability for
homozygocity, this may obscure pure effects of homozygous allele carriers. Independent of these
interactions which require further research, the Bayes factors for the independent effects of the
ADRA2B deletion and MR haplotype are in line with our findings presented before (Wirz et al,,
2017b; Wirz et al., 2017a) and lend great support for our hypothesis that stress effects on the
engagement of multiple memory systems are modulated by genetic variants known to be involved

in stress and memory processes.
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3. CNR1 polymorphism modulates affective
processing under stress

Wirz, L., Reuter, M., Felten, A., Schwabe, L. (under revision) An endocannabinoid receptor
polymorphism modulates affective processing under stress. Soc Cogn Affect Neurosci. (Appendix C

pages 161-190)

3.1 Background

The eCB system is a retrograde messenger system which can quickly inhibit glutamatergic and
GABA-ergic cells via presynaptic CB1Rs, thereby being in a prime position to modulate stress
effects on affective processing (McLaughlin et al., 2014). Through eCB-induced disinhibition of the
medial PFC or direct actions in the BLA, eCBs may reduce GC secretion as well as excessive
responding to affective stimuli, thereby acting as an emotional buffer system (Ganon-Elazar and
Akirav, 2009; Hill et al.,, 2011; McLaughlin et al., 2014). This is in line with the anxiolytic properties
of AEA (Lutz et al., 2015) and is supported by reduced amygdala activation in response to negative
stimuli after eCB agonist administration (Phan et al., 2008; Bossong et al., 2013). Only relatively
little evidence exists with respect to genetic variantsin the CB1R gene. The A allele of the rs1049353
SNP has been associated with a reduced risk for depression after stressful events (Agrawal et al.,
2012), suggesting that this allele may be a protective factor against dysfunctional affective
processing. In line with this evidence, we hypothesized that the rs1049353 A allele may modulate

affective processing after stress, possibly by changing mPFC functioning.

3.2 Methods

To investigate genotype-dependent differences in affective processing after stress, 139
participants from our second experiment were genotyped for the rs1049353 SNP and another task
was administered (67 women; mean age 23.4 + SD: 3.5 years). Due to technical difficulties,
excessive head motion and missing data for the CNR1 SNP, 61 homo- and heterozygous A allele
carriers were tested against 71 homozygous G allele carriers (stress group: 33 AA/AG genotype
carriers, 38 GG genotype carriers; control group: 28 AA/AG genotype carriers, 33 GG genotype

carriers; Figure 23).
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Figure 23. CNR1 genotype. Homo- and heterozygous A allele carriers were tested against homozygous G allele carriers.

After participants had been exposed to the stress or control manipulation and had performed the
WPT, 25 negatively and 25 neutrally valenced pictures were presented to them inside the MR
scanner (Figure 24). Each picture was presented for 2.5 sec and participants were asked to rate
the emotionality of the picture on a scale ranging from negative, rather negative and rather neutral
to neutral. Although our main goal was to investigate genetic modulations of stress effects on
affective processing, we also investigated possible effects on emotional memory formation.
Therefore, surprise free recall and forced-choice recognition tests (participants also indicated their
certainty during recognition) were administered 24 h later. Subjective and physiological measures
were analyzed as described before. Mixed design ANOVAs with emotionality (negative vs. neutral)
as within-subject factor and experimental manipulation (stress vs. control) as well as CNR1
genotype (AA/AG genotype vs. GG genotype) as between-subjects factor were used to investigate
group differences in picture and certainty ratings, free recall and recognition performance. With
respect to memory performance, the number of correctly recalled pictures in the free recall as well
as hits and false alarms in the recognition test were used as dependent variables. In addition, d-
prime (d') was calculated for negative and neutral pictures. Our functional imaging data were
preprocessed, negative and neutral images were modeled and contrast images for group
differences in activation and functional connectivity (PPl analyses) patterns were generated.
Explorative whole-brain and ROl analyses were performed with ROIs selected due to their
importance for affective processing and memory formation (amygdala, insula, hippocampus,
mPFC, vmPFC, ventrolateral (v[)PFC). Brain activity and functional connectivity of our ROIs were
also correlated with participant’s individual memory performance to investigate associations
between activation/connectivity during encoding and subsequent memory performance.
Correlation coefficients of separate experimental group correlations were z-transformed and
statistically compared to assess whether the associations of brain activation and connectivity

during encoding with memory performance differed between the groups.
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Figure 24. Experimental procedure of the fMRI experiment. The affective processing task (APT) was performed 55 to 63
min after stress or control manipulation onset (T =0 min). Free recall and recognition tests were done 24 h later. Saliva
samples were taken 25 min before, and 20, 30 and 90 min after manipulation onset. Blood pressure was measured 25
min before, during, as well as 20 and 90 min after manipulation onset.

3.3 Results

Subjective measurements, cortisol levels and systolic blood pressure were not generally nor in
interaction with stress affected by CNR1 genotype. Irrespective of stress or rs1049353 genotype,
negative compared to neutral picture presentation increased bilateral activation of the amygdala,
VIPFC, vmPFC, insula as well as regions in the occipital and parietal cortex. Interestingly, in
response to stress, AA/AG genotype compared to GG genotype carriers showed greater vmPFC
activity for negative versus neutral pictures, whereas no group differences were observed in the
control condition (Figure 25A). In addition, functional connectivity of the vIPFC with the amygdala
was increased in AA/AG compared to GG genotype carriers in the control condition, whereas no

genotype-dependent differences in connectivity were observed after stress (Figure 25B).

Figure 25. CNR1 genotype modulation of brain activity and functional connectivity during affective processing. (A)
Under stress, activity in the vmPFC was increased in rs1049353 AA/AG compared to GG genotype carriers for negative
compared to neutral picture processing. (B) Already under no-stress condition, functional connectivity of the
ventrolateral prefrontal cortex (vIPFC) with the amygdala was enhanced in homo- and heterozygous A allele carriers
while they processed negative compared to neutral pictures (from Wirz et al., under revision). Error bars indicate SEM.
L left, Rright, **p < 0.01

The surprise free recall data were rather moderate, whereas recognition performance was overall

very high. Both performance measures as well as the sensitivity index d' were improved for
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negative compared to neutral images. Memory performance and confidence ratings were,
however, unaffected by CNR1 genotype and stress. Our functional imaging data during picture
encoding were correlated with d' and revealed a cluster including the amygdala, insula and
hippocampus during negative compared to neutral picture encoding, which positively correlated
with memory performance for negative items 24 h later. Importantly, in stressed AA/AG genotype
carriers, emotional memory performance positively correlated with clusters in the amygdala,
insula and hippocampus, whereas no such correlations were observed in GG genotype carriers
(Figure 26A). Under control conditions, only in GG genotype carriers did we observe a significant
correlation between emotional memory performance and activation of the insula, whereas no
correlations were observed for AA/AG genotype carriers (Figure 26B). Importantly, these
correlations between emotional memory performance and activation in limbic regions during
negative compared to neutral picture encoding significantly differed between AA/AG and GG
genotype carriers in the stress and control conditions. Interestingly, although correlations did not
significantly differ between groups, functional connectivity of the hippocampus with the BLA was
associated with enhanced emotional memory in stressed AA/AG but not GG genotype carriers,

whereas no significant correlations were observed in the control condition (Figure 25C).

Figure 26. Correlations between brain activity/connectivity during encoding of negative compared to neutral pictures
and emotional memory performance, indicated as sensitivity index d-prime (d') for negative pictures. (A) Under stress,
activity of the amygdala, insula and hippocampus positively correlated with memory performance in AA/AG genotype
carriers. (B) Under control conditions, insula activity positively correlated with memory performance in GG genotype
carriers. (C) Enhanced functional connectivity of the hippocampus with the BLA during negative compared to neutral
picture encoding was associated with enhanced memory performance for negative pictures only in stressed AA/AG
genotype carriers (from Wirz et al., under revision). r* Pearson correlation coefficient squared
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3.4 Discussion

In line with a crucial role for the eCB system in affective processing (Morena and Campolongo,
2014), we found modulations of brain activity and connectivity during processing of negative
images by a CB1R gene variant. Specifically, stronger recruitment of the vmPFC during negative
compared to neutral picture processing after stress was observed in AA/AG genotype carriers,
suggesting that the rs1049353 A allele may be associated with more efficient affective processing
and emotion regulation under stress. The vmPFC has been shown to regulate limbic brain regions
involved in emotional response generation (Etkin et al., 2011) and enhanced vmPFC activation has
been associated with reduced negative affect (Urry et al., 2006). This is in line with the importance
of eCB signaling in appropriate emotional responding, possibly achieved through eCB-mediated
disinhibition of the vmPFC (Morena and Campolongo, 2014). Indeed, eCB signaling, through
regulation of GABAergic inhibition, is crucial for effective mPFC functioning (McLaughlin et al,,
2014; Morena et al,, 2016). This is consistent with the anxiolytic effects of FAAH inhibitor
administration which increases AEA availability (Rubino et al.,, 2008) as well as with anxiety-
reducing and antidepressant-like effects of CBIR agonists (Bambico et al., 2007; Akirav, 2011).
Through eCB-induced increases in dopaminergic and serotonergic activation (Chiu et al., 2010;
McLaughlin et al., 2012), mPFC-mediated self-focused emotion regulation and active stress coping
may be achieved (Ochsner et al., 2004). These mechanisms may contribute to protective effects of
the rs1049353 A allele against stress-related psychopathologies. Increased vIPFC-amygdala
connectivity under control conditions in AA/AG genotype carriers may reflect increased vIPFC
inhibition of the amygdala during negative stimulus processing (Banks et al., 2007; Wager et al,,

2008), another mechanism through which beneficial coping in A allele carriers may be achieved.

As shown previously, negative compared to neutral information is better remembered (Hamann,
2001), an effect that may be caused by NA-GC interactions in the BLA, which then modulates
episodic memory in the hippocampus (McGaugh, 2000; Roozendaal et al., 2009). Indeed, we found
significant correlations between emotional memory performance and amygdala, insula and
hippocampus activity. Endocannabinoids also play an important role in emotional memory
formation, likely through GC-induced and GR-mediated increases in noradrenergic signaling in the
amygdala (Campolongo et al., 2009; Atsak et al., 2015). Directly investigating the rs1049353 SNP,
we observed a correlation of emotional memory with amygdala, insula and hippocampus only in

stressed AA/AG but not in GG genotype carriers. Increased hippocampus-BLA connectivity for

72



CNR1 polymorphism modulates affective processing under stress

negative pictures, as predicted by prominent emotional memory formation models (Roozendaal
et al., 2009; Roozendaal and McGaugh, 2011; Roozendaal and Hermans, 2017), correlated with
emotional memory performance only in stressed AA/AG genotype carriers, which is in line with
improved emotional memory after intra-BLA CB1R agonist administration and the fact that intra-
BLA CBIR blockade prevented corticosterone-induced memory enhancements, suggesting that
eCBs act downstream from GCs and are required for memory effects to occur (Campolongo et al,,

2009).

Thus, although no obvious behavioral differences between rs1049353 AA/AG and GG genotype
carriers were observed, the genotype-induced changes in affective processing and memory
formation may have important consequences for stress-related psychopathologies. Evidence
comes from clinical studies (Domschke et al., 2008; Agrawal et al., 2012) and are in line with
diminished striatal activation in response to happy faces in G allele carriers, which may indicate
reduced social reward responsivity (Chakrabarti et al., 2006). The A allele may, through enhanced
mRNA stability, improve CB1R functioning, thereby improving affect regulation in the face of stress
and the incorporation of emotional information into hippocampus-dependent autobiographical
memory. Although no genotype-dependent effects on cortisol levels were found, changes in other
neurotransmitter systems such as serotonergic pathways may be important (McLaughlin et al,,
2012). Evidence for targeting the eCB system as an effective treatment option (Ganon-Elazar and
Akirav, 2013; Korem et al., 2016) in combination with proposed GC-based therapies (de Quervain
et al,, 2017), may hopefully advance treatment for disorders characterized by dysfunctional

affective processing.
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4, General discussion

Understanding the way we respond to stress and how we process affective information and
engage multiple memory systems under stress will provide us with valuable information about the
mechanisms of stress and the fundamental principles of vulnerability and resilience. Many factors
contribute to individual differences in the effects of stress on cognition, emotion, and behavior.
These are social and psychosocial factors, differences in the genetic makeup, as well as differences
in upbringing and history with previous stressors, particularly when these occurred during highly
sensitive developmental stages. Fully grasping each of these possible factors is likely impossible
and would require endless resources and a multitude of compliant human and animal subjects.
With respect to genetics, it thus seems very promising to focus on differences in highly relevant
stress mediators and known polymorphisms to realize stringent hypothesis-driven testing.
Although this approach will not bring forth enlightenment of everything there is to know, it will
hopefully explain a profound amount of the individual variability. It will help to clarify the
underlying mechanisms of stress effects on cognition, emotion and behavior, and aid the
understanding of vulnerability for and resilience against stress-related psychopathologies,
ultimately improving prevention and treatment options. This dissertation investigated SNPs in
genes coding for the aze-AR, the MR and the CB1R, based on their highly relevant roles in stress
effects on affective processing and memory. Due to the importance of noradrenergic and MR-
mediated GC actions in stress effects on the engagement of multiple memory systems and due to
previous research on the ADRA2B deletion and MR CA (rs2070951 C and rs5522 A) haplotype, our
experimental investigations of PCL under stress focused on these polymorphisms. The eCB system
just recently gained attention and is not only a highly relevant mediator of many GC-driven stress
effects but also seems to be profoundly promising when it comes to resilience against stress-
related psychopathologies such as PTSD and anxiety disorders. Due to the relevance of affective
processing in these disorders, we investigated the influence of a CB1R gene variant on affective
processing under stress. In the following, | first bring together the results of these experimental
investigations, concentrating on possible mechanisms through which they may come about in the
light of receptor distribution and their functions under stress. Second, | discuss implications for
the development, maintenance and treatment of stress-related psychopathologies. Third, |

address methodological issues and the importance of epigenetic mechanisms. Fourth, based on
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our experimental results and the implications for stress-related psychiatric disorders, | propose a
general model of our findings in the light of stress vulnerability and resilience. | finish my

discussion by giving a short outlook for future research.

4.1 Brainsystems under stress: role of genetic variability

In response to a stressful encounter, every process, ranging from perception, attention, learning,
memory and executive control, happens on behalf of three crucial goals: rapid reaction to and
coping with the stressor, restoration of homeostasis, and initiation of processes which will prepare
the organism should the same or a similar situation reoccur. To realize these three goals, cognitive
capacities available under stress are directed toward enhanced attentional vigilance (Hermans et
al., 2014), the brain is shifted into a memory formation mode, which facilitates encoding and early
consolidation but suppresses retrieval of unrelated information (Schwabe et al., 2012), and
learning is shifted toward habitual and simpler but also more rigid strategies dependent on the
dorsal striatum (Schwabe and Wolf, 2013). This also entails, however, that processes that do not
aid immediate coping or that require too many of the available resources are suppressed. This
shift therefore augments efficiency at the cost of the engagement of more elaborate and
cognitively demanding processes dependent on the hippocampus and PFC. For the first time, our
experimental studies show that polymorphisms in the genes coding for the aze-AR, the MR and the
CB1R modulate the effects of stress on affective processing and the engagement of multiple

memory systems.

In PCL, an ADRA2B deletion associated with enhanced NA availability and particularly strong
episodic memories for emotional information (de Quervain et al., 2007a; Rasch et al., 2009) was
associated with a reduced shift toward habitual, dorsal striatum-dependent memory, whereas an
MR haplotype including SNPs associated with enhanced MR expression and functionality (Klok et
al.,2011) was related to enhanced shifting toward habitual memory under stress. Interestingly, our
neuroimaging data propose different underlying neural mechanisms. ADRA2B deletion carriers
showed generally enhanced amygdala-EC connectivity, suggesting that in these participants the
hippocampus-dependent system is preferentially engaged, which is in line with enhanced
episodic memory formation in these individuals (de Quervain et al., 2007a; Rasch et al., 2009) and
with the importance of NA in memory enhancement (McGaugh et al., 1993; McGaugh and Cahill,
1997). In contrast, MR haplotype carriers showed stronger amygdala-putamen connectivity,
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indicating augmented recruitment of the dorsal striatum under no stress conditions. In response
to stress, reduced amygdala-putamen connectivity in ADRA2B deletion carriers points to impaired
dorsal striatal processes, whereas diminished coupling of the amygdala with the hippocampus
and reduced hippocampal activity in MR haplotype carriers suggests impaired hippocampal
processes. These findings are in accordance with previous studies (Schwabe and Wolf, 2012;
Schwabe et al., 2013b; Vogel et al., 2015; Vogel et al., 2017) showing that the stress-induced shift
toward dorsal striatum-dependent memory can be promoted either by enhanced amygdala-
dorsal striatum coupling, as is seen in ADRA2B deletion non-carriers, or by reduced connectivity
between the amygdala and the hippocampus, as is the case in MR haplotype carriers. Therefore,
the system that is - in a genotype-dependent manner - preferably engaged is enhanced under no
stress conditions, whereas the system that is less likely to be engaged even is impaired under
stress. Itis tempting to speculate that these differences in connectivity under no-stress conditions
may actually prevent or facilitate the shift toward habit, dorsal striatum-dependent memory under
stress in ADRA2B deletion and MR haplotype carriers, respectively. Previous studies showed that
acute stress reduces hippocampus activity (Prissner et al., 2008; Henckens et al., 2009; Schwabe
and Wolf, 2012). In combination with a general preference for dorsal striatum memory in MR
haplotype carriers, this may lead to disinhibition of the dorsal striatum, further augmenting
suppression of the hippocampus which, as it was shown in MR haplotype carriers, will then lead
to a stress-induced shift toward habit memory. This is also in line with the reciprocal inhibition
found between dorsal striatum- and hippocampus-dependent memory (Lee et al.,, 2008). In
contrast, the hippocampal system is strengthened in ADRA2B deletion carriers, possibly
preventing stress-induced reductions in hippocampal activity which will then lead to overly strong
engagement of the hippocampus-dependent memory under stress. The fact that we could show
a modulation of stress effects on the engagement of multiple memory systems by an ADRA2B
deletion and MR haplotype in two independent experiments is highly convincing and suggests that
the modulation of memory systems under stress depends, at least to some extent, on genetic

differences in known stress and memory modulators.

In our affective processing task, the rs1049353 CB1R gene SNP modulated the effects of stress on
brain regions important for appropriate affective responding and emotion regulation during the
presentation of negative compared to neutral pictures. During negative picture processing,

carriers of the protective AA/AG genotype showed increased vmPFC activity after stress and

76



General discussion

enhanced vIPFC-amygdala connectivity under no stress conditions. During affective processing,
individuals carrying this genotype may be able to effectively regulate their emotions, possibly by
downregulating the amygdala through inhibitory projections from the vIPFC and vmPFC (Ochsner
et al., 2012). As part of the DMN, the vmPFC has also been shown to be activated by acute stress
(van Oort et al., 2017). In AA/AG genotype carriers in particular, vmPFC activity may be enhanced
to promote regulation of negative affect in response to emotional images under stress. Although
one can only speculate as to whether and how the rs1049353 SNP may influence CB1R gene
expression or functionality, the role of eCBs in vmPFC functioning (Lisboa et al., 2010) and the
supposedly protective role of this SNP against stress-related psychopathologies (Hill and Patel,
2013) suggests that eCB signaling may be enhanced in these individuals. In addition to affective
processing, the rs1049353 SNP modulated the recruitment of brain systems during emotional
picture encoding under stress that contributed to the formation of memories. Only in stressed
carriers of the AA/AG genotype did emotional memory positively correlate with activation of the
amygdala, insula and hippocampus, as well as with coupling of the hippocampus with the BLA
during negative picture encoding. This is in line with pharmacological experiments showing that
enhanced eCB signaling via CB1Rs in the BLA is required for the enhancing effects of GCs on
memory formation (Campolongo et al., 2009). In this way, AA/AG genotype carriers may be able to
efficiently incorporate the learning experience into their autobiographical memory, so that should
the same or a similar stressor reoccur the individual is prepared for optimal coping. Importantly,
this contrasts with the excessive hippocampal engagement seen in ADRA2B deletion carriers,

which may lead to overly strong consolidation of the stressful experience.

4.1.1 Receptor distribution and the acute stress response

It is highly important to unite our experimental findings with what we know about distributions of
adrenergic, cannabinoid and mineralocorticoid receptors, as well as with what we know about
stress-induced changes in stress hormones and their functionality. The effects that we observed
were likely mediated by receptors located in the membrane of presynaptic neurons through which
the release of neurotransmitters such as glutamate, GABA or NA is inhibited or facilitated. Whereas
MR and azs-ARs can be expressed both pre- and postsynaptically, particularly important for the
effects of stress are NA actions via presynaptic ass-adrenergic auto- and heteroreceptors that

regulate the synthesis and release of NA and other neurotransmitters such as glutamate (Langer,

7



Chapter 4

1980; Cousijn et al., 2010; Gilsbach and Hein, 2012), as well as rapid, non-genomic GC effects via
membrane-bound MRs located at presynaptic sites (Karst et al., 2005; Olijslagers et al., 2008; Sandi,
2011). The CBI1R is known to only exist as a presynaptic heteroreceptor and regulates mainly
GABAergic but also glutamatergic neurotransmission (Piomelli, 2003). The fact that stress effects
are mediated by presynaptic receptors is important for three reasons: first, presynaptic receptors
rapidly and directly affect neurotransmission, without requiring genomic mechanisms; second,
these receptors, in particular inhibitory a,-adrenergic autoreceptors and cannabinoid
heteroreceptors, are required for inhibitory feedback control (Raiteri et al., 1992; Schwartz, 1997,
Marsicano et al., 2003), whereas presynaptic membrane-bound MRs are necessary for rapid
excitatory effects of GCs (Groeneweg et al., 2011); third, presynaptic receptors are involved in
pathophysiological processes and as such are often the target of various pharmacological

interventions (Schlicker and Feuerstein, 2017).

Based on previous studies (de Quervain et al., 2007a; Rasch et al., 2009), the ADRA2B deletion
variant supposedly has antagonistic effects, possibly mediated by decreased agonist-promoted
phosphorylation and/or receptor desensitization, which would decrease the inhibitory influence
of these ase-adrenergic autoreceptors, leading to enhanced NA availability. As was revealed by
these studies (de Quervain et al., 2007a; Rasch et al., 2009), episodic memory dependent on the
hippocampus and amygdala activity was increased in ADRA2B deletion carriers which is in line
with high a,-AR expression in the amygdala and hippocampus (Scheinin et al., 1994; see Figure 2).
Despite this presumably enhanced noradrenergic activation, we did not observe a shift toward
dorsal striatum-dependent memory in PCL under no stress conditions, adding to the evidence
suggesting that GC actions via MRs mediate this shift under stress (Vogel et al., 2016). Although
stress can lead to even further increases in NA in ADRA2B deletion carriers (Cousijn et al., 2010)
and cortisol levels were enhanced, such as to suggest activation of non-genomic MRs, memory
system engagement in ADRA2B deletion carriers did not change in response to stress.
Strengthening of coupling between the amygdala and hippocampus might have prevented the
stress-induced shift toward dorsal striatum-dependent memory, leading to overly strong

engagement of the hippocampus even under stress.

In contrast, MR haplotype carriers showed a shift toward dorsal striatum memory under stress. It
is not clear whether or how membrane MR-mediated changesin neurotransmission may translate

into enhanced engagement of dorsal striatal memory, but it has been speculated that MR
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activation in the ventral tegmental area may, via dopaminergic mechanisms, enhance amygdala
function and its connectivity with the dorsal striatum (Vogel et al., 2016). However, considering
that receptors of most stress mediators seem to be expressed in the dorsal striatum only very
scarcely (see Figure 2), direct effects of stress hormones and neurotransmitters on receptorsin the
dorsal striatum seem less likely than their actions on amygdala and hippocampal neurons.
Indeed, mineralocorticoid receptors are highly expressed in the hippocampus and amygdala but
whereas glutamatergic transmission in the hippocampus is quickly enhanced, these changes are
not as long-lasting as the rapid increases in excitability of neurons in the amygdala (Karst et al.,

2010).

CBI1Rs are strongly expressed in frontal cortex regions (see Figure 2), including the vIPFC and
vmPFC. These regions are highly important for HPA axis regulation as well as emotion regulation,
defined as the implementation of strategies that influence the intensity, duration and type of
emotion experienced (Ochsner et al., 2012). In the mPFC, CB1Rs have been shown to inhibit
GABAergic neurons, thereby increasing activity in this region (McLaughlin et al., 2014). In turn, this
leads to enhanced negative feedback inhibition of the HPA axis (Hill et al., 2011) and suppression
of the BLA, thereby reducing excessive responding to emotional stimuli (Morena and Campolongo,
2014). In rs1049353 AA/AG genotype carriers, more efficient CB1R functioning may lead to better
emotion regulation and negative feedback inhibition mediated by disinhibition of mPFC regions.
It has been suggested that stress impairs PFC functions through the reallocation of resources away
from higher-order cognitive processes (Schwabe and Wolf, 2013; Hermans et al., 2014; Arnsten,
2015) which may not only promote vigilance and attention toward emotional material but may
also enhance the habitual use of maladaptive emotion regulation strategies. Improved eCB
signaling may prevent such maladaptive strategies and instead promote a more cognitive, vIPFC-
and vmPFC-mediated pathway to downregulate the amygdala, thereby reducing negative affect.
In addition, after stressor cessation engagement of the hippocampus during encoding may
promote the appropriate integration of emotional information into hippocampus-dependent
autobiographical memory, an effect likely mediated by CB1Rs located in the amygdala and
hippocampus which may strengthen connectivity between these regions. This way, not only may
acute emotion regulation be improved, but encoding and consolidation of the knowledge

acquired during this encounter may serve to improve prospective coping behavior.
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To sum up, whereas around 15 minutes after stress ADRA2B deletion non-carriers and MR
haplotype carriers showed a stress-induced shift from cognitive, hippocampus-dependent toward
habit, dorsal striatum-dependent memory, a shift which may be beneficial in response to acute
stress, around 40 minutes after stress the rs1049353 AA/AG genotype seems to promote cognitive,
vmPFC-mediated affect regulation and enhanced hippocampal engagement. Interestingly,
although MR haplotype carriers showed lower cortisol levels in our second experiment, as would
be expected from enhanced negative feedback control of the HPA axis and as is in line with
pharmacological manipulations (Schwabe et al., 2010b; Schwabe et al., 2013b; Otte et al., 2015)
and genetic studies (DeRijk et al., 2006; DeRijk, 2009), after controlling for these differences in
cortisol concentration, the results remained largely unchanged. Also, the ADRA2B deletion and
rs1049353 AA/AG genotype did not influence sympathetic arousal (blood pressure) or salivary
cortisol levels. Together, this suggests that pure differences in sympathetic arousal or HPA axis
activation may not be crucial in genotype-dependent modulations of stress effects on affective
processing and memory. It remains to be seen how genotype-dependent structural and functional
differences may be responsible for the effects that we observed. Importantly, since the genetic
variants that we investigated have been associated with stress-related disorders (de Quervain et
al., 2007a; Klok et al., 2011; Agrawal et al., 2012), how our findings may translate into resilience and

vulnerability is discussed in the following paragraph.

4.1.2 Implications for stress-related psychopathologies

The rs1049353 AA/AG genotype and the MR haplotype (rs2070951 C and rs5522 A) have been
proposed as protective genotypes against the detrimental effects of stress (Klok et al., 2011;
Agrawal et al., 2012), whereas an ADRA2B deletion has been associated with enhanced PTSD risk
(de Quervain et al., 2007a). Treatment options for PTSD that tackle the eCB and GC systems have
been investigated and show promising results (Hill and Patel, 2013; de Quervain et al., 2017). Our
findings add to this evidence by showing genotype-dependent differences in affective processing
and memory, both of which are dysfunctional in stress-related psychopathologies (Joormann and
Gotlib, 2010; Campbell-Sills et al., 2011; de Quervain et al., 2017). Beyond these considerations, it
is tempting to speculate that enhanced engagement of hippocampus-dependent memory in PCL
and reduced vmPFC recruitment under stress may represent endophenotypes for different stress-

related psychopathologies.
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The protective role of endocannabinoid signaling

The eCB system is essential for gating and buffering stress effects and for regulating mood by
facilitating coping with fear and anxiety (Hillard et al., 2012). It determines the value of anxiety-
provoking stimuli and regulates neural and behavioral processes that are essential for
homeostasis and resilience against the detrimental effects of stress (Lutz et al., 2015). As such, eCB
signaling is a key process in all brain regions that are relevant for the processing and regulation of
anxiety, fear and stress, including the PFC, hippocampus, amygdala and hypothalamus (Lutz et
al., 2015). Since CB1Rs are also located at cholinergic, serotonergic and noradrenergic sites, they
are likely crucially involved in the release of these neurotransmitters as well (Nyiri et al., 2005; Kirilly
etal.,, 2013; Haring et al,, 2015). Its main function thus seems to be to control excessive activation,
thereby causing anxiolytic effects, as has been demonstrated by FAAH inhibitor- or CB1R agonist-
induced enhancements of eCB signaling in the PFC and amygdala (Hill and Patel, 2013). In these
regions, eCB signaling seems to increase PFC and to suppress amygdala activation to dampen the
expression of anxiety-like behaviors (Hill and Patel,2013). Not only anxiety but also excessive stress
responding seems to be prevented by eCB signaling. At rest, increased AEA levels provide an
inhibitory tone on HPA axis-activating neurons (see Figure 3A) and stress-induced increases in 2-
AG are important to reduce the magnitude of the stress response and aid the return to

homeostasis (Hill and Patel, 2013; see Figure 4A).

The logical consequence is that suppression of eCB signaling causes anxiogenic effects and
augments the response to stress. Indeed, administration of a CB1R inverse agonist into the BLA
increased anxiety (Dono and Currie, 2012) and evidence suggests that CB1R antagonists lead to
strong increases in anxiety- and depression-like symptoms, enhanced cortisol levels (only found
in some individuals), attenuated reward processing and an augmented negative memory bias (for
areview see Hill and Patel,2013). Similarly, frontal CB1R knockout mice showed increased anxiety-
like behaviors but only under highly aversive conditions (Jacob et al., 2009), as well as enhanced
sensitivity to anhedonia after chronic stress exposure (Martin et al,, 2002). After chronic
unpredictable stress, an animal model of depression, animals developed downregulation of
CBI1Rs and 2-AG levels in the hippocampus (Hill and Gorzalka, 2005). Chronic treatment with the
CBI1R antagonist rimonabant led to depression-like symptoms, similar to those seen in a model of
chronic stress, as well as to decreased frontal serotonin levels and severe structural and functional

changesin the hippocampus (Beyer et al., 2010). In humans, after 500 days without any contact to
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family and friends, subjects showed reduced positive emotions, high levels of catecholamines and
reductionsin 2-AG levels (Yiet al., 2016). Also, stress-related psychopathologies are characterized
by a dysfunctional eCB system. Specifically, in patients with depression, basal and stress-induced
eCB signaling seems to be reduced (Hill et al., 2008; Hill and Gorzalka, 2009; Hill et al., 2009a).
Similarly, PTSD patients showed reduced 2-AG and AEA concentrations (Neumeister et al., 2013;
Schaefer et al., 2014) and AEA concentrations negatively correlated with intrusive symptom
severity (Hill et al., 2013). Increased CBI1R availability in PTSD patients may likely have a
compensatory function and in combination with reduced AEA and blunted cortisol concentration,

(Neumeister et al., 2013) were able to correctly classify around 85% of PTSD patients.

The rs1049353 SNP investigated in our study provided us with clues as to how a CB1R gene variant
may be involved in individual differences in affective processing and memory. The A allele has
been shown to significantly reduce the risk of developing anhedonia and depression after early
life stress (Agrawal et al., 2012). In contrast, the G allele of this SNP is a known risk factor for
antidepressant treatment resistance and diminished social reward responsivity, indicated by
blunted limbic and striatal activation in response to happy faces (Chakrabarti et al., 2006;
Domschke et al., 2008). Given that in our study rs1049353 AA/AG genotype carriers showed
increased vmPFC activity after stress and enhanced crosstalk of the vIPFC with the amygdala
under no stress conditions during negative picture processing, which may indicate proper
functioning of cognitive emotion regulation, our findings are in line with a protective role of the A
allele, possibly by preventing excessive affective responding. Individuals suffering from
psychopathologies such as depression show predominant use of avoidance, rumination or
emotion suppression, maladaptive strategies that have been associated with enhanced
sympathetic arousal, as well as with sustained activation of emotion generating brain regions such
as the amygdala and insula (Goldin et al., 2008; Moore et al., 2008). Cognitive emotion regulation
depends on intact functioning and engagement of PFC regions. Since stress is known to impair
PFC-dependent processing (Arnsten, 2009) even healthy individuals seem to opt for more
maladaptive strategies in highly threatening situations (Sheppes et al., 2014), likely because the
use of more beneficial strategies dependent on the PFC are impaired under stress (Raio et al.,
2013). Elevated cortisol levels are associated with increased amygdala and decreased vmPFC
activation during negative affect regulation and deficiencies in effective emotion regulation due

to HPA axis dysfunction may contribute to psychopathologies (Urry et al., 2006). Since effective
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emotion regulation skills have been proposed as the key mechanism for resilience (Kalisch et al.,
2015), it is not surprising that when emotion regulation is absent or applied poorly, affective
responses may be excessive or inadequate, as is seen in several disorders (Aldao et al., 2010). In
patients with late life depression, diminished vmPFC activity in response to negative stimuli is
seen, an effect that positively correlated with symptom severity (Brassen et al., 2008). In PTSD
patients, hyperarousal symptoms were associated with impaired downregulation of the amygdala
by the mPFC during performance of an emotion-word Stroop task (Sadeh et al., 2014). Thus, in
rs1049353 AA/AG genotype carriers, recruitment of the vmPFC despite stress may protect against
maladaptive coping and excessive affective responding. Although so far none of the identified
CBI1R gene polymorphisms have been found to result in deletion or mutation of CB1R protein but
other mechanisms such as enhanced mRNA stability are possible and could contribute to the
protection against the detrimental effects of stress (Hillard et al., 2012). More direct evidence for
genetic differences in eCB signaling comes from a study that investigated a SNP of the FAAH gene
(rs324420) showing a C to A allele change which leads to destabilization of the FAAH enzyme,
thereby augmenting AEA levels (Dincheva et al., 2015). In this study, homozygous A allele carriers
showed decreased anxiety-like behavior and increased fear extinction learning, effects paralleled
by stronger vmPFC-amygdala connectivity. It is tempting to speculate that the AA/AG genotype
may, through enhanced or more efficient eCB signaling, attenuate the stress-induced reallocation
of resources away from higher-order cognitive processes to prevent the habitual use of

maladaptive emotion regulation, thereby allowing for more effective regulation of negative affect.

This, of course, has highly relevant implications for the pharmacological treatment of stress-
related psychopathologies. In line with impaired vmPFC functioning and mPFC-amygdala
coupling in response to emotional stimuli in patients with depression and PTSD, respectively
(Brassen et al., 2008; Sadeh et al., 2014), and in line with enhanced vmPFC activity during negative
stimulus processing in rs1049353 AA/AG genotype carriers after stress exposure, pharmacological
enhancement of eCB signaling may enhance mPFC activity, thereby improving negative affect
regulation and possibly reducing the risk for psychopathologies. Indeed, several studies now
suggest that CB1R agonists may be a useful pharmacological treatment option for generalized
anxiety disorder, depression and PTSD, likely by increasing activation of frontal brain regions (Hill
and Patel, 2013). Evidence also suggests that FAAH inhibitors which increase AEA levels that

regulate HPA axis activation (see Figure 3A), dampen the magnitude of the stress response and
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amygdala activation (Bedse et al., 2014; Gray et al., 2015) and reduce anxiety under threatening
conditions (Morena et al.,, 2016). During chronic stress exposure they were also shown to
significantly reduce the risk of developing anhedonia (Bortolato et al., 2007; Rademacher and
Hillard, 2007). In another experiment, 3 weeks of antidepressant treatment led to increased CB1R
expression in the hippocampus and hypothalamus, regions in which eCBs may suppress CRH
secretion, thereby reducing GC secretion, an effect that is prevented by CBIR antagonist
administration (Hill et al., 2006). This clearly demonstrated the importance of the eCB system in
mediating antidepressant effects on HPA axis activation. Itis also in line with the finding that both
CBI1R agonists and FAAH inhibitors seem to exert their anxiolytic and antidepressant effects by
eCB-mediated stimulation of serotonergic activation in the PFC, as was shown by injections of
these agents directly into the vmPFC in mice exposed to forced swim stress (Bambico et al., 2007;
McLaughlin et al., 2012). Interestingly, in response to stress, also selective inhibition of CB1Rs in
glutamatergic neurons led to antidepressant-like effects in mice (Steiner et al., 2008; Haring et al.,
2015). Importantly, this was not the case when CBI1Rs in forebrain GABAergic neurons were
inhibited. This is in accordance with a proposal suggesting that eCB actions on GABAergic
interneurons disinhibit no-fear pathways and at the same time eCB actions on glutamatergic
neurons decrease excitation of fear-pathways (Lafenetre et al., 2007). Due to the importance of the
eCB system in appropriate and efficient release from fear (Lutz et al., 2015), it is not surprising that
CB1Rs seem to be essential for fear extinction (Akirav, 2011). Indeed, several experiments using a
rat model of PTSD showed that intra-BLA injections of cannabinoid receptor agonists led to
diminished GC secretion, enhanced extinction, reduced avoidance - a maladaptive coping
strategy - and attenuated anxiety (Ganon-Elazar and Akirav, 2009, 2012, 2013). Also FAAH
inhibitors seem to potentiate memory extinction through CB1R activation and synaptic plasticity
in the BLA (de Bitencourt et al., 2013; Gunduz-Cinar et al., 2013). These findings are in line with the
memory-enhancing effects of increased eCB levels (Campolongo et al., 2009; see Figure 7).
Treatment influencing the eCB system has been proposed as the optimal means to treat both the
cognitive and the affective symptoms of PTSD by blocking the continuous retrieval of the
traumatic experience as well as by enhancing extinction and diminishing symptoms of anxiety
(Akirav, 2013). By using eCB degradation inhibitors such as FAAH inhibitors, psychotropic effects
of compounds which bind to CB1Rs could be prevented (Moreira et al., 2009; Trezza and

Campolongo, 2013). The effects of GCs as a means to treat fear-related disorders (de Quervain et
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al., 2017) are possibly mediated by eCB actions on extinction and reconsolidation processes, a
highly intriguing possibility when considering the benefits and side-effects of either GC or eCB
treatment options. However, due to the pleiotropic nature of eCB signaling, developing more brain
region- and neuron- (GABAergic or glutamatergic) specific pharmacological agents will be a great

advancement.

To summarize, the findings of our study are in line with a protective role of eCB signaling against
stress-related psychopathologies by means of enhanced PFC recruitment during affective
processing under stress, allowing for improved cognitive regulation of negative affect. Enhanced
recruitment of the vmPFC in rs1049353 AA/AG genotype carriers may also facilitate extinction, and
the engagement of the hippocampus during memory encoding may aid (re)consolidation
processes. These beneficial effects on emotion regulation, extinction and reconsolidation are
important pathways through which these individuals may show resilience or enhanced treatment

sensitivity after a traumatic experience.

The protective role of noradrenergic inhibition and mineralocorticoid receptor

activation

Noradrenaline plays an important role in memory and emotion. For the enhancing effects of stress
on encoding and consolidation processes and for increased emotional memory formation,
noradrenergic activation in the BLA is required (Cahill and McGaugh, 1998; McGaugh, 2004;
Roozendaal and McGaugh, 2011). These enhancing effects of NA, however, can become
maladaptive and, through functional and structural changes in the amygdala and memory
systems, can have important long-term consequences for affective processing and memory
(Rauch et al,, 2000; Roozendaal et al., 2009). In line with this, an ADRA2B deletion has been
associated with enhanced memory for traumatic experiences and greater re-experiencing
symptoms in Rwandan civil war survivors (de Quervain et al., 2007a). In accordance with stronger
episodic memory formation in ADRA2B deletion carriers we observed enhanced crosstalk between
the amygdala and hippocampus in these individuals. This strengthened connectivity may have
prevented a stress-induced shift toward dorsal striatum-dependent memory, a process which is
assumed to be adaptive, possibly rescuing performance and conserving available resources
(Schwabe and Wolf, 2012; Schwabe et al., 2013b). Although this shift has also been proposed to

lead to less flexible knowledge which is not easily applicable to new situations (Schwabe and Wolf,
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2013), our results suggest that the continued use of hippocampus memory in response to stress
may actually be a risk factor for developing a psychiatric disorder such as PTSD, possibly leading
to overconsolidation of traumatic experiences (de Quervain et al., 2009) and maladaptive
responding, which may come at the cost of impaired performance. In addition, the direct
projections from NA-secreting neurons in the LC to PFC areas (Arnsten, 2009), may, when NA levels
are excessive, impair PFC function (Arnsten, 2009, 2015). When chronically activated, increased
noradrenergic signaling may promote the development of disorders such as PTSD which is
characterized by impaired mPFC activity (Bremner, 2002) and heightened NA activity (Southwick
et al,, 1999). Enhanced noradrenergic activity in the amygdala may also explain hyperarousal
symptoms in PTSD (Ronzoni et al., 2016) which is likely attributable to a reduced number or

diminished binding affinity of a,-ARs (Maes et al., 1999; Southwick et al., 1999).

Therefore, pharmacological agents that target noradrenergic hyperactivity might be useful in
preventing or treating PTSD. Specifically, it has been suggested that well-timed noradrenergic
treatment might be able to prevent overencoding or —consolidation of traumatic memories
(Southwick et al., 1999). Also, a,-AR agonists and a;- or B-AR antagonists were shown to ameliorate
symptoms of hyperarousal, hypervigilance, sleep disturbance, exaggerated startle response,
nightmares, irritability and aggression in PTSD patients (Southwick et al., 1999; Pitman et al., 2002;
Taylor et al,, 2006; Raskind et al., 2007; Strawn and Geracioti, 2008). As an example, a study
administering propranolol shortly after trauma exposure found that PTSD rates and symptom
severity were significantly higher in individuals who had not taken propranolol for a week (Vaiva
et al., 2003). However, since these clinical studies have not been replicated consistently (Pitman
et al., 2012) and adrenergic agents are associated with several side effects (Strawn and Geracioti,
2008), selective serotonin reuptake inhibitors are still the current choice of treatment for PTSD.
Also, unfortunately the differential contribution of a,-AR subfamilies in the effects of stress is
unknown and to date there are no pharmacological agents that are able to only influence these
specific receptor subtypes, although some effort has been made to developing agents that at least
have a higher or lower affinity for a specific subtype of a,-ARs (Lalchandani et al., 2002). It remains
to be seen whether aze-ARs play a special role in the NA-mediated effects of stress and whether
more specialized agents may serve as better treatment options. Our data at least do suggest that

a genetic variant in the gene coding for this receptor, leading to enhanced noradrenergic
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availability in the amygdala, is importantly involved in stress effects on the engagement of

multiple memory systems.

Our findings apply very well to the facilitation of a stress-induced shift toward dorsal striatum
memory in carriers of an MR haplotype, which has been associated with enhanced MR expression
and functionality that is directly linked to resilience against depression (Klok et al., 2011) and
traumatic stress (ter Heegde et al., 2015; de Kloet et al., 2016). As stated before, this shift may
actually be adaptive and the fact that several studies have shown health promoting effects of these
MR gene variants provides additional strong evidence for this hypothesis. When faced with an
aversive event, activation of MRs may promote adaptive coping and the shift away from
hippocampus-dependent memory may prevent overconsolidation of fear memories (de Kloet et
al., 2016). In line with a beneficial role of the MR, the MR agonist fludrocortisone has been shown
to enhance antidepressant treatment efficacy, as well as to improve memory and executive
functioning in depressed subjects. Specifically, fludrocortisone enhanced memory and executive
function and reduced cortisol levels in healthy and depressed subjects (Otte et al., 2015). In
contrast, the MR antagonist spironolactone significantly impaired selective attention, memory
and mental flexibility and augmented cortisol secretion in healthy individuals (Otte et al., 2007).
Directly related to these MR-mediated effects and in addition to evidence suggesting that GC
actions via MRs impair memory retrieval (Dorey et al., 2011; Rimmele et al., 2013), it has been
proposed that fear-related disorders such as phobias or PTSD can be treated with GCs (de
Quervain etal., 2017). The work by Dominique de Quervain and his group has likely led to the most
promising advancements concerning new treatment options for fear-related disorders in the last
decade. The idea is that since GCs have been found to inhibit long-term memory retrieval (de
Quervain et al., 1998; de Quervain et al., 2000), which may partly be MR-mediated, this could be
used to inhibit retrieval of a traumatic experience, thereby reducing symptoms in patients with
phobias and PTSD (de Quervain and Margraf, 2008). Specifically, it is assumed that ongoing
retrieval and reconsolidation of the traumatic event may be what keeps these memories vivid. By
inhibiting this process, cortisol may weaken the traumatic memory trace, ultimately and long-
lastingly reducing symptoms. Several experiments provided first evidence for the effectiveness of
this approach (de Quervain and Margraf, 2008). Treatment of low cortisol doses for one month had
no adverse side effects and reduced traumatic memory symptoms, effects that seemed to be long-

lasting. In patients with social phobia, cortisone administration 1 hour before exposure to a social
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stressor diminished self-reported fear before, during and after stress exposure. Also, fear in
reaction to a spider progressively lessened in patients with spider phobia when cortisone was
repeatedly administered 1 hour before exposure. In another study, the addition of cortisol to
exposure therapy significantly reduced fear and led to greater decreases during acute exposure to
the phobic situation 3-5 days after the last session (de Quervain et al., 2011). Skin conductance
levels as a measure of autonomic arousal upon exposure were significantly diminished even 1
month after the last session. Given that stress mediators and their effects on memory are highly
time sensitive (see Figures 3,4 and 5), optimal dosage, time point and duration of GC treatment
seem crucial (de Quervain et al., 2017). A study investigating the neural underpinnings of these
effects revealed that cortisol administration before extinction training reduced fear memory
retrieval, indicated by diminished amygdala-hippocampus activity, and facilitated extinction
memory consolidation, indicated by increased hippocampus activity and connectivity to the
vmPFC during exposure to an extinguished stimulus one week later (Merz et al., 2018). A highly
intriguing finding in patients receiving dexamethasone treatment revealed that the severe adverse
side effects (e.g. psychosis and mood disturbances) could be ameliorated by co-administration of
low doses of cortisol (Meijer and de Kloet, 2017). This apparently paradoxical finding was argued
to be caused by dexamethasone-induced and GR-mediated suppression of cortisol secretion,
leading to depletion of MRs. Additional cortisol administration is argued to replenish cortisol
availability and increase binding to MRs. This led to the proposal that balancing MR- and GR-
mediated actions may be important for the maintenance of homeostasis and to prevent side
effects of pharmacological treatments which may lead to an imbalance of these receptor actions

(de Kloet et al., 2018).

In sum, our findings provide further evidence that non-excessive NA-, as well as augmented MR-
and eCB signaling may represent protective mechanisms against the development of stress-
related psychopathologies. Genetic differences in these stress mediators play an important role in

individual risk factors and provide a starting point for customized treatment options.
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4.2 Methodological considerations and recommendations

Several methodological considerations have to be taken into account to critically contemplate
the advantages and disadvantages of genetic research and to successfully design and conduct
future studies, especially since these factors determine whether and which conclusions can or

cannot be drawn from such studies.

4.2.1 Genetic differences and pharmacological agents

Important differences exist between pharmacological manipulations and genetic variability. Not
only will genetic differences likely entail whole-system and tonic activation changes, but acute
increases in endogenous stress mediators have a spatial and temporal specificity that
pharmacological agents are largely lacking. Acute stress sets in motion fine-tuned actions of
endogenous increases in NA, cortisol and eCBs in a region-specific manner (Ulrich-Lai and
Herman, 2009; Morena et al., 2016). Neurotransmitter synthesis and release and receptor
activation occurs in certain activated areas, whereas pharmacological agents lead to a release of
neurotransmitters that likely over- or undershoot natural increases and to activation of all
receptors in the brain regardless of their specific involvement in a particular process. With respect
to our studies this means that although we observed enhanced recruitment of hippocampus
memory in stressed ADRA2B deletion carriers, we cannot be certain that this is due to augmented
noradrenergic signaling in the amygdala, strengthening its connectivity to the hippocampus so as
to boost episodic memory formation. Although this is an intriguing proposal, strong evidence for
such antagonistic effects on aze-ARs in ADRA2B deletion carriers is still lacking. Potentially, this
variant has agonistic effects (Small et al., 2001), mediated by more efficient binding capability,
receptor upregulation or inhibition of adenylcyclase, which may reduce NA availability, thereby
attenuating the stress-induced shift toward dorsal striatum-dependent memory. Pharmacological
studies investigating the effects of noradrenergic agonists and/or antagonists may provide
additional information about whether NA, possibly in interaction with cortisol, is necessary for a
shift toward dorsal striatum memory and whether excessive noradrenergic activation, as may be
the case in ADRA2B deletion carriers, may actually prevent this shift due to strengthening of the
hippocampal system. Additionally, not much is known yet about the potential regional and
functional differences of the a>-AR subtypes, although advances in the development of more

specific pharmacological agents are underway. For example, it was shown that the a,-AR
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antagonist yohimbine can be improved to a more than 1,000-fold increased specificity for aac-
compared to ax-AR subtypes (Lalchandani et al., 2002). In addition to the importance of MR-
mediated GC effects on the engagement of multiple memory systems, studies are needed to
investigate the involvement of eCB signaling, for example by means of CB1R agonist or FAAH
inhibitor administration. Since GCs increase the synthesis and release of eCBs, enhanced eCB
signaling may facilitate a stress-induced shift toward dorsal striatum memory. Considering that
GC-induced eCB increases are mediated by GRs (Groeneweg et al., 2011), this may also point to an
important role of membrane-bound GRs. Several studies have been conducted using
corticosterone conjugated to bovine serum albumin, which cannot cross the membrane and
therefore only binds to membrane receptors, and made great advances in differentiating the roles
of membrane versus cytosolic receptor bindingin memory consolidation (Roozendaal et al., 2010),
retrieval (Dorey et al.,, 2011) and eCB-mediated memory enhancement (Atsak et al., 2015). The
development of agents only binding to certain a,-AR, MRs or GRs and to only specific CB1Rs on
either GABAergic or glutamatergic neurons will be a great advancement. Since the ADRA2B
deletion, the MR haplotype and possibly also the rs1049353 AA/AG genotype may have
consequences for the synthesis and release of NA, GCs and eCBs, it will be highly important to test
these assumptions and to investigate the role of such changes in the effects of genetic modulation.
For this reason, it is indispensable to measure the circulating levels of these neurotransmitters. In
humans, however, although salivary cortisol and alpha-amylase levels have been shown to relate
to brain concentrations of cortisol (Kirschbaum and Hellhammer, 1989, 1994) and NA (Chatterton
et al., 1996; Petrakova et al., 2017), respectively, circulating eCB levels measured in blood or hair
samples do not do so in a straightforward manner and taking blood samples poses additional
stress for participants (Hillard, 2018). Advancing the methods with which these neurotransmitters
can be measured and gaining better understanding of the correlation between circulating levels

in saliva or blood samples and active levels in the brain, will greatly improve future research.

4.2.2 Methods in genetics: costs and benefits

There are many different approaches to investigate genetic differences and they all come with
certain advantages and disadvantages that mainly concern the issue of sample and effect sizes.
Candidate gene studies in which only specific genetic variants are tested have the advantage of

being completely hypothesis-driven, meaning that there is pre-existing information about the
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biological mechanism and the relevance to the outcome. This is why we decided to investigate
receptors of some of the main stress mediators for which we had specific hypotheses. Also highly
relevant when it comes to EEG or fMRI studies is the advantage that candidate gene studies do not
require as many participants as are needed for other approaches (Rasch et al., 2010). Another
advantage is that this approach is much more precise than linkage studies and has the potential
to identify specific genetic variants that are important for a certain phenotype rather than just a
specific chromosomal region (Dick et al,, 2015). This is, however, also directly linked to a
disadvantage of this approach: behavioral traits are highly complex and effect sizes of single
genetic polymorphisms are likely small, as is the ability to exactly predict which genes are most
likely relevant. Indeed for many behavioral traits, the ability of correctly predicting the importance
of a certain gene or SNP has been poor, likely leading to a high false discovery rate (Dick et al,,
2015). What could also cause a problem is the fact that due to small numbers of homozygous
carriers of certain SNPs” minor alleles, homo- and heterozygous carriers are often tested together
against homozygous carriers of the major allele, which may undermine the actual complexity of
the underlying genetic effects. The most severe problem with this approach is probably the high
chance of inducing a bias toward certain established and accessible molecular pathways, which
limits the potential of identifying novel genes and pathways (Papassotiropoulos and de Quervain,

2011).

Related to the problem of genetic complexity is the fact that most studies neglect the existence of
epistatic interactions, likely because they are under-powered. Ignoring these interactions could
partly be responsible for the phenomenon of ‘missing heritability’, because a large proportion of
unexplained variance can probably be accounted for by these interactions (Papassotiropoulos
and de Quervain, 2011). Epistatic interaction between two genes similar to the interaction
between the ADRA2B deletion and MR haplotype investigated in an additional exploratory
analyses can be seen as a proof of concept and as a starting point for more sophisticated
approaches. Ignoring these interactions may be an important reason for why many effects cannot
be replicated, probably due to two reasons: first, interactions may be non-linear and therefore
remain undetected when using analyses only testing for linear and additive effect (Moore and
Williams, 2009) and second, directly related to this point, a simulation study showed that the
power to replicate a SNP’s main effect can drop from more than 80 % to less than 20 % when the

allele frequency of a second interacting SNP changes by less than 1% (Greene et al., 2009). For our
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data, this has two implications. On the one hand, the fact that we were able to replicate our effects
in a second and independent sample, showing that an ADRA2B deletion and MR haplotype
modulate the effects of stress on the engagement of multiple memory systems, is highly
convincing evidence that genetic variants in these genes are able to explain a large proportion of
individual differences. On the other hand, our exploratory analysis for an ADRA2B deletion x MR
haplotype x stress interaction could show that these genotypes may interact and that the effects
of the ADRA2B deletion may depend on the presence or absence of the MR haplotype. Other
examples of gene x gene interactions are two studies that investigated the interaction between
the ADRA2B deletion and a G to A variant of the Catechol-O-methyltransferase (COMT) gene (also
called met variant), which has been associated with enhanced episodic long-term memory
(Scheggia et al., 2018). Whereas one study showed that the ADRA2B deletion prevented the
emotional memory impairment seen in COMT val allele carriers (Gibbs et al., 2010), this finding
was not replicated in another study (Naudts et al., 2012). This clearly also shows that investigating
the interaction between only two genetic variants is not enough to explain the complexity of
genetic effects and can only be considered as a starting point for more sophisticated methods and

the investigation of multiple gene interactions.

Another approach to investigate the additive effects of specific genetic risk factors is to calculate
multilocus genetic profile or risk scores. With the help of such scores researchers identified genetic
clusters which were able to explain individual differences in episodic memory (de Quervain and
Papassotiropoulos, 2006) and, in interaction with early life stress, variability in HPA axis function,
threat-related amygdala reactivity, anxiety, as well as hippocampal and amygdala brain volume
(Pagliaccio et al.,, 2014; Di lorio et al.,, 2017). Probably the most substantial undertakings are
genome wide association studies (GWAS) that screen the entire genome for associations with
heritable traits. The greatest advantage compared to candidate gene studies is certainly the
potential of identifying novel genes and molecular pathways related to certain phenotypes
(Papassotiropoulos and de Quervain, 2011). However, DeRijk and colleagues (2011) pointed out
several limitations of this approach, two of which are the requirement of an immense number of
participants to increase their power, because of which they may lack data concerning the
phenotype of interest, and the fact that even when such associations are found, it is unclear

whether the tagged SNPs are actually capable of modulating the phenotype.
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Since the phenotype of ourinterest is relatively well established with clear biological mechanisms,
we investigated plausible genetic polymorphisms. With this approach allowing a smaller sample
size, we were able to investigate the genetic modulation of stress effects on affective processing
and memory by means of EEG and fMRI. To extent our analyses to more than a single SNP of
interest, we also performed haplotype analyses and detected significantly high linkage
disequilibrium between 6 SNPs of the MR gene, forming 5 different haplotypes. Other
combinations of these SNP alleles than those detected are highly unlikely and the identified
haplotypes capture much of the genetic variability across sizable regions of a gene (Gabriel et al.,

2002).

Investigating endophenotypes and gene x environment interactions are valuable possibilities to
improve candidate gene studies (Caspi and Moffitt, 2006). There are, however, additional
challenges when it comes to gene x environment interactions and imaging genetics studies.
Investigating the interaction between genetic differences and the effects of stress requires detailed
knowledge of the mechanisms of stress and a reliable way to measure it. Since the effects of stress
are well studied and the experimental induction of stress by means of the TSST reliably increase
stress hormone and neurotransmitter levels (Kudielka et al., 2007), our experiments fulfill these
requirements. Imaging genetics studies have a good chance of finding significant genotype-
dependent differences in brain activity (Rasch et al., 2010), although a more recent review showed
that experiments of 50-100 subjects per group will only have moderate power to reject the null
hypothesis (Carter et al., 2017; Figure 27). An additional problem is that imaging genetics studies
may be accompanied by non-significant behavioral results, because these require even larger

sample sizes.
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Figure 27. Power calculations inimaging genetics forindependent samples t-tests for an effect size of 0.5 with different
height thresholds used in imaging genetics studies. For typically used thresholds and this effect size 50-100 subjects
per group will only have moderate power to reject the null hypothesis (from Carter et al., 2017).

To avoid reporting false positives and seemingly meaningful effects that may have occurred by
chance, independent replication of the effects is indispensable. The fact that we tested 252 and
128 participants in our EEG and fMRI experiments, respectively, and that we were able to replicate
our behavioral findings shows the strength of our approach and led us to detect medium effect
sizesin our behavioral outcome. Specifically, effect sizes in our experiments, indicated by Cramer’s
Vwhich gives a good norming independent of table size and that can be used for chi-square tables
greater than 2 x 2 (Cramér and Hinkley, 1946; Liebetrau, 1983) are the following: ADRA2B = 0.218
(EEG) and 0.294 (fMRI), MR haplotype =0.200 and 0.210 (fMRI). This could also be interpreted as an
indication that the maximum possible variation between stress and strategy use in ADRA2B
deletion non-carriers and MR haplotype carriers would be on average 25.6 % and 20.5 %,
respectively. Importantly, although imaging genetics are correlational in nature
(Papassotiropoulos and de Quervain, 2011) and it cannot be concluded that the brain regions in
which differences between genotypes are detected are also the main sites where they exert their
effects on a molecular or cellular level (Rasch et al., 2010), our findings show support for the
involvement of ADRA2B, NR3C2 and CNR1 gene SNPs in stress effects on affective processing and

memory.
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4.2.3 Prenatal, early life and chronic stress: importance of
epigenetics

Genetic selection of rodent inbreeding studies showed that individual differences in stress
reactivity are not eliminated, indicating that susceptibility to the effects of stress is not solely
determined by genetic factors (Ebner and Singewald, 2017). Instead in addition to genetic factors,
epigenetic mechanisms set in motion by prenatal, early life, chronic and acute stress are highly
relevant. Epigenetic mechanisms such as DNA methylation, histone modifications and micro RNA
activity are crucial in explaining how environmental factors that have no effect on the DNA
sequence can have dramatic and long-lasting consequences on cognition and behavior. Directly
such epigenetic modifications can induce changes in chromatin structure and indirectly lead to
alterations of gene expression, mechanisms which are particularly relevant for brain plasticity and
memory (Levenson and Sweatt, 2005), as well as stress (Mifsud et al., 2011). Epigenetic
modification of the GR gene (Nuclear receptor subfamily 3 group C member 1 (NR3C1)) promotor
for example has been associated with individual and sex-dependent differences in memory and
PTSDrisk (Vukojevicetal., 2014). Epigenetic regulation of gene expression is particularly important
for the long-term consequences of early life stress (Vaiserman, 2015). Specifically, early life stress
has been shown to increase the number and function of excitatory synaptic connections, changes
that are sufficient to affect gene expression via epigenetic mechanisms (Bolton et al., 2017). These
changes have long-term consequences for stress system reactivity, coping behavior and
vulnerability to future stressors (Maccari et al., 2003; Green et al., 2011; Chocyk et al., 2013). When
stress occurs chronically, stress mediators induce processes that start out as protective
adaptations but that have damaging effects when the regulatory imbalance in stress mediators
remains unresolved (McEwen, 2001). Consequently, epigenetically-mediated structural and
functional reorganizations take place, resulting in impairments of HPA axis feedback inhibition
(Sousa, 2016). Chronic stress can influence epigenetic mechanisms of about 2,000 genes and the
magnitude of epigenetic changes correlates with stressor intensity (Stankiewicz et al., 2013).
Particularly interesting are the findings of chronic stress effects on eCB signaling. Specifically,
whereas eCBs are important to limit the effects of chronic stress on structural changes in limbic
brain regions by preventing excessive glutamatergic signaling, chronic stress-induced
downregulation of CB1Rs and reductions in AEA levels mediated by increased FAAH availability

disrupt these protective functions (McEwen et al., 2015). Interestingly, when repeated stress
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exposure was followed by a 40-day period of recovery, changes in CB1R binding normalized and
receptor density was even upregulated in the hippocampus (Lee and Hill, 2013). Being able to
promote this process of rehabilitation after chronic stress exposure would greatly improve
recovery from stress and may even prevent the development of stress-related psychopathologies
in genetically predisposed individuals. The development of epigenetic drugs is underway (Weaver

et al., 2005) and will have an immense impact on preventative measures and treatment options.

Several conclusions can be drawn from these methodological considerations (chapter 4.2.2) and
the importance of epigenetics (chapter 4.2.3). Although highly important, pharmacological
experiments are not able to replace genetic studies since these genetic studies capture
endogenous processes initiated by stress that have effects with a unique spatial and temporal
specificity. Also, it seems that GWAS should not obliterate candidate gene studies, because they
can provide additionalimportant insights into the mechanisms of how genes modulate the effects
of stress. To improve the reputation of thisapproach in the genetic community, however, stringent
requirements should be fulfilled, such as the provision of information on power calculations and
effect sizes, independent replication and a well-defined presentation of the biological
mechanisms. In addition, it is important that genetic studies - by default - also gather information
about traumatic, prenatal, early life or chronic stress experiences. With advancements in the field
of epigenetics, histone modifications and DNA methylation status need to be measured to take

these mechanisms into account.

Based on these conclusions, | propose the following course of action for the purpose of
investigating stress effects on cognition and behavior (Figure 28). First, behavioral studies in
humans and animals will provide knowledge about the effects of stress on a behavior or cognitive
process of interest. Subsequently, molecular studies in animals and brain imaging studies in
humans will tell us which brain regions are involved in these effects. Lesion and pharmacological
studiesin animals, as well as patient, pharmacological and - if possible - brain stimulation studies
in humans will identify causal mechanisms and the necessity for specific brain regions and
neurotransmitters. Genome wide association and candidate gene studies will identify genetic
markers that are associated with a certain (endo)phenotype and examine the role of specific
genetic variants, respectively. Transgenic or knock-out mouse models, e.g. mutant mice lacking
CB1Rsin glutamatergic neurons (Steiner et al., 2008) or forebrain MRs (ter Horst et al., 2013) as well

as knock-in mouse models can show remarkable parallels with naturally occurring human
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polymorphisms (Bogdan et al., 2016) and increase knowledge about the functional role of these
polymorphisms. Importantly, in all of these approaches, additional modulatory factors need to be
considered, such as traumatic, prenatal, early life and chronic stress experiences, but also highly
positive experiences, epistatic and epigenetic mechanisms, as well as sex and age differences. In
general, meta-analyses will provide information about the reliability of single study results and

greater advancements will be achieved when data are being made available to other researchers.
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Figure 28. Course of action to investigate stress effects on cognition and behavior, exemplified by navigational and
probabilistic classification learning (PCL). Insights from these different approaches will reciprocally stimulate new
experiments (partly taken and modulated from Dayan et al., 2013; Schwabe and Wolf, 2013; Hermans et al., 2014).
GWAS genome-wide association study
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4.3 Stress x gene interactions: a model of vulnerability
and resilience

Many behavioral, neuroimaging and genetic studies have investigated how individual differences
in stress responsiveness and adaptation are translated into relative resilience or vulnerability to
the pathogenic effects of stress (de Kloet et al., 2005; Lupien et al., 2009; McCrory et al., 2011; Hillard
et al., 2012; Bogdan et al.,, 2013; McEwen and Morrison, 2013; Lucassen et al., 2014). Generally, in
genetically predisposed individuals dysfunctional control mechanisms in response to stress can
introduce a risk of developing a disorder after adverse experiences. In contrast, “resilience is the
process of adapting well in the face of adversity, trauma, tragedy, threats or significant sources of
stress” (American Psychological Association, 2010). Resilience is likely, at least to some extent,
genetically determined, as is indicated by the importance of genetic differences in the ADRA2B,
NR3C2 and CNR1 genes for stress-related psychopathologies discussed in chapter4.1.2. Resilience
can also be acquired to some extent and depends on our upbringing and life experiences (Franklin
et al,, 2012). Thus, it seems that behavioral, social and neurobiological factors of resilience can
protect against and also develop in response to adverse experiences. Stress vulnerability models
propose that biological, social and psychosocial factors determine resilience (Ingram and Luxton,
2005). It is also emphasized that the impact of stressful life events depends on the nature and
intensity of the stressor, as well as on genetic and (endo)phenotypic risk factors. Among the
behavioral and social factors, the most frequently listed are a strong social support system, social
competence and agreeableness, beneficial self- and emotion regulation, optimism, cognitive
flexibility, the use of active coping strategies, experiences made with controllable stressors - and
mastering these challenges - as a preparation for future adverse encounters, the capacity to find
some meaning in these adverse experience and to recover quickly from them (Yehuda et al., 2006;
Feder et al., 2009; Franklin et al.,, 2012; Southwick and Charney, 2012). The most important
neurobiological factors are rapid activation and efficient termination of the stress response axes,
adaptive transcriptional mechanisms in response to adverse experiences, a stable dopaminergic
reward system, a functional (vymPFC and a well-modulated amygdala (Feder et al., 2009; Franklin
etal.,2012; Southwick and Charney, 2012). Thus, risk and protective factorsinteract and determine
the individual degree of resilience and vulnerability. Possessing many genetic, neurobiological,

developmental and psychosocial risk factors increases stress vulnerability, whereas possessing
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and augmenting protective factors increases the likelihood of stress resilience (Southwick and

Charney, 2012).

Three observations and hypotheses need to be emphasized that are particularly relevant in the
framework of resilience and vulnerability and that are directly related to the experimental findings
discussed in this thesis. First, excessive noradrenergic activation promotes exaggerated affective
responding and overconsolidation of fear memories (Rauch et al., 2000; Roozendaal et al., 2009;
Ronzoni et al., 2016), which leads to the proposal that somewhat reduced noradrenergic signaling
may promote resilience (Feder et al., 2009). Second, the vmPFC has been implicated in inhibitory
control of stress pathways and has been associated with several important factors of resilience
such as active coping, optimism and positive emotions, and the acquisition of stress resilience
(Franklin et al,, 2012). Importantly, the eCB system has been proposed to maintain vmPFC
functioning and facilitate the transition of beneficial stress coping into lasting resilience (Worley
etal., 2017). Third, the different stress response phases fulfill specific functions that contribute to
stress resilience and that depend on balanced MR and GR functioning. Specifically, rapid non-
genomic MR actions increase alertness, focused attention and appraisal, non-genomic GR actions
facilitate stress recovery and appropriate encoding of the stressful experience, and genomic
receptor actions promote consolidation of the stressful experience and adaptations to prepare
the organism for future stressors (de Kloet, 2008). High MR functionality in particular has
repeatedly been associated with stress resilience (Kanatsou et al., 2015; ter Heegde et al., 2015),
whereas GR gene variants associated with increased sensitivity to GCs are known risk
polymorphisms for depression and PTSD (Bachmann et al., 2005; van Rossum et al., 2006; Hauer
et al.,, 2011). Thus, reduced noradrenergic activity, as well as enhanced eCB and MR signaling (in
balance with GR signaling) seem to promote resilience. The results of our experimental studies
can illustrate how genetic differences in affective processing and the engagement of multiple
memory systems under stress may be integral factors of stress resilience and vulnerability.
According to previous studies (de Quervain et al., 2007a; Hillard et al., 2012; ter Heegde et al., 2015),
the ADRA2B deletion seems to be a stress vulnerability factor, whereas genetic variants associated
with high MR functionality and the rs1049353 A allele seem to be stress resilience factors. In
combination with the protective functions of noradrenergic inhibition and enhanced MR and eCB

signaling, | propose the following model of stress resilience and vulnerability (Figure 29).
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The genetic predisposition of enhanced stress resilience (ADRA2B deletion non-carriers, MR
haplotype and rs1049343 AA/AG genotype carriers) has specific consequences depending on the
stress response phase and the cognitive domain of interest (Figure 29A). In accordance with
studies investigating the effects of stress on emotional responding (Hermans et al., 2014) and
memory quantity (Roozendaal et al., 2009) and quality (Schwabe, 2017), the amygdala is at the
center of our model. Actions of NA, cortisoland eCBs in the amygdala coordinate the engagement
of sensory processing and memory regions, whereas prefrontal areas can exert regulatory top-
down control over the amygdala to prevent excessive responding and overly strong hippocampus-
dependent memory encoding. Specifically, under acute stress when NA levels rapidly rise,
increased activation of the salience network promotes alertness and focused attention. In
response to rising cortisol levels, enhanced membrane-bound MR and eCB signaling in the vmPFC
and limbic brain regions has several important consequences. First, CB1R actions protect against
excessive excitation of limbic regions and fear responding. Second, eCBs together with membrane
MRs, appropriate affective processing, cognitive emotion regulation and adaptive coping are
facilitated, partly by enhanced downregulation of the amygdala. Third, GC actions via membrane-
bound MRs promote a shift toward the dorsal striatum, an adaptive mechanisms that saves
cognitive resources, facilitates learning and rescues performance under stress. Fourth, despite this
shift, enhanced CBIR functioning engages the hippocampus to store and incorporate important
information, e.g. regarding the successful coping with the stressor, into autobiographical memory.
Since the engagement of dorsal striatal memory has also been associated with rather rigid and
inflexible memories that are difficult to generalize to novel situations and to link to existing
knowledge structures (Plessow et al., 2011; Dandolo and Schwabe, 2016), | also propose that in
the aftermath of stress, a highly relevant stress resilience factor is the ability to shift back to the
hippocampus. This shift back to the hippocampus further promotes the CB1R-mediated
consolidation of the stressful experience and initiates adaptive mechanisms which will prepare
the organism for future stress encounters. Although not investigated here, NR3C1 gene
polymorphisms that have been associated with GC sensitivity and stress-related
psychopathologies (DeRijk and de Kloet, 2008; Ackermann et al., 2013) may be highly relevant in
this respect. Earlier successful experiences with manageable stressors and associated epigenetic

mechanisms may facilitate these processes and increase efficiency of stress coping behaviors.
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In contrast, accumulation of genetic risk factors (ADRA2B deletion and rs1049353 GG genotype
carriers, MR haplotype non-carriers) may increase vulnerability to stress-related
psychopathologies (Figure 29B). Specifically, excessive noradrenergic activation of the amygdala
under acute stress may lead to overly strong connections of the amygdala with brain regions
important for visual processing (occipital cortex), attention (ACC) and episodic memory
(hippocampus). As a consequence, vulnerable individuals are characterized by exaggerated
affective responding, as well as overly strong encoding of the stressful encounter. Additionally,
impaired MR functionality and excessive noradrenergic activation prevent the shift toward the
dorsal striatum, which comes at the cost of impaired learning under stress and further strengthens
memory formation of the stressful experience. Dysfunctional eCB signaling and reduced
recruitment of the (vymPFC may lead to the use of maladaptive coping strategies. Enhanced
consolidation of the stressful experience, including strong feelings of anxiety caused by excessive
affective processing, and the inability to effectively cope with the stressor may be able to explain
the negative memory bias observed in patients with depression, the excessive fear responding and
fear memory seen in anxiety disorders, and the overly strong and vivid traumatic memories

displayed by PTSD patients.
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NA (Clzg-AR)
eCB (CB1R)
Cortisol (MR)

The resilient brain

1 eCB (+ NA)

Increased salience network and vmPFC
activation promotes appropriate
affective processing and cog. coping

2 MR (+ NA)

Shift toward dorsal striatum memory
facilitates learning and rescues
performance (possibly mediated by eCB
signaling)

1 eCB

Moderate hippocampus activation
facilitates encoding of successful coping
with the stressful experience (the latter is
possibly also facilitated by later genomic
GR actions)

Protective function: prevent excessive
negative affect, promote active coping,
integrate experience into
autobiographical memory, initiate
adaptive mechanisms for future stressor

The vulnerable brain

4 eCB (+ 1 NA)

Overly strong salience network and
impaired vmPFC activation leads to
excessive affective processing and
maladaptive coping

2 NA (+ ¢ MR)

Overly strong engagement of the
hippocampus prevents a shift toward the
dorsal striatum, leading to excessive
encoding of the experience, potentially
at the cost of impaired performance

Risk function: excessive fear responding,
negativity bias, excessive fear/traumatic
memory = associated with depression,
anxiety disorders, posttraumatic stress
disorder

Figure 29. Proposed model of the resilient and vulnerable brain. (A) The resilient individual carrying the ADRA2B non-
deletion, MR haplotype and rs1049353 AA/AG genotype may be characterized by appropriate affective responding
(increased attention (ACC in purple), enhanced sensory processing (visual cortex in yellow) and cognitive coping
(vmPFCin turquois)), and a shift toward the dorsal striatum to facilitate learning and rescue performance under stress.
(B) Carryingthe ADRA2 deletion but not the MR haplotype and rs1049353 AA/AG genotype may lead to enhanced stress
vulnerability characterized by excessive affective responding, maladaptive coping and overly strong encoding of the

stressful event.
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This model illustrates that resilience is not simply the extent to which individuals are able to
engage cognitive and flexible processes under stress. Rather, it is the adaptive distribution of the
available resources and the optimal balance of the effects of different stress modulators in the
different stress response phases. This model also has several implications that illustrate the
complexity of the effects of stress and that need to be considered. The effects of stress strongly
depend on the stress response phase that is being investigated and the relative contribution of
different stress mediators may lead to such fine-tuned changes in brain activation and
connectivity patterns that more sophisticated real-time, multivariate methods are required to
capture them. Also, although the model depicts the genetic modulation of stress effects through
differences in neurotransmitter quantity, this is not necessarily the mechanism causing these
effects. In fact, since our results remained largely unchanged when cortisol differences between
MR haplotype carriers and non-carriers in our fMRI experiment were accounted for points to other

or at least additional mechanisms which may be at work.

4.4 Conclusion and outlook

To answer our general research question, it seems that genetic differences do have a large impact
on individual variability in the effects of stress on affective processing and memory (Box 1). Our
data provide further evidence for the involvement of important stress mediators and suggest that
in response to acute stress, a functional vmPFC during affective processing and a shift toward the
dorsal striatum during learning may be indicators of enhanced stress resilience (Box 1). Therefore,
investigating genetic differences may benefit research in stress effects on other cognitive domains
such as attention (Goldfarb et al., 2016) and decision-making (Doll et al., 2015) as well. Especially
for the sake of more personalized and effective prevention and treatment options, further
investigating genetic differences and understanding the mechanisms underlying the effects of
stress is indispensable. Our experimental investigations of genetic differences in the ADRA2B,
NR3C2 and CNR1 genes are a starting point for such future investigations. More sophisticated
genetic and imaging approaches making use of multivariate analyses and genetic risk/profile
scores will greatly advance the understanding of network changes and the contribution of several
genetic polymorphisms in conjunction. Additionally, the analysis of epistatic interaction between
the ADRA2B deletion and MR haplotype provided first evidence for interactive effects which needs

to be further pursued. Advancements in the specificity of pharmacological agents may allow
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investigation of the differential roles of the two eCBS AEA and 2-AG and of the AR subtypes, thereby
improving pharmacological treatment efficacy and reducing side effects eventually. Although our
results suggest improved emotion regulation in rs1049353 AA/AG genotype carriers, this should be
examined more explicitly. Future studies hopefully will find out how eCBs modulate emotion
regulation and whether certain CNR1 polymorphisms promote the use of cognitive strategies
under stress, a highly relevant resilience factor. Since the roles of both MRs and CB1Rs in the mPFC
are similar in their effects on negative feedback control of the HPA axis and adaptive coping under
stress, interaction between these receptor actions need to be examined. This also suggests that
eCBs may not only mediate GR effects on memory quantity (Campolongo et al., 2009), but that
they may have a similar role to MRs in facilitating the stress-induced shift toward the dorsal
striatum. Although the focus has so far been on the actions of membrane-bound MRs, it is likewise
important to investigate the effects of membrane GRs for two reasons. First, non-genomic GR
actions increase eCB levels (Groeneweg et al., 2011) and promote early memory consolidation
under stress (Roozendaal et al., 2010). Second, the balance between MRs and GRs has received
increasing attention and seems to be highly relevant for processes promoting coping, memory
and resilience in response to stress (de Kloet et al., 2018). Another intriguing question concerns
the role of NA in the relative engagement of multiple memory systems under stress. Our results
indicate that excessive noradrenergic activation in the amygdala may strengthen the
hippocampal system to such an extent that MR actions may not be able to induce the beneficial
shift toward the dorsal striatum under stress. This still leaves the question whether NA is actually
necessary for the stress-induced shift to occur. It may well be that NA is relevant for memory
quantity, due to its hippocampus-enhancing effects but that it may not play such an important
role for memory quality or may even be able to prevent the shift toward the dorsal striatum when
levels are excessive. Pharmacological studies may shed further light on this issue and in
accordance with our findings, an a,s-AR antagonist may prevent the stress-induced shift toward
the dorsal striatum, whereas this shift may still be observed when an a;s-AR agonist is given.
Generally, since stress does not only change activation and connectivity of single brain regions but
has been shown to lead to large-scale network changes (Hermans et al., 2011) that have been
related to noradrenergic arousal (Young et al., 2017), to further elucidate the role of genetic
differences in stress effects, the investigation of real-time network changes as a function of

cortisol, NA and eCB levels is required. Another goal of future research endeavors will be to test
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the efficiency or flexibility of multiple memory systemsin the sense that whereas a shiftin response
to an acute stressor likely is beneficial, a shift back toward the hippocampus may be necessary to
consolidate the experience into autobiographical memory and to initiate adaptive mechanisms
for future stressor encounters, effects which may already be facilitated by eCBs in the acute stress
phase but that may require further facilitation by enhanced cognitive, hippocampus-dependent
processes in the aftermath of stress. An overreliance on the hippocampus under stress may
promote depression, anxiety disorders and possibly PTSD (see Figure 29), whereas an
overreliance on habitual processes (under no stress conditions) may be a risk factor for drug
addiction (Everitt and Robbins, 2005), alcohol dependency (Sjoerds et al., 2013), OCD (Gillan et al.,
2011;Voonetal,,2015) and Tourette syndrome (Singer, 2016; Box 1). It is the fine balance mediated
by different neuromodulators that is crucial and dysregulations in either direction will have

extensive consequences.

It is highly relevant for the identification of factors contributing to resilience and vulnerability to
consider genetic differences, the effects of sex, age, social and psychosocial factors, as well as
prenatal, early and chronic stress experiences but also highly positive life experiences and their
associated epigenetic mechanisms (Box 1). Although identifying the factors contributing to
individual differences in stress effects on cognition and emotion will help us understand some of
the mechanisms contributing to resilience and vulnerability, the highly complex phenotypes and
the manifold interactions between genetic and environmental factors indeed emphasize that
“every human being [...] is in this world just once [...] and no accident [...] will throw together a
second time into a unity such a curious and diffuse plurality” (Friedrich Nietzsche, 1874; translation

taken from (Kaufmann, 1956).
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Box 1| | Take-home messages

1.

Genetic polymorphisms can have a large impact on stress effects on memory and
emotion.

Engagement of the vmPFC is crucial for appropriate emotional responding and stress
coping.

The shift toward the dorsal striatum facilitates learning under acute stress.

Resilience is not measured as the extent to which cognitive and flexible processes are
engaged under stress. Instead it is measured as the extent to which the available
resources are distributed to ensure appropriate affective responding, learning and
consolidation of the stressful experience. This may involve cognitive as well as
habitual processes.

The ADRA2B non-deletion, MR haplotype and rs1049353 AA/AG genotype are genetic
resilience factors.

Reducing NA and enhancing MR and CBIR signaling may promote resilience or
treatment efficacy in genetically predisposed individuals.

Research needs to assess and take into consideration the influence of genetic
differences, the effects of sex, age, social support and psychosocial factors such as
coping style, as well as prenatal/early life/chronic stress exposure but also highly
positive life events, and epigenetic mechanisms.

Overreliance on the hippocampus under stress may promote depression, anxiety
disorders and possibly PTSD, whereas overreliance on habitual processes (under no
stress conditions or in the aftermath of stress) may be a risk factor for drug addiction,
alcohol dependency, obsessive-compulsive disorder and Tourette syndrome.
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Abstract

Stress has a critical impact on affective and cognitive processing. Based on rodent data suggesting
that endocannabinoid signaling via CB1 receptors serves as an emotional buffer, we hypothesized
that a common variant of the gene coding for the CB1 receptor modulates affective processing
under stress (CNR1; rs1049353 A vs. G allele). Therefore, 139 participants, genotyped for this
polymorphism, underwent a stress or control manipulation before they viewed emotionally
neutral and negative pictures in an MRI scanner. The ventromedial prefrontal cortex, known for its
crucial role in emotion regulation, was significantly more activated in A vs. homozygous G allele
carriers when viewing negative pictures after stress. Already at rest, AA/AG genotype carriers
showed enhanced crosstalk between the ventrolateral prefrontal cortex and the amygdala. We
further assessed participants’ 24hours-delayed memory for the presented pictures and found that
memory performance correlated with amygdala and hippocampus activity and connectivity in
stressed carriers of the AA/AG but not the GG genotype. These findings underline the modulatory
role of the endocannabinoid system in stress effects on emotion and cognition and provide
insights into the neural mechanisms that may contribute to the suggested protective effect of the

AA/AG genotype of the CB1 receptor polymorphism against stress-related psychopathologies.

Keywords: endocannabinoids, stress, medial prefrontal cortex, affective processing, emotional

memory
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Introduction

Stressful events have a major impact on mental health and may contribute to psychopathologies
such as addiction, posttraumatic stress disorder (PTSD) or major depression (McEwen, 2004; de
Kloet et al., 2005; Chrousos, 2009). These psychopathologies are at least partly driven by stress-
induced changes in affective processing (Karl et al., 2006; Leppanen, 2006). Indeed, there is strong
evidence that stress alters our responses to emotional stimuli (Ellenbogen et al.,, 2002; van
Stegeren et al., 2005; Fox et al., 2010; Weymar et al., 2012). These changes in affective processing
have mainly been attributed to the effects of stress-induced increases in catecholamines and
glucocorticoids on the amygdala, prefrontal cortex (PFC) and hippocampus (de Kloet et al., 2005;
Arnsten, 2009; Joels and Baram, 2009; Schwabe et al., 2013), brain regions crucial for affective
processing (Sergerie et al., 2008; Kalisch, 2009; Etkin et al., 2011). Recent findings, however, point
to another important player in the effects of stress on affective processing: the endocannabinoid

(eCB) system (Campolongo and Trezza, 2012; Morena et al., 2016).

The eCB system is a lipid signaling system in the brain that modulates neurotransmitter release
(Kogan and Mechoulam, 2006). The system is composed of the eCB ligands anandamide and 2-
arachidonoylglycerol (2-AG), the cannabinoid receptors CB1 and CB2, and the enzymes involved
in endocannabinoid synthesis and metabolism (FAAH for anandamide and MAGL for 2-AG;
Mechoulam and Parker, 2013). ECBs and CB1 receptors are abundantly present in the amygdala,
hippocampus and PFC (CB2 receptors are located mainly in the periphery; McPartland et al., 2007,
Morena and Campolongo, 2014). In addition, eCBs are rapidly synthesized on demand and
retrogradely activate CB1 receptors in these brain regions, thus putting the eCB system and in
particular CB1 receptors in a prime position to modulate stress effects on affective processing. In
line with this idea, rodent studies showed that eCB signaling via the CB1 receptor can regulate
activation of the hypothalamus-pituitary-adrenal (HPA) axis and modulate affective processing
under stress (Lutz, 2009; McLaughlin et al., 2012; Wang et al., 2012; Bedse et al., 2014; Gray et al.,
2015). For instance, injection of a CB1 receptor agonist into the basolateral part of the amygdala
(BLA) prevented the stress-induced glucocorticoid increase in rats (Ganon-Elazar and Akirav, 2009)
and anandamide was reported to have anxiolytic effects (Lutz et al., 2015). Furthermore,
administration of a CB1 receptor antagonist into the medial PFC prolonged the corticosterone
response to astressor, suggesting that termination of HPA axis activation by glucocorticoids within

the medial PFC critically depends on eCB signaling via the CB1 receptor (Hill et al.,2011). Thus, the
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eCB system has been suggested to act as an emotional buffer system that is crucial for appropriate
affective responding (Lutz, 2009; Campolongo and Trezza, 2012; McLaughlin et al., 2014; Lutz et al.,
2015).

So far, experimental evidence for a role of the eCB system in affective processing under stress
comes almost exclusively from animal studies. There is, however, first evidence that at least some
of the animal findings can be translated to humans. In particular, clinical studies tested the effects
of the CB1 receptor antagonist rimonabant and showed that it led to decreased activity of brain
reward regions in response to pleasant stimuli (Horder et al., 2010) and to a negative bias in
memory recall (Horder et al., 2009; Horder et al., 2012). However, because rimonabant
administration also led to significant increases in anxiety and depressive mood (Mitchell and
Morris, 2007; Hill and Gorzalka, 2009; Goodwin et al., 2012), which further underlines the relevance
of CB1 receptors in affective processing, it had to be taken off the market and pharmacological
manipulations of the eCB system are thus not feasible in humans anymore. Furthermore, studies
on the effects of cannabis and CB1 receptor agonists are less informative in this context, because
the effects of exogenous cannabinoids may be substantially different since they lack the spatial
and temporal specificity of endogenous eCBs (Steiner and Wotjak, 2008; Akirav, 2011, 2013). An
alternative strategy to target the function of eCBs in humans, however, is a behavioral genetics
approach, employing the individual genetic variance in eCB activity. Single nucleotide
polymorphisms (SNPs) in the CB1 receptor gene (CNR1) have been linked to mood and anxiety
disorders, such as PTSD and major depression (Hillard et al., 2012). In particular, the minor A allele
of the exonic rs1049353 polymorphism has been proposed as a protective factor that reduces the
risk of depression after stressful events (Agrawal et al., 2012), whereas carriers of the major G allele
were found to be at higher risk for antidepressant treatment resistance (Domschke et al., 2008).
While these findings suggest that a genetic variant of the CB1 receptor may be linked to stress-
related psychopathologies, how eCBs and in particular this CB1 receptor polymorphism

(rs1049353) may alter affective processing in humans under stress, is completely unknown.

The primary aim of the present study was therefore to determine if and how a genetic variant of
the CB1 receptor gene (rs1049353) modulates the neural processing of affective information after
stress. For this purpose, healthy participants were genotyped for the rs1049353 polymorphism and
randomly assigned to a stress (Trier Social Stress Test [TSST]; Kirschbaum et al., 1993) or control

manipulation. Following the experimental manipulation, participants were presented with
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emotionally negative and neutral pictures, while their brain activity was measured using
functional magnetic resonance imaging (fMRI). We hypothesized that the CB1 receptor
polymorphism (rs1049353) would modulate the stress effects on activity in brain regions that are
crucial for affective processing, such as the amygdala and the medial PFC. In particular, we
predicted that in response to the stress manipulation, carriers of the proposed protective A allele,
compared to G allele carriers, would show reduced amygdala activity and increased activity in
prefrontal areas that are implicated in emotion regulation (Urry et al., 2006; Banks et al., 2007).
Although this study focused mainly on the modulatory role of the rs1049353 genotype in affective
processing after stress, we were also interested in potential effects of this polymorphism on
subsequent memory for the neutral and emotional stimuli, because eCBs are also thought to play
a crucial role in the emotional modulation of memory (Campolongo et al., 2009; Atsak et al., 2015)
and emotional memory processes are highly relevant in stress-related psychopathologies such as
PTSD (Pitman et al.,2012; de Quervain et al., 2017). Therefore, participants additionally completed
free recall and recognition tests for the presented pictures 24 hours after encoding. In terms of the
modulation of emotional memory processes under stress, we expected that the CB1 receptor
polymorphism might modulate the activity and interplay of the amygdala and hippocampus, the
two key regions in emotional memory formation (Cahill and McGaugh, 1998; McGaugh, 2004;
Roozendaal et al., 2009).

Materials and Methods

Participants and experimental design

In total, 139 young, healthy, normal-weight volunteers (67 women; mean age = 23.4 + SD: 3.5 years;
mean body-mass index [BMI] = 22.51 kg/m?, SD = 2.27) participated in this experiment. Exclusion
criteria, assessed by means of a standardized interview, included medication or drug intake
(including cannabis consumption), any past or current neurological or psychiatric disorders,
smoking, a BMI < 18 kg/m? or > 26 kg/m?, as well as any contraindications to fMRI measurements.
In addition, women were not tested during their menses. The experiment was approved by the
ethical review board of the German Psychological Society (reference: LS072014) and the local
ethics committee at the University of Bonn and is in accordance with the Declaration of Helsinki.
This experimentis part of a larger study on genotype-dependent differences in cognitive processes

under stress (Wirz et al., 2017).
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A 2 x 2 x 2 mixed design with the between-subjects factors treatment (stress vs. control
manipulation) and CNR1 genotype (homo- and heterozygous A allele carriers vs. homozygous G
allele carriers) and the within-subject factor emotionality (negative vs. neutral) was used to
investigate CNR1 genotype-dependent differences in stress effects on neural processing of
affective information. Participants were randomly assigned to a stress or control condition.
Technical difficulties and excessive head motion in the MRI scanner led to the exclusion of two
participants. Additionally, three participants had to be excluded due to missing picture ratings or
recall data, leading to a final sample of 134 participants (stress: 34 males, 33 females, control: 36
males, 31 females). For the genetic analyses, another three participants had to be excluded due to
missing data for the CNR1 single nucleotide polymorphism (SNP) of interest (131 participants;
stress-AA/AG genotype: 16 males, 17 females, stress-GG genotype: 18 males, 15 females; control-

AA/AG genotype: 19 males, 8 females, control-GG genotype: 17 males, 21 females).
Genetic analyses

Participants were genotyped for the rs1049353 SNP of the gene coding for the CB1 receptor on
chromosome 6q14-g15 (CNR1). This SNP is located on the coding exon of CNR1 and has been
associated with depression in response to stress exposure as well as with post-traumatic stress
disorder (Hill and Patel, 2013; Mota et al., 2015). For genetic analysis, DNA was extracted from
buccal cells. Automated purification of genomic DNA was conducted by means of the MagNA
Pure® LC system using a commercial extraction kit (MagNA Pure LC DNA isolation kit; Roche
Diagnostics, Mannheim, Germany). Genotyping of the MR polymorphisms was performed by
MALDI-TOF mass spectrometry using the iPLEX assay and the Sequenom MassARRAY platform. For
all further analyses, homo- and heterozygous carriers of the rs1049353 minor allele (A), which
seems to be protective against the effects of stress (Hill and Patel, 2013), were treated as one group

and tested against homozygous carriers of the major allele (G).
Stress and control manipulation

In the stress condition, participants underwent the TSST, a commonly used laboratory stressor
that has been shown to induce a reliable increase in autonomic nervous system and HPA axis
activity (Kirschbaum et al., 1993). In a mock-job interview, participants were introduced to a
reserved and non-reinforcing panel that evaluated participants’ performance on two tasks. The

first task consisted of a 5 min free speech about why he or she is the ideal candidate for a job
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tailored to his or her interests, whereas in the second task the participant was asked to count
backwards from 2043 in steps of 17 for another 5 minutes. During both tasks, participants were
videotaped. In the control condition, the participant was alone in the room, without video
recordings, talked about a self-chosen topic and performed an easy calculation task (counting

forward in steps of 15).

The effectiveness of the stress induction was assessed by means of questionnaires, blood pressure
measurements and saliva samples. Changes in subjective mood were evaluated with a German
mood questionnaire (MDBF; subscales: depressed vs. elevated, restless vs. calm, sleepy vs. awake;
high scores indicate elevated mood, calmness and wakefulness; Steyer et al.,, 1994) and an
additional questionnaire in which participants rated on a scale from 0 (‘not at all’) to 100 (‘very
much’) how difficult, unpleasant and stressful they had experienced the stress or control
manipulation. Blood pressure was measured using a Dinamap system (Critikon, Tampa, USA)
before (-25 min), during (+10 min) and at several time points after the experimental treatment (+20
min, +90 min). To assess the HPA axis response to the TSST and control manipulation, saliva
samples were collected before (-25 min) and after (+20 min, +30 min, +90 min) the experimental
treatment using Salivette® collection devices (Sarstedt, Nimbrecht, Germany). Saliva samples
were stored at -18 °C until the end of the experiment, when the free fraction of cortisol was

determined using chemiluminescence immunoassays (IBL, Hamburg, Germany).
Affective picture task

In order to investigate CNR1 genotype-dependent differences in the neural processing of
emotional information under stress, participants viewed negative and neutral pictures while fMR]
was recorded. Pictures were taken from the International Affective Picture System (IAPS; Lang et
al.,, 2008) and an in-house database which includes pictures depicting scenes with a more
contemporary relevance (e.g. pictures of refugees). On the basis of previous valence ratings on a
scale from 0 (‘negative’) over 50 (‘neutral’) to 100 (‘positive’), the pictures were categorized as
emotionally negative (24.19 + 7.38) and emotionally neutral (55 + 7.42), with 25 pictures in each
emotionality category. These previous ratings (0 = 'not arousing’, 100 = ‘very arousing’) showed
that mean arousal levels were significantly larger for negative (50.32 + 8.93) compared to neutral
pictures (11.35+2.84;t(18) = 18.78, p <0.001). In the current study, the pictures were presented for
2.5 sec in the middle of the screen in a quasi-randomized order, ensuring that no more than two

pictures of the same emotionality were seen one after another. Participants were asked to rate the
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pictures on a four-point scale (‘negative’ [1], ‘rather negative’ [2], ‘rather neutral’ [3], ‘neutral’ [4]),
but they were not explicitly instructed to memorize the pictures for a subsequent memory test.
Between pictures, there were fixation periods of 6-10 sec (mean =7 sec), resulting in a total task

duration of 8 minutes.
Experimental procedure

All testing took place in the afternoon to control for the diurnal rhythm of cortisol. After
participants had given written informed consent, buccal cells were collected for later genetic
analyses. Participants then underwent the stress or control manipulation before they were placed
inside the MRI scanner. Approximately 50 minutes after the onset of the stress or control
manipulation, participants performed the affective picture task. At the end of the experiment,
participants received a moderate monetary compensation (35 €). Although this experiment
focused mainly on the modulatory effect of a CB1 receptor polymorphism (rs1049353) on the
influence of stress on the neural processing of affective material, we aimed also to assess potential
effects on emotional memory formation. To this end, participants were called 24 hours after the
affective picture task and asked to describe as many pictures as possible in as much detail as
possible, so that the experimenter knew for sure to which picture the participant was referring to.
When more than 60 sec had elapsed after the last picture was recalled, a link to a forced choice
recognition test was sent to the participants which they completed immediately after the free
recall test. In the recognition test, participants saw all pictures they had seen the day before, as
well as 25 negative and 25 neutral pictures that were not presented before in a randomized order.
Participants indicated by button press whether they thought it was an old or a new picture and
additionally specified whether they were ‘very sure’, ‘rather sure’, ‘rather unsure’, or ‘sure’ in their

decision.
Behavioral and physiological data analyses

Physiological, subjective, and behavioral parameters were analyzed using mixed-design analyses
of variance (ANOVAs) with time as within-subject factor and treatment (stress vs. control
manipulation) as well as CNR1 genotype (AA/AG vs. GG genotype carriers) as between-subjects
factors. For the analyses of picture ratings, certainty ratings, free recall and recognition
performance we added emotionality (negative vs. neutral) as within-subject factor. For our

memory analyses, we focused on the number of correctly recalled pictures in the free recall test
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aswell as hits and false alarms in the recognition test. In addition, the sensitivity indexd-prime (d’)
was calculated for negative and neutral pictures, using hits and false alarms according to signal
detection theory (Wickens, 2002), because this measure corrects for individual response biases.
Statistical analyses were performed using SPSS Statistics 22 (IBM, Armonk, USA). All reported P-
values are two-tailed and in case of violation of the sphericity assumption, Greenhouse-Geisser

correction was applied.
MRI acquisition and analyses

Functional MRI measurements were acquired using a 3 T Trio Scanner (Siemens, Miinchen,
Germany) with a 32-channel head coil. BOLD T2-weighted echoplanar functional images parallel
to the anterior commissure-posterior commissure plane (37 transversal slices; TR =2000 ms; TE =
30 ms; ascending acquisition; effective voxel size = 3x3x3 mm) and a high-resolution T1-weighted
anatomical image (208 sagittal slices, TR = 1660 ms, TE = 2.54 ms, voxel size = 0.8 x 0.8 x 0.8 mm)

were acquired.

FMRI preprocessing and data analyses using general linear modeling were performed using the
SPM12 Matlab toolbox (Wellcome Trust Centre for Neuroimaging, London, UK). Functional data
were slice-time and head-motion corrected as well as coregistered to the structural image using
rigid-body transformations. The T1-weighted image was segmented into gray and white matter,
cerebro-spinal fluid, bone, soft tissue and air. Using forward deformation fields, the functional and
structural scans were spatially normalized to the Montreal Neurological Institute standard brain.
Finally, an 8 mm full-width half-maximum Gaussian kernel was used to smooth the normalized

functional images.

Negative and neutral picture trials were modeled using canonical hemodynamic response
functions. Fixation, button press and the six movement parameters were included as regressors of
no interest. A temporal high-pass filter with a 128 s cutoff was used and contrast images were
generated for negative minus neutral picture trials. These difference contrasts were then entered
into second-level (group) analyses using a full-factorial model with the factors treatment (stress
vs. control manipulation) and CNR1 genotype (AA/AG vs. GG genotype carriers). Exploratory whole
brain analyses as well as region of interest (ROI) analyses were used. A priori ROls were cortico-
limbic structures known to be involved in affective processing and memory formation (i.e. the

amygdala, insula and hippocampus; McGaugh, 2000; Phan et al.,, 2002), as well as PFC areas
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(medial PFC [mPFC], ventromedial PFC [vmPFC}, ventrolateral PFC [vIPFC]) that play a pivotal role
in emotion regulation (Wager et al., 2008; Motzkin et al., 2015). Anatomical masks of subcortical
brain regions (amygdala, insula, hippocampus) and the mPFC were taken from the Harvard-Oxford
Atlas with a probability threshold of 50 %, so that only voxels with a probability of at least 50 % to
belong to each brain region were included. Anatomical masks of the vmPFC and vIPFC were
created using MARINA software (http://www.bion.de/eng/MARINA.php). For the exploratory
whole-brain analyses, the significance threshold was set to p <0.05 at cluster level (in @ minimum
of five adjacent voxels) and corrected for multiple testing (family-wise error [FWE] correction). ROI
analyses using small-volume correction (SVC) with an initial threshold of p<0.05 uncorrected were
followed by FWE correction (p <0.05). Within a ROI, only clusters of at least 5 significant voxels are

reported.

To assess group differences in the connectivity between our ROIs, we performed Psycho-
Physiological Interaction (PPI) analyses. Accordingly, the first eigenvariate of the time course of
our ROIs in the contrast negative minus neutral was extracted from the appropriate brain atlases
and used as seed region. A general linear model with a physiological regressor (time course
response in the seed region), a psychological regressor (negative minus neutral pictures) and a PPI
regressor, which was calculated as the cross-product of the previous two regressors, was
computed. The individual PPI contrasts were then entered into second-level random-effects
analyses. As these analyses reveal brain regions with a similar and task-dependent activation
pattern, these regions are supposed to be functionally connected during the processing of

negative versus neutral pictures.

To investigate whether brain activation and connectivity during picture processing were directly
associated with subsequent memory performance, we correlated brain activity and functional
connectivity of our ROIs to participants’ individual memory performances. For this purpose, we
ran a second full-factorial model and PPl models with memory performance entered as a
covariate. We then extracted the contrast values of the significant clusters of voxels with Marsbar
(http://marsbar.sourceforge.net/) and correlated these with the participants’ memory
performance. To compare correlations between our experimental groups, we additionally ran
separate models for A and G allele carriers in the stress and control group, including memory

performance as a covariate. Subsequently, contrast estimates were correlated with participants’
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memory performance. Correlation coefficients were then transformed using the Fisher’s r-to-z

transformation and the resulting z-scores were statistically compared.
Results

Genetic analyses

Genotyping participants for the rs1049353 SNP of the CNR1 gene coding for the CB1 receptor
revealed 74 (53.2 %) homozygous G allele, 4 (2.9 %) homozygous A allele and 58 (41.7 %)
heterozygous G/A allele carriers. In line with previous studies (Agrawal et al.,2012; Mota et al., 2015)
and due to the small number of homozygous A allele carriers, homo- and heterozygous carriers
were treated as one group (62 AA/AG genotype carriers [44.6 %)) and tested against homozygous
G allele (GG genotype) carriers. Allele frequencies (minor allele frequency = 24.26 %, major allele
frequency = 75.74 %) were in accordance with those documented by the National Center for
Biotechnology Information (NCBI) for Europeans and in Hardy-Weinberg equilibrium (x?(1) = 3.50,
P =0.061). GG and AA/AG genotype carriers were equally distributed in the stress (33 AA/AG
genotype carriers, 38 GG genotype carriers) and control group (28 AA/AG genotype carriers, 33 GG
genotype carriers; x*(1) = 0.77, P = 0.381).

Successful stress induction by the TSST

Subjective mood, as well as blood pressure and cortisol concentrations significantly changed in
response to the TSST and verified the successful stress induction. Independent of CNR1 genotype,
exposure to the TSST was rated as significantly more difficult, unpleasant and stressful than the
control manipulation (all F(1,132) > 71.62, all P <0.001; Table 1). In addition, GG genotype carriers
of the rs1049353 SNP were overall more restless than AA/AG genotype carriers (F(1,130) =4.92, P =
0.028). More importantly, however, independent of CNR1 genotype, participants’ mood decreased
and they became increasingly restless in response to the TSST compared to the control condition
(timextreatment: both F(2,129) > 21.45, both P < 0.001; Table 1). Independent of CNR1 genotype
and treatment condition, participants became increasingly tired during the course of the

experiment (time: F(2,129) = 96.06, P <0.001).
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Table 1. Subjective stress response

Control Stress

g:r/gtsype geGnotype AAAG genotype geGnotype
Subjective assessment
Stressful 24.64 +4.07 31.03+3.36 64.12 +3.56 67.43 +3.49***
Difficult 2571+4.32 26.41+3.30 70.88+4.01 71.14 +£3.40""
Unpleasant 28.93+4.78 37.69+3.93 66.18 +4.35 70.57 +3.50***
Subjective mood
Good vs. bad mood
Before treatment 33.86+0.71 34.45+0.82 34.38+0.73 34.43+0.65
1 min after treatment 32.64+0.82 34.15+0.78 28.15+1.13 2791+1.16"*
75 min after treatment 32.14+£0.96 32.85+£0.81 30.35+£1.09 31.31+£0.82
Calm vs. restless
Before treatment 29.93+0.96 33.26+0.84 30.97+0.98 32.60+0.71
1 min after treatment 29.11+1.03 31.38+0.91 23.76+1.15 2479+ 1.07**"
75 min after treatment 30.68 £0.88 32.00+£0.98 31.59+0.98 31.80+£0.67
Overall calm vs. restless 29.90+0.78 32.13£0.79 28.77+0.86 29.82+0.58"
Tired vs. awake
Before treatment 29.93+1.07 30.76 £ 0.98 30.03+0.78 30.43+0.85
1 min after treatment 28.82+1.13 30.10+0.99 28.82+0.95 28.24 +0.88
75 min after treatment 22.93+0.97 2426+ 1.00 21.38+1.01 23.51+0.97

Data represent means + SEM. bpm - beats per minute.
Time x Treatment (stress vs. control) *** P<0.001 ** P<0.01 * P<0.05
CNRI genotype (AA/AG vs. GG) * P<0.05

Exposure to the TSST, compared to the control condition, further led to a significant increase in
cortisol concentrations (timextreatment: F(3,130) = 17.73, P < 0.001; Figure 1A), which provides
evidence for a stress-induced activation of the HPA axis. Stress-induced increases in salivary
cortisol were not affected by CNR1 genotype (all main and interaction effects: all F <0.82, all P >
0.368). Finally, activity of the autonomic nervous system significantly increased in response to the
TSST, but not after the control manipulation, as was shown by significant increases in systolic and
diastolic blood pressure (timextreatment: both F>17.51, both P <0.001). Although systolic blood
pressure was not influenced by CNR1 genotype (timexgenotype: F(3,129) = 1.43, P = 0.236;
genotype: F(1,131) = 0.55, P = 0.460; Figure 1B), a timextreatmentxgenotype interaction for
diastolic blood pressure (F(3,129) = 3.49, P=0.018) showed that in rs1049353 GG genotype carriers,

diastolic blood pressure increased during and immediately following the stress induction (both
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F(1,72) = 7.57, both P <0.008), whereas in AA/AG genotype carriers no such effect was observed
(both F(1,59) < 1.15, both P > 0.287; Figure 1C).

Figure 1. Physiological changes in the experimental groups. Independent of CNRI genotype and compared to a non-
stressful control manipulation, exposure to the Trier Social Stress Test led to significant increases in (A) salivary
cortisol concentrations and (B) systolic blood pressure. Whereas stress also increased (C) diastolic blood pressure,
this increase was only observed in rs1049353 GG genotype carriers. Stress vs. Control *** P<0.001 * P<0.05, Stress/GG
genotype vs. all other groups #* P<0.001 # P<0.01, error bars represent SEM.

Neural correlates of affective picture processing

As expected, pictures that were a priori classified as negative were rated as significantly more
negative (mean = 1.6, SD = 0.39) than those that had been classified as neutral (mean =3.57, SD =
0.42; F(1,130) = 1033.02, P <0.001; Table 2). The experimental manipulation (stress vs. control) and
the CNR1 genotype had no influence on these emotionality ratings (all F<0.77, all P> 0.381). With
respect to reaction times, participants were faster to respond to neutral than negative pictures
(F(1,129) = 5.28, P =0.023), which is in line with previous studies showing that emotional stimuli
automatically capture our attention and are, for example, viewed longer than neutral pictures
(Hajcak et al., 2010), which might indicate more in-depth processing of negative material as is
supported by EEG studies with a high temporal sensitivity (Palomba et al., 1997; Hajcak et al,,
2010). In addition, G allele carriers rated the pictures, irrespective of picture emotionality, faster

than AA/AG genotype carriers (F(1,129) = 4.04, P = 0.047).
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Table 2. Picture ratings and memory performance

Control Stress

AA/AG GG AA/AG GG

genotype genotype genotype genotype
Picture ratings
Negative pictures 1.62 £0.07 1.56 £ 0.06 1.67+0.08 1.58 +0.06™**
Neutral pictures 3.55+0.09 3.56£0.06 3.55+0.09 3.60£0.07
Free recall
Negative pictures 6.61+0.53 595+0.35 6.52+0.34 6.74+0.53"*
Neutral pictures 3.07+0.38 341+041 3.39+0.26 3.76+0.38
Recognition
Negative pictures hit rate 92.67+1.00 91.18+1.26 88.85+1.54 86.94 +2.52***
Neutral pictures hit rate 85.26+2.20 86.15+1.89 84.85+2.22 83.82+2.32
Negative pictures false alarm rate 9.19+1.68 9.44+134 9.45+2.49 9.88+1.36""
Neutral pictures false alarm rate 17.56+1.76 21.95+2.66 19.64+2.31 21414275
Certainty ratings
Negative pictures 3.71+0.04 3.62+0.04 3.62+0.05 3.60+0.05***
Neutral pictures 3.43+0.06 3.40+0.07 3.41+0.06 3.47+0.06
D-prime
Negative pictures 3.04+0.12 298+0.12 2.88+0.15 2.76+0.14™*
Neutral pictures 2.18+0.13 2.09+0.12 2.13+0.13 2.04+0.12

Table shows picture ratings as well as free recall and recognition performance in dependence of experimental
manipulation (TSST vs. control condition) and CNRI genotype (AA/AG vs. GG). Data represent means + SEM.
Emotionality (negative vs. neutral) *** P<0.001

In line with previous findings (van Stegeren, 2009; van Stegeren et al., 2010; Etkin et al., 2011),
negative (vs. neutral) picture processing led overall to significant increases in activation in brain
regions associated with affective processing and emotion regulation. Specifically, irrespective of
stress and CNR1 variant, the presentation of negative pictures increased bilateral activation of the
amygdala (right: t = 10.81, PFWE <0.001, k = 84; left: t =10.68, PFWE < 0.001, k = 64), vIPFC (right: t=
6.01, PFWE <0.001, k = 36, left: t =4.74, PFWE < 0.001, k = 46), vmPFC (right: t = 6.07, PFWE < 0.001,
k=114; left: t =6.31, PFWE <0.001, k = 138) and insula (right: t =8.78, PFWE < 0.001, k = 122), with
the left insula even surviving FWE-correction at whole-brain level (left: t = 11.59, PFWE < 0.001, k =
2,053). In addition, the occipital inferior gyrus (left: t = 12.33, PFWE < 0.001, k = 1,242) and anterior
parietal regions (postcentral gyrus [right: t = 17.74, PFWE < 0.001, k = 1,226], supramarginal gyrus
[left: t =6.15, PFWE < 0.001, k = 20]), which have been associated with emotional arousal and the

regulation of an individual’s internal state (‘as-if-body-loop’; (Damasio et al., 2000; Anders et al.,
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2004), were more strongly activated when negative pictures were presented (see Table 3). No brain

regions were stronger activated during neutral compared to negative picture presentation.

Table 3. Significantly activated cluster peak voxels during negative picture processing

MNI coordinates (mm)

Negative > Neutral Cluster size X y z tmex Pewe-corr
R postcentral gyrus 1,226 51 -19 59 17.74 <0.001
R temporal inferior gyrus 917 45 -64 -7 17.51 <0.001
L medial superior frontal gyrus 1,069 -6 50 20 12.56 <0.001
L occipital inferior gyrus 1,242 -42 -76 -4 12.33 <0.001
Linsula 2,053 -30 17 -16 11.59 <0.001
L fusiform gyrus 19 -30 -7 -34 6.95 <0.001
L posterior cingulate 25 0 -49 26 6.50 <0.001
L medial OFC 51 -3 44 -19 6.31 <0.001
L supramarginal gyrus 20 -66 -28 35 6.15 <0.001
R fusiform gyrus 12 30 -7 -34 547 <0.001
R amygdala 84 24 -1 -16 10.81 <0.001*
L amygdala 64 21 -4 -16 10.68 <0.001*
L ventromedial PFC 20 -6 50 11 9.24 <0.001*
Rinsula 122 33 14 -16 8.78 <0.001*
R ventromedial PFC 19 0 50 -19 6.07 <0.001*
R ventrolateral PFC 12 54 32 8 6.01 <0.001*

Table shows local maxima of functional voxels (normalized voxel size = 3 x 3 x 3 mm?). MNI Montreal Neurological
Institute, corr corrected, PFC prefrontal cortex, OFC orbitofrontal cortex, FWE family-wise error. All labels are taken
from the Automatic Anatomical Labeling (ALL) atlas. The significance threshold was set to p<0.05 (FWE corrected). *
small volume corrected; all other activations are sig. at whole brain level.

CNR1 genotype modulates prefrontal activity and connectivity with the amygdala during

affective picture processing

Corroborating earlier studies that emphasized an essential role of endocannabinoids in the
maintenance of emotional homeostasis in the face of a stressor (Lutz, 2009; McLaughlin et al.,
2014),the rs1049353 SNP modulated brain activation in response to negative (vs. neutral) pictures
under stress. Specifically, we observed an interaction between treatment (stress vs. control) and
CNR1 genotype (rs1049353 A vs. G allele) on vmPFC activity for negative vs. neutral pictures (left: t
=3.55, PFWE =0.034, k = 24; Figure 2A). Post-hoc tests revealed that under stress, AA/AG compared
to GG genotype carriers showed enhanced activity of the vmPFC (left: t = 3.64, PFWE = 0.035, k =

22), whereas there were no genotype-dependent effects in the control condition. No main effects
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of CNR1 genotype or treatment were observed, nor was any other brain area significantly

modulated by CNR1 genotype or treatment (no suprathreshold clusters).

In order to gain insight into the network structure underlying the modulatory effect of the CNR1
genotype on stress-induced changes in neural affective processing, we performed, in a next step,
functional connectivity analyses. These analyses revealed a significant CNR1 genotype x
treatment interaction for the coupling of the vIPFC and the amygdala (t = 3.43, PFWE = 0.013, k =
27). As displayed in Figure 2B, AA/AG compared to GG genotype carriers showed significantly
increased vIPFC-amygdala connectivity under no-stress control conditions during negative
picture processing (t = 3.76, PFWE = 0.007, k = 38), whereas genotype groups did not differ after

stress (no suprathreshold clusters).

Figure 2. Stress and CNR1 genotype effects on brain activity during affective picture processing. (A) Activity in the
ventromedial prefrontal cortex was increased in rs1049353 AA/AG compared to GG genotype carriers for negative (vs.
neutral) picture processing under stress. (B) Already under no-stress control conditions, the venrolateral prefrontal
cortex showed enhanced functional connectivity with the amygdala when participants viewed negative (vs. neutral)
pictures. Activations are superimposed on coronal sections of a T1-weighted template image and represented in red.
vmPFC ventromedial prefrontal cortex, vIPFC ventrolateral prefrontal cortex, L corresponds to the left, R to the right
side of the brain and error bars represent SEM. ** p<0.01

Memory performance in AA/AG genotype carriers correlates with activation of and

connectivity between limbic areas after stress

Performance in the surprise free recall test 24 hours after picture presentation was overall rather
moderate (participants recalled on average 20 + 8 percent of all pictures). As expected, memory
was significantly better for negative (mean =6, SD = 2) than for neutral pictures (mean =3, SD = 2;
F(1,130) = 203.98, P < 0.001; Table 2). Performance in the recognition task was overall very high,
with an average hit rate of 88 percent and a false alarm rate of only 15 percent. In line with the free
recall data, we observed superior recognition memory for negative items (increased hit rate,
reduced false alarm rate; all F(1,129) = 25.46, all P <0.001; Table 2). An increased sensitivity index
d’ (F(1,129) = 140.53, P < 0.001) and higher confidence ratings (F(1,129) = 99.68, P < 0.001) for
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negative relative to neutral pictures lent further support for the emotional memory enhancement
(Table 2). Importantly, recall and recognition performance for negative and neutral pictures as well

as confidence ratings were unaffected by stress and CNR1 genotype (all F<2.49,all P> 0.117).

In order to investigate whether the neural underpinnings of emotional memory formation were
affected by stress and the CNR1 polymorphism, we correlated brain activity for negative compared
to neutral items during encoding with the 24 hours delayed memory performance for negative
pictures. Since free recall performance was rather moderate and variance was small, we used the
sensitivity index d’ in our correlation analyses. In line with a crucial role of limbic brain regions in
the processing of and memory formation for emotional material (McGaugh, 2004; LaBar and
Cabeza, 2006), our analyses revealed overall significant clusters in the amygdala (left: t = 2.85,
PFWE =0.046, k= 10), insula (right: t =4.24, PFWE =0.001, k = 113; left: t =4.52, PFWE =0.001, k = 90)
and hippocampus (left: t =3.76, PFWE = 0.008, k = 36) during negative compared to neutral picture
presentation. These clusters were positively correlated with participants’ memory performance
for negative pictures (amygdala: left: r = 0.310, P <0.001; insula: right: r = 0.310, P = 0.001, left: r =
0.275,P=0.001; hippocampus: r=0.209, P=0.016). Importantly, the neural correlates of emotional
memory enhancement were modulated by stress and CNR1 genotype. Specifically, we observed
that in stressed AA/AG genotype carriers emotional memory performance positively correlated
with clusters in the amygdala (left: t = 4.24, PFWE = 0.003, k= 28; r =0.571, P =0.001), insula (left: t
=4.13, PFWE =0.012, k = 62; r = 0.555, P = 0.001, right: t = 3.61, PFWE = 0.039, k=26;r=0.571, P =
0.001) and hippocampus (left: t = 4.16, PFWE = 0.009, k = 56; r = 0.468, P = 0.006; Figure 3A). In
contrast, no such correlations were found in stressed GG genotype carriers (no suprathreshold
clusters, allr<0.289,P>0.108). In the control condition, however, there were no significant clusters
that were activated during negative picture encoding and that correlated with emotional memory
performance in AA/AG genotype carriers (no suprathreshold clusters, all r < 0.247, P > 0.215),
whereas in GG genotype carriers emotional memory performance was positively correlated with
activation of theinsula (right: t=4.22, PFWE =0.008, k = 14; r=0.455, P = 0.004; Figure 3B). In support
of CNR1 genotype-dependent differences in the neural basis of emotional memory formation, the
correlations between emotional memory performance and activation of limbic brain regions
during negative compared to neutral picture encoding significantly differed between AA/AG and
GG genotype carriers in the stress (amygdala and insula: both z between -2.06 and -1.61, P < 0.054)
and control condition (insula: z=2.72, P =0.003).
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In addition to the activation of single brain regions, we analyzed how functional connectivity
patterns during negative picture encoding may relate to later memory performance. Interestingly,
functional connectivity of the hippocampus and the BLA was associated with enhanced emotional
memory only in stressed AA/AG genotype carriers (t =3.78, PFWE =0.004, k= 31; r=0.449, P =0.009;
Figure 3C), whereas no such correlations were observed in stressed GG genotype carriers or AA/AG
and GG genotype carriers in the control condition (no suprathreshold clusters, all r between -0.112

and 0.213, all P > 0.102; no differences between these groups: all z=>-1.26, all P> 0.103).

Figure 3. Correlations between brain activity during encoding of negative (vs. neutral) pictures and emotional memory
performance, expressed as sensitivity index d’ for negative pictures. (A) Following the stress manipulation, activity of
the amygdala, insula and hippocampus positively correlated with memory performance in stressed AA/AG genotype
carriers. (B) In the no-stress control condition, insula activity positively correlated with memory performance in GG
genotype allle carriers. (C) Enhanced functional connecitivity of the hippocampus with the basolateral amygdala (BLA)
during negative (vs. neutral) picture encoding was associated with enhanced memory performance for negative
pictures only in stressed AA/AG genotype carriers.

Discussion

The eCB system has been suggested to act as an emotional buffer under stress (Morena and
Campolongo, 2014). However, how eCBs may modulate affective responding in humans remained
unclear. Here we combined a behavioral genetics approach with fMRI to investigate how a variant
of the gene coding for the CB1 receptor may alter the neural processing of affective information
under stress. Our results show, in line with a crucial role of eCB signaling in affective responding,
significant changes of affective processing under stress depending on the CB1 receptor gene

variant.
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More specifically, we obtained stronger activity of the vmPFC in AA/AG compared to GG genotype
carriers when processing emotionally negative (vs. neutral) information after stress. The mPFC
coordinates cognitive, emotional and behavioral responses to stressful stimuli and regulates
glucocorticoid-mediated negative feedback inhibition of the HPA axis (Diorio et al, 1993;
McLaughlin et al., 2014). The vmPFC specifically is known to play a crucial role in emotion
regulation and extinction processes (Ochsner and Gross, 2005; Kalisch et al., 2006; Goldin et al.,
2008) and reduced activation of the vmPFC during negative picture processing has been
associated with depression (Brassen et al., 2008), which suggests that the stronger recruitment of
the vmPFC may allow more efficient affective processing and emotion regulation under stress.
Indeed, the vmPFC has been shown to regulate limbic brain regions that are involved in the
generation of emotional responses (Etkin et al., 2011) and enhanced activation of this brain region
is associated with reduced negative affect (Urry et al., 2006). Endocannabinoid signaling appears
to be crucial for effective mPFC functioning (Morena et al., 2016). Indeed, eCBs have been shown
to regulate GABAergic inhibition of the mPFC (McLaughlin et al., 2014) and increased eCB signaling
in the mPFC and amygdala were able to suppress anxiety (Rubino et al., 2008). The eCB-induced
increase in dopamine and the reduced GABAergic inhibition of the mPFC (Chiu et al,, 2010) in
concert with enhanced serotonergic activation (McLaughlin et al., 2012) may promote self-focused
emotion regulation and active stress coping strategies dependent on the mPFC (Ochsner et al,,
2004; McLaughlinetal.,2014), whichisin line with anxiety-reducing and antidepressant-like effects
of CB1 receptor agonists (Bambico et al., 2007; Akirav, 2011). These mechanism may contribute to

the proposed protective effect of the rs1049353 A allele against stress-related psychopathologies.

Interestingly, we obtained already under no-stress control conditions differential prefrontal
engagement during affective processing in AA/AG compared to GG geotype carriers. In particular,
the VIPFC, another critical area for emotion regulation (Ochsner and Gross, 2005), showed in the
control condition stronger connectivity with the amygdala during affective processing in AA/AG
compared to GG genotype carriers. Although functional connectivity data do not allow
conclusions regarding the direction of the interaction, this finding is generally in line with previous
studies suggesting that the vIPFC inhibits activation of the amygdala, thereby diminishing the
influence of the amygdala during affective processing, which is crucial for successful emotion
regulation in the face of threatening stimuli (Banks et al., 2007; Wager et al., 2008; Etkin et al., 2011).

Thus, this increased vIPFC-amygdala connectivity may represent another mechanism
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contributing to beneficial effects of the A allele in coping with adverse events. While these neural
data provide evidence for differences between AA/AG and GG genotype carriers in affective
processing under stress and control conditions, it is important to note that these differences at
the neural level were not accompanied by behavioral changes (i.e., changes in emotionality
ratings), which may be, at least in part, due to the reduced sensitivity of the four-point rating scale.
Interestingly, however, GG genotype carriers were generally faster in their emotionality ratings,

which might be indicative of more automatic, reflexive affective responding.

Beyond a mere modulation of affective processing under stress, the eCB system has been
implicated in memory formation for emotional events, most likely through its influence on rapid
glucocorticoid signaling (Campolongo et al., 2009; Atsak et al., 2012a; Atsak et al., 2012b; Atsak et
al., 2015). In line with a number of previous studies (for a review see Hamann, 2001), our results
showed better memory for negative compared to neutral information. This emotional memory
enhancementis commonly assumed to rely on the actions of catecholamines and glucocorticoids
in the amygdala, which then modulate memory processes in areas such as the hippocampus
(McGaugh, 2000; LaBar and Cabeza, 2006; Roozendaal et al., 2009). In line with these ideas, we
obtained, across genotype- and treatment-groups, significant correlations between memory
performance for emotionally arousing stimuli and activity in the amygdala, insula and
hippocampus. The neural underpinnings of the emotional memory enhancement, however, were
distinctin carriers of the AA/AG and GG genotype of the CNR1 gene polymorphism. When analyzing
the experimental groups separately, the correlations between hippocampal, amygdala and insula
activity and emotional memory performance were observed in stressed AA/AG but not GG
genotype carriers. Moreover, we obtained a significant correlation between the functional
connectivity of BLA and hippocampus after stress, as predicted by prominent models of emotional
memory formation (Roozendaal et al., 2004; Roozendaal and McGaugh, 2011; Roozendaal and
Hermans, 2017), in stressed AA/AG but not GG genotype carriers. This result is generally in line with
the finding that injection of a CB1 receptor agonist into the BLA improved emotional memory in
rats, whereas the corticosterone-induced emotional memory enhancement was blocked already
by injection of a very low dose of a CB1 receptor antagonist into the BLA (Campolongo et al., 2009).
These findings support the view that a stress-induced increase in glucocorticoids stimulates eCB
signaling, leading to increased (noradrenergic) activity in the BLA, most likely by inhibiting
GABAergic influences (Duvarci and Pare, 2007; Hill and McEwen, 2009), which then enhances
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memory consolidation through changes in hippocampal synaptic plasticity. Similarly, to the data
on affective processing, however, it is important to note that the neural differences in memory
formation did not translate into performance differences in the present study. The absence of
behavioral differences may be owing to the overall rather moderate performance level in the
surprise memory tests. Alternatively, differential memory performance might be revealed in more
sophisticated memory tests that assess the actual level of elaboration of the encoded material
(Schwabe and Wolf, 2013). CB1 genotype related changes in the neural signature of emotional
memory formation may result in encoding and consolidation changes that are highly relevant in
the context of PTSD and anxiety disorders and are further related to the protective effects of the A

allele of the rs1049353 polymorphism on mental health.

The fact that we see a (potentially) beneficial influence of the rs1049353 AA/AG genotype on the
neural correlates of affective processing and emotional memory enhancement under stress, but
not under control conditions, is in line with previous results showing that a certain degree of
emotional arousal is needed for a modulation by eCB signaling (Campolongo et al.,, 2012).
Although it is unknown whether the rs1049353 polymorphism is functional or not, it has been
postulated to affect mRNA stability (Chakrabarti et al., 2006; Domschke et al., 2008; Hill and Patel,
2013). In addition, clinical studies showed some level of protection against stress and the
development of depression in AA/AG genotype carriers (Domschke et al., 2008; Agrawal et al., 2012)
and a neuroimaging study in healthy participants revealed diminished activation of the striatum
in response to happy faces in GG genotype carriers, which may be indicative of reduced social
reward responsivity (Chakrabarti et al., 2006). Based on these results and the proposal that the
rs1049353 AA/AG genotype may results in a more stable mRNA (Hill and Patel, 2013), it is tempting
to speculate that the AA genotype is associated with enhanced CB1 receptor functioning in vivo.
Whereas future molecular studies are needed to explicitly test this prediction, we propose that
enhanced CB1 receptor functioning in A allele carriers improves emotion regulation strategies in
the face of stress and perhaps the incorporation of emotional events into autobiographical
memory, for which the hippocampus is essential (Cabeza and St. Jacques, 2007). In contrast to
previous studies that suggested a role of eCBs and the CB1 receptor in the regulation of the HPA
axis (McLaughlin et al., 2014), we obtained no influence of the CB1 receptor polymorphism on the
cortisol response to stress. The absence of such an effect suggests that the effects of the rs1049353

polymorphism on the neural underpinnings of affective processing and emotional memory
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formation are not simply driven by changes in the cortisol response to stress. It is very likely that
the influence of eCB signaling on other neurotransmitter systems is crucial, such as the influence
of eCBs on GABAergic neurons in the mPFC (McLaughlin 2014) and BLA (Duvarci 2007), as well as

on serotonergic pathways to other limbic brain regions (McLaughlin 2012).

In sum, our results show that a common variant of the gene coding for the CB1 receptor
(rs10493453 AA/AG genotype) is associated with increased recruitment of prefrontal regions that
are important for emotion regulation during affective processing under stress and with enhanced
connectivity of the hippocampus with the BLA during emotional memory formation. These data
may point to improved emotion regulation abilities and more appropriate consolidation of
emotional events into autobiographical memory in individuals with one or more copies of the
minor A allele of this polymorphism. This modulation of affective and cognitive processing under
stress may contribute to a certain degree of protection against stress-related disorders such as
PTSD. Indeed, first evidence suggests that the eCB system may be an effective target for treating
the cognitive and affective characteristics of PTSD (Hill et al., 2006; Ganon-Elazar and Akirav, 2012;
Akirav, 2013; Trezza and Campolongo, 2013; Korem et al., 2016). Specifically, in rats it was shown
that injections of a CB1/CB2 receptor agonist into the BLA and hippocampus prevented the stress-
induced glucocorticoid receptor upregulation in these brain regions as well as in the PFC and
prevented an impairment in fear extinction (Ganon-Elazar and Akirav, 2013). In combination with
evidence suggesting glucocorticoid-based therapies for the attenuation of aversive memories (de
Quervain et al,, 2017), these findings may hopefully advance the development of new treatment
options for PTSD and other stress-related disorders that are characterized by aberrant affective

processing.
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