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8.1 Introduction

Life-threatening experiences such as car accidents, assaults, or natural disasters
usually produce powerful and intrusive memories. In vulnerable individuals,
these overly strong memories may persist and lead to the debilitating condition of
posttraumatic stress disorder (PTSD). In addition to strongly encoded emotional
memories, impoverished memory functioning or disruptions in memory have
been associated with exposure to stress. These two, apparently opposing, mem-
ory processes have also been identified as key memory impairments in PTSD
patients, in the form of highly emotional traumatic memories that are easily
triggered and general memory impairments (American Psychiatric Association,
3BT

In this chapter, we summarize the research findings on the impact of acute
stress on memory functioning in healthy individuals, which may shed light on
the underlying neurobiological processes related to these two apparently distinct
mMemory processes.

The strength of traumatic memories has been related to the action of hor-
mones and neurotransmitters that are released during the traumatic event
(Pitman, 1989; Pitman et al., 2012). Although such extreme experiences are
relatively rare, we all experience stress in varying degrees and forms every day,
with work-related stress, financial problems, relationship distress, or chronic
illness being only a few examples. Albeit less intense, it is assumed that the
biological responses to everyday stress are highly similar to the physiological
responses to life-threatening stress experiences. The stress response begins
when the prefrontal cortex (PFC) and limbic structures, in particular the
amygdala and the hippocampus, appraise a situation or a stimulus as a poten-
tial threat (i.e., a stressor) to the organism. These brain areas are intimately
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‘ : linked to the hypothalamus, the control center of two major stress response

systems of the body: the rapidly acting sympathetic nervous system and the
H ; hypothalamus-pituitary—adrenal (HPA) axis (Joéls & Baram, 2009; see Figure 8.1
| and Chapters 9 and 11). When prefrontal and limbic structures signal that a
| situation is threatening, the hypothalamus rapidly activates the sympathetic
nervous system, which triggers, within seconds, the release of epinephrine
| w and norepinephrine from the adrenal medulla. Although these catecholamines
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i Figure 8.1 Circuits activated by stress. If a situation is perceived as a threat for the
physiological or psychological integrity of the organism, the brain activates two lines of
delense mechanisms that serve to adapt to the demand and to restore balance: the rapidly

‘ ; acting autonomic nervous system (ANS) and the slower hypothalamic-pituitary—-adrenal

1 (HPA) axis. The first line of defense sets in immediately after the stressor occurs when the
" . amygdala activates the hypothalamus. Activation of the hypothalamus in turn stimulates the
i i, | sympathetic arm of the ANS, which secretes norepinephrine at its postganglionic nerve
‘ | 1 endings. Among the effector organs of the ANS is the adrenal medulla, which releases
1 _ ‘ epinephrine and norepinephrine. Autonomic activation can indirectly (via the vagal nerve,

solitary tract nucleus, and locus coeruleus) lead to the release of norepinephrine in the brain.

(L8 The second line of defense is initiated by the secretion of corticotropin-releasing hormone
‘ | (CRH) from the paraventricular nucleus of the hypothalamus. CRH causes the secretion of
‘ p-endorphin and adrenocorticotropic hormone (ACTH) from the anterior pituitary, which is
‘ transported in the bloodstream to the cortex of the adrenal glands, inducing the secretion of
glucocorticoids. Glucocorticoids exert negative feedback via receptors at the pituitary and
\

hypothalamus, thereby reducing the enhanced activity of the HPA axis. (Reproduced from
Schwabe et al., 2010b.)
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cannot cross the blood-brain barrier, they exert indirect effects on the brain via
the vagus nerve, which then further activates central noradrenergic systems,
particularly the locus coeruleus and the nucleus tractus solitarius (Williams &
Clayton, 2001). In addition to the activation of the sympathetic nervous system,
the hypothalamus also triggers the HPA axis by releasing corticotropin-releasing
hormone (CRH). CRH provokes the secretion of another hormone, adreno-
corticotropic hormone (ACTH), from the pituitary. ACTH, in turn, stimulates
the release of glucocorticoids (mainly cortisol in humans and corticosterone in
rodents) from the adrenal cortex. Glucocorticoids are steroid hormones that can
cross the blood-brain barrier. Through binding to glucocorticoid receptors (GRs)
and mineralocorticoid receptors (MRs) in the brain, glucocorticoids modulate,
in concert with norepinephrine and other hormones and neurotransmitters
that are released in response to stressors, learning and memory processes by
acting on various brain areas, including the hippocampus, amygdala, and PEC.
Understanding how stress, through these stress mediators, may yield strongly
consolidated emotional memories and impaired memory functioning could
enhance our understanding of the pathogenesis of PTSD and potentially open
the door to novel treatment approaches.

In this chapter, we first focus on the impact of stress and stress hormones on
human episodic memory, i.e., memory for events that can be explicitly stated
and tested, such as the memory for your last birthday party. Next, we review
stress effects on human fear conditioning, an important model of PTSD, where
fear memories can be established without explicit awareness of the learning pro-
cess. In the third part of this chapter, we will summarize recent findings showing
that stress may alter the contributions of multiple memory systems to learning,
thus promoting a shift from flexible, “cognitive” to rather rigid, “habit” learning
and memory. Finally, we discuss the implications of these findings on stress and
memory in healthy humans for trauma memory, the core feature of PTSD. Find-
ings related to neuropsychological studies of memory function in PTSD patients
are covered elsewhere in this book (see Chapter 12).

8.2 Time-dependent effects of stress on episodic
memory in healthy humans

When learning, storing, and retrieving new information, the hippocampus and
adjacent medial temporal lobe regions are the key locus of episodic memory in
the brain (Dickerson & Eichenbaum, 2010; Tulving & Markowitsch, 1998). At
the same time, the hippocampus is one of the brain areas with the highest den-
sity of GRs and MRs (de Kloet et al., 1998; McEwen et al., 1986), suggesting
that it is particularly sensitive to stress and glucocorticoid effects. Indeed, there
is converging evidence from neurophysiological, neuroimaging, and behavioral
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‘ studies showing that stress and stress hormones attect hippocampal activity and
| i ‘ functionality (Diamond et al., 2007; Kim et al., 2001; Pruessner et al., 2008; de
1 ‘ Quervain et al., 2003; Schwabe et al., 2009a). Hippocampus-dependent learning
il L \ and memory processes may be enhanced or impaired by stress, depending on
‘ whether or not stress occurs around the time and within the context of a learn-
¥ it " ing episode (Joéls et al., 2006). In a stresstul situation, the hippocampus turns
\‘ ' ‘ to a ‘memory formation mode’ during which strong memories are created for
| 3 everything that is related to the stressor. When the stress situation is over, the
|| i hippocampus appears to shift to a “memory storage mode” that is dedicated to
] i the consolidation of the memories of the stressful event (Schwabe et al., 2012a).
‘ “” j \ The prioritized encoding and storage of memories of stressful experiences is obvi-
| i \ ously adaptive; our survival may depend on remembering these stressful episodes
I from our past. However, the superior memory for information related to a stres-
I 'y sor may come at the cost or detriment of stressor-unrelated memory processes.
il i In the following sections, we discuss the effect of stress on every stage of a mem-
ory — encoding, consolidation, retrieval, and post-retrieval reconsolidation — in
more detail (see also Figure 8.2).
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Stress before learning may enhance memory when it occurs within the context of a learning

I - experience (e.g., shortly before or during learning), whereas stress out of the learning context
Il (e.g., relatively long before learning) impairs memory. Stress shortly after learning strengthens
subsequent memory, particularly for emotionally arousing information. Conversely, stress
before retention testing typically reduces retrieval performance, again particularly for
emotionally arousing information. In addition, stress may also interfere with the

| ) re-stabilization (“reconsolidation”) of memories alter retrieval. (Reproduced from Schwabe &

l
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i Figure 8.2 Time-dependent effects of stress on hippocampus-dependent episodic memory.
\ & Wolf, 2013.)
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8.2.1 Stress and memory encoding

One of the challenges in investigating the specific effects of stress on memory
encoding is that stress effects on encoding can hardly be disentangled from
those on memory consolidation, and in some studies the stress effects may
influence encoding, consolidation, and retrieval. Studies in which participants
were exposed to a (unrelated) stressor before encoding yielded heterogeneous
results, with some studies reporting enhanced (Henckens et al., 2009; Nater
et al., 2007; Schwabe et al.,, 2008; Van Stegeren et al.,, 2010), and others
impaired, subsequent memory performance (Elzinga et al., 2005; Kirschbaum
etal., 1996; Lupien et al., 1997). Several factors have been proposed to account
for these discrepant findings. For example, it has been suggested that stress
has different effects on the encoding of neutral and emotional material (Payne
et al., 2006; Tops et al., 2003) or that the direction of the stress etfects depends
on the stressor intensity and the associated glucocorticoid level (Abercrombie
et al.,, 2003). Based on models derived from neurophysiological studies in
rodents (Diamond et al., 2007; Joéls et al., 2006), it has recently been argued
that the time of the stress exposure relative to the learning episode might be
the critical factor that determines whether stress before learning enhances or
impairs memory. It is assumed that catecholamines and rapid, non-genomic
glucocorticoid actions enhance the memory for currently ongoing events,
whereas the slowly developing genomic glucocorticoid actions impair memory
formation (Joéls et al., 2006, 2011). Such a biphasic effect of glucocorticoids on
the hippocampus was recently confirmed in the human brain (Lovallo et al.,
2010). Moreover, a recent behavioral study reported that memory was impaired
when healthy subjects were stressed 30 minutes before learning, but enhanced
when subjects were exposed to the stressor shortly before learning (Zoladz
et al., 2011). In line with these findings, other studies showed that psychosocial
stress shortly before or during learning enhanced the retention of material
that is conceptually related to the stress situation, such as stressor-related,
high-arousal words (Smeets et al., 2007, 2009). However, stress around the
time of learning may not necessarily boost memory. If stress is not related
to the learning experience, it may act as a distractor and result in severely
impaired memory (Schwabe & Wolf, 2010a). In sum, many factors determine
how exactly stress affects memory encoding, and the details are still not fully
understood.

8.2.2 Stress and memory consolidation

Compared with neutral events, emotionally arousing experiences are typically
very well remembered (Christianson, 1992; McGaugh, 2000; Winograd &
Neisser, 1992). Understanding how the superior memory for emotional material
is created has important implications for the intrusive traumatic memories that
typically develop in PTSD. The emotional memory enhancement is thought to be




164  Posttraumatic Stress Disorder: From Neurobiology to Treatment

aresult of the influence of adrenal hormones on amygdala activity, which in turn

promotes consolidation processes in other brain regions such as the hippocam-

pus. For instance, amygdala activity during encoding correlates significantly

with the strength of emotional memories (Cahill et al., 1996) and amygdala

dysfunction abolishes the superior memory for emotional material (Cahill et al.,

1995). Adrenergic activity is critical for the superior memory for an emotionally
arousing event. For instance, studies showed a correlation between the level of
the plasma metabolite of norepinephrine, 3-methoxy-4-hydroxyphenylglycol
(MHPG), and the strength of emotional memory formation in the context of
a pharmacological challenge (Southwick et al., 2002). Blocking the activity of
norepinephrine by means of the f-adrenergic antagonist propranolol eliminates
both the emotional memory enhancement and the associated increase in
amygdala activity (Cahill et al., 1994; Strange & Dolan, 2004), and hence
is theoretically an interesting treatment for direct use after exposure to a
traumatic event. In line with the idea that hormones and neurotransmitters
that are released in response to stress facilitate memory consolidation, stress and
elevated glucocorticoid or epinephrine levels shortly after training also enhance
subsequent memory (Andreano & Cahill, 2006; Beckner et al., 2006; Cahill &
Alkire, 2003; Cahill et al., 2003). The enhancing effects of stress on memory
consolidation are particularly pronounced for emotionally arousing material
(Cahill et al., 2003). Moreover, glucocorticoids appear to be most effective in
individuals who are emotionally aroused (Abercrombie et al., 2006). These
latter findings corroborate the view that glucocorticoids interact with emotional
arousal-induced noradrenergic activation to boost memory consolidation, which
has been convincingly shown in rodents (Roozendaal et al., 2006a,b).

8.2.3 Stress and memory retrieval

Stress or the administration of glucocorticoids shortly before retention testing
is often associated with reduced memory performance (de Quervain et al.,
2000; Kuhlmann et al., 2005; Schwabe & Wolf, 2009a, 2014; Tollenaar et al.,
2008, 2009; but for indications of enhanced retrieval during or after stress, see
Hupbach & Fieman, 2012; Schilling et al., 2013; Schénfeld et al., 2014; Schwabe
et al., 2009b), suggesting that memory retrieval is, in contrast to memory con-
solidation, impaired by stress. The disruptive effect of stress or glucocorticoids
on retrieval performance is paralleled by reduced activity in the PFC and the
hippocampus during retention testing (Kukolja et al., 2008; Oei et al., 2007).
Emotionally arousing memories are, again, particularly sensitive to the influence
of stress and stress hormones (Buchanan et al., 2006; Kuhlmann et al., 2005).
Blocking the arousal-related noradrenergic activity pharmacologically with a
p-adrenergic antagonist prevents the impact of stress on memory retrieval (de
Quervain et al., 2007; Schwabe et al., 2009b), whereas it does not affect retrieval
per se (Tollenaar et al., 2009). Thus, there is strong evidence that the impairing
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effect of stress on memory retrieval requires, as with the enhancing effect on
memory consolidation, concurrent glucocorticoid and noradrenergic activation.

8.2.4 Stress and memory reconsolidation

The past 15 years have seen renewed interest in the idea that the reactivation of
a consolidated memory during retrieval returns this memory to an unstable state
again from which it needs to be stabilized anew during a process of “reconsolida-
tion” (Dudai, 2006; Nader & Hardt, 2009). Recent evidence suggests that stress
may affect memory also when administered after retrieval, i.e., during recon-
solidation. The direction of these effects, however, is not yet fully clear. One
study reported that stress during reconsolidation enhances subsequent memory
(Coccoz et al., 2011), similar to stress during initial consolidation. Other studies,
however, showed that stress after retrieval impairs updating of memory traces
(Schmidt et al., 2014) and disrupts the re-stabilization of memories during recon-
solidation, resulting in impaired subsequent recall (Schwabe & Wolf, 2010¢; Zhao
et al., 2009). Given the potential opportunity to modify unwanted memories
after their reactivation, stress hormone effects on memory reconsolidation might
be particularly interesting in the context of PTSD and are therefore an important
avenue for future research.

8.3 Stress and fear conditioning in humans

In addition to the episodic memory of the traumatic event, conditioned fear is
an important part of the trauma memory (see Chapter 4). Fear conditioning
processes are thought to play a major role in the development of anxiety
disorders in general (Mineka & Oehlberg, 2008; Mineka & Zinbarg, 2006) and
fear conditioning is one of the most important models of fear learning relevant
to PTSD (Graham & Milad, 2011; Mineka & Oehlberg, 2008). During fear
conditioning, an individual learns that a neutral stimulus is reliably paired with
an aversive event (unconditioned stimulus, UCS) leading to a fear response
(unconditioned response). As a result of these pairings, the initially neutral
stimulus alone can trigger the fear response and is now referred to as a condi-
tioned stimulus (CS). The CS can be a cue (cue-dependent conditioning) or a
context (context-dependent conditioning). Because human fear conditioning
studies have used mainly cue-dependent conditioning, we will focus mainly
on this form of conditioning (for context-dependent conditioning in animals,
see Maren et al.,, 2013; for the effects of development on fear learning, see
Chapter 4). ‘

Repeated presentations of the CS without the UCS result in fear extinc-
tion during which fear memories are suppressed. Exposure to phobic stimuli
and situations, or trauma-related memories in the case of PTSD, is based
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on fear extinction and represents the most effective therapeutic strategy to
treat anxiety disorders (Foa & Kozak, 1986; Vervliet et al., 2013). However,
after extinction, the fear is not gone, it is just not expressed. Return of
fear is often observed when individuals are exposed to the CS after a delay
(spontaneous recovery), after a change in context (renewal), or after unsignalled
presentations of the UCS (reinstatement; see Bouton, 2004).

It is well established that the amygdala is the central structure for fear condi-
tioning in the brain, both in humans and other animals (LeDoux, 2000). More-
over, the anterior cingulate cortex, the insula, the ventromedial PEC (vmPFC),
and the hippocampus are important parts of the fear and extinction network
(Mechias et al., 2010; Sehlmeyer et al., 2009). Interestingly, abnormalities in this
fear circuitry have been repeatedly found in PTSD patients (Elzinga & Bremner,
2003; Etkin & Wager, 2007). In the following sections, we review the findings
regarding the impact of stress and stress hormones on fear memory formation,
extinction, and the return of fear.

8.3.1 Stress and fear memory formation
How stress affects fear acquisition in healthy individuals remains controversial;
some studies reported enhanced, others reduced, conditioned fear memory after
stress. Part of these discrepancies is the result of differences in the timing of the
stress experience. For instance, autonomic activity setting in rapidly after stres-
sor onset appears to be associated with enhanced conditioned fear (Antov et al.,
2013). In line with these findings, pharmacological elevations in noradrenergic
stimulation by the a,-adrenoreceptor antagonist yohimbine strengthens subse-
quent fear memory, as indicated by slower extinction learning, heightened fear
retrieval after reinstatement, and increased fear reacquisition (Soeter & Kindt,
2011). In contrast to the influence of autonomic arousal, the delayed cortisol
response to a stressor appears to be negatively correlated with fear memory for-
mation (Antov etal., 2013). Thisis in line with findings that the cortisol response
30 minutes after stress exposure is negatively associated with amygdala activa-
tion (Oecietal., 2012). However, it is important to note that there is accumulating
evidence for significant sex differences in stress effects on fear conditioning, in
line with animal data (Dalla & Shors, 2009; Shors, 2004). For instance, stress
induction 1 hour before fear conditioning enhanced fear responses in men but
appeared to inhibit fear memory in women (Jackson et al., 2006). Similarly,
stress-induced cortisol elevations after fear conditioning strengthen fear memory
consolidation in men but not in women (Zorawski et al., 2005, 2006). Exposure
to psychosocial stress led to the same pattern of results: stress attenuated condi-
tioned fear responses in men, but enhanced fear responses in women taking oral
contraceptives (Merz et al., 2013).

Pharmacological studies suggest that glucocorticoids may further modulate
fear conditioning processes differently in men and women sex-dependently.
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Cortisol attenuated fear contextualization and increased fear generalization in
women taking oral contraceptives, whereas the opposite pattern was observed
in men (Van Ast et al., 2012). More specifically, in women, cortisol enhanced
fear towards cues signaling danger in threatening and safe contexts, as well
as towards safety signals in a threatening context. Such deficits in fear con-
textualization may constitute a vulnerability factor in the development of
anxiety and trauma-related disorders such as PTSD. Moreover, it has been
consistently shown that pharmacological elevations of cortisol diminish fear
responses in men and free-cycling women, but increase fear in women taking
oral contraceptives (Merz et al., 2010, 2012; Stark et al., 2006; Tabbert et al.,
2010). Neuroimaging revealed that glucocorticoid administration and stress
affected the fear network, including the amygdala and the hippocampus
(Henckens et al., 2010, 2012; de Quervain et al., 2003), which are critical for the
formation of emotional memories (Cahill & McGaugh, 1998; McGaugh, 2000).
Cortisol also exerted sex hormone status-related effects in areas involved in fear
expression and regulation, such as the anterior cingulate or the orbitofrontal
cortex. Further evidence points to sex-dependent effects of stress hormones,
particularly on amygdala activity. For example, ndradrenergic stimulation led
to increased amygdala activity in response to fearful faces in women but to
decreased amygdala responses in men (Schwabe et al., 2013a). In line with these
findings, rapid cortisol effects reduced amygdala responsivity to fearful faces
(Henckens et al., 2010) and also impaired resting state functional connectivity
of the amygdala to the hippocampus in men (Henckens et al., 2012).

Taken together, autonomic activity and rapid, non-genomic glucocorticoid
actions appear to enhance fear memory formation. However, when stress
hormone concentrations peak shortly before or during acquisition they inhibit
transiently the fear circuit surrounding the amygdala and the hippocampus
in general, but increase fear in women taking oral contraceptives. Slowly
developing, genomic glucocorticoid effects, on the other hand, seem to enhance
fear acquisition again. How exactly stress hormones evoke these opposite fear
response patterns is still not fully understood.

8.3.2 Stress, extinction, and the return of fear

The majority. of human studies on the influence of stress on fear conditioning
processes have focused on fear acquisition, yet over the past few years also fear
extinction and the subsequent return of fear received increasing attention. For
example, cortisol administration before fear learning has been shown to reduce
activation of the amygdala or the hippocampus during subsequent extinction
learning in women taking oral contraceptives (Tabbert et al.,, 2010). However,
here, cortisol effects on fear acquisition and extinction could not be separated.
To overcome this problem, in a recent functional magnetic resonance imaging
experiment, cortisol was given directly after fear learning, 45 minutes before
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fear extinction took place (Merz et al., 2014). The results showed that corti-
sol increased electrodermal fear responses during extinction in men, which was
paralleled by attenuated activation of the amygdala, medial PFC, and nucleus
accumbens. These findings suggest that cortisol disrupted the interplay between
these structures, which may have delayed fear extinction. Whereas this study
used a 1-day design in which fear acquisition und extinction were separated only
by a short delay, another recent study in healthy humans tested how stress alters
extinction of a conditioned fear memory that was acquired 1 day before (Bentz
ctal., 2013). Here, stress reduced fear retrieval expressed as UCS expectancy in
men, but not in women. However, this effect was evident only at the first CS
presentation in the extinction session as well as in another test on a third day,
indicating that stress inhibited fear retrieval rather than that it affected extinc-
tion learning. These findings parallel experiments in phobic patients, who benefit
from cortisol intake prior to exposure sessions, which are based on the principle
of extinction learning (de Quervain et al., 2011; Soravia et al., 2006; see below).

Several further attempts have been made to enhance extinction learning and
to prevent the return of fear mainly by pharmacological alterations of nora-
drenergic activity (see Holmes & Quirk, 2010, for an overview of the animal
literature). Pharmacologically increased noradrenergic activity before exposure
therapy attenuates fear at a 1-week follow-up in acrophobic patients (Powers
et al., 2009). In line with findings in episodic memory (discussed earlier), it is
tempting to speculate that yohimbine made extinction memories more arousing
and thus better consolidated.

Building on the proposed lability of memories after their reactivation (Nader
& Hardt, 2009), several recent studies aimed to tackle fear memories during
reconsolidation. Administration of the B-adrenergic antagonist propranolol
given either before or after fear memory reactivation by a single CS presentation
reduced the return of fear in subsequent reinstatement and renewal protocols,
even 1 month later (Soeter & Kindt, 2010, 2012a,b).

Taken together, augmentation of (nor)adrenergic transmission seems to pro-
mote consolidation of fear extinction. Neuroimaging studies exploring the neural
underpinnings of the effects of norepinephrine are still largely missing. The ani-
mal literature, however, suggests an enhancement of the excitability of neurons
in the vmPFC (Mueller & Cahill, 2010).

8.4 Stress-induced modulation of multiple memory
systems

The previous two sections dealt with stress effects on single memory systems,
mainly the hippocampus and the amygdala. Stress may affect the performance
of these systems and thus alter quantitative memory parameters such as the
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number of remembered items or the strength of the fear memory. Over the past
few years, evidence has accumulated suggesting that stress affects not only how
much we learn or remember in a given situation but also how we learn and
which strategies we use during learning (Schwabe et al., 2010b).

Many tasks can be solved in different ways; they can be acquired by distinct
memory systems that differ in the mode of operation and the type of information
that is processed (Squire, 2004). Stress may have a critical impact on which of
these systems is engaged during learning. Route learning, for example, may
be supported by a hippocampus-dependent spatial memory system that learns
the relationship between multiple cues in the environment and by a dorsal
striatum-dependent stimulus-response (S-R) memory system that associates
a single stimulus with a certain response (McDonald & White, 1993; Packard
et al., 1989). In line with earlier rodent data (Kim et al., 2001; Packard &
Wingard, 2004), stress before learning promotes in humans S-R learning at
the expense of spatial learning (Schwabe et al., 2007). Glucocorticoids seem
to play an important role in the switch between flexible, “cognitive” spatial
learning and rather rigid, “habitual” S-R learning (Bohbot et al., 2011; Schwabe
et al., 2009¢). Probabilistic classification learning may also be subserved by a
hippocampal and a striatal system (Foerde et al., 2006; Knowlton et al., 1996)
and which memory controls learning can also be influenced by stress. Stress
before classification learning favors striatum-dependent “procedural” learning
over hippocampus-dependent “declarative” learning (Schwabe & Wolf, 2012).
Neuroimaging data confirmed that stress shifted classification learning from
hippocampal to striatal control and suggested that this shift may be due to an
impairment of the hippocampus-dependent system (Schwabe & Wolf, 2012).
The shift from hippocampus-dependent to striatum-dependent memory is
orchestrated by the amygdala, as indicated by findings showing that stress
increases amygdala connectivity with the dorsal striatum, whereas amygdala
connectivity with the hippocampus decreases after stress (Schwabe et al.,
2013b).

Instrumental learning can also be controlled by two separate memory systems:
a PFC-based “goal-directed” system that encodes the association between an
action and the outcome that is engendered by the action; and a dorsolateral
striatum-based “habit” system that associates a response with preceding stimuli
(Balleine & O’Doherty, 2010; Dickinson, 1985). Stress promotes habit learning
(Schwabe & Wolf, 2009b, 2010b). This stress-induced bias towards habits is
correlated with the cortisol increase in response to stress and can be prevented
by a B-adrenergic antagonist (Schwabe et al., 2011), suggesting that stress effects
on the engagement of goal-directed and habit systems necessitate, in same way
as stress effects on hippocampal memory (Roozendaal et al., 2006a), simultane-
ous glucocorticoid and noradrenergic activation. Corroborating this conclusion,
pharmacological elevations of both glucocorticoid and noradrenergic activity
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resulted in habitual learning, whereas behavior remained goal-directed when
only one of the two stress response systems was stimulated (Schwabe et al.,
2010a, 2012b). At the neural level, habit learning after concurrent glucocorticoid
and noradrenergic activity is associated with sensitivity of prefrontal areas to
changes in the motivational value of an outcome (Schwabe et al., 2012b).

In sum, stress may modulate the engagement of multiple memory systems in
a manner that favors “habit” over “cognitive” memory and this appears to be due
to an impairment of “cognitive” memory systems, thus allowing “habit” systems
to dominate behavior (Schwabe & Wolf, 2013).

8.5 Stress and memory in healthy subjects:
implications for PTSD

Stress affects how much we learn and remember. Emotionally arousing events
are typically remembered much better than neutral events. Moreover, stress
during or shortly after a learning experience may enhance episodic or fear mem-
ory, particularly when the content is related to the stressor, whereas memory
retrieval appears to be impaired by stress (Roozendaal et al., 2006a; Schwabe
et al., 2012a). In addition to these stress effects on quantitative memory per-
formance, stress may also modulate the engagement of multiple memory sys-
tems in a manner that facilitates rather rigid, inflexible memory processes at the
expense of flexible but cognitively demanding memory processes (Schwabe &
Wolf, 2013). These different stress effects on memory may help to explain the
apparently opposing memory processes in PTSD patients, who suffer from strong
intrusive, trauma-related memories on the one hand, but show general mem-
ory impairments or distortions for information that is unrelated to the traumatic
event, on the other.

The extreme stress during a traumatic experience leads to a strong release
of glucocorticoids and catecholamines. As described earlier, these stress medi-
ators promote the formation of lasting memories, in particular if stress occurs
in the context of the learning episode, as is the case during a traumatic expe-
rience. Thus, the action of stress hormones during the trauma may result in
an “overconsolidation” of the traumatic event, through episodic memory pro-
cesses and fear conditioning (Elzinga & Bremner, 2003; Pitman, 1989; Pitman
et al.,, 2012), resulting in memories that are easily triggered by a wide range of
reminders. In addition, the extreme stress during a traumatic experience may
alter the recruitment of multiple memory systems in memory formation. Based
on research in healthy individuals (Schwabe, 2013), it can be predicted that the
stressful experience favors the engagement of habit or S—-R memory that is sub-
served by the striatum over PFC- or hippocampus-dependent cognitive memory.
In addition to the fear conditioning processes, the aberrant engagement of habit
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or S-R memory processes may be reflected in the strong emotional responding
to single trauma-related cues (e.g., odors or sounds) that is often observed in
PTSD patients (Liberzon et al., 1999; Pissiota et al., 2002). Furthermore, the pre-
dominance of striatum-based habit memory under stress, at the expense of hip-
pocampal learning, could also account for the disorganization of trauma memory
and why it is often difficult for PTSD patients to integrate the traumatic expe-
rience into autobiographical memory (Ehlers & Clark, 2000), which is part of
hippocampus-dependent memory. Moreover, stress alters the neurocircuitry of
fear, which might explain the aberrant fear response in PTSD. Interestingly, the
stress-induced alterations in fear memory appear to be more pronounced in
women, who also show a higher prevalence of PTSD than men (Kilpatrick et al.,
2013). These examples show that the research on stress effects on memory may
enhance our understanding of the neurobiological basis of stress-related disor-
ders such as PTSD.

In addition, however, the findings regarding the impact of stress on mem-
ory might also open the door to novel treatment approaches for PTSD. For
instance, based on evidence indicating that stress and glucocorticoids impair
memory retrieval (Buchanan et al., 2006; de Quervain et al., 2000), it has been
hypothesized that stress hormones could also reduce trauma memory retrieval
(de Quervain & Margraf, 2008).

It has been shown that glucocorticoids may attenuate phobic fear (Mouthaan
et al, 2014; Soravia et al.,, 2006; de Quervain et al., 2011). There is also
some evidence that glucocorticoids may indeed reduce memory-related PTSD
symptoms, such as intrusive re-experiencing or nightmares (Aerni et al., 2004).
Another strategy makes use of the fact that stress or glucocorticoid effects on
memory necessitate noradrenergic arousal (McGaugh, 2000; Roozendaal et al.,
2006a), suggesting that blockade of noradrenergic activity might prevent the
“overconsolidation” of memory. Indeed, there is some evidence that pharma-
cological blockade of norepinephrine action by the B-adrenergic antagonist
propranolol shortly after a potentially traumatic event reduces PTSD symptoms
3 months later (Pitman et al., 2002; Vaiva et al.,, 2003). However, trauma
memory formation can only be interfered with in a short time window after
the traumatic event when clinical treatment is often not available, which
limits the practical utility of modifications of initial trauma memory formation.
An alternative strategy to circumvent this problem could be the modification
of traumatic memories after their reactivation, i.e., during reconsolidation.
Memory modification during reconsolidation provides an opportunity to change
consolidated, seemingly robust, memories (Nader & Hardt, 2009). In line
with evidence from healthy subjects showing that propranolol during fear
reactivation can erase subsequent fear (Kindt et al., 2009), propranolol during
or after trauma reactivation has been shown to reduce subsequent intrusions
(Brunet et al., 2008, 2011), a pathological hallmark of PTSD.
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These results are certainly preliminary and much more research is needed to
determine the potential use of stress hormone manipulations in the treatment of
traumatic memories. Only the first steps have been taken on the long road to the
development of novel treatment strategies for PTSD and it is unclear whether it
will be successful. However, in light of the sutfering associated with PTSD, these
efforts are worthwhile.
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