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Abstract

Stressful events have profound effects on learning and memory. These effects are mainly mediated by catecholamines and gluco-
corticoid hormones released from the adrenals during stressful encounters. It has been known for long that both catecholamines
and glucocorticoids influence the functioning of the hippocampus, a critical hub for episodic memory. However, areas implicated
in other forms of memory, such as the insula or the dorsal striatum, can be affected by stress as well. Beyond changes in single
memory systems, acute stress triggers the reconfiguration of large scale neural networks which sets the stage for a shift from
thoughtful, ‘cognitive’ control of learning and memory toward more reflexive, ‘habitual’ processes. Stress-related alterations in
amygdala connectivity with the hippocampus, dorsal striatum, and prefrontal cortex seem to play a key role in this shift. The bias
toward systems proficient in threat processing and the implementation of well-established routines may facilitate coping with an
acute stressor. Overreliance on these reflexive systems or the inability to shift flexibly between them, however, may represent a
risk factor for psychopathology in the long-run.

Introduction

Stress is ubiquitous in our daily life and has a major impact on
how we feel, think, and behave. In particular, stress may alter cog-
nitive processes such as learning and remembering (Jo€els et al.,
2006; Diamond et al., 2007; Roozendaal et al., 2009a; Schwabe
et al., 2012a). These effects are mainly driven by the numerous
hormones, peptides and neurotransmitters that are released during
stressful encounters. Two stress response systems that are known
to play a key role in the modulation of learning and memory are
the rapidly acting autonomic nervous system (ANS) and the slower
hypothalamus-pituitary-adrenal (HPA) axis. Within seconds after
the exposure to a stressful event, the ANS, activated by the
hypothalamus, stimulates the release of adrenaline and nora-
drenaline from the adrenal medulla. Although adrenaline and nora-
drenaline cannot cross the blood-brain barrier, they exert indirect
effects on the brain via the vagus nerve, resulting in the activation
of noradrenergic brain stem nuclei (Williams & Clayton, 2001).
Parallel to the activation of the ANS, the hypothalamus triggers
the HPA axis, leading, via intermediate steps and within 15–
20 min after the onset of a stressful event, to the secretion of glu-
cocorticoids (mainly corticosterone in rodents and cortisol in
humans) from the adrenal cortex. Glucocorticoids cross the blood-
brain barrier and exert their actions through glucocorticoid and

mineralocorticoid receptors (GR and MR, respectively). Tradition-
ally, these receptor types were thought to be only intracellular
receptors mediating relatively slow, genomic actions. However,
more recent evidence points to membrane-bound MR (and presum-
ably GR) that can induce rapid, non-genomic changes in neural
excitability and cognition (Jo€els et al., 2008, 2012; Barsegyan
et al., 2010). MRs and GRs are colocalized and densely expressed
in prefrontal and medial temporal areas (Reul & de Kloet, 1985;
McEwen et al., 1986), those areas that are pivotal for learning and
memory (Buckner & Wheeler, 2001).
Stress-induced changes in learning and memory have crucial

implications for educational settings (Vogel & Schwabe, 2016a) as
well as for understanding stress-related mental disorders, such as
depression, addiction or posttraumatic stress disorder (PTSD; de
Quervain & Margraf, 2008; de Quervain et al., 2009; Schwabe
et al., 2011a). In particular, the clinical relevance of stress effects
on learning and memory motivated a number of studies targeting
the neuroendocrine mechanisms underlying the impact of stress on
memory. For decades, these studies have focused mainly on how
stress changes neuroplasticity and memory processes in the hip-
pocampus (for reviews, see Lupien & Lepage, 2001; Kim & Dia-
mond, 2002). In the first part of this review, I will therefore provide
a concise summary of what is known about the impact of stress on
hippocampus-based learning and memory.
However, although the hippocampus is certainly a key structure
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O’Keefe & Speakman, 1987; Burgess et al., 2002), other brain
regions are critically involved in memory processes and these non-
hippocampal forms of memory may also be affected by stress. In
particular, there is accumulating evidence suggesting that stress may
affect dorsal striatum-dependent memory and this evidence will be
highlighted in the second part of this review. Even more impor-
tantly, it is by now widely accepted that different memory systems,
including the hippocampus and the dorsal striatum, are not acting in
isolation but that complex cognitive process, such as memory, rely
on highly distributed networks involving many interacting brain
areas (Bressler & Menon, 2010; Spreng et al., 2013). How stress
affects the recruitment and crosstalk of distinct memory networks
will be discussed in the third and final part of this review. I will also
briefly address implications of stress-induced changes in memory
networks for future research on the impact of stress on learning and
memory.

Focus on single memory systems

It has been known for more than half a century that stress and stress
hormones affect learning and memory processes (Lazarus et al.,
1952; McGaugh, 1966). Since then, a plethora of studies has
demonstrated that stress can have both enhancing and impairing
effects on memory and technical progress, such as the development
of neuroimaging techniques in humans, has helped to shed light on
the mechanisms involved in these effects. Most of this research
focused on how stress alters the functioning of single, memory-rele-
vant brain areas. The area that received most attention was the hip-
pocampus, yet evidence for stress effects on other, non-hippocampal
memory systems is accumulating.

Stress, memory, and the hippocampus

Stress effects on hippocampus-dependent memory processes have
been extensively studied, most likely because of the outstanding
role of the hippocampus in episodic memory (Scoville & Milner,
1957; Burgess et al., 2002), the type of memory that is usually
meant by ‘memory’ in day-to-day usage, and because this area
expresses MR and GR at a high density (Reul & de Kloet, 1985;
McEwen et al., 1986). How does stress impact hippocampal
memory? The answer to this question depends largely on the
memory stage affected by stress. For memory encoding, studies
yielded heterogeneous results. Whereas some studies reported
enhanced memory (Smeets et al., 2007; Schwabe et al., 2008),
others found impaired memory (Kirschbaum et al., 1996; Elzinga
et al., 2005; Diamond et al., 2006), when individuals experienced
stress before learning. In addition to specific methodological dif-
ferences between studies, the emotionality of the learning material
(Payne et al., 2007) and the interval between stress exposure and
learning experience (Jo€els et al., 2006) are only two of several
variables that were discussed as possible explanations for the
heterogeneous findings on the influence of stress before learning
on subsequent memory. Yet, to what extent these factors may
account for the conflicting data on the effect of stress on encod-
ing is still debated. For instance, stress about 30 minutes before
encoding has been found to impair subsequent memory in two
studies (Zoladz et al., 2011, 2013) but to enhance memory in
another study (Vogel & Schwabe, 2016b). Thus, the stress-learn-
ing interval alone cannot fully explain conflicting findings in the
literature. The studies reporting different effects of stress 30 min-
utes before learning, however, differed in the extent to which the
material learned was meaningful to the participants (encoding in a

laboratory vs. a naturalistic context) and to what extent encoding
was related to the stress experience, which might result in a dif-
ferent impact of stress (Jo€els et al., 2006).
The impact of stress during learning depends also critically on the

contextual relatedness of stress and learning experience. Learning
under stress may facilitate memory when stress is directly related to
the learning experience (Sandi et al., 1997; Smeets et al., 2007;
Vogel & Schwabe, 2016b), presumably through the action of gluco-
corticoids (Akirav et al., 2004). However, stress during learning that
is unrelated to the learned information may act as a distractor and
can disrupt subsequent recall (Schwabe & Wolf, 2010a). Stress
shortly after learning, in turn, strengthens memory, in particular for
emotionally arousing information (Cahill et al., 2003; Smeets et al.,
2008; Zoladz et al., 2015). In contrast to these enhancing effects on
memory consolidation, stress often impairs memory retrieval (de
Quervain et al., 1998; Kuhlmann et al., 2005; Buchanan et al.,
2006; Smeets et al., 2008; Schwabe & Wolf, 2009a; Zoladz et al.,
2012; but see Schwabe et al., 2009b; Schilling et al., 2013). Same
as stress effects on consolidation, the stress-induced retrieval deficit
is typically most pronounced for emotional material (Kuhlmann
et al., 2005; Buchanan et al., 2006). Moreover, stress may affect
subsequent memory even when experienced after retrieval. Memory
reactivation during retrieval is thought to render memories labile,
requiring another period of stabilization called ‘reconsolidation’
(Nader et al., 2000; Nader & Hardt, 2009). Because reconsolidation
manipulations have potentially far-reaching clinical implications
(Brunet et al., 2008; Schwabe et al., 2014), some studies investi-
gated also the impact of stress after retrieval on subsequent remem-
bering. The findings of these studies, however, were inconclusive,
with some studies reporting enhancing (Coccoz et al., 2011; Bos
et al., 2014) and others impairing effects of stress (Maroun & Aki-
rav, 2008; Zhao et al., 2009; Schwabe & Wolf, 2010c). Further
research on this important topic is needed.
The modulatory effects of stress on different stages of hippocam-

pal memory are critically mediated by the many hormones and neu-
rotransmitters that are released during stress. In particular,
adrenaline, noradrenaline, and glucocorticoids play a key role in
stress effects on hippocampus-dependent memory. Enhancing effects
of catecholamines on memory formation were reported early on by
the pioneers of the scientific inquiry of memory modulation (Gold
& van Buskirk, 1975, 1978; Introini-Collison & McGaugh, 1986).
Interestingly, subsequent research showed that noradrenaline
enhances not only memory formation but might also boost retrieval
processes (Sara & Devauges, 1989; Murchison et al., 2004). Neuro-
physiological studies confirmed that noradrenaline may promote
synaptic plasticity in the hippocampus (Stanton & Sarvey, 1985;
Gray & Johnston, 1987). Likewise, corticosterone administration has
been shown to directly alter hippocampal plasticity. Whereas most
studies reported impairing effects of corticosterone on plasticity in
the hippocampus (for a review see Kim & Diamond, 2002), subse-
quent evidence suggested that corticosterone may also enhance hip-
pocampal plasticity when high hormone levels and high-frequency
stimulation coincide in time (Wiegert et al., 2006; see below). On a
behavioral level, pharmacological glucocorticoid elevations largely
resembled the effects of stress on memory consolidation and retrie-
val. Both in rodents and humans, glucocorticoid administration
enhanced memory formation but impaired retrieval (de Quervain
et al., 1998, 2000; Roozendaal et al., 2006b, 2009b; de Quervain
et al., 2007; Buchanan & Lovallo, 2001). Administration of the glu-
cocorticoid synthesis inhibitor metyrapone or GR antagonists, in
turn, blocked the effects of stress on hippocampus-dependent mem-
ory processes (de Quervain et al., 1998; Liu et al., 1999; Maheu
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et al., 2005; Tronche et al., 2010). Human neuroimaging studies
further showed that glucocorticoid administration reduces the activ-
ity of the hippocampus and adjacent cortices at rest (Lovallo et al.,
2010) as well as during retrieval (de Quervain et al., 2003).
Importantly, the effects of catecholamines and glucocorticoids are

not independent of each other but intimately linked. Specifically,
glucocorticoids are thought to require simultaneous noradrenergic
activity to exert their effects on consolidation and retrieval. Com-
pelling evidence for this idea comes from a series of elegant experi-
ments in rodents (for reviews, see Roozendaal et al., 2006a, 2009a;
Roozendaal & McGaugh, 2011). For example, the injection of the
b-adrenergic receptor antagonist atenolol blocked the enhancing
effect of intra-hippocampal corticosterone infusions on the consoli-
dation of an inhibitory avoidance task (Roozendaal et al., 1999).
Similarly, the b-adrenergic receptor antagonist propranolol abolished
the retrieval deficit induced by intra-hippocampal infusion of a GR
agonist (Roozendaal et al., 2004). These findings were later
translated to humans. Same as in the rodent studies, propranolol
administered concurrently with glucocorticoids prevented the
glucocorticoid-induced impairment of hippocampus-based memory
retrieval (de Quervain et al., 2007). Furthermore, the repeatedly
observed finding that stress and glucocorticoid effects are most pro-
nounced for emotionally arousing information (Buchanan & Lovallo,
2001; Cahill et al., 2003; Schwabe et al., 2008) is well in line with
the idea that glucocorticoid effects on memory necessitate simultane-
ous noradrenergic activation. Notably, the hippocampus itself seems
not to be the locus of the critical interaction of noradrenaline and
glucocorticoids. This interaction is thought to take place in the baso-
lateral nucleus of the amygdala, which then modulates memory pro-
cesses in the hippocampus (Roozendaal & McGaugh, 1997;
Roozendaal et al., 2006b, 2009a). Thus, although neurophysiologi-
cal studies indicate that catecholamines and glucocorticoids may act
directly on hippocampal functioning, there is also striking evidence
that stress and glucocorticoid effects on hippocampus-dependent
memory are critically shaped by interactions of the hippocampus
with other brain areas, in particular the basolateral amygdala.
Noradrenaline appears to be primarily responsible for stress-

related changes in the activation of the amygdala, leading to mem-
ory modulation in other areas including the hippocampus. These
noradrenergic actions are facilitated by glucocorticoids, presumably
in interaction with the endocannabinoid system (Campolongo et al.,
2009; Atsak et al., 2015), reaching the amygdala shortly after nora-
drenaline (Jo€els et al., 2011). Glucocorticoids, however, may act on
different time scales. Intracellular GRs and MRs mediate rather
slow, genomic actions, whereas membrane-bound receptors allow
rapid, non-genomic glucocorticoid actions (Jo€els et al., 2012). Criti-
cally, these two modes of glucocorticoid actions may have distinct,
perhaps even opposite, effects on the brain. For instance, corticos-
terone may facilitate hippocampal long-term potentiation (LTP),
when present around the time of LTP induction and non-genomic
actions prevail (Korz & Frey, 2003; Wiegert et al., 2006). Delayed,
genomic glucocorticoid actions, however, were consistently found to
suppress hippocampal LTP (Kim & Diamond, 2002). Based on
these neurophysiological data, a number of behavioral studies in
humans started to vary the time interval between stress exposure
and memory task. In one study, individuals underwent a stressor
either shortly or 30 minutes before learning a list of words and it
was found that stress shortly before learning enhanced subsequent
memory, whereas stress 30 minutes before the task had the opposite
effect (Zoladz et al., 2011). This finding points to distinct effects of
noradrenergic arousal and cortisol on memory encoding but does
not speak to potential differences between rapid and slow

glucocorticoid effects. A very recent study aimed to distinguish also
between rapid and slow stress-induced cortisol effects and therefore
tracked the development of stress (hormone) effects on memory for-
mation in a real-life setting (i.e., during a zoo tour) over more than
2 hours (Vogel & Schwabe, 2016b). This study obtained enhanced
memory for information encoded during the stressful encounter and
this enhancement was directly related to the stress-induced activation
of the ANS. Facilitation of memory was also found for material that
was encoded about 30 minutes after the stressor, when cortisol was
elevated, and this memory enhancement was directly linked to the
cortisol elevation. However, no stress effect was found for the mem-
ory of events encoded about 2 h after the stressful encounter, when
genomic cortisol actions should have developed; although it cannot
be ruled out that genomic glucocorticoid actions need even more
than 2 hours to fully develop in humans. Time-dependent effects of
stress that were closely linked to the temporal profiles of the ANS
and HPA axis were also found for memory retrieval. Whereas
stress-related ANS activity appeared to facilitate memory retrieval
during the stressful experience, impaired retrieval was found as soon
as cortisol levels peaked and this retrieval effect lasted for at least
90 min, when cortisol levels had returned to baseline and non-geno-
mic cortisol actions were rather unlikely (Sch€onfeld et al., 2014;
Schwabe & Wolf, 2014).
Neuroimaging studies began recently to test the proposed opposite

effects of rapid and delayed glucocorticoid effects on the human
brain. Pharmacological elevations of glucocorticoids led indeed to
decreased task-related activity in the amygdala and hippocampus,
when administered several hours before imaging (Henckens et al.,
2010, 2012), i.e., when genomic actions had most likely developed
and information processing in these areas should be suppressed.
However, glucocorticoid administration shortly before imaging was
not found to increase brain activity in these studies and the status of
the noradrenergic system remained unclear.
Thus, although it remains, at least in humans, difficult to target

the proposed different modes of glucocorticoid actions, there is
accumulating evidence that stress and glucocorticoid effects on hip-
pocampal memory processes (as well as amygdala processing) are
time-dependent. A recent model aimed to integrate these time-
dependent effects of stress and glucocorticoids with the known nora-
drenaline-glucocorticoid interactions to explain how stress affects
memory processes in the hippocampus and other memory systems
(Schwabe et al., 2012a; see Jo€els et al., 2011 for a related model).
This model postulates that rapid catecholamines and non-genomic
glucocorticoid actions interact in the basolateral amygdala which
then shifts memory systems such as the hippocampus into a ‘mem-
ory formation mode’ (Fig. 1). Direct effects of stress hormones on
the hippocampus further promote the memory formation mode. In
this mode, encoding and early consolidation of the stressful experi-
ence is enhanced. Competitive cognitive processes, such as the
encoding or retrieval of information that are unrelated to the stres-
sor, however, are suppressed. As time after the stressful encounter
proceeds and genomic glucocorticoid actions set in, the hippocam-
pus is changed to a ‘memory storage mode’ during which the
threshold for the processing of new material is increased to bring
the organism back to baseline and to protect the consolidation of
stressful episode from distraction.

Stress and memory beyond the hippocampus

In addition to stress-induced changes in hippocampal memory, stress
effects on prefrontal cortex-dependent working memory processes
have been recognized for decades (Lupien et al., 1999; Arnsten,
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2009). Both the hippocampus and prefrontal cortex (PFC) are key
structures of ‘declarative’ or ‘explicit’ memory (Eichenbaum, 2000).
Non-declarative memory, which includes very diverse memory pro-
cesses ranging from priming and conditioning to procedural skills or
habits (Squire, 2009), received far less attention in the stress litera-
ture. Some authors suggested that non-declarative memory would be
more or less insensitive to stress (Kirschbaum et al., 1996; Lupien
et al., 1997; Lupien & Lepage, 2001). Yet, this view is challenged
by several more recent studies showing that also non-declarative
memory processes can be affected by stress and stress hormones.
For instance, injections of corticosterone or a selective GR agonist
into the insular cortex enhanced the consolidation of object recogni-
tion, taste aversion or inhibitory avoidance tasks which do not
depend, or depend to a lesser extent, on the hippocampus (Miranda
et al., 2008; Roozendaal et al., 2010; Fornari et al., 2012). More-
over, accumulating evidence indicates that stress and glucocorticoids
may also impact memory processes in the dorsal striatum, which is
implicated in habit memory and stimulus-response (S-R) learning
(Packard & Knowlton, 2002). Rodent studies showed that

corticosterone injections directly into the dorsal striatum dose-depen-
dently enhanced the consolidation of cued water maze and inhibitory
avoidance tasks (Medina et al., 2007; Quirarte et al., 2009). Further-
more, systemic corticosterone injections impaired the retrieval of
dorsal striatum-based S-R memory. Injection stress had a very simi-
lar effect on S-R memory retrieval and this effect was blocked by
the glucocorticoid synthesis inhibitor metyrapone (Atsak et al.,
2016). In humans, the acquisition of an S-R memory task was
affected by both stress (in men) and glucocorticoid administration
(Guenzel et al., 2014a, b). Moreover, irrespective of participants’
gender, stress impaired S-R memory retrieval (Guenzel et al., 2013),
thus mirroring the findings in rodents.
Most interestingly, there is first evidence that stress effects on

dorsal striatum-dependent memory may necessitate simultaneous
glucocorticoid and noradrenergic activity as well. Specifically, a
recent study showed that corticosterone injections shortly after train-
ing in a cued water maze task or a response-based version of the
water plus maze task enhanced subsequent memory and this mem-
ory enhancement disappeared after concurrent administration of
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Fig. 1. Integrative model of the impact of stress on memory process in the hippocampus (and other brain areas). Rapid catecholamine and non-genomic gluco-
corticoid effects interact in the basolateral amygdala to shift the hippocampus (and, presumably, other areas such as the dorsal striatum) into a ‘memory forma-
tion’ mode. During this memory formation, the processing of events present around the time of the stressful experience is facilitated, whereras other cognitive
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propranolol (Goodman et al., 2015). Although this study adminis-
tered the drugs systemically and therefore allows no conclusions
regarding the site of the glucocorticoid-noradrenaline interactions, it
is well-known that the amygdala projects directly to the caudate
nucleus (Pik€anen, 2000), making it tempting to speculate that also
stress (hormone) effects on dorsal striatal memory are mediated by
the stress-related noradrenergic activation of the amygdala. Together,
these findings show clearly that stress and glucocorticoids may also
influence memory processes in other regions than the hippocampus.
The mechanisms involved in these stress effects on non-hippocam-
pal memory may resemble those on hippocampus-dependent mem-
ory: stress enhances memory consolidation but impairs memory
retrieval, presumably through glucocorticoids, interacting with nora-
drenergic arousal.

Focus on changes in memory networks

Memory processes are not localized to specific centers but dis-
tributed throughout the brain, in large networks of interconnected
areas (Eichenbaum & Cohen, 2001). However, memory is not dis-
tributed throughout the brain homogeneously. Instead, different net-
works or systems subserve distinct memory functions. Which of
these systems predominates has considerable implications for the
nature of learning and memory, for instance, with respect to the
flexibility of the acquired memories. Efficient learning and memory
requires an intricate balance of distinct memory systems and net-
works. Acute stress is thought to transiently tilt the balance of multi-
ple memory systems in favor of rather reflexive processing,
presumably to optimize coping with the stressful event.

Stress and the balance of distinct memory networks

During the encoding of a complex episode, multiple memory net-
works with distinct functions are active in parallel. For instance,
when watching your favorite TV show with friends, one network
will encode this specific episode, i.e., what is happening when and
where. At the same time, another more semantic system is recruited
to aid understanding the plot of the show and to extract information
across episodic events to build more abstract representations. Fur-
thermore, some habitual responses may develop such as the con-
sumption of certain snack foods while watching the show. And even
more automatic processes may evolve, such as bodily responses to
the show’s theme or a specific tone signaling an upcoming event.
Indeed, there is a number of studies showing that numerous brain
areas with very diverse functions are simultaneously active during
learning (Wagner et al., 1998; Poldrack et al., 2001; Bassett et al.,
2011; Schwabe & Wolf, 2012).
First evidence that stress may have a critical impact on which of

these many brain areas may guide learning came from a rodent
study about 15 years ago (Kim et al., 2001). This study used a cued
water maze task that could be solved by hippocampus-based learn-
ing of the spatial relation between multiple extra maze cues or by
learning the association with a single proximal cue, a form of S-R
learning that is known to rely on the dorsal striatum (McDonald &
White, 1994; White & McDonald, 2002). Relocating the proximal
cue after training revealed the predominating memory system. Com-
pared to non-stressed control rats, rats that had been exposed to
foot-shock stress before training used significantly more often the
S-R strategy, suggesting a stress-induced shift from hippocampus-
dependent spatial to dorsal striatum-dependent S-R learning. In a
follow-up study, a similar effect was obtained after intra-amygdala
injection of a a2-adrenoceptor antagonist, pointing to an important

role of noradrenergic activation and the amygdala in the modulation
of multiple memory systems (Packard & Wingard, 2004). Later,
these findings were translated to humans. Specifically, it was shown
that acute stress before learning a dual-solution task favored S-R
learning over spatial learning also in humans (Schwabe et al.,
2007). Whereas these data showed a shift in learning strategies at
the behavioral level, fMRI data further revealed that stress may
indeed induce a shift from hippocampal to dorsal striatal control of
learning in the human brain (Schwabe & Wolf, 2012; Schwabe
et al., 2013b). Similar to the stress-induced modulation of hip-
pocampal and dorsal striatal learning, stress has been shown to bias
instrumental learning in favor of dorsal striatum-dependent habit
behavior and at the expense of PFC-dependent goal-directed action
(Schwabe & Wolf, 2009b, 2010b; Seehagen et al., 2015). Together,
these findings suggest that stress biases memory networks during
learning toward simple but rather rigid memory processes.
How may stress induce such a bias in learning? What are the

underlying neuroendocrine mechanisms? And which network
changes are involved in the stress-induced bias toward habit mem-
ory? One model that aims to answer these questions focusses on the
critical role of the PFC in cognition and emotion regulation (Arn-
sten, 2009). Under no-stress conditions and moderate levels of arou-
sal, prefrontal functioning would be optimal. Via direct and indirect
connections to dopaminergic and noradrenergic brain stem nuclei,
the PFC can control its own catecholamine input (Arnsten & Gold-
man-Rakic, 1984; Carr & Sesack, 2000). Optimal catecholamine
levels in the PFC facilitate the PFCs capacity to inhibit inappropriate
habitual responding, to exert top-down control of attention, and to
prevent overshooting of emotional responding in the amygdala.
Under stress, however, high levels of noradrenaline and dopamine
would disrupt PFC functioning and enhance amygdala processing,
resulting in a shift from thoughtful PFC control of cognition and
behavior toward rapid, reflexive responding of the amygdala and
related areas (Arnsten, 2009). This model was recently further elabo-
rated by taking larger neurocognitive networks into account
(Hermans et al., 2014). One of these networks, the ‘salience net-
work’, consist mainly of the amygdala, the hypothalamus, the dorsal
anterior cingulate cortex, and inferotemporal regions, and is special-
ized for processing salient, threat-related cues (Seeley et al., 2007;
Menon, 2011). Another network, the ‘executive control network’, in
turn, consisting of the dorsomedial and dorsolateral PFC as well as
dorsal parietal regions, is implicated in cognitive control processes,
cognitive flexibility and rational decision-making (Seeley et al.,
2007; Menon, 2011). Acute stress has been suggested to result in an
upregulation of the salience network, paralleled by a downregulation
of the executive control network (Hermans et al., 2014). These
opposite changes in large scale networks were demonstrated nicely
in human neuroimaging studies. One of these studies reported
increased activation and interconnectivity within the salience net-
work while participants were watching highly stressful movie clips
(Hermans et al., 2011). This stress-related activation of the salience
network disappeared after the administration of the b-adrenergic
receptor antagonist propranolol, suggesting a critical role of nora-
drenaline in this network activation. In line with these findings,
pharmacological increases in noradrenergic stimulation after yohim-
bine intake resulted (in women) in amygdala activation during pro-
cessing of fear-related material (Schwabe et al., 2013a).
Administration of the glucocorticoid synthesis inhibitor metyrapone,
however, did not alter the neural changes in response to stress, indi-
cating that glucocorticoids are not involved in the rapid activation of
the salience network after stress (Hermans et al., 2011). Whereas
the salience network was activated under stress, key structures of
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the executive control network, such as the dorsolateral PFC, showed
reduced activation after stress (Qin et al., 2009). Corroborating ear-
lier findings in rodents (Arnsten, 1998), this stress-induced decrease
in PFC activity was most pronounced in individuals with increased
catecholamine activity (Qin et al., 2012a). These findings from
rodents and humans strongly suggest that acute stress promotes the
recruitment of a network centered on the amygdala, at the cost of a
network centered on the PFC, and that these network changes are
mainly driven by catecholamines.
Catecholamine activity alone, however, appears not to be suffi-

cient to induce a stress-related shift from cognitive toward habit
memory, which has been demonstrated across species and tasks
(Goodman et al., 2012; Schwabe, 2013; Schwabe & Wolf, 2013).
For this shift to occur, glucocorticoids are crucial, most likely acting
via the MR (Vogel et al., 2016; but see Gourley et al., 2012 for
evidence for a role of the GR). Mice that were exposed to stress or
injected corticosterone before training in a dual-solution task showed
the expected shift from spatial toward S-R learning and this shift
was abolished by the parallel administration of the MR antagonist
spironolactone (Schwabe et al., 2010a). Similar findings were
obtained in human participants who underwent a stressor before
learning a dual-solution task in a MRI scanner. Also in humans,
spironolactone blocked the stress-induced shift from hippocampal to
dorsal striatal control of learning (Schwabe et al., 2013b). Most
interestingly, the fMRI data provided insights into the neural mecha-
nism underlying the stress-related change in the predominating
memory system. Specifically, stress reduced hippocampal activity
during learning, decreased amygdala connectivity with the hip-
pocampus and increased amygdala connectivity with the putamen.
MR blockade by spironolactone did not prevent the decrease in hip-
pocampal activation after stress but blocked the opposite effects of
stress on amygdala connectivity with the hippocampus and dorsal
striatum. A subsequent study using a vigilance processing task con-
firmed that stress may increase the crosstalk between the amygdala
and dorsal striatum and that this increase is MR-dependent (Vogel
et al., 2014). Thus, the amygdala appears to be critically involved
in the orchestration of multiple memory systems and glucocorticoid
actions via the MR may be necessary to accomplish the shift from
hippocampal to dorsal striatal learning and memory.
Although the amygdala may play a pivotal role in the bias of

memory networks toward habit memory after stress, there might
be additional changes in network interactions that contribute to
this shift. In particular, the hippocampus and dorsal striatum have
been suggested to compete for control over learning (Poldrack
et al., 2001; Poldrack & Packard, 2003). Indeed, inhibitory con-
nections between these areas are well known. Inactivation of the
hippocampus enhanced dorsal striatum-dependent learning (Packard
et al., 1989; Schroeder et al., 2002). Conversely, disruption of the
dorsal striatum facilitates hippocampus-based learning (Mitchell &
Hall, 1988). Moreover, intra-hippocampal injections of glutamate
prevented the practice-related shift toward dorsal striatal learning,
whereas intra-caudate glutamate injections accelerated this shift
(Packard, 1999), indicating that strengthening one system hinders
the other. If acute stress reduces hippocampal activation, as shown
repeatedly (Pruessner et al., 2008; Henckens et al., 2009; Schwabe
& Wolf, 2012), this may release the dorsal striatum from inhibi-
tory hippocampal control, which in turn increases the suppression
of the hippocampus by the dorsal striatum. However, although
such stress-induced changes in the interplay of the hippocampus
and dorsal striatum appear likely, they are still somewhat specula-
tive as direct empirical evidence for such interactions is still
missing.

In sum, there is good evidence that stress leads, via increased cat-
echolamine activity, to large scale network changes, in particular to
a shift from an executive control network to a salience network.
This shift includes stronger activation of the amygdala, which then
orchestrates the shift from cognitive to habit memory (Fig. 2). The
latter, however, requires glucocorticoid activity. Thus, the stress-
induced shift from cognitive to habitual control of learning and
memory may be implemented in two steps and require the concerted
action of catecholamines and glucocorticoids. First, increased cate-
cholamine activity recruits the salience network and thus brings the
amygdala in the position to modulate other memory systems. The
shift toward habit memory, however, necessitates additional gluco-
corticoid activity (or at least an intact MR, in the face of increase
noradrenergic stimulation, Packard & Wingard, 2004). Indeed, stress
effects on the control of instrumental learning have been shown to
require simultaneous glucocorticoid and noradrenergic activity. A
low cortisol increase after stress or the reduction in noradrenergic
arousal by propranolol prevented the stress-induced shift toward
habit learning (Schwabe et al., 2011b). Likewise, only the parallel
pharmacological elevation of glucocorticoid and noradrenergic activ-
ity induced a shift toward dorsal striatal habit learning, whereas the
activation of only one of the two systems did not (Schwabe et al.,
2010b, 2012b). In line with these findings, only the simultaneous
administration of hydrocortisone and yohimbine reduced the activity
of prefrontal areas that are key nodes of the executive control net-
work and critical for goal-directed learning (Schwabe et al., 2012b).
Although pharmacological manipulations may result in a rather arti-
ficial pattern of stress system activation, shortly after stress rapid,
non-genomic glucocorticoid actions may interact with noradrenergic
activity to promote the described changes in memory network activ-
ity and connectivity. The slower, genomic glucocorticoid effects,
acting outside of the time-window of catecholamine actions, may
have opposite effects on the memory networks. Specifically, slow
glucocorticoid actions appear to dampen the salience network and to
boost the executive control network (Henckens et al., 2010, 2011,
2012; Hermans et al., 2014), thus helping to restore homeostasis
after a stressful event.

Stress and altered network configurations

The stress-induced bias toward networks supporting habitual forms
of memory is paralleled by several other changes in the nature of
memory. Memories created under stress or elevated glucocorticoid
levels often lack contextual details (Schwabe et al., 2009a; van Ast
et al., 2013) and are less precise; although these effects may also
depend on the exact timing of the stress exposure relative to encod-
ing (Zoladz et al., 2014). The latter, for instance, is reflected in an
impaired ability to distinguish between information that were indeed
encoded under stress and those that were semantically closely
related but not presented (Payne et al., 2002). Under stress, memory
is focused on the core aspects of an emotional event, it becomes
more semanticized or gist-like and processing of peripheral details is
reduced (Christianson & Loftus, 1987). More liberal responding
after stress, indicative of a lack of memory precision, was found to
correlate with ANS activation (Qin et al., 2012b). Neuroimaging
data further showed that stress abolished the association of hip-
pocampal and midbrain activity with subsequent recall. Instead,
memory performance was linked to parahippocampal activity in
stressed individuals (Qin et al., 2012b). These data suggest that
stress shifts the memory network from areas involved in detailed
episodic encoding, such as the hippocampus (Burgess et al., 2002;
Addis & Schacter, 2008), to cortical areas such as the
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parahippocampal cortex that are implicated in more abstract, seman-
tic representations (Binder et al., 2009). The idea that stress results
in more cortical and less hippocampal processing, leading to less
specific, more gist-like memories is supported by recent rodent stud-
ies. Stressful training conditions reduced memory precision and ren-
dered memories independent of the hippocampus (Pedraza et al.,
2016). Both of these effects were dependent on the stress-induced
release of glucocorticoids and noradrenaline. A similar glucocorti-
coid-dependent shift from hippocampal to cortical memory was
observed when rats were stressed before retention testing (Domin-
guez et al., 2014). All in all, this switch from detailed processing to
more gist-like processing that focusses on the essential parts of a
stressful or emotionally arousing experience is well in line with the
recruitment of the salience network under stress (Hermans et al.,
2014). And indeed the observed shift from specific hippocampal to
more gist-like parahippocampal memory came along with increased
salience network activation (Qin et al., 2012a).
Whereas the hippocampus is required for the specific encoding

of novel events, it should be less involved in processing material
that relates to prior knowledge (Tse et al., 2007; van Kesteren

et al., 2012). Pre-existing knowledge, represented as a schema, is
assumed to be detected by the mPFC, which then coordinates
memory processes in other cortical areas, including the angular
gyrus and precuneus (van Kesteren et al., 2010a, b, 2012; Tse
et al., 2011). The hippocampus, however, should be less activated
when encoding information for which a relevant schema exists.
Very recent evidence from our lab shows that stress interferes with
the adequate network configuration depending on the existence of
prior knowledge. In two independent tasks, stress reduced the
activity of the mPFC while processing schema-related information
(Vogel, Kluen, Fernandez, & Schwabe, unpublished-a and –b).
Moreover, stress led to an incorporation of the hippocampus into
the schema-network. Conversely, the medial PFC, relevant for the
detection of schema-congruence, was more active in stressed indi-
viduals when learning entirely novel material. These findings sug-
gest that stress may disrupt the selection of neural networks
enabling the efficient use of prior knowledge. Together with the
known recruitment of the salience network and enhanced memory
formation under stress, these data suggest that stress facilitates
highly focused processing of ongoing, directly threat-related events,
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pPC pPC
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fI fI

iT iT

MID

AM AM

execu�ve control 

cogni�ve & goal-directed 
learning 

other other 

emo�onal learning 

habit memory 

Non-stress condi�ons Stress condi�ons

Fig. 2. Stress-related network changes promoting habit memory, at the cost of cognitive memory. Under no-stress conditions, an executive control network
which supports cognitive control processes as well as ‘cognitive’ or goal-directed forms of learning. Key nodes of this executive control network are the dorso-
lateral prefrontal cortex (dlPFC), the medial prefrantal cortex (mPFC), and the posterior parietal cortex (pPC). Acute stress downregulates the executive control
network and upregulates a salience network, consisting mainly of the dorsal anterior cingulate cortex (dACC), the amygdala (AM), frontoinsular cortex (fI),
midbrain areas (MID), and inferotemporal areas (iT). This salience network promotes, mainly via the recruitment of the amygdala, which, may then orchestrate
hippocampal and dorsal striatal learning, a shift toward habit-based memory. Partly modified, with permission from Hermans et al. (2014) and Vogel et al.
(2016).
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thereby hampering the integration of contextual details and links to
prior experiences.

Implications of stress-induced network changes and
conclusion

The past decades have seen considerable progress in our understand-
ing of how stress and stress hormones shape memory processes.
Stress has been shown to affect hippocampal memory and neuro-
plasticity in a time-dependent manner, closely related to the tempo-
ral profiles of action of catecholamines and glucocorticoids (Jo€els
et al., 2006, 2011; Schwabe et al., 2012a). These major stress medi-
ators interact in the basolateral amygdala which then modulates hip-
pocampal memory (Roozendaal et al., 2009a; Roozendaal &
McGaugh, 2011). Further elaborations of this model, in particular
with respect to the role of the endocannabinoid system, are on the
way (Atsak et al., 2012). Another important factor that should be
taken into account are potential gender differences in the impact of
stress on hippocampal memories. Differences between men and
women in the influence of stress and glucocorticoids on encoding,
consolidation or retrieval have been repeatedly observed (Andreano
& Cahill, 2006; Buchanan & Tranel, 2008; Zoladz et al., 2013;
Guenzel et al., 2014b). Although the literature on sex differences in
stress effects on memory is not very consistent and several studies
did not obtain different effects in men and women (Buchanan et al.,
2006; Schwabe et al., 2008; Zoladz et al., 2011; Schilling et al.,
2013), potential sex differences should be taken into account when
building models of how stress changes memory and also with
respect to potential clinical implications.
More and more studies further indicate that other areas than the

hippocampus, such as the insula or the dorsal striatum, are sensitive
to stress and that the mechanisms underlying stress effects on non-
hippocampal memory strongly resemble those that have been identi-
fied for the hippocampus (Guenzel et al., 2013, 2014a; Goodman
et al., 2015; Atsak et al., 2016). Beyond stress-induced changes in
single systems, recent evidence indicates that acute stress triggers
changes in large scale networks, enhancing rather reflexive systems
such as the amygdala, at the expense of more reflective systems
such as the PFC (Arnsten, 2009; Hermans et al., 2014). These net-
work reconfigurations are not independent of but most likely directly
due to stress-induced changes in single systems. Moreover, these
large scale network changes then set the stage for a shift in the con-
trol of memory, from cognitive to habitual processing (Schwabe,
2013; Schwabe & Wolf, 2013). This shift is reflected in less flexible
and less specific memories that are difficult to integrate with existing
memory representations (Payne et al., 2002; Schmidt et al., 2014;
Dandolo & Schwabe, 2016).
The evolutionary benefit of the stress-related recruitment of rather

crude but highly efficient systems, proficient in threat processing
and the implementation of established routines, is fairly obvious.
Relying on automatized behaviors grounded in past experience is
likely to be highly adaptive in demanding situations. Indeed, both
rodent and human studies found that the bias toward habit memory
may rescue performance under stress. Blocking this shift with a MR
antagonist, forcing the individual to rely on the cognitive memory
network, resulted in severely impaired performance after stress (Sch-
wabe et al., 2010a, 2013b).
Overreliance on the habit system, however, and the inability to

switch flexibly between different memory networks may be mal-
adaptive and might promote psychopathologies in vulnerable indi-
viduals. Addictive disorders, for instance, have been interpreted as
the endpoint of a number of transitions from initially goal-directed

to habitual and ultimately compulsive behaviors (Everitt & Robbins,
2005, 2016). As stress is a known risk factor for addiction and
relapse to addictive behaviors (Piazza & LeMoal, 1998; Koob &
Kreek, 2007; Sinha, 2007), the reported stress-induced shift from
cognitive to habit memory processes might represent a neurocogni-
tive mechanism through which stress promotes addictive behaviors
(Schwabe et al., 2011a). In addition, the balance of cognitive and
habitual memory processes is most likely highly relevant in the con-
text of anxiety disorders and PTSD (Everitt & Robbins, 2005; Sch-
wabe et al., 2010c, 2011a; Goodman et al., 2012). Classically, the
overly strong emotional memory in PTSD has been attributed to an
overconsolidation process as a consequence of the extreme stress
during the traumatic event (Pitman, 1989; Ehlers & Clark, 2000).
This strong emotional memory, however, might also result from an
inability to shift to another memory system. At the same time, an
aberrant reliance on the habitual system due to the extreme stress
could account for the strong responses of patients to single trauma-
related cues as well as patients’ difficulties to integrate the traumatic
experience into their autobiographical memory (Liberzon et al.,
1999; Dalgleish, 2004; Kleim et al., 2008). Elucidating the mecha-
nisms involved in the impact of stress on memory and the systems
controlling memory could help to identify new targets for novel
intervention strategies in stress-related disorders, such as PTSD, anx-
iety or addiction (de Quervain & Margraf, 2008; de Quervain et al.,
in press).
Taking the stress-related network changes, which were high-

lighted above, into account makes it clear that any theory on the
impact of stress on memory that focuses only on a single memory
system is most likely over-simplistic. The fact that multiple, inter-
connected areas are active at the same time during learning may
further point to the possibility that one system may stand in for
another. Neuropsychological data provide clear evidence for such
compensations (Knowlton et al., 1996; Voermans et al., 2004).
Compensations between different parts of a memory network may
have relevant implications for our interpretations of how stress
alters memory. More specifically, stress may leave learning perfor-
mance intact and this might be taken as evidence that stress did
not affect learning. However, performance under stress might be
carried by a different system than under rest that is equally well
able to support learning but processes information in a very differ-
ent way. Thus the conclusion that stress did not influence learning
may be premature and the critical impact of stress on what has
been learned may become apparent only after changes in the envi-
ronment or when forced to transfer the memories to novel situa-
tions.
Understanding the network interactions underlying the impact of

stress on memory (or cognition in general) may further help to
identify potential targets for the modulation of these stress effects.
The stimulation or inhibition of central nodes in the network may
allow the strengthening of desired or weakening of adverse influ-
ences of stress on memory. For instance, a recent study showed
that transcranial direct current stimulation over the dorsolateral
PFC may attenuate stress-induced working memory deficits (Bog-
danov & Schwabe, 2016). Yet, despite these promising data and
the advances made in our understanding of how stress changes
learning and memory, we are still rather at the beginning and
many open questions remain. For instance, related to the exact
neuroendocrine mechanisms involved in stress-induced network
reconfigurations or to potential individual and gender differences in
the sensitivity to these changes after stress. Answering these and
related questions will aid our understanding of how stressful
encounters affect our memory and could have far-reaching

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 478–489

Memory networks under stress 485



implications, in particular, but not exclusively, for stress-related
mental disorders.

Acknowledgment

This work was supported by funding from the German Research Foundation
(DFG; Grants SCHW1357/10-1, SCHW1357/12-1, SCHW1357/14-1, and
TRR58/4).

References

Addis, D.R. & Schacter, D.L. (2008) Constructive episodic simulation: tem-
poral distance and detail of past and future events modulate hippocampal
engagement. Hippocampus, 18, 227–237.

Akirav, I., Kozenicky, M., Tal, D., Sandi, C., Venero, C. & Richter-Levin,
G. (2004) A facilitative role for corticosterone in the acquisition of a spa-
tial task under moderate stress. Learn. Memory, 11, 188–195.

Andreano, J.M. & Cahill, L. (2006) Glucocorticoid release and memory con-
solidation in men and women. Psych. Sci., 17, 466–470.

Arnsten, A.F.T. (1998) Catecholamine modulation of prefrontal cortical cog-
nitive function. Trends Cogn. Sci., 2, 436–447.

Arnsten, A.F.T. (2009) Stress signalling pathways that impair prefrontal cor-
tex structure and function. Nat. Rev. Neurosci., 10, 410–422.

Arnsten, A.F.T. & Goldman-Rakic, P.S. (1984) Selective prefrontal cortical
projections to the region of the locus coeruleus and raphe nuclei in the
rhesus monkey. Brain Res., 306, 9–18.

van Ast, V.A., Cornelisse, S., Meeter, M., Jo€els, M. & Kindt, M. (2013)
Time-dependent effects of cortisol on the contextualization of emotional
memories. Biol. Psychiat., 74, 809–816.

Atsak, P., Roozendaal, B. & Campolongo, P. (2012) Role of the endo-
cannabinoid system in regulating glucocorticoid effects on memory for
emotional experiences. Neuroscience, 204, 104–116.

Atsak, P., Hauer, D., Campolongo, P., Schelling, G., Fornari, R.V. &
Roozendaal, B. (2015) Endocannabinoid signaling within the basolateral
amygdala integrates multiple stress hormone effects on memory consolida-
tion. Neuropsychopharmacol., 40, 1485–1494.

Atsak, P., Guenzel, F.M., Kantar-Gok, D., Zalachoras, I., Yargicoglu, P.,
Meijer, O.C., Quirarte, G.L., Wolf, O.T. et al. (2016) Glucocorticoids
mediate stress-induced impairment of retrieval of stimulus - response
memory. Psychoneuroendocrino., 67, 207–215.

Barsegyan, A., Mackenzie, S.M., Kurose, B.D., McGaugh, J.L. & Roozen-
daal, B. (2010) Glucocorticoids in the prefrontal cortex enhance memory
consolidation and impair working memory by a common neural mecha-
nism. Proc. Natl. Acad. Sci. USA, 107, 16655–16660.

Bassett, D.S., Wymbs, N.F., Porter, M.A., Mucha, P.A., Carlson, J.M. &
Grafton, S.T. (2011) Dynamic network reconfiguration of human brain net-
works during learning. Proc. Natl. Acad. Sci. USA, 108, 7641–7646.

Binder, J.R., Desai, R.H., Graves, W.W. & Conant, L.L. (2009) Where is the
semantic system? A critical review and meta-analysis of 120 functional
neuroimaging studies. Cereb. Cortex, 19, 2767–2796.

Bogdanov, M. & Schwabe, L. (2016) Transcranial stimulation of the dorso-
lateral prefrontal cortex prevents stress-induced working memory deficits.
J. Neurosci., 36, 1429–1437.

Bos, M.G., Schuijer, J., Lodestijn, F., Beckers, T. & Kindt, M. (2014) Stress
enhances reconsolidation of declarative memory. Psychoneuroendocrino.,
46, 102–113.

Bressler, S.L. & Menon, V. (2010) Large-scale brain networks in cognition:
emerging methods and principles. Trends Cogn. Sci., 14, 277–290.

Brunet, A., Orr, S.P., Tremblay, J., Robertson, K., Nader, K. & Pitman, R.K.
(2008) Effect of post-retrieval propranolol on psychophysiologic respond-
ing during subsequent script-driven traumatic imagery in post-traumatic
stress disorder. J. Psychiatr. Res., 42, 503–506.

Buchanan, T.W. & Lovallo, W.R. (2001) Enhanced memory for emotional
material following stress-level cortisol treatment in humans. Psychoneu-
roendocrino., 26, 307–317.

Buchanan, T.W. & Tranel, D. (2008) Stress and emotional memory retrieval:
effects of sex and cortisol response. Neurobiol. Learn. Mem., 89, 134–
141.

Buchanan, T.W., Tranel, D. & Adolphs, R. (2006) Impaired memory retrie-
val correlates with individual differences in cortisol response but not auto-
nomic response. Learn. Memory, 13, 382–387.

Buckner, R.L. & Wheeler, M.E. (2001) The cognitive neuroscience of
remembering. Nat. Rev. Neurosci., 2, 624–634.

Burgess, N., Maguire, E.A. & O’Keefe, J. (2002) The human hippocampus
and spatial and episodic memory. Neuron, 35, 625–641.

Cahill, L., Gorski, L. & Le, K. (2003) Enhanced human memory consolida-
tion with post-learning stress: interaction with the degree of arousal at
encoding. Learn. Memory, 10, 270–274.

Campolongo, P., Roozendaal, B., Trezza, V., Hauer, D., Schelling, G.,
McGaugh, J.L. & Cuomo, V. (2009) Endocannabinoids in the rat basolat-
eral amygdala enhance memory consolidation and enable glucocorticoid
modulation of memory. Proc. Natl. Acad. Sci. USA, 106, 4888–4893.

Carr, D.B. & Sesack, S.R. (2000) Projections from the rat prefrontal cortex
to the ventral tegmental area: target specificity in the synaptic associations
with mesoaccumbens and mesocortical neurons. J. Neurosci., 20, 3864–
3873.

Christianson, S.A. & Loftus, E.F. (1987) Memory of traumatic events. Appl.
Cognitive Psychol., 1, 225–239.

Coccoz, V., Maldonado, H. & Delorenzi, A. (2011) The enhancement of
reconsolidation with a naturalistic mild stressor improves the expression of
a declarative memory in humans. Neuroscience, 185, 61–72.

Dalgleish, T. (2004) Cognitive approaches to posttraumatic stress disorder:
the evolution of multirepresentational theorizing. Psychol. Bull., 130, 228–
260.

Dandolo, L.C. & Schwabe, L. (2016) Stress-induced cortisol hampers mem-
ory generalization. Learn. Mem., 23, 679–683.

Diamond, D.M., Campbell, A.M., Park, C.R., Woodson, J.C., Conrad, C.D.,
Bachstetter, A.D. & Mervis, R.F. (2006) Influence of predator stress on
the consolidation versus retrieval of the long-term spatial memory and hip-
pocampal spinogenesis. Hippocampus, 16, 571–576.

Diamond, D.M., Campbell, A.M., Park, C.R., Halonen, J. & Zoladz, P.R.
(2007) The temporal dynamics model of emotional memory processing: a
synthesis on the neurobiological basis of stress-induced amnesia, flashbulb
and traumatic memories, and the Yerkes-Dodson law. Neural. Plast.,
2007, 60803.

Dominguez, G., Faucher, P., Henkous, N., Krazem, A., Pierard, C. & Bera-
cochea, D. (2014) Stress induced a shift from dorsal hippocampus to pre-
frontal cortex dependent memory retrieval: role of regional corticosterone.
Front. Behav. Neurosci., 8, 1–11.

Ehlers, A. & Clark, D.M. (2000) A cognitive model of posttraumatic stress
disorder. Behav. Res. Ther., 38, 319–345.

Eichenbaum, H. (2000) A cortical-hippocampal system for declarative mem-
ory. Nat. Rev. Neurosci., 1, 41–50.

Eichenbaum, H. & Cohen, N.J. (2001) From Conditioning to Conscious
Recollection: Memory Systems of the Brain. University Press, Oxford.

Elzinga, B.M., Bakker, A. & Bremner, J.D. (2005) Stress-induced cortisol
elevations are associated with impaired delayed, but not immediate recall.
Psychiatry Res., 134, 211–223.

Everitt, B.J. & Robbins, T.W. (2005) Neural systems of reinforcement for
drug addiction: from actions to habits to compulsion. Nat. Rev. Neurosci.,
8, 1481–1489.

Everitt, B.J. & Robbins, T.W. (2016) Drug addiction: updating actions
to habits to compulsions ten years on. Annu. Rev. Psychol., 67, 23–
50.

Fornari, R.V., Wichmann, R., Atucha, E., Desprez, T., Eggens-Meijer, E. &
Roozendaal, B. (2012) Involvement of the insular cortex in regulating glu-
cocorticoid effects on memory consolidation of inhibitory avoidance train-
ing. Front. Behav. Neurosci., 6, 10.

Gold, P.E. & van Buskirk, R.B. (1975) Facilitation of time-dependent mem-
ory processes with posttrial epinephrine injections. Behav. Biol., 13, 145–
153.

Gold, P.E. & van Buskirk, R.B. (1978) Post-training brain norepinephrine
concentrations: correlation with retention performance of avoidance train-
ing with peripheral epinephrine modulation of memory processing. Behav.
Biol., 23, 509–520.

Goodman, J., Leong, K.C. & Packard, M.G. (2012) Emotional modulation of
multiple memory systems: implications for the neurobiology of post-trau-
matic stress disorder. Rev. Neurosci., 23, 627–643.

Goodman, J., Leong, K.C. & Packard, M.G. (2015) Glucocorticoid enhance-
ment of dorsolateral striatum-dependent habit memory requires concurrent
noradrenergic activity. Neuroscience, 311, 1–8.

Gourley, S.L., Swanson, A.M., Jacobs, A.M., Howell, J.L., Mo, M.,
DiLeone, R.J., Koleske, A.J. & Taylor, J.R. (2012) Action control is medi-
ated by prefrontal BDNF and glucocorticoid receptor binding. Proc. Natl.
Acad. Sci. USA, 109, 20714–20179.

Gray, R. & Johnston, D. (1987) Noradrenaline and beta-adrenoceptor ago-
nists increase activity of voltage-dependent calcium channels in hippocam-
pal neurons. Nature, 327, 620–622.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 478–489

486 L. Schwabe



Guenzel, F.M., Wolf, O.T. & Schwabe, L. (2013) Stress disrupts response
memory retrieval. Psychoneuroendocrino., 38, 1460–1465.

Guenzel, F.M., Wolf, O.T. & Schwabe, L. (2014a) Glucocorticoids boost
stimulus-response memory formation in humans. Psychoneuroendocrino.,
45, 21–30.

Guenzel, F.M., Wolf, O.T. & Schwabe, L. (2014b) Sex differences in stress
effects on response and spatial memory formation. Neurobiol. Learn.
Memory, 109, 46–55.

Henckens, M.J.A.G., Hermans, E.J., Pu, Z., Jo€els, M. & Fernandez, G.
(2009) Stressed memories: How acute stress affects memory formation in
humans. J. Neurosci., 29, 10111–10119.

Henckens, M.J.A.G., van Wingen, G.A., Jo€els, M. & Fernandez, G. (2010)
Time-dependent effects of corticosteroids on human amygdala processing.
J. Neurosci., 30, 12725–12732.

Henckens, M.J.A.G., Van Wingen, G.A., Jo€els, M. & Fernandez, G. (2011)
Time-dependent corticosteroid modulation of prefrontal working memory
processing. Proc. Natl. Acad. Sci. USA, 108, 5801–5806.

Henckens, M.J.A.G., Pu, Z., Hermans, E.J., Van Wingen, G.A., Jo€els, M. &
Fernandez, G. (2012) Dynamically changing effects of corticosteroids on
human hippocampal and prefrontal processing. Hum. Brain Mapp., 33,
2885–2897.

Hermans, E.J., van Marle, H.J.F., Ossewaarde, L., Henckens, M.J.A.G., Qin,
S., van Kesteren, M.T.R., Schoots, V.C., Cousijn, H. et al. (2011) Stress-
related noradrenergic activity prompts large-scale neural network reconfig-
uration. Science, 334, 1151–1153.

Hermans, E.J., Henckens, M.J.A.G., Jo€els, M. & Fernandez, G. (2014)
Dynamic adaptation of large-scale brain networks in response to acute
stressors. Trends Neurosci., 37, 304–314.

Introini-Collison, I.B. & McGaugh, J.L. (1986) Epinephrine modulates long-
term retention of an aversivelymotivated discrimination task. Behav. Neu-
ral. Biol., 45, 379–385.

Jo€els, M., Pu, Z., Wiegert, O., Oitzl, M.S. & Krugers, H.J. (2006) Learning
under stress: how does it work? Trends Cogn. Sci., 10, 152–158.

Jo€els, M., Karst, H., DeRijk, R. & De Kloet, E.R. (2008) The coming out of
the brain mineralocorticoid receptor. Trends Neurosci., 31, 1–7.

Jo€els, M., Fernandez, G. & Roozendaal, B. (2011) Stress and emotional
memory: a matter of timing. Trends Cogn. Sci., 15, 280–286.

Jo€els, M., Sarabdjitsingh, R.A. & Karst, H. (2012) Unraveling the time
domains of corticosteroid hormone influences on brain activity: rapid,
slow, and chronic modes. Pharmacol. Rev., 64, 901–938.

van Kesteren, M.T.R., Fern�andez, G., Norris, D.G. & Hermans, E.J. (2010a)
Persistent schema-dependent hippocampal-neocortical connectivity during
memory encoding and postencoding rest in humans. Proc. Natl. Acad. Sci.
USA, 107, 7550–7555.

van Kesteren, M.T.R., Rijpkema, M., Ruiter, D.J. & Fern�andez, G. (2010b)
Retrieval of associative information congruent with prior knowledge is
related to increased medial prefrontal activity and connectivity. J. Neu-
rosci., 30, 15888–15894.

van Kesteren, M.T.R., Ruiter, D.J., Fern�andez, G. & Henson, R.N. (2012)
How schema and novelty augment memory formation. Trends Neurosci.,
35, 211–219.

Kim, J.J. & Diamond, D.M. (2002) The stressed hippocampus, synaptic plas-
ticity and lost memories. Nat. Rev. Neurosci., 3, 453–462.

Kim, J.J., Lee, H., Han, J. & Packard, M.G. (2001) Amygdala is critical for
stress-induced modulation of hippocampal long-term potentiation and
learning. J. Neurosci., 21, 5222–5228.

Kirschbaum, C., Wolf, O.T., May, M., Wippich, W. & Hellhammer, D.H.
(1996) Stress- and treatment-induced elevations of cortisol levels associ-
ated with impaired declarative memory in healthy adults. Life Sci., 58,
1475–1483.

Kleim, B., Wallot, F. & Ehlers, A. (2008) Are trauma memories
disjointed from other autobiographical memories in posttraumatic stress
disorder? An experimental investigation. Behav Cogn Psychoth., 36,
221–234.

Knowlton, B.J., Mangels, J.A. & Squire, L.R. (1996) A neostriatal habit
learning system in humans. Science, 273, 1399–1402.

Koob, G.F. & Kreek, M.J. (2007) Stress, dysregulation of drug reward path-
ways, and the transition to drug dependence. Am. J. Psychiatry, 164,
1149–1159.

Korz, V. & Frey, J.U. (2003) Stress-related modulation of hippocampal long-
term potentiation in rats: Involvement of adrenal steroid receptors. J. Neu-
rosci., 23, 7281–7287.

Kuhlmann, S., Piel, M. & Wolf, O.T. (2005) Impaired memory retrieval
after psychosocial stress in healthy young men. J. Neurosci., 25, 2977–
2982.

Lazarus, R.S., Deese, J. & Osler, S.F. (1952) The effects of psychological
stress upon performance. Psychol. Bull., 49, 293–317.

Liberzon, I., Taylor, S.F., Amdur, R., Jung, T.D., Chamberlain, K.R., Min-
oshima, S., Koeppe, R.A. & Fig, L.M. (1999) Brain activation in PTSD in
response to trauma-related stimuli. Biol. Psychiat., 45, 817–826.

Liu, L., Tsuji, M., Takeda, H., Takada, K. & Matsumiya, T. (1999) Adreno-
cortical suppression blocks the enhancement of memory storage produced
by exposure to psychological stress in rats. Brain Res., 821, 134–140.

Lovallo, W.R., Robinson, J.L., Glahn, D.C. & Fox, P.T. (2010) Acute effects
of hydrocortisone on the human brain: an fMRI study. Psychoneuroen-
docrino., 35, 15–20.

Lupien, S. & Lepage, M. (2001) Stress, memory, and the hippocampus: can’t
live with it, can’t live without it. Behav. Brain Res., 127, 137–158.

Lupien, S.J., Gaudreau, S., Tchiteya, B.M., Maheu, F., Sharma, S., Nair,
N.P., Hauger, R.L., McEwen, B.S. et al. (1997) Stress-induced declarative
memory impairment in healthy elderly subjects: relationship to cortisol
reactivity. J. Clin. Endocr. Metab., 82, 2070–2075.

Lupien, S.J., Gillin, C.J. & Hauger, R.L. (1999) Working memory is more
sensitive than declarative memory to the acute effects of corticosteroids: a
dose-response study in humans. Behav. Neurosci., 113, 420–430.

Maheu, F., Joober, R. & Lupien, S.J. (2005) Declarative memory after stress
in humans: differential involvement of the beta-adrenergic and corticos-
teroid systems. J. Clin. Endocr. Metab., 90, 1697–1704.

Maroun, M. & Akirav, I. (2008) Arousal and stress effects on consolidation
and reconsolidation of recognition memory. Neuropsychopharmacol., 33,
394–405.

McDonald, R. & White, N. (1994) Parallel information processing in the
water maze: evidence for independent memory systems involving dorsal
striatum and hippocampus. Behav. Neural. Biol., 61, 260–270.

McEwen, B.S., de Kloet, E.R. & Rostene, W. (1986) Adrenal steroid recep-
tors and actions in the nervous system. Physiol. Rev., 66, 1121–1188.

McGaugh, J.L. (1966) Time-dependent processes in memory storage.
Science, 153, 1351–1359.

Medina, A.C., Charles, J.R., Espinoza-Gonzalez, V., Sanchez-Resendis, O.,
Prado-Alcala, R.A., Roozendaal, B. & Quirarte, G.L. (2007) Glucocorti-
coid administration into the dorsal striatum facilitates memory consolida-
tion of inhibitory avoidance training but not of the context or food shock
components. Learn. Memory, 14, 673–677.

Menon, V. (2011) Large-scale brain networks and psychopathology: a unify-
ing triple network model. Trends Cogn. Sci., 15, 483–506.

Miranda, M.I., Quirarte, G.L., Rodriguez-Garcia, G., McGaugh, J.L. &
Roozendaal, B. (2008) Glucocorticoids enhance taste aversion memory via
actions in the insular cortex and basolateral amygdala. Learn. Memory, 15,
468–476.

Mitchell, J.A. & Hall, G. (1988) Caudate-putamen lesions in the rat may
impair or potentiate learning depending upon availability of stimulus cues
and relevance of response cues. Q. J. Exp. Psychol., 40, 243–258.

Murchison, C.F., Zhang, X.Y., Zhang, W.P., Ouyang, M., Lee, A. & Tho-
mas, S.A. (2004) A distinct role for norepinephrine in memory retrieval.
Cell, 117, 131–143.

Nader, K. & Hardt, O. (2009) A single standard for memory: the case for
reconsolidation. Nat. Rev. Neurosci., 10, 224–234.

Nader, K., Schafe, G.E. & LeDoux, J.E. (2000) Fear memories require pro-
tein synthesis in the amygdala for reconsolidation after retrieval. Nature,
406, 722–726.

O’Keefe, J. & Speakman, A. (1987) Single unit activity in the rat hippocam-
pus during a spatial memory task. Exp. Brain Res., 68, 1–27.

Packard, M.G. (1999) Glutamate infused posttraining into the hippocampus
or caudate-putamen differentially strengthens place and response learning.
Proc. Natl. Acad. Sci. USA, 96, 12881–12886.

Packard, M.G. & Knowlton, B.J. (2002) Learning and memory functions of
the basal ganglia. Ann. Rev. Neurosci., 25, 563–593.

Packard, M.G. & Wingard, J.C. (2004) Amygdala and “emotional” modula-
tion of the relative use of multiple memory systems. Neurobiol. Learn.
Mem., 82, 243–252.

Packard, M.G., Hirsh, R. & White, N.M. (1989) Differantial effects of fornix
and caudate nucleus lesions on two radial maze tasks: evidence for multi-
ple memory systems. J. Neurosci., 9, 1465–1472.

Payne, J.D., Nadel, L., Allen, J.J., Thomas, K.G. & Jacobs, W.J. (2002) The
effects of experimentally induced stress on false recognition. Memory, 10,
1–6.

Payne, J.D., Jackson, E.D., Hoscheidt, S., Ryan, L., Jacobs, W.J. & Nadel,
L. (2007) Stress administered prior to encoding impairs neutral but
enhances emotional long-term episodic memories. Learn. Memory, 14,
861–868.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 478–489

Memory networks under stress 487



Pedraza, L.K., Sierra, R.O., Boos, F.Z., Haubrich, J., Quillfeldt, J.A. & de
Oliveira Alvares, L. (2016) The dynamic nature of systems consolidation:
stress during learning as a swicth guiding the rate of the hippocampal
dependency and memory quality. Hippocampus, 26, 362–371.

Piazza, P.V. & LeMoal, M. (1998) The role of stress in drug self-administra-
tion. Trends Pharmacol. Sci., 19, 67–74.

Pik€anen, A. (2000) Connectivity of the rat amygdaloid complex. In Aggle-
ton, J.P. (Ed.), The Amygdala. Oxford University Press, London, pp. 31–
117.

Pitman, R.K. (1989) Post-traumatic stress disorder, hormones, and memory.
Biol. Psychiat., 26, 221–223.

Poldrack, R.A. & Packard, M. (2003) Competition among multiple memory
systems: converging evidence from animal and human brain studies. Neu-
ropsychologia, 41, 245–251.

Poldrack, R.A., Clark, J., Par�e-Blagoev, E.J., Shohamy, D., Creso Moyano,
J., Myers, C. & Gluck, M.A. (2001) Interactive memory systems in the
human brain. Nature, 414, 546–550.

Pruessner, J.C., Dedovic, K., Khalili-Mahani, N., Engert, V., Pruessner, M.,
Buss, C., Renwick, R., Dagher, A. et al. (2008) Deactivation of the limbic
system during acute psychosocial stress: evidence from positron emission
tomography and functional magnetic resonance imaging studies. Biol. Psy-
chiat., 63, 234–240.

Qin, S., Hermans, E.J., Van Marle, H.J.F., Luo, J. & Fernandez, G. (2009)
Acute psychosocial stress reduces working memory-related activity in the
dorsolateral prefrontal cortex. Biol. Psychiat., 66, 25–32.

Qin, S., Cousijn, H., Rijpkema, M., Luo, J., Franke, B., Hermans, E.J. &
Fernandez, G. (2012a) The effect of moderate acute psychological stress
on working memory-related neural activity is modulated by a genetic vari-
ation in catecholaminergic function in humans. Front Integr. Neurosci., 6,
16.

Qin, S., Hermans, E.J., Van Marle, H.J.F. & Fernandez, G. (2012b) Under-
standing low reliability of memories for neutral information encoded under
stress: alterations in memory-related activation in the hippocampus and
midbrain. J. Neurosci., 32, 4032–4041.

de Quervain, D.J.F. & Margraf, J. (2008) Glucocorticoids for the treatment
of post-traumatic stress disorder and phobias: a novel therapeutic approach.
Eur. J. Pharmacol., 583, 365–371.

de Quervain, D.J., Roozendaal, B. & McGaugh, J.L. (1998) Stress and glu-
cocorticoids impair retrieval of long-term spatial memory. Nature, 394,
787–790.

de Quervain, D., Schwabe, L. & Roozendaal, B. (in press) Stress, glucocorti-
coids and memory: implications for treating fear-related disorders. Nat Rev
Neurosci..

de Quervain, D.J., Roozendaal, B., Nitsch, R.M., McGaugh, J.L. & Hock, C.
(2000) Acute cortisone administration impairs retrieval of long-term
declarative memory in humans. Nat. Neurosci., 3, 313–314.

de Quervain, D.J., Henke, K., Aerni, A., Treyer, V., McGaugh, J.L., Bert-
hold, T., Nitsch, R.M., Buck, A. et al. (2003) Glucocorticoid-induced
impairment of declarative memory retrieval is associated with reduced
blood flow in the medial temporal lobe. Eur. J. Neurosci., 17,
1296–1302.

de Quervain, D.J., Aerni, A. & Roozendaal, B. (2007) Preventive effect of
ß-adrenoceptor blockade on glucocorticoid-induced memory retrieval defi-
cits. Am. J. Psychiat., 164, 967–969.

de Quervain, D.J., Aerni, A., Schelling, G. & Roozendaal, B. (2009) Gluco-
corticoids and the regulation of memory in health and disease. Front. Neu-
roendocrinol., 30, 358–370.

Quirarte, G.L., Ledesma de la Teja, I.S., Casillas, M., Serafin, N.,
Prado-Alcala, R.A. & Roozendaal, B. (2009) Corticosterone infused into
the dorsal striatum selectively enhances memory consolidation of cued
water-maze training. Learn. Memory, 16, 586–589.

Reul, J.M. & de Kloet, E.R. (1985) Two receptor systems for corticosterone
in rat brain: microdistribution and differential occupation. Endocrinology,
117, 2505–2511.

Roozendaal, B. & McGaugh, J.L. (1997) Basolateral amygdala lesions block
the memory-enhancing effect of glucocorticoid administration in the dorsal
hippocampus of rats. Eur. J. Neurosci., 9, 76–83.

Roozendaal, B. & McGaugh, J.L. (2011) Memory modulation. Behav. Neu-
rosci., 125, 797–824.

Roozendaal, B., Nguyen, B.T., Power, A.E. & McGaugh, J.L. (1999) Baso-
lateral amygdala noradrenergic influence enables enhancement of memory
consolidation induced by hippocampal glucocorticoid receptor activation.
Proc. Natl. Acad. Sci. USA, 96, 11642–11647.

Roozendaal, B., Hahn, E.L., Nathan, S.V., de Quervain, D.J. & McGaugh,
J.L. (2004) Glucocorticoid effects on memory retrieval require concurrent

noradrenergic activity in the hippocampus and basolateral amygdala.
J. Neurosci., 24, 8161–8169.

Roozendaal, B., Okuda, S., De Quervain, D.J. & McGaugh, J.L. (2006a)
Glucocorticoids interact with emotion-induced noradrenergic activation in
influencing different memory functions. Neuroscience, 138, 901–910.

Roozendaal, B., Okuda, S., Van der Zee, E.A. & McGaugh, J.L. (2006b)
Glucocorticoid enhancement of memory requires arousal-induced noradren-
ergic activation in the basolateral amygdala. Proc. Natl. Acad. Sci. USA,
103, 6741–6746.

Roozendaal, B., McEwen, B.S. & Chattarji, S. (2009a) Stress, memory and
the amygdala. Nat. Rev. Neurosci., 10, 423–433.

Roozendaal, B., McReynolds, J.R., van der Zee, E.A., Lee, S., McGaugh,
J.L. & McIntyre, C.K. (2009b) Glucocorticoid effects on memory consoli-
dation depend on functional interactions between the medial prefrontal cor-
tex and basolateral amygdala. J. Neurosci., 29, 14299–14308.

Roozendaal, B., Hernandez, A., Cabrera, S.M., Hagewood, R., Malvaez, M.,
Stefanko, D.P., Haettig, J. & Wood, M.A. (2010) Membrane-associated
glucocorticoid activity is necessary for modulation of long-term memory
via chromatin modification. J. Neurosci., 30, 5037–5046.

Sandi, C., Loscertales, M. & Guaza, C. (1997) Experience-dependent facili-
tating effect of corticosterone on spatial memory formation in the water
maze. Eur. J. Neurosci., 9, 637–642.

Sara, S.J. & Devauges, V. (1989) Idazoxan, an alpha-2 antagonist, facilitates
memory retrieval in the rat. Behav. Neural. Biol., 51, 401–411.

Schilling, T.M., K€olsch, M., Larra, M.F., Zech, C.M., Blumenthal, T.D.,
Frings, C. & Sch€achinger, H. (2013) For whom the bell (curve) tolls: cor-
tisol rapidly affects memory retrieval by an inverted u-shaped dose-
response relationship. Psychoneuroendocrino., 38, 1565–1572.

Schmidt, P.I., Rosga, K., Schatto, C., Breidenstein, A. & Schwabe, L. (2014)
Stress reduces the incorporation of misinformation into an established
memory. Learn. Memory, 21, 744–747.

Sch€onfeld, P., Ackermann, K. & Schwabe, L. (2014) Remembering under
stress: different roles of autonomic arousal and glucocorticoids in memory
retrieval. Psychoneuroendocrino., 39, 249–256.

Schroeder, J., Wingard, J. & Packard, M. (2002) Post-training reversible
inactivation of hippocampus reveals interference between memory systems.
Hippocampus, 12, 280–284.

Schwabe, L. (2013) Stress and the engagement of multiple memory systems:
integration of animal and human studies. Hippocampus, 23, 1035–1043.

Schwabe, L. & Wolf, O.T. (2009a) The context counts: Congruent learning
and testing environments prevent memory retrieval impairment following
stress. Cogn. Affect Behav. Ne., 9, 229–236.

Schwabe, L. & Wolf, O.T. (2009b) Stress prompts habit behavior in humans.
J. Neurosci., 29, 7191–7198.

Schwabe, L. & Wolf, O.T. (2010a) Learning under stress impairs memory
formation. Neurobiol. Learn. Mem., 93, 183–188.

Schwabe, L. & Wolf, O.T. (2010b) Socially evaluated cold pressor stress
after instrumental learning favors habits over goal-directed action. Psy-
choneuroendocrino., 35, 977–986.

Schwabe, L. & Wolf, O.T. (2010c) Stress impairs the reconsolidation of
autobiographical memories. Neurobiol. Learn. Mem., 94, 153–157.

Schwabe, L. & Wolf, O.T. (2012) Stress modulates the engagement of multi-
ple memory systems in classification learning. J. Neurosci., 32, 11042–
11049.

Schwabe, L. & Wolf, O.T. (2013) Stress and multiple memory systems: from
‘thinking’ to ‘doing’. Trends Cogn. Sci., 17, 60–68.

Schwabe, L. & Wolf, O.T. (2014) Timing matters: temporal dynamics of stress
effects on memory retrieval. Cogn. Affect Behav. Ne., 14, 1041–1048.

Schwabe, L., Oitzl, M.S., Philippsen, C., B€ohringer, A., Richter, S., Wip-
pich, W. & Sch€achinger, H. (2007) Stress modulates the use of spatial
and stimulus-response learning strategies in humans. Learn. Memory,
14, 109–116.

Schwabe, L., Bohringer, A., Chatterjee, M. & Schachinger, H. (2008) Effects
of pre-learning stress on memory for neutral, positive and negative words:
Different roles of cortisol and autonomic arousal. Neurobiol. Learn. Mem.,
90, 44–53.

Schwabe, L., Bohringer, A. & Wolf, O.T. (2009a) Stress disrupts context-
dependent memory. Learn. Memory, 16, 110–113.

Schwabe, L., R€omer, S., Richter, S., Dockendorf, S., Bilak, B. & Schachin-
ger, H. (2009b) Stress effects on declarative memory retrieval are blocked
by a b-adrenoceptor antagonist in humans. Psychoneuroendocrino., 34,
446–454.

Schwabe, L., Sch€achinger, H., de Kloet, E.R. & Oitzl, M.S. (2010a) Corti-
costeroids operate as switch between memory systems. J. Cogn. Neurosci.,
22, 1362–1372.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 478–489

488 L. Schwabe



Schwabe, L., Tegenthoff, M., H€offken, O. & Wolf, O.T. (2010b) Concurrent
glucocorticoid and noradrenergic activity shifts instrumental behavior from
goal-directed to habitual control. J. Neurosci., 30, 8190–8196.

Schwabe, L., Wolf, O.T. & Oitzl, M.S. (2010c) Memory formation under
stress: quantity and quality. Neurosci. Biobehav. Rev., 34, 584–591.

Schwabe, L., Dickinson, A. & Wolf, O.T. (2011a) Stress, habits and drug
addiction: a psychoneuroendocrinological perspective. Exp. Clin. Psy-
chopharmacol., 19, 53–63.

Schwabe, L., H€offken, O., Tegenthoff, M. & Wolf, O.T. (2011b) Preventing
the stress-induced shift from goal-directed to habit action with a beta-adre-
nergic antagonist. J. Neurosci., 31, 17317–17325.

Schwabe, L., Jo€els, M., Roozendaal, B., Wolf, O.T. & Oitzl, M.S. (2012a)
Stress effects on memory: an update and integration. Neurosci. Biobehav.
Rev., 36, 1740–1749.

Schwabe, L., Tegenthoff, M., H€offken, O. & Wolf, O.T. (2012b) Simultane-
ous glucocorticoid and noradrenergic activity disrupts the neural basis of
goal-directed action in the human brain. J. Neurosci., 32, 10146–10155.

Schwabe, L., H€offken, O., Tegenthoff, M. & Wolf, O.T. (2013a) Opposite
effects of noradrenergic arousal on amygdala processing of fearful faces in
men and women. NeuroImage, 73, 1–7.

Schwabe, L., Tegenthoff, M., H€offken, O. & Wolf, O.T. (2013b) Mineralo-
corticoid receptor blockade prevents stress-induced modulation of multiple
memory systems in the human brain. Biol. Psychiat., 74, 801–808.

Schwabe, L., Nader, K. & Pruessner, J.C. (2014) Reconsolidation of human mem-
ory: brain mechanisms and clinical relevance. Biol. Psychiat., 76, 274–280.

Scoville, W.B. & Milner, B. (1957) Loss of recent memory after bilateral
hippocampal lesions. J. Neurol. Neurosur. Ps., 20, 11–21.

Seehagen, S., Schneider, S., Rudolph, J., Ernst, S. & Zmyj, N. (2015) Stress
impairs cognitive flexibility in infants. Proc. Natl. Acad. Sci. USA, 112,
12882–12886.

Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna,
H., Reiss, A.L. & Greicius, M.D. (2007) Dissociable intrinsic connectivity
networks for salience processing and executive control. J. Neurosci., 27,
2349–2356.

Sinha, R. (2007) The role of stress in addiction relapse. Curr. Psychiatr
Rep., 9, 388–395.

Smeets, T., Giesbrecht, T., Jelicic, M. & Merckelbach, H. (2007) Context-
dependent enhancement of declarative memory performance following
acute psychosocial stress. Biol. Psychol., 76, 116.123.

Smeets, T., Otgaar, H., Candel, I. & Wolf, O.T. (2008) True or false? mem-
ory is differentially affected by stress-induced cortisol elevations and sym-
pathetic activity at consolidation and retrieval. Psychoneuroendocrino., 33,
1378–1386.

Spreng, R.N., Sepulcre, J., Turner, G.R., Stevens, W.D. & Schacter, D.L.
(2013) Intrinsic architecture underlying the relations among the default,
dorsal attention, and frontoparietal control networks of the human brain.
J. Cogn. Neurosci., 25, 74–86.

Squire, L.R. (2009) Memory and brain systems: 1969-2009. J. Neurosci., 29,
12711–12716.

Stanton, P.K. & Sarvey, J.M. (1985) Depletion of norepinephrine, but not
serotonin, reduces long-term potentiation in the dentate gyrus of rat hip-
pocampal slices. J. Neurosci., 5, 2169–2176.

Tronche, C., Pierard, C., Coutan, M., Chaveau, F., Liscia, P. & Beracochea,
D. (2010) Increased stress-induced intra-hippocampus corticosterone rise
associated with memory impairments in middle-aged mice. Neurobiol.
Learn. Mem., 93, 343–351.

Tse, D., Langston, R.F., Kakeyama, M., Bethus, I., Spooner, P.A., Wood,
E.R., Witter, M.P. & Morris, R.G.M. (2007) Schemas and memory consol-
idation. Science, 316, 76–82.

Tse, D., Takeuchi, T., Kakeyama, M., Kajii, Y., Okuno, H., Tohyama, C.,
Bito, H. & Morris, R.G. (2011) Schema-dependent gene activation and
memory encoding in neocortex. Science, 333, 891–895.

Voermans, N.C., Petersson, K.M., Daudey, L., Weber, B., van Spaendonck,
K.P., Kremer, H.P.H. & Fernandez, G. (2004) Interaction between the
Human Hippocampus and the Caudate Nucleus during Route Recognition.
Neuron, 43, 427–435.

Vogel, S. & Schwabe, L. (2016a) Learning and memory under stress: impli-
cations for the classroom. Sci. Learn., 1, 16011.

Vogel, S. & Schwabe, L. (2016b) Stress in the zoo: tracking the impact
of stress on memory formation over time. Psychoneuroendocrino., 71,
64–72.

Vogel, S., Klumpers, F., Krugers, H., Fang, Z., Oplaat, K.T., Oitzl, M.S.,
Jo€els, M. & Fernandez, G. (2014) Blocking the mineralocorticoid receptor
in humans prevents the stress-induced enhancement of centromedial amyg-
dala connectivity with the dorsal striatum. Neuropsychopharmacol., 40,
947–956.

Vogel, S., Fernandez, G., Jo€els, M. & Schwabe, L. (2016) Cognitive adapta-
tion under stress: a case for the mineralocorticoid receptor. Trends Cogn.
Sci., 20, 192–203.

Wagner, A.D., Schacter, D.L., Rotte, M., Koutstaal, W., Maril, A., Dale,
A.M., Rosen, B.R. & Buckner, R.L. (1998) Building memories: remem-
bering and forgetting of verbal experiences as predicted by brain activity.
Science, 281, 1188–1191.

White, N.M. & McDonald, R.J. (2002) Multiple parallel memory systems in
the brain of the rat. Neurobiol. Learn. Mem., 77, 125–184.

Wiegert, O., Jo€els, M. & Krugers, H.J. (2006) Timing is essential for rapid
effects of corticosterone on synaptic potentiation in the mouse hippocam-
pus. Learn. Memory, 13, 110–113.

Williams, C.L. & Clayton, E.C. (2001) Contribution of brainstem structures
in modulating memory storage processes. In Gold, P.E. & Greenough,
W.T. (Eds), Memory Consolidation: Essays in Honor of James L.
McGaugh. American Psychological Association, Washington, DC, pp.
141–163.

Zhao, L.Y., Zhang, X.L., Shi, J., Epstein, D.H. & Lu, L. (2009) Psychosocial
stress after reactivation of drug-related memory impairs later recall in
abstinent heroin addicts. Psychopharmacology, 203, 599–608.

Zoladz, P.R., Clark, B., Warnecke, A., Smith, L., Tabar, J. & Talbot, J.N.
(2011) Pre-learning stress differentially affects long-term memory for emo-
tional words, depending on temporal proximity to the learning experience.
Physiol. Behav., 103, 467–476.

Zoladz, P.R., Park, C.R., Halonen, J., Salim, S., Alzoubi, K.H., Srivareerat,
M., Fleshner, M., Alkadhi, K.A. et al. (2012) Differential expression of
molecular markers of synaptic plasticity in the hippocampus, prefrontal
cortex, and amygdala in response to spatial learning, predator exposure,
and stress-induced amnesia. Hippocampus, 22, 577–589.

Zoladz, P.R., Warnecke, A., Woelke, S.A., Burke, H.M., Frigo, R.M., Pisan-
sky, J.M., Lyle, S.M. & Talbot, J.N. (2013) Pre-learning stress that is tem-
porally removed from acquisition exerts sex-specific effects on long-term
memory. Neurobiol. Learn. Mem., 100, 77–87.

Zoladz, P.R., Peters, D.M., Kalchik, A.E., Hoffman, M.M., Aufdenkampe,
R.L., Woelke, S.A., Wolters, N.E. & Talbot, J.N. (2014) Brief, pre-learn-
ing stress reduces false memory production and enhances true memory
selectively in females. Physiol. Behav., 128, 270–276.

Zoladz, P.R., Peters, D.M., Cadle, C.E., Kalchik, A.E., Aufdenkampe, R.L.,
Dailey, A.M., Brown, C.M., Scharf, A.R. et al. (2015) Post-learning stress
enhances long-term memory and differentially influences memory in
females depending on menstrual stage. Acta Psychol. (Amst), 160, 127–
133.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 478–489

Memory networks under stress 489


