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REVIEWS I

disorders

Stress, glucocorticoids and memory:
Implications for treating fear-related

Stressful encounters lead to orchestrated signalling by
various hormones, peptides and neurotransmitters in
both the periphery and the brain'. These stress mediators
not only prepare an individual for the acute consequences
of a dangerous or threatening situation but also induce
long-term adaptive responses, including influences on
learning and memory? Notably, stressful and emotion-
ally arousing events are typically remembered better and
more vividly than mundane events’. By contrast, memory
retrieval can be hampered by stress®.

Animal research into the neurobiological mecha-
nisms underlying these phenomena has revealed that
glucocorticoid hormones that are released in response
to stressful experiences play a central part in mediating
the modulatory effects of stress on both the consoli-
dation and the retrieval of memory®~’. Furthermore,
precisely timed interactions of glucocorticoids with
arousal-associated noradrenergic signalling in the
brain render emotionally arousing information particu-
larly sensitive to the modulatory effects of glucocorti-
coids*. Studies in healthy humans have confirmed the
importance of glucocorticoids in emotional memory
processes*®’.

The tight regulation of emotional memories is usually
considered to be highly adaptive and pivotal for survival®*.
However, the compelling evidence that aberrant process-
ing of emotionally aversive memories lies at the core of
several fear-related disorders, including post-traumatic
stress disorder (PTSD) and phobias (BOX 1), has recently
stimulated a wealth of clinical investigations specifically

Dominique de Quervain’=3, Lars Schwabe* and Benno Roozendaal®>®

Abstract | Glucocorticoid stress hormones are crucially involved in modulating mnemonic
processing of emotionally arousing experiences. They enhance the consolidation of new
memories, including those that extinguish older memories, but impair the retrieval of information
stored in long-term memory. As strong aversive memories lie at the core of several fear-related
disorders, including post-traumatic stress disorder and phobias, the memory-modulating
properties of glucocorticoids have recently become of considerable translational interest. Clinical
trials have provided the first evidence that glucocorticoid-based pharmacotherapies aimed at
attenuating aversive memories might be helpfulin the treatment of fear-related disorders. Here,
we review important advances in the understanding of how glucocorticoids mediate stress effects
on memory processes, and discuss the translational potential of these new conceptual insights.

aimed at understanding the role of glucocorticoid signal-
ling mechanisms in the pathogenesis, symptomatology
and treatment of these disorders.

The current treatment options for fear-related disorders
mainly consist of psychotherapy and/or anxiety-reducing
and antidepressant medications. Psychotherapeutic inter-
ventions have had some success, especially in phobias, but
not all patients respond adequately to the treatment, and
the return of fear in treated patients is a well-known prob-
lem'. Pharmacological first-line treatments for phobias
usually include drugs with anxiolytic actions (such as ben-
zodiazepines), whereas drugs with antidepressant actions
(such as serotonin- or other monoamine-reuptake inhib-
itors) tend to be used for phobias and PTSD''. However,
many patients who are treated with such anxiolytic or
antidepressant drugs continue to have symptoms'?. Of
note, such pharmacotherapies are primarily aimed at alle-
viating chronic stress and anxiety symptoms' and fail to
tackle the underlying aversive-memory trace'*. Therefore,
new approaches are urgently needed.

In recent years, the idea to target memory processes
relevant to fear-related disorders has received lots of atten-
tion (BOX 2). This idea is further bolstered by evidence
from neuroimaging studies that indicate a large overlap
between the neural substrates of fear-related disorders and
those of emotional memory processes'®. One proposed
strategy to target memory processes in order to prevent
PTSD is to pharmacologically reduce the initial memory
consolidation of aversive events, for example, by using opi-
oids'® or f-adrenergic receptor blockers". In established
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Box 1| The role of memory in fear-related disorders

Memory functions have important roles in the pathogenesis, symptomatology and
treatment of fear-related disorders such as post-traumatic stress disorder (PTSD)

and phobias.

Pathogenesis

After experiencing an aversive event, the formation of an excessively strong
aversive-memory trace is an important pathogenic mechanism in the development of
fear-related disorders'**'%3. A central mechanism in the pathogenesis of anxiety
disorders is associative learning or conditioning, which can lead to both conscious and
unconscious aversive memories'®*. Animal models and human studies have shown that
the amygdala has a central role in the modulation of memory by emotion®**¢*. More
specifically, neuroimaging studies have shown that, compared with controls, patients
with PTSD or phobias show enhanced amygdala activity in response to aversive stimuli
and that this increase in amygdala activity correlates with subsequent recall of aversive
memory and symptom severity®7%,

Symptomatology

Activation of an aversive-memory trace — often induced by a reminder cue — leads
to the expression of fear in animal models and in patients'’>'”>. The symptoms of PTSD
include aversive-memory retrieval in which components of the event are relived in
the form of intrusive daytime recollections, traumatic nightmares and flashbacks'?2.
The symptoms of phobic disorders include fear that is excessive or unreasonable.

Treatment

Behavioural therapy of fear-related disorders is based on the extinction of fear
responses, which in turn depends on the formation of a non-fearful extinction
memory'’*"". However, patients suffering from chronic fear often show a reduced
capacity for proper fear extinction''®. A different approach to treat fear-related
disorders aims at disrupting the aversive-memory trace by interfering (for example,
using B-adrenergic receptor blockers) with reconsolidation after memory

reactivation'>'7s,

Post-traumatic stress
disorder

(PTSD). A disorder that can
occur after the exposure to

a traumatic event; it includes
symptoms of intrusion,
avoidance, negative alterations
in cognition and mood, and
alterations in arousal and
reactivity.

Phobias

Anxiety disorders that are
characterized by intense fear
or anxiety that is circumscribed
to the presence or anticipation
of a particular object or
situation.

fear-related disorders, a different approach could be
to reduce the excessive retrieval of aversive memories,
thereby reducing the severity and/or frequency of symp-
toms such as intrusions and nightmares. A third approach
would be to aid the extinction of the traumatic-memory
trace (a process that is often impaired in patients with
fear-related disorders)'®. A promising novel strategy to
achieve this is combining drug treatment (for example,
the partial glutamate agonist D-cycloserine'®) with expo-
sure therapy in a timed manner to enhance extinction and
improve the long-term outcome of exposure therapy. A
fourth strategy is the use of pharmacological agents such
as B-adrenergic receptor blockers® at the time of reac-
tivation of the aversive-memory trace to interfere with
reconsolidation of the traumatic memory.

In this Review, we argue that glucocorticoid-related
interventions are of special interest in the clinical context
because, unlike most other memory-modifying drugs,
they can affect distinct memory processes that can syn-
ergistically contribute to a reduction of fear-related symp-
toms; for example, by both reducing aversive-memory
retrieval and enhancing fear extinction (BOX 2). The cur-
rent Review includes an integrative discussion of impor-
tant recent advances in the understanding of stress and
glucocorticoid effects on memory, including the involve-
ment of endocannabinoid signalling, the role of multiple
memory systems, and epigenetic and genetic findings,
and discusses the translational implications of these new
conceptual insights, in particular for the treatment of
fear-related disorders.

Stress, glucocorticoids and memory

Stress activates the hypothalamus-pituitary—-adrenal
(HPA) axis, which leads to the release of glucocorticoid
hormones (mainly cortisol in humans and corticosterone
in rodents) from the adrenal cortex. These hormones can
access the brain easily and, once there, bind to mineralo-
corticoid receptors (MRs) and glucocorticoid receptors
(GRs)**"* to exert both rapid, non-genomic and slow,
genomic actions on physiology and behaviour®. GRs are
highly ubiquitous and expressed in most brain regions,
whereas MRs are predominantly expressed in limbic
regions such as the hippocampus and central amygdala®.
GR activation has been linked to adaptive processes
such as memory consolidation, whereas MR-mediated
effects have been associated with the appraisal and
responsiveness to stressful experiences and with the
negative feedback control of the HPA axis*.

Early reports that acute stress or glucocorticoids can
have both deleterious and enhancing effects on memory
have indicated that these hormones have complex effects
on cognitive functions. Two decades of research have
identified that these stress hormones can have opposite
effects on different memory processes, including consoli-
dation, retrieval, extinction and reconsolidation** (BOX 2).
Most of these specific stress-hormone effects have been
investigated in conditions with acute elevations of gluco-
corticoid levels. Although chronic stress differs in many
aspects from acute stress (for example, unlike acute stress,
chronic stress induces dendritic remodelling at the cel-
lular level*'), acute administration of glucocorticoids can
have similar effects on memory processes in both acute
and chronic stress conditions. For example, comparable
to the memory effects in acute conditions, glucocorticoid
administration reduces recall of trauma-related memory
in PTSD and enhances fear extinction in people with
PTSD and phobias (which are chronic stress conditions)*.
Furthermore, the effects of acute glucocorticoid adminis-
tration on memory retrieval are also observed in patients
who have chronically elevated glucocorticoid levels as a
result of medication®. In this section, we discuss acute
glucocorticoid effects on different memory processes, the
importance of timing of glucocorticoid administration,
and the impact of stress and glucocorticoids on multiple,
often competing, memory systems.

Consolidation. Memory consolidation refers to a molec-
ular process by which a short-term memory trace is
transferred into stable long-term memory?*. From look-
ing back into one’s own past, it quickly becomes clear
that not all information is equally well transferred into
long-term memory. In particular, emotionally arousing
(pleasant or unpleasant) life events are remembered bet-
ter than neutral events, even after a long period of time”.

Animal model and human studies provide compel-
ling evidence that glucocorticoids are important in reg-
ulating the consolidation of memory processes? (FIC. 1).
Administration of the glucocorticoid-synthesis inhibitor
metyrapone to rats or humans prevents the enhancing
effects of stress and emotional arousal on memory con-
solidation®®?. By contrast, glucocorticoids or synthetic
GR ligands such as dexamethasone®' administered
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Box 2 | Glucocorticoid effects on memory processes

Memory involves several distinct processes that can be differentially affected by

a specific intervention. Here, we elaborate on the memory processes that are most
relevant for fear-related disorders — consolidation, retrieval, extinction and
reconsolidation — and explain how these processes are affected by glucocorticoids.

Consolidation

Consolidation is a protein synthesis-dependent molecular process by which

a short-term memory trace is transferred into stable long-term memory?%'’°. Depending
on the form of memory (for example, episodic memory or habitual memory), memory
consolidation takes place in partly different brain regions'®. Consolidation plays an
important part in the pathogenesis of fear-related disorders by stabilizing aversive
memories after an aversive event'**"'%3, Glucocorticoids enhance memory consolidation
for emotionally arousing information in a dose-dependent manner?’, and this effect
depends on the concomitant activation of the noradrenergic system?. High doses of
glucocorticoids without noradrenergic activation can impair memory?*2.

Retrieval

Retrieval is the process of recollecting previously stored information. Depending on the
form of memory (for example, episodic memory or habitual memory), different brain
regions can be involved in this process'®. Retrieval of aversive memories can lead to
experiencing fear, which is the core symptom of fear-related disorders. Elevated
glucocorticoid levels impair memory retrieval*’ and can thereby contribute, for
example, to the well-known phenomenon of impaired memory recall in stressful
situations®. In addition, the effect of glucocorticoids on retrieval depends on the
concomitant activation of the noradrenergic system*°.

Extinction

Extinction is the process during which conditioned responses to a stimulus that was
previously paired with an aversive event diminish if the stimulus is presented repeatedly
without the aversive event®®'8!. After successful extinction, the newly formed

extinction memory competes against, but does not erase, the original memory of the
aversive event. Spontaneous recovery (that is, the reappearance of a previously
extinguished conditioned response after a delay) is often observed after extinction.
Extinction is the process underlying exposure-based psychotherapy of fear-related
disorders'’**””. Newly formed extinction memories undergo consolidation, which is
facilitated by glucocorticoids®2.

Reconsolidation

Reconsolidation is the process during which memories that have been rendered labile
after memory reactivation are stabilized anew’’. The molecular mechanisms of
reconsolidation and initial consolidation seem to be at least partly distinct’. A blockade
of reconsolidation leads to an erasure of the original memory; spontaneous recovery is
not observed’. Reconsolidation may be a process vulnerable to interference in order to
alter aversive memories in fear-related disorders’. Reconsolidation depends on intact
glucocorticoid signalling; the administration of glucocorticoid receptor antagonists
after reactivation disrupts reconsolidation’®’.

either shortly before or immediately after training in
emotionally arousing learning tasks enhance long-term
memory consolidation in rats and humans (reviewed in
REFS 4,9). Importantly, the memory-enhancing effects of
pharmacologically administered glucocorticoids or GR
agonists follow an inverted U-shaped dose-response
relationship. Moderate doses enhance memory, whereas
lower or higher doses are typically less effective or impair
memory consolidation®*.

Furthermore, several studies have found that stress
effects on memory consolidation are more pronounced
in men than in women®*. Some studies have proposed
that there might be an interaction between stress effects
and sex hormones; in particular, oral contraceptives can
lead to a blunted HPA-axis response to stress and thereby
reduce stress effects on memory***. In line with this
idea, no sex differences in memory effects were reported
among people acutely dosed with exogenous cortisol*.

REVIEWS

The enhancing effects of glucocorticoids on mem-
ory consolidation are dependent on the arousal-induced
activation of noradrenergic transmission in the amyg-
dala, particularly the basolateral amygdala, as well as on
interactions of the amygdala with other regions, includ-
ing the hippocampus and cortex® For example, animal
model studies have shown that a B-adrenergic receptor
antagonist administered systemically or directly into
the basolateral amygdala blocks glucocorticoid effects
on memory consolidation for an emotionally arousing
training experience®¥. Further, post-training gluco-
corticoid administration does not enhance retention of
training experiences (for example, object recognition)
that induce relatively low emotional arousal. However,
with such low-arousing conditions, administration of
yohimbine, a drug that stimulates noradrenaline release,
enables glucocorticoid-induced memory enhance-
ment?”. In line with this, studies in humans showed that
administered glucocorticoids require emotional arousal
and noradrenergic activation (measured via salivary
a-amylase) at encoding to enhance long-term memory
for emotional material***. By contrast, glucocorticoids
impair or have little effect on memory consolidation of
emotionally neutral information in humans®**3,

Glucocorticoids enhance memory consolidation
and synaptic plasticity by influencing various cellular
functions, including intra- and inter-cell signalling, ion
channel properties and cell structure*-*2. It has long
been recognized that glucocorticoids primarily exert
their effects on neuronal function through their abil-
ity to affect gene transcription; glucocorticoid-bound
GR homodimers can bind directly to glucocorticoid
response-elements on DNA*. However, recent evidence
indicates that glucocorticoids also have various non-
genomic actions on neuroplasticity and memory, through
their interactions with a membrane-associated variant
(or variants) of the steroid receptor*-*. Activation of
these membrane steroid receptors results in effects
such as rapid increases in glutamate-release probability
from presynaptic sites*’ and rapid insertion of AMPA-
receptor subunits into postsynaptic membranes®**'.
Glucocorticoids and noradrenaline signalling mecha-
nisms might act synergistically to rapidly enhance
AMPA-receptor function® and to influence several
other molecular events — for example, such interac-
tions may induce rapid activation of the transcription
factor cyclic AMP-responsive element-binding protein
(CREB) and promote associated epigenetic mecha-
nisms such as histone acetylation*”*’. Recent findings
indicate that the actions of glucocorticoids on memory
also involve intriguing rapid signalling interactions with
the endocannabinoid system™ that can enhance noradr-
energic transmission in the amygdala and other brain
regions (BOX 3).

Retrieval. Memory retrieval is the process of recollecting
previously stored information. In contrast to the enhanc-
ing effects of glucocorticoids on memory consolidation,
several studies have indicated that stress exposure or glu-
cocorticoid administration to rats or mice shortly before
retention testing impairs the retrieval of inhibitory
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avoidance memory, contextual fear-conditioned memory
or spatial memory acquired 24 hours earlier’ (FIG. 1). Such
rapid glucocorticoid effects on memory retrieval selec-
tively depend on the membrane GR* and are mediated
via non-genomic actions™.

These findings from animal models have now been
translated to healthy humans: a single administration of
cortisone (at a dose resulting in high physiological cor-
tisol levels) 1 hour before retention testing impaired the
recall of words learned 24 hours earlier™. Further studies
demonstrated that glucocorticoids impair the retrieval
of hippocampus-dependent spatial or contextual mem-
ory in rodents and of declarative memory in humans
(reviewed in REFS 4,9). Importantly, another study has
shown that cortisone impairs the retrieval of emotionally
arousing words but leaves the retrieval of neutral words
unaffected®®. Thus, similar to memory consolidation, the
retrieval of emotionally arousing information is also par-
ticularly sensitive to impairment by glucocorticoids®.

dStr

A Shift in memory
system

-=» Amy P

T Consolidation
Retrieval

b Training dStr-dependent response Hipp-dependent response

Cuex

Target

A A

| — -

-

Figure 1| Glucocorticoid effects on different memory systems under stress.

a| Stress acts through the hypothalamus—pituitary—adrenal axis to stimulate the release
of glucocorticoids. These in turn enhance memory consolidation and impair memory
retrieval. In addition, stress promotes a shift from a hippocampus (Hipp)-dependent,
‘cognitive’ memory system to a dorsal striatum (dStr)-dependent, ‘habitual’ memory
system. Such a shift, which is thought to be orchestrated by the amygdala (Amy), is often
observed in stress- and fear-related disorders. b | The schematics show an example of

a test of dStr- and Hipp-dependent memory retrieval. The animal is trained in a plus maze
that contains spatial cues to turn right to the target (left panel). When tested from
another part of the maze (middle and right panels), the animal can either use

a dStr-dependent, habitual strategy (‘turn right’), or a Hipp-dependent, cognitive
strategy (using the cues to navigate to the target).

Moreover, as with the effects on memory consolida-
tion, the effects of glucocorticoids on memory retrieval
are also abolished by a B-adrenergic receptor antago-
nist®™®. The influence of glucocorticoid-noradrenergic
interactions on memory retrieval was further shown to
also depend on the endocannabinoid system®' (BOX 3).
Also comparable to memory consolidation, glucocorti-
coid effects on memory retrieval seem to be more promi-
nent in men than in women who use oral contraceptives®,
suggesting possible interactions with sex hormones.

Extinction and reconsolidation. Extinction is a process
in which conditioned responses to a stimulus that was
previously paired with an aversive event diminish if the
stimulus is presented repeatedly without the aversive
event®. Like other forms of learning, extinction learning
is followed by a consolidation phase. Whereas the consol-
idation of extinction memory and that of new memory
show partially distinct molecular and neuroanatomical
profiles* (for example, the prefrontal cortex has a differ-
ent role in these two types of memory), glucocorticoids
seem to have a similar role in both. Specifically, animal
models have shown that consolidation of extinction
memory is facilitated by the administration of exoge-
nous glucocorticoids®®* but impaired by suppression of
glucocorticoid signalling®>®-"°. More specifically, gluco-
corticoids are involved in the extinction of several types
of fear memory, including auditory fear conditioning®,
contextual fear conditioning®**® and fear-potentiated
startle®”, and in the predator stress paradigm™.

Memories that are already consolidated may be tar-
geted in two distinct ways: by enhancing extinction,
which depends on the formation of a new memory
trace that competes with the original fear memory, or by
inhibiting reconsolidation of the original fear memory
when it is rendered labile during reactivation in order
to diminish or erase the memory”'. During reconsolida-
tion, reactivated memories are again susceptible to vari-
ous amnesic agents”. Thus, reconsolidation may provide
a window of opportunity to alter established, unwanted
memories retrospectively, with notable implications for
fear-related disorders”.

Although the mechanisms of initial memory con-
solidation and post-reactivation reconsolidation seem
to be at least partly distinct™, in particular with respect
to the recruited brain circuits and the temporal profiles,
several studies showed that stress hormones are also
important in memory reconsolidation. How acute stress
affects reconsolidation is debated; some studies show
that stressful events after memory reactivation enhance
reconsolidation, whereas other reports show the oppo-
site effect’”>”””. However, animal model studies of the
effects of glucocorticoids have shown that systemic or
intrahippocampal administration of a GR antagonist
after reactivation interferes with the reconsolidation
process’”. Administration of a GR agonist after reacti-
vation also impairs 24-hour recall, but this effect is more
likely to be due to increased memory extinction than
to reduced reconsolidation®®. Evidence for this comes
from a study in rats that examined the persistence of
the deleterious effect of post-retrieval glucocorticoids
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Retrograde messenger

A chemical substance that is
released from postsynaptic
neurons and acts on
presynaptic neurons to
regulate neurotransmitter
release.

Anisomycin
An antibiotic that prevents the
synthesis of proteins.

Spontaneous recovery
The reappearance of

a previously extinguished
conditioned response after
a delay.
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Box 3 | Glucocorticoid interactions with the endocannabinoid system

Growing evidence indicates that the effects of
glucocorticoids on both the consolidation and the
retrieval of memory depend on interactions with
the endocannabinoid (eCB) system®*: a fast-acting
retrograde messenger system in the brain. eCBs (mainly
anandamide and 2-arachidonoyl glycerol) are released
from postsynaptic membranes and feed back in
aretrograde manner onto either glutamatergic or
GABAergic presynaptic terminals, thus suppressing both
excitatory and inhibitory signalling within specific
neuronal circuits'®. Recently, the eCB system has
emerged as a key modulator of the stress response®>1%4,
emotional regulation'®* and memory functions®*%¢.
Emotionally arousing training conditions or systemic
glucocorticoid (specifically, corticosterone; CORT in the
figure) administration to rats induce rapid release of
eCBs in limbic regions including the amygdala and
hippocampus'®”1%8, Blockade of cannabinoid type 1
receptors (CB1Rs) in these brain regions prevents the
enhancement of memory consolidation that is triggered
by administration of exogenous glucocorticoids**18818,
indicating that this stimulated eCB signalling is involved
in mediating glucocorticoid effects on memory

protein; PKA, protein kinase A.

on recall, to determine whether there was a deficit in
the underlying stability of the memory trace®. Whereas
post-reactivation administration of either glucocorti-
coids or anisomycin impaired memory recall tested
24 hours later, only rats treated with anisomycin still
showed an impairment when tested 72 hours later.
Because memory impairment after successful blockage
of reconsolidation is permanent, but spontaneous recov-
ery is typically observed after extinction®, the relative
transience of the effect of glucocorticoids suggests that
they affect extinction rather than reconsolidation. It has
been shown in humans that administration of cortisol
immediately after reactivation enhances reconsolida-
tion in men® but not in women®?. Because of poten-
tially important clinical implications, further studies
are needed to corroborate possible sex differences with
regard to glucocorticoid effects on reconsolidation.

/

\ GABA /
) oy /) |
/" (CBIR (og
° \

\:/// \\ Presynaptic

) neuron

‘GABAergic neuron

Postsynaptic \
neuron ————|

consolidation. Consistent with the view that glucocorticoid-induced release of eCBs is rapid, other recent findings indicate
that glucocorticoid-eCB interactions depend on a membrane glucocorticoid receptor (GR)**. Glucocorticoid-induced
recruitment of eCB signalling might then enhance memory consolidation by modulating GABAergic or glutamatergic
signalling. In the amygdala, GABAergic interneurons are particularly enriched for CB1Rs', and activation of these
receptors inhibits GABA release'**'°'. These findings suggest that glucocorticoids might bind to a membrane GR and
rapidly induce the release of eCBs, which then bind to CB1Rs on GABAergic interneurons to inhibit GABA release’®, in turn
possibly resulting in a disinhibited release of noradrenaline (NA) in the amygdala (see the figure). Other recent findings
indicate that glucocorticoid—eCB interactions also play a part in other memory processes. For example, blockade of CB1Rs
in the hippocampus prevented glucocorticoid-induced impairment of the retrieval of contextual fear memory?®’.

Interestingly, two studies have suggested that a polymorphism (rs1049353) of the gene encoding CB1R (CNR1) is
associated with post-traumatic stress disorder (PTSD) risk!*'. Furthermore, stimulation of CB1Rs promotes memory
extinction (reviewed in REF. 195), and initial clinical evidence suggests that cannabinoids might be useful in the treatment
of PTSD*%1%7 Thus, there is independent evidence implicating the glucocorticoid and eCB systems in extinction and
suggesting that targeting these systems may potentially be useful in the treatment of PTSD.

Notably, the evidence discussed above indicates that considering both these interacting systems together might bear
substantial clinical potential. Indeed, changes in both systems have been described in PTSD*?21%, Most importantly, the
combined analysis of eCB and glucocorticoid markers has a higher predictive value for classifying PTSD than does
individual analysis'®. Therefore, combined targeting of glucocorticoid and cannabinoid signalling might be promising and
should be explored in animal and human models of fear learning and extinction to inform future clinical studies'®.

B-AR, B-adrenergic receptor; cAMP, cyclic AMP; GABAR, GABA receptor; pCREB, phosphorylated cAMP-responsive element-binding

Timing matters. The evidence indicating that the
enhancement of memory consolidation of emotion-
ally arousing information depends on the interaction
between glucocorticoids and noradrenergic activation
suggests that these events must occur in a precisely timed
manner®*. Within seconds of the onset of a stressful
encounter, acute increases in catecholamines in the brain
recruit a so-called salience network that facilitates vigi-
lance and attention®. In humans, this network includes
the amygdala, the anterior insula and the dorsal ante-
rior cingulate cortex®. Noradrenaline is further known
to facilitate synaptic plasticity in the hippocampus® and
thus contributes to enhanced memory for the stressful
episode both in rodents and in humans®**. With time
after stressor onset, glucocorticoid levels increase and
exert rapid, non-genomic actions. These fast glucocorti-
coid actions, in combination with catecholamines, help to
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Stimulus—response (S—R)
associations

A type of learning that links
single stimuli to responses. This
type of learning is considered
to be cognitively less
demanding than, for example,
spatial memory and relies on
the dorsal striatum.

Inhibitory avoidance task
Alearning and memory task in
which animals learn to avoid
the place in an apparatus
where they received a single
footshock during the training.

increase glutamate transmission® and strengthen mem-
ories of the stressful experience®. As soon as glucocorti-
coid levels are elevated (typically within 15-30 minutes of
stressor onset), retrieval processes are impaired”®, possi-
bly to avoid interference and protect the consolidation of
the stressful event. At longer delays (longer than ~1 hour)
after the onset of a stressful event, genomic glucocorticoid
actions manifest that are thought to hamper the encoding
of new experiences and memory retrieval processes®*.

In line with the view that glucocorticoids have bipha-
sic timing-dependent effects on memory formation,
glucocorticoids facilitate synaptic potentiation in the
rodent hippocampus when administered immediately
before tetanic stimulation® but not when administered
about 1 hour before stimulation®. Acute stress or glu-
cocorticoids enhance memory consolidation only when
synchronized with an increase of noradrenaline®®;
mistiming of glucocorticoid elevations with respect to
noradrenaline release suppresses the effects of noradren-
aline, preventing glucocorticoid-noradrenaline syn-
ergy®. For instance, cortisol administered alone more
than 1 hour before imaging human brain responses to
neutral or negative stimuli reduced amygdala and hip-
pocampal activity®**, possibly pointing to an increased
threshold for information processing.

In sum, acute stress or glucocorticoid exposure
around the time of learning seems to facilitate memory
consolidation processes, whereas such exposure out
of the learning context impairs memory consolidation
and the retrieval of previously encoded memories®*.
This information is crucial to consider when designing
clinical drug trials: after defining which memory phase
(or phases) should be targeted by glucocorticoid-based
interventions, drug administration has to be well timed
to get the desired effect and not the opposite.

Multiple memory systems: beyond the hippocampus.
For decades, research on the impact of stress and stress
hormones on memory focused mainly on the hippocam-
pus, presumably because it expresses MRs and GRs at a
high density and is thus thought to be highly stress sen-
sitive. However, more recent research has demonstrated
that stress and glucocorticoids may also affect memory
processes in other brain regions — for example, in the
insula (to affect object recognition®, taste aversion® and
inhibitory avoidance memory®) or in the dorsal stria-
tum, which acquires habits or stimulus—response (S-R)
associations”. Importantly, glucocorticoid actions in
these brain regions were shown to depend on concurrent
noradrenergic activity within the amygdala?®, support-
ing the view that stress effects on learning and memory
involve the recruitment of large-scale neural networks*.

Learning and memory can be supported by anatom-
ically and functionally distinct systems that operate in
parallel” and may be in competition with one another'®.
Stress seems to induce a shift in the memory system
that dominates learning and behaviour (reviewed in
REFS 101-103). Specifically, converging lines of evidence
from human and animal model studies using dual-
solution navigation tasks that could be solved by either
a hippocampus-dependent spatial system or a dorsal

striatum-dependent S-R system showed that stress pro-
motes a switch from hippocampal ‘cognitive’ to dorsal stri-
atal ‘habitual’ (or S-R) learning'**'* (FIC. 1). Importantly,
this stress-induced shift was blocked by the administra-
tion of an MR antagonist in mice and humans'**'?’, thus
demonstrating a crucial role of glucocorticoids'®.

Moreover, acute stress decreases functional connec-
tivity between the amygdala and the hippocampus but
increases functional connectivity between the amygdala
and the dorsal striatum, suggesting that the amygdala
orchestrates the shift from cognitive to habitual memory
systems'*”'%, In line with the stress-induced bias towards
S-Rlearning, stress promotes habitual responding at the
expense of prefrontal cortex-dependent goal-directed
instrumental actions both in humans and in rodents'®!*°,
Interestingly, in humans, the impact of stress on the con-
trol of instrumental learning, like stress effects on consol-
idation and retrieval, depends on an interaction between
glucocorticoids and noradrenergic activation'''.

The stress-induced shift from cognitive to habitual
learning also has important implications for our under-
standing of fear-related disorders. Whereas the cogni-
tive memory system has been shown to be involved in
fear-related disorders, for example by reactivating con-
textual fear memories'*, there is accumulating evidence
that the habitual memory system also has an important
role. In PTSD, experiences are encoded under extreme
stress, and the basic findings referred to above suggest
that this might lead to a preferential engagement of
habitual systems'”". Furthermore, dorsal striatal activity
is often observed when patients with PTSD are asked
to re-imagine their trauma'*®. The strong response of
patients with PTSD to single, trauma-related cues (such
as odours or tones), and their difficulties to integrate the
traumatic experience into their autobiographic memory
(as reflected, for example, in a lack of episodic details),
might be taken as indications of an aberrant recruitment
of habitual S-R memory processes.

Thus, an important question is whether glucocorti-
coids influence habitual memory systems as well. Indeed,
similar to the effects on hippocampus-dependent mem-
ory, stress or glucocorticoids administered systemically
in humans or directly into the rodent dorsal striatum
shortly before or after training on an S-R or inhibi-
tory avoidance task enhance subsequent memory''¢-'s,
Further, stress or glucocorticoids before retention
testing impair S-R memory retrieval both in humans
and rodents''®'". In rodents, the stress-induced defi-
cit in S-R memory retrieval, reflected in more errors,
was blocked by the glucocorticoid-synthesis inhibitor
metyrapone and could be mimicked by corticosterone
injection'”. Thus, glucocorticoids are implicated in the
consolidation and retrieval of S-R memory. Although
individuals tend to switch from cognitive to habit mem-
ory processes when stressed'”, these habitual memories
can also be affected by stress and glucocorticoids. These
findings have important clinical implications, as gluco-
corticoid-based interventions might also be effective in
regulating habitual memory in stress- and fear-related
disorders including obsessive-compulsive disorder,
which comprises a strong S-R component'® (FIC. 1).
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Consolidation

Glucocorticoids ————————

Clinical implications

There are several theoretical time points at which gluco-
corticoid-based interventions might be useful for reduc-
ing aversive memory. First, GR blockade could attenuate
the initial consolidation of an aversive experience. This
intervention would be referred to as a secondary preven-
tion of a fear-related disorder. Second, glucocorticoids
could be administered to reduce the retrieval of aversive
memories and thus to curtail the expression of fear, such
as of flashbacks in PTSD (see also BOX 1). Third, gluco-
corticoids could be used to enhance memory extinction
in patients who undergo extinction-based psychother-
apy. Last, GR blockade could help to reduce reconsoli-
dation after memory reactivation. These glucocorticoid
signalling-based intervention strategies are illustrated
in FIC. 2. Below, we review the clinical studies that used
glucocorticoid signalling-based interventions to prevent
or treat fear-related disorders (TABLE 1).

PTSD. Interestingly, and perhaps unexpectedly, PTSD
is not characterized by elevated glucocorticoid levels'*!
but rather by enhanced HPA-axis feedback'**'%, which
can sometimes result in lower circulating cortisol lev-
els in individuals with PTSD than in healthy people'?'.
Furthermore, altered HPA-axis regulation and a high
number of GRs in peripheral blood mononuclear cells can
represent a pre-trauma risk factor for the disorder'*%¢,
Approximately 30% of the variance in PTSD risk can be
attributed to genetic factors, and a number of risk-related
polymorphisms in glucocorticoid signalling-related genes
have been identified'””. Genetic and epigenetic risk and
resistance factors for PTSD are discussed in BOX 4.

Aversive event

———GR antagonists
Aversive memory
Reconsolidation

Expression of fear

Extinction

Extinction memory

REVIEWS

There are currently no clinical data available on the
effects of inhibiting the initial consolidation of a trau-
matic memory by blocking glucocorticoid signalling
(FIG. 2). However, a preliminary study showed that a sin-
gle high dose (100-140 mg) of cortisol within 6 hours
of the traumatic event (mostly motor vehicle accidents)
reduced the risk of developing PTSD'*. This treatment
may have resulted in cortisol levels corresponding to
a response beyond the peak of the inverted-U-shaped
dose-response curve and therefore impaired consoli-
dation®. Another study in which a high dose of dexa-
methasone was intraoperatively administered to cardiac
patients did not find a preventive effect on PTSD risk
18 months later in the entire sample, but a sex-specific
analysis revealed a significant reduction in PTSD risk
in females'?.

Two other studies aimed to reduce retrieval of aver-
sive memories to curtail symptoms of PTSD. The first —
a double-blind, placebo-controlled, cross-over study in
three patients — found that low-dose cortisol treatment
(10 mg per day for 1 month) reduced re-experiencing
symptoms and nightmares'*. The second study, which
used a similar design but in a larger group of patients
who were receiving various psychotropic medica-
tions (including serotonin- or noradrenaline-reuptake
inhibitors), failed to show beneficial effects of cortisol
(10mg or 30 mg per day for 1 week) treatment on PTSD
symptoms'’.

Clinical studies testing the effects of glucocorticoids
on extinction memory have consistently shown that such
treatment enhances extinction'**323 In particular, a
recent randomized, double-blind, placebo-controlled
trial in 24 veterans with PTSD showed that cortisol
(30mg) combined with exposure treatment improved
treatment retention and outcome'*. Only one clinical
trial has examined the ability of the GR antagonist mife-
pristone to reduce reconsolidation after reactivation, but
it did not find evidence for such an effect'*.

There have been several studies using high-dose
glucocorticoid administration for a longer time period
(for example, several days) after a traumatic event, poten-
tially affecting several memory processes (FIC. 2; TABLE 1).
These studies indicate that prolonged treatment with high
doses of cortisol starting within 12 hours of the trauma
reduces the risk of later PTSD'*¢'*. This may be attrib-
utable to an initial shift in the glucocorticoid response
to the right of the peak of the inverted U-shaped dose-
response curve and, consequently, in an impairment of
consolidation?®?, and/or to a later reduction in the retrieval
of traumatic memories, thereby interrupting the vicious
cycle of retrieving, re-experiencing and reconsolidating
aversive memories*. The preventive effect of exogenous
glucocorticoid administration is consistent with studies
that suggest that PTSD risk after a traumatic event is

Figure 2 | Glucocorticoid signalling-based intervention strategies. Glucocorticoids
have been tested for their potential to reduce the retrieval of aversive memory or to
enhance memory-extinction processes (for clinical trials, see TABLE 1). Glucocorticoid
receptor (GR) antagonists or very high doses of glucocorticoids resulting in a response
beyond the peak of the inverted U of the glucocorticoid dose-response curve could be
used to block initial consolidation of aversive memory or to block memory
reconsolidation. For these approaches targeting consolidation or reconsolidation
processes, there are only a few studies available, with mixed results (see the main text).

decreased by higher excretion of endogenous cortisol in
the first hours after the event'*-%,

Two systematic reviews indicate that prolonged
administration of glucocorticoids after a traumatic
event is the most effective pharmacological interven-
tion that is currently available for preventing PTSD>!1*,
One review included seven randomized controlled trials
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Table 1| Clinical trials with glucocorticoid-based interventions in fear-related disorders

Drug Design

Treatment of PTSD

Cort DB, PC,CO
RCT

Prevention of PTSD

Cort RCT

Dex RCT

Timing and duration

Starting <12 h after trauma, for 10 days
Starting <6 h after trauma, for 6 days
Starting <6 h after trauma, for 4 days
Single dose <6 h after trauma

Single intraoperative dose

Daily for 30 days Retrieval
Daily for 7 days Retrieval
Single dose after exposure Extinction

20min before exposure therapy, which was

administered on 8 days

Consolidation

Consolidation

Treatment of social phobia

Cort RCT

Single dose 1 h before phobic stimulus

Retrieval

Treatment of spider phobia

Cort RCT

1h before phobic stimulus, which was

administered on 4 days

1h before exposure therapy, which was

administered on 2 days

Treatment of phobia of heights

Cort RCT

1 h before exposure therapy, which was
administered on 3 days

Memory phase exposed

Retrieval and extinction

Consolidation and retrieval
Consolidation and retrieval

Consolidation and retrieval

Retrieval and extinction

Retrieval and extinction

Retrieval and extinction

Outcome Refs
d Intrusions while under treatment 130
No change in intrusions while 131
under treatment

4 PTSD symptoms at 1 week 132
4 PTSD symptoms at 6 weeks 134
4 PTSD symptoms at 3 months 139
J PTSD incidence at 31 months 137
d Stress scores at 6 months 136,138
4 PTSD incidence at 3 months 128
No difference in PTSD incidence at 129
18 months

d Fear while under treatment 149
d Fear while under treatment 149
J Fear at 1 month 151
{ Fear at 1 month 150

Only randomized controlled trials (RCT) or double-blind (DB), placebo-controlled (PC), cross-over (CO) trials are included. Cort, cortisol; Dex, dexamethasone;
PTSD, post-traumatic stress disorder.

Trier Social Stress Test

A test that is designed to
trigger social stress;
participants must prepare and
give a presentation and
perform an arithmetic task in
front of an audience.

of different pharmacological treatments (four with cor-
tisol, three with the B-adrenergic receptor antagonist
propranolol, one with the selective serotonin-reuptake
inhibitor escitalopram and one with the benzodiaz-
epine temazepam) and reported that cortisol, but not
the other drugs, showed efficacy in preventing PTSD
development in adults'. The other review included five
placebo-controlled studies with cortisol and showed a
large effect of cortisol in reducing the risk of PTSD'®.
Currently, there are several ongoing studies investigating
the effects of cortisol administration on the prevention
of PTSD>¢ and on fear extinction in veterans with
PTSD'.

Phobias. There have been several clinical studies inves-
tigating the beneficial effects of glucocorticoids for the
treatment of phobias. However, not all memory phases
(FIG. 2) are well accessible to pharmacological interven-
tions in phobias, as the pathogenic events in phobias are
generally not known, and preventive strategies are there-
fore not feasible. There are also no studies available that
have tested the effects of glucocorticoid blockade dur-
ing reconsolidation of fear memory (after reactivation),
although this approach would be feasible. In addition,
unlike in PTSD, there is not much evidence for altera-
tions of the glucocorticoid system in phobias; specifically,
there are no clear alterations in the HPA axis'*®, and no

genetic or epigenetic studies on glucocorticoid-related
genes in phobias have been performed.

Nevertheless, because the administration of gluco-
corticoids might exert beneficial effects in phobias by
reducing retrieval of fear memories and by enhancing
extinction processes, there are several studies investi-
gating these effects in phobic patients. In a randomized,
double-blind, placebo-controlled study in 40 patients
with social phobia, a single oral dose of cortisone (25 mg)
was administered 1 hour before a socio-evaluative
stressor (the Trier Social Stress Test). This treatment
significantly reduced subjectively reported fear dur-
ing the anticipation, exposure and recovery phases
of the test'®. Moreover, the stress-induced release of
cortisol in the placebo-treated participants correlated
negatively with the change in fear ratings, suggesting
that endogenously released cortisol in the context of
a phobic situation may counteract fear symptoms in
patients with social phobia'®. In another randomized,
double-blind, placebo-controlled study with 20 patients
with spider phobia, 10 mg oral cortisol administered
1 hour before the presentation of a spider photograph
resulted in a gradual reduction of stimulus-induced
fear'®. The cortisol-induced reduction of fear was still
observed 2 days after the last dose, suggesting that cor-
tisol might have facilitated the extinction of phobic fear
and have impaired retrieval.
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Box 4 | Genetic and epigenetic changes in the glucocorticoid system in PTSD

Studies in humans have identified several genetic and epigenetic alterations in the glucocorticoid system that are
associated with increased or decreased risk of developing post-traumatic stress disorder (PTSD).

NR3C1 alterations

A well-known single nucleotide polymorphism of the glucocorticoid receptor (GR) gene nuclear receptor

subfamily 3 group C member 1 (NR3C1) is the common Bcll polymorphism, a C-to-G nucleotide change that is associated
with receptor hypersensitivity to glucocorticoids'®. In humans, GG carriers (as compared with GC and CC carriers) of the
Bcll polymorphism show enhanced emotional memory in healthy individuals?® and lower cortisol levels and an increased
incidence of traumatic memories and PTSD symptoms in patients after intensive care therapy?’.

Increased NR3C1 expression in peripheral blood mononuclear cells has been shown to be associated with higher PTSD
risk, in line with the enhanced GR feedback that is reported in individuals with PTSD'?*. Moreover, there is evidence that
these changes are in part epigenetically controlled. Two recent studies indicated that methylation of the NR3C1
promoter is inversely correlated with lifetime PTSD risk?°22%%, A study of survivors of genocide indicated that increased
methylation at the nerve growth factor-induced protein A (NGFIA; also known as EGR1)-binding site of the NR3C1
promoter was associated with reduced PTSD risk and fewer intrusive traumatic memories?®. In support of the idea that
methylation might regulate memory processes, increased methylation at this same site — which was accompanied by
lower GR expression —was also associated with reduced picture recognition and recognition-related brain activity in
healthy participants. These studies suggest an epigenetic and genetic link between the predisposition to form strong
aversive memories and the risk of PTSD.

FKBP5 alterations

FK506-binding protein 5 (FKPB5) acts as a co-chaperone that modulates GR activity?®, and risk alleles of FKPB5 have been
associated with differences in GR sensitivity, higher risk of PTSD and increased incidence of intrusive memories of aversive
photographs in a laboratory experiment?°®?°’. Moreover, allele-specific demethylation of FKBP5 has been found to mediate

Behavioural approach test
A test that is used to measure
approach behaviour in the
context of a feared stimulus.

gene—childhood-trauma interactions; specifically, this demethylation was associated with increased stress-dependent
gene transcription, followed by a long-term dysregulation of the hypothalamus—pituitary—adrenal axis?®. Furthermore,
FKBP5 alleles may influence the effectiveness of exposure-based psychotherapy for PTSD?%, and FKBP5 allele-specific

changes in methylation are associated with treatment response to psychological treatments for anxiety disorders?*°.

Implications

Taken together, the evidence that genetic and epigenetic variations in the glucocorticoid system are related to
traumatic memory and to PTSD risk and treatment adds to the understanding of individual risk and resilience factors
for PTSD. Although common genetic polymorphisms typically have small effect sizes, more research is needed to
evaluate whether rare genetic variants or specific methylation events might be suited for diagnostic and/or

personalized treatment purposes.

One randomized, double-blind, placebo-controlled
study in patients with phobia for heights tested whether
glucocorticoids might enhance extinction processes
induced by exposure therapy'*’. One hour before each of
three virtual-reality exposure sessions, cortisol (20 mg)
or placebo was administered orally. Compared with
the placebo group, the cortisol-treated group showed
significantly lower fear levels at post-treatment and at
the 1-month follow-up. Furthermore, administration of
cortisol to people with spider phobia during therapy in
which they were exposed (in groups) to live spiders also
enhanced treatment outcome''. Another study investi-
gated whether differences in endogenous glucocorticoid
levels (which fluctuate with time of day) might also affect
the outcome of exposure therapy'*>. Women with spider
phobia who were treated with a single exposure session
at 8:00 (when cortisol levels are high) exhibited signifi-
cantly less fear of spiders in the behavioural approach test
at post-treatment and at the 3-month follow-up than did
women who were treated at 18:00 (when cortisol levels
are low). In conclusion, cortisol may reduce symptoms of
phobic fear — presumably by reducing aversive-memory
retrieval and enhancing memory extinction — in par-
ticular if combined with exposure therapy. These syn-
ergistic actions may be important in the successful
treatment of phobias.

Addiction and other psychiatric disorders. Gluco-
corticoids probably have also beneficial effects in other
psychiatric disorders in which memory has an important
role. In drug addiction, for example, memory encodes
and stores the associations that provide the powerful
incentives for drug taking and that produce cravings'*'*¢.
A recent randomized, double-blind, placebo-controlled
trial in patients with heroin addiction found that, 90 min-
utes after a single administration of cortisol (20 mg),
low-dose heroin addicts showed reduced craving before
and 15 min after heroin administration'””. Thus, cortisol
might reduce craving by reducing retrieval of addiction
memory. Glucocorticoids could also be tested for their
potential to enhance the extinction of addiction memory.
Furthermore, glucocorticoid-based interventions might
have therapeutic value in other psychiatric disorders in
which aversive memory plays an important part, such
as obsessive-compulsive disorder. In patients with this
disorder, impaired fear extinction and neurobiological
changes in the fear circuit have been reported'*.

Conclusions

Over the past decades, compelling evidence has
accumulated for a crucial role of glucocorticoids in
memory consolidation, retrieval, extinction and recon-
solidation — all processes that are highly relevant in the
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pathogenesis, maintenance and treatment of fear-related
disorders. These effects are not limited to hippocam-
pus-dependent memories but can also be found in other
memory systems, such as habitual memory, which relies
on the dorsal striatum and also plays an important part
in fear-related disorders. Novel treatment approaches
that are based on basic studies have been developed
that use the memory-modulating properties of gluco-
corticoids to weaken dysfunctional memories and to
strengthen treatment-related memories of safety.
Many of the clinical studies reviewed above sug-
gest that the strategy to enhance extinction processes
by combining exposure-based psychotherapy with
timed glucocorticoid administration is a particularly
promising approach to treat fear-related disorders.
Furthermore, there is evidence that the use of glucocor-
ticoids in the aftermath of a traumatic event may help
to prevent development of PTSD. However, the existing
evidence for the usefulness of glucocorticoids in treat-
ment and prevention of fear-related disorders comes
from rather small proof-of-concept studies. Therefore,
there is an urgent need for large randomized controlled

Moreover, from the most recent advances regarding
timing, glucocorticoid-endocannabinoid interactions
(BOX 3), multiple memory systems, and genetics and epi-
genetics (BOX 4), several open questions prompt further
basic and clinical studies. For example, the optimal dos-
age, time point and duration of treatment with gluco-
corticoids need to be elucidated, and the usefulness and
safety of such treatments for fear-related disorders must
be tested in large randomized controlled trials. It would
also be interesting to test the effects of glucocorticoids in
other neuropsychiatric disorders in which memory has
an important role, such as obsessive—compulsive disorder,
and to search for epigenetic and genetic markers for diag-
nostic and/or personalized treatment purposes. Further
basic research should explore novel approaches to modu-
lating glucocorticoid signalling — for example, combining
glucocorticoids with cannabinoids — to further investi-
gate the signalling cascades that are involved and to iden-
tify safer more-specific glucocorticoid-related drugs. The
field of stress and memory represents one of the very few
areas in neuroscience in which insights from basic science
studies have translated into direct clinical interventions

clinical trials.

and will hopefully continue to do so in the future.
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