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Glucocorticoids act on glutamatergic
pathways to affect memory processes
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Glucocorticoids can acutely affect memory processes,
with both facilitating and impairing effects having been
described. Recent work has revealed that glucocorti-
coids may affect learning and memory processes by
interacting with glutamatergic mechanisms. In this opin-
ion article | describe different glutamatergic pathways
that glucocorticoids can affect to modulate memory
processes. Furthermore, glucocorticoid-glutamatergic
interactions during information processing are proposed
as a potential model to explain many of the diverse
actions of glucocorticoids on cognition. The model
suggests that direct modulation of glutamatergic path-
ways by glucocorticoids could serve as an important
mechanism for these hormones to directly alter cogni-
tive functions.

Introduction

Intensive research in the last decades has uncovered stress
as a major regulator of cognitive function. Glucocorticoids
are steroid hormones produced by the adrenal glands
whose secretion increases under stress [1]. Owing to their
lipophilic nature, glucocorticoids can cross the blood-brain
barrier to access to the brain where, through binding to
specific receptors [mineralocorticoid (MR) and glucocorti-
coid (GR) receptors] and by means of slow genomic and
rapid non-genomic actions, they can have multiple effects
on neural function and cognition (Box 1).

Acute and chronic actions of glucocorticoids on memory
processes differ in many respects, including differences in
behavioral outcomes as well as in the cellular and molecu-
lar mechanisms involved. This opinion article focuses on
the acute actions of glucocorticoids on memory processes
including learning, consolidation, retrieval and extinction
(Glossary); [2,3] for reviews on chronic effects). A key
feature of the acute effects of glucocorticoids on memory
function is that their effects can be quite divergent, with
both facilitating and impairing effects [4,5]. Several influ-
ential models have accommodated such contradictory find-
ings by classifying effects according to the characteristics of
the glucocorticoid response and/or the memory process
under study [4-12] (Box 2).

The question arises as to whether a mechanistic expla-
nation can be provided to explain how glucocorticoids
produce such a diversity of actions. Given that until re-
cently glucocorticoids were thought to act exclusively via
genomic mechanisms, research has focused predominantly
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on changes in gene and protein expression in response to
glucocorticoids [13-16]. Because genomic mechanisms
take some time to develop, such a mechanism cannot apply
to extremely rapid effects of glucocorticoids reported for
some cognitive operations (for example, learning and re-
trieval when tests are given shortly after the enhancement
of glucocorticoid levels). Importantly, recent work has
underscored the potential of glucocorticoids to affect mem-
ory processes and synaptic plasticity by interacting with
glutamatergic mechanisms (Box 3) through both nonge-
nomic and genomic pathways.

The first part of this article discusses studies that
demonstrate glucocorticoid actions on specific aspects of
glutamatergic pathways in the context of information pro-
cessing. These actions include (i) genomic and non-genomic
increases in extracellular glutamate levels that affect ex-
citatory transmission, (ii) the activation of NMDA-type

Glossary

Consolidation: the process of storage of acquired information.

Extinction: a process that inhibits expression of former learned responses.
Fear conditioning task: a task in which animals learn, by association, that
discrete or contextual cues predict aversive conditions.

Forced swim test: a test in which animals placed in an enclosed cylinder full of
water learn that there is no escape and eventually develop a floating response.
Learning: the process involved in the acquisition of information.

Object location test: a task in which memory for a particular location of two
objects to which rodent is exposed in a first phase is indicated by higher levels
of exploration of one of the objects that is displaced at testing.

Object recognition test: a task in which rodent recognition of a familiar object
is indicated by higher levels of exploration of a novel object when both objects
are presented in a free choice test.

Inhibitory or passive avoidance task: a task in which animals learn to inhibit an
innate response to avoid receiving an aversive stimulation (such as a
footshock).

Priming: a process whereby learning circuits activated by a particular
stimulation show reduced threshold for subsequent reactivation by similar
stimulation in the near future.

Retrieval: the process of recall of stored information.

Spatial learning: a learning process whereby individuals learn to orientate
themselves in their spatial environment by taking into account the location of
distal visual cues. The water maze is a common behavioral paradigm used to
assess spatial learning in rodents.

Swim-stress paradigm: a stress-induction procedure in which animals are
exposed for a defined period of time (that normally varies from 2 to 15 min) to
a water tank where there is no possibility of escape.

T-maze delayed alternation task: a working memory task in which animals
learn to find rewards at the end of two arms in a T-maze by visiting the
arm opposite to the previously visited one after being submitted to a certain
delay.

Water maze: a behavioral task used to study spatial learning and memory. This
task typically consists of a circular water tank in which rodents have to learn to
locate a hidden submerged platform using distal visual cues to orientate
themselves and navigate in their spatial environment.

Working memory: a cognitive process consisting of keeping recently acquired
information ‘online’ and available to further cognitive operations during a brief
period (from seconds to minutes).
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Box 1. Glucocorticoids, their receptors and mechanisms of action

Glucocorticoids (referred to as cortisol in humans and corticoster-
one in rodents) are the final products of the activated hypothala-
mus-pituitary-adrenal (HPA) axis. Corticosterone binds to two
types of receptors, the mineralocorticoid receptor (MR) and
glucocorticoid receptor (GR). Classically, both MR and GR have
been identified as intracellular receptors acting as ligand-activated
nuclear regulators and exerting slow-onset genomic effects
through transrepression and transactivation. Intracellular MRs have
a 10-fold higher affinity for corticosterone than GRs, implying that
MRs are largely occupied under basal corticosterone conditions,
whereas GR occupancy is increased when corticosterone levels
rise.

Gene transcription

Nucleus

Recently, evidence has emerged for rapid, non-genomic and
transient effects of these receptors when expressed at the cell
membrane in different brain areas [1] (Figure I). In the hippocampus,
lower-affinity membrane-associated MRs were reported to be located
presynaptically and to rapidly increase glutamate release probability
upon activation [93]. In the lateral amygdala, non-nuclear-membrane
GRs were demonstrated to be localized postsynaptically [17].
Membrane-bound GRs that are coupled to G-protein-coupled recep-
tors (GPCRs) have been implicated in the rapid effects of corticoster-
one in feedback inhibitory actions in the hypothalamus that involve
endocannabinoid signaling [25] and in the fast-inducing actions of
corticosterone in medial PFC-dependent cognition [88].
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Figure I. Schematic representation of the neuronal actions of MR and GR. (i) Upon corticosterone binding, GRs and MRs dissociate from cytoplasmic heat shock
proteins. The receptors then translocate to the nucleus where they act as ligand-activated nuclear regulators, affecting gene transcription for a large number of proteins.
(ii) Membrane-bound MRs have been described presynaptically and have been shown to increase glutamate release. (iii) Membrane-bound GRs have been shown to be
linked to the activation of membrane-associated GPCRs, and this results in the subsequent enhancement of cAMP signaling pathways leading to an increase in protein

kinase A (PKA) activity [25].

glutamate receptors (NMDARSs) and downstream signaling
pathways, and (iii) increased membrane trafficking of
AMPA-type glutamate receptors (AMPARs). The latter
part of the article presents a model that highlights gluco-
corticoid—-glutamatergic interactions during information
processing as a key cellular mechanism that could explain
many of the diverse cognitive actions of glucocorticoids.

Glucocorticoid actions on specific aspects of
glutamatergic pathways

Glucocorticoids increase extracellular glutamate levels
and affect excitatory transmission

One mechanism whereby glucocorticoids can affect gluta-
matergic pathways is by increasing extracellular gluta-
mate levels, as described for both stress and elevated
glucocorticoids in different brain areas [17]. A rise in
peripheral corticosterone levels produces a rapid increase
in corticosterone levels in the hippocampus in parallel with
a specific increase in extracellular glutamate levels [18].
Glucocorticoid-induced increases in extracellular gluta-
mate levels in the hippocampus can be exerted through
a variety of mechanisms, including GR-mediated inhibi-
tion of glutamate uptake [19,20] and non-genomic mem-
brane MR- or GR-mediated increase of presynaptic
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glutamate release probability [21-24]; nevertheless it
should also be noted that a GR-mediated decrease in
glutamate release probability has been observed in some
brain regions such the hypothalamus [25]. However, for
this mechanism to be effective it should ideally be capable
of affecting excitatory transmission immediately
(Figure 1a,b). This has been found to be the case in the
hippocampus in connection with the primary actions of
corticosterone on increased presynaptic glutamate release.
The evidence includes a rapid and reversible enhancement
of the frequency of miniature excitatory postsynaptic
currents (mEPSCs, currents that exclusively involve
AMPARS) in the hippocampal CA1 area [21] and indica-
tions of an enhanced likelihood of generating action poten-
tials postsynaptically [1]. More recently, glucocorticoids
were also found to enhance glutamatergic transmission
rapidly in basolateral amygdala neurons through an MR-
dependent mechanism [26]. Interestingly, in contrast to
the transient effect observed in the CA1l area [21], the
enhanced mEPSC activity in the amygdala is long lasting
(i.e. maintained for several hours) [26], an effect that
requires both rapidly induced MR-dependent [26] as well
as delayed GR-dependent [27,28] enhancement of gluta-
matergic transmission.
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Box 2. Glucocorticoids and their diverse effects on synaptic plasticity and memory processes

Acute stress can affect synaptic plasticity and cognition by acting in
different brain regions. In the hippocampus, stress was systematically
shown to impair long-term potentiation (LTP) while facilitating long-
term depression (LTD) [94]. Glucocorticoid actions via GR and
NMDARs have been implicated in these effects [37,69]. However,
acute effects of glucocorticoids on LTP are not always detrimental. In
fact, for both LTP and learning and memory, the literature is
somewhat confusing, with multiple examples of facilitating and
impairing effects. Several models have been put forward to explain
these paradoxical findings:

(i) The dose-dependent inverted-U shape model

Effects are explained by corticosterone dosage, with very low and
very high corticosterone levels impairing, while intermediate levels
facilitate LTP [10,94] and learning (Figure 1), particularly in hippo-
campus-dependent learning tasks [5,9,11,95]. Recently, an inverted-U
response pattern to increasing corticosterone doses was also
demonstrated for PFC-dependent working memory [57,88]. However,
biphasic effects of glucocorticoids are not found in all types of
learning [5].

(ii) The convergence in time and space model

Differential effects have been proposed to be related to the timing
of when stress or glucocorticoid elevations occur with regards to
information processing. Facilitating effects are typically observed
when the stress/glucocorticoid peak elevation occurs at around the
time of synaptic activity or learning, provided that they affect the
same brain areas (i.e. ‘space’) activated by the particular learning
experience [4]. The relevance of the ‘convergence’ of these factors

Although the implications of these rapid glucocorticoid
effects on glutamatergic transmission for memory proces-
sing have not yet been elucidated, rapid behavioral
changes have been reported after corticosterone injections
[29] with indirect evidence for the potential ivolvement of
glutamatergic pathways [30].

Glucocorticoids impair memory retrieval by activating
extrasynaptic GIluN2B-containing NMDA receptors
Pioneering studies have shown that stress and glucocorti-
coids given 30 min (but not 2 min or 4 h) before the perfor-
mance of recall tasks impair memory retrieval for spatial
information acquired (immediately or 24 h) before stress or
glucocorticoid administration [31-33]. Subsequent studies
have demonstrated that the mechanisms mediating these
stress and glucocorticoid effects are the same as those that
underlie the induction of long-term depression (LTD) in the
hippocampus [34], including the activation of extrasynap-
tic GluN2B (but not GluN2A)-containing NMDARs and the
endocytosis of GluA2-containing AMPARs [35,36]. Specifi-
cally, it is thought that activation of hippocampal GRs by
corticosterone leads to the blockade of glutamate uptake
[20] which, consequently, leads to spillover of synaptically
released glutamate by low-frequency stimulation, which
then acts on extrasynaptic GluN2B-containing NMDARs,
leading to the subsequent endocytosis of GluA2-containing
AMPARs (Figure 1c). Such a proposed mechanism is in
agreement with evidence that (i) GR activation selectively
hampers NMDAR-dependent synaptic plasticity [37], and
(i1) blocking glutamate uptake facilitates LTD by allowing
glutamate release by low-frequency stimulation to
activate extrasynaptic NMDARs [36]. GluN2B-containing
NMDARs have also been implicated in mediating the

with the ‘context’ of the learning experience has also been
emphasized [5,7].

(iii) The relevance of the memory phase

Typically, glucocorticoids facilitate consolidation but impair retrie-
val (and working memory) are impairing [8,12]. The glucocorticoid-
induced retrieval impairment has been linked to the facilitating effects
of these hormones on extinction processes [12,70,85,86].
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Figure I. Schematic representation of the inverted-U effects of different levels of

acute stress or glucocorticoid levels on hippocampus-dependent learning and
synaptic plasticity.

impairing effects of stress during memory retrieval as
assessed in rats during an object recognition memory task
[38].

Glucocorticoids facilitate learning and memory by
inducing the synaptic delivery of AMPARs

Studies performed in rat hippocampal cultured neurons
have demonstrated that corticosterone rapidly increases
the surface delivery of GluA1l- and 2-containing AMPARs,
but not GluN1-containing NMDARs [39]. This effect was
shown to be non-genomic and dependent upon the activa-
tion of membrane MRs. Furthermore, such changes in
glutamate receptor levels were demonstrated to have an
impact upon the plasticity of the circuit, as revealed by a
rapid amplification of the increase of synaptic surface
GluA2 content induced by a chemical long-term potentia-
tion (LTP) stimulus [39]. In addition, corticosterone also
increased the surface expression of GluA2 AMPAR sub-
units (and to a lesser extent GluAl, but not GIuN1 sub-
units) in a genomic, GR-dependent, delayed fashion [39].
However, at this later time-point (2-3 h from administra-
tion), corticosterone blocked the increase in synaptic
GluA2-containing AMPARsS elicited by chemical LTP stim-
ulation [39] and facilitated LTD induction [40]. The impli-
cation of these findings has been recently postulated within
a framework in which stress-elicited rapid, MR-dependent
glucocorticoid actions on synaptic transmission and syn-
aptic plasticity in the hippocampus would facilitate the
encoding of stress-related information and memories [41].
In addition, the slower, GR-mediated actions triggered by
the initial stressful experience would exert a second-wave
of insertion of GluA2-containing AMPARs at synaptic
sites that would serve to increase synaptic strength and
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promote memory consolidation [41]. Importantly, this
model also implies that the GR-mediated increase in the
synaptic incorporation of GluA2-containing AMPARs
would enhance the threshold for the ability of novel
inputs/information, reaching the network hours after the
initial stressful learning experience, to be encoded and
stored as a new memory [41].

Increased hippocampal AMPAR trafficking has recently
been implicated in the facilitating action of corticosterone
during spatial learning in mice [42]. This study was based
on earlier observations in rats that the strength of water
maze spatial memory varies according to the water tem-
perature and the corresponding extent of corticosterone
activation [43,44]. Mice trained in water at 22 °C had
higher plasma corticosterone levels and better learning
and memory than mice trained in water at 30 °C. Immedi-
ately after training, only mice trained at 22 °C showed
enhanced synaptic expression of GluA2 (and GluA3, but
not of GluAl or GluN1) subunits. The enhancement of
AMPAR subunit GluA2 trafficking was required for the
facilitation of memory and was shown to be dependent
upon corticosterone action (Figure 1d). By 45 min after
training, all GluA1-3 subunits were synaptically enhanced
in 22 °C-trained mice (and GluA2 elevations were still
observed at 24 h post-training). In parallel, there was a
similar stressful-learning-induced synaptic increase in N-
cadherin (a cell-adhesion molecule that interacts with
GluA2 subunits and which plays an important role in
the formation and growth of dendritic spines [45]). Al-
though this result is purely correlative, it suggests a
potential interaction between these two molecules as a
mechanism whereby stress can improve memory function
(but note that other synaptic cell-adhesion molecules that
are also enhanced after stressful learning paradigms could
also be involved [46-48]).

An involvement of AMPARs in memory facilitation by
corticosterone has also been reported in chicks. In the
passive avoidance task, long-term memory involves a
training-induced increase in corticosterone levels acting
through GRs [49,50]. In a weak training version, intrace-

Box 3. Glutamate receptors, synaptic plasticity, and memory
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rebral corticosterone administration around the time of
training facilitates the transfer of information into long-
term memory [51]. Pharmacological experiments showed
that whereas both NMDA and AMPA receptors are re-
quired at around the time of training, only AMPARSs were
required during consolidation (i.e. 5.5 h after training) to
mediate the potentiating effects of corticosterone [51].

Moreover, indirect evidence implicates the importance
of AMPARs for the formation of fear memories in rodents.
In the inhibitory avoidance task (for which long-term
memory requires the hippocampus that also mediates
GR-induced facilitation on consolidation [52]) NMDAR-
dependent increase in the phosphorylation and synaptic
expression of GluAl and GluA2 subunits, but not GluN1
subunits, was shown [53]. Training in this task increased
the amplitude of evoked synaptic transmission in the CA1
region of the hippocampus, similar to that observed during
LTP induction. In the fear conditioning task (for which
glucocorticoid involvement in consolidation was shown in
the amygdala [54] and hippocampus [14,54]), tone condi-
tioning rapidly increases synaptic GluA1 subunit levels in
the lateral amygdala, a mechanism that determines the
strength of the memory formed [55]. In the hippocampus,
this task enhanced AMPAR-mediated synaptic modifica-
tions 3 h post-training [56].

A study also implicated AMPARs in the facilitating
effects of stress and glucocorticoids on working memory
[57]. Working memory — as tested in a PFC-dependent T-
maze delayed alternation task — was improved, in a GR-
dependent manner, when rats were tested at 4 h or 24 h, but
not at 48 h after forced-swim stress. Stress and corticoste-
rone increased postsynaptic glutamatergic transmission via
GRs - most likely through the observed postsynaptic deliv-
ery of AMPARs and NMDARs - in the PFC ([57]; but note
that a negative correlation was recently found between
hippocampal GluA2 expression and short-term memory
[58]). However, in contrast to the examples discussed previ-
ously in this section, the stress/glucocorticoids whose cogni-
tive effects were explored in this latter working-memory
study [58] are not those elicited by training, but were instead

Glutamate is the major excitatory neurotransmitter in the mammalian
brain. Upon its release into the synaptic cleft, it can follow different
pathways: (i) activating pre- or postsynaptic glutamate receptors, (ii)
being recaptured by a glutamate transporter, and transported either
back to the presynaptic terminal or into astrocytes, (iii) spilling over
from the synaptic cleft, leading to the activation of extrasynaptic
glutamate receptors.

There are three main categories of ionotropic glutamate receptors:
AMPARs, NMDARs and kainate receptors. AMPA and NMDA recep-
tors are the two main classes that have been studied with respect to
glucocorticoid actions; kainate receptors are therefore not discussed
further here.

AMPARs are heterotetramers comprised of a combinatorial assem-
bly of four subunits, GluA1-A4 (previously known as GluR1-R4 [96]).
AMPARs underlie activity-dependent changes in excitatory synaptic
function during synaptic plasticity events and learning. LTP and LTD
require the synaptic insertion or removal, respectively, of AMPARs
[95], and AMPAR synaptic trafficking has been shown to play an
important role in memory formation [97,98].

NMDARSs are heterotetrameric channels composed of two obliga-
tory GIuN1 (formerly named NR1 [96]) subunits and two regulatory
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subunits (GIuN2A-D or GIuN3A,B; formerly NR2A-D or NR3A,B).
Most forms of LTP, LTD and memory processes require NMDAR
activation and the subsequent cascade of events triggered by Ca®*
influx [99]. NMDARs are localized at both synaptic and extrasynaptic
sites. Although still controversial, receptors containing the GIuN2A
subunit are more likely to be placed centrally in the synapse,
whereas those containing the GIuN2B subunit are likely to be
targeted to peri-synaptic and extrasynaptic sites [100] (Figure I).
GluN2A- and GIuN2B-containing receptors are thought to be coupled
to distinct intracellular signaling pathways, with evidence suggest-
ing their participation in different types of plasticity (LTP and LTD,
respectively). The classical view is that memory consolidation
involves the activity-dependent-activation of molecular signaling
cascades that are initiated by the presynaptic release of glutamate
and subsequent activation of AMPA and NMDA receptors, followed
by the activation of a variety of kinases (e.g. CaMKII, PKC, PKA, ERK/
MAPK) and downstream signaling pathways, in addition to the
induction of new protein synthesis and structural modifications at
relevant synapses — such as changes in spine shape or the formation
of new dendritic spines [64].
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Figure I. Schematic representation of a glutamatergic synapse under basal conditions and following the induction of synaptic plasticity. Reference to glutamatergic
receptors is restricted to AMPAR and NMDAR subtypes. (a) Elements of the glutamatergic synapse under basal conditions. (b) Basic mechanisms involved in the
induction of LTP following high-frequency stimulation. Activation of AMPARs by glutamate results in the activation of NMDARs and subsequent influx of Ca*. This
influx of Ca*, together with the activation of signaling pathways that are downstream of the receptors, activate a biochemical cascade involving the activation of
various kinases such as CamKIl and MAPK/ERK. These pathways ultimately transmit the signals to the nucleus, where changes in gene transcription and translation
occur that eventually enhance synaptic strength. The insertion of newly formed AMPARs at synaptic sites, as well as the formation of new spines, is known to occur after
the induction of LTP. (¢) Basic mechanisms involved in the induction of LTD following low-frequency stimulation. Different mechanisms have been implicated in LTD
induction; this diagram represents mechanisms involving the GIuN2B subunit of the NMDAR. Glutamate activation of extracellular GluN2B-containing receptors
induces Ca?* influx and GluA2-containing AMPAR endocytosis. Subsequent activation of kinases and phosphatases eventually leads to the induction of gene
transcription, the net result being a reduction in synaptic efficacy.
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Figure 1. Schematic representations of the different glutamatergic pathways that glucocorticoids can affect to modulate memory processes. (a) Basal conditions. A
glutamatergic synapse under basal conditions, including the different key elements of this tripartite unit — the presynaptic neuron (with glutamatergic vesicles and
glutamate transporters), the postsynaptic neuron (with a diversity of glutamate receptors located both synaptically and extra-synaptically) and nearby astrocytes (with glial
glutamate transporters). (b) Glucocorticoids can increase synaptic glutamate levels and activate postsynaptic AMPARs. In this pathway glucocorticoids increase presynaptic
release probability through non-genomic MRs (or GRs), which results in an increase in the amount of glutamate released when the pathway is concurrently activated during

170



administered before exposure to the cognitive task. Another
important peculiarity of this study is that the facilitating
cognitive actions of glucocorticoids were observed in memo-
ry tests delivered several hours after treatment [58]. In fact,
substantial evidence indicates that when stress or glucocor-
ticoid elevations occur either shortly before or during work-
ing memory performance, an impairment is observed
[12,59,60].

The cellular mechanisms whereby glucocorticoids result
in the enhanced delivery of AMPARSs to synapses are not
yet well understood; the rapid and the delayed effects could
potentially be mediated by different processes. No evidence
to support the transcriptional regulation of AMPAR sub-
units by glucocorticoids has been observed in in vitro
studies [40] and, therefore, changes in proteins involved
in regulating AMPAR delivery and/or membrane anchor-
ing are hypothesized to be intermediate targets of in-
creased corticosterone. Recently, the induction of the
transcription factor serum- and glucocorticoid-inducible
kinase (SGK) and the activation of the hydrolase Rab4
(a member of the Rab family of proteins involved in mem-
brane trafficking events) were implicated in the delayed
increase in surface expression of AMPARs and NMDARs in
the PFC response to stress and corticosterone treatments
[61,62] and in the facilitation of working memory discussed
above [57].

Glucocorticoids can facilitate memory consolidation by
interacting with synaptic NMDARs and their signaling
cascades

Classically, memory consolidation is believed to require
changes in gene transcription and de novo protein synthe-
sis [63] triggered by learning-activated molecular signaling
cascades which include NMDAR activation and the subse-
quent activation of protein kinases, followed by activation
of cAMP response element binding protein (CREB) [64,65].
More recently, epigenetic mechanisms - that are crucially
involved in the regulation of gene transcription — have also
been implicated in memory formation and maintenance
[66]. Importantly, the activation of NMDARSs, in addition to
being required for many forms of synaptic plasticity and
learning (Box 2) [67,68], has also been implicated in the
effects of stress and glucocorticoids on hippocampal LTP
and LTD [37,69] and in some forms of learning. For exam-
ple, amygdaloid NMDARs (that play a crucial role in fear
extinction [70]) have also been implicated in the facilitat-
ing effect of glucocorticoids on fear extinction [71,72]. The
interaction of glucocorticoids with NMDAR pathways is
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proposed to affect memory via changes in gene transcrip-
tion (Figure 1le).

The involvement of epigenetic mechanisms in glucocor-
ticoid-NMDAR interactions in the modulation of memory
has been demonstrated recently. Specifically, evidence has
been presented that glucocorticoid-induced enhancement
of memory consolidation (as assessed in a forced swim test)
took place through the activation of NMDARs and the
downstream mitogen-activated protein kinase (MAPK)
pathway, including activation of ERK (extracellular sig-
nal-regulated kinase)/MSK (mitogen and stress-activated
protein kinase) and transcription factor Elk-1 in the den-
tate gyrus of the hippocampus [73-75]. Activation of this
pathway was demonstrated to result in epigenetic changes
including enhanced histone acetylation [73-75]. These
epigenetic mechanisms were only efficient in the presence
of activated GRs and they acted in synergy with NMDAR
activation [74] (Figure le). Similar signaling and epigenet-
ic pathways have been implicated in memory formation in
other behavioral paradigms, including the water maze and
fear conditioning [76]. Furthermore, epigenetic mechan-
isms were also recently described to be involved in cortico-
sterone-induced (membrane GR-mediated) facilitation of
long-term memory for object recognition (in the insular
cortex) and object location (in the hippocampus), although
the involvement of glutamatergic mechanisms was not
explored in this study [77].

Although epigenetic mechanisms were not explored, the
MAPK and Ca®/calmodulin-dependent protein kinase II
(CaMKII) pathways have also been implicated, in parallel
with rapid and delayed increases in the expression of
glucocorticoid receptors (MR and GR, respectively), in
the facilitating effects of stress on the long-term establish-
ment of LTP in the hippocampus ([78]; but note that the
same pathway was implicated in the detrimental effects of
glucocorticoids on LTP in another study [79]). This facili-
tation was induced by a brief exposure to swim stress that
transformed an electrically induced, protein-synthesis-in-
dependent early LTP (lasting for a maximum of ~4-5h)
into longer-lasting and protein-synthesis-dependent late
LTP in the dentate gyrus [79].

Glucocorticoids can facilitate memory consolidation
through changes in gene transcription leading to
increased glutamate release probability

The identification of the key effector molecules that are
regulated by glucocorticoid genomic actions and which
affect memory consolidation was an open question for

learning. Subsequently, this mechanism increases the probability of activating postsynaptic glutamate receptors, at first predominantly AMPARs, thereby facilitating
memory processes. (¢) Glucocorticoids increase extracellular glutamate levels and activate extrasynaptic GluN2B-containing NMDARs. This pathway represents situations
involving high to very high glucocorticoid levels that are not associated with relevant information processing in the circuit. High glutamate levels — accumulated
extracellularly by glucocorticoid-mediated blockade of glutamate transporter activity — spill over and activate extrasynaptic GluN2B-containing NMDARSs; this leads to
endocytosis of GluA2-containing AMPARs. This mechanism is proposed to explain the facilitating effects of glucocorticoids on LTD and their impairing effects on LTP and
cognitive processing. (d) Glucocorticoids increase excitatory transmission by inducing AMPAR synaptic delivery. Enhanced glucocorticoid levels can enhance AMPAR
insertion at synaptic sites through both nongenomic (i.e. rapid) and genomic (i.e. delayed) effects. Such a mechanism helps to increase synaptic efficacy and learning and
memory processes. (e) Glucocorticoids can lead to the activation of NMDARs and associated signaling cascades, resulting in epigenomic modifications. Glucocorticoid
effects — via GRs - can trigger NMDAR-dependent cascades that are known to be implicated in memory consolidation, including activation of the MAPK and CaMKII
pathways, and their subsequent phosphorylation and activation of transcription factors (such as CREB and Elk-1). This in turn leads to the modulation of epigenomic
mechanisms, particularly chromatin modifications, which affect gene transcription. This mechanism can explain facilitatory effects of glucocorticoids on memory
consolidation [83]. (f) Glucocorticoids can activate transcription factors and signaling cascades, leading to a delayed increase in the probability of glutamate release. In this
case, glucocorticoid GR-mediated genomic actions are presynaptic and mediated by activation of the MAPK signaling pathway and the immediate early gene Erg-1. As a
consequence, synapsin expression is increased and its phosphorylation is subsequently enhanced; this can trigger increased vesicular glutamate availability and release.
This pathway can explain the facilitating effects of glucocorticoids on memory processes [80] — but note that the delayed timing of the enhanced probability of glutamate
release (as opposed to the rapid release represented in panels B and C) affects late information processing rather than the earlier phases of learning.
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many years. However, two studies in recent years have
identified a signaling cascade that mediates the enhance-
ment of fear memories in mice elicited by activation of
hippocampal GRs, with increased glutamate release being
proposed as the ultimate molecular effector [14,80]. This
cascade, which is required for glucocorticoid facilitation of
memory, begins with increased expression of the transcrip-
tion factor Egr-1 (early growth-response factor) by GR,
followed by an increase in the expression and activity of
the MAPK pathway. Activation of the MAPK pathway
further enhances the expression of Egrl and activates
synapsin-Ia/Ib (a presynaptic vesicle-associated phospho-
protein). Changes in synapsin expression and activation
would thus likely result in increased probability of gluta-
mate release, hypothetically facilitating information pro-
cessing and memory (Figure 1f). Note that this mechanism
is distinct from and has a different temporal pattern (ie.
delayed in time of onset) than the non-genomic, rapid and
transient effects of glucocorticoids on glutamate release
discussed before (Figure 1b).

General principles for the diversity of glucocorticoid
outcomes on memory processes and their link with
glutamatergic pathways

The literature linking glucocorticoid actions with glutama-
tergic mechanisms reveals a number of operating rules for
the conditions in which glucocorticoids exert a diversity of
effects in cognitive function. These general principles are
outlined in the following sections.

(i) Facilitating effects on memory processes are observed
when moderate-to-high glucocorticoid elevations converge
in time with information processing

Memory processes are facilitated by glucocorticoid ele-
vation (triggered by the task or induced by exogenous
administration) that takes place over a time-period extend-
ing from shortly before training (i.e. less than 5 min before)
to up to 1 h after training [39,40,42-44 50]. These circum-
stances foster both rapid and delayed (protein-synthesis-
dependent) synaptic delivery of AMPAR and/or NMDAR
subunits [39,40,42,51]. A subsequent and/or additional
pathway involves NMDAR-triggering of signaling cascades
leading to (epi)genomic changes in gene transcription
[14,73-75,80], with at least one of these targets leading
to increased probability of glutamate release [80]. In
general, rapid effects are mediated by membrane-bound
MRs or GRs, whereas delayed genomic effects are mediat-
ed by nuclear-localized GRs. These mechanisms account
for the facilitating effects of glucocorticoids on the acquisi-
tion (presumably those related to rapid changes in
glutamate receptor trafficking) and consolidation (presum-
ably those resulting in changes in gene expression) of
information.

However, there are exceptions to this timing constraint
because some studies have reported that stress can facili-
tate memory processes despite lack of convergence be-
tween the time of glucocorticoid elevation and the time
at which the cognitive challenge is given (with time-gaps of
2-4h) [57,81] and at which changes in synaptic expression
of glutamate receptors are observed [57]. A possible expla-
nation for these divergent findings is that stress and
glucocorticoids might facilitate certain cognitive processes
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by priming neural circuits relevant for subsequent task
performance by stress. This possibility has been suggested
in a human study in which stress exposure 2 h before
learning specifically enhanced recall of stressor-related
highly arousing words [81].

(it) Detrimental effects on memory processes are observed
when high-to-very high glucocorticoid elevations occur in an
uncoupled manner during a time-window preceding cogni-
tive challenge

This situation relates to glucocorticoid elevations eli-
cited by stress or exogenous steroid administration given
before the cognitive task (10-60 minutes before, but not at
shorter time points) [31,34,38]. These conditions were
shown to involve hippocampal GRs [20] and to lead to
activation of extrasynaptic GluN2B-containing NMDARSs
and the endocytosis of GluA2-containing AMPARs [34,35].
Although these mechanisms were predominantly related
to the detrimental effects of stress and glucocorticoids on
retrieval [34,38], note that under similar uncoupled con-
ditions pre-training stress or glucocorticoid treatments can
also impair memory formation [5].

(iit) Different cognitive outcomes are observed when glu-
cocorticoid-induced increases in extracellular glutamate
levels are mediated by actions on release versus uptake
mechanisms

When corticosterone-induced extracellular glutamate
increase takes place through an increase in release proba-
bility, positive effects on plasticity and information proces-
sing follow (probably because an increase in glutamate
release probability would secure timing convergence be-
tween activity-induced glutamate release and its subse-
quent impact upon the activation of postsynaptic
pathways) [21,22,82]. By contrast, if glutamate increase
results from blockade of uptake mechanisms, negative
effects are found [20,34], with glutamate spillover reaching
extrasynaptic GluN2B-containing NMDARs as the pro-
posed mediating mechanism [35,36].

(iv) Facilitating effects of glucocorticoids are observed for
memory consolidation, whereas detrimental effects are ob-
served during information retrieval

This general principle [8,12] was always observed in the
reviewed studies focusing on glucocorticoid-glutamatergic
interactions — in other words, the positive actions of glu-
cocorticoids on cognition were generally related to memory
consolidation [14,42,50,80,83] whereas impairing effects
were linked to retrieval [34,38]). A key question to ask is
whether these differential effects are due to a putative
‘vulnerability’ of these different cognitive processes [in
either a positive (consolidation) or a negative (retrieval)
manner] to stress or elevated glucocorticoids, or whether
they are the consequence of serendipitous application of
experimental designs in the respective studies with gluco-
corticoid timing and dosage (see above) being instead the
key factors underlying the reported effects. The evidence
supports the former possibility because the same glucocor-
ticoid treatment can simultaneously inhibit the immediate
recall of information while facilitating consolidation
mechanisms involved in long-term memory formation
[84,85]. This has been specifically shown for the consolida-
tion of extinction processes related to the information
whose recall is inhibited [85-87].



In the PFC, these dual glucocorticoid effects were shown
to be mediated by a common neural mechanism [88].
However, note that although substantial evidence suggests
that retrieval processes are particularly vulnerable to
disruption by high to very high and uncoupled glucocorti-
coid levels, impaired learning and/or memory consolidation
is also observed when a brief/mild learning experience —
such as object recognition [89] or contextual fear memory
[11] —is presented during the time window of vulnerability
after high to very high stress. The same type of treatments
did not impair learning and memory when given before
strong and/or extensive training [5,31]. These studies sug-
gest that the nature of the cognitive challenge — through
the characteristics of its associated neurocircuit recruit-
ment —is a key determinant of vulnerability, with cognitive
processes involving short (as frequently is the case for the
recall tests) and/or mild challenges being particularly sus-
ceptible to disruption. Thus, recruitment of relevant cog-
nitive networks might be particularly challenging and
sensitive to interference when they are undergoing mod-
ifications in their activation threshold (e.g. those brought
about through glucocorticoid-induced and GR-mediated
LTD-like mechanisms). Delayed GR-mediated actions [4]
involving changes in the levels of synaptic AMPARs [39]
have been proposed to suppress efficient information pro-
cessing by elevating the signal-to-noise ratio for new syn-
aptic inputs coming to the network [4,41].

Towards a mechanistic model of glucocorticoid-
glutamatergic interactions on memory processes
Based on the reviewed literature, I propose the following
two-component model whereby glucocorticoid effects on
glutamatergic pathways could help to explain glucocorti-
coid actions on cognition. The model incorporates princi-
ples related to glucocorticoid ‘timing’ (with regards to the
cognitive challenge) and ‘dosage’ (see Box 2) as well as to
the characteristics of the neural recruitment triggered by
the cognitive challenge. In addition, it emphasizes the
relevance of the coupling between glucocorticoid elevation
and neural activity related to information processing for
the cognitive outcome.

The first prediction of the model is that positive effects of
glucocorticoids will be found when there is a coupling
between neural activity and moderate-to-high glucocorti-
coid-induced enhanced glutamate levels (i.e. from 5 min
before to up to 1 h after information processing; Figure 1b)
and/or AMPAR synaptic delivery and activation of associ-
ated signaling pathways (Figure 1d). Moderate-to-high
glucocorticoid doses will increase glutamate levels by act-
ing presynaptically on release probability (Figure 1b). This
accounts both for those situations in which glucocorticoids
triggered by (stressful) training contribute to the formation
of a long-term memory (i.e. intrinsic stress; in which the
timing is guaranteed by the nature of the physiological
reaction to the event) and for those situations in which
stress or glucocorticoids are administered either shortly
before (i.e. extrinsic stress; in which case their impact upon
glutamatergic pathways overlaps with the start of infor-
mation processing) or after training (where glucocorticoids
can contribute to memory consolidation by enhancing glu-
tamatergic mechanisms that are naturally involved in
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these processes; Figure 1e,f). Therefore, this model regards
consolidation processes as particularly suitable for facil-
itatation by glucocorticoid coupling with the learning
event.

The second prediction of this model is that glucocorticoids
will negatively affect cognition when the enhanced extracel-
lular glutamate levels induced by exposure to high-to-very
high corticosterone do not overlap with the relevant neural
activity, but instead occur during an adjacent time interval
(e.g. starting ~10-60 min before). High-to-very high gluco-
corticoid doses will block glutamate reuptake, resulting in
glutamate spillover that can then activate extrasynaptic
GluN2B-containing NMDARSs, resulting in endocytosis of
GluA2-containing AMPARs (Figure 1c). This will increase
the signal-to-noise ratio for new synaptic activity at the
same synapse, increasing the demand for effective neural
recruitment, and thereby increasing vulnerability to cogni-
tive deficits. The degree of neural recruitment engaged by
the cognitive task is, therefore, a defining factor for these
delayed detrimental effects, with both retrieval processes
and learning processes based on weak training experiences
being particularly vulnerable to disruption.

Although this model accounts for multiple and opposing
actions of glucocorticoids on cognition taking place in
different brain regions, it does not directly address the
role played by glucocorticoid-glutamatergic interactions
involving the interplay between different brain regions
(models involving dynamics of brain interactions are given
in [12,90,91]), nor the relevance of other neurotransmitters
and peptides [92] that can influence and modulate the
aforementioned effects.

Concluding remarks

Here I have presented evidence that glucocorticoids act at
several different levels within glutamatergic pathways, and
that such effects underlie glucocorticoid-mediated effects on
cognition. Although the different pathways have been pre-
sented independently (Figure 1), they should be considered
as ‘snapshots’ of a more global picture that probably includes
the sequential involvement of several (or all) of them. A key
question for future studies will be to ascertain to what extent
the enhancement of glutamatergic signaling (Figure 1b)is a
necessary and/or sufficient requirement for triggering
downstream signaling pathways (Figure 1d-f) that ulti-
mately result in long-lasting changes in synaptic efficacy
and alterations in memory performance.

On the basis of the evidence reviewed I have proposed a
two-component model aiming to explain glucocorticoid
actions on cognition based on the specific effects of these
hormones on glutamatergic pathways. The model foresees
that positive effects of glucocorticoids will occur when there
is a coupling between neural activity related to information
processing in relevant circuits and moderate to high glu-
cocorticoid-induced enhanced glutamate levels and/or
AMPAR synaptic delivery. Conversely, negative effects
will take place when high to very high corticosterone-
induced high extracellular glutamate levels are uncoupled,
but closely linked in time to neural activity. Because
glutamatergic mechanisms are central to synaptic plastic-
ity and memory formation, the modulation of these path-
ways by glucocorticoids provides these hormones with a
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mechanism whereby they can directly affect cognitive
functions, adding a new dimension to former views of
glucocorticoid actions.
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