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Abstract

Glucocorticoids are stress hormones released into circulation that play central roles in the
immediate and slower adaptive responses of the brain and body to environmental and inter-
nal stimuli, whether perceived or imagined. Receptors for glucocorticoids translocate from
the cytosol to the nucleus and mitochondria to regulate the expression of numerous genes
involved in neuroplasticity, metabolism, inflammation, immunity, and the cytoskeleton.
Rapid effects of glucocorticoids are mediated by distinct receptor-associated mechanisms
to facilitate or suppress neurotransmitter release. Feedforward and feedback mechanisms
in neurotransmission thus depend on glucocorticoid receptor localization and functional
states across synapses. Post-translational modifications of glucocorticoid receptors generate
specific docking sites for signalling effectors which vary between active and inactive neu-
rons. Diversity of glucocorticoid reactivity produces heterogeneous cellular responses that
integrate prior experience. The activity-dependent trans-synaptic neurotrophic messenger
BDNF emerges as a key modulator of glucocorticoid receptor signalling diversity. These
mechanisms have been investigated with deletion mutants in a variety of preclinical models,
pointing not only at possible causes of human diseases but also at potential strategies for
mitigating them. This review specifically focuses on neurotrophic glucocorticoid signalling
as a coincidence detection mechanism between BDNF and glucocorticoids, extending
beyond classical genomic and non-genomic frameworks.

Keywords: tyrosine-kinase receptor; G-protein-coupled receptor; nuclear receptor;
membrane-bound nuclear receptor; crosstalk; diseases

1. Introduction
Glucocorticoid (cortisol in humans and corticosterone in rodents; hereafter referred

to as CORT) steroid hormones released from the adrenal gland act primarily through
nuclear receptors, firmly characterized molecularly, as well as through putative membrane-
associated receptors to adjust cell homeostasis from internal and external demands. While
glucocorticoid signalling has been extensively studied in immunological contexts, where it
plays major roles in inflammation and immune regulation, the present review focuses on its
functions in the central nervous system. These receptors engage both rapid non-genomic
(seconds-to-minutes) and slower genomic (hours-to-days) mechanisms across diverse cell
types influencing development, growth, metabolism, immunity and behaviour [1,2]. The
low-affinity glucocorticoid receptor (GR) is widespread in the body, while the high-affinity
mineralocorticoid receptor (MR) displays more restricted cell type-specific expression,
and is often co-expressed with GR [3]. Both MR and GR are well established soluble
and diffusible transcription factors trafficking between subcellular comportments, unlike
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their membrane-bound counterparts that transduce rapid non-genomic activities locally
(e.g., cytoskeletal remodelling, kinase activities, receptor trafficking) [4]. Structurally, the
GR is composed of an intrinsically disordered N-terminal transactivation domain (AF-1),
a central DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD/AF-
2), whose coordinated interactions determine transcriptional outcomes. The existence of
membrane-associated GR and MR remains debated, although rapid glucocorticoid effects
are well established [5–8]. Rapid CORT effects have been demonstrated in neuroendocrine
cells [9] as well as in multiple brain regions including the hypothalamus, amygdala [10],
hippocampus [4], and cortex [5]. These effects concentrate at the synapse (inhibitory and ex-
citatory) in the amygdala [11], hippocampus [12], cortex [13], and hypothalamus [14], where
the GR and MR are enriched as cytoplasmic and putative membrane-bound receptors [8,15].
Molecular mechanisms of rapid signalling involve G-proteins, membrane receptors, ki-
nases and phosphatases, ion exchange, vesicular and cytoskeletal remodelling [14]. For
example, brain-derived neurotrophic factor (BDNF) acting through its receptor TrkB plays
a central role in activity-dependent synaptic plasticity. However, the interaction between
BDNF/TrkB signalling and CORT receptor signalling remains relatively underappreciated.
The activity-dependent release of BDNF and the systemic diffusion of CORT converge to
position the GR as a coincidence detector integrating hormonal and synaptic signals.

Rapid regulation of neurotransmission by CORT involves the feedforward pathway
via low levels of CORT exclusively binding to the MR for stimulating neurotransmitter
release [2,4]. Then, the feedback pathway when CORT levels are higher via the membrane-
bound glucocorticoid receptors (mGRs) is used for inhibiting neurotransmitter release
with retrograde endocannabinoid signalling (eCB-CB1) [9,14]. Within minutes, a vari-
ety of kinases phosphorylate the post-synaptic GR at multiple sites. The GR thus traf-
fics to several subcellular compartments (mitochondria, nucleus) in hyperphosphory-
lated form sustained over long periods of time by the detachment of the phosphatase
PP5 upon CORT-binding [3,16]. The GR phosphorylation code determines distinct com-
binations of the CORT-dependent sites and CORT-independent ones, with functional
consequences [17–19]. Signalling between the BDNF receptor TrkB and GR is driven by
phosphorylation cascades involving the residues TyrY705 and Tyr706 in the tyrosine ki-
nase domain, an effect that is lacking in cells expressing the truncated TrkB.T1 isoform
devoid of the tyrosine kinase domain, like in astrocytes [20]. However, the signalling
cascade remains incompletely understood given that all of TrkB phosphorylation-sensitive
docking sites for downstream effectors (Tyr816 for the PLCγ/Ca2+ pathway, Ser478 for
the tiam/RAC1/Actin pathway, and Tyr515 for the Shc/Grb2/Sos/Ras pathway [20]) are
dispensable for eliciting GR phosphorylation. The modes of release of BDNF as an activity-
dependent trans-synaptic messenger, and CORT as a brain-penetrant diffusible adrenal
hormone, make the GR a coincidence detector of glucocorticoids and neurotransmission
(Figure 1).
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Figure 1. Receptors for coincidence detection of CORT and neurotransmission. The glucocorticoid
receptor (GR) diffuses between compartments and membranes (mGR) as a phosphorylated isoform
(p-GR), whose stability depends on the detachment of the protein phosphate-5 (PP5) upon CORT
binding. The kinases initiating this pathway are the TrkB via tyrosine phosphorylations transformed
into serine/threonine phosphorylations by MAPK. Together, CORT and BDNF change p-GR as
a marker of coincidence detection. Coincidence is directly controlled by neurotransmitter release
from the pre-synapse by CORT via the feedforward and the retrograde pathways. Adapted from [21].

In the absence of neurotransmission, the importance of the feedforward, feedback and
coincident pathways is limited. But when neural networks are activated by behavioural ex-
perience, these pathways shape the diversity of CORT responses [17]. Diversity is generated
by the CORT-dependent and independent phospho-sensitive docking sites for downstream
effectors. The BDNF-dependent sites are detected with the activity marker c-Fos in neurons
of the cortex in response to learning, whereas CORT-dependent phosphorylation of the GR
is widespread to most cell types in the brain [13]. In the hippocampus, the feedforward
pathway facilitates presynaptic neurotransmitter release by a hypothetical membrane-
associated MR [8,22,23]. In the hypothalamus, the GR feedback pathway uses the e-CB1
system to suppress presynaptic glutamate release and the nitric oxide–guanylate cyclase
system to regulate GABA release [7]. Here, I describe how the neurotrophic glucocorticoid
pathway integrates with the more established feedforward and feedback pathways, form-
ing a tripartite response to CORT made of accelerators and brakes that depend on timing
with neurotransmission. In particular, I emphasize the coincidence detection mechanism
between BDNF and CORT, linking molecular events, structural remodelling, and signalling
pathways to synaptic plasticity, behaviour, and diseases.

Too much or too little coincidence detection could cause maladaptive plasticity under-
lying chronic diseases related to stress in sex-, molecular-, cellular-, and behavioural-specific
manners. This review presents the coincidence pathway as an opportunity to stratify indi-
viduals to the maladaptive consequences of chronic stress with objective markers (resilience
versus vulnerability), to engineer new solutions to promote efficacy (responders versus
non-responders), and to dissociate the beneficial from the detrimental effects of glucocorti-
coid therapies. Novel therapeutic frameworks for the management of the neuropathology
of stress and its related disorders will emerge from a better characterization of the neu-
rotrophic glucocorticoid signalling pathway.
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2. Neurotrophic GR Signalling: From Structure to Action Bias
Neurotrophic glucocorticoid signalling is defined here as the activity-dependent mod-

ulation of glucocorticoid receptor function by neurotrophic factors, particularly BDNF,
through phosphorylation-dependent mechanisms that bias downstream signalling out-
comes. BDNF-dependent sites are distinguishable from CORT-dependent sites (Figure 2).
Molecular dynamics of helix-12 in the ligand-binding domain (AF-2) predict docking of
either corepressors or coactivators. Screening for ligands with agonistic or antagonistic
effects have been based on helix-12 conformational changes [24,25]. Mutations of helix-12
often disrupt GR signalling and can even cause glucocorticoid resistance. That is because
ligand-driven molecular dynamics in helix-12 transmit structural changes from AF-2 to
the transactivation domain (AF-1), and beyond to the docking effectors [26]. Structural
flexibility can explain how ligands with distinct scaffolds and pharmacophores could
produce partial agonism or full agonism with specific responses. Ligands promoting the
antagonist AF-2 conformation produced anti-inflammatory effects devoid of GR transacti-
vation. Others ligands stabilizing the AF-2 antagonist conformation produced responses
lacking transrepression at GR target genes [27]. However, such dissociative ligands have
shown limited success in the clinic, likely because physiological responses require coordi-
nated activation and repression of gene networks [28,29]. Moreover, GR ligands can act
as partial agonists and/or antagonists depending on tissue context, reflecting allosteric
modulation of receptor conformation and interaction networks [30]. Further characteriza-
tion indicated that GR compounds can propagate various allosteric states to converging
or diverging downstream protein interaction networks. For example, selective ligands
can direct binding of the GR to either the Nuclear-Receptor-Coactivator-2 (NRC-2) or the
Peroxisome-Proliferative-Activated-Receptor-Gamma-Coactivator-1 (PPARγC-1) via sub-
tle but distinct conformational changes [26]. Mutational analyses revealed that the AF-2
bound to the Heat-Shock-Protein-90 (HSP-90) and 14-3-3 can adopt alternative high/low
affinity states in the AF-1 domain upon CORT binding [31–34]. Such cooperativity between
the AF-2 and AF-1 modulates docking of downstream effectors like the Tata-Box-Binding
Protein (TBP) and the Tumour-Susceptibility-101 (TSC-101), which tightens the avidity of
the DNA-binding domain (DBD) for GRE and nGRE (Negative Glucocorticoid Responsive
Element) palindromic responsive elements [35]. Therefore, structural cooperativity explains
the diversity of responses to orthosteric ligands typically stabilizing one conformation,
while allosteric ligands can promote multiple conformations as agonistic or antagonistic
depending on the context [36].

Changing modulation from positive to negative allostery does not necessarily require
that CORT binds to its pharmacophore differently [36]. It is the cooperativity between AF-2
and AF-1 that sets the response (Figure 2). Structures prone to cooperativity between AF-2
and AF-1 cost energy that varies between the agonistic and antagonistic states [33]. The
energetic cost required to fold the AF-1 can be reduced by CORT-independent mechanisms
via post-translational modifications [37]. The AF-1 is the most intrinsically disordered
domain of the GR and also the most phosphorylated, given its impact on structural folding
(Figure 2). The phosphoryl moiety creates steric and electrostatic interreference that can
modify intra-molecular interactions between distal and proximal residues, like between
Ser211 and Arg214. Folding of the AF-1 is more pronounced when three CORT-dependent
sites are phosphorylated simultaneously (Ser203, Ser211, Ser226) rather than independently,
causing greater loss-of-function in the triple mutant than in single mutants [38]. Indeed,
triple phosphorylation at Ser203, Ser226, and Ser211 stabilizes the hydrogen bond between
Ser211 and Trp213 that folds a docking site for direct binding with coregulators [39].
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Figure 2. Phosphorylation-sensitive GR signalling rewrites the transcriptome. (A). CORT binding
(1) causes molecular dynamics (2) transmitted from AF-2 to DBD for binding to DNA (3) and from
AF-2 to AF-1 for recruiting the transcriptional machinery (4). Cooperativity between AF-1 and DBD
based on cellular experience marked by phosphorylation refines transcription regulation of target
genes (5). BDNF co-release with CORT primes GR modulation of target genes (5). Class 1 of target
genes is exclusively induced upon pairing of BDNF and CORT stimulation, class 2 gene induction
is facilitated by BDNF, and class 3 gene repression is potentiated by BDNF. (B). Phosphorylation of
the AF-1 domain and hinge region (H) at multiple CORT-dependent and BDNF-dependent sites are
conserved interspecies. (C). The phosphorylation code signals different structural, signalling, synaptic
and behavioural outcomes according to the coincidence of CORT and BDNF releases and deletion of
BDNF-dependent sites. The synaptic and behavioural consequences of mutations in CORT-dependent
sites only and AF-1 truncation (Scissor) by Caspase-1 cleavage remain to be determined.

Alternative translational start codons generate GR isoforms that differ in the length of
the AF-1 domain, associated with distinct phosphorylation forms, transcriptional activi-
ties, DNA-binding affinities [34], transcriptomes and tissue expressions [40,41]. Moreover,
a caspase-1 cleavage site in the AF-1 domain has been associated with truncated hypophos-
phorylated forms of GR and blunted transcriptional response to glucocorticoid therapy
in patients with acute lymphoblastic leukemia [42]. Often, phosphorylation sites next to
a proline residue can adopt cis or trans conformations that can dissociate direct protein–
protein interactors. For instance, phosphorylation of Thr524 and Ser617 switches cis/trans
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conformation of Pro526 in the AF-2 domain that allows the carbonyl oxygen of Leu525
to form a hydrogen bond with amines of Lys120 and Asn173, and folds a docking site
for the scaffold protein 14-3-3, a negative regulator of GR transcriptional activity [32].
Double mutants lacking phosphorylation at Thr524 and Ser617 in the AF-2 impairs binding
of the AF-1 to 14-3-3 but incompletely as it also depends on phosphosite Ser134 within
the AF-1 [43,44]. The phosphorylation of Ser134 next to a proline residue is not at all
dependent on CORT binding and comes hand-in-hand with the phosphorylation of Ser267,
also next to a proline residue, albeit p-Ser267 can also be enhanced by CORT inhibition of
phosphatases [18]. Previously, GR phosphorylation at Ser134 could be triggered by hydro-
gen peroxide, hypoxia, glucose deprivation, osmotic shock, and UV light [43,45], which all
activate stress kinases (e.g., AMP-activated protein kinase, protein kinase A, AKT, ERK1/2,
P38 and JNK). CORT-independent phosphorylation of Ser134 and Ser267 does not force
the GR into the nucleus, does not interfere with GR ubiquitination and degradation, does
not change CORT binding to AF-2, and does not interfere with DNA binding [16,18,46].
It affords permissive effects specifically detected in neurons (inhibitory and excitatory)
contrary to CORT-dependent phosphorylation of the GR that are widespread to the glia,
neurons, fibroblasts, endothelium and pericytes.

The stoichiometry of GR phosphorylation reflects a balance between kinase and
phosphatase activities [3]. In neurons, the unliganded GR binds to the phosphatase PP5
to reduce constitutive phosphorylation, which detaches from the GR chaperone complex
upon CORT binding to the AF-2, thereby prolonging the half-life of p-GR [18]. PP1 is
also deactivated from CORT binding but it does not bind directly to the GR [18] such that
PP1 deactivation lifts a brake on GR kinases (e.g., AKT, CDK, ERK, P38, JNK). Therefore,
dephosphorylation is more than an off-switch, participating in structural cooperativity
between domains with consequences in nuclear trafficking and binding to DNA. The GR-
target gene DUSP1 is an inducible MAPK-phosphatase that feedbacks on GR-kinases, with
consequences on cytoskeletal dynamics and neuronal connectivity [47]. Accumulation of
p-GR in the nucleus in the presence of the nuclear export blocker leptomycin-B suggests that
no constitutive-active GR-phosphatases reside in this organelle [16]. A dynamic equilibrium
between phosphorylation and dephosphorylation events shape alternative conformations
favourable for docking downstream effectors [1,48,49] organizing the specific actions in
tissues, cells [50] and subcellular compartments [18,51]. In the nucleus, GR signalling
involves both monomeric and dimeric mechanisms, depending on the genomic context and
interacting partners (distinct palindromic DNA sequences to drive transcriptional activation
or repression [52–54]). Phosphorylation of the GR at Ser267 and Ser134 creates docking
sites for specific nuclear interactors regulating the transcription of genes responding to the
coincidence of BDNF and CORT exposure. For example, AP-1 and NFκB act as cofactors
of the GR triggering transrepression of target genes contrary to CREB1, SRC1-3 and CBP
that promote transactivation at GR target genes [3,55,56]. Among them, Dusp1 and Nr4a1
regulate synaptic density, mitochondrial function, and behavioural adaptation to stress
upon coincidence detection of CORT and BDNF co-release [57,58].

3. Neurotrophic GR Signalling in Neuroplasticity
CORT secretion is rhythmic, modulated by internal factors (e.g., biological clock,

inflammation, infection) and external cues (e.g., novelty, stress, exercise). Peak CORT
levels mobilize cellular energy stores, profile gene expression, and change the electrical
and morphological properties of cells. Nadir CORT level as timed with an individual’s
inactive period of the day serves as a necessary OFF switch [47]. During the active period
of the day, experience facilitates the pairing between neuroactivity and peak CORT levels
that lifts the GR from blocking protein synthesis (Figure 3A). When peak CORT levels are
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prolonged by chronic stress, the temporal coupling between CORT and BDNF signalling is
disrupted, impairing mTOR-dependent protein synthesis and synaptic plasticity (Figure 3B).
Substitution of Ser134 and Ser267 by alanine residues in transgenic mice prevented CORT-
independent GR phosphorylation, mTOR signalling, and the expression of downstream
protein products. For example, the AMPA receptor subunit GluA1 was less mobilized at
the surface of synaptoneurosomes from the motor cortex of mice lacking BDNF-sensitive
phosphorylation sites than in wildtype controls after motor skill learning. Two-photon
uncaging of AMPA (or glutamate) confirmed the lesser mobilization of synaptic GluA1
that prevented synaptic growth and the induction of long-term potentiation (LTP) in
mice lacking BDNF-sensitive phosphorylation sites compared to wildtype controls [13,59].
The difficulty to induce in vivo LTP in mice lacking BDNF-sensitive phosphorylation
sites corresponded with an excessive GABAergic tone exposed upon application of the
GABA-A receptor antagonist bicuculine that coincided with poorer retention of procedural
learning [13].

Figure 3. The GR blocks the mTOR-translation pathway required for long term potentiation (LTP).
(A) Acute stress mediates BDNF-dependent GR phosphorylation that disengages its inhibitory effect
on the mTOR pathway for mobilizing GluA1/2 required for long-term neuroplasticity. (B) Chronic
stress suppresses BDNF-dependent effects on the mTOR pathway that can no longer keep up with
the mobilization of GluA1 causing long-term depression (LTD). GABAergic tone is stronger in mice
lacking BDNF-dependent GR phosphorylation sites than in wildtype controls because the excitatory
field potentials were exaggerated by GABA-A receptor blockades with bicuculline. Adapted from [60].

At nadir CORT level, excitation transmitted through dendritic spines is balanced
by flanking inhibitory synapses. A novel experience, like a 20 min rotarod session, frees
up—by disinhibition—the excitatory synapses of the motor cortex to undergo glutamatergic
plasticity at their inputs, eventually leading to new dendritic spine growth and maintenance.
Spine enlargement induced by learning is blocked by the GR antagonist RU486 and by
the mutation of BDNF-dependent GR phosphosites Ser134 and Ser267, both of which are
required for mobilizing GluA1 at the synapses [13]. Local dendritic synthesis of GluA1
increases the abundance of AMPA receptors at synapses and strengthens the new synapses
associated with learning [61]. This raises the threshold for the later induction of LTP,
which consolidates experience-related information and prevents other context-unrelated
information from being stored in these synapses [22]. Acquired experience through the
repetition of the same rotarod session also disinhibits the excitatory synapses to undergo
glutamatergic plasticity but without structural remodelling in the motor cortex.

On acute stress, the pairing of peak CORT levels with BDNF release in the active neu-
ronal networks promotes dendritic spine growth by disinhibition. In contrast, chronic stress
disrupts the oscillating levels of CORT peaks and troughs that are necessary to maintain
activity-dependent BDNF release. Pathways no longer coincident impair BDNF-dependent
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GR phosphorylation, causing more inhibitory tone flanking of excitatory synapses, and
less glutamatergic plasticity, eventually leading to poor survival of newly formed dendritic
spines and pre-existing ones formed before stress exposure (Figure 4A). These observations
are consistent with excessive GABAergic tone, reduced dendritic spine formation, exagger-
ated spine elimination, and impaired maintenance of learning-induced synaptic changes
in the cortex of mice lacking Ser134 and Ser267 in the GR (knockin mutants GRKI) [59].
Remarkably, all structural dysregulations caused by knockin deletion of Ser134 and Ser267
are cued to learning, and did not manifest at rest contrary to the excessive inhibitory
tone [13,59]. This is congruent with chronic stress changing the cellular composition (num-
ber of paravalbumin, somatostatin interneurons) and molecular profiles of inhibitory and
excitatory synapse components in rodent brains [62–64]. Inhibitory control of excitatory
drive by interneurons, including the parvalbumin and somatostatin subclass, is critical to
determine the direction and magnitude of responses to CORT in hypothalamic, amygdalar,
hippocampal and cortical neuronal networks [65]. This effect is specifically impaired in
somatostatin neurons of BDNF-Met66 mice in the context of fear extinction [66]. Synapse
elimination induced by chronic stress is observed in cortical glutamatergic neurons and
parvalbumin interneurons where BDNF and CORT release become unpaired. Restoring
coincidence detection with chemogenetic tools, enriched housing conditions, or the an-
tidepressant drug ketamine promotes resilience to stress [18,65,67,68]. The mechanism
of action may rely on activity-dependent co-clustering dynamics of inhibitory synapses
and dendritic spines in the cortex [69,70]. Synaptic clustering cued by learning is altered
by chronic stress and mitochondrial function [71]. By changing the expression of mito-
chondrial proteins derived from GR-target genes (Nr4a1), CORT and BDNF co-stimulation
facilitate functional mitochondrial coupling (more ATP production, less ROS accumulation),
whereas unpaired coincidence detection uncoupled mitochondrial function with synaptic
clustering [58,72,73]. Restoration of NR4A1 expression with a conditional inducible genetic
system corrected mitochondrial function with synapse number [58], notably by normalizing
the expression of the mitochondrial uncouplers’ UCPs [57]. Other mechanisms may involve
the retrograde trans-synaptic cannabinoid and opioid signalling to suppress the release
of neurotransmitters at hypothalamic glutamatergic and GABAergic synapses in a time
period compatible with the remodeling of synaptic contacts [74,75].

The Val66Met polymorphism of BDNF impairs its secretion via the regulated pathway,
and causes learning disabilities in rodents and humans [76,77]. Functional redundancy with
mice lacking Ser134 and Ser267 prompted us to generate double mutants carrying both the
BDNF polymorphism and GR phospho-deficiency [13]. Double mutants with BDNF-Met66
and GR-Ala134/Ala267 showed no additional effect compared to the single mutants (BDNF-
met66 and GR-Ser134/Ser267 or BDNF-Val66 and GR-Ala134/Ala267) exhibiting impaired
memory retention, and exaggerated elimination of learning-induced new dendritic spines.
As expected, dendritic spine remodelling and motor skills were unaffected in the mice
that were not trained (Figure 4B). Remarkably, the BDNF-Met66 genotype predicts fear
extinction learning deficits in mice prior exposed to chronic CORT injections [66]. Therefore,
the neurotrophic glucocorticoid pathway can be conceptualized as BDNF operating through
the GR as a signalling platform beyond the dogmatic assumption that BDNF only acts
downstream of GR signalling. The BDNF→GR pathway has largely been overlooked
because it is rapid and non-genomic compared to the dogmatic GR→BDNF pathway that
is slow and genomic.
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Figure 4. A coincidence detector shapes dendritic spine dynamics. (A) Acute but severe stress elevates
CORT and BDNF release in an activity-dependent manner. Coincident pathways phosphorylate the
GR, causing a disinhibition that frees up the excitatory glutamatergic synapses to undergo plasticity
at their inputs, eventually leading to new dendritic spine growth and maintenance. Chronic stress
prolongs peak CORT levels interfering with activity-dependent BDNF release. Pathways no longer
coincident disrupt BDNF-dependent GR phosphorylation, causing the attrition of hypoactive den-
dritic spines. (B) Less activity-dependent secretion of BDNF and less phosphorylation of Ser134 and
Ser267 in the GR are reported in mice carrying the BDNFmet66 variant compared to the BDNFval66
variant. Double transgenic mice who are carriers of BDNFmet66, GRKI (Ala134/Ala267) experience
reduced spine formation and increased spine elimination in the motor cortex after rotarod training
without additive effects compared to GRKI mono-transgenic mice. Therefore, the GRKI allele acts
downstream of the BDNFval66 allele. See [13] for details.

4. Neurotrophic GR Signalling and Behaviour
The neurotrophic glucocorticoid pathway is essential to learn inhibitory avoidance,

contextual fear, coping with stress and appetite control [47,78–81]. Consistently, carriers
of the BDNFMet66 allele are more susceptible to develop depressive-like behaviours when
exposed to mild stressors that are not pathogenic in BDNFVal66 carriers in mice [82–85] and
in humans [86]. Chronic stress suppresses the neurotrophic glucocorticoid signalling in
the corticolimbic pathway, which processes emotional experiences, and bolsters it in the
mesolimbic system that manages reward pathways. For example, the expression of BDNF
and/or TrkB is diminished in the corticolimbic system whereas BDNF is upregulated in the
mesolimbic system long after cessation of stress in animal models and in postmortem hu-
man brains [87–91]. A reduction in BDNF/TrkB signalling in the corticolimbic areas of the
brain decreases synapse number and neuroplasticity associated with a regressing neuronal
network, while an elevation of BDNF/TrkB signalling in the mesolimbic areas boosts synap-
tic growth and neuroplasticity associated with an expanding neuronal network [91–94].
Increasing BDNF-GR signalling by chronic stress is also a strong predictor of susceptibil-
ity versus resiliency to the neuropathology of stress. Indeed, only susceptible animals
had increased BDNF levels in the nucleus accumbens—NAcc—albeit both the susceptible
and resilient animals possessed increased BDNF signalling in the ventral tegmental area
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(VTA) [95]. BDNF and CORT modulate the excitability of dopaminergic VTA neurons in
opposite fashion according to the duration of stress exposure [96]. Consequently, TrkB
antagonists have been injected in the mesolimbic areas and TrkB agonists have been used
in corticolimbic areas to reverse the consequences of chronic stress and depressive-like
behaviours [89,97] (Figure 5). Such regional and contextual diversity also suggests that
systemic administration of brain-penetrant TrkB agonists may have counterproductive
effects such as heightened anxiety, behavioural sensitization to social stress, and drug
abuse [98–100]. The reported anxiolytic and antidepressant activities of systemic admin-
istration with TrkB antagonists is also counterintuitive given that TrkB is required to elicit
antidepressant and anxiolytic effects in rodents [60,101–103]. One possible mechanism is
that the expression of TrkB.FL (with kinase activity) and TrkB.T1 (truncated, lacking the
kinase domain) differs according to the coincidence of TrkB inhibition and CORT elevations
by pharmacology or by stress [104].

 

Figure 5. Brain regions differentially affected by chronic stress and its manipulation to promote
resilience. Where TrkB signalling decreases GR function decreases, and vice versa. In the chronically
stressed brain, levels of BDNF-TrkB decrease in brain areas of the corticolimbic pathway (grey)
where neurons become atrophic with regressed connectivity, but increase in areas of the mesolimbic
pathway (purple) where neurons become hypertrophic with new synaptic growth. In the grey
regions, injection of TrkB agonists or GR analogues ameliorates neuronal plasticity and stress-induced
depressive phenotypes. In the purple regions, injection of GR or TrkB antagonists ameliorate cellular,
physiological, and behavioural coping to stress.

CORT modulates the neuronal representation of behavioural experience in a context-
dependent manner [74]. Such engram networks made of excitatory and inhibitory neurons
increase size in the dentate gyrus of the hippocampus during the acquisition of contextual
fear, and CORT injection post-conditioning facilitates this response [105]. Consistently,
injection of the GR antagonist RU486 post-conditioning or deletion of Ser134 and Ser267
in the GR impair the retrieval of emotional memories [81]. However, CORT injection at
the time of hippocampal engram reactivation decreases its excitability, thereby reducing
memory recall [106]. It is speculated that CORT injection post-conditioning promotes
the consolidation of emotional memories at the cost of accuracy by regressing functional
projections between the hippocampus and the amygdala, and by expanding functional
connectivity between cortical areas and the amygdala using norepinephrine as a condi-
tioning factor [107,108]. Engram capture post-conditioning indicated that amnesia in mice
corresponded with lesser neuronal engagement in the sensory cortex and higher neuronal
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engagement in the hippocampus [81]. Dendritic spine imaging post-conditioning indicated
that amnesia corresponded with lesser connectivity in the sensory cortex and higher connec-
tivity in the hippocampus in mice, in agreement with the functional connectivity mapping
of two distinct networks temporally dissociated for cued and uncued recognition memory
in humans [81,109]. Further chemogenetic experiments in mice with designer receptors
exclusively activated by designer drug (DREADD) expression in pyramidal neurons of
the sensory cortex and/or hippocampus determined that downscaling of a hyperactive
hippocampus is both necessary and sufficient to improve long-term memory whereas up-
scaling of a hypoactive sensory cortex is sufficient but not necessary for remembering [81].
Indeed, chronic gain of excitation bilaterally throughout the hippocampus can cause severe
amnesia [110], and multi-unit recordings established that augmenting the activity in the
sensory cortex could moderate hippocampal activity [111]. It is therefore speculated that
cortical networks regulate attentional states and stabilize behavioural representations in
the hippocampus [112].

Acute stress and CORT exposure at resting state before attention-demanding tasks
reduced the activity in the default mode network that is necessary for updating prior
beliefs [113]. On the contrary, peak CORT levels correspond with increased functional
coupling in the sensory salience network that is necessary to improve performance in
subsequent attention tasks [114]. Chronic stress (or CORT injections) shifts behavioural
representation in the brain from cognitive and goal-directed toward being more habit-
directed, often compulsive, a maladaptive phenomenon that can even become pathogenic
in individuals susceptible to stress-related disorders due to a loss of self-control when
making emotional choices under duress. This shift can be reverted by antidepressant
treatment on the condition that CORT circadian oscillating secretions are restored [115,116].

5. Neurotrophic GR Signalling in Diseases: Cause or Solution?
The major disturbances of GR signalling that could go awry in diseases are the avail-

ability of the ligand (natural or synthetic), the expression of the receptor and its effectors,
and timing of signalling with the internal and external factors. A major difficulty in target-
ing the GR with minimal unwanted effects is to respect the diversity of responses across
context dynamics, cells and tissues [17].

5.1. Stress-Related Neuropathology

Disruption of endogenous BDNF activity potentiates sensitivity to stress and related
disorders [117]. Such common factors associated with stress vulnerability are genetic
(by common factors (BDNF-Met66 variant)), inflammatory (tPA that cleaves pro-BDNF
into Mature BDNF [118]), pharmacological (antidepressants, addictions), experiential
(exercise, stress, enrichment) and possibly due to pre-existing conditions (neurodegen-
eration, psychiatric). Experiments in mice indicate that such factors compound to dis-
rupt the physiological interaction between CORT and BDNF systems [119]. The unpair-
ing between BDNF-TrkB and CORT-GR pathways contributes to the neuropathology of
stress because GR signalling is no longer diversified by its conditioning factor that re-
flects ongoing behavioural experience [47,120]. When CORT signalling in active neurons
and synapses is no longer different than in inactive neurons and synapses, a normally
well-tolerated stressor can become pathogenic because CORT reactivity is inappropriate.
Chronic deviation of CORT reactivity from its homeostatic set-point can be maladaptive
for neuronal plasticity [121,122]. It happens upon prolonged exposure to threats—real
or perceived—foods, and drugs—rewarding or punishing [120]. Chronic stress enhances
drug reward and promotes drug-seeking behaviour by shifting the plasticity set point
within the mesocorticolimbic network, leading to maladaptive behavioural representations
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that underlie stress-related neuropathology [51]. In particular, a lack of motivation and
behavioural inflexibility result when TrkB signalling regresses and GR reactivity decreases
in the prefrontal cortex. On the contrary, sensitization to appetitive or aversive condition-
ing result when TrkB signalling bolsters and GR reactivity increases in the mesolimbic
areas [51]. Divergence in other brain regions like the amygdala and hippocampus has also
been previously described [123].

5.2. Metabolic and Circadian Influences

A circadian phase-shift in the expression of BDNF [124], GR [125] and peak levels of
CORT [126] resulted when mice were fed a high fat and sugar diet. With this regimen given
ad libitum, the engram size of recognition memory shrunk in the sensory cortex and grew
in the hippocampus of mice that showed deficits in the retrieval of recognition memory and
contextual fear conditioning. This corresponded with a decrease in GR phosphorylation
at BDNF-dependent sites in the sensory cortex and an increase in the hippocampus [81].
A 14 h fasting during the inactive period of the day was sufficient to restore the neurotrophic
glucocorticoid signalling, the connectivity and neuronal representations of behaviours in
opposite directions in the sensory cortex, and in the hippocampus that are necessary for
remembering emotional memories [81]. This effect is not merely due to lesser consumption
of food and quantity of calories ingested but rather the result of improved circadian
regulation of CORT reactivity, and other hormones as well [81,127]. Mice lacking Ser134
and Ser267 in the GR presented with memory deficits and neuroplasticity dysfunctions by
default that failed to respond to the high fat and sugar diet ad libitum, and when combined
with the 14 h fasting [81].

5.3. GR Resistance in Inflammatory Diseases

Resistance to GR ligands—natural or synthetic—can be congenital or acquired, which
presents as GR haploinsufficiency or loss-of-function mutations, abnormally elevated
expression of GR-β dominant-negative isoform, CORT secretion defects, and altered dy-
namics of MAPK signalling [128]. Inhibitors of caspase-1 ameliorate glucocorticoid therapy
in patients with acute lymphoblastic leukemia by preventing GR resistance due to GR
truncation and hypophosphorylation in the AF-1 [42]. Inhibitors of P38 kinase can also
restore CORT sensitivity in the airways and smooth muscle cells of patients with asthma
and chronic obstructive pulmonary dysfunctions by limiting CORT-dependent GR phos-
phorylation when CORT levels are elevated abnormally due to chronic inflammation [129].
Alternatively, suppressing MAPK activity to reduce CORT-dependent GR phosphorylation
when CORT levels are abnormally chronically elevated and accelerate the resolution of
inflammation is attainable with activators of the phosphatase DUSP1 in inflammatory bone
disorders, atherosclerosis, pulmonary disease [130], major depression, and Alzheimer’s
disease (AD) [131]. Consistently, suppression of Ser211 phosphorylation with a dissociative
GR ligand previously promoted anti-inflammatory responses in mice presenting with
chronic inflammation and abnormally elevated or dysregulated CORT levels [132]. Finally,
inhibitors of PP5 or its genetic invalidation that increase GR phosphorylation also ame-
liorate adipogenesis and glucose tolerance induced by a high fat diet in animals [133,134].
Therefore, structural cavities involved in allosteric modulation by phospho-sensitive mech-
anisms provide a framework for designing better glucocorticoid therapies with dissociative
effects [135].

5.4. Alzheimer’s Disease

The risk of early onset dementia could be due to an abnormal stress response because
a systemic reduction in CORT reactivity is often reported in patients with Alzheimer’s
disease [136]. Chronic CORT administration increases TAU phosphorylation, amyloidosis,
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neuronal atrophy, synaptic loss and cognitive impairment in animal models [131,137–140].
In contrast, acute CORT administration does not promote amyloidosis and behavioural
impairments [141]. The effects of CORT must accumulate with pathogenic factors of AD
to accelerate dementia progression [142]. For instance, a decrease in GR phosphorylation
at BDNF-dependent sites in the cortex and hippocampus of patients who died of AD is
consistent with lesser levels of BDNF, TrkB and p-TrkB, and proportionate to their latest cog-
nitive impairments [59,143]. The established pathogenic mutations in the amyloid precursor
protein and presinilyn-1 (APP/PS1) also revealed the insufficiency of neurotrophic glucocor-
ticoid signalling in the early stage of neuropathology in a mouse model that was associated
with early unexpected death, and deficits of LTP, learning-induced synapse consolidation,
and memory performance without altering the expected course of amyloid-β build up and
cerebrovascular pathology [59]. The problem is that the neurotrophic glucocorticoid path-
way is dampened when GR phosphorylation at CORT-dependent sites is upregulated in the
brains of patients with AD and APP/PS1 mice, and the more so the greater the cognitive
deficits [59]. Too much CORT-dependent GR phosphorylation is associated with inflamma-
tion and with the acceleration of AD progression [144]. It is consistent with both microglia
and astrocytes mobilizing in the peri-plaque domain to phagocytose dystrophic dendrites
and synapses in the brains of the APP/PS1 mice and patients with AD [145,146]. A solution
would be to dissociate the inflammatory CORT-dependent GR phosphosites from the neu-
rotrophic BDNF-dependent GR phosphosites [147]. Allosteric ligands or inverse agonists
could provide better clinical relief than broad-spectrum antagonists [36,44,148]. Indeed,
clinical trials with Mifepristone, a non-selective full antagonist of GR, reported cognitive
improvement in AD but the side effects hindered interest [149]. Reverse translation in
animal models confirmed that full antagonists of the GR reduced AD neuropathology
and amnesia, but also generated unwanted effects targeting peripheral organs [150]. Sub-
chronic blockage of the GR with Mifepristone in the early stage of amyloidosis in mice
minimized the deficits in synaptic plasticity and memory [151]. Alternatively, Mifepristone
systemic administration for 3 days to block GR transiently in adults was sufficient to reduce
the progression of cognitive impairment and neuropathological features of AD in mouse
models of early life stress [152]. Perseverance with this strategy is unfortunately limited
to its clinical possible application given that 95% of AD cases are sporadic and difficult to
predict in the early stages. Other strategies used GR modulators that can act as inverse
agonists and partial antagonists in distinct tissues like CORT113176 and CORT108297 to
correct behavioural deficits hand-in-hand with lowering CORT levels chronically induced
by intracerebrovascular injection of amyloid-β oligomers [148]. Interest was limited be-
cause the model of AD is acute and does not recapitulate the neuropathology of AD. The
ability of antidepressant drugs to boost the neurotrophic glucocorticoid pathway [18,68]
and decrease amyloid-β concentrations in humans and animal models indicates that a sig-
nificant proportion of dementia cases might be preventable [153–157]. Together, the recent
findings indicate that targeting the neurotrophic glucocorticoid pathway is very credible
for mitigating the neuropathology of stress.

6. Sex Dimorphism
Emerging evidence indicates that CORT and BDNF signalling exhibit sex-dependent

differences, likely shaped by interactions with sex hormones such as estrogens and
androgens [158]. In particular, females exhibit a higher activation of CORT release in
response to stress and lower negative feedback of the hypothalamo–pituitary–adrenal axis
(HPA) [159]. In parallel, females have higher activation of the amygdala in response
to negative emotions, consistent with sex dimorphism in structure, connectivity, cell
composition, and transcriptional profile. Several stress-related genes such as Nr3c1 and
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activity-dependent genes such as Bdnf, cFos, Nr4a1 and Dusp1 have been found to be reg-
ulated by acute stress in opposite directions in several brain regions of male and female
rodents [160,161]. These differences may contribute to sex-specific vulnerability to stress-
related disorders, although their precise impact on neurotrophic glucocorticoid signalling
remains to be fully elucidated.

7. Conclusions
Neurotrophic glucocorticoid signalling is a conditional and highly dynamic process

characterized by rapid onset, transient activation, and the potential for sustained effects
across multiple subcellular compartments. It arises from coordinated signalling between
TrkB and GR, mediated by cascades of tyrosine, serine, and threonine phosphorylation
events involving MAP kinases. These processes are tightly regulated by opposing phos-
phatases, including the dual-specificity phosphatase DUSP1 and the serine/threonine
phosphatases PP5 and PP1.

In this framework, BDNF promotes kinase activation, whereas CORT modulates
phosphatase activity by inhibiting PP5 and PP1 while inducing DUSP1, thereby estab-
lishing a coincidence detection mechanism that diversifies GR signalling outputs. This
neurotrophic glucocorticoid pathway complements established feedforward and feed-
back mechanisms, enabling the GR to adopt diverse conformational and functional states
across cellular compartments—from synaptic membranes to the cytoplasm, nucleus, and
mitochondria—depending on ligand levels, effector availability, and temporal context.

Dysregulation of this pathway, whether through excessive or insufficient activation,
may lead to maladaptive plasticity underlying chronic stress-related disorders. To inves-
tigate this, we generated deletion mutants that selectively disrupt components of this
pathway in preclinical mouse models of depression, obesity, Alzheimer’s disease, tauopa-
thy, and stress. These studies suggest that neurotrophic glucocorticoid signalling may
serve both as a biomarker to stratify individuals based on resilience versus vulnerabil-
ity to chronic stress, and as a framework to dissociate beneficial from adverse effects of
glucocorticoid therapies (i.e., responders versus non-responders).

A more comprehensive understanding of this pathway is likely to inform the devel-
opment of novel therapeutic strategies for stress-related neuropathology. In particular,
next-generation glucocorticoids may exploit allosteric modulation not only within the
ligand-binding domain but also within the intrinsically disordered transactivation do-
main. Such approaches could enable the design of dissociative ligands that selectively
enhance GR function in networks where it is diminished (e.g., executive circuits) while
attenuating its activity where it is excessive (e.g., reward circuits), thereby improving
therapeutic precision.
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