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The complexity of the inverted U-shaped relationship between cortisol levels and
responses transposable to stress reactivity has led to an incomplete understanding of
the mechanisms enabling healthy and toxic effects of stress on brain and behavior. A
clearer picture of those relationships can be obtained by integrating cortisol effects
on large-scale brain networks, and focusing on neural network configurations from
the perspective of inhibition and excitation. A unifying view of Semon and Hebb’s
theories of cellular memory links biophysical and metabolic changes in neuronal
ensembles to the strengthening of collective synapses. In that sense, neuronal
capacity to record, store and retrieve information directly relates to the adaptive
capacity of its connectivity and metabolic reserves. Here, we use task-activated cell
ensembles or simply engram cells as an example to demonstrate that the adaptive
behavioral responses to stress result from collective synapse strength within and
across networks of interneurons and excitatory ones.
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Introduction

Norepinephrine and cortisol are released by salient experiences to consolidate emotional
memories while impairing the retrieval of remote memories [1]. Stress-induced secretion of
cortisol aligns with that of the arousal hormone norepinephrine when the environment
requires vigilance and superimposes with ultradian/circadian oscillations to constrain bulk
effects during wake and lesser during sleep [2]. Together stress hormones drive a
conditioned response to promote vigilance, learning and adaptation. Functional coupling of
the emotional center in the brain -the amygdala- with connected limbic regions predicts
anxiety and stress hormone regulation serving as working model for assessing the
performance of memory systems in health and diseases [3]. However, the relationship
between stress hormones and behavioral performances is extremely complex, and the
effect of the former on the latter depends on timing and dose at time of exposure [1,4].

The timing between hormones releases and the memory phase predicts the
conditioned response because both hormones compound their effects depending on
receptors expression and the activity state in the neurons allocated to the task. Studies have
clarified the timing of norepinephrine and cortisol on the nervous system, blood flow, and
neurovascular system [5,6], and also the extent to which chronic stress impairs the



excitability not only of neurons but also the vascular smooth muscle that change local
functional coupling with connected regions [7].

The magnitude of stress hormones effect follows an inverted U-shaped dose-
response characterized by moderate levels of cortisol as optimal for brain and behavior
compared to too low or too high levels [8]. However, this model has yet to be defined to
explain biological functions across large-scale brain networks. So far, we rely on
correlations between the range of cortisol effects, memory retention and functional
connectivity.

Information about salient stimuli present at the time of learning is uploaded and
downloaded through the joint activity of cellular ensembles in the brain. A memory trace
must be present at distant time-points after learning, be specific of the circuits activated by
learning and be contingent of the behavioral experience. Alterations within and across
those neural ensembles are consistent with the strengthening of relevant collective
synapses and the weakening of irrelevant ones. Engrams (see box 1 for definition) must
encode both the fast neuronal input and the slower hormonal contextual information.
Related cues occurring concurrently are likely encoded in overlapping engrams, whereas
more distal cues even though related are more likely to engage non-overlapping neuronal
ensembles. Related experience conveyed by afferent axons from synchronized pre-synaptic
neurons converge at neighboring synapses which proximity and functional clustering
allocates an associative memory trace [9] that is sensitive to stress [10]. The state of
neuronal excitability at the time of learning impacts the neurons that are most likely to be
allocated into engrams, while the size of neuronal memory ensembles is modulated by local
inhibition [11]. Question remains whether glucocorticoids use these mechanisms to change
the cells allocated to engrams.

Depending on the memory phase, cortisol and its adjuvants enforce or weaken
engram formation and maintenance. Opposite effects have been explained by the inverted
U-shaped model [8] (see box 1 for definition), but it fails to explain the specificity of stress
hormones throughout time domains and brain states. Integrating information about
excitation and inhibition at the collective synapses of the engram network at play might
provide new insights, whereby specific responses depend on whether the engram network
is online or offline [12]. Conditioned responses to stress and cortisol should thus be
distinguishable between engram and non-engram cells [13]. Direct proofs are scarce due to
experimental limitations for identifying cells that store specific memories. Advances in
neuroimaging and engram capture technologies will help characterize either the direct
hormonal regulation of glutamatergic engram neuron excitability/firing or the indirect
effects via interneuron populations which converge on the glutamatergic engram neurons
for output transformation.

Modulating brain connectivity in humans and animals with stress hormones

Functional magnetic resonance imaging of the human brain during emotionally charged
memory tasks implicated norepinephrine and cortisol in the stress-induced shift of memory
systems from cognitive to habit by acting on large-scale neural correlates [14,15]. Notably,
acute stress promotes the utilization of a salience network (see box 1 for definition) linking
the hypothalamus, amygdala, cingulate cortex, striatum, and inferotemporal regions for
threat processing over the utilization of an executive network (see box 1 for definition)
consisting of the prefrontal and parietal cortices for goal-directed decision-making [16]. A



shift of responses from cognitive goal-directed toward more compulsive habit-directed
behaviors could overtime trigger stress coping responses unfit with the experience and
even become pathologic in vulnerable individuals due to a loss of self-control when making
emotional choices under duress.

Contrary to task-related imaging studies that focus on neural correlates involved in
specific paradigms, resting state studies reveal the alterations of the brain in its default-
mode (see box 1 for definition) [16]. Task-independent resting state imaging studies also
report effects of stress and cortisol on functional connectivity patterns [17,18], where rising
cortisol levels is associated with increased functional coupling in sensory salience detection
systems and promotes performance improvement in subsequent attention tasks [19,20].
Importantly, GABA content in the medial prefrontal cortex predicts the strength of
functional connectivity with the amygdala in healthy participants [21], and the link between
GABA and BOLD signals across the hippocampus and striatum during specific tasks depends
on stress levels [22] and memory phases [23]. However, interpretation of data based on
human subjects is often limited, and the exact nature of the link between neural correlates
and the script, storage, retrieval and erasure of memories remains to be fully elucidated.

Animal studies support human-based findings and offer additional information on
those open questions. Neuroimaging in rodents provide a framework for when the changes
of functional brain connectivity predict stress-coping trajectories in resilient and
susceptible animals [24]. The critical period for progressive changes of brain function
depends on glucocorticoid sensitivity — a product of detection and response - that evolves
with age, experience and environmental factors [12]. Fast effects alter memory-related
network oscillations in the hippocampus, while the slow effects program cell metabolism
and architecture to the new connectivity environment [25]. Both temporal components
promote adaptation within and across cellular ensembles allocated to the task. Examples of
how glucocorticoids rapidly disrupt functional connectivity across large-scale brain
networks as a function of ongoing activity have been described in mice [26] where
allocation of cells into an engram depends on immediate excitability and neural activation
[27,28]. The use of an activity-trapping system to sort hippocampal engram cells revealed
that glucocorticoid levels affect the specificity of contextual-fear-memory through changes
in the size and the excitability of the engram cell population [13].

Research on how low-affinity and high-affinity glucocorticoid receptors contribute to
stress-induced changes within large-scale brain networks is at its infancy. The role of low-
affinity glucocorticoid receptors in fear expression and memory has been demonstrated in
several studies where those receptors were deleted from specific brain regions (amygdala,
cortex, hippocampus) and cell-types (glutamatergic, GABAergic, astrocytes) [29-31].
Deletion of activity-dependent glucocorticoid receptor signaling pathway impairs synapse
maintenance and memory retention [32]. High-affinity mineralocorticoid receptors are
more restricted than glucocorticoid receptors, with a significant distribution observed in
some limbic regions. In vivo recording of hippocampal neurons showed that glucocorticoids
affect their excitability and decrease the ratio of theta-to-delta power [33], reflecting
changes in inhibition-excitation ratio and neurovascular coupling [6]. It is to be noted that
the vast majority of studies published to date focuses on glucocorticoid receptors
modulation of glutamatergic transmission. More recent works have however started
describing corticosteroid effects on GABAergic interneurons, mostly through intermediate
mediators like endocannabinoids [34]. The ratio of both receptors, and their interactions



with others systems, influences the diversity of responses to glucocorticoids and stress in
physiology and pathology, but the effects on large-scale brain networks remain largely
unexplored [35]. However, recent evidence suggests differential reconfiguration of large-
scale neural networks in response to acute stress, with recruitment of the salience network
over executive control and default-mode networks rapidly after stress exposure, and a
reversal of this network shift during the late phase of the stress response [34]. Together,
those animal studies examining causal relationships between hormones, functional
connectivity and memory performance confirm that glucocorticoids enhance the
consolidation of emotional memories through hyperactivity of the amygdala, at the expense
of detailed accuracy for the related contextual learning experience resulting in memory
generalization out-of-context, through decreased hippocampal activity [36,37].

Building engrams with excitatory and inhibitory components
Glucocorticoids change the balance between inhibition and excitation depending on dose
and timing. Acute exposure increases the excitability of principal neurons (PN) in several
brain regions including the amygdala, hippocampus and cortex [38]. These effects are rapid
-independent of transcription regulation- employing retrograde synaptic signaling with
endocannabinoids and nitric oxide to modify neurotransmitter release and neuronal firing
[35,39], which was further confirmed in humans [40]. Chronic exposure uses glucocorticoid
receptors to upregulate GABA synthesis-enzyme, GABA neuron-spiking, GABA release and
decrease glutamate release in the amygdala [41] and prefrontal cortex [42]. However, while
suppression of glutamatergic neurotransmission is supported by both human and animal
studies, the exact nature of chronic stress-induced changes in the inhibitory transmission is
still debated, and discordance between studies is likely due to variation across brain
regions and inhibitory cell types [43]. A single-cell transcriptomic approach following
chronic stress suggests a reorganization of functional connectivity in micro-circuits of the
prefrontal cortex consistent with increased regulation of excitatory neurons by GABA cells
(specifically somatostatin (SST) and parvalbumin (PV) cells) [25] that depends on gender
[44]. The effects of chronic stress on GABA and glutamate transmissions are slow -
dependent on new gene products- reflected by a loss of glucocorticoid receptor expression
specifically in the PV interneurons. Changes within inhibitory transmission have the
potential to modify functional connectivity in large-scale brain networks [25]. In humans,
stress modulates the relationship between striatal GABA and hippocampal activation
during motor sequence memory acquisition [22], emphasizing how changes in inhibitory
transmission by stress in one brain region affects activity of connected regions. In rodents,
excess inhibition in the infralimbic cortex enhances the glucocorticoid response to chronic
stress by reducing glutamate outflow in hypothalamic nuclei [45,46], while chemogenetic
activation of PV interneurons within the sensory cortex prevents the loss of functional
connectivity onto PN and stress-induced behavioral impairment [47]. The complexity of
stress and glucocorticoids effects on inhibitory transmission due to regional and cell type
diversity remains the subject of deep investigations and is further evidenced by preclinical
and clinical studies on stress-related psychiatric disorders revealing that both negative [48]
and positive [49] allosteric modulators of GABAa receptors counteract the behavioral
effects of chronic stress.

Morphological analyzes in distinct brain regions after chronic stress support the idea
that neuronal excitability is associated with stress-induced changes within PV-



interneurons. In the prefrontal cortex, chronic stress increases PV-dependent synaptic
inhibition onto PN, consistent with the attrition of dendrites and spine number [42]. In the
sensory cortex, PN lose dendritic arbor and spine density as a result of excessive
disinhibition driven by stress-induced inability to activate local PV-interneurons [47].
Regional differences are marked by ambivalent changes of responsiveness to neurotrophic
factors and glucocorticoid receptors with evidence suggesting that chronic exposure to high
glucocorticoid levels opposes the excitability of the sensory-executive-cognitive system to
the emotional-reward-habit system [50]. Stress-induced spine loss by glucocorticoid
signaling is often restricted to the apical tuft of PN in the cortex and hippocampus
preserving the basal dendrites respectively innervated by SST and PV interneurons. Stress
and glucocorticoids influence the functional connectivity of the three major subtypes of
interneurons -vasoactive intestinal peptide (VIP), SST and PV- characterized by non-
overlapping targets [51]. The proportion of inhibitory neurons among all neurons in
various brain structures remains fixed throughout the lifetime of an individual (15-30%).
Question remains whether neural circuits with a different ratio of excitatory:inhibitory
neurons still function normally.

Framework

To clarify the inverted U-shaped model, one must distinguish glucocorticoids impact on
interneuron subtypes and PN -individually and collectively- in various circuit configurations
and along a time continuum, as inhibitory engrams are formed as a homeostatic response to
excitation [52].

Glutamatergic synapses -dendritic spines- are viewed as the minimal memory
storage unit enabling signal outflow. They form clusters holding functional connectivity
from proximal inputs signaling the associative components of the learning experience.
Maintenance of these clusters depends on the adaptive capacity of the local metabolic
reserve [10]. In principle, the energy budget could be neutralized and oxidative damage
limited if the metabolic response remained local and the balance of glycolysis to oxidative
phosphorylation increased. Such shift of metabolism in keeping with synaptic activity is
programmable in the genome of interneurons and PN [25,53]. The persistence of dendritic
spine clusters in PN formed at the time of learning in the prefrontal cortex-to-amygdala
neurocircuit controls motivated escape behavior that is impaired by chronic stress but
restored with successful antidepressant therapy [54]. Future studies should explore how to
control the metabolic reserve sustaining the synaptic engram.

Inhibitory synapses are permissive to the diffusion of the excitatory signal because
their positioning with respect to the dendritic spine clusters can alter the storage and
retrieval of associative learning [55]. The geometry of interneurons innervation at dendritic
territories of PN enables network specificity. PV cells innervating basal dendrites are
permissive to signal integration from the apical inputs, while SST cells would enable the
opposite. Recruitment of the cholecystokinin (CCK) cells innervating the primary apical
dendrite should override the SST effects, while the PV cells should override them all. If one-
order of inhibition -via PV, CCK or SST cells- filters incoming signals, two-orders of
inhibition -through VIP cells- enable raw excitation. This model is supported by the
morphological data on stress-induced dendritic spine loss at the apical tufts of PN in the
cortex, which is override by chemogenetic activation of PV cells [47].



Question remains whether there are as many types of glucocorticoid sensitivities
and response outcomes as there are types of GABAergic synapses. Part of the answer
resides in the fast modulatory effects of cortisol on neurotransmitters releases (Figure 14),
which dissociates mechanistically from the slow adaptive effects mediated through the
genome. Trans-synaptic retrograde signaling systems made of enzymes (e.g. synthesis of
nitric oxide, endocannabinoids or protease clipping target-derived peptides...) and
receptors (e.g. soluble guanylate cyclase, G-protein coupled receptors CB1, and receptor
tyrosine kinase TrkB and P75) are well-established targets of the fast acting cortisol
signaling. The Allen Institute for Brain Science atlas available from mouse.brain-map.org
has been instrumental at guiding research from the perspective of cellular and molecular
anatomy. In particular, there are discrepancies between all 4 types of GABAergic and the
glutamatergic synapses concerning the expression of the various components of trans-
synaptic retrograde signaling systems (e.g. Brain-derived neurotrophic factor [BDNF], nitric
oxide [NO], arachidonic acid derivatives, N-arachidonoylethanolamine [AEA] and 2-
arachidonoylglycerol [2-AG], Figure 1B). Cell type specific equipment raises questions
about the sensitivity and timing of cortisol responses in shaping the balance of inhibition
and excitation locally within the network of task-allocated neurons (Figure 1C). Bell-shaped
responses of cortisol on brain and behavior could be attributed to default connectivity of
neurons prior allocation by a task. Cell type specific expression of actuators (e.g. optogenes
or chemogenes) or dominant active and inactive mutations/variations targeting
components of the trans-synaptic retrograde systems (e.g FAAH, MAGL, DAGL, CB1, TRKB,
nNOS, sGC...) will help deconstruct the fast acting effects of cortisol on brain and behavior
(Figure 1D). Combining exposure therapy with focal transcranial stimulation techniques
(magnetic [56] or current [57]) targeted onto select cortical nodes of the executive network
or the default mode network could help revert neural system configuration to a default
cognitive state from the stress-induced habit state.

Conclusion and implication for policy and practice

The ability of cortisol to boost memory consolidation and impair retrieval in various tasks
have tremendous translational values. For instance, recent clinical trials combine contextual
manipulations with glucocorticoids and adjuvants (compounds targeting the noradrenergic,
glutamatergic receptors and antidepressant medications) to prevent context-dependent
relapse of anxiety disorders [58,59]; alterations of circadian fluctuations of cortisol paired
with memory retrieval seem to influence memory reconsolidation [60]. However, efforts
should be made to reframe current therapeutic strategies for stress-related
psychopathologies in the context of glucocorticoids effects on the excitatory:inhibitory
balance.

Unfortunately, animal- and human-based studies are largely biased toward studying
adult males whereas women are more susceptible to anxiety and stress-related disorders.
Sex differences in resilience and vulnerability to stress have been associated with gender-
specific activation of various subtypes of cells, including the SST [61,62] and PV [63]. Yet,
women taking hormonal contraceptives have elevated blood concentration of cortisol-
binding globulin that might interfere with the cortisol effects on memory engrams [64].
Future studies should therefore include both biological sexes, which will eventually
promote the development of more efficacious personalized therapeutic interventions.



Similarly, age is an important factor to consider. Frequent or sustained activation of
brain systems that respond to stress can be damaging across lifespan. Awareness should be
directed to infancy, as neural circuits dealing with stress coping are plastic during the fetal
and early childhood periods, and to adolescence, a period of prefrontal inhibitory
maturation. Changing the construction of neural networks early on could have lasting
consequences on future rhythmic secretion patterns of stress hormones and functional
connectivity. Experimental evidence based on prenatal, postnatal and adolescent stress
exposure supports long-lasting consequences of stress on network architecture and PV
functional connectivity [65-68]. It remains to be explored whether the modification of the
inhibitory:excitatory balance early in life would correct developmental trajectory to
psychopathologies later in life.

Novel techniques in neuroscience basic research allowing for investigation of stress
effects at different levels of analysis (from cell type to local and long-range connections)
will continue to provide insights on the mechanisms by which glucocorticoids modulate
memories. Direct manipulations of cell populations and neural circuits to circumvent stress
effects will confirm the causal role of excitatory and inhibitory neurons in the inverted U-
shape response to stress. This information will serve as a steppingstone to design
innovative therapeutic strategies to treat stress-induced psychiatric disorders.
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Inverted U-shape model of stress is based on Yerkes-Dodson
lTaw presenting the relationship between stress and task
performance as an upside-down U-shaped curve. In this model,
the left and right sides of the curve represent low and high
arousal/stress, respectively. The center part represents a
medium level of arousal/stress, which is conductive of optimal
task performance.

Memory engram corresponds to an ensemble of neurons
across multiple brain regions that manifest experience-induced
changes in anatomical connections and physiological processes.
Those persistent cellular and molecular traces experienced
collectively are recognized to be substrates for memories. An
engram nétwork is initially excitatory then a mixture with
inhibitory components as homeostatic scaling develops [69].

Default network assembles large distributed regions of the
association cortex that show reduced activity during attention-
demanding tasks relative to steady state for integrating new
information with existing knowledge [70].

Salience network: integrates internal and external sensory
inputs via connections between cortical regions Scmgulate
prefrontal, insular, temporal), the thalamus, amygdala, ventral
striatum, thalamus, and spec1f1c brainstem nuclei for motivating
reactive responses [71].

Executive network is a fronto-parietal system playing a critical
role in actively maintaining and manipulating information in
working memory that are necessary for rule-based problem
solving and for decision making in the context of goal-directed
behavior [72]

Box 1: Definition of important terms
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Figure 1: Fast retrograde synaptic signaling as feedback or feedforward regulator of task-
activated neural network configuration and behavioral performance.

(A) The inverted U-shaped model of glucocorticoid effects on brain and behavior viewed
through the prism of the excitatory-to-inhibitory balance.

(B) Attributes relevant for the glucocorticoid system in each neuronal subclass of the mouse
and human cortex based on the Transcriptomic Explorer Brain Map at the Allen Institute for
Brain Science. Resources based on in situ molecular expression atlas across development,
virus injection-assisted connectivity in rodent brains, single-cell transcriptomic databases
in the human and rodent brains are available at online at brain-map.org. (i) Glucocorticoid
receptors are most abundant in PN cells and low in PV, SST and VIP interneurons. (ii)
Mineralocorticoid receptors are high in VIP and CCK cells but it can be found in PN
restricted to some limbic regions. (iii) Components of retrograde synaptic signaling
exploited by the fast glucocorticoid actions are abundant in all cell types with neuronal
nitric oxide synthase (nNOS) isoforms and its receptor, the soluble guanilate cyclase (sGC)
while endocannabinoids synthesis enzymes (Monoacylglycerol lipase (MAGL),
Diacylglycerol Lipase (DAGL), Fatty Acid Amide Hydrolase (FAAH) are high in PN and SST
cells with its receptor (CB1R) found in VIP, CCK and PN cells. (iv) Adjuvants of
glucocorticoids like adrenergic receptors are present in PN (ala/f1-ADR) and inhibitory
cells (ala-ADR in all and a1b-ADR in VIP); BDNF is exclusive of PN while its high-affinity
receptor TrkB is in all types.

(C) Fast glucocorticoid signaling controls functional connectivity as a function of the GR/MR
ratio and the availability of the synthesis enzymes and receptors for the retrograde trans-
synaptic messengers: EAE, endocannabinoids and NO, nitric oxide. Retrograde signaling is
shown at each synapse in a hypothetical network of neurons and supporting accessory cells
(astrocytes, pericytes, smooth muscle, endothelium) from the prefrontal cortex activated by
a task. Neurovascular coupling is reactive to the allocation of neurons by a behavioral task,
and therefore likely delayed from neurotransmission in keeping with cortisol modulatory
effects. Glutamatergic inputs to the PN defined as 1, 2 and 3 according to their order of
innervation can hypothetically transmit dependently or independently. Inputs 1
innervating the basal or the apical dendrites usually come from distinct projection areas; so
one or several coincident inputs 1 would integrate multiple contents associated with the
behavioral experience. Coincident stimulation of inputs 2 and/or inputs 3 would in theory
modify the excitability of the innervated parts of the PN thereby transforming the flow of
information through the allocated neuronal network.

(D) Geometry of network configuration determines output transmission. We envisioned
scenarios in which glucocorticoids would enforce or weaken functional connectivity based
on the network configuration. To be consistent with the morphologic studies in chronic
stress, direct default of excitation at targeted PN cells would justify the attrition of dendritic
territories, low BDNF levels and low glucocorticoid sensitivity. However, indirect default of
excitation at targeted PN cells relayed by one-order of inhibitory neurons would drive the
opposite response. Finally, two-orders of inhibitory neurons would engage a feedforward
inhibitory relay with multiple possible outcomes on the excitatory output given the
preference of VIP interneurons for the SST subtype over the PV. These scenarios based on
very schematic feedback and feedforward regulation will have to be validated or
invalidated. For example, synapse-specific effects of cortisol would be lumped together in
the case of VIP interneurons.
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