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Abstract—The review analyzes modern concepts about the control of various mechanisms of the hippocampal neuroplasti-
city in adult mammals and humans by glucocorticoids. Glucocorticoid hormones ensure the coordinated functioning of key
components and mechanisms of hippocampal plasticity: neurogenesis, glutamatergic neurotransmission, microglia and
astrocytes, systems of neurotrophic factors, neuroinflammation, proteases, metabolic hormones, neurosteroids. Regulato-
ry mechanisms are diverse; along with the direct action of glucocorticoids through their receptors, there are conciliated
glucocorticoid-dependent effects, as well as numerous interactions between various systems and components. Despite the
fact that many connections in this complex regulatory scheme have not yet been established, the study of the factors and
mechanisms considered in the work forms growth points in the field of glucocorticoid-regulated processes in the brain and
primarily in the hippocampus. These studies are fundamentally important for the translation into the clinic and the potential
treatment/prevention of common diseases of the emotional and cognitive spheres and respective comorbid conditions.
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INTRODUCTION. integration of new neurons, growth of neurites, synapto-

THE HIPPOCAMPUS IS A TARGET
OF GLUCOCORTICOIDS IN NORMAL
AND PATHOLOGICAL CONDITIONS

The plasticity of neurons and glial cells plays a vital
role in the transmission and integration of signals in the
central nervous system. Neuroplasticity, adaptive change
of the nervous system in response to changes in external
signals, covers a variety of processes and mechanisms of
their implementation, from birth, survival, migration and

genesis and modulation of mature synapses to the for-
mation and transformation of neural networks. The fun-
damental mechanism of the adult brain plasticity is the
activity-dependent reorganization of the pre-existing
structure, and it is the plasticity of the adult brain that
allows human beings and animals to learn throughout
the life. Studies of recent decades have made it possible
to characterize not only plastic structural and function-
al rearrangements of the brain, but also several forms of
synaptic plasticity, defining them as key processes that

Abbreviations: AD, Alzheimer’s disease; ACTH, adrenocorticotropic hormone; AMPAR, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors; APP, amyloid precursor protein, BACEI, P-secretase 1; BDNF, brain-derived
neurotrophic factor; CRH, corticotropin-releasing hormone; GCs, glucocorticoids; GR, glucocorticoid receptors; HPAA, hy-
pothalamic-pituitary-adrenal axis; MAPK, mitogen-activated protein kinase; mGIuR, metabotropic glutamate receptors;
MMP, metalloproteinases; MR, mineralocorticoid receptors; NMDAR, N-methyl-D-aspartate receptors; TrkB, tropomyosin
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allow the brain to work dynamically and carry out learn-
ing, memorization, and memory use [1]. Neuroplasticity
is the basis of the brain’s adaptation to changing condi-
tions of the external and internal environment, and aber-
rant changes in plasticity are associated with pathologi-
cal conditions.

Glucocorticoids (GCs), acting in concert with cat-
echolamines, control behavioral adaptation to stress and
improve the preservation of meaningful emotional infor-
mation; they dynamically regulate synaptic function and
synaptic plasticity underlying the formation of emotional
memory [2]. The formation and use of memory is a com-
plex process involving several brain structures, such as
the hippocampus, amygdala and adjacent areas of the
cortex, usually defined as the medial structures of the
temporal lobe. It is believed that after learning, memory
is initially encoded in the hippocampus, but subsequent-
ly stabilizes and is stored for a long time in other areas of
the brain, such as the neocortex (this process is known
as consolidation of systemic memory). Synaptic plastici-
ty is the main cellular mechanism underlying learning
and memory, and is therefore considered key in this pro-
cess [3]. In the adult hippocampus, the limbic structure
responsible for both cognitive functions and emotions,
synaptic plasticity is important for information process-
ing, learning, and memory encoding. The dentate gyrus
of the adult hippocampus constantly generates cohorts
of neurons, some of which survive, mature and integrate
into existing neural circuits, and this process is regulat-
ed by both global and local neural activity, providing a
unique cellular and synaptic plasticity of the hippocam-
pus. Apparently, the emergence of new hippocampal
neurons throughout life makes it possible to constantly
“rejuvenate” the brain of adult mammals, including hu-
mans, and maintain its adaptive plastic properties [4].

Stress as an adaptive response to the demands of
the environment is necessary for the survival of the or-
ganism. GCs, steroid “stress hormones” secreted by the
zona fasciculata of the adrenal cortex are crucial for suc-
cessful adaptation to stressors, and in the implementa-
tion of this important function of GCs for the survival
of the body, the key place belongs to the ability of these
hormones to regulate the rapid and long-term plastici-
ty of the brain. The impact of stress causes activation of
the key neurohumoral system of the body, the hypotha-
lamic-pituitary-adrenal axis (HPAA) and related neu-
rochemical reactions after the release of GCs from the
adrenal glands, which underlies rapid physiological re-
actions. HPAA stimulation leads to activation of certain
areas of the brain, including the hippocampus, amygdala
and prefrontal cortex, in which the density of corticoste-
roid receptors is high [5].

Acting through specific intracellular receptors in the
brain and on the periphery, GCs regulate behavior, as well
as metabolic, cardiovascular, immune and neuroendo-
crine activity. GCs bind to two subtypes of receptors, min-
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eralocorticoid receptors (MR) and glucocorticoid recep-
tors (GR), which differ in their affinity for GCs. Both MR
and GR can be localized intracellularly or on the mem-
brane. MRs and GRs are activated by the action of GCs
and mediate their effects, including influence on synaptic
plasticity, on both fast and slow time scales. GRs are pres-
ent in every cell of the nervous system, but the level of their
expression varies, so different cell types react differently to
the activation of GRs [6]. GCs exert their influence on the
brain through “classical” genomic mechanisms, including
direct binding of intracellular MRs and GRs to DNA, as
well as through non-genomic mechanisms implemented
through membrane MRs and GRs [7] (Fig. 1).

The effects of GCs significantly vary depending on
the type of receptor, as well as on the brain region, cell
type, and physiological context. These differences ulti-
mately depend on the differential interactions of MR and
GR with other proteins that determine ligand binding, nu-
clear translocation, and transcriptional activity. MR and
GR can mediate very different and sometimes opposite
effects in the brain. MR expression in the brain is much
more limited as compared to GR. MR is very common
in the hippocampus of rodents and humans, where MR
expression equals or even exceeds GR expression in CA3
pyramidal cells [8]. It is known that MRs and GRs move
between cytoplasmic and nuclear compartments, and
the intracellular distribution of MR and GR depends on
the equilibrium between nuclear import and export. This
equilibrium seems to depend on the type of cells [9, 10].

GCs interact both genomically and non-genomi-
cally with neurotransmitters, neurotrophic factors, sex
hormones and other stress mediators, forming present
and future responses of the organism to stress challenges.
In the hippocampus and other stress-reactive areas of the
brain, allostatic overload resulting from chronic stress also
can change the functioning of the HPAA through epigen-
etic modification of genes [7]. In basic conditions with
low GCs secretion, MRs are close to saturation. When
GCs rise during stress or at the peak of the circadian cy-
cle of these hormones, MRs become fully occupied and
GCs begin to bind to GRs. The important role of GCs in
neuroplasticity was postulated several decades ago [12],
but the specific mechanisms of the regulatory function of
GCs have not been fully decoded. The wide prevalence
of GRs in various populations of neuronal and glial cells,
also outside the classical brain regions responsible for the
execution of stress reactions, confirms the idea that in the
central nervous system, GCs can act as a conductor, orga-
nizing and controlling a brain orchestra consisting of dif-
ferent musicians — various cells included in specific net-
works. The pleiotropy of GCs effects is directly related to
the multiple mechanisms they trigger and/or control at all
levels from molecular to network and organismic.

Stress through GCs induces the structural plastici-
ty of neurons, Schwann cells, microglia, oligodendro-
cytes and astrocytes, and also affects neurotransmission
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Fig. 1. Glucocorticoid receptors in the glutamatergic synapse (the scheme based on the data presented in recently published papers [7-11]). Cor-
ticosterone (in rodents) or cortisol (in humans) are released from the adrenal glands into the bloodstream. As lipid-soluble molecules, glucocor-
ticoids (GCs) can freely penetrate the cell membrane. When GCs bind to cytosolic glucocorticoid receptors (GR) and mineralocorticoid recep-
tors (MR), this leads to the release of regulatory complexes such as HSP90, FKBP5 and BAG], followed by dimerization of the receptors and
translocation into the nucleus. The binding of dimerized GR (MR) to the putative glucocorticoid response elements (GREs) localized in the pro-
moter regions of DNA induces the activation of transcription factors. The sex steroid hormones estradiol (E2) and testosterone (T) can modulate the
expression of GR-dependent genes (E2R, TR — receptors of estradiol and testosterone, respectively). GC-regulated genes control the expression of
ionotropic glutamate receptors (NMDAR, AMPAR), trophic factor systems (brain-derived neurotrophic factor, BDNF), including the synthesis of
pro-BDNEF, its proteolytic transformation into mature BDNF (mBDNF), and the synthesis of the BDNF receptor TrkB. The expression of GC-de-
pendent genes controls the functioning of the hypothalamic-pituitary-adrenal axis (HPAA), neuroplasticity, behavior, immune system and metab-
olism. Unlike classical cytosolic/nuclear receptors, membrane GR and MR realize rapid effects of GCs, modulating the release of glutamate in the
presynapse, and in the postsynaptic membrane adjusting the activity of the ionotropic y-aminobutyric acid receptor (GABAAR), cation channels:
several types of calcium channels (CaChs) and potassium channel KCh(IA), as well as rapid changes in dendritic spines. Estradiol (E2) competes
with corticosterone to inhibit GR signaling.

by altering the release and reuptake of glutamate. Expo-
sure to stressors causes a spectrum of reactions that range
from potentially adaptive to maladaptive consequences at
the structural, cellular, and physiological levels. These
responses are particularly evident in the hippocampus,
where they also affect hippocampus-dependent cognitive
function and emotionality [13]. Unlike chronically ele-
vated levels, circadian and acute stress-induced periods
of augmented GCs are necessary for the survival of hip-
pocampal neurons, the acquisition and consolidation of
memory, the facilitation of glutamatergic neurotransmis-
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sion, the formation of excitatory synapses, the induction
of immediate early genes and the formation of dendritic
spines. Negative feedback from the GCs includes several
mechanisms leading to limiting the activation of HPAA
and preventing the harmful effects of excessive genera-
tion of GCs. Adequate secretion of GCs is regulated by
the nervous system that controls the secretion of hypo-
thalamic corticotropin-releasing hormone (CRH) and
vasopressin, the main regulators of pituitary adrenocor-
ticotropic hormone (ACTH). Rapid feedback mecha-
nisms involving non-genomic actions of GCs mediate
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immediate inhibition of hypothalamic secretion of CRH
and ACTH, and slower genome-mediated mechanisms
include modulation of limbic networks and peripheral
metabolic messengers [14].

An excess of GCs can have negative effects, especially
in the hippocampus, in which the density of MRs and
GRs is high [15]. These effects include impaired synaptic
plasticity, atrophy of dendrites, impaired ability of neu-
rons to survive influences of various damaging factors and,
ultimately, the death of neurons [16]. The selective vulner-
ability of the hippocampus to stress, mediated by the re-
ceptors of GCs secreted under stress, is the price of high
functional plasticity and pleiotropy of this limbic struc-
ture [17]. Common molecular and cellular mechanisms
of hippocampal plasticity disorders include dysfunction of
GRs, neurotransmitters and neurotrophic factors, the de-
velopment of neuroinflammation leading to neurodegen-
eration and death of hippocampal neurons, as well as dis-
turbances of neurogenesis in the subgranular neurogenic
niche and the formation of aberrant neural networks.

Normal plasticity of the nervous system is neces-
sary for adaptation, learning and memory, and plastici-
ty caused by stress is often inadequate and contributes
to the development of neuropsychiatric disorders and
other brain pathologies [18]. The structural plasticity of
the hippocampus plays a key role in the etiopathogenesis
of neurodegenerative diseases [19]. The effect of GCs on
the brain is crucial for maintaining homeostasis, there-
fore, these hormones are also involved in the aging pro-
cess, which is defined as a period of ontogenesis with a
reduced ability to maintain homeostasis, increased labil-
ity of HPAA after stress and impaired behavioral adapta-
tion [20]. Apparently, the dysfunction of GCs-dependent
processes is associated with almost all pathologies of the
brain, thus, an incomplete understanding of the relevant
mechanisms prevents us from revealing the full potential
possibilities of preventing and treating brain diseases.

This review analyzes the current understanding of
the key mechanisms of hippocampal neuroplasticity,
which are controlled by GCs. These are mechanisms
forming growth points in the field of research of process-
es regulated by GCs in the brain. These mechanisms are
fundamentally important for translation into the clinic
and potential treatment/prevention of common diseas-
es of the emotional and cognitive spheres, including de-
pressive disorders and Alzheimer’s disease (AD).

NEUROGENESIS AS A FORM
OF GLUCOCORTICOID-REGULATED
HIPPOCAMPAL PLASTICITY

The nervous system of an adult organism is not stat-
ic; it undergoes morphological and physiological chang-
es at various levels. This plastic mechanism ensures that
the behavioral regulation of the nervous system adapts
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to various environmental stimuli. It is generally believed
that in the mammalian hippocampus, the process of for-
mation and development of functionally integrated neu-
rons occurs throughout life making a significant contri-
bution to the highly plastic nature of the mature central
nervous system. The dentate gyrus of the hippocampus
is one of the main neurogenic niches in the adult organ-
ism, containing newborn neurons, some of which mature
and are included in neural networks [4]. Neurogenesis in
the adult hippocampus is a dynamic process intimately
associated with cognitive functions such as learning and
memory. Importantly, a number of researchers believe
that neurogenesis is not a mechanism for replacing cells
in the adult brain, but instead supports the plastic neural
network of the hippocampus due to the continuous addi-
tion of immature, new neurons. These new neurons have
unique properties and structural plasticity and induce
changes in the plasticity of mature neurons [21].

It is generally believed that in humans and other
mammals, memories of events are encoded by ensembles
of neurons (engrams) in the hippocampus. The mne-
monic information stored in these engrams can then
be used to control future behavior, including predicting
and decision-making in a dynamic environment. Some
engrams of the hippocampus can be stored permanent-
ly, others change over time, and this suggests that the
memories presented can also be transformed. It is most
likely that neurogenesis in the adult hippocampus is one
of the processes that constantly rebuilds the neural net-
works of the hippocampus, presumably including stored
engrams [22]. It is believed that the neural circuits of
the dentate gyrus — the CA3 region of the adult hippo-
campus are constantly modified due to the integration
of dentate granular cells born as a result of neurogenesis.
These cells undergo a long maturation period, while they
demonstrate increased synaptic plasticity, effective elec-
trophysiological properties and connectivity. It is also
assumed that neurogenesis of the adult hippocampus al-
lows generating a library of events/new experiences, each
of which is registered in the physiological properties and
connectivity of mature granular cells of the dentate gy-
rus [23]. Apparently, neurogenesis provides the flexibili-
ty of the dentate gyrus, which allows to quickly generate a
context-specific distributed representation of important
sensory stimuli, such as spatial signals, which ultimately
leads to their differentiation at the behavioral level [24].
However, most of the results underlying the concepts of
the role of adult hippocampal neurogenesis in neuroplas-
ticity were obtained in mammals, mainly rodents, and a
number of methodological limitations cause ongoing de-
bates about the intensity (and generally the occurrence)
of neurogenesis in the adult hippocampus [25]. However,
despite the methodological difficulties of studying neuro-
genesis in humans, most researchers accept that the den-
tate gyrus of the hippocampus is evolutionarily preserved
as one of the few sites of neurogenesis in adult mammals,
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although it remains unclear whether new neurons inte-
grate into existing hippocampal networks on a par with
neurons born during development, or whether they repre-
sent a discrete cell population with unique functions [26].
Perhaps, as a result of neurogenesis, a specialized sub-
population of neurons is created in the adult hippocam-
pus, which can play a key role in the hippocampal func-
tions, such as episodic memory.

The addition of new neurons in adulthood occurs as
part of a sequential multi-step process. Neurogenic stages
include proliferation, differentiation, migration, matura-
tion/survival, and integration of new neurons into an ex-
isting neural network. Most studies evaluating the influ-
ence of exogenous (e.g., GCs, stress) or endogenous (e.g.,
neurotrophins and their receptors) factors on neurogene-
sis in adults at different levels have focused on prolifera-
tion, survival and differentiation of neurons [27]. The in-
teraction between external and internal factors plays a
fundamental role in the regulation of neurogenesis. Over
the past decades, several studies of “internal” pathways,
including transcription factors, have revealed their fun-
damental role in regulating each stage of neurogenesis.
However, it is likely that regulation of transcription is part
of a more complex regulatory network that includes epi-
genetic modifications, non-coding RNAs, and metabolic
pathways [28]. It is important that hormones, primarily
steroid hormones, exert a multifaceted effect on all stages
of neurogenesis in the adult hippocampus: there is evi-
dence of hormonal stimulation (via gonadal and thyroid
hormones), inhibition (via GCs) and neuroprotection
(mediated by neurotrophins and neuromodulators) [29].

Neurogenesis in the adult hippocampus has been in-
creasingly viewed in recent years through the prism of the
brain’s response to stress. It is assumed that neurogenesis
plays a key role in the formation of adaptation to envi-
ronmental requirements, which underlies its role in the
response to stress (or excess of GCs). The hippocampus,
with its high convergence at the input and divergence at
the output, is a kind of computing center ideally locat-
ed in the brain for detecting signals and contexts related
to past, current and predicted stress experiences, as well
as for monitoring stress responses at the cognitive, affec-
tive, behavioral, and physiological levels. Neurogenesis
in the adult hippocampus seems to promote contextu-
al discrimination and cognitive flexibility, reducing the
anticipation and generalization of stress experiences to
a safe level. Thus, the underlying brain regions receive
more accurate and contextual information, which allows
them to respond more precisely to stress in definite con-
texts [30]. Nevertheless, the specific role of neurogene-
sis in the adult hippocampus in mediating the behavioral
response to chronic stress remains not fully understood
and the question of whether newborn neurons act as a
kind of buffer or, conversely, increase susceptibility to
stress-induced emotional maladaptation remains contro-
versial [31].
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In the early 2000s, it was confirmed that GCs/chron-
ic stress/neuroinflammation are among the most import-
ant negative regulators of neurogenesis in adults. Although
the effects of acute and moderate stress on neurogene-
sis are usually short-lived and can be quickly overcome,
chronic exposure or more severe forms of stress can cause
longer-term decreases in neurogenesis, which can only
partially be overcome by subsequent exposure to exercise,
adaptogenic drugs and some antidepressants [32]. There
is no doubt that GCs-mediated disorders of neurogene-
sis in adults contribute to the occurrence of brain diseases,
including cognitive and affective disorders, neurodegen-
erative diseases. In addition, exposure to stress, especially
during critical periods of early childhood, disrupting the
processes of neurogenesis for a long period, can repro-
gram the plasticity of the hippocampus, increasing the
risk of cognitive impairment or anxiety symptoms com-
mon to a number of cerebral pathologies, such as demen-
tia and depression, associated with chronic changes in the
plasticity of the hippocampus. The review [33] analyzed
in detail the effect of GCs on the mechanisms and phys-
iological features of neurogenesis in the adult hippocam-
pus and changes in neurogenesis in cerebral pathologies.
Neuropsychiatric disorders are usually GCs-dependent,
resulting from chronic stress or pain followed by (neuro)
inflammation; all these conditions are associated with im-
paired neurogenesis and cognitive deficits. Susceptibility
to stress and the ability to adapt to new conditions with the
help of resistance mechanisms is directly related to specif-
ic features of neurogenesis in the adult hippocampus and
its regulation with GCs [34].

The speed of the cell cycle and potential addition of
new neurons to existing hippocampal neural circuits un-
doubtedly decrease with age. Nevertheless, neural stem
cells/progenitor cells that persist in the hippocampus of
an aging brain can be activated and produce a significant
number of new functional neurons that demonstrate in-
creased survival and integration under optimal condi-
tions [35]. In the dentate gyrus, newborn neurons coexist
with mature granular neurons that have arisen during de-
velopment, and the connection between these two types of
cells is regulated by both cooperative and competitive pro-
cesses. It can be assumed that newborn neurons in the ag-
ing hippocampus have a noticeable potential for optimiz-
ing processes at the level of neural circuits and behavior,
making neurogenesis a potential target for therapy. Both
the hippocampus and the main region innervating this
structure, the entorhinal cortex, demonstrate pronounced
atrophy in patients with AD, the most common form of
dementia in the elderly [25, 36]. It is important that, along
with GCs, glycogen synthase kinase-33 (GSK-3f) and
hyperphosphorylated tau protein, the two main molecules
important for the pathogenesis of AD, are powerful nega-
tive regulators of adult hippocampal neurogenesis [37].

In states such as memory decline with age, neuro-
degeneration, and mental illness, mature neurons die
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or become defective, thus, stimulation of neurogen-
esis in adults is believed to have a potential for provid-
ing a therapeutic strategy to overcome these conditions.
Hippocampus-dependent learning tasks, an enriched
environment, physical exercises and activity-dependent
synaptic plasticity powerfully activate the proliferation
of nerve cell precursors in the hippocampus [21]. To ex-
plain the activation of neurogenesis by such influences,
the mechanisms of strengthening neurotrophic and other
influences that are normally positive regulators of neuro-
genesis (e.g., BDNF levels) are considered. Interestingly,
exercise is associated with an increase in the level of
GCs, but the absence of a negative effect of these hor-
mones on neurogenesis is explained not by excessive and
prolonged, but by their “moderate” and short-term re-
lease, so that their concentrations remain in the stimu-
lating neurogenesis region. One of the new hypotheses
examines the effect of lactate accumulated during exer-
cise on the plasticity of neurons. Lactate, apparently, is
one of the essential factors, since it participates in me-
tabolism and signal transmission in most, if not all, cells
of the central nervous system, including various types of
cells in the neurogenic niche [38].

GLUTAMATERGIC TRANSMISSION
AND HYPERGLUTAMATERGIC STATES
ARE GLUCOCORTICOID-DEPENDENT

The storage and processing of information at the
synaptic level is provided by the ability of synapses to
constantly change their effectiveness. It is believed that
this phenomenon, a key event of synaptic plasticity, un-
derlies multiple forms of long-term memory in mam-
mals. It is the excitatory glutamatergic synapses that play
a crucial role in synaptic transmission, synaptic plas-
ticity and behavioral adaptation. Almost three decades
ago, it was suggested that GCs and sex steroids regulate
the neurochemical and structural plasticity of the hip-
pocampus through cellular mechanisms mediated by
N-methyl-D-aspartate receptors (NMDAR) of gluta-
mate [39], and since then this has been confirmed by
numerous experimental results. The synaptic plasticity
of the hippocampus, which depends on glutamate recep-
tors, is considered by many scientists to be the basis of
learning processes and behavioral adaptation. Glutamate
is known as the main excitatory neurotransmitter in the
central nervous system, and the functioning of the gluta-
matergic system is provided by numerous receptors, in-
cluding ionotropic and metabotropic subtypes. The first
ensures the passage of cations through the postsynaptic
membrane, while the metabotropic subtype activates sig-
naling cascades through secondary messengers.

Ionotropic glutamate receptors mediate the syn-
aptic and metabolic actions of glutamate. Along
with NMDAR, ionotropic glutamate receptors in-
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clude families of functional receptors of a-amino-3-
hydroxy-5-methyl-4-isoxazolpropionic acid (AMPAR)
and kainate receptors. The functioning of ionotrop-
ic receptors in the hippocampus depends on their sub-
unit composition, the amino acid sequence of protein
domains and scaffold proteins in synaptic membranes.
These receptors are reactively plastic and rearranged by
regulating subunits (quantitatively and qualitatively). It is
the rearrangements of ionotropic receptors and chang-
es in their subunit composition that turn neurons into
“pathological” cells, determining the states of plasticity
or pathology of the hippocampus [40]. For example, it is
assumed that the GluN2B subunit may be particularly
important for plasticity and memory formation, and its
role is associated with interaction with calcium/calmod-
ulin-dependent protein kinase II [41]. NMDARs are be-
lieved to provide a key trigger for the induction of long-
term plasticity leading to changes in AMPAR expression.
AMPAR, one of the fastest-acting neurotransmitter re-
ceptors, are located in excitatory synapses, are activated
within hundreds of microseconds and deactivated within
milliseconds due to their low affinity for glutamate, and
are also capable of deep desensitization [42]. The third
type of ionotropic receptors, kainate, contribute to crit-
ical postsynaptic signals, and also function as presynap-
tic autoreceptors [43]. Kainate receptors are considered
as homeostatic modulators of neurotransmitter release,
capable of bidirectionally regulating plasticity depending
on the “functional history” of the synapse [44]. Metabo-
tropic glutamate receptors (mGluR), a group of G-pro-
tein-coupled receptors, exert a wide range of modulat-
ing actions on excitatory synapses of the central nervous
system. In the hippocampus, selective activation of vari-
ous mGluRs modulates internal excitability, the strength
of synaptic transmission, and induces multiple forms of
long-term plasticity [45]. These receptors are critically
needed both for stable forms of memory and for stable
synaptic plasticity. Metabotropic glutamate receptors are
divided into several separate groups based on their binding
to G-protein and affinity for agonists and perform differ-
ent functions in the regulation of hippocampus-depen-
dent long-term plasticity and long-term memory [46].

As mentioned above, the hippocampus is one of the
most important targets of steroid hormones in the brain.
Steroid hormones and neurotransmitters function in con-
cert, and this coherence is regulated by numerous mech-
anisms. The review [11] provides a detailed scheme of the
currently known genomic and non-genomic mechanisms
of direct modulation of various types of glutamate recep-
tors carried out by GCs via MR and GR in glutamatergic
presynapse and postsynapse. GCs quickly tune synaptic
NMDARs through membrane dynamics and signal trans-
mission via MR and cause long-term changes and preser-
vation of “settings” through GR-mediated mechanisms.
Thus, GCs modulate the transmission of glutamatergic
signals and NMDAR-dependent synaptic plasticity of the
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hippocampus, contributing to the implementation of ade-
quate behavioral responses to environmental factors. GCs
specifically control the dynamics of GIuN2B-NMDAR
and synapse states by tuning NMDAR-dependent synap-
tic adaptation [47].

Along with the direct action on the glutamatergic
synapse, the regulatory action of GCs is also carried out
on other critical processes that ensure synaptic plastici-
ty, including neurogenesis (described in the previous
chapter). It is known that neurogenesis in the adult and
developing dentate gyrus is “limited” by GCs, as well as
by excitatory amino acids (primarily glutamate), and in
both cases the mechanisms involve NMDAR. These re-
sults not only indicate a high degree of interdependence
between some neurotransmitters and GCs, but also em-
phasize how important an aspect of the action of steroid
hormones is structural plasticity [48]. New neurons are
constantly generated from resident pools of neural stem
cells and progenitor cells in the adult hippocampus, while
NMDARs are involved in the regulation of progenitor cell
proliferation. NMDAR agonists and antagonists modu-
late proliferation both in vivo and in vitro, and the pres-
ence of NMDAR is shown in the neural precursor cells.

Glutamate uptake is a process mediated by sodium-
dependent glutamate transporters that prevents the leak-
age of glutamate from the synapse. As a rule, astrocytes
are responsible for most of the glutamate uptake by ex-
pressing glutamate transporters; neurons can also ex-
press these transporters, albeit in smaller quantities.
These transporters are actively involved in the realiza-
tion of the most studied phenomena of long-term syn-
aptic plasticity — long-term potentiation and long-term
depression [49]. Insufficient reuptake of glutamate leads
to hyperglutamatergic states [50] and excitotoxicity-me-
diated neuronal death. Corticosterone has been shown to
inhibit the expression of the microglial glutamate trans-
porter GLT-1 [51], modulate the expression of the astro-
cytic glutamate transporter GLT-1 [52, 53], and reduce
the activity of the glutamate transporter type 3 (EAACI
or EAAT?3) [54].

Considering the importance of glutamatergic sig-
naling in synaptic plasticity, learning and memory, and
the realization of movements, it is believed that the state
of glutamatergic neurotransmission is the key link in the
plasticity of the hippocampus, and glutamate serves as a
link and the basis for the balance between states of cog-
nitive health and disease [55]. Glutamatergic transmis-
sion largely determines the functional properties of the
hippocampus in specific situations, providing it with an
appropriate position in the continuum of “plasticity—
pathology” [56]. Excess extracellular glutamate causes
excessive stimulation of ionotropic glutamate receptors,
causing hyperglutamatergic states [50] with their char-
acteristic excitotoxicity, oxidative stress, structural and
functional damage to brain cells. These processes play a
crucial role in the development of various brain pathol-

BIOCHEMISTRY (Moscow) Vol. 88 No. 5 2023

ogies associated with neuroplasticity disorders, such as
strokes, epilepsy and neurodegenerative diseases [57].

The main cause of age-related cognitive decline has
long been considered the loss of neurons, but now these
changes are associated with gradual synaptic dysfunction
caused by calcium dyshomeostasis and changes in iono-
tropic/metabotropic receptors. NMDARs play a central
role in the mechanisms mediating synapse aging. Areas
of the brain that are vulnerable to aging show the earliest
pathological changes in AD. In the hippocampus, a re-
gion of the brain selectively vulnerable to adverse factors
and aging, impaired synaptic function during aging is as-
sociated with shifts in Ca?"-dependent synaptic plasticity,
which is believed to contribute to early cognitive deficits
associated with the development of dementia, including
Alzheimer’s type [58]. Changes in the intracellular redox
state are accompanied by disturbances in the regulation
of Ca?*, including NMDAR hypofunction and increased
release of Ca?* from intracellular stores, which alters syn-
aptic plasticity. In AD, -amyloid and mutated preseni-
lin 1 can also impair the function of NMDAR, contrib-
uting to the release of Ca?* from intracellular stores and
increasing oxidative stress. The control of mGluR5-de-
pendent NMDAR activation and subsequent Ca’" dys-
function during aging is carried out by adenosine A2A
receptors [59]. With aging, changes in the expression
and functionality of other metabotropic glutamate recep-
tors are also observed, including those in the synapses of
mossy fibers — CA3 of the hippocampus [45].

Since GCs regulate the state of the glutamatergic
system of the brain both directly, through receptors on
glutamatergic synapses, and indirectly [11], disruption
of the functioning of HPAA and its inability to optimally
regulate glutamatergic synaptic plasticity leads to the de-
velopment of neuropsychiatric diseases, in the pathogen-
esis of which hyperglutamatergic states play a key role.
Violation of glucocorticoid control of glutamatergic pro-
cesses underlies cognitive and emotional disorders, epi-
lepsy and a number of other cerebral pathologies, being a
common underlying mechanism for the development of
many brain diseases and their comorbidities [50]. In this
regard, the study of the mechanisms of interaction be-
tween HPAA and the glutamatergic system of the brain
has a priority translational value.

GLUCOCORTICOIDS AND BDNF
JOINTLY CONTROL HIPPOCAMPAL PLASTICITY

A family of small secreted proteins called neurotro-
phins includes powerful molecular mediators of central
synaptic plasticity. In particular, brain- neurotrophic fac-
tor (BDNF) and neurotrophin-3 (NT3) play a key role in
the neurobiological mechanisms associated with learning
and memory. The influence of BDNF and NT3 on syn-
aptic plasticity may be permissive, establishing conditions
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for occurring plastic changes, or it may be instructive,
directly modifying the communication and morphology
of synapses. BDNF stands out among all neurotrophins
with a high level of expression in the brain, in particu-
lar in the hippocampus, and a powerful effect on syn-
apses [60]. BDNF has a pleiotropic effect on neuronal
morphology and synaptic plasticity, which underlies the
development of hippocampal neural circuits and cogni-
tive function. BDNF contributes to the stabilization and
maturation of existing synapses, as well as the generation
of new synaptic contacts. Since BDNF modulates both
the electrical properties and the structural organization of
synapses, it is considered an important biological marker
of learning and memory processes [61].

The function of BDNF is controlled and diversi-
fied by molecular and cellular mechanisms, including
delivery and subcellular compartmentalization of vari-
ous types of Bdnf mRNA, pre- and postsynaptic release
of BDNF, control of BDNF signaling via TrkB recep-
tors (tropomyosin B receptor kinase) and conversion of
pro-BDNF into mature BDNF and BDNF-propeptide.
The diverse effects of BDNF on excitatory synapses are
determined by the activation of TrkB receptors and un-
derlying signaling pathways, as well as the functions of
its immature form (pro-BDNF) activating p75SNTR re-
ceptors, which are opposite in comparison with mature
BDNEF. Violation of these regulatory mechanisms affects
the formation of dendritic spines and the morphology of
pyramidal neurons, as well as synaptic integration [62].
The most important aspects of BDNF biology, such as
transcription, processing, and secretion, are regulated by
synaptic activity. It was these observations that led to the
idea that BDNF can regulate activity-dependent forms of
synaptic plasticity, such as long-term potentiation (LTP),
a steady increase in excitatory synaptic efficiency in the
hippocampus, which is believed to underlie learning and
memory [60]. BDNF is released from the presynaptic
terminals of excitatory neurons (probably also from post-
synaptic endings) and acts through the TrkB receptor on
pre- and postsynaptic sites of excitatory, primarily glu-
tamatergic neurons and inhibitory neurons [63]. BDNF
is considered a central regulator of neuronal plasticity
in the adult hippocampus, not only because it mediates
morphological correlates of neuronal plasticity — changes
at the level of dendritic spines, but, at least in the den-
tate gyrus of the adult hippocampus, BDNF controls
plasticity at the level of neurogenesis. Specific changes
in the dendritic spines, as well as in the neurogenesis of
the adult hippocampus, can be observed in the context of
several forms of learning and memory, on the other hand,
depression is known to be accompanied by a decrease in
the rate of neurogenesis and the density of spines [64].

The “behavioral decisions” made by the brain during
stress depend on the signaling pathways of GCs and
BDNF acting synchronously in mesolimbic (reward) and
corticolimbic (emotions) neural networks. A violation
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of the control of BDNF and GR expression in the areas
of the brain that evaluate external factors, including the
hippocampus, may jeopardize the integration of signals.
Phosphorylation of GRs during transmission of BDNF
signals in neurons is one of the mechanisms underlying
the integration of BDNF and GC signals, which, in case
of imbalance, can serve as a basis for maladaptation to
stress. The interaction between GCs and BDNF deter-
mines the stress response to a large extent: stress-induced
remodeling of the hippocampus, prefrontal cortex and
amygdala coincides with changes in BDNF levels [65].
Chronic stress is usually associated with a decrease in
BDNEF levels, although the effect of exposure is deter-
mined by the nature and severity of the stimulus, varies in
different areas of the brain and changes over time during
and after exposure to the stressor [66]. The effects of GCs
and BDNF on the structural and cellular plasticity of the
hippocampus, as a rule, have the opposite character [13,
66, 67]. The interaction between GCs and BDNF can
also play a role in acute, rapid, and adaptive stress re-
sponses, and are also an important target for BDNF-
mediated signaling [68]. BDNF induces phosphorylation
of GR, which, providing coordinated/paired actions of
BDNF and GCs, is apparently an essential link in the
neuroplasticity response to stress. Thus, the interaction
between GCs and BDNF against the background of the
influence of other molecules can contribute to plasticity
in the adaptive response to stress. Changing this inter-
action under extreme conditions may also be involved in
maladaptive responses to stress, leading to cognitive im-
pairments and disease states. Consistency between TrkB
and GR signaling is a determining factor for adequate cel-
lular responses to stress [60].

As noted earlier, chronic exposure to GCs causes
damage to neurons and dendrite atrophy, reduces neu-
rogenesis in the hippocampus and worsens synaptic plas-
ticity. Since GCs also alter the expression and signaling
of BDNF, which promotes neuroplasticity, increases
cell survival, hippocampal neurogenesis and cellular
excitability, it has been suggested that specific side ef-
fects of GCs may be mediated by reducing expression
and signaling of BDNF [13]. Glucocorticoid regulation
of BDNF occurs at several levels, from GC-induced
changes in BDNF mRNA to changes in TrkB-mediated
signaling. Bdnf transcription can be modulated by GCs
either by direct binding to putative glucocorticoid re-
sponse elements (GREs) present in promoter regions, or
by interfering with the activity of other factors contrib-
uting to Bdnf transcription, such as activator protein-1
complex (AP-1) and transcription factor CREB (cAMP
response element-binding protein) [69]. In addition to
transcriptional regulation of Bdnf, GC can also poten-
tially alter the translation of the Bdnf gene by modulating
the activity of the translational mechanism. The trans-
formation of secreted pro-BDNF into mature BDNF is
mediated by a variety of intracellular and extracellular
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proteases, including furin and prohormone convertases
inside the cell, as well as the plasmin—tissue plasmino-
gen activator (tPA) system and matrix metalloproteinases
outside the cells. GCs can modulate the levels or activ-
ity of intracellular and extracellular proteases and thus
regulate the levels of available mature BDNF. Mature
BDNF binds to intracellular chaperones that allow sort-
ing of BDNF by regulated secretory pathway or con-
stitutive pathway. Pro-BDNF and mature BDNF are
packaged and transported to either dendrites or axons.
BDNEF is released in response to neuronal activity and
postsynaptically interacts with its TrkB receptor or the
low-affinity p7SNTR receptor to activate various signal-
ing cascades. By binding to TrkB, BDNF activates the
pathways of mitogen-activated protein kinase (MAPK),
phospholipase C (PLC) and phosphatidylinositol-3-
kinase (PI3-kinase). Activation of these signaling path-
ways induces functional modulation of the underlying
target molecules involved in synaptic plasticity, neuronal
survival and cellular excitability. GCs potentially mod-
ulate the activity of these signaling pathways at several
levels. GCs prevent the interaction of TrkB with specific
adapter proteins such as Shp2, thus disrupting the acti-
vation of the MAPK pathway. In addition, they stimu-
late the transcription of the MAPK inhibitor protein,
MAPK-1 phosphatase (MKP-1), which stops the trans-
mission of MAPK signals. GCs also impair the interac-
tion of TrkB and GRs, thereby weakening the activation
of the phospholipase C pathway [69].

The role of BDNF as a trophic factor and a cen-
tral regulator of synaptic plasticity is implemented in
close interaction with other systems. First of all, the ef-
fect of BDNF depends on the coactivation of GCs and
other factors as determinants of the final cellular re-
sponse [66]. Excitatory neurotransmitter glutamate and
BDNF are the most important “regulatory pair” for
synaptic plasticity throughout the central nervous sys-
tem [70]. The BDNF system and the glutamatergic sys-
tem are closely related and actively interact in the forma-
tion of hippocampal plasticity. The connections between
the two systems are numerous and bidirectional, and
it is the complex and well-coordinated nature of these
connections that ensures optimal synaptic and cellular
plasticity [71]. Both systems are under the control of the
GCs, which ensure their coordination and synchronized
functioning. Both systems are associated with the patho-
genesis of depression, and the disruption of close and
well-balanced connections between them leads to ad-
verse changes in neural plasticity underlying depressive
disorders and other mental illnesses.

All neurotrophins are first synthesized as pro-neu-
rotrophins, and then cleaved intracellularly and extracel-
lularly. More and more evidence suggests that pro-neu-
rotrophins and mature neurotrophins play opposite roles
in the central nervous system. This idea concerns the
participation of nerve growth factor (NGF), BDNEF,
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neurotrophins 3 and 4 (NT3, NT4) and their corre-
sponding forms in cellular processes related to learning
and memory. Among the mechanisms of “maturation”
of BDNF, a completely specific posttranslational mech-
anism has been revealed, namely, the transformation of
the BDNF precursor into mature BDNF by proteolytic
cleavage [72]. In addition to the actively studied role of
BDNF, it turned out that specific biological roles in syn-
aptic plasticity are also played by endogenously secreted
by nerve cells BDNF precursor protein and BDNF pro-
domain, called BDNF propeptide [73]. Initially, it was
believed that pro-neurotrophins are simple inactive pre-
cursors responsible only for ensuring the folding of the
mature domain and for regulating the secretory pathway
of neurotrophins. However, it turned out that pro-neu-
rotrophins are biologically active due to the transmis-
sion of signals through specific receptors. Recent studies
show that pro-neurotrophins can be secreted into the
extracellular space, bind with high affinity to specific re-
ceptor complexes and induce activation of the apoptotic
mechanism with subsequent cell death of various neu-
ronal populations. In addition to obvious pathological
situations, extracellular pro-neurotrophins also play a
key role in many other cellular mechanisms in the ner-
vous system [74]. It has been shown that pro-neurotro-
phins mediate synaptic plasticity phenomenon, namely
long-term depression in hippocampal neurons, and are
important for the development of axons. The transfor-
mation of proneurotrophins into the corresponding ma-
ture form is controlled by the activity of several enzymes
(proteinases) and regulatory molecules. A failure in this
regulation is currently considered one of the possible
mechanisms responsible for the pathological cell death
associated with pro-neurotrophins. According to modern
concepts, neurobiological actions of three different sub-
types of brain neurotrophic factor are distinguished and a
multiligand model of growth factor signaling is formulat-
ed [75]. The effects of BDNF on the synaptic proteome
are realized either by affecting the mechanism of protein
synthesis, or by regulating protein degradation by cal-
pains and, possibly, by the ubiquitin-proteasome system
(UPS). This fine-tuned control of the synaptic proteome,
rather than just activation of protein synthesis, may play
a key role in BDNF-mediated synaptic potentiation [76].

Stress, which may remain a risk factor of the “low-
est common denominator” for a number of mental and
neurological diseases, affects the BDNF system in areas
and circuits of the brain that are selectively vulnerable
to external factors. This view is based on both experi-
mental and clinical data. It is noted that BDNF plays a
still underestimated multifactorial role as both a regula-
tor and a target for the transmission of GCs stress sig-
nals in the brain [77]. One of the hypotheses explaining
the occurrence and severity of mental and neurological
disorders is the loss of trophic support [13]. Indeed,
changes in BDNF levels and activity occur in numerous
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neurodegenerative and neuropsychiatric diseases. BDNF
deficiency contributes to vulnerability, whereas enhanced
function contributes to recovery by increasing survival,
synapse formation, and synaptic plasticity. Normal lev-
els of GCs support normal brain function, excessive se-
cretion of GCs accelerates the development of affective
disorders associated with stress. Another logic leading to
the same conclusions is based on the fact that the syn-
ergistic interactions between neuronal activity and syn-
aptic plasticity mediated by BDNF make it an ideal and
important regulator of cellular processes underlying cog-
nition and other complex behaviors, and the deficiency
of BDNF signaling contributes to the pathogenesis of a
number of brain diseases, such as Huntington’s disease,
AD, and depression [78].

The idea that impaired BDNF signaling may be as-
sociated with affective disorders arose primarily from data
on the opposite effects of antidepressants and stress on
BDNF signaling. Antidepressants enhance BDNF sig-
naling and synaptic plasticity, and harmful environmental
factors, such as severe stress, suppress BDNF signaling,
disrupt synaptic activity and reduce resistance to affective
disorders [79]. Studies in humans with a single nucleotide
polymorphism in the Bdnfgene, BDNF Val66Met, which
affects the regulated release of BDNF, have shown a deep
deficit in plasticity of the hippocampus and prefrontal
cortex, as well as in cognitive function. BDNF regulates
synaptic mechanisms responsible for various cognitive
processes, including attenuation of aversive memories,
which is a key process in the regulation of affective be-
haviors. Therefore, the unique role of BDNF in cogni-
tive function and affective behavior suggests that cogni-
tive deficits due to altered BDNF signaling may underlie
affective disorders. Stress and depression are associated
with neuronal atrophy and decreased synaptic connec-
tions in brain regions such as the hippocampus and pre-
frontal cortex, and these contribute to depressive behav-
ior, while treatment with antidepressants can reverse this
deficiency. Exposure to stress and depression reduces the
expression of BDNF in these structures, and treatment
with antidepressants can activate BDNF in the adult
brain and neutralize the effects of stress. New data on the
mechanisms of action of fast-acting antidepressants, in
particular, the NMDAR antagonist ketamine shown that
the observed rapid synaptic and antidepressive behavioral
effects of ketamine are associated with activity-dependent
release of BDNF [80].

BDNEF acts as a paracrine and autocrine factor on
both presynaptic and postsynaptic target sites. This is cru-
cial for converting synaptic activity into long-term syn-
aptic changes associated with memories. BDNF affects
dendritic spines and, at least in the hippocampus, neuro-
genesis, namely, changes in the rate of neurogenesis and
the density of spines can affect some forms of learning
and memory on the one hand or contribute to depressive
behavior on the other. With this in mind, it is not surpris-

ing that BDNF, one of the key molecules that modulate
brain plasticity and affect cognitive deficits, is associated
with aging and neurodegenerative diseases. Cognitive de-
cline with age is a major risk factor for cognitive diseases,
and changes in BDNF generation and secretion, as well
as BDNF/TrkB signaling, have been found in various
neurodegenerative diseases such as AD and Parkinson’s
disease, as well as mood disorders such as depression,
eating disorders, and schizophrenia [81, 82].

GLIAL MECHANISMS OF HIPPOCAMPAL
PLASTICITY MANAGED BY GLUCOCORTICOIDS:
ASTROCYTES, MICROGLIA,
NEUROINFLAMMATION

Astrocytes, the most common glial cells in the brain,
play a key role in regulating the synaptic plasticity of the
hippocampus. Previously, astrocytes were described as a
homogeneous cell population, but now it has been shown
that in the adult hippocampus, astrocytes are very het-
erogeneous and can react differently to changes in neu-
ronal activity depending on the hippocampal subregion,
actively modulating synaptic plasticity [83]. Changes in
the local activity of neurons regulate interactions be-
tween astrocytes and synapses, either by modulating the
secretion of gliotransmitters and synaptogenic proteins,
or through signaling pathways triggered by direct inter-
cellular contacts [84]. Such specific reactions induced
in astrocytes mediate interactions between astrocytes
and neurons, thereby forming synaptic communications
in the adult hippocampus. Violation of the regulation of
these interactions and signal transduction can cause dys-
function of the hippocampal neural networks in patho-
logical conditions, leading to cognitive impairment and
neurodegeneration. It has been shown that reactive as-
trocytes, in which the regulation of the transmission of
signals potentially related to learning and memory is dis-
rupted, are induced in the brains of patients with AD and
in transgenic murine models of AD [85].

Along with neurons, astrocytes are stress-reactive
cells, and the presence of astrocytic GRs determines the
direct regulation by GCs of these glial cells, including in
stressful situations. “Early life stress” (adversive experi-
ences in early ontogenesis, one of the most significant
risk factors for the development of mood disorders and
anxiety disorders later in life) is currently one of the most
commonly used and translationally valid GCs-depen-
dent stress models in rodents. Specifically in the limbic
system, stress at an early age causes long-term changes
in neural networks, neurotransmitter systems, neural ar-
chitectonics and plasticity, and these changes further sig-
nificantly affect the processing of emotional and cogni-
tive information. It has been shown that astrocytes, along
with neurons, also change functions almost for life after
early life stress [86]. As a component of the tripartite
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synapse, astrocytes interact with neurons in several ways,
affecting the uptake and metabolism of neurotransmit-
ters, secreting gliotransmitters and providing energy to
neurons in local networks. Thus, astrocytes modulate the
plasticity of neurons, mediating the long-term effects of
stress triggered by GCs at an early age.

As already mentioned, neurogenesis in the adult hip-
pocampus is one of the most remarkable forms of plas-
ticity, and there is increasing evidence that this process is
associated with both memory mechanisms and the devel-
opment of cognitive and depressive disorders. Astrocytes
are part of the neurogenic niche that provides a structural
and molecular support for stem cell proliferation and dif-
ferentiation as well as functional integration of new neu-
rons [87]. Astrocytes make a significant contribution to
the control of neurogenesis, and changes in the function
of astrocytes can disrupt the regulation of neurogenesis in
adults and contribute to cognitive impairment, including
in the context of AD and emotional disorders.

The central nervous system was previously consid-
ered an immune-privileged part of the body with no im-
mune cell responses, but this point of view has now been
completely revised. Microglia are resident tissue mac-
rophages, innate immune cells of the brain responsible
for supporting the functioning of neurons and immune
protection of the brain parenchyma. These are the pri-
mary immune effector cells in the central nervous sys-
tem, which regulate the broad interaction between the
nervous and immune systems in response to various im-
munological, physiological, and psychological stressors.
Therefore, microglia contributes to normal brain func-
tion, but is also involved in various cerebral patholo-
gies [88]. Microglia possesses high plasticity and plays
an integral role in the formation of the brain structure,
the improvement of neural circuits and synapses, active-
ly contributing to the plasticity of neurons in a healthy
brain. Recently, studies have revealed various features
of microglia specific to certain brain regions and have
shown that the maturation and function of individual
neural circuits may be potentially related to the molecu-
lar identity of microglia in different brain structures [89].
Microglia can play a role in physiological and patholog-
ical conditions, regulating the growth of axons and den-
drites, contributing to the formation, elimination and
movement of synapses, modulating the functioning of
excitatory synapses, participating in functional synaptic
plasticity. Ultimately, depending on environmental con-
ditions, microglia modulate the state of the hippocam-
pus in different ways and affects memory function [90].
As mentioned above, new neurons are constantly being
generated from stem cells and integrated into the adult
hippocampus, contributing to the highest level of neu-
roplasticity, memory function. Data have been obtained
that indicate the modulating participation of microglia
both in the formation of new neurons and in the mech-
anisms governing their inclusion in the neuronal circuits
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associated with the realization of memory [90]. The hip-
pocampal microglia interacts with local factors, such as
BDNF, and external stimuli that promote neurogenesis.
Microglia interacts with serotonin, a neurotransmitter
that is definitely involved in neurogenesis in adults and is
known for its role in antidepressant action [91].

Stressful events cause, among other things, a rap-
id increase in the level of brain and a slower increase
in GCs. Microglia, a key regulator of neuronal function,
contain adrenaline and GC receptors and can poten-
tially be involved in modulating the effects of stress on
neuronal function, learning, and memory [92]. Since
microglia in the mature brain affects synaptic signaling,
provides trophic support, and forms synaptic plasticity,
these cells are, along with neurons, participants in the
implementation of the regulatory effects of GCs on vari-
ous forms of brain plasticity.

Hyperactivity of HPAA in chronic stress and a num-
ber of neuropsychiatric diseases is caused by reduced in-
hibition of GC secretion by feedback, due to a decrease in
the transmission of HPAA signals and increased secretion
of CRH from the hypothalamic paraventricular nucle-
us and extrahypothalamic neurons. During inhibition of
systemic feedback caused by chronic stress, there is an in-
crease in the level of pro-inflammatory cytokines secreted
by both immune and non-immune cells, and the levels of
cytosolic GRs in the hippocampus and prefrontal cortex
change. Prolonged response to stress and an excess of cy-
tokines disrupts the plasticity of neurons, and inflamma-
tory reactions in the brain contribute to cell damage [93].
Stress, especially chronic, causes proliferation of micro-
glia, as well as its shift towards a pro-inflammatory phe-
notype. As a result of significant stress effects, the inter-
action of microglia with neurons and the transmission of
the glutamate signal is disrupted; the immune reactions
of microglia after stress affect metabolism of tryptophan
by activating the kynurenine pathway generating metab-
olites that disrupt glutamate transmission (kynurenic acid
is an endogenous antagonist of NMDARs). All these ef-
fects may underlie memory disorders and synaptic plas-
ticity alterations caused by severe or prolonged stress of
different nature. For example, psychological stress can
disrupt the function of microglia, which contributes to
impaired plasticity of neurons and the development of
changes in emotional behavior. Stress-induced microglial
dysfunction may underlie neuroplasticity deficiency asso-
ciated with many mental illnesses [88].

Activation of microglia is a distinctive feature of al-
most all known pathologies of the brain. Chronic activa-
tion of microglia can, in turn, cause damage to neurons
due to the release of potentially cytotoxic molecules,
such as pro-inflammatory cytokines, oxygen radicals,
proteinases and complement proteins [94]. The acute in-
flammatory response of microglia to injury, stress or in-
fection involves the release of cytokines and phagocyto-
sis of damaged cells. Accumulating data indicate chronic
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microglia-mediated inflammation in almost all diseases
of the central nervous system associated with the emo-
tional and cognitive spheres, and its connection with the
progression of diseases. The hippocampus is particularly
vulnerable to neuroinflammation. One of the reasons is
that chemokines and cytokines are involved in normal
neurogenesis, cellular plasticity, learning and memory.
Neuroimmune interactions and immune signaling mol-
ecules, especially chemokines, may be the main mecha-
nism combining plasticity and vulnerability of the hippo-
campus and switching these states under the influence of
external and internal factors [95].

Microglia regulates neuroimmune pathways that
affect neuroplasticity and potentially lead to depressive
disorders, the pathogenesis of which is directly related
to excessive secretion of GCs and impaired regulation
of HPAA. Several hypotheses have been proposed about
the role of microglia in the onset of depression, but all of
them somehow involve key molecular pathways mediating
microglia-related neuroinflammation and degeneration
of hippocampal neurons. Excess of GCs and associated
changes in the expression of neurotrophic factor genes,
as well as neuroactive substances secreted by the intesti-
nal microbiota, affect the morphology and phenotype of
microglia [96]. Neuropsychiatric disorders (e.g., mood
disorders, schizophrenia) and inflammation are closely
intertwined and possibly reinforce each other; for exam-
ple, depression contributes to inflammatory reactions,
and inflammation contributes to depression and other
neuropsychiatric disorders. Patients with neuropsychi-
atric disorders show all the main signs of inflammation,
including an increased level of circulating inflammatory
inducers, activated targets and inflammatory mediators
affecting all tissues. Inflammation can contribute to the
pathophysiology and clinical progression of these disor-
ders. It should be noted that an excess of pro-inflamma-
tory cytokines negatively modulates emotional behavior
and cognition, reducing the level of monoamines in the
brain, activating neuroendocrine responses, contributing
to excitotoxicity and disrupting brain plasticity. At the
same time, changes in the regulation of HPAA act as an
important trigger of inflammation [97].

It is believed that the inflammation in the central
nervous system plays a key role in the processes leading
to the death of neurons in a number of neurodegener-
ative diseases, including Parkinson’s disease, AD, prion
diseases, multiple sclerosis and HIV dementia. Repeated
exposure to stress, mediated by excessive secretion of
GCs and impaired control of HPAA, increases the risk
of neurodegenerative diseases, including sporadic AD.
Microglia is causally associated with the accumulation
of B-amyloid, tau pathology, neurodegeneration and
loss of synapses in AD, although it plays a positive role,
especially in the phagocytic elimination of an excess of
amyloid peptides. The involvement of microglia altered
as a result of chronic stress is associated, in particular,
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with the appearance of new microglia phenotypes, pre-
sumably related to neuroprotection in AD [98]. AD is
considered as a kind of pathological aging, but microg-
lia is a key cellular element in the mechanisms of normal
aging. Older people often experience cognitive decline
after stressful events (for example, infections or inju-
ries) that trigger activation of the immune system. This
is partly because aging increases the sensitivity of the mi-
croglial response to immune signals. In the aging brain,
microglia respond to these signals by producing more cy-
tokines and for a longer period. Although the presence
of microglia is necessary for the realization of memory,
overactivated by immune signals, microglia excessively
produces inflammatory cytokines. This is unfavorable
for memory function due to the powerful negative effect
of cytokines on hippocampal synaptic plasticity. BNDF
helps protect neurons from damage caused by infection
or trauma, and plays a critical role in the same process-
es of memory and plasticity of the hippocampus, which
are altered by a violation of the regulation of interleukins
production by microglia [99]. The excessive inflamma-
tory response of the brain that occurs during aging un-
der the influence of a secondary immune challenge may
weaken the ability to provide BDNF necessary for mem-
ory-related plasticity processes in hippocampal synapses.
HPAA malfunction in aging is most likely the key cause
of the multi-stage cascade, which is associated with im-
paired reactivity of microglia to stress factors.

GLUCOCORTICOIDS ARE INVOLVED
IN PROTEASE-DEPENDENT PLASTICITY
OF THE HIPPOCAMPUS

Since all plastic rearrangements in the brain are
somehow connected with the modification of the struc-
ture of protein molecules and the resulting changes in
their functioning, the regulation of enzymes that catalyze
posttranslational modifications of proteins is undoubt-
edly important for the realization of neuroplasticity phe-
nomena. Learning and memory require changes in the
number and strength of existing synaptic connections,
and extracellular proteolysis in synapses plays a key role
in synaptic plasticity, determining the structure, func-
tion and number of synapses. The early phase of the
well-studied phenomena of synaptic plasticity, long-term
synaptic potentiation and depression depends on post-
translational modifications of synaptic proteins. There is
ample evidence of the role of various types of proteases in
synaptic plasticity, which reflects the diversity of mech-
anisms involved in the regulation of intracellular and
extracellular protein content [100]. The cleavage of ex-
tracellular proteins is associated with changes in postsyn-
aptic intracellular mechanisms, and additional changes
in this compartment are the result of protease-mediat-
ed cleavage of intracellular proteins. Both mechanisms
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contribute to the initiation of signaling cascades that
control the downstream pathways associated with syn-
aptic plasticity. The review [100] summarizes data on
the role of extracellular and intracellular proteases with
different specificity, localization, and regulation of these
enzymes in synaptic plasticity. The combined actions
of proteases and translational mechanisms ensure tight
control of the synaptic proteome, which is important for
long-term plasticity. Nevertheless, it can be recognized
that the role of proteases in neuroplasticity is underesti-
mated due to an insufficient number of studies.

Regulated extracellular proteolysis plays a key role
in the structural and functional remodeling of synapses
during brain development, learning and memory forma-
tion. Synapses of mossy fibers on pyramidal cells of the
hippocampus CA3 subfield demonstrate several unique
functional features, including short-term facilitation,
presynaptic mechanisms of long-term potentiation inde-
pendent of NMDAR activation, and NMDA-dependent
metaplasticity. Functional and structural plasticity of
mossy fiber synapses is mediated by extracellular prote-
olysis. It has been shown that among perisynaptic prote-
ases, tissue plasminogen activator (tPA)/plasmin system,
[-secretase (BACE1), an enzyme that cleaves the amy-
loid precursor protein (APP) and metalloproteinases play
vital roles in the plastic changes [101]. Although it is gen-
erally recognized that it is the synaptic plasticity of the
excitatory synapses of the hippocampus that plays a cru-
cial role in the formation of memory traces, some com-
ponents of neuroplasticity are associated with non-syn-
aptic alterations. The activity of extracellular proteases
can affect the processing of information in neuronal net-
works by affecting targets outside synapses. Interestingly,
extracellular proteolysis can change the internal excitabil-
ity of neurons and the balance of excitation/inhibition
both in the short term (from minutes to hours) and in the
long-term range. Moreover, it turns out that by cleaving
the components of the extracellular matrix, proteases can
modulate the function of ion channels or change inhibi-
tion and, consequently, facilitate the active participation
of dendrites and initial axon segments in regulating the
function of neurons. In general, both rapid and prolonged
extracellular proteolysis can affect some aspects of infor-
mation processing in neurons, such as initiation of action
potential, adaptation of spike frequency, properties of ac-
tion potential and back propagation in dendrites [102].

The regulatory effects of GCs on the activity of pro-
teases important for neuroplasticity are also insufficient-
ly studied; however, there are results indicating that this
group of enzymes is under the control of GCs, although
the specific mechanisms are not always described in de-
tail. A number of data on changes in the activity of prote-
ases important for neuroplasticity induced by stress, GCs
or their receptor ligands point to the role of proteases as
one of the main factors in the regulation of neuroplasti-
city coordinated by GCs.
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Before considering the data on the GC-related pro-
teolytic activity of brain proteases in the realization of
neuroplasticity phenomena, it should be stated that the
detrimental effect of chronically elevated levels of GCs on
the structure and function of neurons up to their death has
been repeatedly described and can be considered a com-
mon place. The pro-apoptotic effects of GCs, leading
to the death of neurons, by definition include activation
of apoptotic proteases, including caspases and calpains.
Nevertheless, even such “destructive” enzymes are ex-
pressed in basal conditions and cleave proteins import-
ant for normal neuroplasticity. For example, earlier we
showed that caspase-3 is necessary to maintain normal
plasticity of the hippocampus, since there are many pro-
teins (including cytoskeletal) among its substrates, limited
proteolysis of which is necessary for the implementation
of normal synaptic plasticity [103, 104]. Calpains are a
family of soluble calcium-dependent proteases that are
involved in many regulatory pathways and also play an
essential role in neuroplasticity. Two isoforms of calpain,
calpain-1 and calpain-2, execute opposite functions in
the brain. Activation of calpain-1 is necessary for certain
forms of synaptic plasticity and the corresponding types of
learning and memory, while activation of calpain-2 limits
the degree of plasticity and learning. Calpain-1 has a neu-
roprotective effect both during postnatal development and
in adulthood, whereas calpain-2 has a neurodegenerative
effect [105]. Unfortunately, there are little direct data on
the mechanisms of regulation by GCs of “apoptotic” pro-
teases, caspases and calpains, in the realization of normal
plasticity. It was shown that in the hippocampus of adult
Wistar rats, 10-day immobilization stress led to a signif-
icant decrease in the number of neuronal and astroglial
cells in the CAl and CA3 regions, an increase in the num-
ber of caspase-3-positive cells, an increase in GR mRNA
levels and a decrease in MR mRNA levels (maximum in
the dentate gyrus and CA3 region) [106]. In this experi-
ment, the appearance of active caspase-3 was apparently
associated with apoptotic cell death.

Based on the pleiotropic function of proteases, it
can be assumed that there are many potential targets of
proteases in the realization of synaptic plasticity in the
hippocampus and that these processes are associated
with GCs. For example, GCs can modulate the levels or
activity of intracellular and extracellular proteases and
thus regulate the levels of available mature BDNF [13].
Diffuse and structured extracellular matrix makes up
about 20% of the brain volume and plays an important
role in the development and plasticity of the adult brain.
Perineuronal networks, specialized structures of the ex-
tracellular matrix, surround certain types of neurons
in the brain. Stress affects the diffuse matrix, as well as
perineuronal networks, and the effects of stress depend
on age and brain region [107]. Metalloproteinases are
a component of the extracellular matrix and targets of
GCs/stress. The activity of metalloproteinase 9 (MMPY),
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a gelatinase involved in the processes of synaptic plas-
ticity, learning and memory, was increased both in ani-
mal models with chronic stress and in peripheral blood
samples of patients with depression. In a mouse model
of depression/anxiety due to chronic corticosterone ad-
ministration, MMP9 activity and protein levels were sig-
nificantly increased, and levels of the MMP9 substrate
nectin-3 were reduced in the hippocampus, mainly in
the CAl and CA3 regions [108]. MMP9 activity cor-
related with despair behavior in this depression model.
Remodeling of the hippocampus under chronic stress
is accompanied by overexpression of GRs, proteasomes
and caspase-3. In cultured rat astrocytes, the addition of
the glucocorticoid dexamethasone reduced the basal lev-
els of MMP3 and MMP9 mRNA, however, pretreatment
with dexamethasone reduced the endothelin-induced
increase in mRNA of MMPs. The effects of endothe-
lin-1 on the release of MMP3 and MMP9 proteins were
reduced by pretreatment with dexamethasone. These
results show that dexamethasone suppresses astrocytic
endothelin receptors and reduces endothelin-induced
MMP production [109]. In primary cultures of endothe-
lial cells of rat brain microvessels, dexamethasone partial-
ly inhibited cytokine-induced activation of MMP9 [110],
and in the mouse line of cerebral vascular endothelium
cEND dexamethasone induced expression of the MMP
inhibitor TIMP-1, which effectively suppresses the activ-
ity of MMP9 [111]. It has also been shown in Danio rerio
fish that the expression of the Mmp 13 gene in the brain is
a target for GCs [112].

In most cases, the molecular mechanism underlying
the pathogenesis of sporadic AD is unknown. Elevated
basal cortisol levels in patients with AD suggest that GCs
may contribute to the development and/or maintenance
of AD. Amyloid plaques are a hallmark of AD, and it is
believed that they play a role in the early stages of AD.
However, little is known about how their formation is
regulated by stress and GCs. It was shown in [113] that
GCs stimulate the formation of astrocytic 3-amyloid pep-
tide by increasing the expression of APP and APP-cleav-
ing enzyme BACE]I, as well as reducing the expression
of PB-amyloid-degrading proteases. The accumulation
of astrocytes is one of the earliest changes in AD brain.
It has been shown that GCs increase the production of
-amyloid in primary astrocyte cultures by increasing
the expression of the App gene and the BACEI f3-site.
Noteworthy, the administration of GCs to normal mid-
dle-aged mice contributed to the expression of APP and
BACEI] in astrocytes. GCs significantly reduced the deg-
radation and clearance of 3-amyloid by astrocytes in vitro,
thereby limiting the neuroprotective capabilities of astro-
cytes. This could be due to a decrease in the activity of
several proteases that degrade B-amyloid peptides, such
as insulin-degrading enzyme and MMP9. These effects
were mediated by activation of receptors of GCs. Thus,
GCs can enhance the accumulation of B-amyloid, reduce
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its degradation in astrocytes, and thus form a molecular
mechanism linking stress factors with the development
of AD. In primary cultures of neocortical neurons, cor-
ticosterone (1 um), depending on the duration of appli-
cation, inhibited the production of the enzyme BACEI
(with a single application), which was accompanied by a
decrease in amyloid-f3(1-42) levels, or activated the ex-
pression of BACEI and 3-amyloid(1-42) (with prolonged
use) [114]. Apparently, in this way, GCs are able to regu-
late the accumulation of 3-amyloid fragment 1-42 in AD.

GLUCOCORTICOIDS ARE INVOLVED
IN THE REGULATION OF HIPPOCAMPAL
PLASTICITY BY METABOLIC HORMONES

GCs, “stress hormones” coordinate the metabolism
and energy status of the body, they are associated with
the metabolism of nutrients. For example, the circadian
rhythm of GCs secretion is regulated by the time of food
consumption in both rodents and humans: GCs levels
increase before food intake, and manipulations with the
eating regime change the nature of GCs secretion [115].
At the same time, low energy reserves quickly stimulate
the secretion of ACTH and GCs in situations of negative
energy balance. Patients with an excess of GCs, either
endogenous (Cushing syndrome) or exogenous (cortico-
steroid treatment) origin, are characterized by increased
appetite and fat accumulation, while patients with a de-
ficiency of GCs (Addison disease) — decreased appetite
and weight loss; similar patterns were obtained in animal
studies [115]. Indeed, the system regulating stress respons-
es, HPAA, also regulates responses to food intake, since
the neural circuits regulating food intake converge in the
paraventricular nucleus, which includes CRH- and uro-
cortin-containing neurons. Given the same anatomy, the
systems that control food intake and stress response can
influence each other. Complex mechanisms of such in-
teraction include GCs levels (depending on the severity
of the stressor), interaction between GCs and food in-
take-related neuropeptides, in particular neuropeptide Y,
a-melanocyte-stimulating hormone, agouti-like pro-
tein, melanocortins and their receptors, CRH, urocor-
tin and peripheral signals (leptin, insulin, ghrelin) [116].
Hormones regulating eating behavior regulate HPAA and
are controlled by this axis.

At the periphery, insulin plays a critical role in reg-
ulating metabolic homeostasis by stimulating glucose
uptake by peripheral organs. For decades, the brain has
been mistakenly considered an insulin-insensitive organ,
but recently research has begun on the mechanisms by
which insulin contributes to critical brain functions such
as metabolism, cognition and motivated behavior. There
is no more doubt about the existence of insulin-medi-
ated synaptic plasticity in the brain both in normal and
pathological conditions [117]. In the central nervous
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system, insulin plays a crucial role in the formation of
neural circuits and synaptic connections and contrib-
utes to the plasticity of the adult brain. A decrease in
the activity of insulin receptors and the transmission of
its signals in the brain (insulin resistance), as shown by
clinical and preclinical studies, causes a deficit of neuro-
plasticity, leading to a decrease in cognitive function and
an increase in the risk of neuropsychiatric disorders (in
particular, this is observed in obesity and type 2 diabetes
mellitus) [118]. The brain’s insulin resistance is directly
related to the plasticity of the hippocampus, since the
transduction of insulin signals affects the molecular cas-
cades in the hippocampus underlying plasticity, learning
and memory, and also modulates neurogenesis in the
subgranular neurogenic niche [119]. It has also now be-
come apparent that the metabolic hormone leptin per-
forms many functions in the brain that go beyond its es-
tablished role in hypothalamic control of energy balance.
The hippocampus contains regions with a high density
of leptin receptors, which, in particular, are localized on
the synapses of the CAl field. Leptin has a pro-cognitive
effect, since it rapidly changes the synaptic efficiency in
excitatory Shaffer collateral-CAl and temporoammonic-
CAl synapses, increasing the efficiency of memory in
tasks dependent on the hippocampus. The sensitivity
of the hippocampus to leptin declines functionally with
age, in particular, the modulatory effect of leptin in syn-
apses of both types decreases during aging [120].

The hippocampus expresses high levels of both insu-
lin and leptin receptors, as well as key components of re-
spective signaling cascades, whereas both hormones mod-
ulate hippocampus-dependent cognitive functions [121].
Both leptin and insulin affect key cellular events in the
hippocampus underlying learning and memory, includ-
ing activity-dependent synaptic plasticity and transport
of glutamate receptors to the synapses. The hippocampus
is selectively sensitive to neurodegenerative processes, in
particular in AD, in which the functions of leptin or insu-
lin are impaired. Thus, the ability of metabolic hormones,
leptin and insulin, to regulate the synaptic function of the
hippocampus is important for normal brain function, as
well as for the development of cognitive decline. The brain
insulin resistance may be a key factor causing cognitive
impairments observed in metabolic and neurodegenera-
tive diseases. The critical role of insulin resistance in co-
morbidities of metabolic and neurodegenerative diseases
is established. Type 2 diabetes mellitus is a risk factor for
the development of cognitive deficits and AD (people with
diabetes have a 2.5 times higher risk of developing demen-
tia). Importantly, the effect on hippocampal neurogenesis
is considered as one of the important targets of the patho-
genic influence of insulin resistance [122].

The general neurobiological pathways characteristic
of type 2 diabetes and depressive symptoms are currently
being widely discussed, taking into account the morpho-
logical and neurocognitive data obtained recently. Clini-
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cal studies have shown frequent coexistence of depression
and diabetes; both diseases are associated with similar
changes in the brain and behavior. Some morphological
and functional changes that occur in these diseases ap-
pear to be the result of an excess of pro-inflammatory cy-
tokines or glutamate. Stress-induced GCs not only affect
synaptic plasticity, but also disrupt glucose metabolism
in the brain and reduce insulin sensitivity [123]. A sim-
ilar decrease in neuroplasticity in stress-sensitive brain
regions, primarily in the hippocampus, may be associ-
ated with both type 2 diabetes and depressive symptoms,
diabetic patients showing a decrease in neuroplasticity,
including morphological abnormalities and subsequent
neurocognitive deficits, similar to those characteristics
of patients with depressive symptoms [124]. Functional
neuroimaging studies have demonstrated altered glu-
cose metabolism in the brain of patients with depres-
sion. Changes in the number or activity of key metabolic
enzymes and lower sensitivity of insulin receptors were
found in the brains of animal models of both discases.
It is obvious that an excess of GCs can disturb the action
of insulin and glucose metabolism and restrict energy sup-
ply for the proper functioning of neurons and, ultimately,
lead to a violation of synaptic plasticity [123, 125].

HIPPOCAMPAL PLASTICITY
IS SEX-DEPENDENT: INVOLVEMENT
OF STEROID HORMONES

Numerous studies have demonstrated differences
between men and women in the structure, function, and
plasticity of the hippocampus. Sex differences in the mech-
anisms of neuroplasticity are one of the most important,
but obviously insufficiently studied problems. The impor-
tance of this research area is determined not only by ob-
vious fundamental issues, but also by the fact that almost
all diseases associated with neuroplasticity disorders (and
these are all cerebral pathologies affecting both the cogni-
tive and emotional spheres) specifically depend on gender.
There is a lot of data on the different predisposition of men
and women to diseases in which the hippocampus plays
an important role, and it is obvious that sex differences
in the function of the hippocampus are essential for un-
derstanding the mechanisms of cognitive and mental dis-
orders depending on gender [126]. The insufficient num-
ber and quality of experimental studies in this area also
has an objective reason — the obvious convenience and
ease of working with males of small experimental animals.
As a result, the predominant number of studies were per-
formed on males, the minimum — on females, and com-
parative studies with the design including animals of both
sexes, remain in the overwhelming minority. Nevertheless,
in recent years, data have been obtained that allow us to
get closer to understanding the steroid-associated mecha-
nisms of the sex-dependent neuroplasticity.
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Sex differences in hippocampal function are observed
in many mammalian species. However, the magnitude,
degree, and specificity of these differences are unclear,
as they may depend on factors such as age, methodolo-
gy used, and environmental factors [127]. Pyramidal cells
of the hippocampal CA3 subfield of male and female rats
differ in structure, function and plasticity, and these sex
differences cannot be explained simply by the action of
circulating gonadal hormones [128]. To date, sex differ-
ences have been established for various mechanisms of
hippocampal plasticity, cognitive functions, as well as for
a number of pathological states affecting hippocampal
plasticity. For example, meta-analysis shows that males
outperform females in tasks that depend on the hippo-
campus in rodents and humans; in addition, women are
more likely to have a more pronounced decrease in cog-
nitive functions in AD and depression, and both diseases
are characterized by hippocampal dysfunction. The hip-
pocampus is a very plastic structure, important for pro-
cessing high order information and sensitive to environ-
mental factors such as stress. The structure retains the
ability to produce new neurons, and this process plays an
important role in pattern separation, proactive behavior,
and cognitive flexibility. Interestingly, in rodents, notice-
able sex differences were found in the level of neurogene-
sis and activation of new neurons in response to cognitive
tasks dependent on the hippocampus [126].

Previously, it was believed that sex steroid hormones
are synthesized exclusively in the gonads (for example, es-
trogens in the ovaries) and cause transcriptional changes
in the period from several hours to several days. Howev-
er, estrogens are also locally synthesized in neural cir-
cuits (neuroestrogens), where they quickly (within a few
minutes) modulate a number of behavioral responses,
including spatial learning and contacts. More and more
experimental data suggest that neuroactive sex steroids
(neurosteroids) are necessary for memory formation.
Neurosteroids have a profound effect on the function and
structure of nerve circuits, and local synthesis of these
hormones is necessary for the induction of both long-term
potentiation and long-term depression of synaptic trans-
mission, as well as for the formation of nerve processes in
various areas of the nervous system. With a certain degree
of simplification, it can be concluded that in the hippo-
campus 173-estradiol (E2) is necessary for the induction
of long-term potentiation, and S5a-dihydrotestosterone
(DHT) is necessary for the induction of long-term depres-
sion. The rapid effect of sex neurosteroids on long-term
synaptic plasticity, including memory formation, requires
the maintenance of tonic or phasic local synthesis of ste-
roids controlled by neural activity, but may also depend on
circulating hormones, age and sex of the animal [129].

The influence of sex hormones (estrogens, andro-
gens, and progesterone) and GCs is mediated by various
types of steroid receptors involved (membrane or nucle-
ar) and is accompanied by local metabolic transforma-
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tions. Sex-dependent characteristics of hippocampal plas-
ticity are described for different regions of this structure
and relate to almost all systems that implement plastici-
ty mechanisms. For example, changes in the structural
plasticity of the hippocampus in response to estrogens in
female rodents have been well studied [130]. In particu-
lar, the idea that estradiol can act as a local neuromod-
ulator in the brain, rapidly affecting synaptic function,
has been confirmed by studies conducted over the past
30 years. De novo estradiol synthesis in the brain has been
demonstrated, as well as signaling mechanisms mediat-
ing responses to the hormone, along with morphological
data indicating rapid changes in synaptic input after an in-
crease in local estradiol levels [131]. Estrogens modulate
and mediate the formation of spines and synapses, cellular
and molecular reactions of the hippocampus, as well as
neurogenesis. Dendritic spines, postsynaptic structures of
synapses, are essential for synaptic plasticity and learning.
The formation and modulation of dendritic spines are al-
tered by both the rapid (probably non-genomic) and clas-
sical (genomic) action of estrogens, and it is assumed that
these mechanisms play a role in the effects of estrogens on
learning and memory. Rapid non-genomic modulation
of dendritic spines in the hippocampus by neurosteroids
and androgens, along with GCs, has been described [132].
Sex steroids (dihydrotestosterone, testosterone, estradiol,
and progesterone) and GCs modulate hippocampal syn-
apses due to kinase-dependent signaling mechanisms, pro-
viding rapid non-genomic modulation of dendritic spino-
genesis. Synaptic (classical) sex steroid receptors are also
involved in triggering these rapid synaptic modulations.
Studies of sexual dimorphism in synaptic coding
processes underlying learning have been systematically
conducted recently. Experiments on male rodents were
carried out on a model of long-term potentiation, activity-
dependent increase in synaptic strength, as a coding
mechanism for identifying synaptic receptors and signal-
ing activity that coordinate activity-dependent remodeling
of the subsynaptic actin cytoskeleton, crucial for persistent
potentiation and memory. In females, the same mecha-
nisms are utilized for long-term potentiation and memory,
but only in females, the use of both modulatory receptors,
such as TrkB and synaptic signaling mediators, including
Src and ERK1/2, require estrogen synthesized in neurons
and signaling through the membrane-associated estrogen
receptor a (ERa). Due to the additional involvement of
ERa, females have a higher threshold for long-term hip-
pocampal potentiation and spatial learning [133]. The ev-
idence that estrogen promotes learning-related plasticity
by modifying the synaptic cytoskeleton, and the acute
stimulating effects of estrogen on glutamatergic transmis-
sion and long-term potentiation allow us to explain the
significant effect of the steroid on behavior. Recent study
has identified the mechanisms underlying these synaptic
actions [134]. 17p-estradiol triggers actin polymeriza-
tion in the dendritic spines of the hippocampus through
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a signaling cascade starting with GTPase RhoA and end-
ing with inactivation of the cofilin, the protein that cuts
the filament. Along with direct action, the hormone ac-
tivates the synaptic receptors TrkB of BDNF, a secreted
neurotrophin that stimulates the pathway from RhoA to
cofilin. Therefore, it is possible that 17(3-estradiol acts
through transactivation of neighboring receptors, modify-
ing the composition and structure of excitatory contacts.

Several decades ago, it was suggested that BDNF me-
diates some of the effects of estrogen in the hippocampus
and that these interactions play a role both in the normal
brain and in some diseases. For example, the interaction
between BDNF and estrogen is shown in the synapses of
the mossy fibers of the hippocampus in rodents: 173-es-
tradiol alters the function of the hippocampus, affecting
the expression of BDNF in these synapses. Apparently,
estrogen affects the hippocampus through mechanisms re-
lated not only to the mature form of BDNF acting on TrkB
receptors, but also by regulating the precursor, pro-BDNF
acting on the p75NTR receptor. It is assumed that inter-
actions between BDNF and 173-estradiol in mossy fibers
are potentially important for normal hippocampal func-
tion and are important for sex differences in functions
dependent on mossy fibers, and also in diseases in which
plasticity of mossy fibers is assumed to play an important
role (AD, epilepsy, and drug addiction) [135]. In general,
a special threshold of long-term potentiation in females is
associated with sex-specific information processing and
the specific features of their learning and memory.

In the last decade, there has been a significant in-
crease in research studying the role of fundamental neu-
roimmune processes as key mechanisms that can form
a natural bridge between normal physiology and patho-
logical outcomes. To date, results have been obtained
that stressful events cause time-dependent and stress-
or-specific patterns of cytokine/chemokine expression in
the brain, and inflammation-related genes demonstrate
unique expression profiles in females and males depend-
ing on individual, cooperative or antagonistic interactions
between steroid hormone receptors (primarily receptors
of estrogen and GCs) [136]. Thus, neuroimmune stress
mechanisms, largely associated with hippocampal plas-
ticity, depend on gender, and this is important for the
pharmacotherapy of stress-related diseases.

As mentioned above, neuroestradiol synthesized in
the hippocampus plays an important role in neuroplasti-
city, regardless of the circulating estradiol that is secreted
from the gonads. The reaction of the hypothalamic-pitu-
itary regions to the synthesis of neuroestradiol in the hip-
pocampus opens up prospects for a new scientific concept
in cognitive neuroscience. The existence of a new regula-
tory axis hypothalamus-pituitary-hippocampus is postu-
lated. It is assumed that the plasticity of the hippocampus
is regulated by neuroblasts, the main cellular unit of func-
tional neurogenesis in the adult hippocampus, and defects
in differentiation, integration and survival of neuroblasts
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in the hippocampus, apparently, are the main cause of
neurocognitive disorders. Gonadotropin receptors and
steroidogenic enzymes have been found to be expressed
in hippocampal neuroblasts. Based on the available data,
the cellular basis of neuroestradiol synthesis, the poten-
tial relationship between neuroestradiol synthesis and
neuroblastosis in the hippocampus, the possible involve-
ment of aberrant neuroestradiol production in mitochon-
drial dysfunctions and dyslipidemia in menopause and in
adults, the pathogenesis of neurodegenerative disorders is
re-evaluated. These phenomena are discussed within the
framework of the hypothesis of the functioning of the hy-
pothalamic-pituitary-hippocampal axis in the adult brain.
Ultimately, understanding the regulation of hippocampal
neurogenesis by abnormal levels of neuroestradiol on the
feedback principle can provide an additional basis for the
development of neuroregenerative therapeutic treatment
of emotional disorders, depression and cognitive decline
in menopause, as well as neurocognitive disorders [137].

CONCLUSION. TRANSLATIONAL ASPECTS
OF GLUCOCORTICOID-REGULATED
HIPPOCAMPAL PLASTICITY

1t is simple to make things complex,
but complex to make things simple

Meyer’s 3rd Law

Animal studies have shown that the hippocampus is
a particularly sensitive and vulnerable area of the brain
that reacts to stress and stress hormones. The hippocam-
pus is an important part of the brain for the realization of
working and spatial memory in animals and humans, as
well as a vulnerable and plastic structure with respect to
its sensitivity to epilepsy, ischemia, traumatic brain inju-
ry, stress, and aging. Understanding the detrimental ef-
fects of elevated levels of GCs on the functioning of brain
structures selectively sensitive to these hormones, primar-
ily the hippocampus, stimulated interest in studies of the
effect of chronic hypercorticism on the brain. In patients
with Cushing syndrome, memory disorders associated
with the hippocampus are revealed, while functional dis-
turbances of the hippocampus precede structural anom-
alies detected by neuroimaging methods. Patients with
Cushing syndrome also have impaired executive functions
(including decision-making) and other functions, such as
visual-constructive skills, speech, motor functions, and
information processing speed. Early diagnosis and rapid
normalization of hypercorticism can stop and prevent the
progression of hippocampal lesions and memory disor-
ders. Among patients with Cushing syndrome, there is a
high prevalence of psychopathology, primarily depres-
sion and anxiety, also associated with excessive secretion
of GCs and changes in the hippocampus [138].
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Treatment of critical illnesses usually focuses on
short-term physical recovery of the patient, however,
people who have survived a serious illness have a signifi-
cantly increased risk of developing persistent cognitive
impairment and mental disorders. The paper [139] dis-
cusses in detail the role of endogenous and exogenous
GCs in the development of neuropsychiatric pathologies
after critical illnesses. Such diseases are characterized by a
sharp increase in the level of free cortisol and suppression
of the level of ACTH, which usually normalize after re-
covery, but sometimes there may be a long-term violation
of HPAA regulation. High levels of GCs can cause long-
term changes in plasticity and structural integrity of the
hippocampus and prefrontal cortex; this mechanism may
probably contribute to impaired memory and cognitive
abilities in critical condition survivors, although rigorous
evidence for this assumption has not yet been obtained.
Nevertheless, a variety of cerebral pathologies affecting
the cognitive and emotional spheres are associated with
elevated levels of GCs, from depressive disorders to epi-
lepsy [140], stroke [141, 142], and traumatic brain inju-
ry [143, 144]. The general mechanisms of various brain
pathologies confirm not only frequent comorbidities, but
also the development of some pathologies on the basis
of others. For example, depression is a risk factor and a
component of AD, it can also be a trigger of the initial
stage of AD [145, 146].

Excess of GCs disrupts the function and impairs the
structure of the hippocampus, an area of the brain key to
learning, memory, and emotions. The selective vulner-
ability of the hippocampus to stress, mediated by GCs
secreted during stress, is the price for the high functional
plasticity and pleiotropic functions of this limbic struc-
ture. Molecular and cellular mechanisms common to
many cerebral pathologies include GR dysfunction, hy-
perglutamatergic states, disruption of neurotrophic factor
systems, the development of neuroinflammation leading
to neurodegeneration and loss of hippocampal neurons,
as well as disorders of neurogenesis in the subgranular
neurogenic niche and the formation of aberrant neural
networks [17, 147]. These GC-dependent processes are as-
sociated with an altered response to stress and the develop-
ment of chronic concomitant pathologies caused by stress.

Over the past 50 years, the concept of stress has
changed significantly, and our understanding of the un-
derlying neurobiology has expanded dramatically [148].
Stress biology is relevant not only in unusual and threat-
ening conditions, but modern understanding defines
it as a continuous adaptive process of assessing the en-
vironment, overcoming its factors and giving a person
the opportunity to anticipate future problems and cope
with them. The fundamental neural circuit underlying
these processes is generally understood, the key molec-
ular players have been identified, and their influence on
neuroplasticity has been established. However, concepts
about the mechanisms of pathogenesis of brain diseases

GULYAEVA

are increasingly being revised, which took into account
the role of any one individual system as a key one. This
is clearly seen in the example of the evolution of under-
standing the pathogenesis of depression. There are sev-
eral theories of depression that suggest, alternatively,
violations of the HPAA regulation, modulation of mono-
aminergic neurotransmission, changes in neurotrophic
factors and activation of neurogenesis in the hippocam-
pus, but none of these theories sufficiently explains the
etiopathology and approaches to the treatment of depres-
sion. Simultaneously, concepts based on violations of the
BDNF system or neurogenesis emphasize the important
role of neuroplasticity in depression and the fact that the
hippocampus is an important anatomical area associated
with depression. Studies have shown that some antide-
pressants can treat depression by changing the plasticity
of the hippocampus, and the latest versions of the theory
postulate that it is the synthesis of multiple mechanisms
of brain plasticity, including changes in neurogenesis and
the BDNF system, that can fuse numerous “monotheo-
ries” [149]. The second example is the recognition of the
role of stress in the mechanism of the AD pathogenesis,
a multifactorial neurodegenerative disease [150]. Accu-
mulating clinical and experimental data indicate the key
role of stress in the development of AD. Chronic stress
and its accompanying high level of GCs secretion trig-
ger, along with many others, two main pathomechanisms
of AD: improper processing of APP and the formation
of B-amyloid, as well as hyperphosphorylation and ag-
gregation of tau protein, also associated with changes in
neuroplasticity. Considering that depression is directly
related to stress, and evidence that depression is a risk
factor for AD, the neurobiological mechanisms common
to these diseases are the changes described in this review
that lead to impaired plasticity of the hippocampus.

The main data considered in this review are sum-
marized in a fairly simple diagram (Fig. 2). It is shown
how the cascade signaling of the HPAA by binding its fi-
nal hormones, GCs, to the corticosteroid receptors of the
hippocampus controls various targets — key components
of a complex and multilevel system of plasticity of the hip-
pocampus. On the one hand, this scheme shows potential
key targets of neuroplasticity regulation by GCs in accor-
dance with experimental and clinical data accumulated
to date. On the other hand, this scheme does not contain
information about dozens of mechanistic connections
between different target systems of GCs, the influence of
each of these systems on the effects of GCs, as well as the
regulatory influence of GCs on the interaction between
these systems. These data are given in the text, but their
display in this figure turned out to be almost impossi-
ble, in full accordance with the famous statement of Paul
Valéry: “Everything that is simple is theoretically false,
everything that is complicated is pragmatically useless.”
Thus, analyzing the scheme, it should be borne in mind
that almost all targets regulated by GCs are densely inter-
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Fig. 2. Control of the adult hippocampal plasticity by glucocorticoids. The summary diagram shows the main ways of control by glucocorticoid
hormones (GCs) of various plasticity mechanisms. The hypothalamic-pituitary-adrenal axis is shown on the left (HPAA; the names of its compo-
nents are marked in red; the names of the main hormones in the framework: corticotropin-releasing hormone (CRH), adrenocorticotropic hor-
mone (ACTH), cortisol (in humans) or corticosterone (in rodents). The remaining components of the limbic system of the brain, the hippocampus
and the amygdala are also indicated. The left column shows the key systems of the hippocampus that determine its plasticity and are simultaneously
targets of GCs (blue background). In the next column (green background), the main pathological effects on these systems of an excess of GCs
resulting from HPAA dysfunction and/or stress (severe, chronic in adults or stress in the early period of ontogenesis) are noted. The last column (red
background) presents diseases and conditions for the pathogenesis of which the key is the development of pathological consequences of GC-depen-
dent alterations of hippocampal plasticity. It should be noted that the influence of GCs on the targets indicated in the blue column is not necessarily
direct. In addition, one red arrow can include multiple mechanisms by which GCs act on a specific target. Detailed explanations are provided in the

respective sections of the text.

connected by numerous processes at the molecular, sub-
cellular, and cellular levels. Taking into account the third
Meyer’s law, which states as an epigraph to this chapter
that “it is simple to make things complex, but complex to
make things simple”, at this stage of the consideration we
leave a simple scheme that illustrates the role of the GCs
as a “conductor” of a multicomponent orchestra support-
ing the neuroplasticity of the hippocampus, but we imply
the presence of complex relationships between the or-
chestra members and their feedback with the conductor.
In various pathologies of the brain, along with viola-
tions of the HPAA control, secretion of GCs, expression
and properties of their receptors, changes occur in each of
the systems presented in the diagram. The importance of
each of these systems is beyond doubt, therefore, the key
components of each system are considered as targets for
therapy and approaches (pharmacological and non-phar-
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macological) to the modulation of these targets are being
developed. So far, such approaches have not led to out-
standing success in the treatment of cerebral pathologies.
If GCs really perform the conductor role of hippocampal
neuroplasticity, perhaps more attention should be paid
to the potential possibilities of correcting HPAA and the
state of corticosteroid receptors? Logic suggests that if
you manage to adjust the basic regulatory system, a pos-
itive effect will be exerted on the underlying components
that are pathologically altered as a result of the central
system dysfunction. It is obvious that it is extremely dif-
ficult to directly influence such a complex neurohumoral
system as HPAA, but it is very likely that it is the achieve-
ment of control of this system that will allow maintaining
an optimal level of neuroplasticity and thereby make the
long-awaited breakthrough in the therapy of cognitive and
emotional disorders, as well as the related comorbid states.



584

The synthesis of new ligands of MR and GR, the results
of their use in experiments on models of brain diseas-
es and the preliminary results of their use in the clinic
[151-157] allow us to hope that this approach will bring
longed-for success.
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