
The complicated structure of the hippocampus (dif-

ferent subfields, septo-temporal gradient) and its connec-

tions with other essential parts of the brain provide its key

position in realizing different forms of behavioral plastic-

ity and response to environmental factors. The hip-

pocampus, an important brain structure for working and

spatial memory as well as for emotional behaviors in ani-

mals and humans, is a very plastic brain structure, this
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Abstract—Focal brain injuries (in particular, stroke and traumatic brain injury) induce with high probability the develop-

ment of delayed (months, years) cognitive and depressive disturbances which are frequently comorbid. The association of

these complications with hippocampal alterations (in spite of the lack of a primary injury of this structure), as well as the

lack of a clear dependence between the probability of depression and dementia development and primary damage severity

and localization served as the basis for a new hypothesis on the distant hippocampal damage as a key link in the pathogen-

esis of cognitive and psychiatric disturbances. According to this hypothesis, the excess of corticosteroids secreted after a

focal brain damage, in particular in patients with abnormal stress-response due to hypothalamic-pituitary-adrenal axis

(HPAA) dysfunction, interacts with corticosteroid receptors in the hippocampus inducing signaling pathways which stimu-

late neuroinflammation and subsequent events including disturbances in neurogenesis and hippocampal neurodegeneration.

In this article, the molecular and cellular mechanisms associated with the regulatory role of the HPAA and multiple func-

tions of brain corticosteroid receptors in the hippocampus are analyzed. Functional and structural damage to the hip-

pocampus, a brain region selectively vulnerable to external factors and responding to them by increased cytokine secretion,

forms the basis for cognitive function disturbances and psychopathology development. This concept is confirmed by our

own experimental data, results of other groups and by prospective clinical studies of post-stroke complications. Clinically

relevant biochemical approaches to predict the risks and probability of post-stroke/post-trauma cognitive and depressive

disturbances are suggested using the evaluation of biochemical markers of patients’ individual stress-response.

Pathogenetically justified ways for preventing these consequences of focal brain damage are proposed by targeting key

molecular mechanisms underlying hippocampal dysfunction.
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“It is not stress that kills us, it is our reaction to it”

Hans Selye, “The Stress of Life”



BIOCHEMICAL MECHANISMS OF REMOTE HIPPOCAMPAL DAMAGE 1307

BIOCHEMISTRY  (Moscow)   Vol.  84   No.  11   2019

property being quite predictable in the case of a key

mnemonic structure. That, however, is only one side of

the coin. Another side, obviously representing the price

paid for the plasticity ensuring key involvement in mem-

ory and emotions, is selective vulnerability of the hip-

pocampus to numerous stress factors, ischemia, seizures,

head trauma, aging, etc. [1]. Considering this, it is not

surprising that the hippocampus is a target brain area for

the actions of “stress hormones”, primarily corticos-

teroids (CSs). Together with neurotransmitters, CSs reg-

ulate numerous hippocampal functions during develop-

ment and adulthood, while malfunctions in CS control

form the pathogenetic basis for many cerebral diseases,

both neurological and psychiatric ones.

CSs are a class of steroid hormones serving as key

stress response hormones facilitating stress coping. Acting

through specific intracellular receptors in the brain and

periphery, CSs regulate behavior, as well as metabolic,

cardiovascular, immune and neuroendocrine activities.

Their actions are mediated by the glucocorticoid (GR)

and mineralocorticoid receptors (MR), members of the

nuclear receptor superfamily which, once bound to their

ligands, act as transcription factors that can directly mod-

ulate gene expression. Interacting with other transcrip-

tion factors, they also can indirectly regulate the activity

of many genes. Recently, membrane-bound GR and MR

have been described [2] mediating rapid non-genomic

signaling and activating signal transduction pathways,

such as protein kinase cascades, to modulate other tran-

scription factors and activate or repress various target

genes. These numerous mechanisms mediate CS-

dependent regulation of various important functions in a

large variety of cells in the CNS and peripheral organs.

A proper response to stressors is critical for survival

and adaptive behavior. In mammals, the stress response is

primarily mediated by secretion of CSs via the hypothal-

amic-pituitary-adrenocortical axis (HPAA) as well as

sympathetic nervous system response and release of cate-

cholamines through adrenergic neurotransmission.

Activation of these pathways results both in a quick adap-

tive response and subsequent lasting multi-level changes

in the brain underlying long-term memories and, thus,

forming adaptive experience. Normal HPAA activity

(rhythmic and episodic release of adrenal CSs) is essential

for maintaining homeostasis. Negative feedback by CSs

involves multiple mechanisms limiting HPAA activation

and potentially deleterious excessive CS production [3]

(Fig. 1a). Adequate CS secretion is tightly regulated by a

complex neural circuitry controlling rapid feedback

mechanisms. These mechanisms involve non-genomic

actions of CSs mediating the immediate inhibition of

hypothalamic corticotropin-releasing hormone (CRH)

and pituitary adrenocorticotropic hormone (ACTH)

secretion, whereas intermediate and delayed mechanisms

mediated by genomic actions involve the modulation of

limbic circuitry and peripheral metabolic messengers.

Malfunction of this feedback mechanism (e.g., as a con-

sequence of severe and/or chronic stress) results in

chronically increased CS levels which have deleterious

effect on the hippocampus, a structure with high GR and

MR density and, for that reason, highly sensitive to CSs.

Chronic CS exposure evokes neuronal cell damage and

dendritic atrophy, reduces hippocampal neurogenesis and

impairs synaptic plasticity.

Recently, we have suggested a new hypothesis on the

principal involvement of stress response mechanisms

(including HPAA malfunctioning, interaction of released

CSs with hippocampal CS receptors and subsequent

inflammatory events) in the remote hippocampal damage

underlying delayed cognitive disturbances/dementia and

depressive disorders induced by focal brain lesions (e.g.,

post-stroke and post-traumatic) [4]. Here, we will criti-

cally review the literature data and the results of our stud-

ies to specify and solidify the molecular part of this con-

cept. We will provide data and logical foundations sub-

stantiating that the phenomenon of distant hippocampal

vulnerability is closely related to HPAA functioning and,

therefore, to the individual stress-response. Key bio-

chemical mechanisms of the CS-dependent stress

response will be discussed as well as translational implica-

tions.

CS RECEPTORS, HPAA AND STRESS RESPONSE

“Stress, in addition to being itself, was also

the cause of itself, and the result of itself”

Hans Selye

CSs exert widespread actions in the CNS, from the

regulation of gene transcription, cellular signaling, mod-

ulation of synaptic structure, transmission and glial func-

tion to behavior. De Kloet et al. [2] rightly regard CSs

released from the adrenals in 1-h pulses and after stress as

a prime example of the integration of body and mind with

the environment. CSs coordinate cell and organ function

over time spans from milliseconds to hours, days, weeks

and even a lifetime. Certainly, CS receptors display a

remarkable plasticity in determining the fate of an organ-

ism. In the middle of the 1960th, the first observations

were made on which modern concept of CS action on the

brain is based. Nuclear CS receptors were discovered in

the limbic brain that mediate control over neuronal cir-

cuits underlying HPAA activity and behavioral adapta-

tion. In the middle of the 1970th, two distinct nuclear

receptor types for CSs were identified, MR and GR,

which mediate in a coordinate manner the steroid control

of HPAA and behavior [5]. The CS-mediated negative

feedback action is realized by both GR and MR activa-

tion at the central level, mainly in the hippocampus

(Fig. 1a). While GRs are widely represented in brain
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regions and peripheral organs, the MR density is high

only in some specific brain regions, the hippocampus

being the most noticeable example. From 1990, de Kloet

and his group focused on the balance of MR- and GR-

mediated actions in control of homeostasis as a determi-

nant of health and disease [6]. CS effects can be highly

divergent, depending on the receptor type, but also on

brain region, cell type, and physiological context, these

differences eventually depending on differential interac-

tions of MR and GR with other proteins, which deter-

mine ligand binding, nuclear translocation, and tran-

scriptional activities [7].

ba

Fig. 1. HPAA regulation, CSs and the involvement of CS receptors in the stress response. a) Organization of stress response in the HPAA [3,

14, 62, 63, 93]. Within this main neuroendocrine axis, a stressor induces release of the adrenocorticotropic hormone (ACTH) secretagogues

corticotropin releasing hormone (CRH) and arginine vasopressin (AVP) from the neurosecretory neurons of the medial parvocellular par-

aventricular nucleus (PVN) of the hypothalamus in the hypophysial portal circulation at the level of the median eminence. The hypophyseal

portal vessels transport peptides to the anterior pituitary to enable access to corticotrophs. These secretagogues promote the cleavage of pro-

opiomelanocortin (POMC) to ACTH and ACTH release from the pituitary into the systemic circulation, inducing synthesis and release of

CSs, cortisol (in some species, e.g., man) or corticosterone (in others, e.g., rodents) at the adrenal cortex. Basal CS release varies in a diurnal

pattern, and release increases several-fold after exposure to a stressor. CSs enter the blood circulation and act peripherally and centrally,

accessing cognate receptors in virtually every organ and tissue, including the brain (CSs readily pass the blood-brain-barrier, BBB). Cellular

effects of CSs are mediated via glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs). GRs are expressed in most brain struc-

tures and regions involved in the HPAA, while the hippocampus is also rich in MR. Regulatory control over the HPAA is mediated via multi-

level feedback loops from HPAA structures and from the brain structures, including the hippocampus and frontal cortex. In the hypothala-

mus, the inhibitory GABAergic input to the PVN neurons is enhanced by excitatory hippocampal output, gamma-aminobutyric acid (GABA)

exerting an inhibitory effect on corticotroph secretion. Circulating CSs affect the hypothalamus inhibiting further secretion of CRH, and the

pituitary inhibiting the secretion of ACTH. Circulating levels of ACTH also affect the hypothalamus inhibiting secretion of CRH. These neg-

ative feedback loops result in a significant decrease of circulating levels of CSs after the end of the stressor. Stress suppresses hippocampal MR

expression, and then reduces the hippocampal GR expression, inducing hypersecretion of CRH and AVP, and, ultimately, HPAA axis hyper-

activity. b) CS receptors and the neuroendocrine stress response [2, 6, 8, 12, 96, 105]. Different phases in the stress reaction, recovery from

stress and adaptation are associated with different pattern of CS secretion and activation of MR and GR. The binding of CS to MR and GR

proceeds in the brain in three stages (see main text for details).
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CSs entering the brain bind to two intracellular

receptor types that regulate transcription of CS-respon-

sive genes: the high affinity MR and the GR with approx-

imately 10-fold lower affinity and also exert rapid, non-

genomic effects on the excitability and activation of neu-

rons in (amongst others) the hippocampus, hypothala-

mus, amygdala and prefrontal cortex thus affecting cog-

nition, adaptive behavior and neuroendocrine output

within minutes [8, 9]. GR and MR showing a high degree

of colocalization in the hippocampus, predominantly

reside in the cytoplasm without ligand and are translocat-

ed into the nucleus upon ligand binding to act as tran-

scriptional factors. Thus, their subcellular localizations

are an important component of their biological activity

[10]. It has been hypothesized that MR operates in pro-

active mode to prevent homeostatic disturbance, while

additional GR activation promotes in reactive fashion

recovery after stress. The translational implication is that

an imbalance in MR and GR underlies behavioral deficits

and neuroendocrine disturbances increasing vulnerability

for stress-related brain disorders. MRs respond to low

concentrations of the steroid, while higher concentra-

tions are needed for additional activation of GRs. MR

occupation in hippocampal neurons was suggested to be

relevant for stability of ongoing transmission, for basal

activity and sensitivity of the stress response system, for

behavioral reactivity and response selection. Additional

transient GR activation suppresses excitability, facilitates

recovery from the stress response, and promotes informa-

tion storage.

Thus, the balance of MR- and GR-mediated effects

appears critical for the long-term control exerted by CSs

over specific aspects of neuronal activity, stress respon-

siveness, and behavioral adaptation [11]. These sugges-

tions have been experimentally confirmed in further stud-

ies which have shown that resilience depends on balanced

MR- and GR-mediated actions; brain MR promotes

appraisal processes, choice of coping style, learning and

memory retrieval; brain GR promotes recovery, rational

decisions and contextual memory, while transcription

factors and co-regulators confer specificity to MR- and

GR-mediated actions [12]. Indeed, CSs exercise fast

non-genomic actions on neurons in the hippocampal

CA1 region depending on classical MR which are acces-

sible from the outside of the plasma membrane and dis-

playing an order of magnitude lower affinity for cortico-

sterone than the nuclear version involved in neuroprotec-

tion. Consequently, this “membrane” receptor could play

an important role while CS levels are high, i.e., during the

initial phase of the stress response. De Kloet et al. [2]

showed that during this phase CSs promote hippocampal

excitability amplifying the effect of other stress hor-

mones. These permissive non-genomic effects may con-

tribute to fast behavioral effects and encoding of stress-

related information. Notably, CSs have been shown to

modulate hippocampal synapses. Dendritic spines are

postsynaptic structures of synapses and are essential for

synaptic plasticity and cognition. Rapid non-genomic

spine modulation was described after applying cortico-

sterone (an acute stress model of the hippocampus), these

modulations presumably being mediated by MR [13].

The fast effects of MR are complemented by slower GR-

mediated effects which facilitate suppression of tempo-

rary raised excitability, recovery from the stressful experi-

ence and storage of information for future use (contextu-

alization, rationalization and memory storage of the

experience) [12] (Fig. 1b).

These sequential phases in cognitive performance

depend on synaptic metaplasticity regulated by coordi-

nate MR- and GR activation including recruitment of

co-regulators and transcription factors as determinants of

context-dependent specificity in steroid action; they can

be modulated by genetic variation and (early) experience.

Interestingly, inflammatory responses to damage (see

next chapter) seem to be governed by a similarly balanced

MR/GR-mediated action as the initiating, terminating

and priming mechanisms involved in stress-adaptation

[12].

Thus, the difference of GR and MR in distribution

and affinity as well as mediating both rapid non-genomic

(“membrane” CS receptors) and slow gene-mediated

neuronal actions (intracellular CS receptors) provide for

a fine and well-regulated association of natural (e.g.,

stress-induced) shifts in CS level with an intricate pattern

of time- and region-dependent changes in neuronal

activity and, consequently, with distinct behavioral, in

particular, cognitive and emotional patterns. This “one

hormone/two receptors system” works in balance, modu-

lating a large spectrum of actions in the CNS.

MRs seem to play a crucial role in the maintenance

of the circadian ACTH and cortisol rhythm, through the

modulation of CRH and arginine vasopressin release

[14]. They bind both aldosterone and glucocorticoids, the

latter having much higher affinity for MR than for the

closely related GR. Brain MRs have two faces: “Salt” and

“Stress”. “Salt” refers to the regulation of salt appetite,

and reciprocal arousal, motivation and reward, by a net-

work of aldosterone-selective MR-expressing neurons

projecting from the nucleus tractus solitarii and circum-

ventricular organs, while “Stress” is about the limbic-

forebrain nuclear and membrane MRs, which act as a

switch in the selection of the best stress coping mecha-

nisms [15]. Owing to minimal aldosterone transfer across

the blood brain barrier and the absence of the neuronal

enzyme 11β-hydroxysteroid dehydrogenase (11HSD)

type 2 (an intracellular “gate-keeper”), neuronal MR is

fully occupied even at low physiological CS levels and

constitutes a key factor in the arising of higher cognitive

functions such as memorization, learning and mood [16].

Activation of the limbic MR promotes selective attention,

memory retrieval and the appraisal process, while driving

emotional expressions of fear and aggression.
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Subsequently, rising CS concentrations activate GRs in

limbic-forebrain circuitry underlying executive functions

and memory storage, which contribute to balance with

MR-mediated actions to homeostasis, excitability and

behavioral adaptation [15]. Thus, key modulators of MR

function include GR, which may affect MR function by

formation of heterodimers and by differential genomic

and non-genomic responses on gene expression, and

11HSDs, determining the availability of intracellular

active CSs [17].

Results obtained with various genetically modified

mouse lines confirm the importance of the GR in regula-

tion of the HPAA: interference with GR activity stimu-

lates, whereas increased GR protein levels inhibit, the

HPAA. Genetic downregulation of GR protein levels and

inactivation of the GR gene in the brain reduce anxiety-

related behavior, revealing a central role of GR in emo-

tional behavior. In the GR mutant animals, cellular prop-

erties of hippocampal CA1 neurons are changed, and hip-

pocampal-dependent explicit memory is affected.

Comparing MR and GR mutant animals suggests the

requirement of MR but not GR for dentate gyrus granule

cell maintenance [18]. Nevertheless, GR is believed to be

the main mediator of the stress response in the prolifera-

tion, differentiation, migration, and functional integra-

tion of newborn neurons in the hippocampus. GR expres-

sion directly regulates the excitation-inhibition balance,

key for proper adult neurogenesis. An excitation-inhibi-

tion disbalance may underlie aberrant functional integra-

tion of newborn neurons associated with psychiatric and

paroxysmal brain disorders [19].

The GR is encoded by the NR3C1 gene. CS signaling

follows several consecutive steps leading to target gene

transactivation, including ligand binding, nuclear

translocation of ligand-activated GR complexes, DNA

binding, co-activator interaction and recruitment of

functional transcriptional machinery. Any step may be

impaired and may account for altered CS signaling. In

particular, glucocorticoid resistance syndrome may result

in a reduced level of functional GR, a decreased hormone

affinity and binding, a defect in nuclear GR transloca-

tion, a decrease or lack of DNA binding and/or post-

transcriptional GR modifications. To date, 26 loss-of-

function NR3C1 mutations have been reported in the

context of different disorders, the clinical signs being

generally associated with hypercortisolism without nega-

tive regulatory feedback loop on the HPAA. Some GR

polymorphisms (ER22/23EK, GR-9β) have been linked

to glucocorticoid resistance and a healthier metabolic

profile whereas some others seemed to be associated with

CS hypersensitivity (N363S, BclI) [20]. Recently, genom-

ic loci at which either MR or GR bind selectively were

identified, and members of the NeuroD transcription fac-

tor family were found to be specifically associated with

MR-bound DNA in the hippocampus. Using forebrain-

specific MR knockout mice, it has been shown that

NeuroD acts in a permissive way to enhance MR-mediat-

ed transcription, rather than competition for DNA bind-

ing, as a mechanism of MR- over GR-specific binding

[21].

Hippocampal voltage gated Ca2+ channels are

among the most prominent targets of CSs. Occupation of

GR maintains steady electrical activity in hippocampal

neurons. When the levels of CSs are low, L-type Ca2+ cur-

rents of CA1 hippocampal cells are small; when CS levels

rise, the amplitude of L-type Ca2+ currents is enhanced

through a process requiring DNA binding of GR homo-

dimers. Chronic Ca2+ overload may increase the vulnera-

bility of limbic cells to additional challenges, e.g., during

epileptic or ischemic episodes [22]. GRs appear to have

the capacity to substantially alter mitochondrial tran-

script abundance [23]. The regulation of mitochondrial

transcripts by stress and CSs will likely prove functionally

relevant in many stress-sensitive tissues including the

brain.

Epigenetic modifications are induced by a range of

stressors, both physical and psychological, and they are

critical in explaining how environmental factors, which

have no effect on the DNA sequence, can have such pro-

found, long-lasting influences on both physiology and

behavior. A novel, rapid non-genomic mechanism in

which CSs via GR facilitate signaling of the ERK-MAPK

pathway to the downstream nuclear kinases MSK1 and

Elk-1 was revealed in dentate gyrus granule neurons.

Activation of this signaling pathway results in serine 10

(S10) phosphorylation and lysine 14 (K14) acetylation at

histone H3 (H3S10p-K14ac), leading to the induction of

the immediate-early genes c-Fos and Egr-1 [24, 25]. CSs,

released as part of the stress response and acting via GRs,

enhance signaling through the ERK1/2/MSK1-Elk-1

pathway and thereby increase the impact on epigenetic

and gene expression mechanisms. An important role of

GABA was found in controlling the epigenetic and gene

transcriptional responses to psychological stress [24].

Thus, CSs exert their effects on the brain through

genomic mechanisms that involve both GRs and MRs

directly binding to DNA, as well as by non-genomic and

epigenetic mechanisms. CSs synergize both genomically

and non-genomically with neurotransmitters, neu-

rotrophic factors and other stress mediators (Fig. 2) to

shape an organism’s present and future responses to a

stressful environment.

The key role of neurotrophic factors, in particular

brain derived neurotrophic factor (BDNF), in neuroplas-

ticity requires a fine-tuned interaction of the BDNF sys-

tem with the CS system co-existing throughout the CNS.

CS-signaling mediates the regulation of stress response to

maintain homeostasis, while neurotrophin signaling plays

a primary role in neuronal outgrowth and is crucial for

axonal guidance and synaptic integrity. In the hippocam-

pus, high expression of GRs and MRs as well as BDNF

and its receptor, tropomyosin-related kinase receptor B
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(TrkB), have been reported providing for an effective

crosstalk between the systems [26]. Interacting long-term

effects of stress (including early life stress) on CSs and

neurotrophin signaling pathways are manifested in stress-

susceptible regions of the hippocampus. Recently, we

have analyzed multifaceted interactions between BDNF

and glutamate systems [27], here we will discuss how

BDNF/TrkB are coordinated with CSs and their recep-

tors in the glutamate synapse. Indeed, the synergy

between TrkB and GR signaling is a key factor determin-

ing cellular responses to stress [28]. CSs alter expression

and signaling of BDNF (Fig. 2). Since BDNF, an essen-

tial facilitator of neuronal plasticity, is known to promote

brain plasticity, enhance cell survival, increase hippocam-

pal neurogenesis and cellular excitability, it has been

hypothesized that specific adverse effects of CSs may be

mediated by attenuating BDNF expression and signaling.

Suri and Vaidya summarized the data on the influence of

CSs on hippocampal BDNF system at multiple levels,

spanning from the well-documented CS-induced changes

Fig. 2. Mechanisms of synaptic effects of CS and interaction with other systems (glutamatergic synapse as an example) [15, 27, 29, 31]. The

interaction of CS with MR and GR underlies interaction and coordination of CS/HPAA with all major systems relevant for neuronal plas-

ticity. CSs can bind, with different affinities, to GRs and MRs existing in both cytoplasmic/nuclear and membrane- bound forms, mediating

both delayed and rapid effects, respectively. The effects can result from non-genomic mechanisms (1, mediated by membrane receptors), indi-

rect genomic mechanisms (2, mediated by membrane receptors and second messengers) and genomic mechanisms (3, mediated by cytoplas-

mic receptors moving to the nucleus and acting as transcription factors). In the genomic mechanism, CSs pass the plasma membrane, enter

into the cytosol and bind to GRs, thereby inducing homodimerization (GR–CS complex). Rapid effects of CSs include upregulation of presy-

naptic glutamate synthesis via presynaptic membrane MR, while later postsynaptic cytosolic GRs regulate ionotropic N-methyl-D-aspartate

receptors (NMDAR) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) increasing their insertion into the

post-synaptic membrane as well as glucose (Glu) metabolism and transport reducing plasma membrane glucose transporters (GluT). CSs reg-

ulate brain-derived neurotrophic factor (BDNF) synthesis, processing, trafficking, secretion and signaling (see main text for details). The

multiple interaction of BDNF/TrkB system with glutamate system (see [27] for details) together with the involvement of CSs in control of

both enables to balance and adjust the processes ensuring neuroplasticity.
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in BDNF mRNA to studies examining alterations in

BDNF receptor-mediated signaling [29].

Changes in BDNF levels are of vital functional sig-

nificance. By counteracting the adverse effects of exces-

sive stress-induced CS signaling, BDNF has been impli-

cated as a resilience factor to psychopathology caused by

chronic stress [30]. Chronic restraint stress leads to

increases in BDNF mRNA and protein in some regions

of the brain, e.g., the basal lateral amygdala, but decreas-

es in other regions such as the CA3 region of the hip-

pocampus, and dendritic spine density increases or

decreases in line with these changes in BDNF [31]. In

view of the powerful influence that BDNF has on den-

dritic spine growth, these observations suggest that the

fundamental reason for the direction and extent of

changes in dendritic spine density in a particular region of

the brain under stress is due to the local changes in

BDNF, the most likely cause of these changes being

stress-initiated release of CSs readily entering neurons

and altering BDNF gene expression. Differences in the

distribution of GR and MR and of their downstream

actions may underlie opposite effects on BDNF gene

expression. Epigenetic control of BDNF transcription

(differences in the extent of methylation and acetylation)

in specific parts of the brain following stress may be

another alternative [31]. Notably, positive effects of GR

activation on memory consolidation critically engage the

BDNF pathway. Finsterwald et al. [32] have proposed the

hypothesis that mild stress promotes the formation of

strong long-term memories because the activation of hip-

pocampal GRs after learning is coupled to the recruit-

ment of the growth and pro-survival BDNF/cAMP

response element-binding protein (CREB) pathway,

which is well-known to be a general mechanism required

for long-term memory formation.

The above discourse is mostly related to a gluta-

matergic synapse which has been supposed three decades

ago to be tightly related to both CSs and hippocampal

damage [33]. At present, there is overwhelming evidence

for multiple effects of stress on excitatory transmission

and synaptic plasticity in the hippocampus, interactions

between stress and hippocampal glutamatergic neurons

playing a critical role in the cognitive and emotional con-

sequences of aversive stimuli. Mounting evidence sug-

gests that acute and chronic stress, through the release of

CSs, induce changes in glutamate neurotransmission in

the hippocampus and prefrontal cortex, thereby influenc-

ing key aspects of cognitive processing [34]. Dysfunction

of glutamatergic neurotransmission is increasingly con-

sidered to be a core feature of stress-related mental ill-

nesses. As well as the BDNF system, the excitatory neu-

rotransmitter glutamate is principally involved in phe-

nomena of cellular and synaptic plasticity and the mem-

ory phenomenon. The connections between the two sys-

tems are numerous and bidirectional, providing for mutu-

al regulation of the glutamatergic and BDNF systems.

The available data suggest that it is the complex and well-

coordinated nature of these connections that secures

optimal synaptic and cellular plasticity in the normal

brain. Both systems are associated with the pathogenesis

of depression, and the disturbance of tight and well-bal-

anced associations between them results in unfavorable

changes in neuronal plasticity underlying depressive dis-

orders and other mood diseases [27]. Recent studies have

shed light on the mechanisms by which stress and CSs

affect glutamate transmission, including effects on gluta-

mate release, glutamate receptors, glutamate clearance

and metabolism (see [34] for review). Indeed, stress

impacts on excitatory synapses are mediated by a com-

plex set of neurohormones and neurotransmitters, among

which adrenal CSs play a crucial role. Chaouloff and

Groc [35] reviewed the tonic and intrinsic effects of CSs

on hippocampal excitatory transmission, glutamate

receptor trafficking and expression, and synaptic plastic-

ity, paying attention to their temporality (rapid and tran-

sient effects followed by slow and persistent genomic

effects). Many effects of CSs on the glutamatergic system

are mediated by their binding to cytosolic MRs and GRs,

further translocation to the nucleus and regulating the

transcription of target genes, while rapid effects are medi-

ated by membrane CS receptors (Fig. 2). This important

“regulatory triangle” combining (i) HPAA/CSs/CS

receptors, (ii) BDNF system and (iii) glutamatergic sys-

tem represents the heart of the intricate multi-level regu-

lation of signaling and metabolic processes in the hip-

pocampus underlying the ability to adapt to life chal-

lenges and support the neuroplasticity equilibrium, while

disturbances in this equilibrium result in various cerebral

pathologies.

CSs, NEUROINFLAMMATION

AND THE HIPPOCAMPUS

“All of the neurodegenerative diseases

are really predicated on inflammation”

David Perlmutter

It has been stated more than two decades ago that the

pro-inflammatory cytokines which are released by activat-

ed accessory immune cells have deep effects on the brain,

including activation of the HPAA, fever and behavioral

depression. These effects are mediated by cytokines

which are synthesized and released in the brain, in

response to cytokines released peripherally. CSs have

strong regulatory effects on the synthesis of cytokines by

activated macrophages and monocytes; CSs are also able

to regulate the synthesis and action of cytokines in the

brain, this effect having important functional conse-

quences [36]. There is growing evidence that stress-

induced brain cytokines are important in the etiology of
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virtually all cerebral pathologies, and that increased

inflammation and hyperactivity of HPAA are often asso-

ciated, though the molecular mechanisms underlying

these abnormalities are still unclear.

It should be noted that CSs have been long ago con-

sidered anti-inflammatory and protective agents due to

their ability to inhibit gene expression of pro-inflamma-

tory mediators and other possible damaging molecules.

Nonetheless, recent studies have uncovered situations in

which these hormones can act as pro-inflammatory

agents depending on the dose, chronicity of exposure,

and the structure/organ analyzed. In the hippocampus,

the excess of CSs may stimulate pro-inflammatory genes

]37]. Considering the accepted notion that high levels of

cortisol have anti-inflammatory properties, this associa-

tion is particularly enigmatic [38] (Fig. 3). Phenomeno-

logically, excessive CS accumulation in the brain appears

to be closely associated with pro-inflammatory events,

and this relation has been revealed in different rodent

models of depression [39]. Stress induces secretion of

cytokines, while cytokines may induce hormonal changes

similar to those observed following exposure to stress.

Extended stress responses and overproduction of

cytokines impair neuronal plasticity and increase HPAA

activity, sensitizing its response to cytokines and stress.

Stress situation and induced CRH release evoke a pro-

inflammatory response in the brain, characterized by a

complex release of several inflammatory mediators

including cytokines, prostanoids, nitric oxide (NO) and

transcription factors, all of them participating in multiple

interactions between neuroendocrine and neuroimmune

systems [40].

Catecholamines and CSs play critical roles in the

regulation of brain cytokines after stress exposure. The

neuroendocrine responses to psychological stressors

affect the immediate and long-term regulation of inflam-

Fig. 3. Corticosteroids and neuroinflammation: stress exposure induces the release of HPAA hormones and upregulates cytokine expression

[3, 40, 41, 70, 73]. Stress activates the HPAA and the sympathetic nervous system (SNS). CSs induce activation of microglia, activated

microglia releasing pro-inflammatory cytokines including IL-1β and C-C Motif Chemokine Ligand 2 (CCL2). In turn, these cytokine

responses contribute to the development of a reactive endothelium in the regional neurovasculature. Both CSs and SNS stimulate the pro-

duction of primed CD11+/CD45+ myeloid cells (MCs) in the bone marrow. Release of MCs into circulation results in trafficking of these cells

to the reactive neurovasculature which is followed by adhesion and diapedesis into the brain. Cytokines cause hypercortisolemia via dysregu-

lation of the HPAA directly by activating it and indirectly by modifying GR sensitivity to CS leading to CS hypersecretion. Cytokines direct-

ly stimulate activation of the HPAA via actions both intrinsic and extrinsic to the axis and increase HPAA sensitivity to the following stress

challenges. There are myriads of mechanisms mediating deleterious effects of chronically elevated cytokine level in the brain tissue, many of

them associated with brain CS receptors. Usually, a viscous cycle occurs (top right): chronic neuroinflammation inhibits GR function, which

in turn exacerbates pro-inflammatory cytokine activity and aggravates chronic neuroinflammation.

Myelopoiesis



1314 GULYAEVA

BIOCHEMISTRY  (Moscow)   Vol.  84   No.  11   2019

matory cytokines IL-1β, TNF-α, and IL-6 within the

hippocampus, hypothalamus, or prefrontal cortex, this

regulation changing across time with repeated stress

exposure (see [41] for review). Central catecholamines

induce the secretion of IL-1β from microglia, IL-1β

being a key factor in the further activation of microglia

and recruitment of monocytes into the brain. Normally,

elevated CSs inhibit the production of brain cytokines by

suppressing noradrenergic locus coeruleus neurons and

inhibiting the NFκB (nuclear factor kappa-light-chain-

enhancer of activated B cells) signaling pathway.

However, in repeated stress, CSs and peripheral cate-

cholamines facilitate inflammatory responses to future

stimuli by stimulating monocytes to leave the bone mar-

row, downregulating inhibitory receptors on microglia,

and priming neuroimmune inflammatory responses

mediated by peripheral monocytes or macrophages [42]

(Fig. 3).

The hippocampus is selectively vulnerable to neu-

roinflammation, and this may be one of the bases for the

involvement of this structure in the pathogenesis of many

mental and neurological diseases (see [4] for review).

Stress challenges produce time-dependent and stressor-

specific patterns of cytokine/chemokine expression in the

brain and inflammation-related genes are up-regulated

and exhibit unique expression profiles in males and

females depending upon individual, cooperative or antag-

onistic interactions between steroid hormone receptors

(estrogen receptors and GR). Accumulating evidence

suggests that impaired balance and crosstalk between GR

and NFκB, an effector of the immune axes, may play a

key role in mediating the harmful effects of chronic stress

on mood and behavior [43]. According to the “MR/GR

balance hypothesis” [44], inflammatory responses to

damage seem to be governed by a balanced MR/GR-

mediated action as the initiating, terminating and prim-

ing mechanisms involved in stress/adaptation (Fig. 1b).

MRs are associated with pro-inflammatory bias in the

hippocampus of spontaneously hypertensive SHR rats. In

these rats, MR/GR imbalance has been demonstrated:

MR expression is increased and MR activation by

endogenous corticosterone induces a pro-inflammatory

cascade contributing to microglia activation, overexpres-

sion of pro-inflammatory mediators, down-regulation of

anti-inflammatory factors, ultimately resulting in hip-

pocampal tissue damage [45]. Administration of IL-1β

produces a long-lasting increase in corticosterone; IL-1β

also influences MR function in the hippocampus and

causes a shift in the MR/GR balance, which may under-

lie prolonged activation of the HPAA during an immune

response [11].

It has been suggested that CSs induce synthesis and

release of high mobility group box-1 (HMGB1), an

endogenous danger signal or alarmin, from microglia,

which signals through TLR2/TLR4, thereby priming the

NLRP3 inflammasome. When CS levels reach a critical

threshold, they may thus function as an alarmin by induc-

ing HMGB1, thereby preparing an organism’s innate

immune system (NLRP3 inflammasome priming) for

subsequent immune challenges. This may confer a signif-

icant survival advantage by enhancing the central innate

immune and sickness response to immune challenges

[46].

Within the brain, stress elevates both norepinephrine

and CSs, and both affect several genomic and signaling

cascades responsible for modulating memory strength.

Glia are one of the main targets for stress-induced

changes, astrocytes, microglia, and oligodendrocytes all

having unique contributions to learning and memory.

Furthermore, these three types of glia express receptors

for both CSs and norepinephrine and are hence immedi-

ate targets of stress hormone actions. It is becoming

increasingly clear that inflammatory cytokines and

immunomodulatory molecules released by glia during

stress may promote many of the behavioral effects of

acute and chronic stress [47]. Microglia are the predomi-

nant immune cells of the CNS playing key physiological

roles in maintaining homeostasis, particularly in response

to stress, and mediating synaptic plasticity, learning and

memory. Many of these effects are believed to be driven

by stress-linked signaling molecules, first of all CSs. The

majority of studies have demonstrated that stress induces

significant structural remodeling of microglia and can

augment the release of pro-inflammatory mediators [39].

CSs increase ramification of hippocampal microglia and

may modulate age-associated changes in microglial mor-

phology [48]. Stress-induced microglial alterations,

rather than being epiphenomena, have behavioral impli-

cations, involving microglia in directly regulating definite

aspects of cognitive function and emotional regulation.

Since neuroinflammation is regarded as a key mechanism

of neuronal cell damage and neurodegeneration, specify-

ing molecular microglial-dependent mechanisms of neu-

roinflammation control by CSs and their receptors is of

primary importance for preventing brain diseases.

CSs, COGNITIVE FUNCTIONS

AND THE HIPPOCAMPUS

“I don’t have Alzheimer’s. I have part-timer’s”

Glen Campbell

Several decades ago studies using MRI to image the

human brain have revealed that the hippocampus, an

especially plastic and vulnerable region of the brain and

target of CSs, undergoes a selective atrophy in diverse

conditions, including Cushing’s syndrome, post-trau-

matic stress disorder, recurrent depressive illness, normal

aging preceding dementia and Alzheimer’s disease (AD).

Hippocampal shrinkage is usually accompanied by
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deficits in declarative, episodic, spatial and contextual

memory and the hippocampal changes are believed to

represent a neural substrate for changes in cognitive func-

tion associated with various pathologies [49]. There is

now ample evidence for cause-effect relationships

between prolonged stress, elevated CS levels, and cogni-

tive/mood disorders, while the evidence of links between

chronic stress/CSs and neurodegenerative disorders such

as AD and Parkinson’s diseases is growing [50, 51].

Patients with AD, Parkinson’s or Huntington’s dis-

ease show chronically high cortisol levels suggesting

changes occurring in HPAA control. In experimental

models of these diseases, chronic stress or CS treatment

was found to exacerbate both the behavioral symptoms

and neurodegenerative processes [52]. Clinical studies

demonstrate that, in AD, elevated cortisol is associated

with poorer overall cognitive functioning, as well as with

poorer episodic memory, executive functioning, lan-

guage, spatial memory, processing speed, and social cog-

nition [53]. Similarly, chronically elevated corticosterone

or CS administration induces cognitive impairment and

abnormal (depressive-like, anxious) behavior in animals.

Moreover, in cognitively healthy subjects, higher cortisol

levels have been associated with an increased risk of cog-

nitive decline and AD, while patients with dementia and

mild cognitive impairment (MCI) have been found to

have higher cerebrospinal fluid cortisol levels than cogni-

tively healthy controls (see [53] for review). Elevated

cerebrospinal fluid cortisol may also be associated with a

more rapid cognitive decline in MCI.

Basal forebrain cholinergic neurons, believed to

mediate cognitive function, are implicated in the etiology

of stress, cognitive aging, AD, and other neurodegenera-

tive diseases. These neurons are involved in stress

response and cognition and project to different cortical

sites and limbic structures, including the hippocampus,

primary CS target tissue associated with cognitive func-

tion together with HPAA response. There is the molecu-

lar interactive link between the CSs/MR/GR and cholin-

ergic system that contributes to basal forebrain choliner-

gic neuronal degeneration in stress-induced acceleration

of cognitive decline in aging and AD [54].

Certainly, high cortisol may stimulate different signal

mechanisms potentially contributing to neurodegenera-

tion. High cortisol may exert neurotoxic effects on the

hippocampus and promote oxidative stress and amyloid β

(Aβ) peptide toxicity. AD is the most common form of

dementia, characterized by the pathological accumula-

tion of two proteins, the Aβ and hyperphosphorylated

forms of the microtubule-associated protein tau in the

neurons of the hippocampus and prefrontal cortex. Aβ, a

peptide released by synapses in physiological conditions,

is pathologically accumulated in brain structures involved

in memory processing and represents a key toxic hallmark

of AD. The oligomeric form of Aβ is believed to affect

synapse function and there is accumulating evidence that

GRs participate in oligomeric Aβ generation, indicating a

tight functional interplay between Aβ and GR activities at

excitatory synapses [55]. Although clinical studies have so

far failed to establish a direct causative link between CSs

and AD pathogenesis, evidence from pre-clinical studies

has shown that increased CS levels accelerate the forma-

tion of Aβ in AD animal models by promoting the amy-

loidogenic pathway in parallel reducing Aβ clearance,

through transcriptional mechanisms involving the GR.

Conversely, effects of stress on tau phosphorylation seem

to be mainly mediated by the CRH receptor (CRFR1)

and independent from stress-induced CS elevation [51].

Chronic stress is an environmental risk factor modu-

lating microglial function, microglia being causally linked

to Aβ accumulation, tau pathology, neurodegeneration,

and synaptic loss in AD, though also plays beneficial

roles, particularly in the phagocytic elimination of Aβ

[56]. Possible other mechanisms underlying the involve-

ment of CS excess in AD also include their interactions

with inflammatory mediators, neurotransmitters, and

growth factors.

The fact that HPAA disturbances are associated with

memory impairments, and hypercortisolemic conditions

with atrophy of the hippocampus have been confirmed by

many studies. However, recent discoveries support a more

complicated picture of HPAA function and pathology in

acquiring, retrieving, and consolidating new memories.

These findings include: the existence of an “inverted U-

shaped relationship” between stimulation of brain GR

and memory performance; different responses of distinct

areas of the hippocampus to CS stimulation; potential

reversibility of hippocampal atrophy in some conditions,

although whether such atrophy is a cause or effect of these

pathological conditions remains obscure [57].

Importantly, the dentate gyrus of the hippocampus

maintains production of new neurons throughout life.

Adult neurogenesis is closely associated with hippocam-

pal function, including learning and memory, anxiety reg-

ulation and feedback of the stress response. Altered neu-

rogenesis is suggested to be involved in the onset of brain

diseases, particularly mental disorders and neurodegener-

ative diseases. Stress affects all range of hippocampal neu-

rogenesis, including the production, migration and sur-

vival of new neurons, and CSs have been implicated in

stress-induced impairment of adult neurogenesis. It is

generally assumed that CSs have a negative impact on

both embryonic and adult neural stem/progenitor cell

proliferation, this phenomenon being related to the

pathophysiology of brain diseases, such as depression and

autism spectrum disorders, as well as impairments of

learning and memory [58, 59]. However, this view is

rather skewed since, depending on the stress nature and

severity as well as on the stress response of the organism,

increases in CS levels are sometimes associated with

enhanced adult neurogenesis in the dentate gyrus, though

in other situations they are suppressive. Although the
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effects of acute and mild stress on adult neurogenesis are

generally brief and can be quickly overcome, chronic

exposure and more severe forms of stress can induce

longer lasting reductions in neurogenesis [60]. In these

circumstances, the factors that buffer against the suppres-

sive influence of elevated CSs remain unclear and under

debate [61]. There is evidence for both direct and indirect

effects of CSs on neural stem/progenitor cell proliferation

and adult neurogenesis and a hypothesis has been formu-

lated that CS rhythmicity and oscillations originating

from the activity of the HPAA, may be crucial for the nor-

mal neurogenesis in the hippocampus [59].

It is the hippocampal sensitivity to stress which is

believed to explain the negative impact of stress and relat-

ed stress hormones on animal and human cognitive func-

tion. However, in the last two decades, new data were

gathered showing that stress impacts on many mnemonic

cortical and subcortical brain structures other than the

hippocampus [62], these data remaining out of the scope

of this article. Indeed, most CS effects on the brain are

exerted through MRs and GRs, inducing intricate and

often opposite actions on the cerebral structures implicat-

ed in various cognitive functions.

CSs, DEPRESSION, NEUROINFLAMMATION

AND THE HIPPOCAMPUS 

“If I had to define a major depression in a single

sentence, I would describe it as a “genetic/

neurochemical disorder requiring a strong

environmental trigger whose characteristic

manifestation is an inability to appreciate sunsets”

Robert M. Sapolsky

Limbic dysfunction and HPAA dysregulation are key

features of affective disorders. Depression is a leading

cause of disability worldwide, however, the biological and

molecular mechanisms underlying this disease remain

unclear. Stress, a disposing factor in the development of

depression, leads to HPAA activation and CSs release.

Parallel alterations in stress response and immunity are

increasingly recognized as contributing factors to several

stress-linked neuropsychiatric disorders including,

besides depression, anxiety, and post-traumatic stress dis-

order.

Hyperactivity of the HPAA as one of the fundamen-

tal biological mechanisms underlying major depression

results from diminished feedback inhibition of CS-

induced reduction of HPAA signaling and increased

CRH secretion from the paraventricular nucleus and

extra-hypothalamic neurons, while the hippocampus

normally inhibits stress-induced HPAA activation [63]

(Fig. 1a). A growing number of studies indicate that

abnormal function of MR and GR is a crucial component

of the pathophysiology of depression. During chronic

stress-induced inhibition of systemic feedback, cytosolic

GR levels are significantly modified in the hippocampus

and prefrontal cortex, both structures known to be deeply

involved in the pathogenesis of depression [40]. Long-

term disturbances in the release pattern of CSs and in the

responsiveness of their receptors give rise to structural and

functional changes in neuronal properties which may

contribute to the expression of a psychopathology [64].

Depression is highly prevalent in infectious, autoim-

mune and neurodegenerative diseases and at the same

time, depressed patients show impaired immune function

[65]. It was initially thought that the hypercortisolemia

caused a suppression of immune function, but it is now

apparent that chronic stress and depression induce a

hypoactivity of the GRs on immune cells and in limbic

regions of the brain. Depression is now thought to be

associated with activation of some links of cellular immu-

nity resulting in the hypersecretion of pro-inflammatory

cytokines and the hyperactivity of the HPAA, such

immune activation inducing “stress-like” behavioral and

neurochemical changes [66]. Increased inflammation

and hyperactivity of HPAA, two hallmarks in major

depression, are often associated: development of depres-

sion is believed to be related with disturbance of the

allostasis and inflammatory activation of the immune sys-

tem. This results in a chronic increase in the CS and

pro-inflammatory cytokine levels, inducing an allostatic

load and, sequentially, neurodegeneration, irreversible

cognitive impairment and permanent disability [67].

Enhanced susceptibility to inflammatory and autoim-

mune disease in depression is related to impairments in

HPAA activity which may be associated to hypocorti-

solism, or to glucocorticoid resistance resulting from

impairments in local factors affecting CS availability and

function, including the GR [68].

Both inflammation and the activation of the HPAA

by stress are normal components of the stress response,

but when stress is prolonged and hypercortisolemia per-

sists, the peripheral macrophages become activated

together with the central microglia, the neuronal net-

works are damaged and become dysfunctional (Fig. 3)

[69]. Since communication occurs between the

endocrine, immune systems and CNS, an activation of

the inflammatory responses can affect neuroendocrine

processes, and vice versa.

Physical, psychological or combined-stress condi-

tions evoke a pro-inflammatory response in the brain and

other systems, characterized by a complex release of sev-

eral inflammatory mediators. Pro-inflammatory

cytokines, including IL-1β, IL-6 and TNF-α are impli-

cated in the etiologies of clinical depression and anxiety

disorders. CSs inhibit (via GR), while catecholamines

stimulate (via β-adrenergic receptors) IL-1β production

[40]. Inflammatory cytokines contribute to depression via

action on three major pathways in the brain: the neuroen-
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docrine system; neurotransmitter depletion; and neuro-

progression pathways. Cytokines cause hypercortisolemia

by dysregulation of the HPAA directly by activating it and

indirectly by modifying GR sensitivity to cortisol leading

to cortisol hypersecretion (Fig. 3). Cytokines deplete

central synaptic serotonin levels by reducing its synthesis

and increasing its reuptake. They may also deplete neu-

rotrophic factors, in particular BDNF, which are believed

to play a neuroprotective role against depression.

Cytokines activate cellular cascades that cause excitotox-

icity and apoptosis and inhibit neurogenesis in the hip-

pocampus [70].

Notably, depression is comorbid with many other

conditions associated with neurodegeneration. The sim-

ple model that CSs induce neurodegeneration does not

seem accurate, but rather that elevated cytokines, in the

context of glucocorticoid resistance, are probably the

offenders and chronic inflammatory changes in this situ-

ation may represent a common feature responsible for

the enhanced vulnerability of depressed patients to

develop neurodegenerative changes later in life [65].

Patients with depression exhibit all cardinal features of

inflammation, including increased circulating levels of

inflammatory inducers, activated sensors, and inflam-

matory mediators targeting all tissues. Pro-inflammatory

cytokines modulate mood behavior and cognition by

reducing brain monoamine levels, activating neuroen-

docrine responses, promoting excitotoxicity (increased

glutamate levels), activating the tryptophan-kynurenine

pathway resulting in the synthesis of the neurotoxic

NMDA receptor agonist quinolinic acid and 3-hydroxy-

kynurenine, thereby enhancing oxidative stress, con-

tributing to neurodegeneration and impairing brain plas-

ticity [69]. It is believed now that a vicious circle exists

closely intertwining neuropsychiatric disorders and

inflammation which are powering each other in a bidi-

rectional loop. Depression facilitates inflammatory reac-

tions and inflammation promotes depression and other

neuropsychiatric disorders. Potential triggers of chronic

inflammation include changes in neuroendocrine regu-

lation, metabolism, diet/microbiota, and negative health

behaviors, including early-life [71]. The complexity of

mechanisms underlying depression makes it difficult to

create a general concept of pathogenesis of depression,

and the current theories on CS hypersecretion and sero-

tonergic dysfunctions do not provide sufficient explana-

tions for the nature of the disease. Since inflammatory

and neurodegenerative (I&ND) processes play an

important role in depression and enhanced neurodegen-

eration in depression may at least partly be caused by

inflammatory processes, the I&ND hypothesis of

depression has been generated, an extension of a

cytokine hypothesis considering that external, e.g., psy-

chosocial stressors, and internal stressors, e.g., organic

inflammatory disorders or conditions, may trigger

depression via inflammatory processes [72].

Hippocampal GRs and the HPAA have close inter-

actions with pro-inflammatory cytokines and neuroin-

flammation. Elevated pro-inflammatory cytokine levels

and GR functional resistance are among the most widely

investigated factors in the pathophysiology of depression.

These two major components create a vicious cycle

(Fig. 3). Chronic neuroinflammation inhibits GR func-

tion, which in turn exacerbates pro-inflammatory

cytokine activity and aggravates chronic neuroinflamma-

tion. On the other hand, neuroinflammation causes an

imbalance between oxidative stress and the anti-oxidant

system, which is also associated with depression.

Although cytokines and GRs, important players in

depression, are essential components of a whole system of

inflammatory and endocrine interactions, rather than

play independent parts [73, 74].

Exposure to chronic stress early in life as well as in

adulthood has been shown to reduce the expression of

GR (in particular through epigenetic mechanisms) and to

up-regulate the expression of the co-chaperone gene

FKBP5, which restrains GR activity by limiting the

translocation of the receptor complex to the nucleus.

Another mechanism that contributes to changes in GR

responsiveness is the state of receptor phosphorylation

that controls activation, subcellular localization and tran-

scriptional activity. GR phosphorylation represents an

important mechanism for the cross-talk between neu-

rotrophic signaling and GR-dependent transcription,

bridging two important players for mood disorders. One

gene that lies downstream from GR and may contribute

to stress-related changes is serum glucocorticoid kinase-1

(SGK1); its expression is significantly increased after

exposure to chronic stress in rodents as well as in the

blood of drug-free depressed patients. SGK1 up-regula-

tion may ultimately reduce hippocampal neurogenesis

and contribute to the structural abnormalities that have

been reported to occur in depressed patients [75]. Stress

dynamically regulates co-expression networks of GR-

dependent major depression risk genes, changes in the

correlation structure of functional genetic variants form-

ing a tight CS-responsive co-expression network possibly

contributing to early-life adversity-associated disease

risk. A subset of genetic variants may contribute to the

risk for depression by altering circuit-level effects of early

and adult social experiences on the network formation

and structure [76].

Allostatic overload, which can occur during chronic

stress, can reshape the HPAA through epigenetic modifi-

cation of genes in the hippocampus, hypothalamus and

other stress-responsive brain regions [77]. Epigenetic

processes may play an important role in the etiology of

stress-related mental disorders such as major depressive

and anxiety disorders. Psychologically stressful events

evoke a long-term impact on behavior through changes in

hippocampal function brought about by distinct gluta-

matergic and CS-driven changes in epigenetic regulation
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of gene transcription, which are modulated by local

GABAergic interneurons and limbic afferent inputs [24].

The influence of CSs on hippocampus-dependent

learning and memory processes is now indisputable,

though interpretations from recent studies suggest that the

idea that CS-induced hippocampal cell death accounts

fully for the associated cognitive and emotional deficits is

only partially correct [78]. Changes in neurogenesis are

believed to play an important role in affective diseases, in

particular, depression. Indeed, a specific sub-population

of hippocampal neurons, the granule cells of the dentate

gyrus, a constantly functioning neurogenic niche, is more

sensitive to excess of CSs, though the mechanisms of this

unique vulnerability remain obscure. Thus, CSs, through

MR and GR, influence not only cell death, but also cell

birth and differentiation, MR occupation being essential

for their survival. Using the model of chronic unpre-

dictable stress, it was shown that MR-dependent neuroge-

nesis was closely related with anxiety-like behavior [79].

While excessive occupation of GR can induce loss of neu-

rons in the absence of MR activation, additional MR

occupation usually results in less severe and potentially

reversible consequences involving only dendritic atrophy

and loss of synaptic contacts. GR-mediated serious injury

in the dentate gyrus subfield might be the cause of hip-

pocampal volume loss in depression [80].

DEPRESSION, DEMENTIA AND DAMAGED

HIPPOCAMPUS: A 2-IN-1 CONSTRUCTION

“It occurred to me that at one point it was like

I had two diseases – one was Alzheimer’s,

and the other was knowing I had Alzheimer’s”

Terry Pratchett

Depression is closely inter-related with cognitive

disturbances and neurodegeneration; neuronal loss is a

common feature of major depression and dementia.

Clinicians regard depression as prodromal to, and a com-

ponent of AD; it may also be a trigger for incipient AD

[81]. It is discussed that there may either be a common

pathological event underlying both major depression and

AD, or depression may sensitize the brain to a second

event (“hit”) that precipitates AD. Depression may also

accelerate brain ageing, including altered DNA methyla-

tion, increased cortisol but decreasing dehydroepiandro-

sterone and thus the risk for AD. So far, genes predicting

AD (e.g., APOEε4) are not regarded as risk factors for

depression, and those implicated in depression (e.g.,

SLC6A4) are not risks for AD, so a common genetic pre-

disposition looks unlikely [82]. CSs are disturbed in both

AD and depression and have marked degenerative actions

on the hippocampus, a site of early Aβ deposition, and

rare genetic variants of CS-regulating enzymes (e.g.,

11HSD) predispose to AD. CSs affect hippocampal neu-

rogenesis and plasticity, and thus episodic memory, a core

symptom of AD and emotional disturbances, a core

symptoms of depression.

The hippocampal area of the adult brain contains

neural stem cells or more committed neural progenitor

cells, which retain throughout the human life the ability

of self-renewal and to differentiate into multiple neural

cell lineages, such as neurons, astrocytes, and oligoden-

drocytes. Importantly, these characteristic cells con-

tribute significantly to the above-indicated functions of

the hippocampus, while various stressors and CSs influ-

ence proliferation, differentiation, and fate of these cells

[83]. Disordered CSs in depression may inhibit neuroge-

nesis, but the contribution of diminished neurogenesis to

the onset or progression of AD is still debated. However,

both CSs and cytokines also reduce BDNF, implicated in

hippocampal neurogenesis, depression and dementia this

reinforcing the notion that those cases of depression with

disordered CSs may be a risk for AD.

Chronic inflammation considered to be central to

the pathogenesis of major depression could predispose

depressed patients to neurodegenerative changes in later

life. Indeed, there is now clinical evidence that depression

is a common antecedent of AD and may be an early man-

ifestation of dementia before the cognitive declines

becomes apparent [81]. Cytokines, including IL-1β, IL-6

and TNF-α, are increased in the blood in some cases of

depression, and increased cytokines are a known risk for

later AD. Inflammatory and CS-mediated changes occur

in both depression and AD, both cytokines and CSs

potentially having pro-inflammatory actions in the brain

[81, 82]. It is hypothesized that the progress from depres-

sion to dementia could result from the activation of

macrophages in the blood, and microglia in the brain,

that release pro-inflammatory cytokines. These cytokines

stimulate a cascade of inflammatory changes (such as an

increase in prostaglandin E2, nitric oxide in addition to

more pro-inflammatory cytokines) and a hypersecretion

of cortisol. The latter inhibits protein synthesis thereby

reducing the synthesis of neurotrophic factors and pre-

venting repair of damaged neuronal networks. Neurotoxic

end products of the tryptophan-kynurenine pathway,

such as quinolinic acid, accumulate in astrocytes and

neurons in both depression and dementia. Thus,

increased neurodegeneration, reduced neuroprotection

and neuronal repair are common pathological features of

major depression and dementia explaining why major

depression is a frequent prelude to dementia [84].

All this reasoning is associated with a search for

common links between molecular mechanisms of demen-

tia and depression as well as possible links between CS

disturbances and chronic low grade inflammation with

changes in brain structure that could precipitate neurode-

generative changes associated with AD and other demen-

tias as well as in major depression. Quite right in general,
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these assumptions do not contain a core statement: the

structure of the hippocampus makes this brain region

tightly involved in both emotional behavior and cogni-

tion. The hippocampus is not a homogeneous brain area,

and it is the complex organization of this structure that

underlies its relevance and functional pleiotropism. To

keep the story simple, the plain paradigm “cognition con-

trolled by the dorsal (posterior) hippocampus vs. emo-

tions controlled by the ventral (anterior) hippocampus”

attributes cognitive disturbances/dementia mainly to the

dorsal hippocampus, while the development of emotion-

al disturbances, including depressive behavior, is, at least

at the start, associated with the ventral hippocampus (see

[4] for review). In other words, the hippocampus works as

a 2-in-1 system, controlling cognition and emotions in

the healthy brain, while hippocampal damage may under-

lie both cognitive and emotional disturbances. This sim-

ple view may be a basis for both understanding the

comorbidity of depression and dementia and exploring

causative links between two pathologies and mechanisms

of their association. The hypothesis which we have sug-

gested [4] is a logical consequence of this view: dysfunc-

tional stress response mechanisms (including interaction

of released CSs with hippocampal receptors and subse-

quent inflammatory events) are involved in the remote

hippocampal damage underlying delayed dementia and

depression induced by focal brain damage (e.g., post-

stroke or post-traumatic).

ABNORMAL STRESS RESPONSE

AND STRESS PERIODS IN PATIENTS

AFTER FOCAL BRAIN LESIONS 

“Stress is not a state of mind. . .

it’s measurable and dangerous”

Robert M. Sapolsky

Our vision of CS-dependent mechanisms underlying

cognitive and emotional disturbances after focal brain

lesion are supported by clinical data. The results of the

ongoing Tel-Aviv Brain Acute Stroke Cohort (TABAS-

CO) study deserve a detailed discussion with respect to

our concept [4]. Though stroke is a major cause of cogni-

tive impairment and dementia, the underlying mecha-

nisms beyond post-stroke are not fully explained to date.

TABASCO is a prospective cohort study that is recruiting

consecutive first-ever mild-moderate stroke patients,

designed to evaluate associations between predefined

demographic, psychological, inflammatory, biochemical,

neuroimaging and genetic markers, measured during the

acute phase, and long-term outcome [85]. In the

TABASCO study, white matter hyperintensity volume

and grey matter volume were independently associated

with cognitive impairment, while the newly detected

ischemic lesion has not emerged as biomarker for cogni-

tive impairment and post-stroke cognitive impairment

risk [86]. It remains unclear why patients with similar

radiological infarctions may have different clinical mani-

festation – ranging from complete symptom resolution to

major neurological sequelae [87]. Independently of lesion

volume, an elevated inflammatory response was linked to

a worse course of the disease [87]. Mild to moderate

stroke patients with preexisting white matter lesions

appear more vulnerable to cognitive impairment regard-

less of their new ischemic lesions [88]. All the above

points corroborate with our view that cognitive distur-

bances in the future may result from a remote hippocam-

pal damage which would not necessarily strongly depend

on the severity of primary brain lesion but would rather be

associated with individual HPAA response. Individuals

with higher hair cortisol concentration, which probably

reflect higher long-term cortisol release, were shown to be

prone to develop cognitive decline following an acute

stroke or a transient ischemic attack [89]. It could be sug-

gested that pre-existing stress level was an imperative fac-

tor, however, the next study showed that high bedtime

salivary cortisol levels post-stroke predict a worse cogni-

tive outcome, implying dysregulation of HPAA activity

[90]. These data confirm the importance of individual

HPAA functioning for the development of post-stroke

cognitive disturbances.

Poststroke depression (PSD) is the most prevalent

psychiatric disorder after stroke, which is independently

correlated with negative clinical outcome. The identifica-

tion of specific biomarkers could help to increase the sen-

sitivity of PSD diagnosis and elucidate its pathophysio-

logical mechanisms. According to a recent meta-analysis

data, the following molecular candidates differentiate

PSD patients from non-depressed stroke subjects: hyper-

cortisolemia and blunted cortisol awakening response,

increased early markers of inflammation (high-sensitivity

C-reactive protein, ferritin, neopterin, and glutamate),

serum pro-inflammatory cytokines (TNF-α, IL-1β, IL-

6, IL-18, IFN-γ), as well as decreased pro-inflammato-

ry/anti-inflammatory ratios (TNF-α/IL-10, IL-1β/IL-

10, IL-6/IL-10, IL-18/IL-10, IFN-γ/IL-10); serum

BDNF concentrations; BDNF met/met genotypes;

higher BDNF promoter methylation status [84].

Importantly, symptoms of depression after a stroke or a

transient ischemic attack increased the risk of cognitive

impairment and functional deterioration at 2-year fol-

low-up [91]. In the situation, when the hippocampus is

chronically overloaded with CSs, it may become primed

or even damaged before focal brain injury. The TABASCO

study demonstrated the predictive role of hippocampal

mean diffusivity, suggesting that these changes may pre-

cede and contribute to volumetric and connectivity

changes in the hippocampi, potentially serving as a mark-

er for early identification of patients at risk of developing

cognitive impairment or dementia [92]. All these data
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confirm the importance of abnormal stress-response due

to HPAA dysfunction in the development of hippocampal

damage-mediated cognitive and emotional post-stroke

disturbances.

Chronic stress-induced activation of the HPAA takes

many forms (chronic basal hypersecretion, sensitized

stress responses, and even adrenal exhaustion), with man-

ifestation dependent upon factors such as stressor

chronicity, intensity, frequency, and modality.

Importantly, individual response to acute or chronic

stress is determined by numerous factors, including

genetics, early life experience, environmental conditions,

sex and age. The context in which stressors occur will

determine whether individual acute or chronic stress

responses are adaptive or maladaptive (pathological) [93].

Stress-induced excess of CS secretion is the main factor

contributing to remote hippocampal damage underlying

post-stroke and post-trauma cognitive and depressive dis-

turbances. During the post-injury period two major

diverse sequences of pathological events occur; one asso-

ciated with the direct damage to the brain tissue, the sec-

ond associated with stress and subsequent HPAA activa-

tion, excessive CS release and stimulation of hippocam-

pal GR and MR inducing remote functional and struc-

tural changes in the hippocampus (neuroinflammation,

disturbances in neurogenesis, synaptic plasticity, neu-

rodegeneration, etc.) [4].

Why are HPAA dysfunction and abnormal stress

response so important in both pre- and post-stroke peri-

ods (Fig. 4a)? Potential preceding stress associated with

prolonged periods of high cortisol may trigger signaling

and metabolic changes in the hippocampus which can be

worsened during following stress periods. Preceding cor-

tisol load can be easily monitored by hair cortisol assays

[94]. Focal brain injury, a stressogenic factor, induces CS

augmentation increasing hippocampal GR and MR sig-

naling. The following period of treatment and recovery

should be regarded as a time of chronic physical and psy-

chological stress, in particular, induced by patients’

understanding of their health condition by themselves.

Taking into account possible preceding HPAA distur-

bances associated with high cortisol, including abnormal

Fig. 4. Periods of stress load after focal brain lesion and remote hippocampal damage. a) Phases of potential stress load before and after focal

brain lesion (see main text for details). b) Vicious circle of HPAA dysfunction underlying hippocampal atrophy (see main text for details).

ba
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stress-reactivity, psychiatric disease, genetic background,

these multiple chronic stress factors affect a patient after

a focal brain injury (mainly stroke or trauma) potentially

inducing and subsequently aggravating remote hip-

pocampal damage. Normally, hypothalamic CRH acti-

vates ACTH release from the pituitary gland and follow-

ing CS secretion by adrenals, cortisol inhibiting its own

secretion via a negative feedback loop (Fig. 1). When cor-

tisol is chronically elevated and the hippocampus

becomes functionally damaged, the hippocampus-

dependent HPAA slowdown becomes impaired [53] and

cortisol level will further increase, inducing additional

hippocampal damage. The HPAA malfunctioning vicious

circle underlying hippocampal atrophy is depicted in

Fig. 4b.

DISTANT HIPPOCAMPAL DAMAGE

AFTER FOCAL BRAIN LESION:

ARE THERE WAYS FOR PREVENTION?

“A winner’s attitude: it may be difficult,

but it’s possible. A loser’s attitude:

It may be possible, but it’s too difficult”

William James

The mechanisms of CS-induced remote hippocam-

pal damage as well as the reasons for the development of

cognitive and emotional disturbances as a result of hip-

pocampal damage have been discussed above. The critical

reasonable question is how to prevent these consequences

or treat them. No doubt, some relevant links of the patho-

genetic mechanisms still remain obscure and should be

addressed experimentally, however, there are several

approaches arising from identified mechanisms which

are, at least partially, clear, and a number of potential spe-

cific treatment targets can be identified (Fig. 5).

The simultaneous assessment of neural, endocrine,

and immune biomarkers through various modern nonin-

vasive methods is widely discussed [68] and is useful to

evaluate HPAA functionality, inflammation and neu-

rotrophic factors. This may help to estimate the risk for

further development of cognitive and depressive distur-

bances. Hair cortisol is regarded as a promising marker of

HPAA activity alterations due to stress, somatic and men-

tal health conditions. For instance, levels of hair cortisol

were significantly lower in female patients with major

depression, while serum cortisol levels were significantly

higher in patients, as compared with controls. Decreased

hair cortisol found in these patients suggests down regula-

tion of HPAA activity during the preceding month [94].

Thus, assessment of “accumulated” and systemic CSs

gives information about HPAA malfunction. Determina-

tion of the concentration of chemokines and their recep-

tors is an important indicator of activation of the immune

and neuroendocrine systems. The activity of these sys-

tems reflects the severity of the disease and provides

important information for effective antidepressant treat-

ment [67].

One major principle to access HPAA and stress

response mechanisms should be to use a mild challenge.

In our previous study, females with major depression

manifested an elevated HPAA activity as well as IL-6 and

ciliary neurotrophic factor (CNTF) levels at baseline

[95]. Besides, specific stress-induced increase in glucose

and TNF-α was revealed in this group, which was absent

in control subjects (a mild brief cognitive test was used as

a challenge). The data confirm the impairments of stress

response in major depression and suggest that the reac-

tion of simple metabolic and pro-inflammatory indices

to a mild stressogenic challenge may be indicative of a

depressive state. Understanding the mechanistic

crosstalk between CSs and BDNF holds promise for the

identification of potential therapeutic targets [29].

Serum BDNF is also stress-sensitive, characterized by a

significant post-stress increase and subsequent decline to

recovery. Linz et al. [30] found indications for an antag-

onistic relationship between BDNF and cortisol; higher

BDNF peaks after psychosocial stress were associated

with steeper cortisol recovery, while the magnitude of the

cortisol stress response was linked to steeper BDNF

recovery after stress. Notably, the brain response to stress

depends on an individual’s genetic background in inter-

action with life events [96]. For example, cortisol and

emotion/cognition are affected by MR gene haplotypes

based on rs5522 and rs2070951. MR haplotype 1 (GA)

moderates the effects of (early) life stressors and repro-

ductive cycle. MR haplotype 2 (CA) is a gain of function

variant that protects females against depression by asso-

ciation with an optimistic, resilient phenotype [97]. The

complete hippocampal genome is screened for CS

responsive genes, which are potential targets for drugs

promoting restorative capacity still present in the dis-

eased brain [5].

Another approach may be to use the known associa-

tion between depression and cognitive disturbances. Tene

et al. [91] suggested that depression screening among

stroke and TIA (transitory ischemic attacks) survivors is a

tool to identify patients who are prone to have a worse

cognitive and functional outcome. A selected panel of

biomarkers may be useful for paraclinical underpinning of

post stroke depression diagnosis, clarifying various

aspects of its multifactorial pathogenesis, optimizing

therapeutic interventions, and assessing treatment effec-

tiveness [84]. Unfortunately, we still lack substantial, rig-

orous and comprehensive follow-up studies to better

identify possible subtypes of depression that may repre-

sent a major predictor for later cognitive decline. This

would enable specific interventions during critical

episodes of these subtypes that should reduce this sub-

stantial risk [82].
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Thus, the first message is that we are able to easily

evaluate HPAA (mal)functioning and individual stress-

reactivity of the patient using a challenge and this is a

practical approach to estimate the risks of remote hip-

pocampal damage and potential development of post-

stroke or posttraumatic cognitive and depressive distur-

bances.

HPAA hyperactivity can be present in chronic dis-

eases, affecting endocrine, cardiovascular and nervous sys-

tem (dementia, depression), particularly during comorbid

conditions. The spectrum of molecules interacting at dif-

ferent levels of the HPAA is exponentially increasing,

ranging from supra-hypothalamic targets to post-receptor

mechanisms and it includes agents acting on the suprachi-

asmatic nucleus, CRH-R1 receptor, adrenal steroidogen-

esis, GR and peripheral/central 11HSD type 1 enzyme.

This area of research is rapidly advancing in order to

develop therapeutic strategies to counteract HPAA hyper-

activity and to reduce the burden of stress-related disor-

ders [98]. The cumulative evidence makes a strong case

implicating CS receptors dysfunction in the pathogenesis

of affective disorders. Although definitive controlled trials

remain to be conducted, there is evidence indicating that

CS-lowering or CS receptors antagonist treatments may

be of clinical benefit in selected individuals with depres-

sion. Recently, refined molecular technologies and the

generation of genetically engineered mice have allowed to

specifically target individual genes involved in CS receptor

signaling and stress hormone regulation. The identifica-

tion and detailed characterization of these molecular

pathways will ultimately lead to the development of novel

neuropharmacological intervention strategies [99].

Pharmacological tools for modulating MRs and

GRs, as well as decreasing CS levels are available, mostly

Fig. 5. The “magic mechanical box” of multilevel stress response mechanisms. The ample plastic response of the brain at any level is defined

by cross-talks between major systems – HPAA/CS, glutamatergic, neurotrophic, and cytokine – and their finely tuned reciprocal regula-

tion. Normally, the effect of a natural stress factor on any link results in beneficial co-regulatory changes in other processes inducing mul-

tilevel adaptive changes. If the stressful challenge is severe and the breakage cannot be easily compensated by adaptive adjustment, the

machinery of the box begins malfunctioning inducing pathological alterations, including molecular events resulting in brain cell dysfunc-

tion and, ultimately, behavioral disturbances, the hallmarks of neurological and mind diseases. Asterisks designate potential pharmacolog-

ical targets for preventing or treatment of abnormal functioning of the system.
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for experimental studies, and this is encouraging. No

doubt, translation of the experimental results and per-

forming respective clinical studies would bring us closer

to the ultimate goal – prevention of dementia and depres-

sion induced by focal brain damage. Antiglucocorticoid

agents appear to have therapeutic value in particular con-

ditions, potentially in disorders prominently and invari-

ably characterized by early hippocampal lesions and

memory impairment, like AD or other types of dementia

[97].

The first MR antagonist, spironolactone, was devel-

oped more than 60 years ago to treat primary aldostero-

nism and pathological edema. The knowledge of the

scope of MR function was expanded along with clinical

evidence of the therapeutic importance of MR antago-

nists to prevent inappropriate MR activation [100]. About

40 years elapsed between the first and MR-selective sec-

ond generation of MR antagonists [101]. Twenty years

later, a third-generation antagonist has yet to be market-

ed; progress has been slowed by the lack of appreciation

of the large variety of cell types that express the MR and

its diverse cell-type-specific actions, and also its unique

complex interactions at the molecular level. Fourth gen-

eration antagonists and selective agonists based on struc-

tural determinants of tissue and ligand-specific MR acti-

vation should be considered [101].

Addition of MR antagonists to standard therapy for

heart failure, kidney disease, metabolic syndrome and

diabetes is increasing steadily in response to clinical trials

demonstrating clear benefits. In addition to blocking

deleterious activity of MR within the heart, vessels and

kidneys, MR antagonists target MR in hemodynamic

regulatory centers in the brain, thereby decreasing exces-

sive sympathetic nervous system drive, vasopressin

release, abnormal baroreceptor function, and circulating

and tissue pro-inflammatory cytokines. However, brain

MR are also involved in cognition, memory, and this

should be borne in mind considering their potential use

[101]. MR-mediated signaling in the brain has been sug-

gested as a protective factor in the development of psy-

chopathology, in particular mood disorders. Activation of

the MR therefore may offer a target for alleviating depres-

sion and cognitive dysfunction. Accordingly, the MR ago-

nist fludrocortisone was found to enhance the efficacy of

antidepressants and to improve memory and executive

functions in young depressed patients. CS coordinate via

MR the networks underlying individual stress coping, and

this action is complemented by the widely distributed

lower affinity GR involved in the subsequent manage-

ment of stress adaptation. In this MR/GR regulation, the

MR is an important target for promoting resilience [97].

Low affinity GR, whose expression is ubiquitous, is

only activated when CS levels rise (during circadian peak

and in response to stress). GR modulates neuronal func-

tions and viability through both genomic and non-

genomic actions, and, importantly, its transcriptional reg-

ulatory activity is tightly associated with CS secretory pat-

tern [52]. Both genetic and environmental factors can

contribute to impaired GR function [68]. Recent evi-

dence shows that CS–GR can exert neuroprotective

effects; for any potential therapeutic strategies in neu-

rodegenerative diseases we need to understand the precise

modifications both in HPAA and in GR activity and find

ways to harness their protective actions [52]. In rodent

experiments, mifepristone (RU 486), a GR antagonist,

improved susceptibility to chronic stress [102]. Notably,

GR signaling in interneurons is differentially important in

females, which may have implications for GR-directed

gender-specific therapies for stress-related affective dis-

ease states [103].

Now at least two antagonists of CS receptors are

widely used in clinical practice in Russia. Both demon-

strate rather broad specificity towards different steroid

receptors and none of them is routinely used for treat-

ment of cognitive or affective disorders. Spironolactone, a

synthetic 17-spironolactone CS with potassium-sparing

diuretic, antihypertensive, and antiandrogen activities,

competitively inhibits MRs. Mifepristone is an antagonist

of GR and progesterone receptors. In any case, these CS

receptor antagonists are safe to be applied in treatment of

different pathologies in clinical conditions. Thus, the sec-

ond message is that there are many CS receptor ligands

accessible, some of them with proven safety are used clin-

ically (though not for treatment of cognitive or affective

diseases). The available compounds can be studied in

respective experiments and in clinical situations, and new

tissue-specific ones should be designed with higher speci-

ficity towards definite CS receptors.

Understanding the role of the immune system and

inflammation in patients with major depression or cogni-

tive deficits is essential in order to develop efficacious

treatments potentially targeting inflammation to reduce a

patient’s symptomatology and comorbidities. Since most

if not all antidepressants have specific anti-inflammatory

effects, restoration of decreased neurogenesis, which may

be induced by inflammatory processes, may be related to

the therapeutic efficacy of antidepressant treatments [72].

An alternative approach to prevent remote stress-

related hippocampal damage is to analyze known proper-

ties of drugs used in clinical conditions, find the com-

pounds with desired properties and study their potential

benefits. For instance, there is a wide variety of presumably

adaptogenic drugs for the claimed stabilization of physio-

logical processes and promotion of homeostasis. Though

the adaptogen concept requires additional clinical and

preclinical research, and is therefore not accepted into

strict current terminology, some drugs allowed for clinical

use have confirmed adaptogenic properties. In particular,

drugs containing neuropeptides, e.g., Cerebrolysin, are

pleiotropic and possess adaptogenic properties confirmed

at molecular level [104]. It may be practical to perform a

meta-analysis of adaptogenic properties of drugs used in
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treatment of cerebral lesions (in particular, stroke, trau-

ma), find the most promising compounds and investigate

experimentally the effects of these drugs on the HPAA dis-

turbed by different stress factors. Therefore, the third mes-

sage relates to the assumption that some of the numerous

drugs possessing adaptogenic properties and used in the

clinic may have a potential for normalizing the HPAA and

other mechanisms of stress response; the most effective

drugs can be found by experimental screening and verified

in preclinical and clinical studies.

There are still many points within the field which

should be clarified, the new understanding potentially

providing insights into the pathophysiology and potential

new treatments of stress-related cognitive and neuropsy-

chiatric disorders. In particular, a better understanding of

the CS actions could lead to a more rational treatment

strategy of stress-related disorders [105]. The epigraph to

this chapter is the words of William James, a leading

thinker of the late nineteenth century, “father of

American psychology”. Let’s follow the winner’s attitude:

it may be difficult to prevent delayed hippocampus-medi-

ated post-lesion disturbances, but it is possible based on

known mechanisms and those which will be discovered in

the near future. A key message is the statement that a

search for potential means of preventing post-lesion

remote hippocampal damage as well as the development

of delayed cognitive and emotional disturbance should be

performed, the perspectives looking quite optimistic.

CONCLUSION

“The beginning of health is to know the disease”

Spanish proverb

Since hippocampal damage after focal brain lesions

is closely associated with the delayed development of cog-

nitive impairments, including dementia, as well as

comorbid depression, it is vitally important to understand

precise mechanisms of this remote injury to the hip-

pocampus. The data suggest that there are common fac-

tors underlying the remote hippocampal damage which

are not strongly related to the nature and localization of

the primary damage.

The distant damage to the hippocampus associated

with a primary lesion of another brain structure was

described many years ago (see [4] for a review), however,

so far, no rational concept has been proposed to explain

selective vulnerability of the hippocampus to such kind of

injury. Recently, we have proposed a new viewpoint which

may contribute to the explanation why the hippocampus

is so vulnerable to damage of this kind [4]. We hypothe-

sized that this phenomenon may be mediated by relative-

ly high vulnerability to neuroinflammation related to

impairments of local CS metabolism and signaling. We

suggested at least two major different lines of events fol-

lowing focal brain damage (stroke or traumatic brain

injury): the first one, related to the direct primary damage

to the brain tissue, and the second one associated with

HPAA-mediated stress response events, in particular

excessive CS release, activation of the HPAA and hip-

pocampal MRs and GRs. In other words, we proposed

that remote hippocampal damage and the following cog-

nitive/affective disturbances after different brain injuries

is not just a direct consequence of primary injury, but to a

big extent a result of stress load and interaction of CSs

with CS receptors of the hippocampus, hippocampal

damage being associated with both post-injury dementia

and depression. Obviously, individual stress-responsivity

becomes a key factor defining the risk of these pathologi-

cal events. In this article, we tried (i) to construct the

rationale which would help to understand more deeply

the system of multi-level intertwining and interdependent

mechanisms of hippocampus-mediated stress response;

(ii) to describe possible causes and nature of the deregu-

lation of this comprehensive system; (iii) to show how

malfunctioning of this system affects hippocampal opera-

tion and how it influences human cognitive and emotion-

al status; (iv) to suggest which pathogenetically justified

approaches can be considered to prevent or repair this

malfunctioning. The “magic box” of stress response reg-

ulation (Fig. 5) contains many mechanisms integrating

multiple systems (HPAA/CSs/CS receptors, neu-

rotrophins and their receptors, inflammatory machinery,

neurotransmitters and their receptors and many others) at

multiple levels which, in case the system is imbalanced,

makes preventive/therapeutic measures complicated

since a primary key target may be not obvious. However,

fine mutual regulation between systems and operational

neuroplasticity mechanisms [106] give a hope that fixing

one precise key link would help to repair the whole

machine.
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