ISSN 0006-2979, Biochemistry (Moscow), 2021, Vol. 86, No. 6, pp. 641-656. © The Author(s), 2021. This article is an open access publication.
Published in Russian in Biokhimiya, 2021, Vol. 86, No. 6, pp. 787-804.

REVIEW

Stress-Associated Molecular and Cellular
Hippocampal Mechanisms Common
for Epilepsy and Comorbid Depressive Disorders

Natalia V. Gulyaeva'

!Institute of Higher Nervous Activity and Neurophysiology, Russian Academy of Sciences, 117485 Moscow, Russia
2Research and Clinical Center for Neuropsychiatry of Moscow Healthcare Department, 115419 Moscow, Russia
e-mail: nata_gul@ihna.ru

Received February 24, 2021
Revised March 30, 2021
Accepted March 30, 2021

Abstract—The review discusses molecular and cellular mechanisms common to the temporal lobe epileptogenesis/epilepsy
and depressive disorders. Comorbid temporal lobe epilepsy and depression are associated with dysfunction of the hypothal-
amic-pituitary-adrenocortical axis. Excessive glucocorticoids disrupt the function and impair the structure of the hip-
pocampus, a brain region key to learning, memory, and emotions. Selective vulnerability of the hippocampus to stress,
mediated by the reception of glucocorticoid hormones secreted during stress, is the price of the high functional plasticity
and pleiotropy of this limbic structure. Common molecular and cellular mechanisms include the dysfunction of glucocor-
ticoid receptors, neurotransmitters, and neurotrophic factors, development of neuroinflammation, leading to neurodegen-
eration and loss of hippocampal neurons, as well as disturbances in neurogenesis in the subgranular neurogenic niche and
formation of aberrant neural networks. These glucocorticoid-dependent processes underlie altered stress response and the
development of chronic stress-induced comorbid pathologies, in particular, temporal lobe epilepsy and depressive disorders.
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INTRODUCTION

Epilepsy is one of the most common neurological
diseases, affecting ~70 million people worldwide. A het-
erogeneous disease associated with various etiological
factors (genetic, infectious, traumatic, vascular, toxic,
tumor, etc.), epilepsy is characterized by periodic sponta-
neous seizures caused by hyperexcitability and hypersyn-
chronization of brain neurons. In almost a third of
patients, epilepsy is pharmacoresistant. Epileptic brain is
an example of chronic alterations of neuroplasticity
(functional and structural changes in the brain allowing
to adapt to environmental conditions, learn, remember
information, and restore after damage), which is based on
biochemical processes in synapses and other compart-
ments of neurons [1].

Abbreviations: BDNF, brain-derived neurotrophic factor;
GC, glucocorticoid; GR, glucocorticoid receptors; HPACS,
hypothalamic-pituitary-adrenocortical system; TLE, temporal
lobe epilepsy.
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According to the current definition, epilepsy it is not
only a disorder accompanied by seizures, but also a dis-
ease that can often be associated with comorbid cognitive
and mental disorders [2]. The prevalence of associated
mental illness in patients with epilepsy is relatively high:
one in three patients experiences a mental disorder (usu-
ally mood disorders and anxiety) during the lifetime.
Comorbid mental discases often precede the onset of
seizures and affect the quality of life of patients and the
course of epilepsy in several aspects. These include poor-
er tolerability of antiepileptic drug therapy, in particular,
development of iatrogenic psychiatric symptoms after
pharmacological and surgical treatment, increased mor-
tality risk, and higher economic burden on the patient,
family, and society as a whole. The problem seems so
important that it is debated whether psychiatric comor-
bidities should be included in the classification of epilep-
sies [3].

Depression is one of the most disabling disease asso-
ciated with epilepsy, and it has a profound negative
impact on the quality of life of patients with epilepsy.
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Although known since the ancient times, the link between
depression and epilepsy is still poorly understood. For a
long time, depressive disorders were considered only as an
expression of reactivity to the stressful factors in life of
patients with epilepsy. However, epilepsy and associated
mental illnesses have a complex relationship, which can
be manifested by both their high comorbidity and bidirec-
tional relationships between them. As a result, not only
people with epilepsy are at a greater risk of developing
mental disorders, but also patients with primary mental
disorders are at a higher risk of developing epilepsy [4].
This relationship can only be explained by the existence
of pathogenetic mechanisms shared by both diseases.
Indeed, the data obtained over the past three decades
have demonstrated biochemical, neuropathological and
neurophysiological changes common to epilepsy and
depression, confirmed by studies in animal models and
involved in the development of mood disorders and
seizures.

Among many different forms of epilepsy, the most
common epileptic syndrome in adults is temporal lobe
epilepsy (TLE). From 30 to 70% of patients with TLE
have neuropsychiatric complications, most often depres-
sive spectrum disorders. Comorbid mood disorders in
patients with TLE include personality disorders (espe-
cially obsessive-compulsive disorders) and major depres-
sion, which are often manifested in drug-resistant
(refractory, pharmacoresistant) TLE with the hippocam-
pal (mesial temporal) sclerosis [5, 6]. The incidence of
depression ranges from 20 to 55% in patients with refrac-
tory epilepsy, most of whom have TLE associated with the
hippocampal sclerosis. Patients with refractory epilepsy
are generally characterized by a frequent occurrence of
dysfunctional personality patterns, these patterns differ-
ing depending on the epileptogenic zone [7, 8].
Interestingly, another risk factor for comorbid depression
in TLE, in addition to pharmacoresistance, is gender
(women suffer more, which is typical for depressive disor-
ders in general) [9].

PATHOGENETIC CONCEPT OF COMORBIDITY
OF EPILEPSY AND DEPRESSION

An existence of common pathogenetic mechanisms
in primary psychiatric disorders and epilepsy has been
postulated as one of the leading hypotheses to explain
close and very complex relationship between these ill-
nesses, and neurobiological characteristics of mood dis-
orders and epilepsy have been analyzed to test this
hypothesis [4]. The data obtained in animal models were
used to suggest how the neurobiological aspects of mood
disorders contribute to the epileptogenic process and to
explain an increased risk of developing epilepsy, in partic-
ular, pharmacoresistant TLE, in patients with primary
mood disorders. Analysis of these data confirmed the
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existence of common pathogenetic mechanisms func-
tioning in both depressive (and, probably, anxiety) disor-
ders and epilepsy, that could explain their relatively high
comorbidity, their bidirectional relationship, and the
worse course of convulsive disorder associated with a pre-
vious history of depression [2, 4]. The authors of this
analysis rightly pointed out that the available data repre-
sent only a tip of the iceberg, and research in this area was
just beginning.

Depressive-like behaviors, such as immobility in the
forced swimming test as a manifestation of behavioral
despair and anhedonia (lack of preference for sweetened
water), were described in the absence epilepsy model
(WAG/Rjj rats) and in TLE models. The lithium-pilo-
carpine model of epileptic status followed by a period of
epileptogenesis over several weeks is one of the most ade-
quate TLE models, characterized by the brain (primarily,
the hippocampus) damage and changes in neuroplastici-
ty, similar to those observed in human TLE. Both epilep-
sy models cause the development of behavioral symptoms
of despair, anhedonia, and changes in the serotonergic
pathways of the hippocampus [10], as well as a number of
other biochemical alterations. These changes directly or
indirectly affect the hippocampus, including excessive
activation of the hypothalamic-pituitary-adrenocortical
system (HPACS) and pro-inflammatory processes.

EPILEPSY AS A MODEL OF CHRONIC STRESS

Depressive disorders are classified as stress-depend-
ent diseases. The key role of various stress factors (chron-
ic stress, early life stress) and alterations in stress reactiv-
ity in the pathogenesis of these diseases has been con-
firmed by numerous experimental [11-14] and clinical
data [15-20] and is currently unquestionable. However,
the role of stress factors in epileptogenesis and epilepsy
has been studied to a much lesser extent and remains
mostly obscure, as well as underestimated, both in scien-
tific research and medicine. Neurobiological analysis of
the clinical data, as well as the results of animal studies on
the influence of various stress factors indicate that stress is
fundamentally involved in the pathogenesis of epilepsy at
all stages, at different levels, and through various mecha-
nisms. In a sense, epilepsy itself can be considered as a
model of chronic stress.

The stress hormones glucocorticoids (GCs, cortisol
in humans, and corticosterone in laboratory rodents), are
secreted into the blood as a result of the HPACS func-
tioning and continuously affect the brain. Natural
changes in their levels are mediated by the ultradian or
circadian rhythms or can be caused by stressful situations
[21]. Brain cells express 2 types of corticosteroid recep-
tors (glucocorticoid, GR, and mineralocorticoid) that
differ in regional distribution and affinity. These receptors
mediate both fast non-genomic and slower genomic
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effects in neurons via membrane and cytoplasmic recep-
tors, respectively. That is why natural, including stress-
induced, changes in the level of GCs are associated with
a complex mosaic of time-dependent and region-
dependent modulations in brain neural activity. Such
changes in the activity of brain cells and the correspon-
ding neural networks lead to different shifts in cognitive
and emotional patterns [22]. Immediately after stress (at
the peak of GC concentration), the activity of the brain
regions involved in emotional responses increases, fol-
lowed activation of areas involved in higher cognitive
functions. Since the hippocampus, a limbic structure with
the maximum density of corticosteroid receptors, is
essential for both cognitive function (dorsal/posterior
hippocampus) and emotional response (ventral/anterior
hippocampus), it is the regulation of the hippocampal
function by stress hormones that becomes pivotal for the
body’s response to stress [21, 23]. It is also important that
unlike other brain structures, in the hippocampus, the
basal membrane covers only 30% of the vascular surface
[24], which facilitates hormone penetration into the neu-
rons. Overcoming stress requires a balanced response
during both phases of acute stress (at the peak GC con-
centration and during its subsequent decrease). However,
chronic stress disturbs this balance, especially in geneti-
cally vulnerable individuals, which leads to more pro-
nounced manifestation of the disease. This applies to
mental disorders, as well as neurological diseases, in par-
ticular, epilepsy. Both stress response and seizure activity
significantly depend on endogenous neurosteroids, which
have an important neurophysiological activity.
Neurosteroids interact with the glutamatergic, serotoner-
gic, adrenergic, GABAergic systems, potential-depend-
ent cationic and anionic channels, neurotrophin
system, etc. Changes in neurosteroid levels may be asso-
ciated with neuroinflammation and stress-related dis-
eases, including depression, as well as with epilepsy [25].

It has become clear that stress factors are key com-
ponents in the pathogenesis of early stages of epilepsy.
Stress episodes in early pre-and postnatal ontogenesis are
quite frequent and produce a range of negative effects on
physical and cognitive status in later life. These clinical
observations have been confirmed in experimental stud-
ies. One of the consequences of early stress is seizure
activity. The underlying mechanisms remain poorly
understood, although there is evidence of the involve-
ment of the glutamatergic, GABAergic, and adrenergic
systems [26].

Several approaches are used to investigate the associ-
ation between epilepsy and stress in patients. When inter-
viewed, patients with epilepsy often report triggering of
seizures by stressful events, and many believe that it is
stress that caused epilepsy. However, preclinical, epi-
demiological, and clinical studies of the association
between stress and epilepsy provide rather contradictory
results. The data of clinical studies are the most contra-
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dictory; however, the experimental results of preclinical
studies mostly confirm that chronic stress exacerbates the
manifestations of epilepsy, and, in some cases can cause it
[27, 28]. The negative impact of depression on the control
of convulsive disorders has been documented in various
studies [29]. Most patients with epilepsy who report stress
as an inducer of seizures have a history of anxiety, depres-
sion, or childhood trauma, as opposed to those who do
not consider stress important for the onset of the attack.
Most patients with stress-induced seizures who use self-
reported stress reduction techniques find this approach
effective for relieving seizures [30]. Despite the fact that
the mechanisms behind the pro-epileptic effects of stress
are still insufficiently studied, we believe that in order to
formalize the analysis of biological mechanisms of epilep-
togenesis/epilepsy, this disease should be regarded as a
model of chronic stress.

Stress factors cause the release of stress mediators,
hormones and neurotransmitters that bind to receptors in
various brain structures, primarily in the hippocampus, a
region that is sensitive to stress and easily develops seizure
activity. The interaction of stress mediators with receptors
in the hippocampus affects the excitability of individual
neurons and hippocampal neural circuits. It is important
that, depending on many factors determining the func-
tional status of the organism, mediators and their effects
demonstrate unique spatiotemporal profiles determining
the nature of complex combinatorial effects on the
excitability of hippocampal networks and the generation
of seizures [31]. Despite numerous clinical evidences that
stress can be a triggering factor for the development of
seizures in patients with epilepsy, the status of HPACS
(which determines stress reactivity) in such patients, is
poorly understood. Although the obtained data vary sig-
nificantly (which may be partly due to the use of
antiepileptic drugs), association of seizures with an
increased stress load and elevated cortisol levels has been
demonstrated in numerous studies [32]. At the same time,
high frequency of seizures is associated with increased
cortisol levels and lower functional connectivity of the
brain. The severity of psychological distress, realized pri-
marily in depressive and anxiety disorders, is significantly
higher in epilepsy than in other diseases. Some
researchers believe that these comorbid conditions con-
tribute to quality of life decline in these patients even
more than epilepsy itself [33]. It is obvious that the neu-
robiological basis of the relationship between psychiatric
comorbidities and epilepsy is to a great extent mediated
by stress, which is involved in both psychophysiological
and pathophysiological mechanisms of these diseases.

As mentioned above, the most common comorbidi-
ty of epilepsy is depressive episodes. Depending on the
cohorts studied, the occurrence of depressive episodes
may exceed 50% [34]. Depression belongs to a group of
diseases characterized by the patient’s inability to ade-
quately cope with stressful loads. Manifestations of
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depression in epilepsy involve many interacting neurobi-
ological and psychosocial determinants, including clini-
cal manifestations of epilepsy (frequency and type of
seizures, source and lateralization), neurochemical and
iatrogenic mechanisms. The most obvious and reason-
able (although, partial) explanation of depressive symp-
toms in epilepsy is that these symptoms stem from the
chronic multifactorial stress. The uncertainty and unpre-
dictability of seizures causes the feeling of despondency,
loneliness, despair, low self-esteem and self-reproach,
which can lead to social isolation, social stigmatization
and powerlessness. Depression is often seen as a response
to social stigma and the associated reduced quality of
life; the incidence of depression and suicidality in
patients with epilepsy is 4-5 times higher than in the
healthy population [35]. Epilepsy is also often accompa-
nied by the anxiety symptoms, which are frequently peri-
ictal. These symptoms are classified according to the
period of their manifestation (preictal, ictal, and postic-
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tal), although they are generally believed to occur inde-
pendently of seizures. Similar to depression, there is a
two-way pathophysiological link between anxiety disor-
der and epilepsy. In some patients, anxiety initiates
seizures, which can be explained by the concepts of stress
and arousal [36]. Seizures originating in limbic networks
involving the amygdala may have a fear-related sympto-
matology.

Analysis of available data suggests that a wide variety
of stress factors of different nature, acting in early onto-
genesis or on adulthood, are epileptogenic and can initi-
ate the development of epilepsy. These factors can be
chronic and act through the course of epileptogenesis and
the developed disease, or they can act once, but trigger
molecular processes that become the basis for the patho-
genesis of epilepsy and comorbid depression (these fac-
tors are discussed in detail in articles [27, 37, 38]). A
patient with developed epilepsy is affected by a complex
of chronic stress factors, psychological and physical.

* Various chronic stressors
* Disturbances in HPACS/
111GCs

Precipitating factors

Increased frequency of
seizures

Seizure
activity

Stress-induced
psychopathologies

Fig. 1. Shared factors of development of epilepsy and comorbid psychopathology (based on the data from [27, 29, 37, 40]). Groups of factors
that determine predisposition to epileptogenesis, promote epileptogenesis, and precipitate seizures are indicated. Amy, amygdala; Hip, hip-
pocampus; PFC, prefrontal cortex. (Colored versions of the figures are available in online version of the article and can be accessed at:

https://www.springer.com/journal/10541)
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and physical stress

Chronic psychological
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\/

Triggering seizures
increased frequency of seizures

Dysregulation
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Stressors

Fig. 2. The vicious circle of epilepsy/depression comorbidity based on stressful and neurohumoral factors. The consequence of comorbid
depression and TLE associated with HPACS dysfunction is mutually reinforcing effects of stress factors that form a vicious circle contribut-
ing to the progress and aggravation of both diseases. Chronic stress (including stress associated with epilepsy) leads to HPACS dysfunction,
which in turn, disturbs stress response, thus exacerbating this dysfunction and resulting in the development of depressive disorder. The devel-
oping depression further aggravates the dysfunction of HPACS, acting as an additional chronic stress factor for the patient. Stressful events
induce seizure episodes and increase in their frequency via multiple mechanisms. In turn, more severe epilepsy promotes chronic stress and

aggravates comorbid depression.

Indeed, comorbid depressive and anxiety disorders are
the evidence for the chronization of persistent stress. The
idea that epilepsy is a model of chronic stress is schemat-
ically represented in Fig. 1 that presents pro-epileptic
stress factors acting during different periods of epilepsy
development, and their potential relationship with the
development of psychopathology, as well as shows groups
of factors that determine predisposition to epilepsy, pro-
mote epileptogenesis, and precipitate seizures. At the
same time, persistent disturbances of HPACS (excessive
activation and subsequent depletion of HPACS at the
stage associated with chronic depression [39]) are consid-
ered as key events that trigger the development of comor-
bid epilepsy and depression.

In uncontrolled chronic stress, hypercortisolemia (in
animals, hypercorticosteronemia) becomes the most
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important component of stress-associated vicious circle
of epilepsy/depression comorbidity based on stressful and
neurohumoral factors [41]. A consequence of comorbid
depression and TLE developing on the background of
HPACS dysfunction is amplification of the effects of
chronic stress factors mutually potentiating comorbid
pathologies. The diseases themselves begin to act as stress
factors (e.g., patient’s awareness of his/her condition as a
result of the manifestation of negative symptoms of the
diseases). Thus, a vicious stressor circle is formed, which
contributes to the development and aggravation of both
diseases as they develop (Fig. 2). This vicious circle is
based on the fact that the HPACS controls both stress
response and seizure activity, since stress hormones, pri-
marily GCs, affect both the excitability of neurons and
the sensitivity to seizures [42, 43].
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HIPPOCAMPAL MOLECULAR AND CELLULAR
MECHANISMS UNDERLYING COMORBIDITY
OF TEMPORAL LOBE EPILEPSY AND DEPRESSION

Stages of neuroplasticity changes in the hippocampus
in TLE. Using as an example TLE, the most common and
studied form of adult epilepsy affecting the structure and
functioning of the hippocampus, it is possible to outline
the sequence of changes in hippocampal neuroplasticity.
The main stages which are characterized by the opposite
changes in neuroplasticity, are active epileptogenesis and
the stage of “mature” TLE [44-46]. Events occurring dur-
ing epileptogenesis result in the formation of epileptic
neural networks and the corresponding connectopathies:
changes in glutamatergic and GABAergic neurons,
increased aberrant neurogenesis, axonal sprouting and
remodeling of dendrites, in particular due to excessive

EPILEPTOGENESIS (LATENT PERIOD):

modification of synchronized rhythmic discharges
of neural ensembles and networks by changing

synaptic and neural connections

augmentation of the brain-derived neurotrophic factor
(BDNF) in specific areas of the hippocampus. With the
progress of epileptogenesis, this stage of aberrant super-
plasticity is replaced by the formation of an epileptogenic
focus, the functioning of which is accompanied by oppo-
site events leading to the restriction of plasticity: depletion
of the BDNF system, neuroinflammation, axon damage,
neurodegeneration, neuronal death, hippocampal sclero-
sis, and suppression of subgranular neurogenesis (Fig. 3).

Central role of HPACS in comorbidity between
epilepsy and depression. The rearrangement of synaptic
connections and neural networks during epileptogenesis
is largely initiated by the dysregulation of HPACS. The
control of the majority of the key mechanisms mediating
epileptogenesis and formation of mature epileptic net-
works in TLE is impaired in depressive disorders, which
are primarily associated with HPACS dysfunction as well.

MATURE EPILEPTIC NETWORKS:
recurrent seizure activity,
neurodegeneration

excitatory mechanisms.

development of inhibitory mechanism deficiency.

dendrites.

« Local excess of BDNF in the hippocampus —
new neurons— formation of new neural networks.
endothelial cells, and extracellular matrix.

* Development of neuroinflammation at this stage is

partially limited by high levels of BDNF.

modification of chromatin structure due to seizures.

* Changes in glutamate receptors (“aberrant” receptors)
and glutamatergic neurons, development of excessive

* Changes in GABA receptors and GABAergic neurons;

* Development of new aberrant and ectopic synapses—
increase in synaptic efficiency — induction of molecular
signaling cascades — axonal sprouting; remodeling of

enhanced aberrant neurogenesis, ectopic migration of

« Changes in the functioning of microglia, astrocytes,

* Epigenetic long-term changes in gene transcription,

Epileptogenesis results in the
development of neural networks with
excessive excitation, deficit of inhibitory
processes, and insufficient neurotrophic
mechanisms.

* Disorders of HPACS — pathological
regulation of glutamate synapses via
receptors of GCs— hyperglutamatergic
neurotransmission — excitotoxicity.

» Suppression of BDNF system in the
hippocampus.

* Neuroinflammation, microgliosis, and
astrogliosis.

* Axonal damage.
* Neurodegeneration and neuronal death.
= Hippocampal sclerosis.

* Suppressed neurogenesis in the

i subgranular neurogenic niche.

Fig. 3. Molecular and cellular hippocampal mechanisms at the main stages of TLE pathogenesis [44-47]. Progress of epileptogenesis is accom-
panied by BDNF excess, enhanced neurogenesis, “aberrant superplasticity” in the subgranular zone of the dentate gyrus, and maturation of
epileptic neural networks. Subsequently, against the background of HPACS dysfunction (excess of GCs and impaired functioning of their
receptors), hyperglutamatergic signaling and activation of neuroinflammation suppress neurogenesis and induce neurodegeneration and neu-
ronal death. At this stage, hippocampal plasticity becomes significantly reduced, and this plasticity deficit is further aggravated by recurrent

convulsive activity.
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This gives a basis to suggest a central role of HPACS in the
comorbidity of these diseases. Other mechanisms com-
mon to epilepsy and depression, including BDNF deple-
tion, activation of microglia, neuroinflammation,
impaired neurogenesis, neurodegeneration [40, 48], and
alterations in the functioning of neurotransmitter systems
(glutamatergic, serotonergic, monoaminergic, and
GABAergic) [49] are generally associated, either directly
or indirectly, with changes in HPACS function.

Recent studies have confirmed HPACS hyperactiva-
tion and elevated GC levels in patients with TLE. It was
found that an excess of GCs increases the excitability of
neurons, epileptiform activity and predisposition to
seizures. Patients with TLE can exhibit abnormal stress
response which facilitate ictal discharges and increase
vulnerability to the development of comorbid psy-
chopathologies [37, 50]. Long-term exposure to GCs not
only exacerbates pre-existing TLE, but also can increase
the predisposition to associated mental illnesses. The
hyperactivity of the HPACS negatively affects the struc-
ture and function of the brain temporal lobe, an area
deeply involved in both TLE and mood disorders, such as
anxiety and depression. GCs can disrupt glutamatergic
transmission through their receptors on the membranes
and in the cytoplasm of glutamatergic synapses (see
review [51]). Excessive excitatory activity of neurons dur-
ing seizures damages the structures of the temporal lobes,
further disinhibiting HPACS and concluding the vicious
circle of neuronal damage by increasing the susceptibility
to subsequent seizures and psychiatric comorbidities [43].
The hippocampus is particularly sensitive to chronic
stress and to GCs [41]. Along with many other changes,
these factors cause dendrite retraction, a reversible form
of plasticity that involves dendrite restructuring without
irreversible cell death. Dendrite retraction, which can
occur for weeks, months, or even years, is associated with
the increased probability of damage to the hippocampus,
and the existence of this time window is one of the postu-
lates on the GC vulnerability of the hippocampus [52].

Elucidation of the role of HPACS dysfunction in
epilepsy requires more detailed mechanistic studies, since
it is essential for understanding the development and pro-
gression of TLE and comorbid pathologies, as well as for
identification of potential therapy targets. The meta-
analysis of the relationship between cortisol levels and
seizures in patients with epilepsy was performed using the
data of 38 articles that met the inclusion criteria.
Fourteen of them analyzed the basal cortisol levels; 8§ —
the effects of antiepileptic drugs; 13 — the effects of
seizures on the cortisol levels; and 3 — the effects of stress
on these parameters [53]. Basal cortisol levels were found
to be higher in the patients than in healthy individuals in
studies with the most homogenous groups (45% of 38
studies). Despite the heterogeneity of the results in the
studies on antiepileptic drugs, seizures were found to be
associated with the increased cortisol levels in 77% of the
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38 studies. The only study with the presentation of acute
stress revealed a higher cortisol reactivity in epilepsy as
compared to the control [32]. In studies with self-report-
ed stress, a higher frequency of seizures was associated
with increased cortisol levels and reduced brain function-
al connectivity. The diurnal rhythm of epileptic seizures
in different types of epilepsy was found to be similar to the
cortisol circadian rhythm, which supports the hypothesis
that circadian fluctuations in GC levels affect the occur-
rence of epileptic seizures [53, 54].

In the hippocampus of patients with pharmacoresis-
tant TLE and comorbid depression, a decrease in GR
density was found [55]. GR expression was evaluated
immunohistochemically in patients with TLE (with or
without comorbid depression), who underwent neuro-
surgery for pharmacoresistant epilepsy and in the control
group (autopsy). The control samples revealed a high
density of GRs in the granular neurons of the dentate
gyrus and pyramidal cells of CAl region, while in patients
with TLE the expression of GRs was reduced, especially
in the presence of depression. The ratio between the
number of GR*/NeuN™ cells was lower in patients with
TLE accompanied by depression as compared to TLE
alone and negatively correlated with the severity of
depression assessed based on psychiatric history. GR
expression was also lower in glial cells in patients with
TLE and depression as compared to individuals with TLE
alone and negatively correlated with the severity of
depression. Reduced GR expression in the hippocampus,
an important brain region for HPACS feedback regula-
tion, may be implicated in the etiology of depression in
patients with TLE [55].

Hence, clinical data suggest that the elevated neu-
roendocrine response to stress in patients with TLE is
chronic and potentially contributes to both epilepsy pro-
gression and the development of associated psy-
chopathology. It is not clear whether HPACS dysregula-
tion reflects the direct effects of the epilepsy- associated
pathology, or secondary effects of the disease burden,
such as social segregation, stigmatization, and other types
of chronic stress associated with epilepsy. Animal models
provide an opportunity to distinguish these factors by
evaluating whether rodents with epilepsy reproduce the
neuroendocrine and behavioral changes characteristic for
human epilepsy. Wulsin et al. [56] modeled TLE on male
FVB mice using pilocarpine to induce the epileptic status
with subsequent development of spontaneous recurrent
seizures. Basal corticosterone levels were elevated in pilo-
carpine-treated mice 1, 7, and 10 weeks after epileptic
status as compared to the control group. Mice with
epilepsy had increased adrenal weight and corticosterone
hypersecretion after acute immobilization stress. Animals
with TLE showed more pronounced anhedonic behavior
(an index of depressive-like phenotype), hyperactivity,
and anxious behavior. Hence, modeling TLE in mice
resulted in the development of HPACS hyperactivity and



648

depressive-like behavior. The epileptic status induces
rapid hyperactivation of the HPACS, and dysfunction of
this axis can exacerbate seizure-induced brain damage.
The same research group [57] showed that administration
of the GR antagonist RU486 to TLE animals prevented
the increase in the cortisol levels caused by pilocarpine
epileptic status. RU486 also prevented the development
of pathological changes in the hippocampus, including
the loss of mossy cells in the hilus and abnormal cell pro-
liferation in the fascia dentata. Interestingly, the loss of
mossy cells and the accumulation of ectopic newly
formed cells in the hilus positively correlated with the
severity of seizures, suggesting a potential antiepilepto-
genic effect of GR antagonists [57]. Using another TLE
model, the pentylenetetrazole kindling, we have shown
that even a single convulsive attack causes a gradual dete-
rioration of learning and memory in the hippocampus-
dependent tests [58]. Apparently, the corticoid-depend-
ent mechanism of hippocampal damage may also under-
lie cognitive impairments described in patients with TLE.

Changes in neurogenesis. In almost all mammals,
including humans, neurogenesis in the hippocampus
occurs throughout life. Numerous studies in animal mod-
els have shown that neurogenesis in the subgranular niche
(the dentate gyrus of the hippocampus) is important for
learning, memory, and emotion, with newly formed neu-
rons potentially more excitable than “old” ones.
Neurogenesis in the hippocampus of adult brain is very
sensitive to physiological and pathological stimuli. The
key mechanism underlying the impact of stressful events
on neurogenesis is modulation by GCs [59, 60].
Convulsive seizures alter neurogenesis both quantitative-
ly and qualitatively [61]. Acute seizures are usually asso-
ciated with increased neurogenesis and migration of new-
born neurons to ectopic regions, such as the hilus and
molecular layer of the dentate gyrus Abnormally (ectopi-
cally) migrating newborn neurons formed as a result of
acute seizures, epileptic status, or traumatic brain injury,
participate in the formation of epileptogenic neural net-
works of the hippocampus [62-69]. On the contrary,
recurrent spontaneous seizures in chronic TLE are asso-
ciated with significantly reduced neurogenesis, abnormal
reorganization of neural networks, and loss of functional
inhibition in the hippocampus and extrahippocampal
regions [70]. Such changes are also accompanied by
learning and memory impairments and depression
[71, 72]. This is not surprising, since normal neurogene-
sis is important both for learning/memory and mainte-
nance of normal emotional state [73]. Suppression of
neurogenesis in the hippocampus is considered as one of
the key mechanisms in the development of depressive dis-
orders [74-77], so neurogenesis reduction in TLE might
be a basis for TLE comorbidity with depression. In
patients with pharmacoresistant TLE, who have under-
gone surgery, comorbid depression may be associated
with a loss of calbindin-expressing neurons in the dentate
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gyrus accompanied with a higher axonal sprouting in
these neurons (which is different from the patients with
non-depressive TLE) [78]. These changes may indicate
disturbances in the maturation of granular cells associat-
ed with the phenomena of epileptic hyperexcitability.

Neuroinflammation. In recent years, the hypothesis
on the key role of neuroinflammation in the epileptic
brain (including the hippocampus in TLE) was postulat-
ed and gained experimental confirmation (see reviews
[79-83]). At the same time, evidence from another pool
of studies strongly suggests that neuroinflammation in the
hippocampus is also important in the pathogenesis of
depressive disorders (see reviews [84, 85]. Current under-
standing of the role of cytokines as neuromodulators in
the epileptic and depressive brain is based on the results of
studies in humans and experimental animals [86, 87].
Cytokine receptors are present on the populations of neu-
rons and glial cells in specific brain areas. In the hip-
pocampus, cytokines are integral participants in physio-
logical processes such, as memory and learning, as well as
in pathological conditions, e.g., depression and epilepsy.
Normally, interleukin (IL)-1f3 is necessary to maintain
long-term potentiation in the hippocampus, while 1L-6
plays a negative regulatory role in the formation of long-
term memory. Tumor necrosis factor (TNF) secreted by
the astrocytes is involved in functioning of glutamatergic
synapses by promoting the surface translocation of gluta-
mate AMPA receptors. Chemokine CXCL12 can sup-
press tonic activity of Cajal—Retzius neurons in the hip-
pocampus. The concentrations of IL-10, interferon-v,
ICAMI1, CCL2, and CCL4 were found to be significantly
increased in the hippocampus of patients with TLE [88].

Glial cells play a crucial role in epilepsy pathogene-
sis by modulating both inflammatory processes (primari-
ly microglia, but also astrocytes) and neuronal excitabili-
ty (astrocytes). The mechanisms behind the involvement
of glial cells in these processes were discussed in detail in
the comprehensive review [89]. The loss of hippocampal
neurons induced by excitotoxicity and neuroinflamma-
tion, as well as reactive astrogliosis, are typical signs of
TLE pathology. In patients with TLE, functional changes
in hippocampal astrocytes are associated with mental dis-
orders and expression of astrogliosis-related genes coding
for glial fibrillary acid protein, metallothioneins I/1I, and
aquaporin 4 [90].

Glutamatergic system. Glutamatergic system is the
main excitatory neurotransmission system of the tempo-
ral lobe. Changes in this system have been described in
both epilepsies, in which they are essential for the devel-
opment of excessive arousal [91-96], and depression [97-
101]. Overactive glutamatergic neurotransmission
(recently, the term hyperglutamatergic neurotransmission
was suggested) in the hippocampus is a central factor in
the pathogenesis of epilepsy, depression, and cognitive
impairments [101]. It induces neurodegenerative changes
and loss of hippocampal neurons. Aberrant signaling
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affects both ionotropic [102, 103] and metabotropic glu-
tamate receptors [ 104] and induces the excitotoxicity and
oxidative stress, which also contribute to the comorbidity
of TLE and psychiatric diseases [93, 105]. It is important
to note that the functioning of glutamatergic synapses
carrying mineralocorticoid receptors and GRs on the
membrane and in the cytoplasm is regulated by GCs via
multiple pathways (see review [51]).

Experimental studies of the involvement of gluta-
mate receptors in the comorbidity of epilepsy and depres-
sion in animal models are just beginning. For example, it
was shown that chronic disturbances of the signal trans-
duction through the NMDA receptors, including signal-
ing via the ERK/CREB/ELK1/BDNF/CFOs pathway
and CREB (cyclic AMP response element binding pro-
tein) phosphorylation, in the model of fluoxetine-resist-
ant epilepsy associated with depressive-like behavior is an
important factor in the development of comorbid
pathologies [106]. Glutamate synapses also contain
cannabinoid receptors, and disorders of the endo-
cannabinoid system are involved in the epileptogenesis,
pharmacoresistance, and psychiatric comorbidity in
patients with TLE [107, 108]. Epilepsy and mood disor-
ders also share common receptor and transduction mech-
anisms involved in the serotonin, dopamine, and gamma-
aminobutyric acid (GABA) systems [109].

BDNF system. The role of the hippocampal BDNF
system in the development of epileptogenesis in TLE
[110, 111] (Fig. 3) and depressive disorders [112, 113] has
been studied in detail. In both cases, BDNF deficiency is
associated with the suppression of neurogenesis and acti-
vation of neuroinflammatory processes in the hippocam-
pus. The BDNF system is closely involved in functioning
of various types of neurons potentially important for the
comorbidity of epilepsy and depression; it is primarily
responsible for the multifactorial reciprocal regulation of
the glutamatergic system [114].

Molecular mechanisms common for stress response
and epileptogenesis (an outline). It is important to empha-
size once again that all the above-mentioned major
molecular mechanisms involved in the hippocampal
damage in response to chronic stress and associated with
development of epileptogenesis/epilepsy and comorbid
depressive disorders are interrelated and interdependent.
The central integrating and modulating component of
these mechanisms, both in the brain and in entire organ-
ism, is the HPACS. The dysregulation of the HPACS
results in the excess of GCs and dysfunction of GRs
(Fig. 4).

It is principally important that stress response and
epileptogenesis share molecular mechanisms (Fig. 4),
which explains the comorbidity of epilepsy and stress-
induced diseases, including depressive/anxiety disorders.
The central event in a complex system of interrelated
molecular processes is the dysregulation of the HPACS,
associated with disturbances in the functioning of corti-
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costeroid receptors and hypercortisolemia. The excitato-
ry glutamatergic system and the BDNF system are essen-
tial for the cellular and synaptic plasticity. They are con-
nected by numerous and reciprocal links providing their
mutual regulation. These intricate but well-coordinated
links ensure the optimal cellular and synaptic plasticity in
the normal brain [114]. Both systems are involved in the
pathogenesis of affective disorders, and disturbances in
the close and balanced relationships between them nega-
tively affect brain neuroplasticity, underlying depression,
anxiety, and other mental illnesses. Neuroinflammation,
which occurs in response to the dysfunction of the
HPACS (mainly via activation of the microglia), is also
closely related to the above-mentioned systems.
Neuroinflammation induces neurodegeneration and neu-
ronal loss in the brain limbic system, as well as suppress-
es neurogenesis. Excessively secreted GCs in patients
with TLE, especially in those with initially abnormal
stress response due to the HPACS dysfunction, interact
with the hippocampal GRs, inducing signaling pathways
that stimulate neuroinflammation and other processes,
such as neurodegeneration and changes in neurogenesis
[21, 41, 60]. Functional and structural damages to the
hippocampus, which is selectively vulnerable to extreme
factors and responds to them by increasing cytokine
secretion [115], form an individual basis for the develop-
ment of both epilepsy and depressive/anxiety disorders in
each particular patient.

CHANGES IN NEURAL NETWORKS
INVOLVED IN THE COMORBIDITY
OF EPILEPSY AND DEPRESSION

The above-described molecular and cellular mecha-
nisms of epilepsy pathogenesis, which also participate in
the development of depressive disorders and underlie the
comorbidity of epilepsy and depression, should undoubt-
edly form the basis for the existence of shared mecha-
nisms at higher (network and system) levels. Epilepsy is a
disorder associated with recurrent seizures that are
defined as “transient occurrence of signs and/or symp-
toms due to abnormal excessive or synchronous activity of
neurons in the brain” [116]. This hyperactivity is the
result of abnormal activity in large neuronal groups or
networks. The organization of aberrant neural networks
and potential mechanisms for their regulation in TLE are
discussed in detail in [116], both at the level of
“microchips”, i.e., the connections between individual
neurons or small groups of similar neurons, and at the
level of macrosystems covering large areas of the brain.
TLE is an appropriate biological model for establishing a
common structural basis for depression and epilepsy. TLE
and depression share similar neural network properties,
including temporal lobes with the hippocampus, amyg-
dala, and entorhinal cortex and neocortex; frontal lobes
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with the cingulate gyrus; subcortical structures such as the
basal ganglia and thalamus; and connective pathways
[117]. In other words, there is clinical and structural evi-
dence that depression and TLE are epiphenomena based
on similar properties of neural networks.

A common question in the studies of depression and
epilepsy comorbidity is which one of them is primary. It is
believed that depression and anxiety in epilepsy reflect the
dysfunction of widely distributed limbic networks, which
may be either a cause or consequence of epileptogenesis.
In refractory epilepsy, seizures and/or certain anticonvul-
sants may disrupt central emotional homeostatic mecha-
nisms that perpetually increase the risk of seizures [118].
In TLE, fear-related neural networks are associated with
the symptoms of anxiety and ictal fear [6]. Despite that
many researchers believe that changes in the neural net-
works in TLE form the basis for the development of men-
tal disorders [5], the systemic review of neuroimaging
studies of depression in adult patients with epilepsy [119]
showed that the available data are quite contradictory. In

particular, some authors suggest that depression, at least
in TLE, is associated with a different pattern of brain
changes as compared to major depression, which con-
firms an existing idea of the phenomenological features of
depression in epilepsy [119].

Interestingly, neuroticism, the main personality trait
characterized by a tendency to experience negative
effects, is higher in patients with TLE as compared to
healthy people. Neuroticism is a commonly recognized
predictor of depression and anxiety, which are also more
frequent in patients with TLE. According to [120],
patients with increased neuroticism with depression and
anxiety symptoms, demonstrated both unique and com-
mon patterns of abnormal functional connectivity of rest-
ing networks between the mesial temporal and frontal
lobes. For example, increased neuroticism was signifi-
cantly associated with hyposynchrony between the right
hippocampus and the Brodmann area, and this unique
relationship was independent of the symptoms of depres-
sion and anxiety.
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CONCLUSION: HIPPOCAMPUS
AS COUNTERPOINT TO STRESS,
EPILEPSY, AND DEPRESSION

Epilepsy is a neurological condition associated with
seizures, neurodegeneration, neural network rearrange-
ment, and other structural and functional disorders which
can ultimately lead to changes in behavior and emotional
state (anxiety, depression), cognitive dysfunctions (learn-
ing disabilities, memory impairment), and accelerated
aging. A growing number of studies have demonstrated
that neurodegenerative diseases, depressive disorders, and
epilepsy share common mechanisms [21, 121]. Cognitive
impairments and emotional/personality disorders are
regarded as symptoms, and the hippocampus is believed
to be the principal affected area.

A significant pool of clinical and experimental data
has been accumulated for evidence-based association of
TLE and depression. Multiple approaches are used to
study the pathogenesis of comorbid disorders at the levels
from ultrastructural (expression of cellular receptors) to
behavioral (studies of comorbid depression in animals
with modeled epilepsy). Investigations of neurobiological
aspects of primary mood disorders, mood disorders in
TLE, and pathogenetic mechanisms of epilepsy in animal
models and human subjects allows better understanding
of complex relationships between these two conditions
and provide an emerging picture of shared pathophysio-
logical mechanisms.

When validating the concept of the neuroplastici-
ty/neuropathology continuum [47], we emphasized the
commonality and pleiotropy (involvement in both the
implementation of normal adaptive plasticity and in the
pathogenesis of brain disease) of mechanisms at the
molecular, synaptic, cellular, and network levels. These
mechanisms are associated with a high adaptive plasticity
of the hippocampus, which is responsible for brain inte-
grative function, including learning, memory and emo-
tions. However, the price for this high plasticity is a selec-
tive sensitivity of the hippocampus to the development of
pathological processes. Signaling via secretion of small
molecules is characteristic of the nervous, endocrine, and
immune systems. The scale and significance of interac-
tions between these have become a subjects of scientific
research only recently. Neurotransmitters, hormones,
and cytokines act on the target cells via membrane or
intracellular receptors that switch on various molecular
cascades. There is no doubt that the hippocampus is one
of the central structures regulating interactions between
these systems.

There is a growing body of evidence that in both
epilepsy and depression, the alterations in the interaction
of serotonergic and noradrenergic neurons with the gluta-
matergic systems is associated with formation of abnor-
mal neural networks and increased excitability. The
hyperexcitability of neurons can cause convulsive activity,
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as well as disturb emotional responses. In addition,
altered synaptic levels of neurotransmitters and high GC
levels affect intracellular signaling pathways, causing dys-
function of the neurotrophin system and other neu-
rotrophic factors [122]. Comorbid mechanisms may be
associated with memory impairment and hippocampal
atrophy observed in magnetic resonance imaging.
Positron emission tomography studies revealed glucose
hypometabolism in the temporal and frontal lobes. In
both TLE and depression, astrocytes are involved in vari-
ous processes, playing a role that goes far beyond their
involvement in the hippocampal sclerosis. All these
mechanisms are closely intertwined and probably bidirec-
tional, so that structural and functional changes associat-
ed with a particular disease can increase the risk of devel-
oping the other one. The limbic system (primarily, the
hippocampus) is a counterpoint to depression and epilep-
sy, in particular TLE.

Understanding the general neurobiological patho-
genetic mechanisms that may play a role in the high
comorbidity of epilepsy and depression has a high trans-
lational significance and potential clinical use. The
impact of shared pathogenetic mechanisms is not limited
to high comorbidity, but may be important in the disease
exacerbation, as well as in the response to pharmacologi-
cal and surgical treatment of seizures in patients with a
history of depression. Individual stress reactivity of a
patient is a principal factor that determines the develop-
ment of epilepsy and comorbid mental disorders.
Unfortunately, this concept has not been routinely adapt-
ed for patients with epilepsy; existing simple but efficient
approaches to evaluate individual stress reactivity based
on the assessment of stress markers are not used suffi-
ciently. Such markers, commonly determined in the
blood, can also be evaluated in biomaterials obtained
noninvasively (hair, saliva, etc.) [39] and can be even
more informative when using a moderate stress test [123].
The idea of the involvement of individual stress reactivity
in the development of epilepsy and comorbid diseases can
be experimentally tested and used in medical practice to
develop new personalized strategies for correcting the
functional state of patient and monitoring the efficacy of
treatment.
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