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Preface

The bi-directional relationship between depression and epilepsy has been appreci-
ated for millennia. In 400 B.C., Hippocrates coined the famous phrase:

Melancholics ordinarily become epileptics, and epileptics, melancholics: what determines
the preference is the direction the malady takes; if it bears upon the body, epilepsy, if upon
the intelligence, melancholy. (Lewis 1934)

In more recent times, it has become apparent that, in addition to mood disorders,
other psychiatric and neurocognitive disorders are also highly prevalent in people with
epilepsy, and these are the greatest predictors of the quality of life of patients.
Furthermore, in many cases, these conditions predate the onset of spontaneous seizures
and epilepsy and predict the response to anti-seizure medications, suggesting bidirec-
tional associations. Ever since these famous words were spoken, philosophers, physi-
cians, scientists, psychiatrists, and neurologists have been studying these interactions,
characterising phenomena and working to identify the underlying biological or psy-
chological mechanisms which link these conditions. Such identification would provide
numerous benefits, including from clinical management and treatment perspectives.

In some ways, it is easy to consider that features of epilepsy may cause or contribute
to psychiatric conditions: the repeated effects of seizures, constant exposure to anti-
seizure medications, or the psychosocial stressors of living with an unpredictable
neurological condition such as epilepsy may result in cellular brain damage or distort
neural circuitry associated with mood regulation and various cognitive domains. But
what of the reverse direction? Why would a person suffering from depression be more
vulnerable to develop epilepsy? Neurotransmitter or hormonal alterations associated
with mood and anxiety disorders may interact with pathobiological alterations associ-
ated with development of epilepsy, but it is likely that a secondary insult may be
required to set into motion ‘epileptogenesis’, the processes underlying epilepsy devel-
opment. This robust field is constantly investigating these mechanisms, and the wealth
of research done in this field is testament to the desire — both from a clinical and
experimental perspective — to understand these interactions.

When I was invited to produce this volume, I immediately realised the book would
benefit greatly from clinical insights to complement my own discovery science

v



vi Preface

perspectives. I could think of no better co-editor than Prof Andres Kanner, eminent
clinician researcher and esteemed world leader in the field of psychiatric comorbidity
in epilepsy. Together, we recruited specialists from around the world to contribute to
the final product. The primary goal of our book is to summarise the state-of-the-art
thinking about age-old problems such as the mechanisms underpinning the interrela-
tionships between epilepsy and melancholia, as well as more recently identified
interactions between epileptic phenomena and psychiatric/neurocognitive features,
which have important impacts on clinical management and diagnosis.

Utilisation of animal models lends itself perfectly for the study of psychiatric and
cognitive disorders in epilepsy, since most, if not all, animal models of epilepsy
exhibit abnormalities in behavioural domains which align well with those observed
in patients with epilepsy. As such, ‘Part 1 — Discovery Science Chapters’ features
reviews compiled by experts in the field which focus on knowledge gained from the
study of animal models relevant to mechanisms and inter-relationships of
behavioural disorders in epilepsy. Katerina Lin and Carl Stafstrom rigorously
explore the consequences of early life seizures on the developing brain. Febrile
seizures often experienced by children are estimated to afflict 3% of the population,
and so understanding the cognitive, behavioural, and psychosocial consequences of
these seizures has far-reaching impact. This is followed by commentary from Avery
Liening and Alisha Epps who also focus on early brain development, here detailing
the extensive experimental literature which describes the vulnerability to seizures
and epilepsy brought about by stress and adversity experienced in early life. It is
widely considered, especially by patients, that stressful events can trigger seizures,
and the works from Samba Reddy, Wesley Thompson, and Gianmarco Calderara
describe this literature. The primary focus of this chapter is to describe the mecha-
nisms by which stress can influence seizure threshold and touches on how this
information may be valuable from a treatment perspective. Next, we explore abnor-
malities in neuronal dynamics as a consequence of epilepsy, which could explain
deficits in cognitive processing in these patients. Pierre-Pascal Lenck-Santini and
Sophie Sakkaki produce a detailed evidence-based description of neuronal network
alterations in epilepsy models and summarise how these contribute to learning and
memory deficits. The focus of Jamie Maguire’s contribution targets the biological
mechanisms which have been posited to contribute to psychiatric comorbidities in
epilepsy. This piece draws from extensive literature from both clinical and discovery
science research. Finally, we then delve into the holy grail of epilepsy research —
disease modification. To conclude Part 1, Emilio Russo and Rita Citraro summarise
the state of play regarding disease modification in epilepsy. They provide extensive
evidence from models of genetic generalised epilepsy that prolonged treatment with
anti-seizure medications results in prolonged improvements both in epilepsy severity
and behavioural comorbidities.

‘Part 2 — Clinical Chapters’ focuses on clinical research which addresses different
aspects of the very close relation between psychiatric disorders and epilepsy and
highlights the clinical implications of such relations. Thus, Antonio Teixeira reviews
the peri-ictal and para-ictal phenomena that result from a complex temporal relation
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between ictal activity and psychiatric phenomena. These phenomena are relatively
frequent in patients with treatment-resistant epilepsy and yet, they usually go
unrecognised by clinicians, leading to erroneous diagnoses and treatment strategies.
The complex relation between epilepsy and psychiatric comorbidities is explored in
the chapter on Psychotic Disorders in Epilepsy by Kousuke Kanemoto, in which he
illustrates their various clinical expressions, which may often differ clinically from
those of primary psychotic disorders and which can be closely associated with the
occurrence of ictal activity. The common pathogenic mechanisms operant in psy-
chiatric disorders and epilepsy are demonstrated in two chapters. In the first one,
Hrvoje He¢imovié, Zvonimir Popovi¢, and Frank Gilliam review the neurobiologic
pathogenic mechanisms operant in suicidality and epilepsy. In the other chapter, I
review the reasons for the higher comorbid occurrence among depression, epilepsy,
and migraine, which can be explained by the bidirectional relation that exists among
the three conditions, and their common pathogenic mechanisms. The therapeutic and
iatrogenic effects of psychotropic drugs on epilepsy and the effects of anti-seizure
medications and epilepsy surgery on comorbid psychiatric disorders are another
expression of the complex relation between epilepsy and psychiatric disorders with
important clinical implications. First, Kamil Detyniecki reviews the available evi-
dence on the ‘reported proconvulsant properties’ of psychotropic drugs and debunks
the misunderstandings surrounding those unfounded concerns. He identifies the few
psychotropic drugs that can increase the risk of seizures and reviews the experimen-
tal and clinical data that appear to suggest a possible antiepileptic effect of certain
families of antidepressant drugs. Having a clear understanding of these data and
unmasking these misconceptions is of the essence as they have become an unnec-
essary obstacle in the pharmacologic treatment of psychiatric comorbidities in
people with epilepsy. In a second article Gerardo Maria de Araujo discusses how
the psychiatric history of patients with epilepsy can allow clinicians to identify
patients at risk of iatrogenic psychiatric effects caused by anti-seizure medication
and epilepsy surgery. In his chapter, Luis Pintor reviews the iatrogenic and thera-
peutic effects of temporal lobectomies. Finally, Petr Sojka, Sara Paredes-Echeverri,
and David L. Perez close this section with a review of the multifaceted aspects of
psychogenic non-epileptic events.

We thoroughly hope our readers find this book informative and provocative, and
enjoy reading the contents as much as we enjoyed developing the final product for
you.

Melbourne, VIC, Australia Nigel C. Jones
Coral Gables, FL, USA Andres M. Kanner
Reference
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Abstract Epilepsy, a complex neurological disorder of recurrent seizures, is asso-
ciated with significant impacts on the developing brain. Patients commonly face
multiple comorbidities, including debilitating effects on cognition, behavior, and
psychiatric outcomes. These conditions can be a source of great distress for patients
that may even be greater than the burden of epilepsy itself. Here we investigate the
relationship between seizures and the development of these comorbidities, specifi-
cally cognition, memory, learning, behavior, and psychiatric disorders. We first
delineate the current research methodology in clinical and basic science that is
employed to study the impact of epilepsy and seizures. We then explore neurobio-
logical mechanisms underlying the development of seizures and cognitive and
behavioral outcomes. Potential avenues of intervention to best support individuals
and optimize their neurodevelopmental progress are also highlighted.
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1 Introduction

Seizures, characterized by paroxysmal, hypersynchronous electrical neuronal activ-
ity within the brain, can engender profound impacts on the developing brain.
Epilepsy, the fourth most common neurological disorder in the USA (Institute of
Medicine Committee on the Public Health Dimensions of the Epilepsies et al. 2012),
is often a debilitating condition that is defined by recurrence of unprovoked seizures.
Individuals with epilepsy often face a myriad of chronic conditions, including
cognitive dysfunction, depression, and anxiety. Scientific evidence supports the
model that brief and prolonged seizures can inflict lasting disruptions to brain
development. The goal of this review is to investigate how seizures alter brain
development and generate lasting changes in multiple neurobehavioral domains,
including cognition, memory, learning, and psychiatric outcomes.

We delineate current clinical and scientific methodology for studying seizures
and comorbidities in patients and animal models. We then examine current medical
and neurobiological research on mechanisms underlying these changes. Of note, the
relationship between epilepsy and associated comorbidities is not unidirectional;
rather, each may contribute to each other, and they may also have shared patholo-
gies. There are likely also dynamic interactions between genetic predisposition,
environmental influences, and baseline abnormalities in the brain that contribute to
the complex disorder of epilepsy and its associated cognitive and psychiatric
impairments.

The neurobehavioral clinical phenotype seen in patients with epilepsy also has
significant contributions from psychosocial and environmental influences. We con-
clude with potential interventions to support individuals through their
neurodevelopment. We discuss how future avenues of therapy should support family
and social networks, which can play a critical role in helping to alleviate symptoms
and provide much needed support for young patients with epilepsy through their
development.

2 Laboratory Assessment of Seizure-Induced Cognitive
and Behavioral Changes

Clinical research provides important insights into the medical condition of epilepsy
and its comorbidities. It can provide information regarding epilepsy and associated
illnesses, including cognitive deficits, memory impairment, and psychological
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disturbances throughout development. Studies of adults and children with epilepsy
can also explore associations and the qualitative impacts of the disease, imparting
critical understanding of patients’ personal experiences with epilepsy, such as
emotional effects and impairment on quality of life. Clinical studies, however, can
have potential difficulty with establishing causative effect between seizures and
cognitive and behavioral changes, particularly when invasive studies are impractical
or ethically prohibitive. There are also effects due to potential confounders, such as
usage of antiseizure medicine (ASMs), baseline brain structural abnormalities, and
underlying comorbidities.

Laboratory investigation utilizing animal models provides a powerful method to
help elucidate the pathophysiology of epilepsy and comorbidities in a relatively
controlled setting. Animal models of acquired epilepsy allow for experimental
control over potentially confounding factors, including the cause of seizures and
their duration, frequency, and severity, which are more difficult to modify in clinical
studies. Prolonged seizures in animals can be induced through administration of
substances such as kainic acid (KA), pilocarpine, and pentylenetetrazole, and can be
performed at varying times throughout an animal’s lifespan. Each of these
chemoconvulsants has a different mechanism of action and mimics a different
seizure type.

There are a multitude of methods and tests to study seizure-induced changes in
the brain of animal models. These tests evaluate a wide range of functions and
characteristics, such as sensorimotor function, locomotor activity, visuospatial learn-
ing and memory, anxiety, and depression (Table 1). Assessment of preserved
sensorimotor function is a common and critical behavioral test. Studies demonstrat-
ing normal sensorimotor and reflexive function are necessary to establish that these
variables are not causing behavioral or cognitive differences. One of the more
commonly used sensorimotor tests is the rotarod test, which implements a rod
rotating at different speeds and requires the animal to balance and keep pace with

Table 1 Key behavioral and cognitive tests in animal models

Test Purpose Characteristics

Open field test Curzon | Exploratory and Exploration of novel environment, namely newly

et al. (1976, 2009) locomotor introduced objects or recently poked holes in an
activity open field

Morris water maze Visual spatial Utilizing visual cues to locate platform under

Morris et al. (1982, learning and water; requires intact function of hippocampus

1984) memory

Rotarod Curzon et al. Sensorimotor Balancing and keeping pace with rod rotating at

(2009) function different speeds

Elevated plus-maze Anxiety Placement in enclosed space consisting of two

Lister (1987), File elevated, brightly lit arms juxtaposed perpendic-

(1993) ularly with two darkly lit arms

Forced swimming test | Depression Identifying behavioral immobility through cessa-

Porsolt et al. (1977a, b) tion of vigorous activity when swimming in a

container filled with water
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the changing rotation rates (Curzon et al. 2009). Other tests are used to compare
activity and function in animals with epilepsy compared to those without epilepsy.
Testing exploration and locomotor activity can be completed through the open field
test (Curzon et al. 2009; Walsh and Cummins 1976). The Morris water maze
assesses visual spatial learning and memory (Morris et al. 1982; Morris 1984).
The wide variety of methods allows for comprehensive study of seizure-induced
changes.

Psychiatric comorbidities are often a key component of the epilepsy phenotype.
Many studies can assess these outcomes, including anxiety and depression, in animal
models. The elevated maze-plus is a common method to examine behavior related to
anxiety (Lister 1987; File 1993). The forced swimming test is a popular method to
evaluate depressive behavior in animals (Porsolt et al. 1977a, b). It induces a
depression-like state in rodents that is amenable to antidepressant therapy. Analyz-
ing psychiatric outcomes in mice, however, has limitations. While diagnosing
psychiatric conditions in humans relies on physicians’ clinical acumen and commu-
nication with patients to understand their unique perceptions and individual experi-
ences, this type of interaction is not feasible with a non-human subject. Therefore,
animal studies must rely on behaviors associated with psychiatric states, like anxiety
or depression-related behaviors, as a correlate to the human condition. This is a
practical, yet inherently imperfect, approach. These shortcomings must be taken into
consideration prior to implementing such a study and in the analysis of the outcomes
if such a study is performed.

When laboratory behavioral and cognitive tests are used, there are specific
practices that should be implemented. Tests should be selected based on carefully
constructed a priori hypotheses and with an understanding of the functions of the
specific tests under consideration. When tests are performed in the same animal, they
should be completed in order of increasing aversiveness. There must also be
appropriate respite between tests to prevent emergence of habituation. Adherence
to best practices in using animal models allows for a rigorous, thorough study
design.

3 Changes in Cognitive and Behavioral Development

3.1 Cognition, Learning, and Memory

Cognitive challenges are common and can be greatly debilitating for patients with
epilepsy (Powell et al. 2015). A population-based study of school-aged children with
epilepsy found that 80% had cognitive impairment and/or a behavioral disorder, with
40% having intellectual disability, as determined by an intelligence quotient less
than 70 (Reilly et al. 2014). Earlier exposure to seizures in the first 2 years of life was
independently associated with intellectual disability compared to later presentation
of seizures (Reilly et al. 2014). Cognitive impairment encompasses a wide spectrum,
ranging from intellectual disability and global cognitive dysfunction, which is
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present in 26% of children with epilepsy (Berg et al. 2008a), to attention deficit—
hyperactivity disorder (ADHD) (Nickels et al. 2016). These impairments increase
risks of academic underachievement, learning disabilities (Fastenau et al. 2008), and
decreased performance in reading, spelling, and writing (Berg et al. 2008b; Dunn
et al. 2010). Children with epilepsy have high rates of special education services and
grade retention (Bailet and Turk 2000).

Cognitive effects are related to seizure-related factors. Earlier age of onset, longer
history of epilepsy, and increased seizure frequency have a higher risk of cognitive
impairment (Wang et al. 2018). Furthermore, cognitive effects often vary based on
the type of epilepsy. Epileptic encephalopathy is characterized by severe epilepsy
and intellectual disability (Howell et al. 2016) and is an independent risk factor for
cognitive outcome (Berg et al. 2008a). Severe epilepsies, such as drug-resistant
epilepsy, are associated with increased frequency and more severe cognitive impair-
ment compared to drug-sensitive epilepsy (Gavrilovic et al. 2019). On the other
hand, benign focal epilepsies of childhood, such as benign epilepsy with
centrotemporal spikes, are associated with relatively favorable long-term cognitive
outcomes (Ross et al. 2020).

The pathophysiology of seizure-induced deficits in cognition is an area of active
research. Extensive behavioral studies in rodent models have demonstrated that
seizures differentially affect adult animals compared to younger animals. For
instance, an early study of KA-induced seizures in rats found behavioral and
cognitive deficits that occurred in an age-dependent manner (Stafstrom et al.
1993). Adults and older animals had deficits in exploration, learning, and memory
and increased aggression during handling. Conversely, younger rats did not display
behavioral or cognitive changes. Further studies on long-term effects of recurrent
seizures on spatial learning and memory using a similar rodent model discovered
loss of hippocampal cells and profound impairment in spatial learning retention in
adults but not immature rats (Sarkisian et al. 1997). Younger age appeared to be
protective of macroscopic structural alterations in the brain compared to the much
more severe changes seen in adults. Thus, there is a spectrum of age-specific
influences on brain structure and function.

There is also evidence that seizure exposure at a young age can lead to persistent
changes in cognition and behavior. Notably, there may be a critical period of
neuronal plasticity in hippocampal development that influences the brain’s ability
to permanently modify circuitry resulting from seizure activity (Sayin et al. 2015).
Many studies have elucidated cellular changes and potential biological mechanisms
that may underlie these alterations in learning and memory as a result of early
exposure to seizures. In rat models, early seizures induce longstanding alterations
in hippocampal firing, specifically of place cells, and thus impair spatial learning
(Karnam et al. 2009). The mechanism of seizure-induced hippocampal impairment
involves changes in synaptic plasticity and long-term potentiation (Zhou et al. 2007).

There are multiple potential relationships between seizures and cognitive
comorbidities. A causal relationship is one possibility, with seizures contributing
to biological changes that lead to impaired cognition. Basic scientific research as
described above provides a controlled manner with which to investigate this
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relationship. However, there is mounting evidence that suggests other associations
may also exist; for instance, there may be a common pathophysiology of epilepsy
and cognitive changes. A prospective study of children with newly diagnosed
epilepsy found significant differences in baseline cognitive status at or near the
time of diagnosis. These differences were sustained over 5—6 years with neither
improvement nor decline (Rathouz et al. 2014). Similarly, symptoms of ADHD can
present before or at the time of seizure onset (Williams et al. 2016) and even in
patients who are not on antiepileptic medications (Kwong et al. 2016a). This
indicates that cognitive symptoms are not caused solely by medication effects or
seizure activity. Furthermore, recent neuroimaging research has demonstrated that
individuals with new-onset epilepsy already had brain abnormalities at the time of
diagnosis. There was significant disruption within structural brain networks, and this
was associated with lower 1Q and poorer executive function (Bonilha et al. 2014).
Moreover, there may also be a genetic contribution, as specific gene mutations have
been identified that lead to both epilepsy and cognitive impairment (Dibbens et al.
2008; Damaj et al. 2015). The occurrence of cognitive and structural baseline
abnormalities in children newly diagnosed with epilepsy suggests a common path-
ophysiology related to underlying brain dysfunction.

3.2 Psychiatric Outcomes

Co-existing psychiatric conditions are common among patients with epilepsy.
Patients demonstrate high prevalence of depression (Kwong et al. 2016b), anxiety
(Pham et al. 2017), and suicide attempts (Hesdorffer et al. 2016). Children in
particular are at risk for psychiatric and neurodevelopmental disorders (Berg et al.
2011), with rates estimated as high as 37% (Davies et al. 2003). They have
significantly more behavioral problems compared to unaffected siblings at baseline
that persist over time (Austin et al. 2011). Childhood epilepsy is also associated with
adverse long-term mental health outcomes, with worse mental health in those with
poor cognitive development (Chin et al. 2011). Even for individuals without cogni-
tive impairment, childhood epilepsy is associated with difficulties maintaining
personal relationships (Chin et al. 2011). There is increased risk of emotional hard-
ships, difficulties maintaining connections with others, and challenges interacting
with peers (Davies et al. 2003).

The relationship between epilepsy and development of concurrent psychiatric
conditions is complex. There is likely a bidirectional relationship between psychi-
atric disorders and seizures, meaning that seizures may contribute to the generation
of psychiatric differences, but psychiatric disorders may not always arise directly
from seizure activity. We first review evidence for seizure-induced changes in
psychiatric outcomes. For example, early seizure exposure can lead to alterations
in psychiatric outcomes. In rodent models, early seizures result in deficits in social
behavior and interactions (Lugo et al. 2014) and induce anxiety and autistic-like
behaviors (Waltereit et al. 2011). Even a single exposure to status epilepticus in the
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neonate induces lasting deficits in anxiety (Smith et al. 2017). Following epilepsy
surgery, levels of depression and anxiety can be significantly reduced, supporting the
concept that epileptogenesis may engender neurobiological alterations that predis-
pose individuals to developing psychiatric comorbidities (Smith et al. 2017). Poten-
tial mechanisms include seizure-induced hyperactivity of the hypothalamic-
pituitary-adrenal axis, which correlates with severity of depressive behavior, and
subsequent decrease in serotonergic raphe-hippocampal transmission (Mazarati et al.
2009; Pineda et al. 2010).

Baseline psychiatric differences, however, may also influence an individual’s
susceptibility to seizures. For instance, a history of major depression or attempted
suicide independently increases risk of unprovoked seizures (Hesdorffer et al. 2006,
2007). Mood disorders and generalized anxiety disorder are associated with
increased risk of seizure recurrence (Baldin et al. 2017). Furthermore, suicide
attempts are associated with epilepsy before the time of diagnosis, even in those
without use of ASMs (Hesdorffer et al. 2016). Thus, preexisting psychiatric disor-
ders increase the predisposition to seizures. Interestingly, the neurobiological under-
pinnings of psychiatric disorders may also interact and even exacerbate the
pathogenesis of epilepsy. Depression is associated with worse prognosis in epilepsy
and increases the risk of pharmacoresistant epilepsy (Hitiris et al. 2007). Although
baseline differences in psychiatric condition may increase risk of epilepsy, evidence
also supports that psychiatric disorders can also occur independently from epilepsy
and do not necessarily lead to seizure activity. For example, de novo psychopathol-
ogy, including depression and anxiety, can arise in patients after temporal lobe
epilepsy surgery (Cleary et al. 2012).

Psychiatric comorbidities and epilepsy may also share a common pathological
basis. There are many potential biological mechanisms and neurological structural
changes underlying both psychiatric comorbidities and epilepsy. Alterations in the
balance of neurotransmitters in the brain may predispose individuals to both seizures
and psychiatric dysfunction. Research has suggested the involvement of monoam-
inergic systems such as dopamine, serotonin, and norepinephrine in epileptogenesis
and seizure susceptibility (Giorgi et al. 2004; Guiard and Giovanni 2015; Svob Strac
et al. 2016). The monoamine system is also crucially involved in the genesis of
neuropsychiatric disorders. Other neurotransmitter systems, specifically GABAergic
signaling, have been implicated as a common mechanism for the pathogenesis of
autism and epilepsy (Kang and Barnes 2013).

Neuroimaging has also provided important insights into possible neuroanatomi-
cal pathologies. Among patients with temporal lobe epilepsy, decreased cortical
thickness of the orbitofrontal cortex is associated with depressive symptoms (Butler
et al. 2012; Nogueira et al. 2019). Dysfunction within frontolimbic structural and
functional networks predicts depressive symptoms in patients with temporal lobe
epilepsy (Kemmotsu et al. 2014). Structural brain abnormalities may additionally
contribute to psychiatric pathophysiology independent of seizure activity. Reduc-
tions in gray matter in the orbitofrontal cortex and cingulate gyrus are associated
with de novo depression after temporal lobe epilepsy surgery (Pope et al. 2014).
Overall, numerous neurobiological mechanisms are likely at play in the development
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of psychiatric comorbidities and epilepsy. Further investigation of these processes
may provide further insight into possible therapeutic options and improve treatment
for patients.

4 Supporting Neuropsychiatric Development

Patients with epilepsy must be provided with ample comprehensive medical, psy-
chological, and social support in order to optimize their neuropsychiatric develop-
ment. Comprehensive medical care is essential to helping patients, as they face
increased mortality compared to the general population (Chin et al. 2011) as well as
cognitive and behavioral difficulties associated with seizures. Childhood epilepsy
can lead to devastating long-term consequences on employment, education, and
adulthood throughout an individual’s lifetime. It can impact an individual’s ability to
integrate into society and is an independent risk factor for having single marital
status and lack of parenthood (Chin et al. 2011). Improved seizure control is
associated with reduction in behavioral difficulties, suggesting that early interven-
tion through adequate medication that reduces seizure frequency may help alleviate
behavioral and social challenges (Powell et al. 2015).

In addition to standard medical care, interventions to support the
neurodevelopment of children with epilepsy should target psychosocial influences,
such as family environment. A variety of seizure-independent factors impact
patients’ cognitive and behavioral phenotype. For instance, parental intelligence
and features of the home and family environment are associated with cognitive
impairment in patients with childhood epilepsy (Hermann et al. 2016). Specific
family-related variables associated with behavioral problems include less education
of caregivers, decreased child satisfaction with family relationships, ability of the
family to problem solve and support one another, and familial support of children’s
autonomy (Austin et al. 2011). Social adversity relating to family problems is
associated with poor cognitive and behavioral performance in children with epilepsy
(Oostrom et al. 2003). Other environmental influences impact psychological out-
comes among individuals with epilepsy; marital status, alcohol misuse, nicotine
dependence, and nonadherence to medications are associated with worse mental
health outcomes (Wubie et al. 2019). Thus, to promote patients’ neurobehavioral
progress, it is essential to address psychosocial determinants of their development
and ensure that social and environmental support is provided for patients and their
families managing complex medical illnesses.

A crucial psychosocial intervention to promote development of children with
epilepsy is providing support for caregivers. Parents and family play a critical role in
the emotional and psychiatric growth of their children. They provide psychological
support, helping their children understand the reality of their illness and cultivate
acceptance of their differences from their peers; however, parents can be negatively
affected by the stress and social stigma associated with the diagnosis of epilepsy,
which can hinder their ability to optimally support their children. In a study of
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60 parents of children with epilepsy, parents expressed emotional, financial, and
social stress associated with caring for their child with epilepsy as measured by the
Childhood Illness-related Parenting Stress Inventory (Rani and Thomas 2019). Most
parents felt confused about their child’s condition and expressed difficulty
discussing the matter with their physicians. Other studies have similarly demon-
strated that most caregivers of children with epilepsy have limited understanding of
the term epilepsy (Nagan et al. 2017). Furthermore, parents also worry about their
children’s integration with society and marital prospects due to cultural misconcep-
tions surrounding the epilepsy diagnosis (Rani and Thomas 2019). These observa-
tions warrant interventions that provide emotional and psychological support for
caregivers. It is also necessary to improve communication between caregivers and
health care providers surrounding the terms and definition of epilepsy. This will help
parents achieve greater understanding of their children’s diagnoses. The goal is to
help parents gain greater empowerment in asking health care providers further
questions and clarification so they are best equipped when taking care of their
children with epilepsy.

It is necessary to target societal influences, such as stigma, which directly impact
patients’ psychological wellbeing and development. Patients often face immense
pressure from social stigma associated with epilepsy. This exacerbates behavioral
outcomes, increasing rates of aggression in the setting of anxiety and depression
(Seo et al. 2015). Stigma is worsened by psychiatric comorbidities including anxiety
and depression (Shi et al. 2017; Suljic et al. 2018). Thus, individuals with epilepsy
often face the unique challenges of dual social stigma, one associated with epilepsy
and another associated with mental health disorders. Therefore, to promote the best
medical and developmental outcomes, it is necessary to target social influences of
stigma on health. This includes raising awareness and promoting education to
dismantle misperceptions, discrimination, and mistreatment within communities
and society (Paschal et al. 2007). In addition, providing information about their
condition and psychoeducational programs should be provided to patients and
families to help them confront, overcome, and dispel perceived stigma (Snead
et al. 2004; Austin et al. 2014).

5 Conclusions

Epilepsy carries tremendous morbidity and mortality and generates immense med-
ical, emotional, and financial consequences for patients and their families. It is
associated with multiple neurological, cognitive, and psychiatric comorbidities.
For many patients, these comorbidities can have greater burden than that of epilepsy
(Institute of Medicine Committee on the Public Health Dimensions of the Epilepsies
et al. 2012). Furthermore, societal factors, including perceived social stigma, com-
pound the suffering of patients and contribute to negative quality of life (Abadiga
et al. 2019). Neuroscientists and clinicians have focused research on investigating
the impact of seizures on development and how the neuropsychiatric phenotype
arises.



12 K. Lin and C. E. Stafstrom

[ Genetics, environment, acquired insults ]

Seizures | <— > Seizure
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Fig. 1 Schematic illustrating the complex relationship between brain development, seizures, and
seizure comorbidities. Etiologies such as genetic mutations, environmental factors, and acquired
insults can case seizures or their comorbidities, and also affect brain development, as depicted by
the thick arrows. Likewise, seizures and their comorbidities themselves influence ongoing neuronal
development as illustrated by thin double-headed arrows. See text for details

The relationship between epilepsy and neuropsychiatric comorbidities is multi-
factorial (Fig. 1). Both basic science and clinical research provide useful modes to
study these relationships. The evidence supports complex interactions between
seizures and cognition, memory, behavior, and psychiatric disorders. Early seizures
increase risk of cognitive deficits, but there is also evidence for a common patho-
physiology underlying cognitive impairment and epilepsy. Likewise, early exposure
to seizures increases risk of psychiatric outcomes like anxiety, but there is also likely
shared pathology that gives rise to both conditions. Importantly, environmental and
familial influences also contribute.

The collection of complex conditions presenting in an individual with epilepsy
likely arises from a confluence of many risk factors, with vital public health
implications. Interventions are needed to support patients suffering from serious
comorbidities and must address these medical, emotional, and psychosocial aspects.
Ultimately, the scientific community must spearhead continued investigations to
provide further insight into the neurobiology of seizures and development and to
guide future therapies. Overall, future research elucidating the mechanisms under-
lying seizures and neurobehavioral comorbidities will help to delineate pathophys-
iology, identify treatment targets, and optimize quality of life for patients with

epilepsy.
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Abstract Epilepsy and stress are each significant concerns in today’s society,
bearing heavy impacts on mental and physical health and overall quality of life.
Unfortunately, the intersection between these is potentially even more concerning, as
stress is a frequent trigger of seizures and may contribute to neural hyperexcitability.
A growing body of research suggests a connection between early life stress (occur-
ring in the prenatal or postnatal stage) and later development of epilepsy. While the
larger part of this literature suggests that early life stress increases vulnerability for
epilepsy development, there are a number of interacting factors influencing this
relationship. These factors include developmental stage at which both stressor and
seizure assessment occur, type of stressor, sex effects, and type of seizure (convul-
sive or non-convulsive). Additionally, a number of potential mechanisms have been
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identified, including activation of the hypothalamic-pituitary-adrenal axis,
neuroinflammation, altered inhibitory/excitatory balance, and temporal lobe struc-
tures. Developing a clearer understanding of this relationship between early life
stress and epilepsy, the factors that influence it, and underlying mechanisms that may
serve as targets for intervention is crucial to improving quality of life for persons
with epilepsy.

Keywords Development - Early life stress - Epilepsy - HPA axis -
Neuroinflammation - Seizure - Temporal lobe

1 Introduction

According to the CDC, approximately 3.4 million people in the USA suffered from
epilepsy in 2015. Of these, nearly 470,000 were children under the age of 18 (Zack
and Kobau 2017). Globally, more than 65 million people were affected by epilepsy
in 2015 (Moshé et al. 2015), with approximately 8.5 million of these cases attributed
to children (Kassebaum et al. 2017). Regardless of age, epilepsy poses a number of
physical and psychological challenges. Persons with epilepsy (PWE) often contend
with the unpredictability of seizure timing and severity, a heightened likelihood of
comorbidities, side effects of pharmaceutical treatments, stigma and discrimination,
financial cost of care, limitations on independence, and, in some forms of epilepsy,
increased risk of mortality from sudden unexpected death in epilepsy (SUDEP)
(Covanis et al. 2015). Notably, many of these challenges are associated with
decreases in quality of life (Conway et al. 2016; Ridsdale et al. 2017). Reflecting
the scale and scope of these concerns, the World Health Assembly passed a 2015
Resolution on the “Global Burden of Epilepsy and the Need for Coordinated Action
at the Country Level to Address its Health, Social and Public Knowledge Implica-
tions” (Covanis et al. 2015). Supported by leaders from 42 different nations, the
Resolution called for greater recognition of the burden of epilepsy and outlined
specific actions for leaders of these countries to promote educational platforms and
healthcare plans including prevention, diagnosis, treatment, and research develop-
ment (Covanis et al. 2015).

In addition to being associated with decreased quality of life, many of the
challenges faced by PWE are also significant stressors. In 2015, the American
Psychological Association’s Stress in America survey found that more people
were living under “extreme stress” than in 2014, with females and younger adults
experiencing heightened levels of stress (American Psychological Association
2016). Worldwide, the 2019 Gallup Global Emotions report found that more than
one-third of people in 142 nations experienced stress on the day prior to the survey.
Countries reporting the highest levels of stress included Chad, Greece, and the USA,
with approximately 50-59% of survey responses in those countries indicating
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prior-day stress (Gallup Inc 2019). This is concerning for a number of reasons,
including the intersecting relationship between stress and epilepsy. Studies have
shown that stress may increase the severity and frequency of seizures in those who
already suffer from epilepsy (Sawyer and Escayg 2010). Indeed, stress has been
repeatedly identified as the most common trigger experienced prior to seizure
initiation (Galtrey et al. 2016; McKee and Privitera 2017). However, much remains
to be learned about the timing, duration, and nature of stress and its effects on
epilepsy.

Researchers have begun to investigate if early life stress can be a factor in the
development of epilepsy. Studies have shown that prenatal stress can be dangerous
for the mother and the infant (Coussons-Read 2013). Infants exposed to prenatal
stress can suffer from health and developmental issues, with potential implications
for long-term functioning. When infants are exposed to stress-related glucocorti-
coids in utero, it can alter their own developing stress responses. More traumatic
stressors, like death of a loved one or divorce around the time of conception, can lead
to heart complications for the fetus or loss of pregnancy. Meanwhile, less acute
stressors like anxiety, perceived stress, and pregnancy-specific distress tend to lead
to low birth weight and preterm birth (Coussons-Read 2013). Pregnancy-specific
distress has been linked to increased risk of epilepsy, with both preterm delivery
(Hirvonen et al. 2017) and postterm delivery (Ehrenstein et al. 2007) being associ-
ated with elevated incidence of seizures during childhood. Additionally, maternal
emotional state is linked to earlier age of first febrile seizure (Thébault-Dagher et al.
2017), supporting a role of prenatal stress in childhood epileptogenesis.

Postnatal stress also has negative consequences on child development. Adverse
childhood experiences (ACEs) categorize stressors that involve forms of abuse or
trauma within the home related to incarceration, poor mental health, domestic
violence, or strained parental relationships (Merrick et al. 2018). Long-term ACEs
are associated with excessive activation of the stress-response system and increased
risk of physical and psychological morbidity, with long-term developmental conse-
quences (Deighton et al. 2018). Indeed, PWE report higher levels of childhood
emotional and sexual trauma (Labudda et al. 2017); these rates are further increased
in patients with stress-sensitive epilepsy (Lee et al. 2015) and those with psychiatric
comorbidities (Labudda et al. 2017). Socioeconomic status (SES) can also play a
role in the creation of stress and its impacts on development. Low SES is linked to
decreased performance in almost every area of functioning (Bradley and Corwyn
2002). Access to resources is a majority of this problem. Nutrition, access to health
care, cognitively stimulating materials and experiences, parenting styles, and teacher
attitudes and expectations are all affected by a lower SES (Bradley and Corwyn
2002). For PWE, low SES is often intertwined with epilepsy-related stigma, further
exacerbating the impact on well-being (Chomba et al. 2008). This lack of resources
changes the experience of the child and can drastically increase the level of stress
starting at an early age.

A better understanding, then, of the relationship between stress and its role in the
development and propagation of epilepsy is essential for improving patient care and
quality of life. Animal models have been crucial for the insights gained to date, as
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prenatal and early postnatal stress can affect the likelihood of epilepsy later in life in
rat and mouse models (Koe et al. 2009). A review of these studies suggests common
themes that may link risk of epilepsy following early life stress, including seizure
type, age, and sex, as well as underlying mechanisms that may contribute. While the
majority of evidence suggests early life stress is pro-convulsant, early life stress may
have different effects on epileptogenesis under a number of factors.

2 Convulsive Seizures, Early Life Stress, and the Effects
of Age

A majority of studies on this topic have assessed the role of early life stress in
convulsive seizure susceptibility during that same life stage. Whether the stress was
applied prenatally or postnatally, early life stress generally increases convulsive
seizure susceptibility in animal models assessed before adulthood. Although there
are exceptions, this finding was consistent across both partial (kindling, pilocarpine,
and kainic acid) and generalized (pentylenetetrazol and flurothyl) convulsions.

2.1 Prenatal Stress and Early Life Seizure Susceptibility

Prenatal stress is most frequently studied by exposing the pregnant dam to a stressor,
as stress-induced hormones will cross the placenta to affect the pup embryos as well.
For example, application of restraint stress to pregnant dams decreased latency to
first tonic-clonic seizure of offspring at postnatal day (PND) 14 and 21 in a
pilocarpine model (Nejatbakhsh et al. 2018). Similarly, multiple studies have
shown increases in seizure susceptibility using pentylenetetrazol (PTZ)-induced
seizures following maternal restraint stress. This was measured by increased severity
(Lopim et al. 2020), shortened time to seizure with greater number of tonic-clonic
attacks (Hashemi et al. 2013), and increased frequency of focal and tonic-clonic
seizure (Hashemi et al. 2016), at both PND 15 and 25. Maternal restraint stress also
increased seizure susceptibility to lipopolysaccharide (LPS) and kainic acid-induced
seizures at PND 14 (Qulu et al. 2012) and to NMDA-induced infantile spasms (Baek
et al. 2016; Yum et al. 2012). Similar findings of increased seizure susceptibility in
neonatal offspring were also identified using other maternal stressors, including
maternal exposure to predator odor (Ahmadzadeh et al. 2011), water stress
(Ebrahimi et al. 2014; Saboory et al. 2015), and fetal hypoxia through maternal
nitrogen exposure (De Riu et al. 1995). Other forms of prenatal stressors, like dietary
protein deficiency, also showed increased seizure susceptibility in offspring at PND
44. Offspring born to a dam fed a malnourished casein diet during gestation and
lactation showed lower afterdischarge threshold and longer afterdischarges when
hippocampally kindled (Bronzino et al. 1986).
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In contrast, there were maternal stressors that did not appear to result in enhanced
seizure susceptibility in offspring, or which had varying results. Velisek injected
pregnant dams with one of two different corticosteroids. Offspring of dams injected
with hydrocortisone showed no differences in susceptibility to either kainic acid- or
flurothyl-induced seizures at PND 15 (Velisek 2011). Those who experienced
elevated betamethasone in utero showed an increased threshold to flurothyl-induced
clonus, suggesting that this prenatal exposure actually decreased their seizure
susceptibility in this particular model (Velisek 2011). Similarly, prenatal injection
with betamethasone on gestation days 15—19 led to an increased threshold for both
maximal electroshock-induced seizures and hippocampal kindling, although rate of
seizure progression was unaffected (Young et al. 2006). However, other studies of
prenatal betamethasone injection have supported the idea of maternal stress increas-
ing later seizure susceptibility of offspring. Hippocampal slices from offspring of
dams injected with betamethasone revealed an early latency to interictal discharge
and seizure-like events when kainic acid was bath applied, suggesting increased
hippocampal excitability in these offspring (Benson et al. 2020). Similarly, other
studies using prenatal maternal injection of betamethasone showed increased sus-
ceptibility to NMDA-induced infantile spasms on PND 15 (Baek et al. 2016),
suggesting that different seizure paradigms may yield differing results.

While some maternal dietary deprivation studies did show increases in seizure
susceptibility of offspring, as discussed above, this seemed dependent on the partic-
ular element that was deficient in the diet. Iron deficiency during gestation served to
decrease overall seizure frequency and number of severe Class V seizures induced
by PTZ on PND 44 (Rudy and Mayer-Proschel 2017). This decreased susceptibility
following prenatal iron deficiency was seen in the same study through an increased
seizure threshold for hypoxia testing on PND 9. Others, like prenatal choline
deprivation, showed no difference in severity of kainic acid-induced seizures on
PND 42 (Holmes et al. 2002), suggesting that malnutrition may have varying effects
depending on the particular nutrient being deprived.

Yet, other studies have suggested that timing of maternal stress during pregnancy
may play a critical role in seizure outcome for offspring. Moriyama et al. revealed an
effect of transport stress (shipping via air travel during pregnancy) at gestation day
(G) 9, but not G16. Pups born to a dam transported at G9 showed longer and more
severe febrile convulsions at PND 14. This was not seen in pups born to dams
transported at G16 (Moriyama et al. 2013), suggesting that timing of the maternal
stressor may also play a role in later seizure susceptibility.

2.2 Postnatal Stress and Early Life Seizure Susceptibility

As with prenatal stress, postnatal early life stress also generally increases suscepti-
bility to convulsive seizure during the first 2 months of life. This has been demon-
strated consistently with a number of stressors, including isolation and malnutrition.
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Maternal separation during the early postnatal period involves separating the pups
from their dam, most commonly for 180 min per day from PND 2 through 14.
Neonatal isolation paradigms separate the pups from each other as well as from their
dam, often for a shorter time (i.e., 60 min). These studies predominantly support
increased seizure susceptibility in early life following these stressors. Isolation from
PND 2 through PND 9 or 12 has been associated with decreased seizure threshold to
pilocarpine at PND 10 (Lai et al. 2006) and longer seizure duration at PND 12 (Lai
et al. 2009). Male mice who were singly housed for 28 days post-weaning required a
lower dose of PTZ to induce seizure at PND 50 (Amiri et al. 2014). Other studies
have demonstrated increased burst firing in the hippocampus during the interictal
period (Ali et al. 2013) and longer PTZ-induced seizures in PND 10 to 14 pups who
experienced maternal separation from PND 2 to 9 (Huang et al. 2002). Although
these studies would both suggest increased susceptibility in males following mater-
nal separation, it is important to note that other studies have shown a decreased
susceptibility, as with increased seizure threshold with PTZ at PND 50 (Amini-
Khoei et al. 2015)

The effects of maternal separation and neonatal isolation may be influenced by
sex differences. Despite an overall lack of effect of maternal separation on
pilocarpine-induced seizure susceptibility, Akman et al. (2015) noted that outcomes
were worse in female rats compared to males. In addition to sex, there are also
suggestions that duration of maternal separation could be a factor in this outcome as
well. Edwards et al. saw no effect of maternal separation on either sex when tested
with hippocampal kindling on PND 14; however, their maternal separation paradigm
occurred only on PND 4 and 5 (Edwards et al. 2002). Similarly, Akman et al. (2015)
reported no effect of maternal separation on pilocarpine- or flurothyl-induced sei-
zures at PND 19 or PND 32, respectively, using a three-day maternal separation
paradigm. When taken together, these studies may suggest that there is a certain
threshold duration of maternal separation required for an effect on later seizure
susceptibility, and that perhaps this threshold is lower in females than in males.

Other forms of early postnatal stress also mirrored these findings, including early
life handling. Early life handling before weaning or between PND 30 to 37 increased
seizure susceptibility in a genetic mouse model, the EL mouse, when tested at PND
67 (Todorova et al. 1999). Similar findings showed reduced latency to pilocarpine-
induced seizures following early life handling of rats (Persinger et al. 2002). This
increased susceptibility only happened when the handling occurred during early life,
suggestive of a critical window in which this stressor could increase susceptibility.
Chronic early life stress induced by limited quantities of bedding, causing disrup-
tions in maternal care, has been shown to increase the presence of spontaneous EEG
seizures in the amygdala and limbic system, paired with flexion behaviors at PND
15 (Dube et al. 2015). Neonatal injections of inflammatory agents like lipopolysac-
charide on PND 10 decreased latency to both hyperthermia-induced seizures on
PND 18-19 and PTZ-induced seizures on PND 25-26 (Saboory et al. 2019).
Collectively, these studies suggest a facilitating role of postnatal stress on develop-
ment of seizure activity during early life.
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As with prenatal malnutrition, dietary deprivations during the postnatal period
also tend to increase seizure susceptibility, with some exceptions. A shorter period of
early life food deprivation from PND 1 to 10 was associated with decreased
threshold to flurothyl seizures from PND 7 to 10 (Simdo et al. 2016). These results
were similar to those of a prior study that showed a decreased threshold to flurothyl
on PND 15 in male pups following a slightly longer deprivation period from PND
2 to 15 (Florian and Nunes 2010). However, others have removed the dam daily
from PND 2 to 12 as a means of dietary deprivation, and reported no effect of latency
to status epilepticus using flurothyl on PND 15 (Hemb et al. 2010). It should be
noted that each of these studies involves separation of the dam from the pups.
Although Florian and Nunes have attempted to distinguish the impact of maternal
separation versus malnutrition on neuronal loss in the hippocampus (Florian and
Nunes 2010), it is difficult to exclude the possibility that the act of maternal
separation could be having as much or more impact on seizure susceptibility than
malnourishment in these behavioral studies.

Other studies of early life malnutrition have found varying results based on
nutrient and/or seizure paradigms. Thiamine deficiency during the first 3 weeks of
the postnatal period was associated with decreased thresholds for electroshock-
induced seizures (Cheong et al. 1999). Zinc-deficient diets were detrimental for
kainic acid seizures, as 4-week-old pups fed a zinc-deficient diet for 4 weeks showed
higher seizure severity, along with elevated rates of status epilepticus and mortality
(Takeda et al. 2003). These results, however, were not seen with PTZ-induced
seizures, as there was no difference in PTZ susceptibility between pups fed the
zinc-deficient diet and those fed a control diet (Takeda et al. 2006). Asparagine-
deprivation may have protective benefits, as dams fed an asparagine-deprived diet
during lactation raised offspring that had an increased threshold to flurothyl-induced
seizures at PND 22 (Newburg and Fillios 1982).

Thus, it can be concluded that early life stress generally increases convulsive
seizure susceptibility during the early developmental period prior to adulthood.
However, several notable exceptions warrant further consideration. Relevant factors
on outcome of early life stress may include sex, timing of prenatal stressors, duration
of postnatal stressors, and specific nutrients involved in malnourishment stressors. A
more complete understanding of the influence of these factors may guide the
development of novel treatment strategies and therapy approaches to coping with
early life stress.

2.3 Prenatal Stress and Seizure Susceptibility in Adulthood

Fewer studies have assessed the effects of early life stress on seizure susceptibility in
adulthood. Of those that do, results are more varied than those assessing prenatal
stress and its effects in childhood or adolescence, suggesting that perhaps these
effects are short in duration or diminish over time.
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For example, Edwards et al. (2002) demonstrated that maternal restraint stress did
result in a lowered afterdischarge threshold for hippocampal kindling at PND 13.
However, this effect was lost by adulthood. Supportive of the aforementioned sex
differences, although with different outcomes, males exhibited faster kindling rates
in adulthood, but females did not (Edwards et al. 2002). In keeping with this
increased susceptibility persisting into adulthood, maternal restraint stress increased
both the number and duration of tonic-clonic seizures in adult rats in response to
kainic acid injection (Frye and Bayon 1999). Suchecki and Palermo Neto showed
that dams exposed to REM sleep deprivation during the second week of gestation
had offspring who were more susceptible to PTZ-induced clonic convulsions at
3 months of age. However, these effects were not seen if REM sleep deprivation
occurred during the first or third week of gestation (Suchecki and Palermo Neto
1991), reinforcing the idea that timing of maternal stress might be an important
factor in offspring’s seizure outcomes.

In contrast, Pajand et al. demonstrated that 2-month-old offspring of dams
exposed to heterogeneous sequential stress during pregnancy had reduced severity
of PTZ-kindled convulsions. However, this was only seen in offspring born during
the dam’s first pregnancy; stress during second pregnancy had no effects on off-
spring’s seizure susceptibility (Pajand et al. 2014). Studies of prenatal protein
malnutrition have also offered varying effects in adulthood, although some of
these are also complicated by variations in seizure paradigm. When tested at PND
44, offspring of dams fed a protein-deficient diet during gestation showed increased
susceptibility to traditional daily hippocampal kindling (Bronzino et al. 1986), as
described above. When tested with traditional kindling of the medial perforant
pathway at PND 90-120 days, offspring of dams fed a similar diet continued to
show a lower afterdischarge threshold in the hippocampus. Surprisingly, these same
offspring required more stimulations to generate a convulsive seizure (Bronzino
et al. 1990). Other variations on the kindling paradigm also reflected decreased
epileptogenesis in adulthood following gestational protein malnutrition, with a rapid
kindling of the perforant path (multiple stimulations in quick succession) revealing a
slower rate of kindling when used daily or every other day (Austin-Lafrance et al.
1991; Shultz et al. 1995). In studies of other forms of gestational malnourishment,
prenatal choline deficiency did not affect seizure susceptibility, as there was no
change in any parameter of kainic acid-induced seizure in offspring tested at PND
60 (Wong-Goodrich et al. 2011). Thus, it cannot be concluded with certainty
whether these differing effects of prenatal stress are due to variations in kindling
parameters, region being stimulated, or age. These factors warrant further investiga-
tion into the long-term effects of prenatal stress on epileptogenesis.

2.4 Postnatal Stress and Seizure Susceptibility in Adulthood

Unlike prenatal stress, studies assessing the effects of postnatal stress on seizure
susceptibility and epileptogenesis in adulthood reveal more consistent and enduring
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effects. Female rats who experienced maternal separation from PND 2 to 14 showed
a lower afterdischarge threshold and decreased number of stimulations to reach a
fully kindled status with amygdala kindling beginning at 8 weeks of age (Kumar
et al. 2011; Salzberg et al. 2007). These effects were limited to females, as
epileptogenesis was not increased in males following maternal separation. This
increased susceptibility to epileptogenesis in females was also reflected by longer
duration of seizure (Koe et al. 2014). Similar results were observed using a rapid
amygdala kindling paradigm (Jones et al. 2009). Furthermore, Gilby et al. also
showed a faster amygdala kindling rate in selectively-bred adult rats who were
cross-fostered until weaning. The FAST line is bred to exhibit accelerated kindling
rates, while the SLOW line exhibits a longer progression to kindling. Cross-fostering
between lines increased kindling rate in both lines, likely due to the stress of the
cross-fostering manipulation itself (Gilby et al. 2009).

Exposure to decreased nourishment from birth through PND 20 resulted in
increased susceptibility to hippocampal kindling in adulthood (Taber et al. 1980).
Similarly, neonatal isolation from PND 2 to 12 increased the development of
spontaneous seizures in adulthood in rats exposed to pilocarpine-induced status
epilepticus at the end of the isolation period (Lai et al. 2009). Decreased nourishment
by restricted access to the nursing dam during the postnatal period led to decreased
threshold and latency to first seizure following pilocarpine administration at PND
60 (Cabral et al. 2011). The latent period to onset of spontaneous seizures following
status epilepticus was also reduced, suggestive of both increased seizure suscepti-
bility and epileptogenesis.

Collectively, research suggests that the effects of a variety of postnatal stressors
do indeed persist as elevated seizure susceptibility and epileptogenesis into adult-
hood. These effects appear less certain and more variable with prenatal stressors, as
some prenatal stressors appeared to continue their effects into adulthood while others
did not or even resulted in decreased seizure susceptibility. However, multiple
factors complicate interpretation of these results, including distinctions in timing
of stressor during gestation, type of stressor, and seizure induction paradigms.
Further study is warranted into the duration of prenatal stress on later seizure
susceptibility. If increased susceptibility truly does fade with time, this will provide
its own set of interesting questions for follow-up. Are there compensatory mecha-
nisms at work that could be considered for future therapeutic benefit? Is there a
limited time window during which stress can exert negative effects on seizures, and
if so, would studies of postnatal stress begin to see declining effects if stretched out
for a longer duration? Alternatively, if increased susceptibility does not fade with
time, how could this shape prenatal care guidelines?
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3 Non-convulsive Seizures

Studies on the effect of early life stress on non-convulsive/absence seizures are
relatively few and predominantly use the WAG/Rij model. Given that this model
develops seizures as indicated by spike-wave discharges (SWD) after the age of
6 months, these studies are all conducted using adult rats. These SWD are charac-
terized by a period of sharp upward deflections on cortical EEG followed by a slow
wave and model childhood absence seizures (Schridde and van Luijtelaar 2004).
These discharges fall into two categories: Type 1 SWD, a generalized phenomenon,
and Type 2 SWD, a more localized and brief waveform. Interestingly, results of
these studies indicate a very different effect of early life stress on non-convulsive
seizures than has previously been discussed for convulsive seizures.

3.1 Poor Maternal Care and Non-convulsive Seizures

WAGT/RIj rats exhibit poor maternal care, as measured by fewer approaches to pups,
longer latency to approach, and fewer transfers of pups to the nest (Dobryakova et al.
2008). Pups that remain with a WAG/Rij dam until weaning typically develop SWD
characteristic of non-convulsive seizures during adulthood. However, WAG/Rjj
pups that are cross-fostered with a Wistar mom displaying high levels of maternal
care tend to show decreased seizure susceptibility in adulthood. This was demon-
strated at 7-8 months of age through decreases in number, duration, and severity of
SWD (Sarkisova and Gabova 2018; Sarkisova et al. 2017; Sitnikova et al. 2016).
The cross-fostered offspring who received high maternal care also had less pro-
nounced waveforms and lower-spectral power of SWD in adulthood (Sarkisova and
Gabova 2018). These results were shown to persist later into adulthood, as cross-
fostered WAG/Rij pups raised by a Wister dam showed a reduction in SWD number
and duration when recorded at 9-13 months of age (Sitnikova et al. 2015). These
effects were not seen in WAG/Rij pups who were cross-fostered to a different
WAGT/Rij dam. Thus, poor maternal care in the early postnatal period may be a
contributing factor to the expression of SWD in adulthood for WAG/Rjj rats.

3.2 Early Life Environment or Handling and Non-convulsive
Seizures

As discussed previously, social isolation or single housing as a form of postnatal
stress generally increased susceptibility to convulsive seizures. Studies in
non-convulsive seizure models, however, are quite consistent in finding these
stressors decrease susceptibility to SWD. Male WAG/Rij rats who were singly
housed for 60 days following weaning showed a shortened duration of Type
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1 SWD and a decreased number of Type 2 SWD compared to those housed in an
enriched social environment (Schridde and van Luijtelaar 2005). This finding
persisted for Type 1 SWD if the isolated housing condition continued for up to
120 days (Schridde and van Luijtelaar 2004). Other environmental manipulations,
including maternal deprivation and neonatal handling from PND 1 to 21 were also
found to have beneficial effects in WAG/RIj rats, contrary to the findings of
convulsive models. Each of these manipulations decreased the number of SWD in
4.5-month-old male rats, suggestive of a decrease in susceptibility to non-convulsive
seizure activity (Schridde et al. 2006).

Thus, in non-convulsive animal models, isolation housing appeared to decrease
seizure susceptibility compared to enriched social housing. It should be noted that
the WAG/Rjj studies used rats living in an enriched environment as their comparison
group, while the isolation studies discussed earlier for convulsive seizures used
standard housing as a comparison. Additionally, the WAG/Rij rats were older at
the time of the isolation than the pups used in several of the convulsive seizure
studies. Thus, it is difficult to ascertain whether these findings are reflective of a true
difference between the seizure models, or of paradigmatic differences between the
housing conditions and comparison groups. However, non-convulsant and convul-
sant models have also differed in several other aspects. For instance, treatments like
carbamazepine that are effective in many convulsant models have been shown to
worsen seizures in both chemically induced and genetic models of absence seizures
(Pires et al. 2015). Other studies have demonstrated complex interactions between
convulsive and non-convulsive seizures occurring in the same animal, highlighting
the differing mechanisms underlying the two seizure types. Prior expression of SWD
in a chemically induced model significantly slows the progression of later amygdala
kindling (Carcak et al. 2020). Likewise, early life febrile seizure increased suscep-
tibility to PTZ-induced convulsive seizures in adulthood, but decreased susceptibil-
ity to non-convulsive seizures in adulthood using a WAG/Rij model (Ates et al.
2005). Although not early life stress-related, these studies provide precedent for
differing and even opposing effects of convulsive versus non-convulsive seizures. If
future studies affirm that early life stress has distinct effects on convulsive and
non-convulsive seizures, this could provide an additional avenue for studying the
differing mechanisms between these forms of epilepsy.

4 Sex Effects Mediating Early Life Stress in Epilepsy

As mentioned previously, there may be sex-based vulnerability when analyzing
seizure susceptibility with different early life stressors (Jones et al. 2014). Some
studies have reported increased vulnerability in males following early life stress. For
example, freeze lesions administered on PND 1 had a significant effect on the
development of spontaneous recurrent seizures, but only for males and androgenized
females (Desgent et al. 2012). Similarly, males demonstrated faster kindling rates in
adulthood (Edwards et al. 2002), a trend for worsened outcomes following
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PTZ-induced seizures (Hashemi et al. 2013), and increased susceptibility to
handling-induced seizures (Todorova et al. 1999) following early life stress. Studies
have also shown that male pups that are smaller than their female counterparts have
greater seizure susceptibility and severity (Moriyama et al. 2013). This effect of early
life stress may also be associated with overall neurological and psychological well-
being. Maternal separation has been used to demonstrate the differences between
male and female neuroinflammation, which can affect the epileptic condition. Male
rats exposed to maternal separation not only showed depressive- and anxiety-like
symptoms, but they also had elevated pro-inflammatory cytokine expression and
microglial activation in the prefrontal cortex and hippocampus (Wang et al. 2020).

However, other research has shown that females may be more vulnerable to the
effects of early life stress. Maternal separation expedited amygdala kindling rates in
female, but not male rats (Kumar et al. 2007; Salzberg et al. 2007). A shorter
duration of maternal separation worsened pilocarpine-induced outcomes in females
(Akman et al. 2015), suggesting a lower threshold for stress vulnerability. Interest-
ingly, studies that identified females as having increased vulnerability to early life
stress-related seizures all involved maternal separation. Studies that reported
increased vulnerability in males all used non-social stressors, like restraint stress.
This could suggest greater vulnerability in females specific to social stressors, an
idea that would be in keeping with prior studies noting the interaction of 17-f
estradiol, social isolation, and hippocampal excitability (Scharfman and MacLusky
2014).

5 Possible Mechanisms for the Effects of Early Life Stress
on Epilepsy

Stress is likely associated with epileptogenesis at different biological levels (Koe
et al. 2009). Several of these have been extensively reviewed elsewhere (Ali et al.
2011; Huang 2014); thus, this section will serve to highlight key aspects of those
reviews and introduce new literature since their publication rather than providing an
exhaustive review.

5.1 Glucocorticoids
and the Hypothalamic-Pituitary-Adrenal Axis

Early life manipulations (such as maternal separation and predator exposure) can
affect limbic system activity (Korgan et al. 2014). This stress can activate
corticotropin-releasing hormone (CRH) in the hypothalamus and amygdala, which
can lead to severe, age-dependent seizures stemming from the limbic system (Baram
and Hatalski 1998). The release of CRH from the hypothalamus during a stressor
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results in the release of adrenocorticotropic-releasing hormone (ACTH) from the
anterior pituitary gland. Activation of ACTH leads, in turn, to release of glucocor-
ticoids like cortisol or corticosterone from the adrenal cortex in the final step of the
hypothalamic-pituitary-adrenal (HPA) axis (Miller and O'Callaghan 2002). HPA
activation resulting from early life stress affects the limbic system long-term. This
can induce kindling epileptogenesis, which may in turn increase the likelihood of
mesial temporal lobe epilepsy (Koe et al. 2014). As a result, many studies on early
life stress and epilepsy have quantified release of these hormones by the HPA axis.

Animal models have overwhelmingly supported an increase in HPA axis activity
in response to seizures following early life stress. As expected, increases in CRH
mRNA expression were seen in the hippocampus of offspring of dams injected with
betamethasone; hippocampal slices from these pups also showed hyperexcitability
when kainic acid was bath applied (Benson et al. 2020). Interestingly, prior incuba-
tion with a CRH2 antagonist lead to a reduction in seizure-like firing. This finding
connected increased CRH with seizure susceptibility following early life stress.
Maternal restraint stress resulted in pups with elevated basal blood corticosterone
levels; these same pups were more susceptible to seizures induced by PTZ or high
temperature (Hashemi et al. 2016; Qulu et al. 2015). However, it should be noted that
not all studies supported this connection; Moriyama et al. (2013) found an increase
in febrile seizure duration and severity in pups exposed to prenatal transport stress
despite a lack of differences in corticosterone levels compared to non-stressed
controls. Additionally, specific seizure types even benefit from elevated ACTH,;
increases in infantile spasms following early life stress were successfully reversed by
treatment with ACTH (Yum et al. 2012).

Postnatal early life stress has also been associated with elevated HPA responses.
Rats raised by dams with poor nurturing styles showed increases in basal CRH
peptide measurements in the amygdala (but not hippocampus or cortex) as late as
PND 45 (Dube et al. 2015). Postnatal stress-induced increases in corticosterone
appear to be linked with seizure susceptibility; adult rats with a history of maternal
separation exhibited exacerbated kindling rates and higher post-seizure plasma
corticosterone levels compared to adult rats without maternal separation (Koe
et al. 2014). This accelerated kindling rate was not observed if maternally separated
rats were treated with metyrapone to inhibit corticosterone synthesis (Koe et al.
2014). Postnatal malnutrition has also contributed to concurrent increases in corti-
costerone and susceptibility to flurothyl-induced seizures (Simao et al. 2016).
Cumulatively, these studies support a pro-convulsive role of HPA axis activation
following early life stress.

5.2 Neuroinflammation

Both epilepsy and stress individually are associated with neuroinflammatory
markers, and thus neuroinflammation is a putative mechanism of interest in their
intersection. Neuroinflammation involves a cascade of pro-inflammatory cytokines
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like interleukin 1-fp (IL-1p) and tumor necrosis factor o (TNF-a), activation of
microglia, mitochondrial changes, and immune system responses that, if not prop-
erly regulated, can result in cell death (DiSabato et al. 2016). Pro-inflammatory
substances, most notably lipopolysaccharide, enhance seizure susceptibility in the
developing brain when administered either to the dam during gestation (Yin et al.
2015) or directly to postnatal pups (Eun et al. 2015). Early life stressors like maternal
separation have been associated with increases in neuroinflammation measured
by pro-inflammatory cytokines and reactive microglia in both the prefrontal cortex
and hippocampus (Wang et al. 2020). Relatively few studies have assessed
neuroinflammation in both early life stress and epilepsy; however, those that have
support a potential role for neuroinflammatory signaling in this relationship.

Rat pups born to dams exposed to restraint stress during gestation showed
mitochondrial polarization and elevated cell death following febrile seizures in the
hippocampus (Qulu et al. 2015). Other studies by this group using the same model
associated these changes with increases in IL-1p pro-inflammatory markers (Qulu
et al. 2012). Although not directly linked to neuroinflammation, a number of studies
have reported similar decreases in cell density or number (Cabral et al. 2011; Florian
and Nunes 2010) or increases in neurodegeneration (Huang et al. 2002) in the
hippocampus associated with early life stress-related seizure susceptibility. More
directly, IL-If was increased in the hippocampus of rats exposed to postnatal
malnutrition. These rats had a decreased threshold to flurothyl-induced seizure;
however, treatment with inhibitors of either IL-1p or interleukin receptors prior to
seizure induction prevented this decrease (Simdo et al. 2016). While much remains
to be understood about the possible relationship between early life stress, epilepsy,
and neuroinflammation, initial forays in this area support further investigation.

5.3 Inhibitory and Excitatory Mechanisms

Many mechanisms that have been associated with stress or epilepsy independently
have also been associated with early life stress-related epilepsy. For example,
prenatally stressed rats showed decreased latency to pilocarpine-induced seizures,
but also had increased expression of hippocampal GABA«S receptors. This increase
was seen beginning at PND 14, but was even more pronounced by PND
21 (Nejatbakhsh et al. 2018). Pups born to dams exposed to restraint stress showed
heightened sensitivity to NMDA-induced infantile spasms. This increased seizure
susceptibility corresponded with a decrease in GAD 67-positive cells, suggestive of
decreased GABA synthesis, and a decreased expression of KCC2, a co-transporter
involved in GABA receptor-mediated currents (Baek et al. 2016).

Isolation stress during the postnatal period led to a decreased threshold for
PTZ-induced seizures, as well as increased nitric oxide levels in the hippocampus
(Amiri et al. 2014). Excess hippocampal nitric oxide often occurs alongside gluta-
mate excitotoxicity. Nitric oxide synthase inhibitors like L-NAME and 7-NI blocked
this increase and blocked the decrease in seizure threshold (Amiri et al. 2014).
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Malnutrition via zinc deficiency increased hippocampal glutamate release following
kainic acid beyond that of control mice, as measured by in vivo microdialysis.
However, there was no effect on GABA release (Takeda et al. 2003). Taken together,
these results suggest alterations in inhibitory/excitatory balance common to epilepsy
may be relevant for early life stress-related epilepsy.

Mechanistic studies of early life stress and epilepsy have predominantly focused
on convulsive seizures. However, maternal separation and early life handling have
both decreased spike-wave discharge number in the Wag/Rij rat model of absence
seizures. Interestingly, both stressors resulted in increased hyperpolarization-
activated Th currents and HCN1 channel expression in the somatosensory cortex of
these rats well into adulthood (Schridde et al. 2006). This suggests that altered
inhibitory function may also underlie this relationship in non-convulsive models,
albeit by different means.

5.4 Temporal Lobe Structures

Many of the reviewed studies showed a direct role of temporal lobe structures,
namely the hippocampus and amygdala, in the effects of early life stress on epilepsy.
Several showed the impact of early life stress on neuronal excitability by kindling
paradigms that generate seizures specifically in these regions of interest. Others
induced seizures by broader means, but demonstrated mechanistic changes to
glucocorticoid systems, neuroinflammation, cell death, or inhibitory/excitatory bal-
ance through post-mortem analysis of these regions. Temporal lobe regions were
noted during discussion of each relevant study, and these studies are collectively
summarized in Fig. 1.

6 Discussion

Both epilepsy and early life stress are recognized as having negative impacts on
quality of life and long-term neurological effects (Coussons-Read 2013; Covanis
et al. 2015). This relationship is intersecting, complex, and dynamic, but the use of
animal models of prenatal and postnatal stress has allowed for greater understanding
of its contribution to epilepsy. Convulsive animal models have generally revealed a
pro-convulsant effect of early life stress, though this effect may vary at different
developmental stages of seizure testing and between sexes. Non-convulsive models,
in contrast, suggest differing and perhaps even opposing effects of early life stress on
absence seizures. Although much remains to be discovered regarding underlying
mechanisms, it seems likely that the HPA axis, neuroinflammation, and alterations to
inhibitory/excitatory balance may contribute to this relationship.

Based on these findings, future studies in a number of areas are warranted. First, a
clearer picture of the developmental timespan and duration of these effects is vital to
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Fig. 1 Studies associating temporal lobe structures with early life stress and epilepsy. Included are
references using temporal lobe kindling to assess seizure susceptibility following early life stress
(top panel) and references identifying mechanistic changes in temporal lobe structures like the
hippocampus or amygdala following early life stress and seizure generation (bottom panel). These
mechanistic changes include activation of the HPA axis, neuroinflammatory markers or cell death,
and alterations to inhibitory/excitatory balance (middle panel). Arrows indicate change in seizure
susceptibility reported by the reference, with T indicating increased susceptibility in any parameter,
| indicating decreased susceptibility in any parameter, and — indicating no change

understanding the role of early life stress in epileptogenesis. While the reviewed
literature provided general consensus that prenatal and postnatal early life stress
increases convulsive seizure susceptibility during early life, findings were less
consistent in adulthood. Indeed, several studies identified no effect, or even a
decrease, in seizure susceptibility in adulthood following prenatal stress. It is
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currently difficult to draw firm conclusions on these results due to the variations in
protocol, timing of stressor, timing of seizure testing, and seizure paradigm. A
systematic approach to the duration of prenatal stress effects on later epileptogenesis
could provide important clarity into the critical period(s) of development most
heavily impacted by stress, and the timeframe in which interventions might be
most effective.

Continued investigation of factors that influence this relationship between early
life stress and epilepsy is also needed. A number of studies have focused on the role
of sex differences (Jones et al. 2014), with some suggesting that males are more
susceptible to the effects of early life stress, while others suggest that females may
have the heightened vulnerability. However, a majority of studies have not consid-
ered a role of sex at all. Continuing to elucidate this potential connection should be
an important area of focus for future studies. Similarly, malnourishment stress
studies have differed in their outcomes, perhaps in part based on differences in the
specific nutrient being investigated. Further clarity on the effects of these different
nutrients in development may result in important insight into the mechanisms
involved in early life stress and epilepsy. Perhaps the largest factor in need of
additional investigation relates to seizure type. The vast majority of studies done
in this field have focused on convulsive seizures. However, the relatively few studies
that have focused on non-convulsive seizures have yielded fascinating findings that
suggest that early life stress may have remarkably different effects on absence and
non-convulsive seizures (Sarkisova and Gabova 2018; Schridde and van Luijtelaar
2005). Future studies into this relationship, with a greater variety of non-convulsive
models, are needed.

Additionally, detailed research into the mechanisms underlying these effects, in
both non-convulsive and convulsive seizure models, is vital. Initial investigation of
the HPA axis, neuroinflammation, and inhibitory/excitatory factors is promising, but
leaves many questions unanswered. Are there additional or compensatory mecha-
nisms that may explain some of the discrepant findings? How might these mecha-
nisms best be targeted for therapeutic intervention? At what stage of development
are these interventions most effective? If there are circumstances in which early life
stress can actually decrease seizure susceptibility, the mechanisms underlying this
could provide novel targets for developing pharmaceutical treatments.

In conclusion, continued study of the relationship between early life stress and
epilepsy is crucial for discovery of the mechanisms underlying this relationship,
development of novel treatment strategies, and improvements to the quality of life
for those impacted by this intersecting and complex relationship.
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Abstract This chapter describes the experimental evidence of stress modulation of
epileptic seizures and the potential role of corticosteroids and neurosteroids in
regulating stress-linked seizure vulnerability. Epilepsy is a chronic neurological
disorder that is characterized by repeated seizures. There are many potential causes
for epilepsy, including genetic predispositions, infections, brain injury, and neuro-
toxicity. Stress is a known precipitating factor for seizures in individuals suffering
from epilepsy. Severe acute stress and persistent exposure to stress may increase
susceptibility to seizures, thereby resulting in a higher frequency of seizures. This
occurs through the stress-mediated release of cortisol, which has both excitatory and
proconvulsant properties. Stress also causes the release of endogenous neurosteroids
from central and adrenal sources. Neurosteroids such as allopregnanolone and
THDOC, which are allosteric modulators of GABA-A receptors, are powerful
anticonvulsants and neuroprotectants. Acute stress increases the release of
neurosteroids, while chronic stress is associated with severe neurosteroid depletion
and reduced inhibition in the brain. This diminished inhibition occurs largely as a
result of neurosteroid deficiencies. Thus, exogenous administration of neurosteroids
(neurosteroid replacement therapy) may offer neuroprotection in epilepsy. Synthetic
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neurosteroid could offer a rational approach to control neurosteroid-sensitive, stress-
related epileptic seizures.

Keywords Allopregnanolone - Cortisol - Epilepsy - Neurosteroid - Seizure - Stress -
THDOC

Abbreviations

3a-HSOR  3a-hydroxysteroid oxidoreductase

ACTH Adrenocorticotrophic hormone
AED Anti-epileptic drug

AP Allopregnanolone (brexanolone)
CRH Corticotropin releasing hormone

DHDOC  5a-dihydro-deoxycorticosterone
DHEAS Dehydroepiandrosterone sulfate

DOC Deoxycorticosterone

GAS General adaptation syndrome

HPA Hypothalamic-pituitary-adrenal

PS Pregnenolone sulfate

PTSD Post-traumatic stress disorder
THDOC Allotetrahydro-deoxycorticosterone
TLE Temporal lobe epilepsy

1 Introduction

Epilepsy is a neurological disorder that is characterized by an enduring predisposi-
tion to generate seizures. An epileptic seizure is a transient behavioral change in
symptoms (such as loss of awareness and clonic movement of hands and legs)
caused by abnormal excessive or synchronous neuronal activity in the brain (Fischer
et al. 2005). Epilepsy is diagnosed after an individual experiences one or more
seizures and shows a tendency for them to recur (Fischer et al. 2005). As of 2020,
roughly 65 million suffer from epilepsy worldwide, and it is the third leading
contributor to the global burden of disease for neurological disorders (Devinsky
et al. 2018). There are many potential causes for epilepsy, including genetic pre-
dispositions and acquired factors such as infections, brain injury, and immune
dysfunction (Reddy 2017). The unpredictability can be debilitating for patients
and often results in extensive brain damage and even death. Additionally, epilepsy
also contributes to serious socioeconomic complications. Patients with chronic
epilepsy often endure higher levels of social isolation, educational difficulties, and
unemployment. This results in an increased incidence of psychiatric disorders and
higher rates of suicide. Antiepileptic drugs (AEDs) are used to control epileptic
seizures, but there are several limitations to their use, including limited efficacy,
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adverse cognitive side effects, and multi-drug interactions (Patsalos et al. 2008).
Additionally, 30-40% of people have epilepsies that are refractory and cannot be
treated with known AEDs (Engel 2014). This refractory population has led to the
development of novel anti-epileptic drugs, including those targeting glutamate and
GABA-A receptors (Reddy and Estes 2016). In most patients with refractory
epilepsy, neurostimulation devices, dietary therapies, or clinical trials of new
AEDs are alternative options.

Evidence suggests that stress may affect seizures as a common seizure precipitant
in many epilepsy patients (Novakova et al. 2013; McKee and Privitera 2017). Stress
is considered a state of mental or emotional strain resulting from adverse or demand-
ing circumstances, but the concept of stress is still quite fluid. Stress may arise in a
myriad of forms, including psychological, environmental (physical), or immune
stress, and can manifest in numerous physical and psychological symptoms. As
per the American Psychological Association, it was found in 2014 that 77% of the
US population experience physical symptoms caused by stress, such as lethargy or
headaches, and 73% experience psychological symptoms like depression, irritabil-
ity, and sleep disturbances. An individual’s response to stress can be characterized
by the General Adaptation Syndrome (GAS), proposed by Hans Selye in 1950. The
GAS is divided into three stages: alarm, resistance, and exhaustion. The alarm stage
is the individual’s initial response to the stressor, colloquially termed as the “flight or
fight” response. The sympathetic nervous system begins to secrete corticosteroids
and norepinephrine to prepare the body to fight the stressor. If the stress is removed
during this time, it is known as acute stress and is not usually associated with health
issues unless the acute stress is repeated over time. In these cases, mental health
problems like post-traumatic stress disorder (PTSD) or acute stress disorder can
arise. If the stress is not removed, the body will shift to the resistance stage where
high levels of hormones and neurotransmitters are maintained to continue fighting
the stressor. If the stress remains for an extended period of time (months or years),
the exhaustion stage sets in. In this stage, the body has depleted all of its resources
fighting the stressor, and subsequently chronic illnesses may develop, potentially
compromising the immune system, cardiovascular system, and nervous system
among others (Mariotti 2015). Stress can affect epilepsy in a variety of ways, such
as increasing an individual’s susceptibility to seizures and their risk for developing
epilepsy (van Campen et al. 2014). This chapter explores the pathophysiological
relationship between stress and epilepsy and the potential role of steroids (especially
neurosteroids) in regulating stress as a possible protective mechanism to combat
stress-linked epilepsy.

2 Stress Physiology

The hypothalamic-pituitary axis (HPA) plays a central role in the stress response
Fig. (1). Upon initial exposure to a stressor, the HPA is activated to control the
physiological changes associated with the alarm stage. When activated, the
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Fig. 1 Physiological stress response: Acute vs. chronic stress response on corticosteroids. In the
overarching stress response, the hypothalamic-pituitary-adrenocortical (HPA) system is activated
by the stress to combat the stress events. Stress activates hypothalamic corticotropin-releasing
hormone (CRH), which in turn stimulates the anterior pituitary to release adrenocorticotropic
hormone (ACTH), a key coordinator of neuroendocrine and behavioral responses to stress in the
HPA axis. Deoxycorticosterone (DOC) is one of the prominent hormones produced in the adrenal
zona fasciculata where its synthesis is under the control of ACTH and its secretion correlates with
that of cortisol and not aldosterone. During the course of stress response, the increased levels of
circulating DOC serve as precursor for the synthesis of tetrahydrodeoxycorticosterone (THDOC) in
peripheral tissues and brain. In contrast, chronic stress is associated with augmented CRF signaling
and sustained increase in glucocorticoids (cortisol) with proconvulsant properties. Neurosteroid
release that occurs normally following acute stress may be reduced during recurrent or chronic
stress resulting in very low levels of THDOC and related neurosteroids in the brain. Because
neurosteroids protect against seizures, low levels of neurosteroids lead to enhanced seizure suscep-
tibility especially in the presence of elevated glucocorticoid levels (cortisol) that are proconvulsants.
Aside from adrenal sources, the brain can synthesize neurosteroids de novo and release in response
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paraventricular neurons of the hypothalamus secrete corticotropin-releasing hor-
mone (CRH) (Chu et al. 2019). CRH travels down the hypophyseal portal system
where it stimulates the release of adrenocorticotrophic hormone (ACTH) from the
anterior pituitary by binding to CRH-receptor 1 (CRH-R1) (Chu et al. 2019). ACTH
then travels through the bloodstream to activate the adrenal gland to release gluco-
corticoids and catecholamines (epinephrine and norepinephrine). Stimulation of the
adrenal medulla by ACTH causes the release of catecholamines which function to
increase heart rate and blood pressure (Perlman and Chalfie 1977). Stimulation of the
adrenal cortex will result in the release of glucocorticoids, mainly cortisol, which
acts to mobilize energy stores through gluconeogenesis and glycogenolysis, along
with immune suppression (Chu et al. 2019). However, as we will later explain,
cortisol also has detrimental effects on neuronal activity, particularly by acting as an
excitatory agent.

Cortisol biosynthesis is summarized in Fig. 2. In adrenal cortex cells, the alkyl-
side chain of cholesterol at C20 is modified to an acetyl group to produce pregnen-
olone. Pregnenolone is then transported to the endoplasmic reticulum and converted
to progesterone (for aldosterone synthesis) or 17-hydroxypregnenolone.
17-Hydroxypregnenolone is then modified to produce 17-hydroxyprogesterone
(which can also be synthesized from progesterone). The next step involves the
conversion of 17-hydroxyprogesterone to 11-deoxycortisol which is transported
back to the mitochondria for final hydroxylation to cortisol. Endogenous
neurosteroids, which are known to be neuroprotective against epilepsy, are synthe-
sized via similar reaction mechanisms from many of the same intermediates as
cortisol (see Fig. 2) (Reddy and Estes 2016). Allopregnanolone is synthesized
from two consecutive A-ring reductions of pregnenolone (Do Rego et al. 2009).
Allotetrahydro-deoxycorticosterone (THDOC) is synthesized from three consecu-
tive modifications of progesterone. Partially from sharing a biosynthesis pathways, it
has been found that stress induces the synthesis of THDOC, allowing it to reach
concentrations much higher than normally found (Reddy 2003).

Stress is a complex process that revolves around an individual’s response to a
perceived threat; it makes sense that the chief system responsible for protecting the
individual (the immune system) is tightly linked with the stress response. The acute
stress response produces a marked increase in the innate arm of the immune system,
resulting in higher concentrations of natural killer cells and proinflammatory cyto-
kines (Segerstrom and Miller 2004). Alternatively, the adaptive immune response
appears to diminish during the acute phase, reflected in decreased proliferation of T-
and B-lymphocytes (Segerstrom and Miller 2004). With the exception of consis-
tently high levels of proinflammatory cytokines, both innate and adaptive immune
responses are diminished in the chronic stress phase based on all traditional measures
of immune system activity (Segerstrom and Miller 2004; Morey et al. 2015). This

<
«

Fig. 1 (continued) to stress; however, chronic stress might deplete such neurosteroid and thereby
create a sustained state of neurosteroid deficiency
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systemic increase in inflammation increases an individual’s risk for chronic diseases
and contributes to the higher prevalence of various chronic diseases among chron-
ically stressed individuals (Morey et al. 2015).

There is abundant evidence to believe that chronic stress has marked destructive
impact upon brain function. Given the presence of glucocorticoid receptors in the
hippocampus, the increase in plasma cortisol levels induces reductions in dendritic
branching, neuron numbers, and neurogenesis, as well as structural alterations to
synaptic terminals in the hippocampus (Woolley et al. 1990; Sapolsky et al. 1990;
Gould and Tanapat 1999). Possible mechanisms for these changes include alter-
ations in neuronal metabolism and increased sensitivity to stimulatory amino acids
and neurotransmitters (Lawrence and Sapolsky 1994; Sapolsky and Pulsinelli 1985).
The chronically high levels of stress hormones and the neuronal changes they
produce have been proven to cause several declarative memory disorders (Lupien
and Lepage 2001). These mechanisms may also increase the predisposition of
epileptic individuals to seizures, which will be outlined in later sections, including
an emphasis on stress hormones, neurosteroids, and the relationship between these
neuroactive factors and seizure susceptibility.

3 Stress and Neurosteroids

Stress causes the release of neurosteroids from central and adrenal sources.
Neurosteroids include endogenous compounds such as allopregnanolone (AP,
brexanolone), pregnanolone, and allotetrahydroxycorticosterone (THDOC). A vari-
ety of neurosteroids are synthesized in the brain. The most widely studied are AP,
THDOC, and androstanediol (see Fig. 2). These neurosteroids rapidly alter neuronal
excitability through direct interaction with GABA-A receptors (Harrison et al. 1987,
Hosie et al. 2007; Carver and Reddy 2013). AP and other structurally related
neurosteroids act as positive allosteric modulators and direct activators of GABA-
A receptors (Fig. 3), allowing them to act as powerful anticonvulsants (Reddy et al.
2004; Reddy and Rogawski 2010; Chuang and Reddy 2018a). Therefore,
neurosteroids play a key role in seizure susceptibility in epilepsy. When neurosteroid
levels fluctuate, loss of seizure control can occur. Neurosteroids such as THDOC
have been implicated in stress-related changes in seizures. AP and pregnanolone,
which serve as precursors for THDOC, share many similar functions (Reddy 2003).

The anticonvulsant properties of endogenous neurosteroids have been gaining
recognition amongst researchers for the past several decades (Selye 1941; Selye and
Masson 1942). Synthesized through progressive A-ring reductions of cholesterol
and other steroid precursors, these compounds act as allosteric agonists of
extrasynaptic and synaptic GABA-A receptors (Reddy 2010; Reddy and Estes
2016). Recent studies have shown that synthetic analogs of endogenous
neurosteroids offer distinct advantages over neurosteroids produced in vivo includ-
ing greater bioavailability and fewer adverse side effects (Reddy 2011). Several
different synthetic analogs of endogenous neurosteroids such as ganaxolone, a
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Fig. 3 Neurosteroid actions at extrasynaptic and synaptic GABA-A receptors in the brain. (A) Like
other neurosteroids, THDOC enhances the function of extrasynaptic and synaptic GABA-A
receptors by binding to “neurosteroid binding” sites, which are distinct from sites for GABA,
benzodiazepines, and barbiturates. There are two subtypes of GABA-A receptors: (a) synaptic
receptors composed of 202p(C) subunits, mediate the phasic inhibition in response to action
potential-dependent vesicular release of high levels of GABA; and (b) extrasynaptic receptors
composed of 2a2B™ subunits, primarily contribute to tonic inhibition when exposed to low,
ambient levels of GABA. THDOC can bind to both subtypes and enhance the phasic and tonic
currents. In summary, at physiological levels, THDOC and other neurosteroids can significantly
enhance the phasic inhibition and tonic inhibition, and thereby promote maximal net inhibition.
This contributes to their robust protective actions, including combating stress response, controlling
seizure susceptibility and neuronal damage. (B) The neurosteroid THDOC effects on extrasynaptic
GABA-A receptor—mediated tonic inhibition in hippocampal neurons. Concentration-response
curves of neurosteroids AP and THDOC as measured by tonic current from DGGCs (pA/pF)
from patch-clamp recordings. Line represents nonlinear curve fit by the neurosteroids AP (black),
THDOC (red), and 3beta-AP (inactive isomer). On the X-axis, +1 mM GABA denotes allosteric
modulation by coapplication of the neurosteroid with GABA in the bath perfusion. All cells were
voltage clamped in whole-cell mode at —65 mV (n = 4-10 cells tested at each concentration).
Adapted from Carver and Reddy (2016)

derivative of allopregnanolone, have shown promising results in recent clinical trials
for epilepsy (Sperling et al. 2017). Yet, the anticonvulsant properties of naturally
occurring neurosteroids remain evident and continue to show encouraging effects for
the treatment of epilepsy. When acting at synaptic GABA-A receptors, neurosteroids
produce inhibitory postsynaptic currents (IPSC) or “phasic” inhibition in the brain.
This occurs as a result of membrane receptors opening due to the presence of GABA
within the synapse, allowing a chloride influx to hyperpolarize the membrane
(Farrant and Nusser 2005). In contrast, potentiation of extrasynaptic GABA-A
receptors in the presence of extracellular GABA results in a less transient form of
inhibition referred to as tonic inhibition (Fig. 3). Just beyond the synaptic cleft, the
concentration of GABA is relatively steady. The sustained presence of this
extrasynaptic GABA occurs as a result of GABA leaving the synaptic cleft and
provides a more constant form of inhibition (Farrant and Nusser 2005).
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THDOC is one such neurosteroid that has been found to offer allosteric modu-
lation of GABA-A receptors (Reddy 2003) (Fig. 3). A metabolite of
deoxycorticosterone (DOC), THDOC is synthesized primarily in the adrenal cortex
where synthesis of its precursor, DOC, is under the control of ACTH (Reddy 2006).
In electrophysiological studies, THDOC potentiates GABA-A receptor function at
concentrations between 10 and 30 nM (Kokate et al. 1994). However, basal plasma
concentrations of THDOC in both human (<0.5 nM) and rat (<5 nM) models are
insufficient to alter GABA-A receptor function (Purdy et al. 1991; Strohle et al.
2000; Reddy and Rogawski 2002). Through exposure to acute stressors, THDOC
concentrations can be increased enough to influence inhibition (Reddy and
Rogawski 2002). Previous studies have shown that neurosteroids such as
allopregnanolone and THDOC may play an important role in the body’s overall
recovery from acute stressors, and systemic administration of DOC has been shown
to rapidly increase the plasma concentrations of THDOC (half-life <20 min)
(Barbaccia et al. 1998; Reddy 2003). Moreover, the precursor hormones cortisol
and corticosterone are also metabolized to 3-alpha-hydroxy-5-alpha steroids like
allotetrahydrocortisol. These steroids act to increase the potentiation of GABA-A
channels by neurosteroids like THDOC and further contribute to inhibition during
acute stress (Celotti et al. 1992; Stromberg et al. 2005).

THDOC is formed through two successive A-ring reductions of DOC (Fig. 2).
The first reduction is facilitated by Sa-reductase and converts DOC to Sa-
-dihydrodeoxycorticosterone. The intermediate of this reaction is then reduced by
3a-hydroxysteroid oxidoreductase to form THDOC (Reddy 2003). Once produced,
THDOC provides numerous beneficial effects within the body, including anxiolytic
and anticonvulsant effects which resemble both benzodiazepine and barbiturate
administration (Crawley et al. 1986; Rupprecht et al. 2001). This occurs through
enhancement of GABA-A receptor functioning, affecting their selective chloride ion
channels and inducing hyperpolarization of neuronal membranes (Lambert et al.
2001). In doing this, THDOC increases both frequency of channel opening and
duration of channel opening. This mechanism of GABA-A receptor modulation
combines the best of both benzodiazepine and barbiturate activity, which only
increase the frequency of channel opening and duration of channel opening, respec-
tively (Carver and Reddy 2013). Thus, THDOC provides substantial seizure protec-
tion while minimizing the side effects associated with current AEDs.

It is well accepted that chronic stress can induce epileptic seizures (Bosnjak et al.
2002; Moshe et al. 2008; Salpekar et al. 2020; Alshamrani et al. 2020; Huang et al.
2020; Alkhotani et al. 2020), although the exact mechanism by which this induction
occurs is still under investigation. However, it is likely that the mechanism has at
least a partial impact on GABAergic inhibition. An abundance of evidence shows
that GABAergic inhibition is reduced by stress in brain regions associated with
seizure control, i.e. the hippocampus, amygdala, and some cortical regions. Clinical
studies of stress-related disorders suggest alterations in GABAergic inhibition,
including decreased GABA levels, reductions in the density of GABAergic inhibi-
tory interneurons, and changes in GABA-A receptor subunit composition (Boero
et al. 2019). Additionally, experimental studies have confirmed the role of
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GABAergic inhibition in the HPA response to stress, including the regulatory
responses of CRF to various stressors (Cullinan et al. 2008). Experimental para-
digms of acute stress (inescapable tail-shock, mild foot-shock, carbon dioxide
inhalation, forced swim, handling) induce a rapid and reversible downregulation of
GABAergic inhibition in several brain regions (Drugan et al. 1989; Biggio et al.
2014). Stress-induced loss of GABAergic inhibition may also involve a dephos-
phorylation and downregulation of the K+/Cl— co-transporter KCC2 in the hypo-
thalamus and hippocampus.

At the chronic stage, an additional mechanism to account for the loss of
GABAergic inhibition is the loss of inhibitory neurosteroids, like THDOC. During
the acute stress response, neurosteroid synthesis rate increases. Continuing synthesis
at this rate is not viable long-term, and by the time stress reaches the chronic stage,
neurosteroid levels are shown to precipitously decrease as the body depletes its
stores (Gunn et al. 2011). In 2003, Reddy postulated that acute increases in
neurosteroid release while undergoing chronic stress is associated with neurosteroid
deficiency (Reddy 2003). This concept is illustrated in Fig. 1 (left panel), and this
premise has been since experimentally confirmed. This represents part of the body’s
internal shift from the resistance stage to the exhaustion stage of the general
adaptation syndrome. Chronic stress affects the activity of neurosteroids as well by
downregulating the synthesis of both beta subunits of the GABA-A receptor
(Cullinan and Wolfe 2000). Without the beta subunits, the receptor is less readily
activated by neurosteroids, thereby preventing them from potentiating their inhibi-
tory effects (Gunn et al. 2011). As the concentrations of neurosteroids and the
availability of the GABA-A receptor decrease, much of the acute neuroprotective
and antiepileptic activity of neurosteroids is lost as well. This is hypothesized to be a
contributing factor to the influence of stress on the development of many CNS
disorders, including epilepsy, depression, and Alzheimer’s disease (Weill-Engerer
et al. 2002; Reddy 2003). We will now analyze the link between stress and the
specific CNS disorder epilepsy.

4 Relationship Between Stress and Epilepsy

Cases of epilepsy can vary greatly from one another in severity, form, and onset. For
this reason, epilepsy is classified into various conditions including both focal and
generalized epilepsies, as well as numerous epilepsy syndromes (Stafstrom and
Carmant 2015). However, these conditions are all defined by abnormal electrical
activity in the brain stemming from either neuronal hyperexcitation or a lack of
sufficient inhibitory signaling. Since chronic stress has been shown to increase the
brain’s susceptibility to excitatory inputs, there is a proposed link between chronic
stress and epileptogenesis.

It has been well documented that stress is a trigger for seizures in those already
suffering from epilepsy (Baram and Schultz 1991). Temporal lobe epilepsy (TLE) is
one of the most common forms of epilepsy and often results in alterations to the
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hippocampus. These include structural alterations like hippocampal sclerosis, abnor-
mal neurogenesis, mossy fiber sprouting, and death of inhibitory interneurons, as
well as functional alterations in GABA-A receptor activity and location (Goldberg
and Coulter 2013; Lothman et al. 1992). As illustrated in Fig. 3, the GABA-A
receptor is a heteropentamer (Chuang and Reddy 2018a, 2018b). Acute stress lowers
the availability of GABA-A receptor sites for binding to the GABA-ligand, contrib-
uting to reduced inhibition. However, there is no evidence of acute stress modifying
the availability or binding of the allosteric GABA-A site, the binding site of AEDs
like benzodiazepines and neurosteroids (Skilbeck et al. 2010). Chronic stress has
also been discovered to alter GABA-A receptors. These alterations frequently affect
the alpha subunits and make the receptor significantly less receptive to ligands at the
active site (Skilbeck et al. 2010).

These changes to the hippocampus make the neuronal circuitry more susceptible
to excitatory inputs like CRH and the corticosteroids released in the stress response.
Corticosteroids have been demonstrated to show pro-excitatory effects both during
its acute release through presynaptic and postsynaptic mechanisms and the chronic
phase through changes in gene transcription (Gunn and Baram 2017). Acute and
chronic exposure to CRH increases the excitability of the brain and decreases
dendritic arborization in the pyramidal cells of the hippocampus, thereby decreasing
seizure threshold (Chen et al. 2004). Additional stress-related neuropeptides like
vasopressin, norepinephrine, and dynorphins have also been implicated in increased
seizure susceptibility. (Pagani et al. 2015; Mueller and Dunwiddie 1983; Loacker
et al. 2007).

Chronic stress is a multifaceted condition encompassing many forms, such as
PTSD, psychological stress, or psychosocial work-related stress, and is sometimes
accompanied by burnout syndrome or chronic fatigue disorder. Chronic stress in
humans negatively affects neural functions through increased adrenal activity and
subsequent increased cortisol levels (Fig. 1). Upon exposure to acute stress, neurons
are exposed to a strong GABAergic inhibition due to neurosteroid modulation of
GABA-A receptors. The levels of neurosteroid decline during chronic stress while
many individuals continue to have high cortisol concentrations during chronic stress;
such changes are linked to an increased risk for epilepsy. The adrenals are the main
peripheral neurosteroid production site during acute stress, but production also
occurs in the brain (Purdy et al. 1991; Reddy and Rogawski 2002). Although the
link between chronic stress and epileptogenesis remains unclear, steroids (especially
corticosteroids and neurosteroids) seem to be critical endogenous factors of interest
for further investigations. Recently, steroid hormone receptors, especially proges-
terone receptors, have been shown to play a critical role in epileptogenesis (Reddy
and Mohan 2011; Reddy et al. 2017). This role is consistent with the long-known
effect of corticosteroids in provoking seizures (Conforti and Feldman 1975). In
addition, estradiol and estrogenic components of oral contraceptives are known to
facilitate seizures (Younus and Reddy 2016). Therefore, chronic stress should be
considered a risk factor for epilepsy and epilepsy development.

The link between stress and epilepsy has been investigated in many experimental
models (Table 1). There are two types of experimental models of epilepsy: acute and
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Table 1 Summary of experimental studies on the link between stress and epilepsy

Animal Stress
model Species | paradigm | Outcomes Reference
PTZ Rat Swim Increase in sei- | Reddy and Rogawski (2002)
stress zure threshold
PTZ Mice Restraint | Increase in sei- | Zhu et al. (2017)
stress zure
susceptibility
Kainic acid | Mice Restraint | Increase in sei- | Tian and Li (2018)
stress zure score
Increase in sei-
zure duration
Decrease in
epileptogenesis
time
Kindling Rats Restraint | Decrease in Jones et al. (2013)
stress epileptogenesis
time
Kindling Mice Foot- Increase in sei- | Tolmacheva et al. (2012)
shock zure
stress susceptibility
Pilocarpine | Rats Maternal | Increase in Lai et al. (2000)
separation | epileptogenesis
Kindling Rats Maternal | Increase in kin- | Lai et al. (2006), Salzberg et al. (2007),
separation | dling rate Jones et al. (2009), Gilby et al. (2009)
Increase in sei-
zure duration
Decrease in sei-
zure threshold

Experimental data in Table 1 summarizes the recent literature attempting to quantify the link
between stress and epileptic activity. 4 different models of epilepsy were used as were 4 different
models of stress. All results indicate either an increase in epileptic activity or an increase in
epileptogenesis. The increases in epileptic activity include increases in seizure threshold, seizure
score (severity), seizure duration (severity), seizure susceptibility, and kindling rate. Measures of
epileptogenesis include decreases in epileptogenesis time and increase in group rates of
epileptogenesis development. Line 1 is a model of acute stress and indicates the anti-seizure activity
during the acute stress response

chronic (Reddy and Kuruba 2013; Clossen and Reddy 2017). Rodents with induced
seizures that mimic the features of human epilepsy can be used to study new
therapeutic agents for epilepsy. Acquired models of epilepsy are produced by
inducing postnatal brain injuries or mimicking infectious agents to rodents, whereas
genetic models harbor spontaneous or induced genetic modifications that lead to
seizures. Recent studies of stress have corroborated that acute stress elicits a strong
anti-seizure response in many experimental seizure models (Zhu et al. 2017;
Shirzadian et al. 2018).

Chronic stress can be considered an epileptogenic trigger or modifier, with animal
studies suggesting a strong causative link between chronic stress and the onset of
epilepsy. This is exhibited by the fact that epilepsies often begin their pathogenesis
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in the early stages of life, and stress has been shown to have effects on the plasticity
of the hippocampus and amygdala. (Herbert et al. 2006). The strongest evidence of
stress affecting neuronal plasticity involves reductions in dendritic branching and
neurogenesis in the hippocampus and the amygdala, regions highly linked with the
onset of epilepsy (Joels and Baram 2009). A prior review article has also concluded
that the persistently high levels of corticosteroids from chronic stress accelerate the
development of epilepsy in kindling models of epileptogenesis (Koe et al. 2009).
Several kindling studies assessing epileptogenesis utilized maternal separation as a
method of inducing early-life stress and noted significant increases in both kindling
rate and seizure duration as well as decreases in seizure threshold in kindling models
of epileptogenesis (Lai et al. 2006; Salzberg et al. 2007; Jones et al. 2009; Gilby et al.
2009). Two other kindling studies utilized restraint and foot-shock as mechanisms of
inducing stress in kindling models of epilepsy and revealed reductions in
epileptogenesis time and increases in seizure susceptibility, respectively (Jones
et al. 2013; Tolmacheva et al. 2012). A recent study using a kainic acid model of
epilepsy demonstrated that restraint stress again increased seizure duration and
seizure score (according to the Racine scale, a classification strategy for seizure
severity), and decreased latency time to seizure (Tian and Li 2018). Additional
common chemical models of epilepsy include pilocarpine- and
pentylenetetrazole- (PTZ) induced epilepsies, and each has indicated that stress
will increase the susceptibility to seizure and risk for epileptogenesis (Zhu et al.
2017; Lai et al. 2006). Electrophysiological mechanisms behind stress-induced
epileptogenesis primarily focus on reductions in GABA inhibition (Hsu et al.
2003), and possible reductions in long-term potentiation ability of hippocampal
neurons (Cui et al. 2006; Champagne et al. 2008), which has previously been
shown to be highly correlated with epilepsy (McEachern and Shaw 1996). These
reductions in long-term potentiation ability are most likely linked to the
pre-established inhibitory effects of stress on synaptic branching.

Together, these results indicate that most known neuronal changes associated
with stress are consistent with its ability to increase both epileptic seizure
susceptibility and risk for epileptogenesis. However, they are not consistent with
stress-induced increases in biosynthesis of neurosteroids that are known to have anti-
epileptic effects, until the chronic stress-induced abatement in neurosteroid biosyn-
thesis after all substrate stores have been depleted. This stipulation suggests that the
relationship between stress and epilepsy may best be conceptualized through a
balance of both anticonvulsant and proconvulsant factors in the brain. Reddy
revealed through a forced-swim model of acute stress that increases in plasma
THDOC levels increase seizure thresholds in rat-PTZ models of epilepsy (Reddy
and Rogawski 2002). In contrast to the aforementioned endogenous neurosteroids,
sulfated neurosteroids such as pregnenolone sulfate (PS) and dehydroepiandroster-
one sulfate (DHEAS) are upregulated during the stress response and have been
demonstrated to inhibit GABA, receptors (Lambert et al. 2001; Rupprecht et al.
2001). PS and DHEAS therefore both act as GABA antagonists in the brain and
thus increase the probability of neuronal depolarization, although several studies
have found that this inhibition occurs through alternate mechanisms as well (Twede
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Table 2 Potential mechanisms of acute vs. chronic stress as precipitant of seizures in epilepsy

Corticosteroids | Neurosteroids GABAergic Other Stress-linked

Stress (cortisol) (THDOC) inhibition Changes | change

Acute T High 1 High TMaximal T CRH |Seizures

stress T TLR4 | | Epileptogenesis
| Comorbid
behaviors

Chronic | T High | Low | Minimal T CRH T Seizures

stress T TLR4 T
Epileptogenesis
T Comorbid
behaviors

Acute stress causes a reduction of GABA release, but an increase of GABAergic neurosteroids and
extrasynaptic GABA-A receptors. Neuroactive steroid induction that occurs normally following
acute stress may be reversed during chronic stress resulting in abnormally low levels of THDOC
and related neurosteroids in the brain. Because neurosteroids potentiate GABAergic inhibition, low
levels or lack of sufficient neurosteroids leads to minimal inhibition, which could disrupt the
balance between inhibition and excitation. Chronic stress decreases GABA and the synaptic
GABA-A receptors, leading to a dramatic reduction of GABAergic inhibition. In addition, chronic
stress is associated with augmented CRF signaling and pro-inflammatory neuroimmune mediators
(e.g., TLR4). Neurosteroids are synthesized in the brain de novo and released in response to stress.
Chronic stress creates a sustained state of neurosteroid deficiency. This multitude of changes may
precipitate stress-sensitive seizures

et al. 2007). Further, repeated exposure to stress and the subsequent release of
neurosteroids in the body may also induce hyperexcitability through a
neurosteroid-withdrawal process that mimics perimenstrual catamenial epilepsy
(Smith et al. 1998; Reddy et al. 2001). This hyperexcitability would therefore
occur as a result of decreased inhibitory neurosteroid levels in the brain, thereby
increasing an individual’s susceptibility to have stress-induced seizures.

Table 2 summarizes the relative changes in steroid concentrations, neuronal
inhibition, and effects on epileptic activity during both the acute and chronic stress
response. Corticosteroids, CRF, and TLR4 (the receptor responsible for increased
pro-inflammatory cytokine production) all have consistently high levels during both
stages of the stress response. Inhibitory neurosteroids, like THDOC, have only been
upregulated during the acute stage; by the time chronic stress sets in, neurosteroid
levels have been effectively depleted. This makes the relative lack of neurosteroids
during chronic stress the underlying mechanism behind the loss of GABAergic
inhibition and the subsequent increase in epileptogenesis. Neurosteroids can be
produced synthetically and exogenous administration may serve as a potential
therapeutic mechanism against an increased seizure susceptibility and risk for
epileptogenesis. Administration may be done to solely restore neurosteroid levels
to normal following their natural decline during the chronic stress response, although
increasing levels above what is commonly found may provide added benefits. When
neurosteroid concentrations reach above 1 pM (well above the observed physiolog-
ical range of 0.1-0.3 pM), direct activation of GABA-A receptor channels is
produced (Reddy and Estes 2016). Direct activation of GABA-A receptors along
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with the traditional allosteric activation produces a potent GAB Aergic inhibition that
prevents many of the maladaptive neurological trends associated with chronic stress.
The anticonvulsant activity of neurosteroids is well-documented and has proved
successful in clinical trials for several types of epilepsies (Reddy and Estes 2016),
but further research is necessary to determine the efficacy of exogenous administra-
tion in stress-related epilepsies.

5 Stress Management and Epilepsy

Considering the link between stress and epilepsy, many individuals would benefit
from reduced exposure to stress. There is a growing body of evidence indicating that
nonpharmacological treatments may in fact reduce the frequency of seizures in some
patients, with psychological treatments being the primary alternative for pharma-
ceutical approaches (Novakova et al. 2013, 2019). Many patients lack motivation to
engage in such treatments while others are restricted due to financial constraints.
Thus, there is currently a demand for cheap, effective strategies for stress relief.
There are many different approaches available to choose from, and this section will
explore the current research on stress alleviation and how these strategies may
impact epileptic individuals as well as epileptogenesis (Novakova et al. 2019).
Increasing sleep is among the most promising strategies for stress alleviation.
Many physiological processes benefit when individuals practice healthy sleep habits,
and there are no direct financial repercussions to gaining an extra hour or two of
sleep each night. The HPA axis is known to play a vital role in mediating the body’s
circadian rhythms. During the earlier stages of sleep, the HPA axis is suppressed in
order to minimize the activity of the sympathetic nervous system in the body. This
diminished activity facilitates sleep through reductions in heart rate, respiratory rate,
and body temperature that are associated with the onset of sleep. Contrastingly, HPA
secretion plays a crucial role in marking the end of the sleep cycle. During the latter
stages of sleep, secretion of ACTH increases to induce arousal and thus serves as a
significant regulator of wakefulness (Han et al. 2012). Therefore, it makes sense that
individuals suffering from chronic stress would have trouble maintaining healthy
sleep schedules as a result of excessive HPA activity. Further, sleep deprivation is
known to stimulate the body’s stress response, resulting in higher levels of circulat-
ing corticosteroids and increasing seizure susceptibility through a vicious cycle
(Meerlo et al. 2008). In today’s fast-paced society, many people are finding it
more and more challenging to get the recommended 7-8 h of sleep per night. In
fact, a recent study found that 33% of Americans suffer from chronic insomnia,
increasing their risk for various chronic disorders including diabetes, cardiovascular
disease, and stroke (Bhaskar et al. 2016). It is therefore not unreasonable to suggest
that the harmful effects associated with long-term sleep deprivation may also be
relevant to individuals suffering from epilepsy and those at risk for epileptogenesis.
There are numerous strategies available for increasing sleep. From pharmaceuti-
cal approaches to profound lifestyle changes, the best plan of action is largely
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dependent on a given individual’s circumstances and needs. Clinical reports suggest
that sleep medication may not be the best long-term solution for many individuals, as
many patients become dependent on these drugs with long-term treatment. Addi-
tionally, these individuals frequently become tolerant of anti-insomnia medications
and no longer experience their intended effects (Worley 2018). Cognitive behavioral
therapy has been shown to be an effective approach for relieving chronic insomnia
that offers few, if any, adverse side effects (Trauer et al. 2015). This form of therapy
involves working with a therapist to develop healthy thinking patterns and has
shown encouraging results for the treatment of schizophrenia, stress, and depression
among others (Zimmermann et al. 2005; Gautam et al. 2020; Santos-Ruiz et al.
2017). However, this approach is costly in terms of time, effort, and money,
discouraging many individuals from receiving therapy altogether.

Beyond increasing one’s nightly sleep, there are a number of other effective
approaches to mitigating the stress response. Regular meditation is an affordable
approach for those seeking cost-effective treatment. Numerous studies have demon-
strated that silencing the mind through transcendental meditation can decrease the
stress response in a wide variety of patients (Burns et al. 2011; Horowitz 2010; Elder
et al. 2014). Additionally, physical exercise has been known to provide countless
beneficial effects in the body. There is ample research which suggests that individ-
uals who exercise several times throughout the week are less susceptible to chronic
stress, although the efficacy of this strategy is largely dependent on the type of
exercise an individual partakes in (Koo and Kim 2018; Tsatsoulis and Fountoulakis
2006; Salmon 2001). Cardiovascular exertion in the form of treadmill running and
similar activities has been shown to mitigate the stress response and has even
demonstrated to reduce chronic stress-induced memory deficits in rats (Radahmadi
et al. 2015).

Neurosteroids offer an alternative approach to alleviating stress and stress-
sensitive seizures (Reddy and Kulkarni 2000; Reddy 2003, 2006). In chronic stress,
the levels of neurosteroids are depleted in the brain and there is dysregulation of the
HPA axis and CRF signaling. GABA-A receptor transmission is reduced and
markers of neuroinflammation are elevated. Together, these pathological changes
as a result of chronic stress exposure may trigger seizures in epilepsy. Neurosteroids
can restore homeostasis of GABA inhibition, CRF signaling, and neuroimmune
activation following chronic stress exposure. Normalization of an altered HPA axis
setpoint may help improve stress-related seizures. Synthetic neuroactive steroids,
which are devoid of steroid hormone side effects, could offer a rational approach to
treat neurosteroid-sensitive, chronic stress-related epilepsy. Our lab has been devel-
oping new neurosteroid therapeutics for epilepsy and brain disorders (Reddy and
Estes 2016). We conducted pioneering investigations on neurosteroid regulation of
synaptic and extrasynaptic GABA-A receptors, and translated the basic concepts
into innovative therapies for treating epilepsy (Reddy 2010; Carver et al. 2014;
Chuang and Reddy 2018a). Our experimental work over the past two decades has
laid the groundwork for understanding the neurobiology of neurosteroids in brain
disorders. We have identified the pivotal role of neurosteroids in seizure suscepti-
bility, leading to the discovery of neurosteroid replacement therapy for epilepsy
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(Reddy and Rogawski 2009). This therapy consists of administering a synthetic
neurosteroid during a period of decreased levels or deficiency state (such as chronic
or recurrent stress) to alleviate seizures or fix a comorbid disorder, such as stress-
sensitive depression. The pleiotropic actions of THDOC or related neurosteroids
may underlie therapeutic benefits in stress-related seizures (Boero et al. 2019). We
have extensively tested dozens of natural and synthetic neurosteroids in experimen-
tal epilepsy models (Carver and Reddy 2016; Chuang and Reddy 2018b; Reddy
et al. 2019; Chuang and Reddy 2020). Evidence suggests synthetic neurosteroids
such as brexanolone and ganaxolone have promising potential to combat the stress-
related seizures in epilepsy. Alternatively, selective activation of neurosteroid syn-
thesizing enzymes may be another strategy to combat the negative impact of stress in
epilepsy. Prospective clinical trials are needed to assess the therapeutic potential of
neurosteroids in stress-related seizures and to confirm mechanisms of the stress-
seizure relationship.

6 Conclusions and Future Perspectives

Epilepsy is a complex chronic condition with devastating socioeconomic impact
worldwide. A critically unmet need is to develop therapeutics that modify, prevent,
and effectively treat these conditions. In this chapter, we highlighted the impact of
chronic stress on epileptic seizures and the role of positive GABA-A receptor
modulating neurosteroids in stress-linked mechanisms for seizure susceptibility
and therapy of epilepsy.

Stress is a highly individualized state of mental or emotional strain. Although it is
quite clear that stress is an important and common seizure precipitant, it remains
difficult to draw objective conclusions about a direct causal factor for epilepsy
patients. Nevertheless, experimental studies show a clear link between stress and
seizure susceptibility or threshold changes. Stress is known to drastically affect
epileptic seizures and seizure susceptibility. Both corticosteroids and neurosteroids
are known to play critical roles in the link between stress and epilepsy. However, the
molecular mechanism and interactions underlying the link between stress and
epilepsy appear highly complex. Stress increases plasma and brain concentrations
of corticosteroids and neurosteroids. Cortisol is the most important stress hormone in
the HPA system and is a known proconvulsant. High amounts of the adrenal-derived
THDOC and other anticonvulsant neurosteroids are released after acute stress.
Neurosteroids, which are synthesized de novo in the brain, are released in response
to stress. Stress induces increases in THDOC and other neurosteroids to levels that
can activate GABA-A receptors; these have significant effect in modulating stress-
sensitive conditions such as epilepsy. Evidence presented in this review points to
enhanced seizures due to chronic stress, possibly due to continuous exposure to
elevated corticosteroid levels with corresponding lower levels of neurosteroids.
Chronic stress creates a sustained state of neurosteroid deficiency (Table 2). There-
fore, exogenous administration of neurosteroids (neurosteroid replacement therapy)
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such as brexanolone at therapeutic dosages may improve seizure control and offer
neuroprotection against the devastating chronic stress in person with epilepsy. This
is evident from experimental models wherein GAB Aergic neurosteroids have shown
to be beneficial in alleviating the stress and stress-sensitive seizure conditions.
Selective activation of neurosteroid synthesizing enzymes is an alternative strategy
to combat the negative impact of stress in epilepsy. Normalization of an altered HPA
axis setpoint may help improve stress-related seizures. Synthetic neuroactive ste-
roids, which are devoid of steroid hormone side effects, could offer a rational
approach to treat neurosteroid-sensitive, chronic stress-related epilepsy.
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Abstract Epilepsy is commonly associated with cognitive and behavioral deficits
that dramatically affect the quality of life of patients. In order to identify novel
therapeutic strategies aimed at reducing these deficits, it is critical first to understand
the mechanisms leading to cognitive impairments in epilepsy. Traditionally, seizures
and epileptiform activity in addition to neuronal injury have been considered to be
the most significant contributors to cognitive dysfunction. In this review we however
highlight the role of a new mechanism: alterations of neuronal dynamics, i.e. the
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timing at which neurons and networks receive and process neural information. These
alterations, caused by the underlying etiologies of epilepsy syndromes, are observed
in both animal models and patients in the form of abnormal oscillation patterns in
unit firing, local field potentials, and electroencephalogram (EEG). Evidence sug-
gests that such mechanisms significantly contribute to cognitive impairment in
epilepsy, independently of seizures and interictal epileptiform activity. Therefore,
therapeutic strategies directly targeting neuronal dynamics rather than seizure reduc-
tion may significantly benefit the quality of life of patients.

Keywords Cognitive comorbidities - Epilepsy - Gamma - High frequency
oscillations - Hippocampus - Oscillations - Theta - Sharp wave ripples

1 Introduction

Epilepsy is commonly associated with cognitive and behavioral deficits that can in
some syndromes dramatically affect the quality of life of patients and caregivers
(Ronen et al. 2003; Loring et al. 2004; Berg et al. 2011). Cognitive deficits in
epilepsy include attention deficit hyperactivity disorder (ADHD), anxiety, autism
spectrum disorders (ASD), mental retardation, learning disabilities, memory impair-
ment, depression, and social-adaptive behavior disorders (Johnson et al. 2004; Lin
et al. 2012b). Broadly, it is considered that cognitive deficits are more pronounced
when seizures appear early in life. On average, children affected by epilepsy have a
reduced IQ (Ellenberg et al. 1986; Fastenau et al. 2008), lower school performance
(Fastenau et al. 2004; Vinayan et al. 2005) and require special education services
(Ellenberg et al. 1986; Aldenkamp et al. 1990; Berg et al. 2011). Among the epilepsy
syndromes affecting children, epileptic encephalopathies have the worse outcome.
Patients do not reach the expected developmental milestones and have permanent
language, social, and developmental deficits (Nickels and Wirrell 2017). While
cognitive deficits are often referred to as “comorbidities” of epilepsies, their direct
personal and social impact can sometimes be greater than the impact of seizures
themselves (Taylor et al. 2011; Mula and Cock 2015; Yogarajah and Mula 2019)
Therefore, treatments oriented toward a reduction of these deficits may greatly
improve the quality of life of patients. With that goal in mind, understanding the
mechanisms leading to cognitive deficits in epilepsy is therefore important. In this
review, we investigate these mechanisms and identify three major processes: (1) sei-
zures and epileptiform activity, (2) neuronal injury in the form of cell death and
sclerosis, and (3) alterations of neuronal dynamics illustrated by abnormal oscilla-
tory patterns in unit firing, local field potentials (LFP), electroencephalogram (EEG).
We defend the idea that the alterations of neuronal dynamics can be directly
responsible for cognitive impairment, independently of seizures. Indeed, the major
physiological causes of seizures can be grouped in two classes: those related to
GABAergic interneuron dysfunction (through cell death, abnormal migration, or
alterations of synaptic transmission) and those linked to abnormal feed-back
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excitation (in the famous temporal lobe epilepsy mossy fiber sprouting, for exam-
ple). Beyond the traditional excitation—inhibition imbalance hypothesis, we will
provide evidence that these two processes are also responsible for the abnormal
temporal coordination of neural networks within and between structures, thereby
causing cognitive deficits. Through this mechanism, the etiology, i.e. the physiolog-
ical mechanisms responsible for the epileptic condition, can also cause cognitive
deficits, independently of seizures. Addressing the dynamic aspect of neuronal
activity in epilepsy opens a new treatment perspective that may be particularly
relevant when antiepileptic treatments are not sufficient to restore cognitive function.

2 Epileptiform Activity and Cognitive Impairment

Before we investigate the links between etiology and cognitive deficits, we would
like to emphasize the role of epileptiform activity (seizures and interictal abnormal-
ities in the EEG) in cognitive deficits. Seizures represent a violent event that has
negative impacts on brain structure, metabolism, and function. Experimentally,
seizures induced in the intact brain result in a cascade of events (see next chapter
on epileptogenesis) that can damage the structures involved, induce plasticity
changes in the network, and strongly alter the function of the network. When
seizures occur in critical periods of development, it is particularly likely that their
impact on the future cognitive state of the patient is detrimental. This is what is
proposed to happen in epileptic encephalopathies (EEs).

EE are defined by the idea that epileptic activity itself contributes to severe
cognitive and behavioral impairments above and beyond what might be caused
from the underlying pathology alone (Berg et al. 2010). Indeed, in most EEs,
cognitive or behavioral deficits appear in conjunction with the onset or sudden
increase of seizures or epileptiform activity in the EEG. Furthermore, pharmacolog-
ical treatment or surgical intervention can lead to both seizure reduction and cogni-
tive improvement (Asarnow et al. 2008; Skirrow et al. 2011; Barry and Holmes
2016). Therefore, epileptiform activity, particularly in the developing brain, may
have long-lasting consequences on cognitive function and explain at least partially
the deficits observed in these patients. Indeed, several experiments performed in
various rodent models show that seizures in intact pups alter synaptic plasticity and
induce long-term cognitive deficits (Holmes et al. 1990; Cornejo et al. 2008; Karnam
et al. 2009; Hernan et al. 2013). In contrast, when seizures are generated in adults,
deficits are typically more transient (Lin et al. 2009), suggesting that the early post-
natal development period is particularly sensitive to seizures.

In addition to seizures, interictal epileptiform activity is also known to affect
sensory, memory, and higher cognitive functions (Siebelink et al. 1988; Trenité et al.
1988; Shewmon and Erwin 1988a, b, ¢, 1989; Binnie et al. 1991; Krauss et al. 1997;
Kasteleijn-Nolst Trenité and Vermeiren 2005; Holmes and Lenck-Santini 2006;
Kleen et al. 2010, 2013a). The impact of interictal activity is however transient
and restricted to the ongoing process supported by the structure where it occurs
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(Kleen et al. 2010, 2013b; Reed et al. 2020). However, understanding the relation-
ship between seizures/interictal activity and cognitive outcome is not straightfor-
ward. For instance, in Dravet syndrome and EEs, there is no direct correlation
between the frequency or severity of epileptiform activity and cognitive outcome
(Nabbout et al. 2013). In fact, Akiyama and colleagues (Akiyama et al. 2010)
showed that in contrast to epileptic activity variables (frequency of the status
epilepticus and generalized spike-wave discharges) that were not significantly cor-
related to cognitive state of the patients, the presence of background alpha rhythm in
the EEG was associated with poor cognitive performance. This therefore suggests
that another factor is involved in cognitive deficit in DS. In general, the association
between seizures and cognitive decline does not mean causation: the same cause
could be responsible in parallel for both outcomes. In surgical interventions, the
interpretation of post-treatment outcome may also be difficult given the confounding
contribution of antiepileptic drug cessation, pre-surgical cognitive status, and the
extent of resected tissue (Kadish et al. 2019). In addition, the impact of surgical or
antiepileptic drug (AED) treatment on cognitive performance may not always be
beneficial (Ulate-Campos and Fernandez 2017; Kadish et al. 2019). Interictal activ-
ity also has a limited impact: their effect is transient and there is no direct relationship
between the frequency of interictal activity and the extent of cognitive impairment
(Chauviere et al. 2009; Kleen et al. 2010). Finally, the pharmacological suppression
of interictal activity does not systematically improve cognitive performance in
patients with large number of interictal spikes (IS) and specific treatments can
have negative effects (Wirrell et al. 2008). However IS reduction via lamotrigine
treatment has improved general ratings of behavior in children with partial epilepsy
(Pressler et al. 2005).

Overall, while it is recognized that seizures and epileptiform activity contribute to
cognitive deficits in epilepsy, their impact may be limited and does not explain the
total extent of cognitive dysfunction. The underlying etiology of epilepsy syndromes
is also a major predictor of the cognitive status of the patient (Korff et al. 2015). It is
therefore likely to be involved in the mechanisms leading to cognitive/behavioral
deficits. In the rest of this review, we will investigate these other mechanisms linking
etiology to cognitive impairment.

3 Physiological Causes of Epilepsy

To understand the mechanisms linking etiology to cognitive dysfunction in epilepsy,
it is first important to identify the physiological alterations that are characteristic of
epilepsy syndromes. To do so, we will distinguish two classes of epilepsy syn-
dromes: the group of lesional epilepsies, such as TLE and post-traumatic epilepsy;
and the group of epilepsies with identified genetic origins. The physiological
alterations observed in these groups are sufficiently different to consider them
separately.
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3.1 Epileptogenesis

An important portion of epilepsy syndromes, including temporal lobe epilepsy
(TLE) and post-traumatic epilepsies, is believed to result from plasticity and phys-
iological changes following an initial insult. The process leading to spontaneous
seizures is called epileptogenesis. This process has been mostly studied in the
context of TLE, mainly in animal models receiving prolonged status epilepticus
(SE) (Ben-Ari and Cossart 2000; Leite et al. 2002; Patterson et al. 2014). After SE, a
cascade of molecular, cellular, and structural events occur in the temporal lobe. They
result in inflammation, cell death, hippocampal sclerosis, and an extensive rewiring
of its connections, ultimately responsible for recurrent seizures.

In the late stages of TLE, hippocampal sclerosis is so advanced that the condition
is almost equivalent to a resection of the structure. When the lesions are bilateral or
affect adjacent structures, it is understandable that memory and behavioral functions
normally supported by the affected substrate are altered. Therefore, neuronal damage
in TLE, being caused by seizures or other processes is likely a significant contributor
to cognitive impairment.

3.1.1 Reorganization of the “Dentate Gate” (Fig. 1)

The DG is characterized by the presence of strong inhibitory loops that allow it to
transform converging inputs from the entorhinal cortex into sparse activation pat-
terns. This sparsification of entorhinal inputs is believed to be protective against over
excitation and is often referred to as the “dentate gate” (Sutula et al. 1988;
Heinemann et al. 1992; Lothman et al. 1992; Ang et al. 2006; Krook-Magnuson
et al. 2015). In TLE (Fig. 1), alterations of the DG circuitry during epileptogenesis
are thought to provoke a collapse of this dentate gate, paving the way for seizures.

A portion of the DG granule cells, mossy cells as well as hilar interneurons die
after SE (Buckmaster and Jongen-Rélo 1999; Blumcke et al. 2000; Alexander et al.
2016). This cell loss alters inhibition in two ways: first hilar interneurons no longer
inhibit granule cells and, second mossy cell loss induces a decrease of basket cell
excitation, further disinhibiting the network (Zhang and Buckmaster 2009). Granule
cells therefore become hyperexcitable and more susceptible to epileptiform activity
(Dengler and Coulter 2016; Dengler et al. 2017).

In addition to losing inhibitory loops, DG witnesses the development of abnormal
excitatory loops. Mossy fiber sprouting (Scheibel et al. 1974; Tauck and Nadler
1985; Represa et al. 1989; Crépel et al. 2007; Buckmaster 2010) is a process by
which granule cells, which normally innervate CA3, mossy cells, and hilar inter-
neurons, make new, abnormal connections to other dentate granule cells, CA2 and
CA3 pyramidal cells. These connections are excitatory (Scharfman et al. 2003b) and
in the DG recruit kainate receptors that are not present in controls (Epsztein et al.
2005) and have slower kinetics than traditional granule cell synapses (Crépel and
Mulle 2015). These abnormally slow sodium currents disorganize the firing of
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Fig. 1 Epileptogenesis. Hippocampal dentate gyrus circuitry in the healthy (a) and the epileptic
brain (b) GC granule cell, MC mossy cell, INT interneuron; MEC II, LEC Il medial, lateral
entorhinal cortex layer II, E, M, I external, medial and internal part of the molecular layer

dentate granule cells, alter the input—output operation at the perforant path synapses
and induce an aberrant rhythmic activity in the DG (Artinian et al. 2011). Altogether
ectopic kainate currents are responsible for seizure generation (Peret et al. 2014) but
may also significantly alter information processing in the DG.

Finally, SE also induces a dramatic increase of cell proliferation, giving rise to
newborn granule cells (Jessberger and Parent 2015). These cells form aberrant
dendrites that extend to the hilus, where they receive excitatory inputs from mossy
cells (Shapiro and Ribak 2006). They can participate in the pathological mossy fiber
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spouting. After SE, newborn granule cells can migrate and integrate ectopically in
the hilar/CA3 border. They also receive inputs from the entorhinal cortex and appear
to activate CA3 pyramidal cells (Scharfman et al. 2000, 2003a, b). When epilepsy
becomes chronic, neurogenesis declines drastically, below levels observed in con-
trols (Hattiangady et al. 2004), probably due to an exhaustion of the pool of adult
neural stem cells. The functional consequences of neurogenesis modification in
epilepsy are not completely understood but data suggest that epilepsy-related
neurogenesis is also involved in cognitive deficits. For instance, Cho et al. (2015)
showed that reducing adult neurogenesis before SE induction in pilocarpine mice
decreased seizure frequency, the number of ectopic granule cells and normalizes
cognitive deficits.

3.1.2 Cell Death in CA1 and CA3

As for the DG, CA1 and CA3 are also affected by cell death. Pyramidal cells as well
as various types of interneurons are lost after SE, and gliosis appears (Alexander
et al. 2016). In both animal models and TLE patients, dendritic but not somatic
inhibition of pyramidal cells is reduced. This is likely due to the specific loss of
somatostatin (SST) expressing O-LM interneurons (de Lanerolle et al. 1989; Cossart
et al. 2001). More recently, it has been found that the innervation of cholecystokinin
(CCK) expressing basket cells onto pyramidal cells was also deficient (Wyeth et al.
2010) and that parvalbumin (PV) expression was also reduced (Andrioli et al. 2007).
The function and integrity of other interneuron subclasses is also altered in various
types of TLE models (Drexel et al. 2012a; Marx et al. 2013; T6th and Magléczky
2014).

The relevance of GABAergic interneuron function in TLE is elegantly demon-
strated by the group of Scott Baraban (Hunt et al. 2013; Hsieh and Baraban 2017),
who grafted medial ganglionic eminence progenitors (where basket, PV expressing
cells notably originate) into the hippocampus of pilocarpine-treated mice. Remark-
ably, replacing dead or failing GABAergic cells by new ones reduced epilepsy and
restored spatial memory performance.

The functional consequence of hippocampal pyramidal cell loss appears straight-
forward: when too many neurons are lost in TLE, hippocampus cannot be expected
to perform as in healthy individuals. In theory, the functional capacity of a network is
related to the number of neurons it contains. This is the case of auto-associative
networks, such as Hopfield networks, where the number of patterns that can be
efficiently stored is dependent on the number of neurons composing the network
(Amit et al. 1985). In vivo, one can expect that when the number of neurons in a
structure reaches a critically low number, the structure will become dysfunctional.
Furthermore, interneuron death may have specific consequences on the flow of
information within the hippocampal microcircuit (Miles et al. 1996; Royer et al.
2012; Lovett-Barron and Losonczy 2014). When dendritic inhibition of pyramidal
cells is affected, as when O-LM interneurons are lost, one could expect a failure to
filter perforant path or temporo-ammonic inputs. In contrast, loss of perisomatic
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Fig. 2 Reduction of the GABAergic landscape in epilepsy. (a) Functional cell assemblies and their
trajectories through the network are defined by the inhibitory influence of interneurons. (b) in
epilepsy, interneuron death, combined with the increased influence of surviving GABAergic cells
constrains the network so that fewer, more frequent cell assemblies emerge

inhibition, when the activity of PV or CCK expressing cells is altered, will lead to a
disruption of the precise timing of action potential generation. In addition, plasticity
phenomena such as rewiring of surviving neurons may not be sufficient to preserve
function and even be detrimental. Indeed, data suggest that the restricted number of
neurons participating in hippocampal activity in TLE are being activated in rigid,
stereotypical ensembles (Lenck-Santini 2017). In a rat model of TLE, Neumann and
colleagues (Neumann et al. 2017) showed that ictal discharges preferentially
recruited specific group of cells, firing in stereotypical order. Amazingly, they report
that the same groups of neurons are activated in the same order from one ictal spike
to another and even between seizures. In addition, they show that the main cell types
activated during ictal discharges are fast-spiking, putative GABAergic neurons.
These interneurons were unusually strongly coupled to oscillations in the LFP,
even before seizures, suggesting that the inhibitory drive of the surviving
GABAergic cells was increased (Neumann et al. 2017). This strongly suggests that
seizures recruit a restricted number of neurons within the network and that this
recruitment follows a stereotypical order, likely driven by interneurons. Importantly,
in normal conditions, there is increasing evidence that inhibitory interneurons are
critically involved in the formation and temporal organization of cell assemblies
(Buzsaki 2010; Lovett-Barron et al. 2012; Stark et al. 2015). In epilepsy conditions,
it is likely that the surviving interneurons of the hippocampal formation undergo
plasticity processes that result in an increase of their axonal territory (Zhang and
Buckmaster 2009). As a result, fewer interneurons may control larger territories,
reducing the flexibility of the network and restricting the possible repertoire of
available cell assemblies (Fig. 2).
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3.1.3 Anatomical Reorganization in Connected Structures

Both in TLE patients and animal models of this syndrome, the operation of regions
downstream to the hippocampus is also affected. For instance, in the most severe
grade of sclerosis, interictal activity mostly emerges from the subicular complex
(Cohen et al. 2002). In the entorhinal cortex of animal models of TLE, loss of
GABAergic interneurons results in hyperexcitability of layer II stellate cells, the
major input to the DG (Kumar and Buckmaster 2006; Kumar et al. 2007). Long-
lasting cell loss is also observed in layer III, the input to CA1 in both TLE patients
and models (Du et al. 1995; Drexel et al. 2012b). In some TLE models, there is also
extensive damage in the medial septum/diagonal band of Broca (MSDB), the major
cholinergic input to the hippocampus and generator of its major rhythmical activity,
theta rhythm (8). Cell loss in this structure is particularly affecting GABAergic
neurons, including those projecting to hippocampal GABAergic neurons (Garrido
Sanabria et al. 20006).

3.2 Genetic Epilepsies

Amongst epilepsies with genetic origin, there is a large range of syndromes where
neuronal excitability is affected, either directly or indirectly. The mechanisms
leading to seizures are explained by a failure of the excitation/inhibition (E/I)
balance, resulting in runaway excitation. In the syndromes easiest to interpret, the
expression or function of receptors, channels, or pumps is altered and the resulting
outcome is either hyperexcitability of principal neurons or decreased inhibition from
GABAergic cells (Oyrer et al. 2018). Increased excitation is observed in mutations
affecting potassium channels (Kohling and Wolfart 2016), HCN channels
(DiFrancesco and DiFrancesco 2015), when they induce gain of function of sodium
channels (Kearney et al. 2001; Bunton-Stasyshyn et al. 2019) or of NMDA receptors
(Lesca et al. 2012; Strehlow et al. 2019). In other cases, mutations of GABAergic
receptors (GABR,;, GABRgy3;, GABRG,) cause decreased inhibition (Jiang et al.
2016; Rossignol et al. 2016; Oyrer et al. 2018), also resulting in runaway excitation.

The impact of mutations can however be indirect and sometimes unexpected. For
instance, when excitatory function is preferentially altered in GABAergic neurons,
as for syndromes affecting Navl.l (Yu et al. 2006; Bender et al. 2012), Cav2.1
(Zaitsev et al. 2007; Rossignol et al. 2013; Jiang et al. 2016) or nicotinic receptor
units (Klaassen et al. 2006), the resulting outcome is a failure of inhibition and
therefore loss of the E/I balance. A similar mechanism could be involved in
syndromes affecting NMDA receptors (GRIN1, GRIN2A or GRIN2B) recently
proposed to be involved in fast-spiking interneuron function and in migration/
maturation during development (Monyer et al. 1994; Korotkova et al. 2010; Kelsch
et al. 2014).
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An example of indirect alteration of GABAergic activity in genetic epilepsies is
the set of syndromes involving Na,1.1. Na,1.1 is a voltage gated sodium channel
involved in the initiation and propagation of action potentials. In the context of
epilepsy, mutations of SCN1A, the gene coding for Na, 1.1 are observed in various
syndromes including familial febrile seizures, generalized epilepsy with febrile
seizures plus and Dravet syndrome, also called “severe myoclonic epilepsy of
infancy” (Dravet 2011). The severity of the seizure/cognitive phenotype appears to
be correlated to the degree of loss of function of the protein (Catterall et al. 2010). A
likely explanation for seizure generation in these syndromes is the fact that Nav1.1 is
expressed at higher proportions in fast-spiking GABAergic neurons (Yu et al. 2006;
Ogiwara et al. 2007). Functionally this results in a specific impairment of the fast-
spiking properties of interneurons (Cheah et al. 2012; Dutton et al. 2013), therefore
inducing a loss of inhibition. As we will see, evidence suggests that this interneuron
deficit is directly responsible for alterations of the coordination of neuronal firing
during oscillations, causing information processing deficits and decreased cognitive
performance.

When genetic disorders alter proteins involved in the transcription of multiple
genes, the link between genetic disorder and seizure phenotype is particularly
complex and multi-factorial. This is the case of Rett syndrome and Fragile X
syndromes, where MeCP2 and FMRP proteins are affected, respectively (Contractor
et al. 2015; Tillotson and Bird 2020). Here, the genetic alterations affect a large
number of proteins involved in many aspects of neuronal function, each likely
contributing to both seizures and cognitive impairment.

Similarly, complex are the epilepsies associated with malformations of cortical
development. These comprise genetic alterations affecting neuronal and glial prolif-
eration or apoptosis (e.g., focal cortical dysplasia), neuronal migration
(lissencephaly and heterotopias), and postmigrational development (polymicrogyria)
(Barkovich et al. 2012). The pathophysiological mechanisms linking malformations
of cortical development to epilepsy are also diverse and specific to the syndrome
considered (Represa 2019). Schematically, it appears that three major mechanisms
are involved: (1) the genetic disorder induces a significant reduction, abnormal
migration or changes in intrinsic properties of GABAergic neurons; (2) there is an
abnormal connectivity (often excitatory) at the microcircuit level and/or between
structures; and (3) the dysplastic tissue and adjacent networks become hyper-
excitable because of changes in intrinsic properties of affected neurons (changes in
receptor expression, synaptic function, chloride homeostasis, or intrinsic
excitability).

The case of genetic disorders affecting metabolism and associated with epilepsy
is even more complex (Pascual et al. 2008; Sharma and Prasad 2017). In these
disorders, the consequences of the genetic defects are affecting multiple organs and
involve cellular functions that differ according to the syndrome considered. In these
syndromes critical functions are altered. Of particular relevance here are those
affecting the metabolic coupling between neurons and astrocytes, neurotransmitter
signaling pathways, the transport and utilization of energy substrates (including, but
not limited to mitochondrial disorders, glucose transporter defects or production of
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phosphates), the regulation of cerebral blood flow, and the transport of substrates
across the blood/brain barrier. Because these functions are fundamental for normal
brain function and development, it appears logical to observe cognitive deficits in
some metabolic disorders. Of note, several epileptic encephalopathy phenotypes,
including Lennox-Gastaut, West, Otahara or Landau-Kleffner syndromes have been
observed in mitochondrial diseases (Khurana et al. 2008; El Sabbagh et al. 2010;
Rahman 2012). In these particular cases, the etiology, i.e. the mitochondrial respi-
ratory chain defect, may be the primary contributor to cognitive dysfunction.

4 Functional Consequences at the Circuit Level

From the previous chapter, we have seen that epilepsy is associated with alterations
of the wiring of the network and/or changes in neurotransmission, particularly
involving GABAergic synapses or interneurons (Fig. 3). Starting from the micro-
circuit level we will try to examine how these changes impact information
processing and cognitive function.

a) c)
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Fig. 3 Alterations of GABAergic function in genetic epilepsies. (a) Schematic representation of
the ventral telencephalon region of the immature mouse and the main routes of MGE derived
interneurons. Several epilepsy disorders are associated with disruptions of interneuron migration.
(b) Alterations of various aspects of GABAergic activity: reduction of fast-spiking activity,
alteration of GABAergic transmission at the pre- and post-synaptic level and reduction of the
excitation of GABAergic neurons. Glu Glutamatergic neuron, EPSPs and IPSPs excitatory and
inhibitory post synaptic potentials, respectively. LGE, MGE lateral, medial ganglionic eminence,
MZ marginal zone, CP cortical plate, VZ ventricular zone
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4.1 GABA Activity and Development

One potential mechanism that could be involved in genetic epilepsies concerns the
critical role of GAB Aergic activity during the early post-natal development. Increas-
ing evidence suggests that, during this period, interneurons control the migration,
connectivity, and apoptosis of the GABAergic population (Bortone and Polleux
2009; De Marco Garcia et al. 2015; Tuncdemir et al. 2016; Butt et al. 2017). In
rodents, during the first post-natal week, which is dominated by spontaneous
network activity, a subpopulation of GABAergic cells, referred to as hub-cells,
appear to play a critical role in orchestrating the activity of the network, both
in vitro and in vivo (Bonifazi et al. 2009; Picardo et al. 2011; Bocchio et al.
2020). During this period, it has been recently shown that perisomatic projecting
GABAergic neurons of the barrel cortex transiently organize into anatomically
clustered, functionally segregated cell assemblies before forming a fully functionally
connected network. Interestingly, these GABAergic cell assemblies were strongly
affected by sensory deprivation (whisker plucking) while glutamatergic networks
appeared to be unaffected. Importantly, such sensory deprivation induces
GABAergic cell death and strongly alters the functional response of adult barrel
cortex without affecting the barrel cytoarchitecture (Fox 1992; Simons and Land
1994; Micheva and Beaulieu 1995; Modol et al. 2020). Altogether these results
suggest that the functional organization of GABAergic activity during the first post-
natal week plays a critical role in shaping the functional architecture prior to active
exploration (Modol et al. 2020). While this was not directly tested yet, it is extremely
likely that pathological GABAergic dysfunction during early post-natal develop-
ment has dramatic impacts on the adult functional architecture of cortical network. In
the context of epileptic encephalopathies or even autism, further studies investigat-
ing this specific role of GABAergic activity may explain mechanisms involved in
cognitive and behavioral deficits.

4.2 The Dentate Gate, Sparsification, and Pattern Separation
(Fig. 4a)

In TLE, cell loss, mossy fiber sprouting and abnormal neurogenesis, together with
changes in chloride homeostasis following SE (Huberfeld et al. 2007; Kourdougli
et al. 2017) induce a massive functional reorganization of the DG circuitry. Apart
from causing seizures, it is also likely that such reorganization is also preventing the
DG to perform its functional role appropriately. As mentioned above, the DG
architecture allows it to transform the converging inputs from the entorhinal cortex
into sparse activation patterns. In addition, the specific inhibitory connectivity of the
DG is believed to support pattern separation, the process by which similar but
different inputs are segregated. Behaviorally, pattern separation allows similar
contexts or memory events to be disambiguated. In TLE, several investigations
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suggest that this DG function is altered (Reyes et al. 2018; Madar et al. 2019a, b). In
animal models, abnormal granule cells, which are normally silent during slow wave
oscillations recorded in sleep and anesthesia, now follow cortical up-and-down
states (Ouedraogo et al. 2016). It therefore appears that the “dentate gate” also
fails to block entorhinal inputs during sleep. This is likely to affect information
processing quality during such a critical state. Still in animal models of TLE, the
segregation of similar inputs, artificially delivered to the DG is altered (Madar et al.
2019a, b). In patients, pattern separation is also affected (Reyes et al. 2018). Given
that CA3 networks, to operate optimally, are believed to benefit from sparse inputs
(McNaughton and Morris 1987), and that these networks are also affected in TLE, it
is likely that the downstream effect of abnormal DG function on hippocampal
processing is detrimental. This may therefore explain part of the memory and spatial
navigation deficits witnessed by TLE patients.
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4.3 Attractor Dynamics, Pattern Completion, and Cell
Assemblies in CAI-3

The link between network architecture and its computational properties is better
understood if we consider the concept of attractors. In computational neurosciences
and artificial intelligence, this term refers to states in which a network of artificial
neurons spontaneously stabilizes itself in the same state after receiving similar
inputs. The dynamics leading to such stable states are not supervised, i.e. not
controlled by the experimenter, but arise from the feed-forward/feed-back architec-
ture of the network and the plasticity of its synapses. In classical attractor networks
such as those designed by Hopfield (Hopfield 1982), all neurons make reciprocal
connections with each other, making the whole network behaving as a global entity,
in the sense that any input will affect the whole network and not just a part of it. In
terms of energy, each of the states in which the network stabilizes itself is a local
energy minimum: it takes energy to move away from such preferred state and
surrounding states are attracted to converge toward it. These minima are called
attractors. A critical point here is that attractor dynamics in the normal brain allow
the emergence of a new, higher level computational capacity in the network.
Hopfield Networks, for example, behave as auto-associative networks: after super-
vised learning, they are able to reconstitute a pattern when provided an incomplete or
corrupted version of it, a property called “pattern completion” (Fig. 4b).

CA3 networks contain recurrent collaterals that can provide the feed-back connec-
tivity required for the auto-associative networks. It may therefore behave as such, a
device capable of pattern completion (Marr 1971; McNaughton and Morris 1987,
Treves and Rolls 1994). Importantly for TLE, it has been demonstrated that the
memory capacity of such networks was linearly correlated with the number of neurons
present in the network (Amit et al. 1985). It is therefore likely that cell loss in such
network will also affect its auto-associative capacity, decreasing not only the number
of items it can store but also prevent the emergence of clear attractors. Furthermore,
recent work from Mongillo and colleagues (Mongillo et al. 2018) suggests that
patterns of neural activity are primarily determined by inhibitory connectivity within
an excitatory network. They also show that storage capacity is greatly increased when
plasticity rules involve both excitatory and inhibitory neurons. In the context of TLE,
where cell death affects both excitatory and inhibitory neurons and plasticity is
affected (Beck et al. 2000; Cornejo et al. 2008; Suarez et al. 2012), one could therefore
expect a strong reduction in the quality and number of patterns stored.

Attractor networks and dynamic systems have previously been studied in the
context of epilepsy, mostly with regard to seizure or IIS generation and propagation
(Lopes da Silva et al. 1994, 2003; Andrzejak et al. 2001; Jirsa et al. 2014). The
original idea motivating these studies was that epileptic networks can be considered
as bi-stable, i.e. fluctuating between the normal state and the seizure state. These
states are considered as attractors. While this was not directly tested, it is possible
that the non-ictal attractor state(s) is (are) also unstable and that, even when they do
not yield to the seizure attractor, physiological attractor cannot perform as efficiently
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as they would in non-epileptic networks. In CA1 and CA3, we previously saw that
TLE was associated with cell loss of both pyramidal cells and specific interneurons.
These changes may also have strong consequences in terms of the network ability to
establish and maintain stable states. For example, the stereotypical activation of CA1
neurons in TLE rats, documented by Neumann et al. (Neumann et al. 2017), suggests
that TLE is associated with a restriction of the possible repertoire of network
activities, likely because of excessive control from GABAergic neurons. This
stereotypical activation could be interpreted as the signature of a reduction of
potential (continuous) attractor states that are abnormally strong and hereby facilitate
seizures. The impoverishment of available neuronal assemblies and reduction of
potential attractor states following TLE may also cause cognitive deficits and
prevent the flexible use of diverse spatial representations in different contexts
(Posani et al. 2018).

S Impact on Neural Coding

All along the hippocampal formation of humans, rodents, and other mammals,
neuronal discharge displays remarkable spatially related activity. In CA1l, CA3,
and the DG place cells are active when the animal enters a specific region of the
environment, called the cell’s place field (O’Keefe and Dostrovsky 1971). Upstream,
in the entorhinal cortex, grid cells fire when the animal is located at regular intervals
within the environment, and form a triangular lattice (Fyhn et al. 2004). The
entorhinal cortex also contains border cells that fire at the proximity to the walls
and objects present in the room and head direction cells that are active when the
animal faces specific directions in the environment, independently of its location.
Head direction cells are also present in multiple areas such as the posterior
subiculum, the thalamus, and other subcortical nuclei such as the supramammillary
nucleus. Altogether, the ensemble of cells with spatial correlates in the hippocampal
formation is considered as the neurological substrate of spatial representations, often
referred to as cognitive maps (Hartley et al. 2014). Importantly, place cell stability
across exposures to the same environment depends on the same molecular substrates
than long-term potentiation and spatial memory consolidation (Kentros et al. 1998;
Nakazawa et al. 2003; Agnihotri et al. 2004; Barry et al. 2012). In addition to the
abstract and integrated nature of their spatial signal, this memory property makes
place cells a valuable tool for assessing the functional integrity of the hippocampal
system in the context of pathology. By investigating their quality, stability, and
temporal dynamics and relate them to behavioral performance, place cells can
inform us about the specific processes that are altered.

The first attempt to investigate place cell signaling in epilepsy was done by
Gregory Holmes and collaborators (Liu et al. 2003) who recorded place cells in
adult, chronic epileptic rats that underwent prolonged, pilocarpine-induced status
epilepticus at P20. These animals developed spontaneous seizures and their perfor-
mance in spatial memory tasks was altered. Liu et al. (2003) found that SE place
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fields were less precise spatially than controls and unstable across repeated expo-
sures to the same environment (both at short and long term). The same group (Lin
et al. 2012a) also demonstrated that chemically induced recurrent seizures, as
opposed to chronic epilepsy, did not affect place field quality but only transiently
decreased the percentage of active place cells. Furthermore, antiepileptic treatment
with topiramate on the pilocarpine rats shows minimal benefit on either place cell
firing or spatial behavior (Shatskikh et al. 2009). It therefore appears that, in the adult
brain, it is the long-term consequences of SE and the following epileptogenic process
but not the recurrent seizures that are responsible for place cell and behavioral
deficits. In neonates however, the deficits induced by similar, chemically induced
seizures are more permanent: place cell firing is altered in a similar way than what is
observed after SE and animals show long-term spatial memory deficits (Karnam
et al. 2009). These results suggest that the impact of seizures on the infant brain is
more concerning than in adults and that seizures may be responsible for long-term
cognitive impairments in patients.

6 Impact on Oscillations and Cognitive Functions

At the core of neuronal information processing is the concept of synaptic integration
within a single neuron. Through synaptic integration, converging synaptic inputs
from thousands of synapses are processed by one neuron and eventually translated
into patterns of action potentials. Among the factors involved in synaptic integration,
the timing at which synaptic inputs occur combined with the location of these inputs
within the dendritic tree is of critical relevance (Magee and Cook 2000). Synaptic
inputs are more likely to induce an action potential in the target cells if they are
synchronized at the millisecond range (Tsodyks and Markram 1997; Azouz and
Gray 2000; Salinas and Sejnowski 2000). Furthermore, synaptic inputs are more
likely to induce firing if the target cell is depolarized at the same time. Therefore, one
way to improve the likeliness of coincidence between synaptic inputs and target cell
depolarization is to coordinate their firing. Such coordination is made possible by
neuronal oscillations, or brain rhythms. During neuronal oscillations, the activity of
groups of neurons fluctuates rhythmically and synchronously. During specific
periods that are defined by the frequency of these oscillations, the membrane
potential of target cells is now synchronized with the firing of large populations of
input neurons hereby facilitating the communication between input and output
neurons. This “communication by synchrony” (Fries 2005) is a proposed mechanism
for coordinating information processing within and across structures. As we will see,
one of the consequences of the molecular, cellular, and anatomical changes that are
observed in epilepsy is a disorganization of neuronal synchrony, brain rhythms, and
neuronal coordination. Such “dis-coordination” amongst and between neural net-
works is also a mechanism responsible for cognitive and behavioral deficits associ-
ated with the epileptic condition.
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6.1 Major Brain Rhythms and Their Function

Recorded in EEGs and local field potentials, oscillations reflect the co-occurrence of
large numbers of synaptic currents in a structure (Anastassiou et al. 2016). In
vertebrates, oscillations at specific frequency bands are observed when animals are
engaged in different types of behaviors or cognitive tasks. These classes of oscilla-
tions progress linearly (on the logarithmic scale (Penttonen and Buzséaki 2003) from
low frequency events (lower than one per second) to ultrafast frequency ranges
(200-600 Hz). Interestingly, the major oscillation classes (and their associated
frequencies) are preserved across species, despite the change in brain volume
between species. This preservation of frequency bands across species suggests that
their functional role is critical for survival. The main oscillation bands are: &
(0.5-4 Hz), 6 (4-8 Hz in human scalp EEG; 4-12 Hz in rodent hippocampus), o
(8-12 Hz in humans), f (15-30 Hz), y (30-90 Hz), and high-frequency oscillations
(HFOs: 90-300 Hz). Each band provides specific time windows at which neurons
and brain structures can interact. To add computational power, oscillations in
different frequencies can co-exist in the same structure. Neurons can oscillate at
two different frequencies, each being synchronized with neuronal oscillations in a
different structure (Fujisawa and Buzsaki 2011). Such mechanism allows individual
structures to interact with multiple structures at the same time, under different
communication “channels.”

6.1.1 O (5-12 Hz) Oscillation in Epilepsy

In rodents, 6 rhythm is a 5-12 Hz oscillation (Fig. 5a) that is observed in the
hippocampal formation during exploration and rapid eye movement (REM) sleep.
The medial septum/diagonal band of Broca (MSDB) is considered as the major 6
rhythm generator in the hippocampal formation (Buzsaki 2002; Vertes et al. 2004).
However, the 0 rthythm that is observed in the hippocampus is the consequence of the
rhythmical firing of entorhinal cortex and CA3 inputs themselves under MSDB
influence. In the human hippocampus, recent data suggest that two 0 rhythms can be
differentiated (Bohbot et al. 2017; Aghajan et al. 2017): a slow 6 (~3 Hz) observed
during virtual navigation and memory tasks and a fast one (~8 Hz) elicited during
active movements. Overall, 0 is observed during navigation (Ekstrom et al. 2005;
Bohbot et al. 2017), during episodic and working memory tasks (Tesche and Karhu
2000; Raghavachari et al. 2001; Rizzuto et al. 2003, 2006; Lega et al. 2012; Herweg
et al. 2020) and REM sleep (Cantero et al. 2003). Increases in 6 coherence
(a measure of oscillation coordination between structures), between the hippocam-
pus and the prefrontal cortex, are associated with higher performance in spatial
working memory tasks (Jones and Wilson 2005; Benchenane et al. 2010). 6 rhythm
within the hippocampus and connected structures is therefore believed to play an
important role in spatial cognition and memory processes.
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In some epilepsy syndromes, particularly those affecting the temporal lobe, 6
rhythm is altered (Chauviere et al. 2009; Moxon et al. 2019). 0 alterations are also
observed in animal models of TLE with varying degrees of impairment according to
the model used. For instance, in TLE models involving prolonged status epilepticus,
both the amplitude and frequency of 0 are decreased (Dugladze et al. 2007;
Chauviere et al. 2009; Inostroza et al. 2013; Richard et al. 2013). In the rat
pilocarpine model, 0 alterations are even observed before the apparition of first
spontaneous seizure. When TLE rats are involved in behavioral tasks, changes in 0
frequency and/or amplitude often correlate with performance deficits. These include
decreased performance in episodic (Inostroza et al. 2013), spatial (Chauviere et al.
2009; Barry et al. 2016), or working memory (Richard et al. 2013). Reversely,
restoration of O oscillations in TLE rats via the medial septum/diagonal band of
Broca (MSDB) stimulation improves spatial performance (Lee et al. 2017). Finally,
0 resonance, i.e. the ability of neurons to oscillate preferentially at 8 when injected
with oscillating currents, is decreased in hippocampal TLE pyramidal cells
(Brewster et al. 2002; Jung et al. 2007; Marcelin et al. 2009; McClelland et al. 2011).

The mechanisms underlying 6 alterations in TLE are likely multiple. The fact that
0 oscillations are affected differently according to the animal model considered
suggests that the background abnormality induced by the initial SE insult, rather
than the epileptic condition itself, is a critical part of those mechanisms. For
example, in the pilocarpine model of TLE, there is a significant loss of GABAergic
neurons in the medial septum (Garrido Sanabria et al. 2006). MSDB GABAergic
cells projecting to hippocampal GABAergic neurons play an important role in 0
pacemaking activity (Hangya et al. 2009). The loss of these cells after pilocarpine
treatment therefore explains most of the 0 deficits observed in the hippocampus. In
addition to MSDB cells, a substantial number of hippocampal neurons are also lost
in the pilocarpine model. The consequence of such cell loss directly in the hippo-
campus may also contribute to decreased 0 amplitude and frequency, for example by
a decrease in glutamatergic synaptic currents caused by pyramidal cell loss. Finally,
loss of dendritic HCN channel expression, induced by NRSF-mediated transcrip-
tional repression in hippocampal pyramidal cells explains the decrease in 6 reso-
nance observed in this model (Jung et al. 2007; McClelland et al. 2011).

In contrast to the pilocarpine model, cell loss is restricted to the hippocampal
formation after intraperitoneal kainic acid injection (Inostroza et al. 2011). In Wistar
rats, this procedure induces a selective cell loss in the layer III of the entorhinal
cortex, resulting in a selective decrease in 0 power in CAl lacunosum moleculare,
where this structure normally projects (Inostroza et al. 2013). Further, in the prox-
imal hippocampus, 0 coordination between layer III and layer II inputs was
decreased in this model (Laurent et al. 2015).

Altogether, the data presented above suggest that 0 alterations in the hippocampal
formation reflect underlying deficits at the network or cellular level. However, more
than being just an indicator of poor network function, 0 alterations may also directly
participate in information processing deficits.

To better understand the role of hippocampal 0 in information processing, it is
important to examine how 0 influences hippocampal neuronal firing and spatial
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representations. Following EC and CA3 inputs, the firing rate of most hippocampal
neurons is strongly influenced by 6. Each cell type, i.e. pyramidal cells and inter-
neuron subclasses, preferentially fires at a specific 0 phase (Klausberger and
Somogyi 2008). For instance, while PV expressing axo-axonic and basket cells
fire preferentially at the peak and descending phase of 0, bi-stratified interneurons
and pyramidal cells tend to fire at the trough. That said, place cells show a more
peculiar firing relationship to 6. As the animal enters its place field, a given place cell
will tend to fire before the peak of the ongoing 0 oscillation. As the rat advances
through the place field, the cell bursting will appear at earlier phases of the consec-
utive 0 cycles. This phenomenon is called 8 phase precession (O’Keefe and Recce
1993; Skaggs et al. 1996). Through the 0 phase of action potential firing, it is
therefore possible to extract information concerning the position of the animal within
the place field. More importantly, for a given 0 cycle, which lasts for ~120 ms, place
cells with overlapping place fields will fire bursts of action potentials in a sequence
that reproduces the ongoing animal trajectory, sweeping from slightly behind the
current location of the animal to ahead of itself (Skaggs et al. 1996; Dragoi and
Buzsaki 2006; Gupta et al. 2012). Because place cells undergo phase precession,
successive 0 sequences progressively sweep further ahead of the animal, revealing
planned trajectories of the animal (Wikenheiser and Redish 2015; Kay et al. 2020).

In the rat pilocarpine model of TLE, phase precession is observed in a smaller
portion of CA1 place cells (Lenck-Santini and Holmes 2008). During the same
session, simultaneously recorded cells can show both normal and abnormal preces-
sion pattern, suggesting that this abnormality is more caused locally within the
hippocampus rather than induced by a global 6 deficit. Indeed, recent experiments
(Fernandez-Ruiz et al. 2017) suggest the delayed influence between entorhinal and
CA3 excitatory inputs to CAl pyramidal cells is mostly responsible for phase
precession. These input structures being strongly affected in TLE (Laurent et al.
2015), it is therefore expected that such mechanism is also disrupted. Other inves-
tigations show that 8 modulation of both PV and O-LM interneurons is altered in
TLE models (Dugladze et al. 2007; Lopez-Pigozzi et al. 2016; Shuman et al. 2020).
Since GABAergic interneurons strongly influence the timing at which CA1 pyra-
midal cells fire with regard to 6 (Gloveli et al. 2005; Maurer et al. 2006; Royer et al.
2012; Chadwick et al. 2016), it is also likely that interneuron firing deficits may be
also responsible for precession alterations. Independently of the mechanism, alter-
ations in 0 phase precession may have important consequences on the ability to form
coherent representations of the ongoing experience through space (Skaggs et al.
1996; Gupta et al. 2012).

6.1.2 vy Oscillations (30—60 Hz; 60-90 Hz) and Epilepsy

v oscillations are recorded in the neocortex and hippocampus of rodents and humans
(Llinas and Ribary 1993; Bragin et al. 1995; Canolty et al. 2006; Montgomery and
Buzsaki 2007; Bieri et al. 2014; Zheng et al. 2016) where they support information
processing (Haenschel et al. 2009; Uhlhaas and Singer 2015). Interestingly, the
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amplitude of hippocampal y oscillations is strongly modulated by 68: y amplitude
increases when 0 power is high and it varies as a function of 0 phase (Bragin et al.
1995). In CA1, two major y channels can be identified: slow (30-60 Hz) y oscilla-
tions are generated by input synapses from CA3 whereas fast (60-90 Hz) y emanates
from entorhinal cortex (Colgin et al. 2009). Each y type therefore conveys a different
type of information, one directly from the sensory cortices (fast y) and another one
processed through the DG and CA3 recurrent loops (slow 7). It is proposed that fast y
conveys sensory information to CA1 while slow y provides a model, inferred from
the immediate past (Fries 2009; Bieri et al. 2014; Zheng et al. 2016). y oscillations
are also generated locally within cortical circuits, notably through the strong influ-
ence of GABAergic interneurons (Whittington et al. 1995; Cunningham et al. 2004;
Bartos et al. 2007). GABAergic neurons also influence the long-range coordination
of y oscillations across structures (Veit et al. 2017).

y oscillations coordinate neuronal discharge within short (~30 ms) time windows
to form cell assemblies, neurons that transiently bind together to encode or process
information (Harris et al. 2003). The coordination between 68—y is hypothesized to
form part of a coding scheme where the representation of multiple items is sequen-
tially ordered in order to facilitate communication between connected structures
notably during working memory processes (Lisman and Jensen 2013; Fernandez-
Ruiz et al. 2017). In visual cortical areas, y oscillations are believed to bind the
different visual features encoded by different neuronal groups to form a coherent
percept (Gray and Singer 1989; Fries 2005). In schizophrenia, where such binding
operation is deficient, y oscillations are also altered and predict perceptual binding
performance deficits (Williams and Boksa 2010; Uhlhaas and Singer 2015);

Because y oscillations are generated locally in cortical areas, epilepsy-related
alterations of y properties are also observed in cortical areas involved in the
epileptogenic process. In focal cortical dysplasia patients for example, there is a
decrease in y variability (entropy) in the seizure onset zone (Sato et al. 2019). In
TLE, memory encoding is associated with a decrease (Lega et al. 2015), rather than
an increase (Sederberg et al. 2003, 2007), of the power y oscillations in the
hippocampus. The fact that this decrease is observed during correct performance
suggests a disengagement of the hippocampus to the benefit of other, intact struc-
tures. In photosensitive epilepsy, there is a decrease in visually evoked y responses
(Hermes et al. 2017). Interestingly, primary sensory cortices also show reduced
evoked 7y responses in epileptic encephalopathies. This is the case, for instance of
auditory evoked y responses in Dravet syndrome patients (Sanchez-Carpintero et al.
2020).

In animal models, alterations of y oscillations are also observed. In kainic acid
rats, fast range (60-90 Hz) y oscillations in the proximal CA1 are decreased (Lopez-
Pigozzi et al. 2016). Importantly alterations of the 6/y coupling, which is strongly
decreased for all y rhythms, correlate to episodic memory performance deficits
(Lopez-Pigozzi et al. 2016). In the DG of TLE mice, there is also a decrease in y
oscillations (Shuman et al. 2020). Finally, y communication between the hippocam-
pus and prefrontal cortices is also altered in rats that received early life seizures



86 P.-P. Lenck-Santini and S. Sakkaki

(Kleen et al. 2011; Mouchati et al. 2019). However this alteration may be compen-
satory in some cases (Kleen et al. 2011).

6.1.3 Normal (90-300 Hz) and Pathological (300-600 Hz) HFOs

In non-epileptic brains, HFOs (100-300 Hz; Fig. 5b, top) are routinely recorded in
neocortical areas (Kandel and Buzséki 1997; Jones and Barth 1999; Grenier et al.
2001) and in the hippocampal formation where they are also referred to as “ripples”
(Stumpf 1965; Buzsaki 2015). In this structure, HFOs are recorded when animals are
immobile or drowsy, when they consume food or during slow wave sleep (Buzsaki
et al. 1992; Wilson and McNaughton 1994). Hippocampal HFOs amplitude is
greater in the pyramidal cell layer of CA1 and often co-occur with large negative
potentials in the stratum lacunosum moleculare called “sharp waves.” The ensemble
is also called the sharp wave/ripple (SPW-R) complex. The cellular and network
mechanisms responsible for SPW-R are still under investigation. However, evidence
(Stark et al. 2014) suggests that ripples are created by a synaptic loop between
pyramidal cells and perisomatic-targeting interneurons, excited by tonic CA3 inputs
(Ylinen et al. 1995; Somogyi et al. 2014).

Several studies suggest that SPW-Rs are involved in memory processes, notably
in the consolidation of information (Todorova and Zugaro 2020). However, the
exact function or SPW-R associated firing activity and is still a matter of debate
(Foster 2017; Joo and Frank 2018; de la Prida 2020; Pfeiffer 2020). Interruption of
hippocampal SPW-Rs during sleep affects subsequent memory performance in rats
(Girardeau et al. 2009; Ego-Stengel and Wilson 2010) and impairs the reinstatement
of neuronal patterns formed in a novel, but not in a familiar environment (van de Ven
et al. 2016). Disruption of awake SPW-Rs also alters the stability of place cells
during subsequent exposures to the environment (Roux et al. 2017). In contrast,
when rats are exposed to situations with high memory demand, the duration of
ripples is increased (Fernadndez-Ruiz et al. 2019). Optogenetic prolongation of
spontaneously occurring SPW-Rs also increases memory performance. Importantly,
place cells that are active during waking experience are reactivated during SPW-Rs,
either in the same or reverse order than in the previous experience (Foster and
Wilson 2006; Diba and Buzsaki 2007; Gupta et al. 2010; Pfeiffer and Foster 2013).

In the epileptic brain (Fig. 5b, bottom), abnormally fast HFOs 250-600 Hz are
recorded in cortical areas and are considered an electrophysiological marker of the
epileptogenic tissue (Bragin et al. 1999a; Jacobs et al. 2012; Frauscher et al. 2017).
Several mechanisms have been proposed to explain pathological HFO (pHFO)
generation (Jefferys et al. 2012). Among them is the emergence of network HFOs
caused by the desynchronized, jittered firing of clusters of neurons (Ibarz et al.
2010). In the epileptic hippocampus, HFOs can occur during all brain states, alone or
during interictal activity and sharp wave ripples (Bragin et al. 1999b, 2002; Worrell
et al. 2008; Ibarz et al. 2010; Alvarado-Rojas et al. 2015). When they occur during
locomotion, theta amplitude is decreased and place cell information coding is altered
(Ewell et al. 2019). “Normal” HFOs can also be affected in epilepsy models: Cheah
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and colleagues (Cheah et al. 2019) showed a reduction of SPW-R frequency and
intrinsic ripple frequency in intra-hippocampal LFP recording in a mouse model of
Dravet syndrome.

What is the functional impact of pHFOs? During these events, pyramidal cells fire
at abnormal rates (Foffani et al. 2007; Marchionni et al. 2019). It is therefore unlikely
that when hippocampal pHFOs occur during SPW/Rs, there should be a deteriora-
tion of the ongoing memory processes. Indeed, pHFOs appearing during the inter-
trial period of an episodic memory task cause performance deficits (Kucewicz et al.
2014). Reversely, Valero and colleagues (Valero et al. 2017) restored pHFO fre-
quency to lower, normal frequencies using carbamazepine. This treatment improved
memory performance. While more data on non-hippocampal structures are needed, it
therefore appears that pHFOs interrupt or disturb cognitive processes.

7 Interneuronopathies, Neuronal Dynamics, and Cognition

In the previous chapters we described how structural changes induce functional
alterations. From the emergence of elementary functions at the microcircuit level to
the major brain oscillation patterns, one fundamental principle emerges: epilepsy
alters “neuronal dynamics,” i.e. the precise timing at which neurons process synaptic
inputs and the temporal evolution of neuronal activity through neuronal circuits.
Importantly, it is now recognized that neuronal dynamics are critical for information
processing and cognitive processes (Helfrich et al. 2018; Sabri and Arabzadeh 2018)
We therefore propose that alterations of neuronal dynamics in epilepsy are a major
mechanism linking etiology to cognitive deficits, independently of seizures.

7.1 Interneuronopathies in Epilepsy

As we saw above, one of the main phenomena affecting temporal dynamics is
GABAergic function. Interestingly, from the group of genetic epilepsy syndromes
described previously, a large number is associated with alterations of GABAergic
function. The term “interneuronopathy” (Kato and Dobyns 2005) is actually used to
describe these syndromes, and precisely those syndromes “that are associated with
impaired development, migration, or function of interneurons” (Katsarou et al.
2017). Most of these syndromes are associated with both epilepsy and
neurodevelopmental disorders, including EE where the cognitive state of the patients
is severely altered. According to our hypothesis, alterations of neuronal dynamics
could explain how interneuronopathies lead to cognitive deficits: GABAergic dys-
function would disrupt the precise timing at which neurons fire with each other,
leading to abnormal oscillations, and ultimately cognitive deficits. Note here that
even though seizures can contribute significantly to cognitive deficits, they are not
involved in the process.
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In the chapter on genetic epilepsies, we mentioned the fact that alterations of the
SCNI1A gene, coding for NA, 1.1, affected preferentially the fast-spiking properties
of GABAergic interneurons (Yu et al. 2006; Ogiwara et al. 2007). Therefore,
syndromes involving SCNIA or Na,l.l1 expression can be considered as
“interneuronopathies.” As we mentioned earlier, mutations affecting SCN1A are
associated with various epilepsy syndromes such as Dravet syndrome (DS), familial
febrile seizures, and generalized febrile seizures + (Catterall et al. 2010; Dravet
2011). Interestingly however, alterations of Na,l.1 function or expression have
recently been associated with syndromes that are not primarily epileptic, such as
autistic disorders and Alzheimer disease (Verret et al. 2012; D’Gama et al. 2015;
Sawyer et al. 2016). In addition, treatments focusing on Na, 1.1 activators are being
proposed for potential treatments of schizophrenia (Jensen et al. 2014). This overlap
between syndromes suggests that Na, 1.1 alterations deeply affect neuronal activity.
Apart from severe, recurrent seizures, DS is also characterized by profound cognitive
deficits, learning disability, and autistic features. Despite the apparent timing corre-
lation between seizure onset and cognitive decline, growing evidence suggests that
SCN1a mutations play a direct role in cognitive impairments (Mahoney et al. 2009;
Bender et al. 2012; Nabbout et al. 2013; Villeneuve et al. 2014; Passamonti et al.
2015). We therefore made the hypothesis that the GABAergic deficits caused by
Na, 1.1 alterations would directly affect the timing of neuronal activity and cause
cognitive deficits.

To test this hypothesis experimentally, we performed a series of studies (Bender
et al. 2013, 2016a; Sakkaki et al. 2020) where we investigated the effect of Na, 1.1
downregulation on various levels of organization: neuronal firing, oscillations, place
cell firing, and memory performance. In these experiments, we induced a focal
Na, 1.1 downregulation in specific brain areas while leaving intact the rest of the
brain. This focal downregulation was performed in order to avoid the pitfalls
associated with transgenic mouse models of DS, specifically the potential presence
of seizures, high mortality rates, or ataxia. It also allowed us to study specific
processes in a given structure while maintaining input and output structures intact.
Finally, we avoided the potential developmental impact of seizures on circuit
architecture throughout the brain.

In the first set of experiments, Nav1.1 expression was reduced in the MSDB using
an ShRNA approach. ShRNA sequences specific to Scnla were injected in the
MSDB using either lipofectamine (Bender et al. 2013) or a viral vector (Bender
et al. 2016b). This resulted in a specific decrease of Na,l.1 expression in this
structure. As a consequence, the activity of MSDB fast-spiking GABAergic neurons
was strongly reduced, hippocampal 8 power and frequency were reduced, and spatial
reference and working memory performance was decreased in the reaction-to-
spatial-change task and T-Maze alternation task. 0 alterations in both cases corre-
lated with performance deficits. Scnla ShRNA transfected animals did not have
seizures, supporting the notion that Na, 1.1 downregulation is sufficient to induce
cognitive deficits.

In the second set of experiments (Sakkaki et al. 2020), we invalidated Na, 1.1 in a
restricted, unilateral portion (~1 mm?®) of the dorsal hippocampus where LFP and



Alterations of Neuronal Dynamics as a Mechanism for Cognitive Impairment in. . . 89

single units were recorded as rats explored the environment or ran in a circular track.
Following ShRNA treatment, the firing rate of putative hippocampal interneurons,
but not pyramidal cells was decreased. Likely a consequence of interneuron deficit,
hippocampal 6/y coupling was reduced and pyramidal cells fired at a different phase
of 0. The spatial accuracy of place cells in the Na,l.1 knock-down group was
decreased and O phase precession and compression of ongoing sequences were
abnormal. Here again, no seizures were observed. Despite the fact that ShRNA
treatment was restricted to a small unilateral hippocampal area, the effects were
strong enough to induce performance deficits in a spatial memory task. Therefore,
alterations of neuronal dynamics, likely caused by interneuron deficits in this
experiment, can have dramatic effects on behavior. By extension, it is possible
that similar mechanisms are involved in other interneuronopathies and even
non-epileptic, overlapping syndromes. Indeed, abnormal membrane expression of
Na, 1.1 in the hAPP mouse model of Alzheimer disease also results in alterations of
brain rhythms and cognitive impairments (Verret et al. 2012). Reversely, (Martinez-
Losa et al. 2018) showed that the selective over-expression of Na, 1.1 in interneurons
in this model was sufficient to restore brain rhythms and cognitive performance.

Other types of epilepsy syndromes that do not directly fall into
interneuronopathies may also be influenced by interneuron dysfunction. For
instance, we mentioned previously that TLE was also characterized by the loss of
specific interneurons, particularly somatostatin expressing O-LM cells and alter-
ations of PV expression. Disruption of neuronal dynamics as a result of interneuron
deficits in TLE may also be relevant here. Indeed, a recent study from Shuman et al.
(2018) shows that, in a mouse model of TLE, DG and CA1 interneurons fired
abnormally with regard to theta rhythm. As for other studies (Liu et al. 2003),
place cell coding and stability was strongly altered. Using a computational model,
Shuman et al. (2018) also demonstrated that the desynchronization of EC and DG
inputs to CA1 pyramidal cells were likely responsible for the observed spatial firing
deficits in these mice. Although CA1 interneuron death did not alter place cell firing
stability in this computational model, it is possible that DG interneuron (and/or
mossy cell) alterations coupled to alterations in the entorhinal cortex (Laurent et al.
2015) are responsible for such desynchronization.

8 Conclusion

In this review, we examined the mechanisms responsible for cognitive impairment
and epilepsy. After investigating and recognizing the impact of epileptiform activity
on cognitive function, we examined the main physiological and genetic etiologies of
epilepsy syndromes. Among these, two main processes are shared by a majority of
syndromes. Epileptic networks suffer from deficits in GABAergic transmission
and/or function and/or the abnormal presence of excitatory loops. A consequence
of these two types of deficits, the temporal organization of neuronal firing within
networks and across structures is altered (Fig. 6). In parallel, disruption of oscillatory
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Fig. 6 The different levels of organization at which neuronal dynamics allow information
processing. Epilepsy is associated with alterations at each of these levels

patterns are also associated with epilepsy, some of which correlating with perfor-
mance deficits. We propose that alterations of neuronal dynamics, caused by the
main epilepsy processes mentioned above, are responsible for cognitive deficits.
Neuronal dynamics alterations are found at various levels of integration: the micro-
circuit level, neuronal coding, emerging functions from auto-organized activity, and
the major oscillation bands. As information processing at each level depends on the
processes happening in preceding levels, such deficits can have a snowball effect,
potentially explaining the severity of cognitive deficits in interneuronopathies.

To conclude, we saw here that the processes leading to alterations of neuronal
dynamics are the same as those that lead to seizures. Indeed, neuronal activity during
seizures and epileptiform activity is abnormally synchronized. Similarly,
desynchronization of neuronal firing may be the cause of the high frequency content
of HFOs (Foffani et al. 2007; Ibarz et al. 2010) and, according to our hypothesis,
abnormal coupling of neuronal activity to oscillations may be responsible for
cognitive deficits. Therefore, it may well be that seizures and cognitive deficits are
two faces of the same coin: alteration of neuronal dynamics. This relationship could
explain why seizures and cognitive decline appear simultaneously in some EEs: they
have the same cause. In this scenario, restoring neuronal dynamics may therefore
both prevent seizures and restore cognitive deficits.
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Abstract Psychiatric illnesses, including depression and anxiety, are highly comor-
bid with epilepsy (for review see Josephson and Jetté (Int Rev Psychiatry
29:409-424, 2017), Salpekar and Mula (Epilepsy Behav 98:293-297, 2019)). Psy-
chiatric comorbidities negatively impact the quality of life of patients (Johnson et al.,
Epilepsia 45:544-550, 2004; Cramer et al., Epilepsy Behav 4:515-521, 2003) and
present a significant challenge to treating patients with epilepsy (Hitiris et al.,
Epilepsy Res 75:192—-196, 2007; Petrovski et al., Neurology 75:1015-1021, 2010;
Fazel et al., Lancet 382:1646-1654, 2013) (for review see Kanner (Seizure
49:79-82, 2017)). It has long been acknowledged that there is an association
between psychiatric illnesses and epilepsy. Hippocrates, in the fourth—fifth century
B.C., considered epilepsy and melancholia to be closely related in which he writes
that “melancholics ordinarily become epileptics, and epileptics, melancholics”
(Lewis, J Ment Sci 80:1-42, 1934). The Babylonians also recognized the frequency
of psychosis in patients with epilepsy (Reynolds and Kinnier Wilson, Epilepsia
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49:1488-1490, 2008). Despite the fact that the relationship between psychiatric
comorbidities and epilepsy has been recognized for thousands of years, psychiatric
illnesses in people with epilepsy still commonly go undiagnosed and untreated
(Hermann et al., Epilepsia 41(Suppl 2):S31-S41, 2000) and systematic research in
this area is still lacking (Devinsky, Epilepsy Behav 4(Suppl 4):S2-S10, 2003). Thus,
although it is clear that these are not new issues, there is a need for improvements in
the screening and management of patients with psychiatric comorbidities in epilepsy
(Lopez et al., Epilepsy Behav 98:302-305, 2019) and progress is needed to under-
stand the underlying neurobiology contributing to these comorbid conditions. To
that end, this chapter will raise awareness regarding the scope of the problem as it
relates to comorbid psychiatric illnesses and epilepsy and review our current under-
standing of the potential mechanisms contributing to these comorbidities, focusing
on both basic science and clinical research findings.

Keywords Anxiety - BDNF - Depression - Dopamine - Epilepsy - GABA -
Glutamate - HPA axis - Inflammation - Network dysfunction - Neurogenesis -
Serotonin - Women’s health

It is now accepted that seizures are only one of the clinical manifestations of
epilepsy, with other neurological and psychiatric symptoms, including cognitive
dysfunction, depression, anxiety, and psychosis, commonly presenting alongside
recurrent seizures (Kanner 2017). Before discussing potential underlying biological
mechanisms, it is important to review the evidence suggesting that there is a shared
underlying neurobiology linking psychiatric illnesses and epilepsy.

1 Shared Neurobiology of Psychiatric Illnesses
and Epilepsy

Psychiatric comorbidities are highly prevalent in epilepsy, occurring in upwards of
50% of patients (Josephson and Jetté 2017; Salpekar and Mula 2019), which
negatively impact the quality of life of people with epilepsy (Johnson et al. 2004;
Cramer et al. 2003) and put them at a higher risk of suicide (Kanner 2003). Up to a
third of people with epilepsy have been reported to have comorbid depression and up
to a quarter have been reported to have comorbid anxiety (for review see Kwon and
Park (2014)). In fact, the incidence of psychiatric illnesses, such as depression,
occurs at a higher rate in patients with epilepsy compared to individuals with other
chronic illnesses (Sutor et al. 1998; Lin et al. 2012), which refutes the myth that these
comorbidities are epiphenomenon of chronic disease states.

To understand the relationship between psychiatric illnesses and epilepsy, it is
necessary to define the meaning of “comorbidity” which refers to a medical condi-
tion which presents alongside another medical condition but is not a consequence of
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that condition (Ording and Sgrensen 2013). At the heart of this definition is the
concept that there are shared pathological mechanisms contributing to the emergence
of both conditions. In fact, in the case of comorbid psychiatric illnesses and epilepsy,
there is evidence of shared mechanisms, including changes in neurotransmitters/
neuromodulators, hypothalamic-pituitary-adrenal (HPA) axis dysfunction, network
dysfunction, altered neurogenesis, neurotrophic factors, and inflammation, which
will be reviewed in detail below.

1.1 Bidirectional Relationship Between Psychiatric Illnesses
and Epilepsy

The comorbidity of psychiatric disorders in epilepsy is even more complex given
that there appears to be a bidirectional relationship between these conditions. The
acknowledgment of the intersection between psychiatric illnesses and epilepsy dates
back to antiquity (Lewis 1934; Reynolds and Kinnier Wilson 2008); however, this
remains an understudied topic (Devinsky 2003). Initially, psychiatric comorbidities
were thought to be a consequence or complication of epilepsy. However, it was
discovered that not only are people with epilepsy at a greater risk for developing
psychiatric comorbidities, but people with psychiatric illnesses, such as depression,
are also at an increased risk of developing epilepsy (Forsgren and Nystrom 1990;
Adelow et al. 2012; Hesdorffer et al. 2000, 2006, 2012) (for review see Kanner
(2017)). Early epidemiological studies demonstrated that a history of depression was
more prevalent in newly diagnosed patients with epilepsy compared to a referent
population, demonstrating that psychiatric illness preceding the onset of epilepsy is a
risk factor for epilepsy (Forsgren and Nystrom 1990). Similar subsequent studies
demonstrated that a history of major depression was six times more common in
patients with unprovoked new-onset seizures (Hesdorffer et al. 2000) and four times
more common preceding the onset of epilepsy (Hesdorffer et al. 2012) than in
healthy controls across the lifespan. A similar study verified these findings demon-
strating an increased incidence of depression and previous suicide attempts preced-
ing newly diagnosed unprovoked seizures in a population-based case—control study
(Hesdorffer et al. 2006). More recent studies have further validated that psychiatric
illnesses are risk factor for epilepsy, demonstrating an increased incidence of
depression, bipolar disorder, anxiety disorders, suicide attempts, and psychosis in
patient with new onset, unprovoked seizures compared to randomly selected popu-
lation (Adelow et al. 2012). A larger, longitudinal study in newly diagnosed people
with epilepsy also demonstrated an increased incidence rate of depression, anxiety,
and psychosis prior to the epilepsy diagnosis (Hesdorffer et al. 2012).

There are obvious complexities in trying to delineate the relationship between
psychiatric comorbidities and epilepsy in the clinical population, so, perhaps this
relationship is easier to resolve in animal models. In fact, genetic animal models of
epilepsy, including the Genetic Absence Epilepsy Rats from Strasbourg (GAERS)
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(Jones et al. 2008) and the genetically epilepsy-prone rat (GEPR) (Aguilar et al.
2018), exhibit psychiatric comorbidities. Importantly, these behavioral abnormali-
ties present before the onset of seizures suggesting a shared underlying neurobiol-
ogy, rather than an epiphenomenon of seizure activity (Jones et al. 2008). Further,
psychiatric comorbidities are also observed in acquired epilepsy models, such as
chronic epilepsy models established with pilocarpine- (Hooper et al. 2018; Mazarati
et al. 2008; Pineda et al. 2010) or intrahippocampal kainic acid-induced status
epilepticus (Zeidler et al. 2018). These experimental findings not only directly
demonstrate the comorbid relationship between psychiatric illnesses and epilepsy,
but also provide experimental models for studying the underlying neurobiology
contributing to this comorbidity.

Much less research has focused on whether psychiatric illnesses increase the
incidence of epilepsy in preclinical models, in part due to the lack of experimental
models of psychiatric illnesses. However, known risk factors for psychiatric ill-
nesses, such as early life adversity, are associated with an increase in seizure
susceptibility and an increase in disease progression associated with epilepsy. For
example, early life stress, such as maternal separation or cross-fostering, can accel-
erate epileptogenesis (Lai et al. 2006; Jones et al. 2009; Gilby et al. 2009; Salzberg
et al. 2007) (for review see Koe et al. (2009)). These studies suggest that shared risk
factors can increase vulnerability to both psychiatric illnesses and epilepsy,
supporting the concept of a shared underlying neurobiology contributing to these
disorders. The evidence further supporting shared risk factors for psychiatric ill-
nesses and epilepsy will be reviewed in the subsequent section.

1.2 Shared Risk Factors for Psychiatric Illnesses
and Epilepsy

Risk factors for psychiatric illnesses have also been shown to trigger or perpetuate
seizures in patients with epilepsy, pointing to potential shared underlying biological
mechanisms.

The vast majority of people with epilepsy report triggering factors associated with
seizures (Balamurugan et al. 2013). The most common seizure triggers include
stress, sleep deprivation, fever or illness, alcohol withdrawal, menstrual cycle, and
fatigue (Frucht et al. 2000; Spector et al. 2000). Similarly, these precipitating factors
are also well established to impact mood and psychiatric illnesses (Gillin 1998;
Franzen and Buysse 2008; Trevisan et al. 1998; Hammen 2005; Mazure 1998).
Interestingly, seizure triggers attributed to stress, lack of sleep, and fatigue have been
shown to be related to psychological factors, such as increased anxiety levels
(Sperling et al. 2008). It has been proposed that higher levels of anxiety could be
the triggering factor, which may involve hormonal and/or biochemical changes,
which will be discussed below. For example, the role of the hypothalamic-pituitary-
adrenal (HPA) axis, which mediates the body’s physiological response to stress, has



Mechanisms of Psychiatric Comorbidities in Epilepsy 111

been implicated as a potential mediator of the comorbidity of psychiatric illnesses
and epilepsy. Interestingly, a meta-analysis found that being female also increases
the incidence of depression associated with epilepsy (Kim et al. 2018), which may
not be surprising since major depressive disorder is also more common in women
(Kessler 2003). Insights into the mechanism mediating the sex differences in vul-
nerability to mood disorders in epilepsy may provide insights into the underlying
mechanisms mediating this comorbidity. Unfortunately, to date there are a limited
number of studies including women both in clinical and preclinical studies. In an
effort to shed more light on this topic, we have dedicated a section to reviewing
comorbidities in epilepsy as it relates to women’s health.

1.3 Anfticonvulsant Actions of Antidepressant Treatments/
Impact of AEDs on Psychiatric Illnesses

The interconnectedness of psychiatric illnesses and epilepsy is also reflected in the
fact that certain antiepileptic drugs (AEDs) also impact mood and mood disorders.
For example, carbamazepine, valproic acid, and lamotrigine have been demonstrated
to exert mood stabilizing effects in bipolar disorder as well as exert antidepressant
effects (Amann et al. 2007). Conversely, treatments for psychiatric illnesses, includ-
ing some antidepressants, also exert effects on seizure susceptibility (Piette et al.
1963; Meldrum et al. 1982; Yanagita et al. 1980) (for review see Kanner (2004,
2011)). Collectively, these data demonstrate overlapping impacts of pharmacologi-
cal treatments on both psychiatric illnesses and epilepsy, consistent with a shared
underlying neurobiology.

While the clinical evidence clearly points to highly prevalent psychiatric
comorbidities in epilepsy with a bidirectional relationship and shared pathology,
we still do not understand the biological underpinnings of these comorbidities. In the
next section, I will review the evidence to-date of potential biological mechanisms
mediating the comorbidities between psychiatric illnesses and epilepsy.

2 Mechanisms Mediating the Comorbidity of Psychiatric
Illnesses and Epilepsy

Currently, there is no clear mechanistic link between psychiatric illnesses and
epilepsy. Despite the long-acknowledged relationship between psychiatric illnesses
and epilepsy, until recently, epilepsy was considered a neurological disorder with
seizures being the focus of the clinical presentation. Only recently has it been
recognized that epilepsy involves a complex clinical presentation involving recur-
rent seizures but is also commonly comorbid with other neurological and psychiatric
symptoms (for review see Kanner (2017)). In fact, the International League against
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Epilepsy (ILAE) proposes a definition of epilepsy states that “Epilepsy is a disorder
of the brain characterized by an enduring predisposition to generate epileptic sei-
zures, and by the neurobiologic, cognitive, psychological, and social consequences
of this condition.” (Fisher et al. 2014). I would argue that the neurobiologic,
cognitive, psychological, and social components are not “consequences” of this
condition, but rather a fundamental part of the condition in the majority of patients.

As summarized above, evidence exists suggesting that there is a shared underly-
ing neurobiology of psychiatric illnesses and depression, evident from the bidirec-
tional relationship between these disorders, shared risk factors, and cross-over
effects of pharmacological treatments. Similarly, shared pathological findings
between psychiatric disorders and epilepsy point to potential underlying neurobio-
logical mechanisms, such as alterations in neurotransmitter systems, HPA axis
dysfunction, network/structural dysregulation, inflammation, etc. The evidence
supporting each of these potential mechanisms will be reviewed below.

2.1 Altered Neurotransmitters
2.1.1 Monoamines

The monoaminergic/catecholaminergic hypothesis of depression is a long-standing
theory implicating deficits in monoamines, including serotonin, dopamine, and
norepinephrine, in the pathological mechanisms contributing to depression
(Schildkraut 1965). This hypothesis is largely grounded in the antidepressant effects
of norepinephrine reuptake inhibitors, selective serotonin reuptake inhibitors
(SSRIs), and monoamine oxidase inhibitors (Mann et al. 1989; Richelson 1991).
Further, amphetamines which enhance the release of monoamines are well
established to elevate mood (Murphy 1972; Jacobs and Silverstone 1986) and
dopamine reuptake inhibitors are effective antidepressants (Willner 2002). The
monoamine hypothesis of depression is also supported by the evidence that reserpine
treatment, which impairs norepinephrine and dopamine stores, and
a-methylparatyrosine, an inhibitor of tyrosine hydroxylase involved in catechol-
amine synthesis, is associated with a recurrence of depression symptoms (Miller
et al. 1996). These pharmacological treatments demonstrate that enhancing mono-
amines exerts antidepressant effects, whereas decreasing monoamine signalling
increases depression symptoms. There is also direct evidence for monoaminergic
deficits in the underlying pathology of depression. For example, there is evidence
that norepinephrine signalling is altered in the brains of depressed patients
(Schildkraut 1973; Crow et al. 1984). There is also evidence that serotonergic
signalling is impaired in depressed patients, with an observed decreased
L-tryptophan levels, the precursor for serotonin, and decreased serotonin transporter
(SERT) expression and receptor binding in the brain of patients with depression
(Sargent et al. 2000; Toczek et al. 2003; Theodore et al. 2006; Hasler et al. 2007a)
(for review see Kanner (2011)). These data highlight the evidence reflecting deficits
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in serotonin and norepinephrine in patients with depression (for review see Kanner
and Balabanov (2002)). Interestingly, deficits in monoamines have also been iden-
tified in association with epilepsy (Theodore 2003; Richerson and Buchanan 2011;
Bagdy et al. 2007).

Evidence of altered monoamines in patients with epilepsy comes from the
evidence of increased concentrations of norepinephrine, epinephrine, and serotonin
measured in the cerebral spinal fluid of patients following generalized tonic clonic
seizures (Devinsky et al. 1992; Naffah-Mazzacoratti et al. 1996). Further, altered
levels of monoamines, including dopamine, serotonin, and norepinephrine, have
been observed in the hippocampus of patients with temporal lobe epilepsy
(Broderick et al. 2000). Although these changes do not mirror those observed in
depression, there is evidence of altered monoaminergic signalling across these
disorders.

Similarly, deficits in dopamine, serotonin, and norepinephrine have been
observed across numerous experimental animal models of epilepsy (for review see
Epps and Weinshenker (2013)). Norepinephrine synthesis is also altered in response
to seizure activity, demonstrated by a reduction in the expression of tyrosine
hydroxylase (TH), the rate-limiting enzyme in norepinephrine synthesis, (Szot
et al. 1997; Bengzon et al. 1999) and decreased levels of norepinephrine measured
by microdialysis in epileptic animals (Kokaia et al. 1989; Yan et al. 1993) (for
review see Weinshenker and Szot (2002)). Pinnacle studies demonstrated that
reserpine, a non-selective monoamine-depleting agent, increases seizure suscepti-
bility (Gross and Ferrendelli 1979; Arnold et al. 1973; Chen et al. 1954; Blank
1976), implicating monoamines in susceptibility to seizures (for review see
Weinshenker and Szot (2002)). Norepinephrine levels are significantly reduced
and norepinephrine turnover, an estimate neurotransmitter release, was also reduced
across brain regions in a genetically prone epilepsy model (GEPR) (Aguilar et al.
2018; Jobe et al. 1984; Dailey et al. 1991), which may be due to deficits in
norepinephrine synthesis (Browning et al. 1989; Lauterborn and Ribak 1989; Szot
et al. 1996; Dailey and Jobe 1986). These data implicate deficits in the norepineph-
rine system in this genetic epilepsy model. In fact, seizures can be reduced in GEPRs
with compounds that facilitate norepinephrine signalling (Yan et al. 1993; Mishra
et al. 1993; Ko et al. 1984; Yan et al. 1998) (for review see Weinshenker and Szot
(2002)). Compounds which enhance norepinephrine signalling have also been
shown to be effective in decreasing seizures in rodents (Chermat et al. 1981; Loscher
and Czuczwar 1987) (for review see Weinshenker and Szot (2002)). Experimental
manipulation of the noradrenergic system has also been shown to alter seizure
susceptibility. Mice lacking dopamine-p-hydroxylase lack endogenous norepineph-
rine and exhibit increased seizure susceptibility (During and Spencer 1993). Mice
lacking the receptors for norepinephrine, alB receptors and a2 receptors, also
exhibit altered seizure susceptibility (Petroff et al. 2002b; Eid et al. 2004); (for
review see Giorgi et al. (2004)). Deficits in norepinephrine signalling have been
shown to accelerate amygdala kindling (Weinshenker and Szot 2002; Arnold et al.
1973; Giorgi et al. 2004; Mclntyre et al. 1979; Altman and Corcoran 1983; Corcoran
and Mason 1980; Trottier et al. 1988), whereas facilitating or restoring
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norepinephrine signalling delayed amygdala and hippocampal kindling (Mclntyre
et al. 1982; Jimenez-Rivera et al. 1987; Barry et al. 1987; Kokaia et al. 1994; Barry
et al. 1989; Weiss et al. 1990). Similar findings have been shown in other
(non-kindling) experimental epilepsy models, where deficits in norepinephrine
have been shown to increase seizure susceptibility (Trottier et al. 1988; Mason and
Corcoran 1979; Jerlicz et al. 1978), whereas facilitating norepinephrine signalling
reduces seizure susceptibility (Ferraro et al. 1994; Libet et al. 1977). Remarkably, in
one model, rats deficient in norepinephrine signalling prolonged seizure frequency
leading to status epilepticus (Giorgi et al. 2003).

The role of monoamines in comorbid psychiatric illnesses and epilepsy is
supported by the pharmacological evidence that increasing noradrenergic or seroto-
nergic signalling is both antidepressant and anticonvulsant (for review see Jobe et al.
(1999)). For example, SSRIs are not only effective antidepressant treatments but
they also exhibit anticonvulsant effects (Favale et al. 1995, 2003; Specchio et al.
2004). Other antidepressants, such as imipramine, which target the serotonergic or
noradrenergic systems have been shown to exert anticonvulsant effects (Piette et al.
1963). In addition to these pharmacological findings, there are also pathological
findings which support the role of monoamines in the comorbidity of psychiatric
illnesses and epilepsy. Activation of the locus coeruleus, which contains a high
density of noradrenergic neurons, has been demonstrated following seizures induced
by numerous methods (Szot et al. 1997; Eells et al. 1997; Silveira et al. 1998a, b) (for
review see Weinshenker and Szot (2002)). There is evidence of a reduction in
binding to serotonin receptors, 5-HT(1A), in both epilepsy and depression (Sargent
et al. 2000; Toczek et al. 2003; Theodore et al. 2006; Lesch et al. 1990a, b; Drevets
et al. 1999, 2000). In addition, the reduction in 5-HT(1A) receptor binding is more
pronounced in patients with temporal lobe epilepsy with comorbid depression
(Hasler et al. 2007a). Consistent with a role for 5-HT(1A) in comorbid epilepsy
and psychiatric illnesses, mice lacking 5-HT(1A) receptors exhibit increased seizure
susceptibility and increased anxiety-like behaviors (Sarnyai et al. 2000; Parsons
et al. 2001).

Collectively, these data implicate a potential role for monoamines, in particular
serotonin and norepinephrine, in the pathological mechanisms contributing to
comorbid psychiatric illnesses in epilepsy. It has been proposed that the serotonergic
system may interact with the HPA axis in a complex and still not fully understood
manner to influence depression (Lanfumey et al. 2008; Bellido et al. 2004; Judge
et al. 2004; Man et al. 2002; de Kloet et al. 1986). In experimental models, there are
observed alterations in serotonergic signalling via 5-HT(1A) and an increase in HPA
activity in mice which display severe comorbid depression in association with
epilepsy (Pineda et al. 2011), which can be improved by pharmacological activation
of 5-HT(1A) receptors (Pineda et al. 2011). It has also been proposed that the role of
monoamines in the comorbidity of psychiatric illnesses may be indirectly mediated
through their effects on the glutamatergic and/or GAB Aergic systems (for review see
Kanner (2011)). The potential role of the HPA axis, glutamate, and GABA signal-
ling will be reviewed in subsequent sections.
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2.1.2 Glutamate

Glutamate is the primary excitatory neurotransmitter in the central nervous system
and, therefore, it is no surprise that glutamatergic signalling has been implicated in
numerous neurological and psychiatric disorders, including both a range of psychi-
atric illnesses and epilepsy (for review see Miladinovic et al. (2015), Kondziella
et al. (2007)). Both ionotropic glutamate receptors and metabotropic glutamate
receptors have been shown to alter both psychiatric illnesses, largely depression,
and epilepsy. A glutamatergic hypothesis of depression has been proposed, which is
supported by pathological alterations in the glutamatergic system associated with
depression and the antidepressant effects of drugs targeting the glutamatergic system
(Sanacora et al. 2012; Brambilla et al. 2003; Kugaya and Sanacora 2005). Reduc-
tions in the levels of glutamate have been observed in the anterior cingulate cortex
(Auer et al. 2000) and frontal lobe of patients with major depression (Hasler et al.
2007b), although overall these measurements have been inconsistent (Kugaya and
Sanacora 2005). There is evidence of a change in the ratio of GAB A/glutamate with
an increase in glutamate and a reduction in GABA, collectively resulting in a
disruption in excitatory/inhibitory (E/I) balance (Sanacora et al. 2004a). Binding
studies suggest that there may be a reduction in NMDA receptor binding, particu-
larly in limbic regions (Kugaya and Sanacora 2005). Consistent with a role of
NMDA in the pathophysiology of depression, psychiatric symptoms are the most
common clinical characteristics of patients with anti-NMDAR encephalitis, which is
an autoimmune disorder targeting the NR1 subunit of NMDA receptors (Wang et al.
2020). Perhaps the best evidence of a role for glutamate in the pathophysiology of
depression is the fact that ketamine exerts rapid and prolonged antidepressant effects
(Zanos and Gould 2018; Browne and Lucki 2013), supporting the glutamate
hypothesis of depression.

In addition to the proposed impact on psychiatric illnesses, glutamate is also well
established to influence neuronal excitability and seizure susceptibility. Glutamate is
thought to impact epilepsy through its role in excitotoxicity and direct impacts on
neuronal excitability, mediated by both ionotropic and metabotropic receptors (for
review see Barker-Haliski and White (2015), Chapman (2000)). Further, glutamate
agonists (NMDA, kainic acid) exert well-documented convulsant actions (Chapman
2000). Given that glutamate is the primary excitatory neurotransmitter, it is not
surprising that glutamate signalling impacts seizure susceptibility. Glutamate levels
in the hippocampus have been shown to increase in patients with epilepsy during
spontaneous seizures (During and Spencer 1993; Wilson et al. 1996; Petroff et al.
2002a, b; Eid et al. 2004) or evoked seizures during a surgical procedure (Ronne-
Engstrom et al. 1992). Similar elevations in glutamate levels are observed in
experimental epilepsy models during spontaneous seizures (see Kanda et al.
(1996)). Increased expression of the enzymes responsible for glutamate synthesis
has also been observed in the hippocampus of patients with epilepsy (Eid et al.
2007). Enhanced signalling through NMDA receptors has been shown both in
experimental epilepsy models and resected tissue from a patient with epilepsy
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(Mody 1998). Altered expression and editing of AMPA receptors has been observed
in experimental models as well as in hippocampal tissue resected from patients with
epilepsy (Meldrum et al. 1999; Grigorenko et al. 1997). Knockdown of the NMDA
receptor subunit, NR1, protects against seizures (Chapman et al. 1996), whereas
overexpression of glutamate receptors, GluR1 or GIuR®6, facilitates seizures (for
review see Chapman (1998, 2000)). Altering glutamate signalling through glutamate
reuptake can also influence seizure susceptibility — spontaneous seizures have been
observed in mice lacking the glutamate transporter, GLT-1 or EAACI (Tanaka et al.
1997; Rothstein et al. 1996).

Although there is a lack of direct evidence linking glutamate to the underlying
mechanisms contributing to comorbid psychiatric illnesses and epilepsy, the evi-
dence supporting a role that glutamate in these disorders independently has led to the
belief that they may play a role in their comorbidity. Even more accepted is the idea
that changes in excitatory:inhibitory balance due to an imbalance between
glutamatergic and GABAergic signalling may contribute to psychiatric
comorbidities in epilepsy.

2.1.3 GABA

GABA is the primary inhibitory neurotransmitter in the central nervous system,
which counteracts the excitation mediated to the glutamatergic system. Thus, just as
glutamate has been implicated in epilepsy and psychiatric comorbidities, so has
GABA. The GABAergic Deficit Hypothesis of Major Depressive Disorder (MDD)
posits that the “etiological origins of mood disorders converge on genetic, epigenetic
or stress-induced deficits in GABAergic transmission as a principal cause of MDDs,
and that the therapeutic effects of currently used monoaminergic antidepressants
involve downstream alterations in GABAergic transmission” (Luscher et al. 2011).
The recent FDA approval of a positive allosteric modulator of GABA 4 receptors for
the treatment of postpartum depression and promising clinical trials for MDD
(Gunduz-Bruce et al. 2019; Kanes et al. 2017a, b; Meltzer-Brody et al. 2018)
lends further support for the GABAergic Deficit Hypothesis of Depression (Liischer
and Mohler 2019).

The evidence supporting GABAergic deficits in depression include reduced
levels of GABA measured in the plasma (Petty and Schlesser 1981; Petty and
Sherman 1984) and cerebrospinal fluid (Gerner and Hare 1981) of patients with
MDD, consistent with a decrease in the expression of enzymes involved in GABA
synthesis, GAD67, in the brain (Fogaca and Duman 2019). Imaging students also
demonstrate a reduction in GABA in the occipital cortex, anterior cingulate cortex,
and dorsolateral prefrontal cortex (Sanacora et al. 1999, 2004b; Hasler et al. 2007c;
Bhagwagar et al. 2008). Consistent with altered GABAergic signalling, there are
numerous changes in the expression of GABA,Rs documented in patients with
depression (for review see Luscher et al. (2011)), including an observed decrease in
transcript expression of al, a3, o4, and o subunits of the GABA 5 receptor (Merali
et al. 2004). Studies have also demonstrated an increase in transcript expression of
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aS, B3, y2, and O in the dorsolateral prefrontal cortex (Klempan et al. 2009;
Choudary et al. 2005). Interestingly, mice engineered to have a knockdown of the
y2 subunit in the forebrain exhibit behaviors consistent with trait anxiety and
depression-like behaviors (Earnheart et al. 2007). Collectively, these data point to
deficits in GABAergic signalling associated with depression.

There is also evidence that there may be a reduction in the number and/or function
of GABAergic interneurons in patients with major depression (for review see Fogaca
and Duman (2019)). The expression of interneuron markers, including somatostatin
(SST) (Rubinow et al. 1985; Sibille et al. 2011; Tripp et al. 2011; Guilloux et al.
2012), calbindin, and neuropeptide Y (NPY) (Tripp et al. 2011; Widdowson et al.
1992; Rajkowska et al. 2007; Maciag et al. 2010; Tripp et al. 2012) is reduced in
patients with depression, implicating interneuron dysfunction in patients with
depression. Experimentally, chemogenetic inhibition of SST interneurons in the
prefrontal cortex increased anxiety- and depression-like behaviors in animal models
(Soumier and Sibille 2014). Conversely, disinhibiting SST interneurons results in
anxiolytic and antidepressant phenotypes (Fuchs et al. 2017).

In addition to the proposed role in depression, GABA is also intimately involved
in epilepsy (for review see Treiman (2001)). Seizures are a manifestation of neuronal
hyperexcitability, which by definition implicates deficits in GABAergic inhibition in
the underlying pathophysiology of epilepsy, since it is the major inhibitory neuro-
transmitter in the brain which serves to constrain neuronal activity. However, we
now appreciate that epilepsy is more complex than just an imbalance between
excitation and inhibition and involves complex microcircuits in which the synchro-
nous activity of principal neurons indicative of seizure activity is governed by
GABAergic interneurons.

Mutations in GABA 5Rs have been linked to three different types of epilepsies:
childhood absence epilepsy, epilepsy with febrile seizures plus, and juvenile myo-
clonic epilepsy (Galanopoulou 2010). Mutations have been identified in numerous
different GABAR subunits in association with epilepsy, including the al, o4, ab,
B3, v2, 8, and & (Galanopoulou 2010; Macdonald et al. 2010). These data directly
implicate GABA in the pathophysiology of epilepsy. In addition, other deficits in
GABAergic signalling have been demonstrated in patients with epilepsy, such as
decreased GABA concentration (Petroff et al. 1996), reduced GABA agonist bind-
ing (Olsen et al. 1992), altered GABAAR subunit expression in human epileptic
tissue (Loup et al. 2000, 2006), and a reduction in the number of interneurons in
tissue from patients with epilepsy (Magléczky et al. 2000; de Lanerolle et al. 1989)
(for review see Treiman (2001)). Experimental models are able to recapitulate many
of these pathological changes (Kandratavicius et al. 2014). The importance of
GABA in epilepsy is also evident from experimental models in which knockout of
GABA receptors, GABAR f3 and y2 subunits, results in epilepsy (Giinther et al.
1995; Homanics et al. 1997). Perhaps the best evidence for a role for GABA in
epilepsy is the fact that GABA antagonists elicit seizures and GABA agonists are
anticonvulsant (Greenfield 2013). In fact, benzodiazepines are the recommended
first-line treatment for status epilepticus (Glauser et al. 2016). These data highlight
the importance of GABA in the pathophysiology and treatment of epilepsy.
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The majority of support for GABA, as well as other mechanisms, in the comor-
bidity of psychiatric illnesses and epilepsy rely on the role of these mechanisms play
in each disorder individually. However, emerging data suggest that GABA may play
a role in the comorbidity of psychiatric illnesses and epilepsy. In fact, altered
GABA 4R subunit expression, GABA binding, and lower GABA levels have been
observed in patients with temporal lobe epilepsy and comorbid anxiety and/or
depression (Rocha et al. 2015). Further studies are required to determine the exact
role of these changes in the pathophysiology of comorbid psychiatric illnesses and

epilepsy.

2.2 Hpypothalamic-Pituitary-Adrenal (HPA) Axis Dysfunction

The HPA axis mediates the body’s physiological response to stress, mounting a
neuroendocrine response, leading to elevations in the levels of stress hormones,
including corticotropin-releasing factor (CRH), adrenocorticotropic hormone
(ACTH), cortisol (corticosterone in rodents), and norepinephrine. The activity of
the HPA axis is influenced by many brain regions, including limbic regions which
have been implicated in both psychiatric illnesses and epilepsy.

Hyperexcitability of the HPA axis is a hallmark feature of MDD. The majority of
patients with depression exhibit hypercortisolemia and HPA axis dysfunction (Pfohl
et al. 1985; Yehuda et al. 1996; Nemeroff et al. 1984) (for review see Holsboer
(2000)), which may be even more pronounced for specific subtypes of depression,
such as psychotic depression (Belanoff et al. 2001; Keller et al. 2006; Nelson and
Davis 1997) (for review see Murphy (1991), Pariante and Lightman (2008)). The
role of HPA axis dysfunction in depression is further supported by the evidence that
antidepressant treatments normalize HPA axis function (De Bellis et al. 1993) (for
review see Holsboer and Barden (1996)).

HPA axis abnormalities associated with depression may be an indirect reflection
of stress as a major risk factor for depression (Plieger et al. 2015) (for review see
Hammen (2005), Mazure (1998), Monroe and Hadjiyannakis (2002), Kessler
(1997), Paykel (2003), Tennant (2002). In addition to life stress or chronic stress,
early life stress has also been shown to increase the risk for depression (for review
see Syed and Nemeroff (2017), Heim and Binder (2012)), which may involve the
well-established effect of early life stress on HPA axis reprogramming (for review
see Maniam et al. (2014), Juruena (2014)). The relationship between stress, HPA
axis, dysfunction, and depression can also be observed in preclinical models.
Maternal separation, a commonly employed early life stressor in rodents, results in
persistent changes in HPA axis function and depression-like phenotypes (for review
see Nishi et al. (2014)).

Stress and HPA axis dysfunction have also been implicated in negative outcomes
associated with epilepsy. Stress is a common seizure trigger (Frucht et al. 2000;
Spector et al. 2000; Sperling et al. 2008; Nakken et al. 2005; Haut et al. 2007) (for
review see Novakova et al. (2013), Jo€ls (2009), Lai and Trimble (1997)). The
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majority of patients report stress as a seizure precipitant (Frucht et al. 2000; Spector
et al. 2000; Sperling et al. 2008; Nakken et al. 2005; Spatt et al. 1998; van Campen
etal. 2012; Haut et al. 2003) (for review see van Campen et al. (2014)). For example,
in a patient perception survey, the majority (64%) of patients with epilepsy believed
that stress increased the frequency of their seizures (Haut et al. 2003). Acute stress,
chronic stress, and early life stress have all been implicated in worsening seizure
frequency (for review see Novakova et al. (2013)). In people with epilepsy with
stress-sensitive seizures, the vast majority (85%) report chronic stress and/or acute
stress (68%) as a seizure precipitant (Lee et al. 2015). High levels of stress and
stressful life events are associated with more frequent seizures in patients with
epilepsy, providing empirical evidence for the association between stress and sei-
zures (Temkin and Davis 1984). Adverse childhood experiences (ACEs) are increas-
ingly acknowledged to negatively impact disease outcomes, including epilepsy.
People with epilepsy with stress-sensitive seizures have an increased incidence of
ACEs (Lee et al. 2015), which may involve HPA axis overactivation associated with
ACEs (Clemens et al. 2020). Further, chronic stress also appears to worsen epilepsy
outcomes. Seizure frequency is increased in patients with epilepsy who are exposed
to chronic stress, such as war and evacuation (Neufeld et al. 1994; Swinkels et al.
1998). There is also evidence that severe, chronic stress, such as losing a child
(Christensen et al. 2007) or serving in combat units (Moshe et al. 2008), may
increase the risk of developing epilepsy. These data suggest that not only can stress
increase seizure frequency in patients with epilepsy, but might actually increase the
likelihood of developing epilepsy.

In experimental models, early life stress has been shown to increase seizure
susceptibility (for review see van Campen et al. (2014)). The majority of studies
demonstrate that prenatal stress (Frye and Bayon 1999; Edwards et al. 2002;
Sadaghiani and Saboory 2010; Ahmadzadeh et al. 2011) and early life stress (Lai
et al. 2006; Jones et al. 2009; Salzberg et al. 2007; Kumar et al. 2011; Huang et al.
2002; Desgent et al. 2012) worsen seizure outcomes in epilepsy models (for review
see van Campen et al. (2014)). Acute stressors, such as foot shock or tail suspension/
handling, have been shown to increase seizure activity (Tolmacheva and van
Luijtelaar 2007; Tolmacheva et al. 2012; Forcelli et al. 2007). However, other
studies have demonstrated that acute stress decreases seizure susceptibility in exper-
imental models, which is thought to be mediated by the anticonvulsant actions of
stress hormone-derived neurosteroids (Reddy and Rogawski 2002). Chronic stress
more consistently increases seizure susceptibility in experimental models
(Matsumoto et al. 2003; Chadda and Devaud 2004). Mechanistically, the impact
of stress on seizure susceptibility is thought to involve the HPA axis and the well-
established proconvulsant effects of stress hormones (for review see Jo€ls (2009)).
Exogenous corticosterone (Roberts and Keith 1994; Krugers et al. 2000; Edwards
et al. 1999; Karst et al. 1999; Taher et al. 2005; Kumar et al. 2007) or CRH (Marrosu
et al. 1987, 1988; Ehlers et al. 1983; Rosen et al. 1994; Castro et al. 2012)
administration induced or worsened seizures across experimental epilepsy models
(for review see Joéls (2009)).
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Interestingly, HPA axis dysfunction independent of stress may also influence
seizure susceptibility in people with epilepsy. Numerous studies have demonstrated
elevated levels of cortisol in patients with epilepsy, with levels increasing after
seizures (Zhang and Liu 2008; Abbott et al. 1980; Zobel et al. 2004), and a positive
correlation between cortisol levels and seizure frequency (Andrea Galimberti et al.
2005) (for review see Cano-L6pez and Gonzélez-Bono (2019)). Cortisol levels have
also been shown to relate to interictal epileptiform discharges in people with epilepsy
with stress-sensitive seizures (van Campen et al. 2016) and in experimental epilepsy
models (Mazarati et al. 2009). In experimental models of epilepsy, seizures have
been shown to activate the HPA axis (O’Toole et al. 2014) and increase seizure
frequency and neuropathological changes associated with epilepsy (Hooper et al.
2018; Wulsin et al. 2016a, 2018) (for review see Wulsin et al. (2016b), Maguire and
Salpekar (2013), Salpekar et al. (2020)).

HPA axis dysfunction may also contribute to psychiatric comorbidities and
epilepsy (for review see Mazarati and Sankar (2016), Kanner (2009)). Increased
corticosterone levels is associated with depression-like behaviors in experimental
epilepsy models (Mazarati et al. 2009). HPA axis dysfunction in experimental
epilepsy models is also associated with increased comorbid anxiety- and
depression-like behaviors (Hooper et al. 2018; Wulsin et al. 2018). Seizure-induced
activation of the HPA axis has also been shown to facilitate comorbid anxiety and
depression in experimental epilepsy models (Hooper et al. 2018). However, the
exact mechanisms through which HPA axis dysfunction mediates the comorbidity
between epilepsy and psychiatric illnesses remain unclear. Emerging evidence
suggests that cortisol may induce alterations in functional connectivity in patients
with stress-sensitive seizures (den Heijer et al. 2018), which may contribute to the
underlying neurobiology, a topic which will be reviewed in the subsequent section.

2.3 Network/Structural Abnormalities

It is well established that epilepsy is a network disorder (Holmes and Tucker 2013;
Kramer and Cash 2012; van Diessen et al. 2013; Pittau and Vulliemoz 2015) and
psychiatric illnesses are increasingly acknowledged to involve altered brain states
(for review see Bassett et al. (2018)), suggesting that dysfunction in common
networks could contribute to the underlying neurobiology of comorbid epilepsy
and psychiatric illnesses. In fact, common brain regions have been implicated in
depression and epilepsy, including the mesial temporal and limbic structures, such as
the hippocampus and amygdala. However, few studies have directly investigated
brain regions involved in psychiatric comorbidities in epilepsy.

Comorbid depression in epilepsy is more common in epilepsy of frontal or
temporal lobe epilepsy (Mendez et al. 1986; Robertson et al. 1987; Kogeorgos
et al. 1982; Mungas 1982; Roy 1979) and is associated with hippocampal abnor-
malities, including hippocampal sclerosis (Quiske et al. 2000; Sanchez-Gistau et al.
2010; Gilliam et al. 2007; Shamim et al. 2009; Salgado et al. 2010). Aberrant activity
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in the frontal cortex (Bromfield et al. 1992; Salzberg et al. 2006; Menzel et al. 1998)
and limbic-frontal network has also been observed in patients with temporal lobe
epilepsy with comorbid depression (Chen et al. 2012), implicating these networks in
comorbid depression and epilepsy, consistent with the limbic-frontal network dys-
function hypothesis of depression (Mayberg 1997). The amygdala is well
established to play a role in emotional processing (LeDoux 2000) and has been
implicated in mood disturbances in people with temporal lobe epilepsy (Briellmann
et al. 2007). Structural changes in the amygdala in patients with epilepsy are
associated with an increased incidence of comorbid depression (Briellmann et al.
2007; Lv et al. 2014) and dysphoric disorder (Elst et al. 2009). Further changes in
amygdala connectivity in patients with mesial temporal lobe epilepsy correlate with
psychiatric symptoms (Doucet et al. 2013). These correlational studies suggest that
networks abnormalities may contribute to psychiatric comorbidities in epilepsy;
however, further studies are required to directly determine the causal role of these
changes in this comorbidity.

Perhaps not surprisingly, the mechanisms implicated in the comorbidity of
epilepsy and psychiatric illnesses highlighted above, such as HPA axis dysfunction,
excessive excitation/excitotoxicity, serotonergic deficits (Lothe et al. 2008), etc., are
also implicated in mediating the network abnormalities, such as hippocampal scle-
rosis and decreased amygdala volume, associated with these comorbidities (for
review see Kanner (2004), Kanner (2012), He¢imovi¢ et al. (2003)). Despite the
wealth of studies investigating structural and network abnormalities associated with
epilepsy, there are far fewer studies investigating structural and network changes
associated with psychiatric comorbidities in epilepsy. Future studies will be required
to address this gap in our knowledge as emerging evidence implicates network
dysfunction in psychiatric comorbidities in epilepsy (for review see Colmers and
Maguire (2020)).

2.4 Other Proposed Mechanisms

Collectively, the mechanisms mediating psychiatric comorbidities have been poorly
studied with the mechanisms highlighted above being the most studied. In addition
to these primary mechanisms, there are additional potential mechanisms which
should be noted, including a role for neurogenesis, BDNF, and inflammation,
which will be discussed briefly below.

2.4.1 Neurogenesis

The shared neuropathological features between epilepsy and depression include
disrupted neurogenesis (for review see Danzer (2012)). The hippocampus is a site
of adult neurogenesis and disruptions in neurogenesis have been implicated in
depression (Eisch and Petrik 2012; Hanson et al. 2011), epilepsy (Danzer 2012;
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Jessberger and Parent 2015), comorbid epilepsy, and depression (Sheline et al. 1996,
2003; Bremner et al. 2000). Aberrant neurogenesis results in granule cell dispersion
in the hippocampus which is a well-established neuropathological feature observed
in both patients with epilepsy (Bliimcke et al. 1999, 2012) and experimental epilepsy
models (Bengzon et al. 1997; Parent et al. 1997, 1998; Gray and Sundstrom 1998)
(for review see Jessberger and Parent (2015), Danzer (2019), Parent and Lowenstein
(2002)). Seizure activity contributes to abnormal integration of newly born neurons,
disrupting the hippocampal network (Overstreet-Wadiche et al. 2006) and negatively
impacts epilepsy outcomes (Cho et al. 2015).

Interestingly, there is also a link between proposed mechanisms implicated in
psychiatric comorbidities in epilepsy, such as chronic stress and HPA axis dysfunc-
tion, and neurogenesis (for review see Danzer (2012)). Further, altered neurogenesis
may impact structure/network function, thereby contributing to comorbid epilepsy
and psychiatric illnesses. Thus, while the role of neurogenesis in the comorbidity of
psychiatric illness and epilepsy remains unclear, there are commonalities which
point to common mechanisms whether causal or coincidental.

2.4.2 BDNF

Brain derived neurotrophic factor, or BDNF, has been proposed to play a role in the
pathophysiology of depression as well as mediating the antidepressant effects of
diverse antidepressant treatments, leading to the neurotrophic hypothesis of depres-
sion (for review see Kozisek et al. (2008)). Stress, a major risk factor for psychiatric
illnesses, has been shown to decrease the expression of BDNF and antidepressant
treatment restores BDNF expression (for review see Duman and Monteggia (2006)).
In fact, BDNF treatment has been shown to mimic antidepressant effects in exper-
imental models (for review see Duman and Monteggia (2006)). Post-mortem studies
demonstrate a decrease in BDNF expression in the hippocampus and prefrontal
cortex of depressed patients, which was not observed those on antidepressant
treatment (Karege et al. 2005; Chen et al. 2001). Further, serum levels of BDNF
are also reduced in depressed patients (Karege et al. 2002; Shimizu et al. 2003),
which is not observed in patients receiving antidepressant treatment (Shimizu et al.
2003; Aydemir et al. 2005; Gervasoni et al. 2005; Gonul et al. 2005). Thus, it has
been proposed that deficits in BDNF could play a role in the underlying neurobiol-
ogy of psychiatric illnesses by impacting neurogenesis, synaptic plasticity, or con-
tributing to the neuronal atrophy and cell loss in limbic brain regions implicated in
emotional processing and depression, including the amygdala, prefrontal cortex, and
hippocampus (for review see Kondziella et al. (2007), Duman and Monteggia
(2006)). However, the majority of these findings remain correlational making it
difficult to determine the actual contribution of BDNF to psychiatric illnesses.

In addition, BDNF has also been implicated in epilepsy (for review see
Scharfman (2005), Binder et al. (2001), Hu and Russek (2008)). It has been proposed
that the same mechanism that mediates the ability of BDNF to induce synaptic
plasticity might pathologically contribute to increasing seizure susceptibility (Binder
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et al. 2001). Consistent with this notion, BDNF expression is upregulated in
experimental epilepsy models (Mudo et al. 1996; Isackson et al. 1991; Bengzon
et al. 1993) (for review see Hu and Russek (2008)). Mice with reduced BDNF levels
exhibit a decreased rate of kindling (Kokaia et al. 1995), whereas overexpression of
BDNEF increases seizures susceptibility (Croll et al. 1999). However, it remains
unclear whether these changes are epiphenomenon of increased neuronal excitability
or actually mediators of disease. Additional studies are required to elucidate the
precise relationship between BDNF and epilepsy.

These data point to a role for BDNF in psychiatric illnesses and epilepsy
independently; however, very few studies have tried to assess the role of BDNF in
comorbid psychiatric illnesses in epilepsy. One interesting study demonstrated that
BDNF levels predict which animals that are subjected to chronic stress will be
vulnerable to comorbid depression and epilepsy (Becker et al. 2015), suggesting
that BDNF may play a role in this comorbidity as well as identify a potential
biomarker for those at risk (Maguire 2015).

2.4.3 Inflammation

Inflammatory changes have been observed in patients with psychiatric illnesses and
current thinking suggests that inflammation may play a role in the underlying
neurobiology of psychiatric disorders, particularly depression (for review see Fond
(2014), Najjar et al. (2013), Haroon et al. (2012), Raison and Miller (2011)). It has
even been suggested that depression (at least in some cases) may be an inflammatory
illness (Krishnadas and Cavanagh 2012). The best evidence for a role for inflam-
mation in psychiatric illnesses is the high incidence of psychiatric symptoms in
patients with autoimmune and inflammatory disorders (Kayser and Dalmau 2011;
Kurina et al. 2001; Kojima et al. 2009; Postal et al. 2011) and abnormal profiles of
proinflammatory and anti-inflammatory cytokines in patients with psychiatric ill-
nesses, including depression and anxiety (Liu et al. 2012; Janelidze et al. 2011;
Fluitman et al. 2010). Treatment with peripheral immune modulators, including
IL-1p, can induce psychiatric symptoms and changes in the brain associated with
psychiatric illnesses in animal models and humans (Dantzer et al. 2008; Eisenberger
et al. 2010; Harrison et al. 2009).

Inflammatory changes have also been implicated in the pathophysiology of
epilepsy, which has recently gained significant interest in the field. Interleukin-
1beta (IL-1P) and its receptors, IL-1R1 and IL-IRA, are upregulated in the brains
of experimental epilepsy models (Ravizza et al. 2008; Ravizza and Vezzani 2006;
Vezzani et al. 1999) as well as patients with epilepsy (Ravizza et al. 2006; Boer et al.
2008) (for review see Mazarati et al. (2010)). IL-1p has been demonstrated to exhibit
proconvulsant properties (Vezzani et al. 1999), whereas inhibition of IL-1f signal-
ling in the hippocampus exerts anticonvulsant effects (Vezzani et al. 2000).

It is interesting to note that inflammation has been shown to influence other
processes which have been implicated as potential mechanisms underlying the
comorbidity of epilepsy and psychiatric illnesses, including impacts on
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neurogenesis, structural/network changes, and HPA axis function (for review see
Duman (2009)). However, to-date, only a few studies have investigated the potential
contribution of inflammation in comorbid psychiatric illnesses and epilepsy. A role
for IL-1p has been demonstrated in an animal model exhibiting fluoxetine resistance
and comorbid depression and epilepsy (Pineda et al. 2012). Pharmacological block-
ade of the interleukin-1 receptor in the hippocampus using the Interleukin-1 receptor
antagonist (IL-1ra) prevented the depression phenotype in chronically epileptic
animals (Mazarati et al. 2010). These data suggest that inflammation may play a
role in psychiatric illnesses, epilepsy, and the comorbidity between the two.

3 Women with Epilepsy

A huge caveat of the work summarized above regarding the mechanisms contribut-
ing to psychiatric comorbidities in epilepsy is that the vast majority of these clinical
and preclinical studies were performed only using male subjects. This is a significant
issue since psychiatric illnesses (Astbury 2001) and psychiatric comorbidities in
epilepsy (Kim et al. 2018) are more common in females (for review see Christian
et al. (2020)). Thus, the neglect of female subjects is potentially neglecting an
important underlying factor contributing to this comorbidity.

Women are twice as likely to suffer from depression compared to men (Kessler
2003) and similar statistics have been observed in people with epilepsy (Kim et al.
2018; Gaus et al. 2015). Extensive evidence also points to the impact of ovarian
hormones and/or ovarian-derived neurosteroids on depression (Morssinkhof et al.
2020) and epilepsy (Morrell 2002). For example, women with epilepsy often have
changes in their seizure frequency related to their menstrual cycle, termed catamenial
epilepsy (Herzog et al. 1997). Thus, the mechanisms contributing to comorbid
psychiatric illnesses in epilepsy in females may be unique in some ways from
those proposed for males and deserve further exploration. In fact, there are sex
differences, seizure disorders, seizure presentation, comorbidities, and response to
antiepileptic drug treatments (Samba Reddy 2017).

It is also important to note that there are also effects of epilepsy on women’s
health that can have major impacts on the mental health of women with epilepsy
which need to be considered. For example, women with epilepsy often have
reproductive and sexual dysfunction (Morrell et al. 2005). Relevant to the current
topic, clinical studies suggest that comorbid depression and epilepsy may be a
contributing factor to sexual dysfunction in women with epilepsy (Zelena et al.
2011); however, preclinical studies suggest a direct relationship between epilepsy
and reproductive dysfunction, with an observed disruption in the estrous cycle of
chronically epileptic mice (Li et al. 2017), which may be mediated by dysfunction of
gonadotropin releasing hormone (GnRH) neurons associated with epilepsy (Li et al.
2018). Women with epilepsy are also at a higher risk of peripartum depression or
anxiety (Bjgrk et al. 2015a, b; Turner et al. 2006, 2009; Galanti et al. 2009). Women
with epilepsy experience additional challenges, such as navigating AED treatment
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during the peripartum period, with few studies investigating sex differences in AED
response or efficacy in female subjects. One study directly compared the efficacy and
safety of antiepileptic agents in women of reproductive age and found important
differences across this class of compounds (Zheleznova et al. 2010). Further, certain
AED:s are associated with pregnancy complications and carry the risk of birth defects
(Zahn et al. 1998; Perucca 2005) which should be considered when treating women
with epilepsy of child-bearing age. Thus, while it is appreciated that AED treatment
is not one size fits all, it is also important to consider sex when choosing an AED
treatment. This section also serves to highlight the lack of research focusing on
women’s health in epilepsy and the evidence suggesting that this is a disastrous
oversight.

4 Concluding Remarks

As highlighted in the current chapter, psychiatric illnesses are commonly comorbid
with epilepsy, negatively impact the quality of life of patients (Johnson et al. 2004;
Cramer et al. 2003), and affect treatment outcomes in patients (Hamid et al. 2014;
Kanner 2008; Hitiris et al. 2007; Petrovski et al. 2010; Fazel et al. 2013) (for review
see Kanner (2017)). However, psychiatric illnesses in epilepsy still go undiagnosed
and untreated (Hermann et al. 2000). This gap in diagnosis and treatment has been
attributed to the disconnect between psychiatry and neurology and there is a call for
increased screening and diagnosis (Lopez et al. 2019). In fact, the ILAE has
generated a “roadmap for a competency-based educational curriculum in
epileptology” which includes identifying and managing common comorbidities
(Bliimcke et al. 2019). This issue has also been identified as one of the NINDS
Epilepsy Research Benchmarks, Benchmarks Area III: Prevent, limit, and reverse
the comorbidities associated with epilepsy and its treatment (Kelley et al. 2009;
Poduri and Whittemore 2020). I would like to add to this call, a plea to include
female subjects. The lack of focus on psychiatric comorbidities and epilepsy in the
clinic is reflected in the scarcity of research into the mechanisms underlying these
comorbidities. Here we highlight the current knowledge in the field which points to
potential underlying neurobiological mechanisms, such as alterations in neurotrans-
mitter systems, HPA axis dysfunction, network/structural dysregulation, inflamma-
tion, etc., which have been reviewed above. The relationship between these potential
mechanisms in the contribution to psychiatric comorbidities in epilepsy still remains
somewhat unclear due to the lack of basic research on this topic. As we recognize the
increased need for the diagnosis and treatment of psychiatric comorbidities associ-
ated with epilepsy, we also need to recognize the importance of further basic science
research in this field.
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Abstract According to the definition of epileptogenesis, “disease modification”
refers to every clinically relevant therapeutic outcome which does not necessarily
prevent epilepsy onset but significantly improves the disease course by reducing
seizure burden and/or decreases concomitant comorbidities. In this light, under-
standing comorbidities development, their characteristics, and the neurobiological
causes represents a major issue both in clinical and preclinical research. This chapter
is summarizing and critically evaluating the preclinical improvements over time in
the study of epilepsy comorbidities reconsidering some of them according to the
newer results. Furthermore, we highlight limitations and possibilities both in the
methods used and in the mechanisms considered. The latter have been analysed also
as potential therapeutic targets for therapy development. Finally, differences and
similarities between induced epilepsy models and genetic models have been
underlined in the chapter.
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1 Introduction

Epilepsy is a common neurological disorder that can be accompanied by
neurobehavioral comorbidities, which include abnormalities in cognition, psychiat-
ric status, and social adaptive behaviour (Fig. 1). Chronic epilepsy, often affecting
the temporal lobe, is associated with an increased incidence of psychiatric distur-
bances, including anxiety, depression, memory, and learning disabilities (Salpekar
and Mula 2019). Although such comorbidities are usually thought to arise princi-
pally from the effects of recurrent seizures, iatrogenic effects of drugs, and adverse
social reactions to epilepsy, there is a growing body of evidence that other factors are
involved (Kanner 2019). These factors include altered neurodevelopment of the
brain, cognition, and behaviour; exacerbation of the comorbidities due to decades
of medically intractable epilepsy; and possible acceleration of common
age-associated changes; furthermore, all these factors may be the underlying cause
for comorbidities arising independently from seizures. Traditionally, treatment of
epileptic seizures has been symptomatic, with little or inconsistent impact on the rate

Epilepsy’

Seizures & interictal
epileptiform discharges ‘
Genetic factor* Epileptogenesis?®

Neurobehavioural

Psychosocial and comorbidities®

. ; — *Genetic e Infections
sociocultural influences

* Structural * Metabolic
C

Cognitive Social
Kaksii el Psychiatric Jill Behavioural
* Depression
Sleep disorders|

Fig. 1 The epilepsy-comorbidity network. Epilepsy is a heterogeneous chronic disease with
several different clinical presentations, severity and affecting individuals of all ages (a) (Devinsky
et al. 2018). Epileptogenesis is a chronic process that enhances the probability to generate
spontaneous recurrent seizures and it can involve different neuropathogenic mechanisms (b)
(Pitkédnen et al. 2015), although many patients have an unknown cause. Epileptogenesis is often
associated with comorbidities (c) (Kanner et al. 2014), ranging from cognitive to psychiatric
disorders, originated by shared underlying networks or/and as a result of the additional structural
and functional changes due to recurrent seizures. In addition, genetic mutations may act as common
risk factors of epilepsy and comorbidity and could include causative or subsequent associations
(Keezer et al. 2016)
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of drug resistance over time, or impact on comorbidities (learning and behaviour)
particularly in the early onset epilepsies (epileptogenic process). Depending upon
the brain’s developmental state and the genetic substrate, the structural and func-
tional changes may create a state of hyperexcitability that is ultimately expressed as
recurrent, unprovoked seizures in certain susceptible individuals, with or without a
second neurologic insult. Seizures may cause additional structural and functional
changes, reinforcing the epileptogenic process (Pitkédnen et al. 2015).

Epileptogenesis extends beyond the generation of the first spontaneous seizure
and includes the mechanisms of progression that can continue to occur even after the
diagnosis of epilepsy (Pitkénen et al. 2015). Pharmacological intervention during a
latent period of epileptogenesis may delay or block the appearance of seizures in
animal models. The latent period may offer a window of opportunity in which an
appropriate treatment may stop or modify the epileptogenic process induced by a
brain insult (Pitkénen et al. 2015; Russo et al. 2016a).

This led to the definition of “disease modification” as a clinically relevant
therapeutic outcome for treatment interventions which does not necessarily prevent
epilepsy onset but significantly improves the disease course by reducing seizure
burden, offering neuroprotection, or decreasing concomitant comorbidities (which
may originate from overlapping networks and/or result from the effects of seizures)
(Kanner et al. 2014; Terrone et al. 2016). Disease modification and/or comorbidity
modification are all potential outcome measures for a preclinical epilepsy study and
suggest the ability to modify the severity of seizures, when and if they do occur, as
well as the ability to alter sensitivity to traditional antiseizure medications (ASMs)
and the onset of associated comorbidities (Loscher 2020).

Disease modification may be defined as modification of the expression of the
disease, of the course of the disease, or of the comorbidities associated and can have
beneficial outcomes on epilepsy clinical practice providing markers of disease and
more targeted treatments. In epileptogenesis, common molecular changes triggered
by differing causes (e.g., neurotrauma, stroke, febrile and non-febrile SE) contribute
to the disease course, thus representing potential targets for developing mechanism-
based preventative or disease-modifying drugs. Disease modification consists of
onset of behavioural and physiological characteristics classically associated with
human epilepsy, including neurodegeneration, neuroinflammation, and cognitive
disruption. Whether an ASM is also disease-modifying or antiepileptogenic can be
determined by observing the response to withdrawing the drug; even though, in
some cases a drug may block disease progression but its administration would be
necessary over time.

Epilepsy associated neurocognitive and psychiatric comorbidities are usually
frequent and share common underlying mechanisms with epilepsy (Holler and
Trinka 2014). Some neurocognitive and psychological comorbidities as well as
structural brain changes predate the onset of seizures, with the early manifesting
comorbidity being further worsened by the onset of epilepsy, and later on, by the
chronicity of seizures (Hermann et al. 2006). Studies in animal models have dem-
onstrated shared mechanisms and genetic predispositions between seizure suscepti-
bility and behavioural phenotype (Gréticke et al. 2008; Pineda et al. 2010; Sarkisova
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and van Luijtelaar 2011). In some cases, comorbidities may precede epilepsy onset
in some models; as an example, learning and memory impairment in the Morris
water maze (MWM) test predict epilepsy onset in a pilocarpine evoked post status
epilepticus (SE) model (Pascente et al. 2016) or depressive-like behaviour is seen
both during epileptogenesis and upon the occurrence of spontaneous recurrent
seizures (SRS) in post-SE models (Mazarati et al. 2008; Miiller et al. 2009; Klein
et al. 2015). Similarly, some studies have associated a higher risk of epilepsy, and
even treatment-resistant epilepsy, in patients with an earlier history of depressive
disorders (Kanner 2017).

Accordingly, it has been later suggested that comorbidities may be considered
and studied as potential biomarkers of epilepsy both before seizure onset and after
epilepsy diagnosis considering their link to pathology progression (Ravizza et al.
2017). Notably, in some genetic models, comorbidities usually occur almost simul-
taneously to epilepsy onset and are strictly linked to seizures since drug interventions
reducing seizures development also affect comorbidities and in some cases even
reducing seizure burden may affect such comorbidities (Dezsi et al. 2013; Griffin
et al. 2018; Russo and Citraro 2018). Nevertheless, some comorbidities may instead
appear later than epilepsy onset while still being linked to seizures and the persisting
epileptogenic process; this is, for example, the case of cognitive decline in WAG/Rjj
rats (Leo et al. 2019a). In this latter model, several potential treatments have been
studied for their antiepileptogenic effects along with their impact on comorbidities
(summarized in Table 1).

All WAG/Rij rats between 2 and 3 months of age develop synchronous bilateral
spike-wave discharges (SWDs; about 8 Hz, mean duration 5 s) that increase in
number age-dependently. Interestingly, these rats have also been validated as a
model of a chronic low-grade depression (dysthymia) that represents a comorbidity
of absence epilepsy. Moreover, recently, it has also been observed that adult
WAG/RI]j rats display cognitive decline (Russo et al. 2016a; Leo et al. 2019a).
Initially, it was reported that absence seizures are necessary for the occurrence of
dysthymia in this strain and, in fact, most of the treatments impacting on seizure
development usually possess antidepressant-like effects and even a short-term treat-
ment with ethosuximide suppressing absence seizures is able to normalize animal
behaviour in the forced swimming test; similarly, the same treatment improves
memory function (Leo et al. 2019a). Considering our current knowledge, it is even
more evident that depressive-like behaviour and absence seizures in this model are
strictly linked and therefore must share common mechanisms and networks within
the brain, however, not all antiepileptogenic treatments will have an impact on this
comorbidity. In initial studies, this has been justified by potential side effects of the
drugs used; both levetiracetam and zonisamide may increase the immobility time in
rats and in patients may be responsible for depressive symptoms while being
antiepileptogenic in the model. This became less evident when rapamycin was
found to be antiepileptogenic and pro-depressant, duloxetine was antiepileptogenic
but had no effects on depressive-like behaviour and finally, completely at odds, a
low dose of fluoxetine and liraglutide have no effects on seizure development while
being respectively pro- and antidepressant. Furthermore, a higher dose of fluoxetine
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Table 1 Drug efficacy on epileptogenesis and comorbidities in the WAG/Rij rat model of absence

epilepsy
Period of | Effects on SWDs
Drugs Doses Treatment | development Effects on the comorbidity
a-Lactoalbumin | 250 mg/ | From P30 | Reduced seizures Not tested
kg/day | to age of development (28%)
5 months
Atorvastatin 10 mg/ | From P45 | Reduced seizures Decreased depressive-like
kg/day | to age of development (57%) | behaviour
5 months Decreased anxiety-like
behaviour
Carbamazepine |20 mg/ |From P42 | No effects No effects
kg/day up to age
of
5 months
Clomipramine 20 mg/ | From P8 Reduced seizures Aggravation of depressive-
kg i.p. to P21 development (60%) | like symptoms
Duloxetine 10 and | From P45 | Reduced seizures No effects
30 mg/ |toageof |development
kg/day 5 months (20 and 37%,
respectively)
Ethosuximide 300 mg/ | From P21 | Reduced seizures Decreased depressive-like
kg/day |to development behaviour
5 months
300 mg/ | From P30 | Reduced seizures Decreased depressive-like
kg/day | to P150 development behaviour
80 mg/ |From P42 | Reduced seizures NA
kg/day | to development (56%)
5 months
of age
80 mg/ | From P30 | Reduced seizures Decreased depressive-like
kg/day | to development (31%) | behaviour
5 months
of age
Etoricoxib 10 mg/ | From P45 | Reduced seizures NA
kg/day |toageof |development (45%)
5 months
Fingolimod 1 mg/ From P30 | Reduced seizures Decreased depressive-like
kg/day | to age of development (30%) | behaviour
5 months No effects on anxiety-like
behaviour test
Protects from memory decline
Fluoxetine 10and |From P45 | No effects (10 mg/ | Pro-depressant effects (10 mg/
30 mg/ |to age of kg/day) kg/day)
kg/day |5 months | Reduced seizures Decreased depressive-like
development behaviour (30 mg/kg/day)
(30 mg/kg/day;
46%)

(continued)



150

Table 1 (continued)

E. Russo and R. Citraro

Period of | Effects on SWDs
Drugs Doses Treatment | development Effects on the comorbidity
Haloperidol 1 mg/ From P45 | No effects Pro-depressant effects
kg/day | to age of
5 months
Levetiracetam 80 mg/ |From P42 | Reduced seizures Aggravation of depressive-
kg/day |uptoage |development (43%) |like behaviour
of
5 months
Liraglutide® 300 pg/ | From P30 | No effects on sei- Decreased depressive-like
kg/day |to zure development behaviour
5 months No effects on anxiety in the
of age OF test and on memory and
learning in the MWM test
Perampanel 3 mg/ From P30 | Reduced seizures Decreased depressive-like
kg/day | to development (52%) | behaviour
5 months No effects in behavioural
of age anxiety tests or on memory
functions in the passive
avoidance test
Pravastatin 30 mg/ | From P45 | Reduced seizures Decreased depressive-like
kg/day |to age of |development (45%) |behaviour
5 months Decreased anxiety-like
behaviour
Quetiapine 10 mg/ | From P45 | No effects No effects
kg/day | to age of
5 months
Rapamycin 1 mg/ From P45 | Reduced seizures Pro-depressant effects
kg/day |toageof |development (52%)
5 months
Risperidone 0.5 mg/ | From P45 | No effects Pro-depressant effects
kg/day | to age of
5 months
Simvastatin 10 mg/ | From P45 | Reduced seizures Decreased depressive-like
kg/day | to age of development (59%) | behaviour
5 months Decreased anxiety-like
behaviour
Sodium 30 mg/ | From P30 |Reduced seizures Decreased depressive-like
butyrate® kg/day |to development (51%) | behaviour
5 months No effects on anxiety in the
of age EPM test and on memory in
PA test
Tocilizumab® 10 mg/ | From P30 | Reduced seizures Decreased depressive-like
kg/ to development behaviour
week 5 months 10 mg/kg/week No effects on anxiety in the
30 mg/ |of age (30%) EPM test
kg/ 30 mg/kg/week
week (37%)

(continued)
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Table 1 (continued)

Period of | Effects on SWDs
Drugs Doses Treatment | development Effects on the comorbidity
Valproic acid® | 300 mg/ | From P30 | Reduced seizures Decreased depressive-like
kg/day |to development behaviour
600 mg/ |5 months 300 mg/kg/day No effects on anxiety in the
kg/day | of age (45%) EPM test
600 mg/kg/day Memory impairment in PA
(78%) test
Vigabatrin 100 mg/ | From P30 | Reduced seizures Decreased depressive-like
kg/day | to development (52%) | behaviour
5 months
of age
Zonisamide 40 mg/ | From P42 | Reduced seizures No effects
kg/day |uptoage |development (38%)
of
5 months

Modified from Russo and Citraro (2018)

Citraro et al. (2019)

bCitraro et al. (2020)

“Leo et al. (2020)

EPM elevated plus maze, OF open field, MWM Morris water maze, PA passive avoidance

has antiepileptogenic effects which are accompanied by antidepressant effects.
Notably, both valproic acid and sodium butyrate have antiepileptogenic and antide-
pressant effects in the long term; however, 1 month after the beginning of the
treatment (at 2 months of age when only few animals have seizures) have
pro-depressant effects disappearing over treatment likely due to their effects on
seizure development (Russo and Citraro 2018; Citraro et al. 2020). Overall, consid-
ering that many mechanisms are involved in seizure development (epileptogenesis,
see also section Mechanisms and potential targets) in this model, it can be specu-
lated that some of them share a role in the development of both seizures and
depression. On the other hand, these results support the idea that while sharing
mechanisms, processes, and networks in the brain, both pathologies may arise
independently one from the other.

Different behavioural abnormalities occur in temporal lobe epilepsy (TLE), a
particularly common type of epilepsy often refractory to drugs. The most frequent
cognitive deficit in TLE involves memory function and is often attributed to the
effects of hippocampal sclerosis (Salpekar and Mula 2019). Therapeutic interven-
tions that can mitigate the SE-associated neuronal damage have been investigated as
potential disease-modifying strategies. Several other mechanisms have been identi-
fied including loss of interneurons and neuroinflammation.

Long-suspected contributors to cognitive impairment in TLE and other types of
epilepsy include the underlying aetiology of the disorder, the adverse effects of
treatments, the frequency and severity of seizures, medical complications (e.g.,
status epilepticus), electroencephalographic abnormalities and other factors. The
temporal relationship is important since some comorbidities begin prior to the
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onset of epilepsy, whereas others arise after it is established (Table 2). Because of the
difficulty in interpreting clinical data in terms of progression, chronic animal models
of epilepsy are useful.

There is great variability in the onset of SRS following a precipitating factor; thus,
the critical window for effective “antiepileptogenic” interventions remains poorly
defined for treating epilepsy in people at risk. Actually, more than a single time-
window may be present and considered (Loscher 2020).

Animal models provide an opportunity to address the effects of therapeutic
interventions or disease modification. Consistent with the clinical evidence that
many types of epilepsy are associated with an increased incidence of comorbidities,
cognitive and behavioural impairments have been reported for diverse animal
models of epilepsy. Animal models of acquired epilepsy (e.g., kindling, SE, or
traumatic brain injury), that are accompanied by behavioural abnormalities
(increased anxiety- and depression-like phenotypes and cognitive deficits), have
received greatest attention. In particular, rodent models of SE induced by systemic
or local administration of a glutamate receptor agonist (kainate), of a muscarinic
receptor agonist (pilocarpine) or protocols using electrical stimulation of specific
brain areas have been studied (Loscher 2020).

2 Mechanisms and Potential Targets

Following the acute episode of SE, many of the animals develop SRS after a latent
period lasting days to weeks (Pitkdnen and Lukasiuk 2011; Loscher 2020). Tradi-
tionally, it has been accepted that the duration of convulsive seizures during SE is
sufficient to cause long-term brain injury/damage to enable the brain to generate
spontaneous seizures. Most attention has been focused on SE-induced neuronal
damage demonstrating a correlation between neuronal damage and duration of the
SE as well as damage and seizures development. In these models, pathological and
behavioural alterations have been described in which depressive-like behaviour is
seen both during epileptogenesis and upon the occurrence of SRS (Mazarati et al.
2008; Miiller et al. 2009; Klein et al. 2015), as above mentioned.

In focal epilepsy, most evidence points towards a paradigm of epileptogenesis in
which seizures are the clinical expression of an underlying disease process that is
initiated by an event triggering critical modulators. These modulators, over days and
months if not years, produce structural and functional changes that may ultimately be
clinically expressed as recurrent, unprovoked seizures. Seizures, in turn, can act on
this epileptogenic substrate, causing additional structural and functional changes.

Data from a post-SE model of mesial TLE shows that, once epilepsy with SRS
has developed, a large proportion of the rats (up to 70%) show progression of
epilepsy with increases in seizure frequency, while a smaller proportion (about
30%) do not show this progression, although the duration of SE was the same in
all rats. Thus, whether progression of epilepsy occurs seems to depend not only on
the seizure type or epilepsy syndrome but also on individual factors, most likely
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Table 2 Examples of animal models of epileptogenesis with associated comorbidities
Chemical models®
Kainic acid-SE Systemic or Anhedonia as a Early epilepsy | Klein et al.
intrahippocampal | symptom of and persists in | (2015)
injection depressive-like the chronic
behaviour disease phase
Learning and mem- 1 week after Pearson

ory deficits

SE

et al. (2014)

Pilocarpine-SE

Systemic or
intrahippocampal
injection

Anxiety-related 9-12 weeks Miiller et al.
behaviour; after SE (2009)
Depressive-like (chronic

behaviour; Spatial phase)

learning and memory

impaired

Anhedonia as a Early epilepsy | Klein et al.
symptom of and persists in | (2015)
depressive-like the chronic

behaviour disease phase

Spatial learning Within Pascente

deficits

3 weeks from
SE

et al. (2016)

Depressive-like
behaviour anhedonia-
like symptomatology

Post-SE

Mazarati
et al. (2008)

Learning and mem-

1 week after

Pearson

ory deficits SE et al. (2014)
Electrical models®
Kindling Depressive-like Mazarati
behaviour Anhedonia et al. (2007)
Amygdala Anxiety-related 2 months after | Kalynchuk
behaviour et al. (1998)
Pentylenetetrazole Depressive-like Mortazavi
kindling behaviour et al.
Spatial learning defi- (2005);
cits; Russo et al.
Anxiety-like (2013a)
behaviour
Genetic models®
Absence seizure Depressive-like 3—4 months of | Sarkisova
models (WAG/Rij) behaviour age and et al.
worsen in par- | (2010);
allel with the | Russo and
increase in Citraro
SWDs (2018)
Cognitive decline 6 and Leo et al.
13-months of | (2019a)
age
Absence seizure Psychotic-like behav- | Present in Jones et al.
models (GAERS) iours 6-week-old (2008);

(continued)
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Table 2 (continued)

Depressive-like animals, prior | Powell et al.
behaviour to the emer- (2014)
Anxiety-like gence of
behaviour SWDs
Dravet syndrome Scnla*™ Anxiety-like behav- Han et al.
models iour, lowered socia- (2012);
bility, lack of social Kaplan
novelty preference, et al.
and spatial learning (2017);
and memory Griffin et al.
impairment (2018)

“Differences exist according to the protocol of administration, strain, and age of animals
®Behavioural alterations have been reported for several other genetic models, e.g. animal models of
genetic mTOR hyperactivation. SE = Status epilepticus

inter-individual genetic differences, this is also confirmed by the genetic selection of
slow (seizure-resistant) and fast (seizure-prone) kindling rats (Leung et al. 2019).
Glutamate has historically been linked to epileptogenesis and brain damage and it
represents a suitable target for developing treatments preventing epilepsy develop-
ment with several articles demonstrating that inhibition of glutamate receptors may
be effective. This has also been linked to an effect against comorbidities develop-
ment further underlying its role in epileptogenesis, seizures and related
comorbidities (Barker-Haliski and Steve White 2015; Citraro et al. 2017).
Attention was initially directed towards NMDA receptor antagonists; interest-
ingly, the NMDA antagonists have proconvulsant action at very high doses and
anticonvulsant properties at low doses as well as behavioural effects. The clinical
development in epilepsy of drugs acting on this receptor was early stopped according
to the insurgence of cognitive side effects; these are apparently linked to the pivotal
role of NMDA receptors in long-term potentiation (LTP), which is one of the main
processes involved in learning and memory (Lang et al. 2018; Bliss and Collingridge
2019). Of note, the fast-acting antidepressant effects of the non-selective NMDA
receptor antagonist ketamine or the neuroprotectant effects of memantine (another
NMDA antagonist also not acting on glutamate biding site) indicate the important
role of this glutamate receptor subtype in several brain functions (although other
mechanisms possessed by these drugs may be involved such as mTOR activation by
ketamine, see below). However, their potential clinical role in epilepsy comorbidities
is not known even if ketamine can be successfully used in some cases of SE.
Similarly, AMPA receptors were early identified as a suitable target for the
development of drugs with neuroprotective and anticonvulsant properties therefore
theoretically possessing all the characteristics to be promising antiepileptogenic and
disease-modifying drugs (Citraro et al. 2014). Several competitive and
non-competitive AMPA receptor antagonists have been synthesized and have been
tested in epilepsy over 50 years (Citraro et al. 2014). Competitive antagonists, while
being effective in several models, were characterized by a narrow therapeutic
window with toxicity such as sedation and locomotor impairment appearing very
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close to the effective doses tested. Therefore, research focused on non-competitive
antagonists which possessed a similar efficacy but a better tolerability. Above all,
they pharmacologically represent a tool for blocking excessive toxicity due to
massive glutamate release (as in the case of brain insults or seizures) which cannot
competitively activate its receptors as in the case of competitive antagonists. In 2012,
the first selective non-competitive AMPA receptor antagonist, perampanel, has been
approved as an adjunctive treatment for drug-resistant focal onset seizures and
subsequently also for the treatment of generalized onset seizures. Perampanel has
shown to reduce neuronal cell death in the hippocampus and the piriform cortex in
the lithium-pilocarpine post-SE model (Wu et al. 2017) confirming the
neuroprotectant role of AMPA receptors. More recently, its antiepileptogenic prop-
erties accompanied by a reduction in depressive-like behaviour in a genetic model of
absence epilepsy have also been demonstrated; moreover, the drug did not modify
memory related behaviour in the same model (Citraro et al. 2017). From a clinical
point of view, perampanel seems to be neutral on cognitive functions in patients with
epilepsy including children while about 10% of them may develop irritability as a
side effect of the treatment. Overall, the role of glutamate in neuronal function, and
therefore in a variety of neurological/psychiatric disorders, has been widely
evidenced and the complexity of the system poses, evidently, difficulties in the
development of specific therapies. Moreover, the manipulation of these receptors
can lead to different outcomes which may depend on the intrinsic characteristics of
the system considered, namely the animal model or epilepsy/comorbidities causes.
Alterations in T-type Ca>* channels can also alter intrinsic electrical responses of
hippocampal neurones to a burst of different spikes, which may be a key epilepto-
genic mechanism in TLE models. Chronic treatment with the novel, selective and
high potency T-type Ca>* channel antagonist Z944 has demonstrated a disease-
modifying effect in the amygdala kindling and TLE model, delaying seizure pro-
gression as well as comorbid depressive-like behaviour and cognitive impairment
(Casillas-Espinosa et al. 2019). This is in line with the antiepileptogenic effects of
ethosuximide (also acting on T-type calcium channels), which is also able to inhibit
the development of epilepsy comorbidities in both WAG/Rij and GAERS rat models
of absence epilepsy (Dezsi et al. 2013; Berg et al. 2014; Russo et al. 2016a). Notably,
ethosuximide effects on seizure development and depressive-like behaviour in
WAG/RIj rats are only temporary and its effects slowly disappear after treatment
withdrawal (Leo et al. 2019b). Overall, T-type calcium channels may represent a
common mechanism for epileptogenesis and comorbidity development. However,
these results in the WAG/Rij rat model may indicate that these channels, more than
being a cause, are crucially recruited during pathological changes occurring during
epileptogenesis and that their effects may be linked to their ability to suppress
seizures inhibiting a sort of “seizure beget seizure” process as in the kindling
model (also see section Animal models and data interpretation: kindling example).
There is increasing consensus that inflammatory processes are key mediators in
the development and maintenance of the pathophysiology of epilepsy; increased
levels of inflammatory lymphocytes and phagocytes as well as pro-inflammatory
mediators are observed in excised brain tissue from patients with medically
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refractory epilepsy, and in many animal models of epilepsy (Vezzani et al. 2019). In
epilepsy, inflammatory processes are upregulated and may represent pharmacolog-
ical targets for novel therapeutic strategies with disease-modifying effects of clinical
relevance. Among the different inflammatory mediators contributing to
neuroinflammation processes, particular attention has been devoted to cytokines
such as interleukin(IL)-1p, tumour necrosis factor (TNF), High Mobility Group
Box 1 (HMGBI) their cognate receptors, and downstream effector molecules in
glia, neurones, and blood-brain barrier cellular components, but also the prostanoid
cascade involving monoacylglycerol lipase (MAGL) and cyclooxygenase (COX)-2-
prostaglandin (PG) E2 axis (Vezzani et al. 2013; van Vliet et al. 2018). These
inflammatory molecules significantly contribute to the generation and recurrence
of spontaneous seizures and to neurological comorbidities in animal models
(Mazarati et al. 2017; Paudel et al. 2018). Pharmacological blockade or genetic
interventions on the inflammatory pathways can affect epilepsy development, sei-
zure frequency, cell loss, and comorbidities, thus providing evidence for disease-
modification effects (Vezzani et al. 2019). Selective blockade of the IL-1B-IL1R1
and HMGBI1-TLR4 decreased acute symptomatic seizures and also established
chronic recurrent seizures in animal models (Ravizza and Vezzani 2018; van Vliet
et al. 2018). The pharmacological blockade of IL-1R1 combined with a COX-2
inhibitor (Kwon et al. 2013) or the inactivation of HMGB1 with a monoclonal
antibody (Zhao et al. 2017), administered after SE in rodents and during the early
phase of epileptogenesis, significantly reduced the severity of the epilepsy and
prevented epilepsy progression. Treatment with COX-2 inhibitors prevented neuro-
nal damage in the hippocampus, the impairment of learning and memory and
reduced the incidence and frequency of SRS in an animal model of TLE and
epileptogenesis in a genetic model of absence seizures (Jung et al. 2006; Citraro
et al. 2015). Treatment with a synthetic miR-146a mimic, which inhibits IL-1R1/
TLR4 intracellular signalling (Aronica et al. 2010), or with a combination of drugs
which prevent IL-1f biosynthesis and block TLR4 (Maroso et al. 2010, 2011),
arrests the progression of epilepsy and reduces spontaneous chronic seizures in an
established mouse model of acquired epilepsy evidencing therapeutic effects based
on disease modification (Iori et al. 2017). Notably, similar disease-modification
effects occurred also when anti-IL-1p or anti-P2X7 treatments were administered
to the animals early and transiently after the onset of spontaneous seizures in focal
kainate models of acquired epilepsy (Jimenez-Pacheco et al. 2016; Iori et al. 2017).
All these drugs, although not completely preventing the onset of epilepsy, signifi-
cantly improved the disease course and reduced seizure burden. Neuroprotection and
rescue of the impaired cognitive functions were also relevant outcomes of these
treatments. Relevant data on the link between inflammation, epileptogenesis, and
comorbidities can also be found in the WAG/Rij rat model in which inflammation is
somehow involved even though a clear-cut demonstration of increased inflammatory
markers in the brain has never been found. Indirectly, it is known that increasing
inflammation both peripherically and centrally increases the occurrence of absence
seizures and drugs acting on prostaglandin production by COX inhibition have
antiseizure properties further than being antiepileptogenic. Furthermore, some of
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the effects of rapamycin in the same model may depend on anti-inflammatory
mechanisms and more clearly, both fingolimod and tocilizumab acting, respectively,
on sphingosine 1-phosphate receptors and IL-6 have antiepileptogenic effects which
are mediated by a modulation of inflammatory processes (Leo et al. 2017, 2020).
IL-6 was not found to be modified in WAG/Rij rats while being clearly involved in
epilepsy, epileptogenesis, and mood disorders; the fact that tocilizumab is effective
on epileptogenesis and improves depressive-like behaviour supports the idea that it
could be considered a suitable target with potential effects on epilepsy and
comorbidities (Leo et al. 2020). On the other hand, fingolimod effects which are
known to be due to its anti-inflammatory action also suggest a role for
neuroinflammation in cognitive impairment. Indeed, it was also demonstrated that
fingolimod has modulatory effects on both mTOR and histone deacetylase (HDAC)
which may contribute to the observed effect on both epilepsy and comorbidities (Leo
et al. 2017). This latter mechanism may also be a promising target considering the
above reported effects of valproic acid and sodium butyrate. Indeed, further studies
are warranted to better define their role. Notably, epigenetic factors can also influ-
ence kindling development by reducing pathologic neuroplasticity and plastic-
related gene expression; environmental enrichment delays kindling development in
Wistar rats and this may also influence psychiatric comorbidities in TLE (Yang et al.
2016).

Alterations in brain metabolism are commonly seen in the lateral and mesial
temporal lobes of patients with temporal lobe epilepsy and hippocampal sclerosis but
also extend to affect other areas, particularly the thalamus, basal ganglia, and the
frontal and parietal lobes. This associated hypometabolism has been linked to
abnormalities in cognition and behaviour; thalamic hypometabolism contributes to
memory impairment, and frontal hypometabolism is associated with deficits in
higher order cognitive abilities and mood disorders (Rauch et al. 2001; Osério
et al. 2017). This area of research, being in common between -epilepsy,
epileptogenesis, and comorbidities, is lacking relevant studies while recently gath-
ering attention.

3 Animal Models and Data Interpretation: Kindling
Example

Kindling was the first animal model to demonstrate that repeated induction of
paroxysmal discharges leads to a progressive increase in the duration and severity
of electrographic and behavioural seizures (models of epileptogenesis and progres-
sion). Kindling-induced hyperexcitability develops over some days to weeks, and
this window has been used as an outcome measure to evaluate the disease-modifying
potential of different drugs (Loscher 2020). Drugs that inhibit or delay the develop-
ment of kindling may also have disease-modifying effects in “true epilepsy” models
that experience SRS such as the post-SE model.
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In the kindled rodent models, the therapies administered prior to the kindling
stimulation may be insult-modifying, i.e. they may decrease the focal afterdischarge
associated with the electrical stimulation. As such, drugs or treatments that decrease
seizure severity or modify the insult duration can be erroneously considered to be
disease modifying. In contrast, therapies that are administered after the daily stim-
ulation and that prolong the time to reach a fully kindled state would be more
appropriately classified as disease modifying (Brooks-Kayal et al. 2013). In addition
to their potential for evaluation of the disease-modifying impact of treatment on
seizure burden, kindled rodents may be useful for assessment of the impact of
treatment on one or more of the comorbidities associated with human epilepsy;
i.e. cognitive dysfunction and psychiatric disorders.

Older ASMs (e.g., phenobarbital, valproic acid, carbamazepine) were able to
prevent kindling acquisition or kindled seizures or both (Silver et al. 1991); other
ASMs (e.g., phenytoin and carbamazepine) had no effects on the development of
kindling or have demonstrated prophylactic effects, but failed to translate into
clinical practice (Silver et al. 1991; Barker-Haliski et al. 2015). However, newer-
generation ASMs may be more useful as disease-modifying agents: three newer
ASMs (i.e., topiramate, zonisamide, and felbamate) may exert disease-modifying
actions through different effects on the glutamate excitotoxic cascade. Topiramate,
administered to 10-day-old rats, suppressed hypoxia-induced acute seizures in a
dose-related manner; also, animals treated with topiramate to suppress hypoxia-
induced seizures were less susceptible to kainate-induced seizures and seizure-
induced neuronal injury (Koh and Jensen 2001). Zonisamide may prevent initiation
and propagation of seizures by inhibiting nitric oxide synthase activity (Noda et al.
1999; Komatsu et al. 2000). Felbamate that acts on the glutamate N-methyl-D-
aspartate (NMDA) receptors has demonstrated potential as a disease-modifying
drug (Kanthasamy et al. 1995).

Chronic administration of levetiracetam during kindling development not only
retarded kindling but led to reduced seizure duration which persisted for months after
termination of treatment (Kaminski et al. 2014). Another study, comparing the effect
of treatment with levetiracetam and lamotrigine in the amygdala kindling model of
epilepsy, found that disease-modifying effect of levetiracetam was confirmed, while
lamotrigine did not alter the characteristics of kindled seizures after termination of
treatment (Stratton et al., 2002). In mice kindled with pentylenetetrazol,
levetiracetam has been found to inhibit the rate of kindling acquisition in the absence
of adverse effects (Ohno et al. 2010). Eslicarbazepine acetate and its active metab-
olite significantly retarded corneal kindling development and significantly increased
the afterdischarge threshold in fully kindled mice indicating that eslicarbazepine
may interfere with seizure progression by inhibiting propagation of activity from the
focus but may also provide a disease-modifying or antiepileptogenic effect
(Potschka et al. 2014).

Kindled animals exhibit persistent enhanced seizure susceptibility with associ-
ated depression that results from neuronal plastic changes (Sankar and Mazarati
2010). Recently, it has also been found that combined treatment of levetiracetam
with the GLP-1 agonist liraglutide prevents the PTZ-induced kindling and
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behavioural comorbidities in mice (de Souza et al. 2019). Also animal models of SE
show SRS, including secondary generalized clonic seizures and significant anxiety,
learning and memory deficits (Detour et al. 2005; Smith et al. 2017; Mikulecka et al.
2019). These deficits appear to be likely related to SE-induced brain damage in
limbic areas.

This may indicate that kindling is a suitable model to study disease-modifying
effects of drugs, and eventually also drugs affecting the afterdischarge may have an
impact on comorbidities if we consider that this excessive neuronal electrical activity
has an impact on neuronal network functioning. For example, hippocampal func-
tioning may be impacted by network over-excitements contributing to cognitive and
behavioural alterations. On the other hand, considerations applied to the kindling
model can be transferred to many other models in which an insult (temporary or
continuous) has an impact on brain functioning and therefore drugs acting on those
will have an impact on seizures and comorbidities outcomes.

4 Genetic Epilepsies Lesson

Epilepsy syndromes have patterns of cognitive and psychiatric comorbidities; juve-
nile myoclonic epilepsy is associated with structural abnormalities in the mesial
frontal lobe and notable psychiatric comorbidities, with a pattern of neuropsycho-
logical impairment (Sonmez et al. 2004; Trinka et al. 2006). Dravet syndrome (DS),
often due to SCN1A gene mutations, is characterized by refractory epilepsy, dimin-
ished psychomotor development accompanied by mild to severe intellectual disabil-
ity, and often walking difficulties and behavioural problems. In these patients, a
longer use of contraindicated drugs (such as sodium channel blockers: lamotrigine,
phenytoin, carbamazepine, oxcarbazepine) in the first 5 years of disease may have
negative effects on cognitive outcomes and should therefore be avoided. The
negative effect of these drugs might be mediated through a direct impact on
cognitive processes and/or an increased seizure frequency, caused by the medication
itself or by deprivation of indicated treatment (de Lange et al. 2018). Re-evaluation
of adults with SCN1A positive DS with a change in pharmacological treatment led to
improvements in patients as old as 60 years (Catarino et al. 2011). DS also in animal
models represents a clear example of epileptogenesis associated with neuropsychi-
atric comorbidity development and cognitive deficit. The latter appears closely to
seizure onset both in patients and animal models and treatments affecting seizures
usually have positive effects on comorbidities, such as cognitive deficit and autism-
related behaviour as observed, for example, in Scnla+/— mice with clonazepam or
cannabidiol treatment (Han et al. 2012; Kaplan et al. 2017).

Tuberous sclerosis (TS), an autosomal-dominant genetic disorder caused by a
mutation in either of the tumour suppressor genes TSC1 or TSC2, has a character-
istic triad of clinical symptoms including various cutaneous manifestations, mental
retardation, and epilepsy. TS is a well-known cause of infantile spasms and West
syndrome. Patients diagnosed with both TS and West syndrome are known to have
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an overall poor prognosis including intractable seizures, abnormal EEG findings,
developmental delays, lower 1Qs, and significant behavioural problems (including
autism). Further, intellectual disability is highly associated with the occurrence of
seizures (Curatolo et al. 2018).

An open label study with 45 infants diagnosed with TS at birth evaluated whether
these infants can be preventively treated with the standard antiseizure medications
(e.g., vigabatrin, valproate) to avoid infantile spasms and improve mental retarda-
tion. At 24 months of age intellectual disability was significantly more frequent and
severe in the “standard” compared to the “preventive group”. The “preventive
group” was also characterized by higher ratio of seizure free patients, lower inci-
dence of drug-resistant epilepsy, and lower number of patients requiring polytherapy
than “standard group” (J6Zwiak et al. 2011). Also the onset of active epilepsy is
delayed (on average 2 months) in the “preventive group” than in the “standard
group”’; in addition, no infant in the “preventive group” developed infantile spasms
(Moavero et al. 2019). Prevention or disease modification of epilepsy depends on
understanding the underlying mechanisms of epileptogenesis which can be targeted
with early therapeutic treatments.

Supporting TS as a model for epilepsy modification, key mechanisms of
epileptogenesis have started to be identified in TS, particularly related to the
mechanistic target of rapamycin (mTOR) pathway (Jozwiak et al. 2020). mTOR
pathway is also involved in several processes related to epilepsy (axonal sprouting,
axonal regeneration, dendritic development, structural microtubule dynamics) and
influences neuronal excitability through modulation of synaptic structure and plas-
ticity and modulation of neuronal ion channels/receptors. In addition to TS,
dysregulated mTOR has been investigated as a pathogenic mechanism underlying
epileptogenesis and different neuropsychiatric comorbidity. Hyperactivation of the
mTOR pathway has been found in animal models of acquired epilepsy, such as
following traumatic brain injury, neonatal hypoxia, or kainate-induced SE; but also
in different epileptic pathologies associated with neuropsychiatric disorders (Citraro
et al. 2016; Jozwiak et al. 2020). Therefore, mTOR target remains a key target for
interventions aimed at modifying disease state or preventing epilepsy and
comorbidities. Several studies found that pretreatment with mTOR inhibitors can
decrease the development of epilepsy conferring antiepileptogenic effects; also,
post-treatment with mTOR inhibitors can exert antiepileptic properties by decreasing
seizures severity and frequency (Citraro et al. 2016; Zhang et al. 2018; Kim and Lee
2019). The timing of treatment can be modified to investigate potential early
preventive or disease-modifying effects versus late conventional antiseizure/
antiepileptic effects. Importantly, rapamycin, an mTOR inhibitor, also prevented
the underlying pathological, cellular, and molecular mechanisms that cause
epileptogenesis, such as megalencephaly, astrogliosis, and impaired glutamate trans-
porter expression, suggesting that these effects of rapamycin were consistent with
true preventive or disease-modifying actions, not simply a suppression of seizures
(Jeong and Wong 2018). mTOR inhibition can also have an impact on
comorbidities, however opposite results also depending on the treatment schedule
and the model have been found (Citraro et al. 2016) which is also in agreement with
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a pro-depressant effect of mTOR inhibition which would likely be counterbalanced
in epilepsy models by drug effects on seizure development (Abelaira et al. 2014;
Russo et al. 2016b). As an example, rapamycin long-term treatment in WAG/Rjj rats
with absence epilepsy has antiepileptogenic effects but this is accompanied by
pro-depressant effects despite seizure development decrease and the same
pro-depressant effect was observed in not-epileptic Wistar rats. At odds, 7 days
treatment in epileptic WAG/Rij rats had antidepressant-like effects which were not
observed in not-epileptic Wistar controls indicating that effects on depressive-like
behaviour were due to rapamycin antiseizure effects on absences (Russo et al.
2013Db). This is in line with the antidepressant effects of ketamine based on mTOR
activation rather than inhibition (Koike et al. 2011).

Epigenetic modifications responsible for the regulation of normal brain activity
are gaining attention as possible dysregulated systems within neuronal disorders
including epilepsy (Hauser et al. 2018; Kobow et al. 2020). Histone and nucleotide
modifications (acetylation and methylation, among others) have also been found in
epilepsy-associated comorbidities; epigenetic therapies that include HDAC enzyme
inhibitors (such as sodium butyrate, trichostatin A, and valproic acid) have the
potential to alter genic expression in epileptic disease providing a novel way for
disease modification, and potentially block or reduce the epileptogenic process and
associated comorbidity (Citraro et al. 2018; Hauser et al. 2018). Understanding of
the epigenetic role in both epilepsy and its comorbidities appears to be a very
relevant topic, this is underlined by the current knowledge that valproic acid may
also act through HDAC and it is known to be antiepileptogenic but also to be an
effective treatment in neuropsychiatric disorders (Spina and Perugi 2004).

In genetic epilepsies, the genetic background is driving epileptogenesis and its
related comorbidities as much as it happens in post-insult models and epilepsies; this
phenomenon has been widely studied in the WAG/Rij rat model which absence
seizures are based on an altered genetic background and appear around the age of
2-3 months. It has been demonstrated that early administrations of several drugs can
reduce the development of both seizures and associated comorbidities, therefore the
time-window before seizure onset is regarded as an epileptogenic process (Russo
et al. 2016a; Russo and Citraro 2018).

5 Conclusive Remarks

Although different interventions have been studied in diverse animal models of
epileptogenesis, there is yet no FDA-approved drug or therapy that effectively
prevents or blocks acquired epileptogenesis in patients at risk. Moreover, a potential
issue is that the underlying biological mechanisms that contribute to epileptogenesis
in one model of epilepsy are not necessarily the same as those in another model. By
virtue of this, there is much to be studied about their validity and work is still needed
to understand how experimental models could be employed in a drug discovery
protocol. Therefore, to date, there is great need for effective antiepileptogenic agents
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or disease-modifying therapies that may stem the growing population and social
impact of epileptic patients. Disease-modifying strategies for symptomatic epilepsy
should aim at diminishing the frequency of seizures, delaying its emergence after the
triggering insult, or completely abolishing seizures and reducing the psychiatric and
neurocognitive comorbidities (Simonato et al. 2014). The ideal intervention would
exhibit both characteristics, as they both significantly contribute to morbidity and
mortality in epilepsy patients Although the prevention of all epilepsies is unrealistic,
recent studies have therefore largely shifted their focus to potential disease-
modifying or antiepileptogenic  strategies such as anti-inflammation,
neuroprotection, mTOR inhibition, regulation of neuronal plasticity, and epigenetic
targets to identify molecular targets for preventing the development or progression
of epilepsy resulting in milder disease if not a complete cure. Epileptogenesis is
clearly accompanied by several comorbidities, in this scenario, the network dys-
functions linked to a comorbidity could also reveal ongoing epileptogenesis and thus
provide a target for identification of network-specific biomarkers. Therapeutic inter-
ventions can positively affect comorbidity development along with seizure devel-
opment; however, we should not forget that drugs often can be responsible for
comorbidities. From a pathological point of view, several mechanisms are clearly
shared by the two phenomena and probably we may believe that there is no
epileptogenesis and accompanying comorbidities but just one disease with different
symptoms occurring over time.
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Abstract Patients with epilepsy can experience different neuropsychiatric symp-
toms related (peri-ictal) or not (interictal) with seizures. Peri-ictal symptoms can
precede (pre-ictal) or follow (post-ictal) the seizure, or even be the expression of the
seizure activity (ictal). Neuropsychiatric symptoms, such as irritability and apathy,
are among the most frequent pre-ictal manifestations. Ictal fear is reported by around
10% of patients with focal seizures, and sometimes can be difficult to differentiate
from panic attacks. Post-ictal anxiety, mood and psychotic symptoms are also
frequently reported by patients. Peri-ictal phenomena can occur as isolated symptom
or as a cluster of symptoms, sometimes resembling a full-blown psychiatric syn-
drome. Actually, peri-ictal and interictal neuropsychiatric manifestations seem to be
closely associated.
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Para-ictal symptoms - Peri-ictal symptoms - Post-ictal anxiety - Post-ictal
depression - Post-ictal psychoses - Post-ictal symptoms - Pre-ictal symptoms

1 Introduction

Patients with epilepsy (PWE) can experience a broad range of behavioral and
psychiatric symptoms that are typically categorized according to their temporal
relation with the ictus (Ettinger and Kanner 2007; Kanner and Schachter 2008;
Kanner 2011; Krishnamoorthy et al. 2007). The symptoms are called interictal if
there is no temporal association between them and seizure occurrence. Peri-ictal
symptoms are time-locked to seizures, i.e. they can precede (pre-ictal) or follow
(post-ictal) the seizure, or even be the expression of the seizure activity (ictal).
Finally, para-ictal phenomena refers to psychiatric symptoms that occur in patients
with difficult to treat epilepsy following seizure remission or control, being also
called “phenomenon of forced normalization” or “alternative psychopathology.”

Peri-ictal psychiatric manifestations have been historically well described in the
literature, but they remain much less studied than interictal ones. Nonetheless, they
contribute to disability and distress among PWE (Mula and Monaco 2011). More-
over, peri-ictal phenomena can occur as isolated symptoms or as a cluster of
symptoms, sometimes resembling a full-blown psychiatric episode. These symp-
toms may account for noticeable clinical differences in psychiatric presentation
between patients with and without epilepsy.

This chapter will review peri-ictal and para-ictal psychiatric phenomena in PWE,
also discussing their association with interictal psychopathology. The main features
and frequency of these behavioral and/or psychiatric manifestations are presented in
Table 1.

2 Peri-Ictal Behavioral Manifestations

2.1 Pre-Ictal Symptoms

Among different potential pre-ictal symptoms (e.g., headache, autonomic changes,
etc.), behavioral or psychiatric symptoms are the most frequent, notably irritability
and mood changes, such as sadness and apathy. Pre-ictal psychiatric symptoms may
precede a seizure by minutes to up to 3 days and might represent the expression of
epileptic activity. However, they are not related to scalp electroencephalography
(EEG) changes (Mula and Monaco 2011).

In their pivotal study, Blanchet and Frommer (1986) systematically investigated
the presence of pre-ictal psychiatric symptoms in 27 patients who were asked to rate
their mood daily for a period of 56 days. Dysphoric symptoms were present in 22 of



Peri-Ictal and Para-Ictal Psychiatric Phenomena: A Relatively Common Yet. ..

173

Table 1 Main features and frequency of behavioral and psychiatric manifestations related to
epileptic seizures

Relation with
Period ictus Duration of symptoms Main behavioral features | Frequency
Pre-ictal | Before Three days before to one | Irritability, dysphoria, 13-81.5%
day after ictus depressed mood
Ictal At the moment | Less than 1 min Fear 10-15%
of ictus Depression 1%
Psychosis ?
Post- After Immediately after to 120 h | Psychosis 11-15%
ictal after the ictus Depression 18%
Manic/hypomanic 22%
Anxiety 33%
Para- With seizure ? Depression 13-15%
ictal control Anxiety 11-15%
Psychosis 4-8%
PNES 1.8-10%
Interictal | No relation - Depression 24-74%
Anxiety 10-25%
Psychoses 2-9%
Personality disorders 1-2%

the 27 patients (81.5%), and they became worse closer to the seizure (Blanchet and
Frommer 1986). More recently, Mula et al. (2010) reported a prevalence of 13% of
pre-ictal dysphoric symptoms in PWE, highlighting that such symptoms are clini-
cally similar to interictal ones (Mula et al. 2010).

Since pre-ictal psychiatric symptoms are not easily detected by rating scales or
self-administered questionnaires, clinicians must directly investigate them as they
can inform about seizure occurrence. This might allow preventive and/or therapeutic
anti-seizure measures.

2.2 Ictal Symptoms

Ictal psychiatric symptoms represent focal aware seizures that may be followed by
consciousness impairment. In most cases, they are brief, lasting less than 1 min, and
associated with motor automatisms and/or post-ictal confusion. They can assume
different presentations, including ictal fear, ictal depression, and ictal psychosis.
Ictal fear (IF) is the most frequently reported ictal psychiatric symptom, being
reported by around 10% of patients with focal seizures. It typically manifests as a
sudden fear at the beginning or during an epileptic seizure, without context or any
relation to a precedent perception or cognition. IF duration is usually short, varying
from 30 to 60s, and can be accompanied of other ictal signs like motor automatisms
and impaired awareness (Feichtinger et al. 2001; Kanner 2004; Beyenburg et al.
2005; Rosa et al. 2006). Its intensity may vary from mild anxiety to an out of
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Table 2 Clinical differentiation between ictal fear and panic attack

Clinical

feature Ictal fear Panic attack

Duration Usually less than 30 s Usually between 5 and

10 min

Fear Usually mild to moderate Usually intense

sensation

Associated | Autonomic symptoms, including excessive saliva- Autonomic symptoms, but

symptoms | tion and motor automatisms not excessive salivation

Outcome Focal aware seizure can evolve with impaired Patients can develop ago-
awareness and into secondarily generalized tonic- raphobia in the long term
clonic seizures

proportion terror distinguishable from the expected apprehension that accompanies
the beginning of a seizure. In some cases, IF can resemble the feeling of someone’s
presence, be associated with an unpleasant revival of past events or accompanied by
autonomic symptoms (tachycardia, hyperventilation, diaphoresis) (Rosa et al. 2006;
S0 2006). It may also coexist with other manifestations of focal aware seizures, such
as epigastric aura, jamais vu, and depersonalization (Rosa et al. 2006). IF can be the
only manifestation of the patient’s seizure, which might lead to the misdiagnosis of
panic disorder (Gaitatzis et al. 2004; Chiesa et al. 2007; Guimond et al. 2008; Toth
et al. 2010) (Table 2). Although IF has been reported in extratemporal epilepsies
(e.g., cingulate gyrus), it is more frequent in patients with mesial temporal lobe
epilepsy (MTLE), mostly originating in right structures. Since IF is more frequently
associated with epileptic discharges from mesial temporal areas, Feichtinger et al.
(2001) investigated the post-surgical seizure outcome of 33 patients with refractory
MTLE, 12 of whom experienced IF who underwent an anteromesial temporal lobe
resection. Eleven out of the 12 who reported IF (91.6%) became seizure free
postoperatively. In contrast, only 11 out of other 21 patients without IF (52.3%)
had such favorable outcome. Accordingly, the presence of IF could contribute to the
localization of epileptogenic zone in mesial temporal structures, also highlighting the
relevance of IF as prognosis marker of surgical outcome (Feichtinger et al. 2001).

Ictal depressive symptoms, including anhedonia, guilt, and suicidal ideation, are
the second most frequently reported ictal psychiatric manifestations. They occur as a
clinical expression of a focal aware seizure in approximately 1% of patients and
more commonly in temporal lobe epilepsy. Typically, ictal symptoms of depression
are followed by alteration of consciousness as the ictus evolves from a focal aware to
a focal impaired awareness seizure (Kanner and Schachter 2008). At times, these
brief mood changes represent the only expression of focal aware seizures and,
consequently, may be difficult to recognize them as epileptic phenomena.

Ictal psychoses usually represent the manifestation of a nonconvulsive status
epilepticus, either in generalized (or absence) or in focal (with or without impaired
awareness) status (Kanner 2011). The duration of symptoms, such as aggressive and
disorganized behaviors and visual hallucinations, varies from hours to days. Ictal
psychosis of temporal lobe origin is characterized by a more profound impairment of
consciousness as compared to extratemporal ones (Nadkarni et al. 2007). Ictal
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hallucinations are usually visual and less frequently auditory. PWE also retain some
insight that such hallucinatory symptoms are unreal. Interestingly, Devinsky et al.
(1989) reported a specific ictal hallucination, namely autoscopic or “out of the body”
experiences, showing that these phenomena have a localizing (most originating from
the temporal lobes) but no lateralization value (Devinsky et al. 1989).

2.3 Post-Ictal Symptoms

Post-ictal symptoms may begin either immediately after the seizure (immediate
phase) or more characteristically later (delayed phase), i.e. from 12 h to 7 days
after a seizure. Cognitive disorders and headache are typical of the immediate post-
ictal phase, while post-ictal psychiatric symptoms occur during the delayed phase.
Kanner (2004) determined the frequency of post-ictal psychiatric symptoms in a
cohort of patients with refractory partial epilepsy, finding 45% of anxiety, 43% of
depression, 22% of hypomania, and 7% of psychosis.

Although post-ictal psychoses (PIP) are not the most frequent post-ictal psychi-
atric syndrome or symptom, they are the best characterized one. This is, at least in
part, due to the fact that PIP are frequently referred for psychiatric assessment,
accounting for as much as 25% of cases of psychosis in early series (Kanner 2011;
Mula and Monaco 2011). More recent studies assessing psychiatric disorders in
patients with resistant MTLE and with juvenile myoclonic epilepsy (JME) have
reported psychosis in 11-15% and 3-5% of patients, respectively. PIP represented
around 30% and 40% of the diagnoses of psychotic disorders in patients with JME
and MTLE, respectively (De Oliveira et al. 2010; De Araujo Filho et al. 2008, 2011).
Clinical variables associated with PIP include: long epilepsy duration, secondary
generalized tonic-clonic seizures, marked affective component (e.g., manic/hypo-
manic or mixed mood features) in the presentation, and response to low dose of
antipsychotic drugs and benzodiazepines (Adachi et al. 2003, 2007; Kanner and
Barry 2001; Elliott et al. 2009). Actually, the typical phenomenology of PIP is
marked by grandiose, paranoid, and/or religious delusions in the setting of affective
changes, mostly mood elevation. Schizophreniform traits, such as perceptual delu-
sions and auditory hallucinations, including commanding/commenting voices, can
be present, but are much less frequent (Kanemoto et al. 1996, 1998; Kanner 2011). It
has been proposed that PIP would be a predictor of bilateral ictal foci and, therefore,
a clinical marker of poor surgery outcome (Kanner and Ostrovskaya 2008). Con-
versely, the presence of PIP in patients with unilateral MTLE was associated with
favorable post-surgical psychiatric and surgical outcomes. In a retrospective cohort
with 115 MTLE patients submitted to cortico-amygdalo-hyppocampectomy, PIP
was present in four patients (3.6%) and all of them became seizure-free and
presented complete remission of psychotic symptoms after surgery (De Araujo
Filho et al. 2012a, b).

Compared to PIP, post-ictal mood changes are less frequently studied and
recognized in clinical practice. Their prevalence in large populations of PWE
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remains to be established. In a monitoring unit, Kanner et al. (2004a) investigated the
presence of habitual post-ictal symptoms of depression in 100 consecutive patients
with poorly controlled focal seizure disorders (79 patients had MTLE and 21 had
seizures of extratemporal origin). Forty-three patients (43%) had a mean of 4.8 + 2.4
post-ictal symptoms of depression (range = 2-9; median = 5) with a pleomorphic
presentation. Thirteen patients (13%) reported post-ictal suicidal ideation; eight of
them experienced passive and active suicidal thoughts, while five only reported
passive suicidal ideation. In addition, 18% of patients had at least five symptoms of
depression lasting more than 24 h, but less than 2 weeks — temporal criterion
required by the DSM for a major depressive episode diagnosis (Kanner et al.
2004a). There was a significantly greater number of post-ictal symptoms of depres-
sion in patients with an interictal history of depression and anxiety disorders, and a
significant association between the occurrence of post-ictal symptoms of depression
and prior psychiatric hospitalization primarily due to post-ictal suicidal ideation. A
comparison of seizure-related variables between patients with post-ictal depressive
episode and patients without any post-ictal psychiatric symptom failed to reveal any
differences (Kanner et al. 2004a; Kanner and Schachter 2008; Kanner 2011). Post-
ictal depressive symptom or episode may occur despite successful treatment of
interictal depressive symptoms, and the only prevention strategy seems to be sup-
pression of seizures (Kanner 2011).

In the aforementioned study, manic/hypomanic symptoms occurred in 22% of
100 patients, frequently with psychotic symptoms (Kanner et al. 2004a). Such manic
episodes last longer and have a higher frequency of recurrence than PIP, being
associated with EEG frontal discharges and dominant hemisphere involvement
(Nishida et al. 2006; Kanner and Schachter 2008).

Post-ictal anxiety is a frequent psychiatric manifestation, being reported by 45 out
of 100 patients (45%) in a case series (Kanner et al. 2004a). Of them, 15 (33%)
experienced a cluster of four symptoms that lasted at least 24 h. A prior history of
anxiety disorder was also identified in 15 patients (33%). There was a significant
association between a history of anxiety disorder and the occurrence of two post-ictal
symptoms of anxiety: constant worrying and panic feelings. In addition, there was a
greater number of post-ictal symptoms of anxiety in the presence of a past history of
anxiety and depressive disorders (Kanner and Schachter 2008).

3 Para-Ictal (‘‘Alternative’) Behavioral Manifestations

Para-ictal or alternative psychiatric phenomena refer to de-novo psychotic and/or
mood disorders in patients with treatment-resistant epilepsy following seizure remis-
sion or control. In 1958, Landolt reported series of patients with treatment-resistant
epilepsy who developed de-novo psychotic episodes associated with a remission of
their seizures and a normalization of their EEG recordings. This phenomenon was
referred to as “forced normalization” (FN) of the EEG. Later, Tellenbach introduced
the term “alternative psychosis” to denote the reciprocal relationship between
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abnormal mental states and seizures, which did not rely on EEG findings, as
Landolt’s term did. In either case, since these early studies, several patients with
alternating psychosis have been documented (Trimble and Schmitz 1998; Mula and
Monaco 2011; Calle-Lépez et al. 2019).

Studies have reported the appearance of para-ictal behaviors in association with
the prescription of specific anti-seizure medications, such as barbiturates,
ethosuximide, vigabatrin, topiramate, levetiracetam, and zonisamide (Schmitz
2006; Mula and Monaco 2009; Chen et al. 2017; Calle-Lépez et al. 2019). Other
series described para-ictal phenomena, such as de-novo psychotic, depressive and
anxiety symptomatology, following epilepsy surgery in patients reaching seizure
control (De Araujo Filho et al. 2012a, b; Ramos-Perdiguez et al. 2018; Calle-Lépez
et al. 2019). FN has also been associated with para-ictal psychosis secondary to
vagus nerve stimulation, suggesting that the mechanisms underlying the control of
seizures are inextricably linked to those of psychosis (Gatzonis et al. 2000; Schmitz
2006; Mula and Monaco 2011).

There is no specific or prototypical presentation of this phenomenon. In 44 cases
of FN described by Wolf (1991), the commonest psychiatric syndromes were
psychosis while dysphoria marked by restlessness and anxiety was also frequent.
Studies have also proposed that the symptomatology is often determined by person-
ality structure, psychiatric history, or familial predisposition (Mula and Monaco
2011). In a recent systematic review, the clinical and sociodemographic data of
193 episodes of FN were evaluated (Calle-Lopez et al. 2019). Sixty percent of PWE
were female, with a mean age of 28.3 + 14.2 years. The majority had focal (80%)
symptomatic (44%) epilepsy. Most patients reported a high seizure frequency (58%)
and were on polypharmacy (51%). Patients presented psychosis (86.4%), mood
disorders (25.8%), and dissociative disorders (4.5%) as the main psychiatric mani-
festation. In the psychosis group, persecutory delusions (52.6%) and referential
thinking (47.3%) were the most frequent symptoms. FN was provoked by an anti-
seizure medication (48.5%), mainly levetiracetam, epilepsy surgery (31.8%), or
vagus nerve stimulation (13.6%). Treatment included anticonvulsant withdrawal
(47%) or taper (25%), and antipsychotics were initiated in the majority of cases
(73%). Psychiatric symptoms were partially controlled in 35%, with complete
resolution of symptoms in the remaining 65% of cases. Most patients (87%) with
anti-seizure medication-triggered FN had complete resolution of psychiatric symp-
toms following their discontinuation in comparison with 28.5% of patients with
surgery-triggered FN [36]. Antipsychotic drug use did not result in symptom
remission as much as anti-seizure medication discontinuation. Although there was
a positive response to treatment in patients with FN triggered by drugs, the prognosis
was more reserved in patients with surgery-triggered FN (Calle-L6pez et al. 2019).
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4 Association Between Peri-Ictal and Interictal Behavioral
Manifestations

Studies have consistently reported high prevalence of interictal psychiatric disorders
in PWE, particularly among those with pharmaco-resistant MTLE, with numbers
ranging from 20 to 70%. Mood disorders have been observed as the most common
interictal psychiatric disorders (24—74%), followed by anxiety (10-25%), psychosis
(2-9%), and personality disorders (Gaitatzis et al. 2004; De Oliveira et al. 2010,
2011, 2012; De Araujo Filho et al. 2012a, b; Mula et al. 2008).

Although the association between interictal psychopathology and peri-ictal
behavioral manifestations has not been thoroughly investigated, the available evi-
dence suggests that they are closely related. While interictal symptoms constitute a
risk factor for the development of peri-ictal psychiatric symptoms, post-ictal psy-
chopathology contributes to the development of chronic psychiatric conditions
(Mula and Monaco 2011). One important related issue is the potential peri-ictal
exacerbation of interictal symptoms, which seems to happen in most patients.

In this context, studies have identified a discrete condition marked by interictal
symptoms of depression and anxiety that worsened in severity during the post-ictal
period, referred to as interictal symptoms with a post-ictal exacerbation (ISPE).
Interictal depression, anxiety, and neurovegetative symptoms with post-ictal exac-
erbation were identified in 36 of 100 patients, with 19 of those 36 (52.7%) presenting
only ISPE, while the remaining 17 had both ISPE and interictal symptoms (Kanner
et al. 2004b; Kanner and Schachter 2008; Kanner 2011). Among 36 patients with
ISPE, thirty (83%) experienced distinct post-ictal symptoms of depression or anxi-
ety. In 13 patients, antidepressant medication was started for the treatment of post-
ictal symptoms of depression and anxiety but failed to prevent them. An important
clinical factor associated with the occurrence of ISPE and post-ictal symptoms of
depression and anxiety was poor seizure control, which might account for the
patient’s perceived chronic dysphoric states. Alongside this persistent dysphoria,
post-ictal symptoms negatively affect the patient’s perception of his/her quality of
life (Kanner et al. 2004b; Kanner and Schachter 2008; Kanner 2011).

Anti-seizure medications with GABAergic properties (e.g., benzodiazepines,
barbiturates) may contribute to post-ictal exacerbation of interictal symptoms
(Ettinger and Kanner 2007; Kanner and Schachter 2008; Mula and Monaco 2011).
From a therapeutic perspective, it is worth mentioning that while antidepressants do
not prevent the development of post-ictal mood symptoms, antipsychotics seem to
be effective for post-ictal psychosis (Kanner 2011). This failure of post-ictal depres-
sive symptoms to respond to standard pharmacological strategies suggests different
underlying pathogenic mechanisms compared to interictal and/or idiopathic psychi-
atric disorders (Kanner et al. 2004b; Kanner and Schachter 2008).
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5 Conclusion

The current chapter reviewed peri-ictal and para-ictal psychiatric and behavioral
symptomatology occurring in PWE, illustrating the high frequency of such symp-
toms and their association with interictal conditions. Recognition of peri-ictal
episodes is of paramount importance as they may have a negative impact on the
quality of life of patients. Unfortunately, post-ictal psychiatric symptoms are rarely
investigated in clinical practice. The recognition of these phenomena represents the
essence of the neuropsychiatry of epilepsy. Missing their diagnoses might have
practical implications regarding prognosis and therapeutics, issues that must be
better investigated in research settings. Finally, the atypical characteristics of peri-
ictal and para-ictal psychiatric symptoms or clusters of symptoms require that
screening instruments and structured psychiatric interviews be developed specifi-
cally for PWE.
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Abstract Any attempt to compare the definitions of symptoms listed for “primary
psychoses” with those adopted in studies of psychoses in patients with epilepsy
(PWE) will encounter problems of heterogeneity within both conditions. In this
manuscript, five psychotic illnesses listed in Diagnostic and Statistical Manual of
Mental Disorders-5th Edition (DSM-5), that 1is, brief psychotic illness,
schizophreniform disorder, schizophrenia, delusional disorder, and schizoaffective
disorder are compared with postictal (or periictal) and interictal psychotic disorders
in PWE. After examining definitions of primary psychoses, definitions of psychoses
adopted in the papers dealing with postictal and interictal psychoses are summarized.
Further, diagnostic criteria of five types of psychotic disorders in PWE proposed in
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2007 by Krishnamoorthy et al. are also discussed, which include postictal psychosis,
comorbid schizophrenia, iatrogenic psychosis caused by antiepileptic drugs (AEDs)
(AED-induced psychotic disorder: AIPD), and forced normalization. Evidently, a
comparison between postictal psychosis and schizophrenia is pointless. Likewise,
schizophrenia may not be an appropriate counterpart of forced normalization and
AIPD, given their acute or subacute course.

Based on these preliminary examinations, three questions are selected to compare
primary psychoses and psychoses in PWE: Is postictal psychosis different from a
brief psychotic disorder? Does epilepsy facilitate or prevent the development of
psychosis or vice versa? Is interictal psychosis of epilepsy different from process
schizophrenia? In conclusion, antagonism between psychosis and epileptic seizures
in a later stage of active epilepsy seems not to be realized without reorganization of
the nervous system promoted during an earlier stage. Both genetic predisposition
and the summated effects of epileptic activity must be taken into consideration as
part of a trial to explain interictal psychosis. Interictal psychosis is an aggregate of
miscellaneous disorders, that is, co-morbid schizophrenia, AED-induced psychotic
disorders, forced normalization, and “epileptic” interictal psychosis. Data are lacking
to conclude whether differences exist between process schizophrenia and “epileptic”
interictal psychosis in terms of negative symptoms, specific personal traits, and the
“bizarre-ness” of delusory-hallucinatory contents. These discussions may shed light
on the essence of process schizophrenia, thus allowing it stand out and receive
increased focus.

Keywords Epilepsy - DSM-5 - Psychosis - Schizophrenia

Primary psychosis is often used interchangeably with genetically mediated psychotic
disorders. However, individuals who have a genetic predisposition to psychotic
illness do not always develop frank psychotic symptoms without short- or long-
term exposure to additional provocative environmental factors. As a result, detailed
discussions are needed to strictly define what primary psychosis is before attempting
to answer the question addressed in this paper. Fortunately, most clinicians would
likely agree that the common clinical manifestations of primary psychosis roughly
correspond to the five psychotic illnesses listed in Diagnostic and Statistical Manual
of Mental Disorders-5th Edition (DSM-5). These include brief psychotic illness,
schizophreniform disorder, schizophrenia, delusional disorder, and schizoaffective
disorder. Yet, the precise neurobiological pathogenic mechanisms of these syn-
dromes have been questioned by investigators engaged in the identification of
genes responsible for schizophrenia (Jablensky 2016; Owen et al. 2007).

Any attempt to compare the symptoms listed in the five “primary psychoses” with
those identified in studies of psychoses in patients with epilepsy (PWE) will be faced
by the clinical heterogeneity in both conditions. While differences in the pathophys-
iological mechanisms operant in the five “primary psychoses” are yet to be
established, two psychotic disorders in PWE present distinct clinical and pathophys-
iologic characteristics; these include postictal (or peri-ictal) and interictal psychotic
disorders (Kanemoto et al. 2012). Thus, it is important to note the differences in the
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diagnostic framework between the DSM system and psychotic illness in PWE. That
is, while a diagnosis of primary psychotic disorders is based on psychiatric phe-
nomena described in the DSM classification system, a temporal relationship between
psychotic symptoms and seizures or seizure clusters is necessary when classifying
psychoses in PWE.

1 Comparisons Between Definitions of Primary Psychoses
and Psychoses in PWE

1.1 Definitions of Primary Psychoses in the DSM-5

Table 1 presents the diagnostic criteria for the five primary psychoses according to
the DSM-5 criteria (Tandon et al. 2013). To summarize, one of three symptoms
including delusions, hallucinations, and disorganized speech (also referred to as
thought disorder) must be present as a minimal requirement to consider a diagnosis
of psychosis. Since thought disorder must be verbally expressed, disorganized
speech is a better term. In addition, the DSM-5 classification calls for identifiable
impairments of daily life functions, such as work, interpersonal relationships, and
self-care. Grossly disorganized behavior and negative symptoms are listed as sec-
ondary symptoms. While the recognition of these secondary symptoms is nearly
always associated with impaired daily life functions, it is not necessarily true of the
essential symptoms. For example, an imaginary companion (Seiffge-Krenke 1997),
a fictitious person usually created during childhood, with whom the child talks to and
plays with as if they were real, might be listed as a “symptom,” which in most cases
is not clinically significant.

1.2 Postictal Psychosis

Table 2 summarizes the symptoms of postictal psychotic episodes. Compared to the
primary psychoses included in DSM-5, postictal psychotic episodes have three
clinical features, including a broader type of psychiatric symptoms, a shorter min-
imum duration, and inclusion of delusions and hallucinations in the setting of
impaired awareness and a temporal relationship between psychiatric symptoms
and seizures. The latter is a prerequisite for the diagnosis of postictal psychosis.
Additionally, in the original report of Logsdail and Toone (1988), delirium was
explicitly accepted among the psychiatric manifestations of postictal psychosis.
Furthermore, Levin (1952) published a case series of patients with postictal psycho-
sis, which he described as “epileptic clouded states,” indicating that impairment of
consciousness is an essential feature of this disorder. Nonetheless, psychotic symp-
toms can also occur in the absence of a confusional state, as reported by Logsdail and
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Fig. 1 P. psychosis, AIPD AED-induced psychotic disorder, Co.-S. co-morbid schizophrenia,
Sub.-ind.-P. substance/medication-induced psychotic disorder

Toone, who intended to create a clear distinction between postictal psychosis and
commonly observed postictal confusion. In fact, postictal confusion rarely lasts for
more than 12 h, though a transient decline of cognitive function may last longer
periods of time especially in elderly patients (Theodore 2010).

Postictal psychotic episodes generally remit within 2—4 weeks (Adachi et al.
2007). Among the primary psychoses, brief psychotic disorder is the only possible
entity in the differential diagnosis to consider, based on the short duration of the
event. While disorganized speech (or thought disorder) is included in the DSM-5
criteria of brief psychotic disorder, only a few authors who have investigated
postictal psychosis included this symptom as indicative of the condition. However,
this difference seems more apparent than real. In acute psychotic states, patients are
likely to be in a state of extreme agitation and the presence of disorganized speech
often becomes apparent only after an in-depth evaluation, which may be often
difficult under these circumstances. Therefore, delusions and/or hallucinations
remain the only reliable indicators of psychosis in both conditions (Marneros et al.
2005). Violence (Gerard et al. 1998; Kanemoto et al. 2010), religiosity (Trimble and
Freeman 2006; Devinsky and Lai 2008), and sexual disinhibition have also been
pointed out as hallmarks of postictal psychosis, which will be discussed in detail
later.

1.3 Interictal Psychoses

Discussion of interictal psychoses in PWE is much more complicated because of the
heterogeneity of the condition (Krishnamoorthy et al. 2007). A diagnostic criteria of
five types of psychotic disorders in epilepsy was proposed in 2007 and included
postictal psychosis, co-morbid schizophrenia, iatrogenic psychosis caused by
antiepileptic drugs (AEDs) and forced normalization. As illustrated in Fig. 1, these
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types of psychotic disorders are interrelated. Table 3 summarizes the clinical char-
acteristics of the different types of interictal psychoses.

1.3.1 Co-morbid Schizophrenia

A genetic predisposition apparently can play a predominant role in the development
of psychotic disorders in PWE (Adachi et al. 2011), as illustrated by co-morbid
schizophrenia. Indeed, the development of schizophrenia in PWE is known to be
facilitated by an extrinsic insult to the brain in genetically susceptible individuals
(Slater and Beard 1963; Qin et al. 2005), Epilepsy, and in particular treatment-
resistant epilepsy, may well be such insult, just like traumatic brain injury (Molloy
et al. 2011). These hypotheses have been supported by data from family studies of
PWE with psychotic disorders, which have consistently identified an increased
family history of psychosis (Adachi et al. 2011). Further, some investigators postu-
late that the converse is also true. That is, the presence of psychosis increases the risk
of occurrence of epilepsy. The existence of common pathogenic mechanisms oper-
ant in both conditions has been proposed as a possible explanation of this bidirec-
tional relationship between psychosis and epilepsy (Adachi et al. 2000; Mula 2012;
Chang et al. 2011; Hesdorffer et al. 2012).

The complex relationship between epilepsy and psychotic disorder is illustrated
in the improvement of some symptoms of schizophrenia with electroconvulsive
therapy (ECT) (Ali et al. 2019), while some authors have postulated a protective
effect of epileptic seizures against psychotic symptoms (Greena et al. 2016). As
reviewed later in this manuscript, several authors have postulated theories
suggesting a biological antagonism between schizophrenia and epilepsy (Trimble
1977).

1.3.2 Iatrogenic Psychotic Disorder

Generally, psychotic disorders in this category present as acute symptomatic
non-convulsive seizures, also described as spike-wave stupor. It is a type of
non-convulsive status epilepticus with diffuse spike-wave complexes on EEG
described by Niedermeyer and Khalifeh (1965) half a century ago. Several classes
of drugs such as antibiotics and antidepressants (Cock 2015), as well as metabolic
disorders are known to induce spike-wave stupor, which often presents as a brief
psychotic episode or a catatonic state. A short-lived confusional state is an essential
clinical feature of an iatrogenic psychotic episode, which must be distinguished from
other types of psychotic disorders in PWE, while its difference from primary
psychosis is obvious.
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1.3.3 Forced Normalization

Forced normalization is a term originally proposed by the Swiss psychiatrist Landolt
(1953, 1958, 1963), which describes rapidly developing psychiatric symptoms
associated with a simultaneous disappearance or significant decrease of epileptiform
discharges on the EEG recordings of patients with poorly controlled seizures.
Tellenbach in 1965 broadened this term with the inclusion of seizure remission or
a significant decrease in their frequency in addition to the above cited EEG changes.
In a substantial number of patients, forced normalization follows successful phar-
macologic or surgical therapeutic interventions (Calle-Lopez et al. 2019). Forced
normalization has also been reported following successful treatment of seizures with
vagus nerve stimulation, which usually has therapeutic psychological effects (Vonck
et al. 2010). Just like postictal psychosis, forced normalization has a temporal
relation with seizure occurrence. In fact, based on a later definition of forced
normalization proposed by Krishnamoorthy and Trimble (1999), symptoms identi-
fied are not limited to psychotic phenomena, but include mood changes, symptoms
of anxiety with depersonalization and derealization and conversion disorders. Pri-
mary schizophreniform disorder is the type of primary psychosis that should be
considered in the differential diagnosis with forced normalization based on their
respective duration.

1.3.4 AED-induced Psychotic Disorder (AIPD)

Iatrogenic psychiatric events caused by AED can include a wide array of psychiatric
phenomena, including irritability and aggressive behavior, depression, anxiety, and
psychotic episodes (Chen et al. 2017). Among these, psychotic episodes have been
reported to occur with a relatively low frequency. Yet, the impact of AIPD is often
greater than suggested by prevalence data, given the disruptive effects on social
relationships as well as the under-recognition due to a pervasive lack of psychiatric
training of medical personnel involved in the care of patients with epilepsy (Tarrada
et al. 2019).

AIPD mainly consists of four different pathophysiological conditions: forced
normalization, AED-induced interictal psychosis, postictal psychosis induced by
withdrawal of AEDs, and AED-induced worsening of epileptic activity. The first
two disorders, that is, AED-induced interictal psychosis with and without forced
normalization, are the core syndromes of AIPD.

Postictal psychosis resulting from withdrawal of AEDs is prevalent among
candidates for epilepsy surgery who are undergoing a video-EEG monitoring
study as part of their presurgical evaluation (Devinsky et al. 1995; Kanner et al.
1996, Alper et al. 2008), during which seizures are induced by reducing or stopping
AEDs, which often results in a seizure cluster. The long history of treatment-resistant
focal epilepsy in these surgical candidates makes them more susceptible to the
development of postictal psychosis following a seizure cluster.
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Table 4 Tentative comparison among epileptic interictal psychosis, forced normalization, and
co-morbid schizophrenia

Specific
Latent period between epilepsy and | Associated epilepsy personality
psychosis onset types trait
Epileptic Longer than 15 years Predominantly tempo- | Almost always
interictal P. ral lobe epilepsy present
Forced Longer than 15 years More miscellaneous Not so evident
normalization
Co-morbid S. | Shorter than 10 years? More miscellaneous Not so evident

AED-induced worsening or modification of epileptic seizure activity is well
known in patients with age-dependent focal epilepsies such as benign rolandic
focal epilepsy of childhood (Catania et al. 1999; Kikumoto et al. 2006). Sodium-
channel blockers can occasionally trigger spike-wave stupor with or without myo-
clonic components, simulating a catatonic state. Finally, in patients with epileptic
encephalopathy benzodiazepine can facilitate the development of clusters of tonic
seizures (Ohtsuka et al. 1982; Tassinari et al. 1972).

1.3.5 Interictal Psychosis

While epileptic seizures play a pivotal role in the development of postictal psychosis,
their pathogenic role in the development of interictal psychosis is yet to be
established, either as a direct result of the epileptic seizures or associated with a
genetic predisposition. For example, Adachi et al. (2018) found that the cumulative
number of seizures over a lifetime is a potent contributor to the genesis of psychotic
episodes. The impact of longstanding epileptic activity, especially that involving
limbic structures, may ultimately lead to synaptic reorganization that may facilitate
the development of psychotic disorders in some patients. Therefore, the nearly
obsolete term of “epileptic psychosis” should be used when referring to interictal
psychosis resulting from the cumulative effects of epileptic activity. Table 4 sum-
marizes the differences among co-morbid schizophrenia, forced normalization, and
epileptic interictal psychosis.

1.4 Summary

The differences between psychoses in PWE and primary psychoses in the DSM-5
are summarized in Table 5. Evidently, a comparison between postictal psychosis and
schizophrenia is pointless. Likewise, schizophrenia may not be an appropriate
counterpart of forced normalization and AIPD, given their acute or subacute course.
Based on the data included in Fig. 1 and Table 5, we will address the differences
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Table 6 Brief psychotic disorder (DSM-5) and ATPD (ICD-11)

S6:
S3: Ss5: Perplexity

Sl1: S2: Disorganized | Affective |and

Delusion | Hallucination | speech symptom | confusion Duration
Brief psy- | Yes Yes Yes 1
chotic mo.>>1
disorder day
ATPD Yes Yes Yes Yes Yes 3mo.>*

“Mostly remits within 1 month

between primary psychotic disorders and psychosis in PWE by answering the
following questions:

A. Is postictal psychosis different from a brief psychotic disorder?
B. Does epilepsy facilitate or prevent the development of psychotic disorders?
C. Is interictal psychosis of epilepsy different from process schizophrenia?

2 Question A: Is Postictal Psychosis Different from a Brief
Psychotic Disorder?

Before addressing this question, we need to compare Acute and Transient Psychotic
Disorder (ATPD) described in ICD-11 and Brief Psychotic Disorder, as the former
could also be confused with postictal psychosis. Table 6 presents diagnostic criteria
used of brief psychotic disorder and ATPD. Two clinical differences can be noted
between brief psychotic disorder (DSM-5) and ATPD (ICD-11) (Gaebel and Reed
2012). First, the ICD-11 criteria allows for a maximal duration of 3 months, and in
that way ATPD combines clinical elements of a brief psychotic disorder and, in part,
of schizophreniform disorder in DSM-5. Furthermore, although brief psychotic
disorder and schizophrenia cannot be differentiated on symptoms, ATPD is symp-
tomatically different from schizophrenia in that it shows a pleomorphic symptom-
atology with prominent affective features with a fluctuating course. Two traditional
concepts of primary acute psychotic disorders, namely, the French concept of
“bouffée délirante” and the German concept of Angst-Gliick Psychose, are known
to be immediate precursors of ATPD (Marneros and Pillmann 2004), and show a
striking phenotypic similarity to postictal psychosis.

“Bouffée délirante” is a traditional term used in French psychiatry for a primary
psychotic disorder of short duration (Pichot 1986; Pillmann et al. 2003a; Ferrey and
Zebdi 1999). The clinical features listed in that study by Pichot, such as sudden onset
delusions characterized by numerous, diverse, and protean delusional themes with-
out recognizable structure and cohesiveness, are sometimes accompanied by hallu-
cinations, clouding of consciousness associated with emotional instability, and rapid
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return to the premorbid level of functioning, all of which are features recapitulated
during episodes of postictal psychosis.

Among the three types of cyclic psychoses proposed by the German psychiatrist
Karl Leonhart (1957), Angst-Gliick Psychose, usually translated into English as
anxiety-elation psychosis, merits special attention when considering its differences
from postictal psychosis. Patients in this state experience extreme joy and anxiety, in
which the presence of or unity with God is often vividly realized along with agitated
ecstasy. Angst-Gliick Psychose and postictal psychosis are similar in that both
develop and remit rapidly, with a conspicuous religiosity that often supervenes.

Suicidality is another prominent feature noted during postictal psychotic epi-
sodes. A unique study presented by Pillmann et al. (2003b) demonstrated a high
suicide rate during an acute phase of ATPD. On the other hand, violent behavior,
another hallmark of postictal psychosis (Devinsky 2008; Kanemoto et al. 2010), has
yet to be fully investigated with regard to ATPD and a future study is anticipated.

3  Question B: Does Epilepsy Facilitate or Prevent
the Development of Psychotic Disorders?

The different subtypes of interictal psychoses should be discussed separately when
reviewing this question. Discussion about forced normalization and co-morbid
schizophrenia will be presented here.

By definition, forced normalization is manifested by a biological antagonism
between psychosis and epileptic activity. However, a recent study by Calle-Lépez
(2019) determined that forced normalization develops after patients have suffered
from seizure disorders for an average period of 17.75 years. This is comparable with
the duration of epilepsy preceding postictal psychosis as well as other types of
interictal psychoses. In addition to this long “incubation period,” it should be
noted that, even in those who experienced forced normalization induced by one
AED, the control of seizures with another AED does not always lead to psychosis.
Furthermore, complete seizure remission during the initial period of treatment is
only rarely associated with the development of alternative psychosis. In summary,
some additional conditions are needed for an “actual activation” of the antagonism
between psychosis and epileptic activity.

Christian (1957), Sachdev (2007), and Stevens (1988) have suggested that a
synaptic reorganization brought on by longstanding epileptic activity is a prerequi-
site for the development of the psychotic process with different phenotypic features
dependent on the triggering precipitants. Thus, clusters of seizures appear to be the
trigger of postictal psychotic episodes, while forced normalization is precipitated by
a drastic decrease in the seizure frequency or the achievement of seizure freedom.

Distinguishing between co-morbid schizophrenia and epileptic interictal psycho-
sis can be problematic in clinical practice as suggested by Wolf (1991) in his
discussion of the subtypes of psychoses in PWE. Since there are no data exclusively
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dedicated to co-morbid schizophrenia only hypothetical questions and answers are
possible.

An important question to first consider is whether epilepsy increases or decreases
the risk of developing schizophrenia.

In the early twentieth century, the antagonistic relationship between epilepsy and
schizophrenia was intensively discussed and advocated, at least on the symptomatic
level especially in German speaking countries (Glaus 1931; Wyrsch 1933). These
observations resulted in the development of chemical-induced convulsive therapy
against schizophrenia pioneered by Meduna (1935), which later led to electrocon-
vulsive therapy. Additional voluminous ECT data demonstrated a therapeutic effect
of schizophrenic symptoms (Grover et al. 2019; Sanghani et al. 2018). On the other
hand, as previously discussed, miscellaneous environmental insults to the brain
could promote occurrence of schizophrenia in genetically susceptible individuals.
The concept of a “double hit” postulates that exposure to one or more additional risk
factors, such as traumatic head injury (Molloy et al. 2011), CNS infection (Hickie
et al. 2009; Rantakallio et al. 1997), emotional trauma, and misuse of
psychostimulants (Hermens et al. 2009), might lead to frank psychosis in patients
considered to be “at risk.” Why not epilepsy as well? Additional data from
co-morbid schizophrenia cases are needed to answer this question.

4 Is Epileptic Interictal Psychosis Different from
Schizophrenia (Question C)?

Only a few studies have made direct comparisons between schizophrenia and
interictal psychosis in terms of psychiatric symptoms. The study of Perez et al.
(1985) was the first to compare three groups of patients, one with schizophrenia
(n = 9), the second with interictal psychosis consistent with nuclear schizophrenic
psychosis (n = 11), and the third group integrated by patients with interictal
psychosis inconsistent with nuclear schizophrenic psychosis (n = 13). Psychiatric
diagnosis was made based on a semi-structured interview using the CATEGO
system. The results showed a shorter duration of the latent period between epilepsy
and psychosis onset, a relatively high proportion of positive family history, and less
evidence of organic changes with intellectual disability in PWE with nuclear schizo-
phrenic symptoms. The authors seemed to pay less attention to the
non-schizophrenic type of interictal psychosis because they regarded it as a
non-specific generalized organic process. Matsuura et al. (2004) compared the
clinical characteristics of schizophrenia and interictal psychosis using a structured
assessment tool dedicated to psychosis in 58 consecutive PWE with psychotic
episodes, and age and sex-matched controls with schizophrenia spectrum disorders.
Psychosis in PWE had a less frequent positive family history of schizophrenia, good
recovery, and trend for preserved premorbid social functioning. In a prospective
cohort study using assessments performed with PANSS, Tadokoro et al. (2007)
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confirmed a better recovery and a decreased dose and number of antipsychotic drugs
needed to control the initial psychotic episode in PWE as compared to patients with
schizophrenia.

4.1 Are Negative Symptoms Less Remarkable in Interictal
Psychosis Compared to Process Schizophrenia?

Based on the original report of Slater and Beard (1963), loss of the affective response
is not as apparent in PWE with schizophrenia-like psychosis as in those with nuclear
schizophrenia. In addition, employment status was reported to be surprising good,
with 45% performing paid work. A friendlier and more co-operative relationship
with nursing staff and others surrounding the patient was also stressed, further
indicating a preserved emotional responsiveness. This description of
schizophrenia-like psychosis in PWE was also strongly supported by the observa-
tions by Pond (1957) at the Maudsley Hospital. Yet, it is the root of a long-lasting
controversy that remains even today. Slater and Beard negated two assumptions, that
is, the existence of co-morbid schizophrenia in a majority of PWE with psychosis
and the heterogeneity of schizophrenia-like psychosis. Thus, the description of the
schizophrenia-like psychosis described by Slater and Beard is in agreement with that
of the epileptic interictal psychosis presented in this paper.

The report of Matsuura et al. (2004) is possibly the only prospective study that
attempted to answer this question using a factor analysis that included negative and
positive symptoms. They found that interictal psychosis and process schizophrenia
shared a similar factor profile and concluded that the difference in symptomatology
between the two groups was quantitative rather than qualitative. However, it should
be noted that deficits of some cognitive functions are often counted as negative
symptoms, which in reality should be separated (Harvey et al. 2006). Even PANSS,
one of the most commonly used clinical rating scales for schizophrenia, counts some
items that clearly appear to be cognitive in nature among negative symptoms.
Although negative symptoms and cognitive deficits in schizophrenia share many
features and are correlated with respect to severity on a cross-sectional basis, the
correlation seems to be moderate at most. In contrast to the very few studies of
negative symptoms in the narrow sense, comparisons of cognitive function between
schizophrenia and interictal psychosis have been more often attempted (Nathaniel-
James et al. 2004; Mellers et al. 2000; Canuet et al. 2010). While a similarity
between both conditions has been suggested, some notable exceptions also exist.
According to Kairalla et al. (2008), while the selective attention tests were clearly
abnormal in both groups, patients with schizophrenia and those with interictal
psychosis performed differently in alternating and sustained attention tests. Patients
with interictal psychosis showed alternating attention deficits, whereas patients with
schizophrenia demonstrated deficits with sustained attention. These findings support
the clinical impression that patients with schizophrenia have difficulties in concen-
trating for an extended period of time, whereas patients with interictal psychosis tend
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“to be sticky” once they focus on some issues. Although an appropriate assessment
tool for specific deficits in PWE with interictal psychosis might be lacking, it is
necessary to be cautious now before drawing any final conclusions regarding this
topic.

4.2 Is Dysphoric or Viscous Personality Trait Identified
in Patients with Interictal Psychosis?

A previous conceptualization of psychosis in PWE was rooted in a theory that
postulated a “degenerative” processes proposed by Morel. To be noted, “degenera-
tion” in this context indicated atavistic process, which was used in an entirely
different way from the present usage of degeneration (Morel 1857). Although its
scientific bases were completely negated in the nineteenth century, echoes of
degeneration theory still remained deep-seated during the first half of the twentieth
century (Clark 1923; Mauz 1927). A modern description of specific personality traits
in psychotic disorders in epilepsy was newly suggested in the middle of the century
by Gibbs and Stamps (1953) and Gastaut et al. (1953), who did not accept the
degeneration or genetic throwback theory.

A newly developed description of personality traits in PWE was developed in
patients with temporal lobe epilepsy. Following the initial reports of Gibbs and
Gastaut, numerous studies were conducted with the Minnesota Multiphasic Person-
ality Inventory (MMPI) (Foran et al. 2013) and other more focused assessment tools
such as the Bear-Fedio Inventory (Baishya et al. 2020) yielding mixed results. In
fact, personality changes were found in <10% of patients with temporal lobe
epilepsy (Rodin and Schmaltz 1984). Waxman and Geschwind (1975) described
salient behavioral features including viscosity, preoccupation with details, excessive
concern over morality, religiosity, and hypergraphia.

Both interictal psychosis and specific personality traits in PWE develop after
longstanding history of epileptic seizures in the limbic structures. In some patients,
both conditions are interrelated given the higher risk of de-novo postoperative
psychosis following a temporal lobectomy in those with specific personality traits
(Inoue and Mihara 2001). However, the term “personality” may be misleading, as
these specific features should be termed “‘states” rather than “traits” given that these
seemingly stable traits have been proven to be reversible. This is illustrated by the
phenomenon of “turning-in” suggested by Pond (1957). According to that report,
following a temporal lobectomy, the aggressive personality trait tended to become
less conspicuous after a transient depressive “turning-in” phase, while viscosity
persisted. Wrench et al. (2004, 2011) supported Pond’s observations in a modified
manner in post-surgical patients with medical temporal lobe epilepsy. The problem
of specific personality trait in juvenile myoclonic epilepsy (Baykan and Wolf 2017)
is exempted here because it is irrelevant to the present discussion.
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4.3 Are “bizarre” Complaints More Common in Patients
with Process Schizophrenia than in Patients
with Interictal Psychosis?

Thanks to pharmacologic advances in psychotropic drugs and sociopsychological
environmental changes, the reports of “bizarre” experiences have decreased in
patients with schizophrenia, but have not disappeared. A “made” experience or
passivity delusion, in which patients complain that what they are doing is not done
by their own will but manipulated by other people, is one such type of “bizarre”
complaint, and has been regarded as an essence of the schizophrenic experience by
some psychiatrists interested in psychopathology who have discussed this phenom-
enon in view of intentionality and problem of agency (Hirjak et al. 2013; Herbener
and Harrow 2019). It should be noted, however, that, while 20% of patients with
schizophrenia report this type of symptoms, it was identified in less than 5% of those
with psychosis of epilepsy (Kanemoto et al. 1996). Comparison among various
organic psychoses inclusive those occurring in diffuse Lewy body disease (Ballard
et al., 2001; Del Ser et al., 2000) and psychosis caused by systemic lupus (Iverson
1993; Wekking 1993; Yu et al., 2006) may help understand the essence of schizo-
phrenic experience.

4.4 Representative Cases

In this section, we present two cases with interictal psychosis. The cumulative effect
of longstanding epileptic activity involving limbic circuits seems to play the major
role in Case 1 while a genetic predisposition is associated with the psychotic disorder
in the second case.

Case 1
A female clerk in her early 50s had no family history of psychiatric illness. Her
generalized tonic-clonic seizures started at the age of 2 years and were followed by
focal seizures with impaired awareness (FSIA) at the age of 4. These seizures were
often preceded by a peculiar rising epigastric sensation described by the patient as
“a feeling of goldfish swimming in my stomach.” The seizures stopped for 5 years
between the ages of 11 and 16 years old. At the age of 24, she sought consultation for
the first time for FSIAs, which were occurring several times per month, with rare
evolution to focal to bilateral to tonic-clonic seizures a few times per year. Her Full
Scale 1Q on the Wechsler Adult Intelligence Scale (WAIS) was 81. Her brain MRI
revealed right medial temporal sclerosis. Surface EEG recordings revealed spo-
radic spikes in the right anterior temporal regions. Ictal EEG demonstrated an
initial rhythmic theta activity in the right sphenoidal electrode in several recordings.
Following a cluster of FSIA, she experienced a postictal psychotic episode on two
occasions. In one of those episodes, the patient experienced a hallucination of
having a wedding ceremony with a treating neurologist and tried to kiss him. The
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patient constantly felt that other patients and colleagues in the workplace spoke
badly of her, which tormented her. Surgical intervention was recommended. After
undergoing an anterior temporal lobectomy, a dramatic decrease in seizures was
achieved with FSIAs occurring once every few years. Her psychiatric symptoms
remained nearly unchanged, however. The patient was treated with lacosamide at
400 mg /day and risperidone at 6 mg/day.

At the age of 30, the patient married a businessman who was very affectionate
with her. While the patient is constantly feeling that schoolmates she may occasion-
ally encounter speak ill of her, she has remained employed as a clerk for the past
30 years.

Case 2

At the time of his initial evaluation, the patient was a high school student and
qualified as middle-class in karate. His uncle had committed suicide because of
schizophrenia. At the age of 15, the patient had his first seizure, which initially
occurred exclusively during sleep. FSIAs started 1 year after that. No auras pre-
ceded these seizures. After initiation of carbamazepine, his seizure frequency
decreased from weekly to monthly but failed to achieve complete seizure remission,
despite trials with nearly all available AEDs. Surface EEG revealed predominantly
right anterior temporal sharp waves with a rare left temporal propagation. His
brain MRI was normal and neuropsychological evaluation revealed a full-scale IQ
of 99.

Overtime, the patient became increasingly irritable and developed paranoid
delusions. At the age of 17, he seriously injured a school comrade upon a slight
provocation because he was firmly convinced that the other student spoke ill of him
behind his back. At the age of 20, both the patient and his parents requested the
consideration of a surgical intervention. The surgical team advised against the
surgical procedure based on an increased risk for postoperative psychiatric com-
plications and the concern that he may have difficulties cooperating with the
presurgical evaluation, because of his explosive traits. They consulted another
surgical center, which performed a presurgical evaluation which revealed left
medial temporal origin of FSIAs. At the age of 21, the patient and family decided
to undergo a left temporal resection. After surgery, while he became completely
seizure free, his mental status drastically deteriorated.

One day, he suddenly appeared in my office, saying, “Dr. A [the neurosurgeon at
the surgical center] asked me to come and get an operation,” which was later
proven to be false and reported “My mother opposes it, but I cannot go anywhere
without surgery. I came here to thank you for all you have done for me before going
to the surgical center,” which had been an auditory hallucination. Six months after
this visit, he attacked his neighbors responding to auditory hallucinations, despite
the fact that he was being treated with risperidone at a dose of 6 mg/day. In the last
10 years, the patient has continued to display recurrent psychotic intermittent
exacerbations. The total duration of the hospitalized period has amounted to more
than 6 years.
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5 Conclusion

The following tentative conclusions can be drawn based on the data reviewed in this
manuscript:

1. From a phenomenological viewpoint, the original question must be deconstructed
into several different questions.

2. ATPD (ICD) is a pertinent counterpart of postictal psychosis.

3. The antagonism between psychosis and epileptic seizures requires a chronic
epileptic activity that facilitates a reorganization of the central nervous system.

4. Both genetic predisposition and the summated effects of epileptic activity must be
taken into consideration as part of the pathogenic mechanisms leading to the
development of interictal psychosis.

5. Interictal psychosis is an aggregate of miscellaneous disorders, that is, co-morbid
schizophrenia, AED-induced psychotic disorders, forced normalization, and
“epileptic” interictal psychosis.

6. “Epileptic” interictal psychosis is a controversial concept, with its presence still to
be determined and definition decided.

7. Data are lacking to conclude whether differences exist between process schizo-
phrenia and “epileptic” interictal psychosis in terms of negative symptoms,
specific personal traits, and the “bizarre-ness” of delusory-hallucinatory contents.

Although a majority of psychiatrists have lost interest in psychoses in PWE, a
continuous research of these disorders is of the essence to answer the questions
addressed in this manuscript and optimize the management of psychotic disorders
in PWE.
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Abstract Suicidality presents a major global health concern and its association with
epilepsy has been suggested. The body of evidence is growing due to targeted
epidemiological studies, genetic findings, and neuroimaging data, use of specific
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neuropsychiatric inventories, neuropsychological tests, and metabolic and immuno-
logical studies.

Suicide tendencies and psychiatric comorbidity such as depression are not
uncommon in chronic diseases, especially in epilepsy. Suicide is an important
cause of death in epilepsy, and is usually underestimated. Persons with epilepsy
have higher risk for suicide than healthy controls. It appears that some epilepsy types
have stronger tendencies for suicide, in particular temporal lobe epilepsy. The
suicidal risk factors in persons with epilepsy include difficult to treat epilepsies,
onset of epilepsy at an earlier age, and comorbid depression.

This clinical evidence is mostly based on observational studies in which we found
an increased risk of suicidal ideation, suicidal attempts, and completed suicides in
persons with epilepsy. However, we lack prospective and longitudinal studies on
suicide in epilepsy. In this chapter we will examine recent research in neurobiolog-
ical mechanisms between suicidality and epilepsy, and comorbid depression.

Keywords Antiepileptic drugs - Brain - Depression - Epilepsy - Neurobiology -
Suicidal behavior - Suicide

Key Points

¢ Suicidal behavior has four categories, in order of increasing severity: suicide
ideation, suicide plan, unplanned and planned suicide attempt.

* Risk factors for attempted suicide include suicide ideation, a suicide plan, previ-
ous suicide attempts, a positive family history of suicide or psychiatric illness,
and hopelessness.

¢ Suicidal behavior occurs more frequently in persons with psychiatric disease,
including depression.

* Suicidal ideation, suicidal attempts, and completed suicides are not uncommon in
people with epilepsy.

» People with epilepsy have an elevated risk of suicide.

* Suicide may occur not only in persons with very severe epilepsy, but also in
patients who achieve complete seizure freedom.

* Research suggests that almost one third of epilepsy patients who endorsed
suicidal ideation were euthymic or had only mild, subclinical, depressive
symptoms.

¢ Interictal dysphoric disorder presents an intermittent depressive mood which is
associated with episodic suicidal ideation in patients with epilepsy.

» Antiepileptic drugs have been associated with increased risk of suicidality, but
this finding needs to be reexamined in larger cohorts.

* People with epilepsy must be regularly and specifically screened for psychiatric
problems and suicidal behavior.

* Attempted suicide is independently associated with an increased risk for incident
unprovoked seizure.

* Neurobiology of suicidal behavior in people with epilepsy remains unclear.
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1 Introduction

Epilepsy is a chronic brain dysfunction. Suicidal ideation, suicidal attempts, and
completed suicides are not uncommon in epilepsy. People with epilepsy have an
elevated risk of suicide. A complex relationship exists between epilepsy and
suicidality. Epilepsy increases the risk to develop psychiatric conditions, thus
increasing the risk of suicide among people with psychiatric comorbidity (Arana
et al. 2010; Hecimovic et al. 2012). Research also suggests that almost one third of
epilepsy patients who endorsed suicidal ideation were euthymic or had only mild,
subclinical, depressive symptoms (Hecimovic et al. 2012). Interictal dysphoric
disorder presents an intermittent depressive mood which is associated with the
episodic suicidal ideation in patients with epilepsy.

Risk factors for suicidal behavior among people with epilepsy include temporal
lobe epilepsy, female sex, and the onset of epilepsy at an earlier age (Arana et al.
2010). People with epilepsy have a higher risk of suicidal ideation and suicidal
behaviors than general population (Hecimovic et al. 2011, 2012). The relation
between epilepsy and suicide may be bidirectional, as attempted suicide is indepen-
dently associated with an increased risk for incident unprovoked seizure (Hesdorffer
et al. 2000).

People with epilepsy must be regularly and specifically screened for psychiatric
problems and suicidal behavior.

2 Suicide in Epilepsy
2.1 Epidemiology of Suicidality

Suicidality and suicide are not rare. The World Health Organization (WHO) data
suggest that 800,000 people die due to suicide annually, around 47,000 of them in
the USA alone. The WHO predicts close to one million deaths by the year 2030,
contributing to the projected 1.4% of all deaths worldwide.

Suicide is defined as death caused by self-inflicted injury with intent to die as a
result of suicidal behavior. A suicide attempt is a nonfatal, self-directed, potentially
injurious behavior with intent to die as a result of the behavior. Suicidal ideation
refers to thinking about, considering, or planning suicide. There are more than twice
as many suicides in the USA than homicides. Twenty or more suicide attempts occur
for every one death by suicide, suggesting that suicide attempts are more frequent
than suicide itself (Bertolote et al. 2010). Suicide attempts are currently the best
predictor of completed suicide, which indicates that proper reporting and close
monitoring of the individuals who attempt suicide may serve to prevent future
suicides. There are also some consistent gender differences in suicidal behavior,
male-completed suicides outnumber female-completed ones with a ratio ~3:1,



212 H. Heéimovi€ et al.

although women are more likely to experience suicidal ideation to a higher degree
than men (Canetto and Sakinofsky 1998).

Suicide occurs across the lifespan and it is the second leading cause of death
among 15- to 29-year-olds globally and in the USA. It has been estimated that 4.3%
of adults in the USA had thoughts about suicide and the prevalence was highest,
10.5%, among young adults aged 18-25 years. About 0.6% of adults attempted
suicide and the prevalence of 1.9% was also highest in younger population,
18-25 years old. In 10.6 million adults who reported having serious suicidal
thoughts, 1.4 million eventually made a nonfatal suicide attempt. Among those
adults who attempted suicide, 1.2 million reported having suicide plans, according
to the National Survey on Drug Use and Health (NSDUH).

Suicide is a global phenomenon and does not occur only in high-income coun-
tries. In 2016 over 79% of global suicides occurred in low- and middle-income
countries. While the link between suicide and mental disorders, in particular depres-
sion, is well established in high-income countries, many suicides can happen
impulsively in moments of mental crisis, in inability to deal with life stresses.

Stigma, particularly surrounding neuropsychiatric disorders and suicide, means
that many people thinking of taking their own life or who have already attempted
suicide are not seeking medical and social help and are therefore not getting the help
they need. Epidemiological data suggest that suicide is a serious public health
problem; however, suicides may be preventable with timely, evidence-based and
often low-cost interventions. The prevention of suicide has not been systematically
addressed because of lack of awareness and existing stigma in many societies.
Improved surveillance and monitoring of suicide and suicide attempts is required
for effective suicide prevention strategies.

2.2 Understanding Suicidal Behavior

Suicidal behavior in most persons is related to a chronic and severe physical or
mental disease. Recent epidemiological studies showed that suicidal behavior is not
uncommon in neurological diseases, and that persons with epilepsy have more
frequent suicidal ideations compared to the general population (Hecimovic et al.
2011).

Suicidal behavior can be analyzed as evolving from suicidal ideation, develop-
ment of a suicide plan, nonfatal suicide attempt, and death from suicide (Coughlin
and Sher 2013). Some risk factors are likely to account for the transition from
suicidal ideation to suicide plans or attempts.

Twelve-month prevalence estimates of suicide ideation, plans, and attempts are
2.6%, 0.7%, and 0.4%, respectively. Studies suggest that ideators with a plan are
more likely to eventually make an attempt (31.9%) than those without a plan (9.6%).
However, a significant proportion (43%) of attempts were described as unplanned
(Borges et al. 2006, 2008). Self-injuries that are not intended to be suicidal, such as
cutting the wrist, may also present a risk factor for suicide attempt and suicide later in
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life. About 55-80% of self-injured victims will engage in at least one suicidal
attempt (Coughlin and Sher 2013).

Kessler et al. (1999) reported 13.5% lifetime ideation, 3.9% a plan, and 4.6% an
attempt. The group reported that cumulative probabilities were 34% for the transition
from ideation to a plan, 72% from a plan to an attempt, and 26% from ideation to an
unplanned attempt. About 90% of unplanned and 60% of planned first attempts
occurred within a year of the onset of ideation. They found that all of the following
risk factors: female gender, previously married, younger than 25 years old, poorly
educated, and having one or more of the DSM-III-R disorders, were more strongly
related to ideation than to progression from ideation to a plan or an attempt. The
strongest prospective socio-demographic predictor of suicidal ideation is “other”
employment status (OR = 2.7), which consists largely of the disabled or otherwise
unemployed. Other significant predictors include being younger than 25 years
(OR = 1.3), non-Hispanic Black race—ethnicity (OR = 0.6), previously married
(OR = 1.9), and parent of a young child (OR = 1.7) (Kessler et al. 1994, 1999).

A contact with physician is important for persons with suicidal ideation. In a
cohort of 400 consecutive patients who completed suicides over a 5-year period,
114 (28.5%) of them consulted their primary physicians in the week preceding their
death. This cohort was compared with those who made no contact (Obafunwa and
Busuttil 1994). Suicide-associated factors in the former group included psychiatric
illness (58.8%), deteriorating health (16.7%), and a loss of spouse (7.0%) compared
to those who made no contact (p < 0.001). A pre-indication of suicidal intention was
made by 45% of the patients who consulted their doctor (p < 0.001). Drug overdose
was the most common suicidal method chosen (50.9%), mostly with antidepressants
(35%). Half of the victims committed suicide within 24 h following consultation; of
these, 51% overdosed on drugs with 61% of them ingesting their prescribed drugs.
Of these 114 cases, the final consultation in 43% was to collect more drugs. All
suicidal threats should be taken seriously, and particular care should be taken in
prescribing and dispensing medication which may be fatal in overdose.

2.3 Risk Factors for Suicidal Behavior

By far the strongest risk factor for suicide in general population is a previous suicide
attempt (Kuo et al. 2001). A combination of individual and societal factors contrib-
utes to the risk of suicide. Some other known risk factors are: family history of
suicide, family history of child maltreatment, previous suicide attempt, history of
mental disorders, particularly depression, history of alcohol and substance abuse,
feelings of hopelessness, impulsive or aggressive tendencies, isolation from other
people, barriers to accessing mental health treatment, loss, physical illness, easy
access to lethal methods, and unwillingness to seek help because of the stigma
attached to mental health or to suicidal thoughts.

Suicidal ideation has been associated with increased risk of suicidal behavior in
community-based studies. Some studies suggest that there is a process that persons
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with suicidal ideation go through before their attempted suicide. Most researchers
view suicidal ideation as a state that varies in its intensity and fluctuates over time.
Risk factors for suicidal ideation among young people are knowing somebody in
person who completed or attempted suicide, low financial status, legal and social
problems, lack of social support and unemployment that may precipitate suicidal act.

Suicide ideation and suicidality have been related to an individual’s psychiatric or
physical illness. In the great majority of suicides, the fatal outcome is a complication
of a psychiatric disorder. Almost 60% of all suicide victims have a mood disorder at
the time of their death.

The lifetime prevalence of suicide ideation has been estimated to be 5.6—-14.3%.
Rates of suicidal ideation reportedly were highest in homeless men and women
(63%). Persons with suicidal ideation and those with comorbid, mainly chronic
psychiatric disease such as major depression, bipolar disorder, alcohol abuse or
dependence, have a higher risk of suicide attempts. There is a variability in the
extent to which suicidal ideation predicts suicide in community samples; a report
from a 12-year follow-up study of a community sample in the USA found that
persons who reported suicidal ideation at baseline were more likely to report having
attempted suicide at follow-up (RR = 6.09, 95% CI 2.58-14.36). In a longitudinal
study in this community, adolescents who reported suicidal ideation at age 15 were
more likely to have attempted suicide by age 30 (Kuo et al. 2001).

Recent theories that tried to model suicide risk, taking into account etiological
and phenotypic variability that is associated with suicide, categorized risk factors
that predispose (distal factors) or precipitate suicidal event (proximal factors). The
former are typically associated with neuropsychiatric pathology precipitated by
stressful life events (Mann 2003). Psychiatric disorders and the risk for suicidal
behavior have been a topic of intense studying given that majority of suicide
completers are diagnosed with some form of psychiatric illness including major
depressive disorder. This includes impulsivity and aggressive behavior, specifically
in young adults. Familial transmission and early-life adversity are distal events that
are associated with suicide risk (Mann 2003). Physical or sexual abuse and parental
neglect are also significantly associated with suicidal risk and strongly supported by
the changes in epigenetic changes, hypothalamic-pituitary-adrenal (HPA) axis acti-
vation and neuronal plasticity, and found in a number of animal studies and
postmortem human studies (Labonté et al. 2012).

Family history of suicidal behavior is another significant risk factor. In a large
registry (Tidemalm et al. 2011) suicides were assessed in probands of individuals
who died by suicide, and concluded that the risk in families is influenced by genetic,
phenotype and environmental factors. Another study observed that the rates of
suicide attempts were higher in relatives of adolescent suicide victims even after
controlling for familial rates of psychopathology. Overall, suicidal behavior may
result from an interaction between early-life events, traits such as aggression and
impulsivity, and psychiatric illness.

Family, twin, and adoption studies provide evidence of the heritability of com-
pleted suicide and attempted suicide. In part, they occur independent of the familial
transmission of major psychiatric disorders, with estimates of heritability for suicide
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ranging between 21-50% and 30-55% for a broader phenotype of suicidal behavior
and ideation, respectively (Brundin et al. 2017).

From the literature published between 1812 and 2006 in six languages and reports
data from 13 countries, a meta-analysis of all register-based studies and all case
reports aggregated shows that concordance for completed suicide is significantly
more frequent among monozygotic than dizygotic twin pairs. Population-based
epidemiological studies demonstrate a significant contribution of additive genetic
factors (heritability estimates: 30-55%) to the broader phenotype of suicidal behav-
ior (suicide thoughts, plans and attempts) that largely overlaps for different types of
suicidal behavior and is largely independent of the inheritance of psychiatric disor-
ders. Personal experiences also contribute substantially to the risk of suicidal
behavior (Voracek and Loibl 2007).

2.4 Suicidal Behavior in Persons with Epilepsy

Epilepsy is a common brain disorder; it affects 3.4 million Americans. About
200,000 new cases of epilepsy occur each year in the USA. A complex relationship
exists between epilepsy and suicidality. Epilepsy increases the risk of psychiatric
conditions that are associated with suicide. In addition to psychiatric illness, risk
factors for suicidal behavior among people with epilepsy include temporal lobe
epilepsy, female sex, and the onset of epilepsy at an earlier age (Arana et al.
2010). People with epilepsy have a higher risk of suicidal ideation and suicidal
behaviors than the general population (Hecimovic et al. 2011, 2012). Studies show
that suicide risk increases soon after the onset of epilepsy and then gradually
decreases. Onset of epilepsy before the age of 17 is associated with a significant
increase in the risk for suicide compared with those in whom epilepsy started at the
age of 29 or later. The relation may be bidirectional since consequences and trauma
afflicted during a suicide attempt can injure the brain and cause epileptic seizures.

Multiple studies have been consistent that completed suicide in persons with
epilepsy is an important contributor to their increased mortality (Arciniegas and
Anderson 2002; Nilsson et al. 2002; Jallon 2004).

A majority of the studies found that suicide in epilepsy patients occurs almost
exclusively in those with a psychiatric illness, with depression being the most
common diagnosis. Indeed, the prevalence of depression in patients with epilepsy
is significantly higher than in general population. Epidemiological studies show that
in chronic epilepsy it is about 20-55%, and slightly lower, but still elevated, in the
seizure-free patients (Kanner and Balabanov 2002; Mendez et al. 1986). In other
neurological disorders, the risk of attempted or completed suicide is increased in
patients with migraine with aura, stroke, multiple sclerosis, traumatic brain injury,
dementia, and Huntington’s disease. Like epilepsy, the risk of attempted or com-
pleted suicide in these neurological diseases is strongly associated with psychiatric
conditions such as depression, psychosis, feelings of hopelessness or helplessness,
and social isolation. Additional suicide risk factors in persons with neurologic illness
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include cognitive impairment, relatively younger age (less than 60), moderate
physical disability, recent onset of illness, recent losses (personal, occupational, or
financial), and prior history of psychiatric illness or suicidal behavior. Substance
dependence, psychotic disorders, anxiety disorders, and some personality disorders
may also contribute to increased risk of suicide among persons with neurologic
illnesses.

Suicide among epilepsy patients may not always result from their psychosocial
problems, as it was previously thought. Some authors suggest that it is due to
presence of significant interictal and postictal psychopathology (Blumer et al.
2002). Current literature suggests that the risk of suicide in epilepsy is associated
primarily with intense depressive symptoms in the interictal phase. One of the major
symptoms of the interictal dysphoric disorder is an intermittent depressive mood
which is associated with the episodic suicidal ideation in patients with epilepsy,
primarily with mesial temporal lobe epilepsy (Kanner 2006).

While depression is a common condition in persons with epilepsy, it may also
increase the risk for developing seizures in patients with primary psychiatric disor-
ders. Hesdorffer et al. (2000) reported that psychiatric patients with major depression
have a sixfold increased risk for unprovoked seizures (95% CI 1.56-22). While
30-50% of the patients with medically refractory epilepsy may have psychiatric
comorbidity, neurologists in general usually treat only clinical seizures, and rarely
ask about psychiatric problems. Previous neuropsychiatric education gave psychia-
trists the training to treat epilepsy patients, but today most psychiatrists do not get
this formal training to treat patients with neurological diseases. Accordingly, psy-
chiatric disorders in patients with epilepsy are only followed by neurologists, and
may remain untreated. Furthermore, those with more severe psychopathology,
including severe dysphoric disorders, psychoses, and suicidality, may not be pro-
vided a comprehensive care, which may have worrisome consequences for their
treatment.

2.5 Risk Factors for Suicide in Epilepsy

Major mortality studies in epilepsy patients, that included deaths by suicide, showed
that more than 11% of all deaths were due to suicide (Robertson 1998). This presents
about tenfold higher prevalence than reported 1.1-1.2% of deaths by suicide in the
general population (National Institute of Mental 2004). One of the earliest larger
studies was done in Denmark (Henriksen et al. 1967). The group evaluated 164 out
of 2,763 patients with epilepsy who died with excess mortality rate of 273%,
compared to the number of deaths expected, over a period of 14 years. Although
epilepsy was an immediate cause of death in 26%, suicide was the second leading
cause of death in 20% with excess mortality rate of 300%, and an average age of
32 years old at death. According to some later studies, death by suicide occurs in
about 5% of patients with epilepsy, compared with 1.4% in the general population
(Matthews and Barabas 1981). A broader literature search revealed a fivefold
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increase in suicides in epilepsy patients compared to the general population, which
increased to 25-fold in patients with temporal lobe epilepsy (Barraclough 1987).

Jones et al. (2003) found a prevalence of 12.2% of suicidal ideation among
139 outpatients from five epilepsy centers, using specific modules of the Mini-
International Neuropsychiatric Interview (MINI) as a part of psychiatric evaluation.
These rates are elevated compared with previously described findings from the
population-based National Comorbidity Survey which estimated prevalence of
13.5% for lifetime suicidal ideation (Kessler et al. 1999).

Some of the studies found increased suicide rates in men with unprovoked
seizures (Rafnsson et al. 2001) and suggested that the risk is increased in patients
with temporal lobe epilepsy (Mendez and Doss 1992). Rafnsson et al. (2001)
assessed 224 epilepsy patients in Iceland who were followed up for more than
30 years and found increased all-cause mortality for men, with the excess deaths
attributed to suicide; there were 4 deaths from suicide vs. 0.69 expected (SMR 5.80,
95% CI 1.56-14.84). Another study investigated a cause-specific mortality among
9,061 patients in Sweden, with a hospital discharge diagnosis of epilepsy, also
reported an excess mortality due to suicide (SMR 3.5, 95% CI 2.6—4.6) (Nilsson
et al. 1997). In this study the authors identified 26 individuals with epilepsy who
committed suicide and compared their case histories with 171 individuals with
epilepsy. They reported a ninefold increase in the risk of suicide in the context of
a mental illness and a tenfold increase in relative risk with the use of antipsychotic
drugs. However, in the Rochester Study (Hauser et al. 1980) there were only three
suicides, which was not above the expected number. Cockerell and colleagues in a
population study (N = 1,091) reported only 1 suicide during a follow-up of 6.9
(median) years (Cockerell et al. 1994). Mendez et al. (1989) evaluated causative
factors for suicide attempts and concluded that interictal psychopathological factors
were of primary importance. He compared suicide attempts among epilepsy patients
and controls that had other chronic illnesses and found elevated rates of attempted
suicide, 30% vs. 7%, respectively (Mendez and Doss 1992). Fukuchi et al. (2002)
showed that three of six individuals with complex partial seizures who committed
suicide did so during postictal psychotic episodes, so that the presence of psychotic
symptoms may increase the risk of death by suicide among individuals with epi-
lepsy. They showed that suicide attempts are more closely associated with postictal
psychosis than with interictal psychosis. Meta-analysis of 30 studies comprising
51,216 people with epilepsy concluded that suicide in patients with epilepsy is more
frequent than in the general population. From the cohorts they investigated, 32.5% of
all deaths of persons with epilepsy were due to suicide and at least 13.5% of all
registered suicides were committed by these persons (Pompili et al. 2006; Verrotti
et al. 2008).

A recent meta-analysis by Abraham et al. (2019) investigated the rates of suicidal
ideation, attempts, and deaths in persons with epilepsy. They included seven case—
control studies that encompassed 821,594 subjects — 107,112 people with epilepsy
and 714,482 controls. They demonstrated an association between epilepsy and
suicide attempts (pooled OR = 3.25, 95% confidence interval (CI): 2.69-3.92,
p < 0.001), indicating that people with epilepsy have an elevated risk of suicide.
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The pooled prevalence for suicide ideation (24 studies) and suicide attempts (18 stud-
ies) were 23.2% and 7.4%, respectively. The pooled rate of death due to suicide
(10 studies) was 0.5%. Mean age and males were significant moderators for prev-
alence of suicide attempts and death due to suicide.

It remains to be determined whether some antiseizure medications (ASM) are the
cause for an increased risk of suicide. The US Food and Drug Administration (FDA)
published an evaluation of the association between ASMs and suicidality in 2008,
based on the analysis of spontaneous reports of suicidal ideation and behavior in the
course of randomized placebo controlled trials of 11 drugs. Based on their analysis,
this agency mandated a warning that all ASMs may increase the risk of suicidal
ideation or suicidal behavior. This report looked at 297,620 people starting on a
single ASM and continuing it for at least 6 months. Not all consumers of the ASMs
had epilepsy, some also suffered from unrelated conditions, such as pain, migraines,
or mood changes. During the study period, there were 827 suicidal acts, with
801 attempted suicides and 26 completed suicides. Attempted plus completed
suicides represented 0.28% of the study population or 1 suicidal act per 360 people.
Compared to topiramate, chosen as a reference ASM because most people using it
did not have epilepsy, the risk for suicidal acts was increased by 1.42 for gabapentin,
1.65 for valproate, 1.84 for lamotrigine, 2.07 for oxcarbazepine, and 2.41 for
tiagabine. The authors indicated that the increased risk for suicide might also be
due to underlying conditions, rather than from the ASM itself. People taking
lamotrigine or oxcarbazepine had a higher baseline risk for depression, and therefore
might be considered more at risk for suicide, independent of their ASM (Hesdorffer
and Kanner 2009; Mula et al. 2013). Based on more recent articles, it appears that the
increased suicide risk may be present but is small. It should be kept in mind that no
patient should stop or change ASM without consulting their physicians. The risk of
doing this is significantly higher.

It has been postulated that suicidal behavior occurs more commonly in persons
with very severe epilepsy. However, Janz (1963) was among the first to find that
suicide may not occur only among patients with very severe epilepsy, but also in
patients who recently achieved complete seizure freedom. In a cohort of 78 patients,
there were 11 recorded suicides in patients with cryptogenic epilepsy that surpassed
any other cause of death in this group. Out of these 11 suicide victims, 8 had focal
seizures with loss of awareness and increased irritability was reported in 6 of the
7 men and in 1 of the 4 women; 4 patients had a history of previous suicide attempt
and another 3 were depressed with or without suicidal ideation. The majority of these
11 patients had only very rare or no major seizures, others had rare or no seizures of
any type and a minority had only minor attacks. This is in line with other observa-
tions. All four patients reported by Mendez and Doss (1992) had an epilepsy that of
25 years duration. The seizures of two out of three patients who committed suicide in
a psychotic state were in remission. One patient was reportedly in a state of postictal
depression before suicide. Another group (Taylor 1989) assessed suicides among
193 patients who had a temporal lobectomy. They were followed from 5 to 24 years
after surgery. Among 193 of these patients there were 37 deaths reported and 9 were
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due to suicide (24.3%). Five out of nine patients with completed suicide had been
defined as seizure-free after the surgery.

Recently, it was reported that almost one third of epilepsy patients who endorsed
suicidal ideation were euthymic or had only mild, subclinical, depressive symptoms
on specific depression inventories (Hecimovic et al. 2012). This is in contrast with
previous larger, retrospective studies that indicated that 80—100% of suicides of
epilepsy patients occurred in individuals with clear symptoms of a psychiatric
disease (Mendez and Doss 1992). However, in a population-based study from
Iceland the standardized mortality ratio for death by suicide was 5.0 (95% CI,
1.3-11.1) in a cohort of 224 patients with epilepsy diagnosed between 1960 and
1964 (Hesdorffer et al. 2006). The authors reported that some subjects who had
attempted suicide previously never met criteria for major depression according to
DSM-IV (42.9% in cases and 22.2% in control subjects). In a study examining the
rates and risk factors for suicidal ideation and suicide attempts among 139 patients
with prevalent epilepsy, a lifetime history of a major depressive episode or of a
manic episode increased the risk for suicide attempt, but not all patients who had
attempted suicide had a positive psychiatric history (Jones et al. 2003).

These data suggest the existence of a complex relation among epilepsy, mood and
suicidal behavior, that may be explained by common neurobiologic pathogenic
mechanisms. Some authors investigated common neural networks or common
final pathways (Nilsson et al. 2002). Neural network dysfunction has been
suggested, either associated with the depressive disorder (Gilliam et al. 2004a, b)
or independent from it, or possible disturbances of, primarily, serotonergic neuro-
transmission (Nilsson et al. 2002). This is supported by Hesdorffer et al. (2000,
2006), who reported that attempted suicide is independently associated with an
increased risk for incident unprovoked seizure, after adjusting for major depression,
bipolar disorder, and cumulative alcohol intake.

At the time of the initial diagnostic evaluation, the physician managing patients
with epilepsy needs to make a psychiatric and psychosocial assessment and identify
their risk for suicide. This will enable the physician to assess the broader spectrum of
the epilepsy and to detect any psychiatric comorbidities. If needed, interventions
may include the prescription of psychotropic medications, referral to a psychologist
or psychiatrist, or even hospitalization. With timely and appropriate intervention,
suicide rates may be significantly reduced. The physician needs to be aware of other
potentially self-injurious behaviors such as willful non-compliance with ASM and
participation in activities that might be considered dangerous, such as diving and
climbing (Jones et al. 2003).

Several methods can be used to screen for suicide risk factors. Jones et al. (2003)
demonstrated the usefulness of the Mini-International Neuropsychiatric Interview
(MINI), a diagnostic instrument developed to assess psychiatric disorders and
suicidality. The modules of the MINI include series of questions that can be included
in clinical interviews when screening for psychiatric comorbidities in a busy clinical
setting. The MINI has a practical scoring system to help quantify current suicide risk
and may prove useful in determining the intervention required. Other self-report
instruments include the widely used Beck Depression Inventory (BDI-II), which
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includes a suicidal ideation-related item in question 9: “suicide thoughts and wishes”
that may prove sufficient for rapid screening.

3 Neurobiology of Depression

3.1 Monoamine Hypothesis

This hypothesis was first proposed after observations that monoamine-depleting
agents, such as reserpine, can produce symptoms like those observed in clinical
depression. Later reports described that two classic groups of antidepressants,
monoamine oxidase (MAQ) inhibitors and tricyclic antidepressants (TCAs),
increase synaptic concentrations of norepinephrine (NE) and serotonin
(5-hydroxytryptamine, 5-HT). Longer term treatment with antidepressants was
found to induce a downregulation of the 5-HT, receptors and TCAs upregulated
5-HT A receptors. The monoamine hypothesis of depression suggested that depres-
sion results from insufficient monoaminergic transmission in brain synapses, and
that reconstitution of normal synaptic 5-HT and NE concentrations should alleviate
the depressive symptoms.

The role of 5-HT in the central nervous system (CNS) is believed to be mostly
inhibitory. The majority of serotonergic fibers in the brain originate in the raphé
nuclei, located in the brainstem. These neurons project to multiple cortical and
subcortical structures. 5-HT is released into a synaptic cleft, it soon becomes
inactivated and then uploaded into the presynaptic terminal by the serotonin trans-
porter (SERT). It is then either degraded by MAO to 5-hydroxyindoleacetic acid
(5-HIAA), or repackaged into new vesicles by the vesicular monoamine transporter.
Both the TCAs and the selective serotonin reuptake inhibitors (SSRI) bind to the
SERT to inhibit the uptake of 5-HT, suggesting its role in the pathophysiology of
depression. Recent studies suggested that SSRIs bind to the sites that overlap with
the SERT.

Norepinephrine is a major sympathetic neurotransmitter in the peripheral nervous
system and it is diffusely distributed in the brain. NE-containing nerve cells are
located primarily within the locus coeruleus (LC), with abundant projections to the
cortex. Many areas known to mediate stress responses and autonomic functions,
such as the paraventricular nucleus, the lateral hypothalamus, and the preoptic area,
are connected to the LC, adding further support for a role of the NE system in stress
and arousal. Main LC efferents are cortical terminal fibers primarily ending in
cortical layers I, IV, and V, suggesting a role of NE in modulating intracortical
and thalamocortical gating.

Dopamine (DA) is transported into storage vesicles in both DA- and
NE-producing neurons via amine-specific transporters. NE-specific neurons, how-
ever, contain dopamine B-hydroxylase within the vesicles that rapidly transforms
DA to NE via hydroxylation of the p-carbon. NE is released into the synaptic cleft
following vesicle fusion, and it is then rapidly uploaded to the synaptic terminals via
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the NE transporter. The NE transporter is also inhibited by many classes of antide-
pressants that consequently increase synaptic NE concentration, suggesting its role
in depression.

During the last decade, research on the pathophysiology and treatment of depres-
sion has focused on the intracellular signaling pathways. Cellular signaling pathways
form complex signaling networks to modulate signals generated by multiple neuro-
transmitter systems. The cyclic adenosine monophosphate (CAMP) cascade is an
important intracellular signaling pathway that mediates the antidepressant treatment
effects. This cascade appears to be regulated by both 5-HT and NE. This signal
transduction pathway also represents a common target for several classes of
antidepressants. The receptor activation leads to the generation of cAMP via the
stimulation of adenylyl cyclase by the G-protein subtype Gs,. Activation of cAMP-
dependent protein kinase (PKA) acts on the transcription factor cAMP response
element-binding protein (CREB), which increases its transcriptional activity.

Based on the presented evidence, neurobiology of depression appears to be far
more complex and does not dependent solely on the levels of NE and 5-HT in the
brain.

3.2 Hpypothalamic-Pituitary-Adrenal Axis and Hippocampal
Dysfunction

Clinical studies show that abnormal, excessive activation, of the hypothalamic-
pituitary-adrenal (HPA) axis is observed in almost half of individuals with depres-
sion, and this effect is, at least partially, reversed by antidepressant treatment
(Weaver et al. 2005). Activation of the HPA axis is important in understanding
the neurobiology of depression. Neurons from the paraventricular nucleus (PVN) of
the hypothalamus secrete corticotropin-releasing factor (CRF), which stimulates the
synthesis and release of adrenocorticotropin (ACTH) from the anterior part of the
pituitary gland. ACTH stimulates the synthesis and release of glucocorticoids from
the adrenal cortex and exerts their effect on various brain regions. Several brain
structures control the activity of the HPA axis, including the hippocampus (with
inhibitory influence on the CRF-containing neurons) and the amygdala (with a direct
excitatory influence). Glucocorticoids produce a feedback on the HPA axis and,
under normal physiological conditions, appear to enhance hippocampal inhibition of
the HPA activity. However, prolonged increased concentration of glucocorticoids
during stress can be harmful and damage hippocampal neurons, particularly CA3
pyramidal neurons, and interfere with development of new granule cell neurons in
the dentate gyrus.

Most depressed patients exhibit elevated cortisol production and decreased sup-
pression by dexamethasone to suppress secretion of cortisol, ACTH, and beta-
endorphin. Other investigators observed hypersecretion of CRF in some depressed
patients, and a downregulation in the CRF receptor number in the frontal cortex. In
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animal models of depression, application of CRF directly into the brain produces
similar symptoms as those affecting depressed patients that included decreased
appetite and weight loss, decreased sexual behavior, decreased sleep, and psycho-
motor alterations.

Thus, dysfunction of the HPA axis can explain various symptoms of depression.
However, it is unclear whether its activation is part of the primary cause of depres-
sion or it elicits some secondary pathways responsible for depressive symptoms.

3.3 Neurotrophic Factors Hypothesis

This hypothesis suggests that a deficiency in neurotrophic support may contribute to
hippocampal pathology, and that reversal of this deficiency during antidepressant
treatments may contribute to the remission of depressive symptoms. Neurotrophic
factors have a role in regulation of neuronal growth and differentiation during
development, and recent studies suggested their importance in plasticity and survival
of adult neurons and glia cells.

One of the most prevalent neurotrophic factors in adult brain is brain-derived
neurotrophic factor (BDNF). It has been shown in animals that acute and chronic
stress decreases levels of BDNF expression in the dentate gyrus and pyramidal cell
layer of the hippocampus. This reduction appeared to be mediated by glucocorticoid
action and by increase in serotonergic transmission. Chronic administration of some
antidepressant drugs may increase BDNF expression and a stress-induced decrease
in BDNF levels; this action is at least partly mediated via the transcription factor
CREB. It was shown that most classes of antidepressants increase levels of CREB
expression in several brain regions, including the hippocampus. There is also
evidence that antidepressant drugs increase hippocampal BDNF levels in humans.
These data indicate that antidepressant-induced upregulation of BDNF can hypo-
thetically repair damaged hippocampal neurons. Some studies showed that there is
an additional role of neurotrophic factors outside the hippocampus, and that the
BDNF expression can be decreased by stress in the amygdala and increased in the
hypothalamus. Studies showed that the cAMP pathway and CREB in the amygdala
appear to promote the formation of both aversive and rewarding associations.

3.4 Neural Networks of Depression

Our understanding of neural networks in mood pathology is complex due to possi-
bility that multiple brain regions and specific neural networks mediate the diverse
symptoms of depression. Most studies have focused on the hippocampus as the site
involved in the generation of depressive symptoms; however, it is unlikely that the
hippocampus alone regulates all these phenomena. Mayberg (2003) proposed a
model of a network of anatomical regions that subserve specific but related
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functions, such as mood, emotions, cognition, and circadian rthythm. This has been
supported by multiple human brain imaging studies that observed changes in
cerebral blood flow in several brain areas, including the hippocampus, amygdala,
nucleus accumbens, striatum, and thalamus, and regions of prefrontal and more
specifically cingulate cortex. Several postmortem studies found abnormalities in
similar brain regions (Mayberg 2003).

An understanding of the normal function of these brain structures can facilitate
understanding of various aspects of depression. For example, neocortex and
hippocampus may mediate cognitive aspects of depression, such as memory
impairments and thoughts of hopelessness, guilt, and suicidality. Dysfunction of
the nucleus accumbens is associated with abnormal emotional states. This structure
is a part of the mesolimbic dopamine system that connects through the ventral
tegmental area (VTA) of the midbrain with other limbic structures, including the
amygdala.

The hypothalamus has long been known to mediate many neuroendocrine and
neurovegetative functions. It has largely been studied as part of the HPA axis;
however, other hypothalamic functions have remained unexplored in the research
of depression, despite the fact that a number of hypothalamic nuclei and the peptide
transmitters they secrete are crucial for regulating appetite, sleep, and circadian
rhythms, which are all abnormal in many depressed patients. In addition, hypotha-
lamic mechanisms can also contribute to the greatly increased risk for depression
among females. It appears that these, and probably other related brain structures,
form multiple neural networks that regulate neural circuits involved in depression.

4 Pathogenic Neurobiological Mechanisms in Suicidality
and Epilepsy

4.1 Neurotransmitters in Neurobiology of Suicidality
and Epilepsy

Current research suggests possible common neurobiological mechanisms in
suicidality and epilepsy that include disturbances of several neurotransmitters, in
particular:

. Serotonin (5SHT),

. Norepinephrine (NE),

. Glutamate (GLU),

. y-aminobutyric acid (GABA),
. Dopamine (DA).

DN AW N =
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4.1.1 Serotonergic System Dysfunction

The pivotal pathogenic role of this neurotransmitter in mood and anxiety disorders
has been recognized for some decades. In fact, SHT is one of the principal pharma-
cological targets of antidepressant and anxiolytic pharmacotherapy. Research and
common use of selective 5-HT uptake inhibitors (SSRI) as antidepressants was
based on more than 50 years of continued interest in the “serotonin hypothesis.”
The original 1969 Lancet paper (Lapin and Oxenkrug 1969) proposed that “in
depression the activity of liver tryptophan-pyrrolase is stimulated by raised blood
corticosteroids levels, and metabolism of tryptophan is shunted away from serotonin
production, and towards kynurenine production.” Discovery of the neurotropic
activity of kynurenines suggested that upregulation of the tryptophan-kynurenine
pathway not only augmented serotonin deficiency but also underlined depression-
associated anxiety, psychosis, and cognitive decline.

Although often referred to as the “serotonin hypothesis” this paper indicated the
disturbances of tryptophan (TRY) metabolism, and shunting of TRY from 5-HT
synthesis to kynurenine (KYN) formation, as a major etiological factor of depres-
sion. It also suggested the formation of “vicious cycle” perpetuating the increase of
KYN and decrease of 5-HT production in depression due to stress hormones-
induced activation of tryptophan 2,3-dioxygenase (TDO), the rate-limiting enzyme
of TRY-KYN pathway, diminished availability of TRY as an initial substrate of
5-HT biosynthesis due to increased formation of KYN from TRY and to increased
production of cortisol due to weakening of the 5-HT inhibitory effect on amygda-
loidal complex. This 5-HT deficiency was a major consequence of the shift of TRY
metabolism to KYN formation, and “intensification of the central 5-HT-ergic pro-
cesses” was suggested as “a possible determinant of the thymoleptic (mood-
elevating) effect.” Another important consequence of the “serotonin hypothesis”
was stimulation of research of biological and neurotropic activity of KYN and its
derivatives, “kynurenines” and of factors regulating KYN pathway of TRY metab-
olism (Oxenkrug 2010).

The association between SHT dysfunction in the central nervous system and
suicide has been suggested since 1972, when low concentrations of the SHT
metabolite, 5-hydroxyindolacetic acid (5-HIAA), were found in cerebrospinal fluid
(CSF) of individuals who died of violent suicides. Recent research confirmed that in
suicide and more lethal but nonfatal suicide attempts low levels of the CSF SHIAA
were found, together with low levels of 5-HT and/or 5-HIAA in the brainstem
serotonin nuclei and altered serotonin receptor and serotonin transporter binding in
postmortem brains of suicides (Mann 2003). Studies suggested that these findings
were not dependent on psychiatric diagnosis and share a common feature of being
related to suicide or nonfatal attempts.

Meta-analysis of prospective studies found that major depression characterized
by below median levels of CSF 5-HIAA has 4.5 times higher odds ratio for suicide
compared, while in major depression CSF 5-HIAA concentrations are in the above
median group (Canli et al. 2006). In nonfatal suicide attempt lower CSF 5-HIAA is
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associated with violent and/or higher-lethality attempts. CSF 5-HIAA is under
genetic control such that about half the variance is heritable. Studies also show
that CSF 5-HIAA is lower after maternal deprivation in non-human primates with
the low expressing promoter alleles of the serotonin transporter gene, SHTTLPR,
and this effect persists into adulthood. It may contribute to more aggressive traits in
man as they are related to low CSF 5-HIAA and recurrent depression. Both aggres-
sive traits and recurrent major depression are important psychopathologic risk
factors for suicide and nonfatal suicide attempts. Other studies showed that subjects
making subsequent suicidal attempts also had lower levels of CSF 5-HIAA (Lester
1995).

In the last two decades, the pathogenic role of SHT in suicide started to be
investigated with functional neuroimaging studies. These studies have measured
SHT receptor binding and quantified serotonergic neurons in the raphé nuclei and
their output targets. Using '*fluorodeoxyglucose (FDG) PET, they found prefrontal
cortical hypofunction and impaired serotonergic responsivity to a challenge of
fenfluramine in patients dying from suicide. The hypofunctionality was proportional
to the lethality of the suicide attempt in a study of 25 victims. They also reported
alterations in binding to the SHT transporter and the 5-HT; » and 5-HT, A receptors
primarily in the ventral and ventrolateral prefrontal cortex of suicide victims (Parsey
et al. 2006b).

To examine the genetic mechanisms underlying suicidal attempts and completed
suicide we review the association of suicidal behavior or completed suicides with
several SHT-related genes, including the identification of polymorphisms in the
genes mediating the SHT enzyme tryptophan hydroxylase, the SHT transporter
and 5-HTTLPR allele, the 5-HT;g and 5-HT, 4 receptors.

Serotonin Transporter

The serotonin transporter gene is located on chromosome 17 and has a common,
functional promoter polymorphism (5-HTTLPR), with a short and long variant. A
short variant (S allele) of the polymorphism has lower transcriptional efficiency and
less transporter expression, whereas the long variant (L allele) can be low-expressing
(Lg) and higher-expressing (L) (Hecimovic et al. 2010). In a study with healthy
volunteers, using the high affinity ligand [''C] DASB for PET scan, altered seroto-
nin transporter binding was reported in the midbrain and putamen and was associ-
ated with the 5-HTTLPR genotype.

Postmortem studies of suicides in depressed patients demonstrate less serotonin
transporters in prefrontal cortex, hypothalamus, and brainstem. This prefrontal
cortex deficit is relevant as it involves the ventromedial part which is involved in
decision-making process.

Studies in healthy adults have reported that individuals with the lower expressing
SS genotype show increased amygdala activity when exposed to angry or fearful
faces, negative words, or aversive pictures. Using fMRI, the S/S group or S/S & S/L
combined group had higher resting cerebral blood flow in the amygdala, compared
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with the L/L group (Canli et al. 2006). This suggests that the presence of such lower-
expressing allele may contribute to the amygdala activity and explain its increased
sensitivity to emotional stimuli. Other studies showed that amygdala activation at
rest correlated positively with life stress in short variant carriers but correlated
negatively with life stress in non-carriers. A similar effect was observed in the
hippocampus. The underlying neurobiology of suicide may explain, in animal
models, that the amygdala is densely packed with serotonergic neurons and 5-HT
receptors are abundant. Thus, the serotonergic abnormalities seen in suicides may
partly result from a dysfunctional amygdala.

Serotonin Transporter Genes and Suicidal Behavior

Meta-analysis of 12 studies including 1,599 subjects suggested an association
between the S-HTTLPR low expressing S allele and suicidal behavior. The S allele
was associated with more violent suicide attempts (Lin and Tsai 2004). It is plausible
that this effect is carried through alterations in amygdala function. The neural
circuitry consisting of the amygdala, prefrontal cortex, and orbital cortex was
found to underlie violent behavior due to negative emotional regulation.

The relation between the S-allele and violent suicide methods was observed in a
study that demonstrated that the frequency of the S/S and S/L genotypes was not
increased in patients with non-violent suicide attempts (Bonkale et al. 2004). In the
follow-up study with 103 patients, those who reattempted suicide during a 1-year
follow-up period had a significantly higher frequency of the S-allele and the SS
genotype (Bonkale et al. 2006). The authors proposed that the presence of at least
one S-allele might favor subsequent suicide attempt.

A gender-specific association between the serotonin transporter gene and suicide
attempts was proposed in a study from Spain of 180 suicide attempters (121 women
and 59 men). The study found that the S-individuals (S/S or S/L) were significantly
overrepresented among female attempters and especially in those who attempted
unsuccessful suicide. Another, pilot, study investigating the S-HTTLPR in females
observed that the frequency of the S-individuals was low in patients with obsessive
compulsive disorder, intermediate in non-impulsive subjects and elevated (82%) in
impulsive suicide attempters. It was suggested that genetic variants may be related
more likely to suicide than to specific psychiatric disorder. In contrast to these
positive findings some studies did not find an association between the S-HTTLPR
with suicidality. Despite these discrepant results further investigation of genetic
variants of 5-HTT, as possible indicator for suicidality, is warranted.

Serotonergic Receptors

Studies reported higher platelet 5-HT,, receptor numbers in suicide attempters
compared with nonattempters. Findings indicated impaired 5-HT,, receptor medi-
ated signal transduction in the prefrontal cortex of suicide victims and blunted
5-HT, receptor response in patients with major depression who made high-lethality
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suicide attempts, compared to those who made low-lethality suicide attempts. The
impaired cortical signal transduction and blunted 5-HT,4 receptor activation could
affect serotonergic activity in the brainstem.

Greater postmortem 5-HT,, receptor binding was observed in the ventral pre-
frontal cortex of suicides compared with non-suicides. Higher 5-HT,, binding has
also been reported in the amygdala in depressed suicides. In some, but not all,
suicide victims with and without depressive symptoms there is evidence that
5-HT; A receptors are upregulated in the dorsal prefrontal cortex.

Serotonergic Receptors Genes and Suicidal Behavior

Anger- and impulsivity-related traits are associated with polymorphisms in the
5-HT,, gene. (79) Studies of association of 5-HT,, receptor gene and suicidal
behavior have largely focused on the T102C SNP. Earlier studies suggested a
positive association with suicide attempt in depressed individuals with suicidal
ideation, however meta-analyses were unable to find significant association of the
T102C polymorphism with suicide attempt or completed suicide.

Other serotonin receptors have been less studied with respect to genetic involve-
ment in suicidal behavior. An overrepresentation of 5-HT; » 1018G allele in patients
who committed suicide compared to controls has been reported by some investiga-
tors (Lemonde et al. 2003), but not others (Huang et al. 2004). Studies of the 5-HT»,
5-HTj receptor and a study of 7 other serotonin receptor genes reported no associ-
ation with suicidality.

Tryptophan Hydroxylase

Tryptophan hydroxylase is the rate-limiting enzyme in the synthesis of serotonin.
Two isoforms of TPH have been identified: TPH1 and TPH2, the latter primarily
expressed in the brain. Greater density and number of TPH-immunoreactive neurons
in the dorsal raphé nucleus was found in postmortem studies comparing depressed
suicides to controls.

There are two common polymorphisms on intron 7 of TPH1: A218C and A779C
that are in very high linkage disequilibrium. A218C has been linked to altered 5-HT
function. In a postmortem study, the AA genotype was associated with higher TPH
immunoreactivity and lower 5-HT,, binding in the prefrontal cortex compared to
other genotypes in both suicides and non-suicides while another TPH1 polymor-
phism, A-1438, had no effect on either serotonergic marker.

Tryptophan Hydroxylase Genes and Suicidal Behavior

There have been multiple reports of both positive and negative associations with
suicide and suicide attempt and the intron 7 A218C SNP. There was positive
association of excess tryptophan hydroxylase A779C allele in surviving monozy-
gotic twin suicide victims. The A allele of the TPH1 A779C polymorphism has been
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associated with higher scores for state and trait anger and angry temperament in
suicide attempters, compared to CC homozygotes. TPH1 A allele of the 218C SNP
was associated with higher anger scores in a combined sample of suicide attempters
and controls (Currier and Mann 2008).

TPH2 has been little studied with respect to endophenotypes of suicidal behavior,
although studies in healthy volunteers found an effect of the TPH2-703 G/T SNP on
amygdala responses to emotional stimuli. The identification of the brain-specific,
second isoform TPH2 gene, that plays an important role in the synthesis of brain
serotonin and thus might be a better candidate gene, is on chromosome 12q15.
Although the functional consequences of these polymorphisms are unknown and
current data on the TPH2 gene are limited, the TPH2 gene needs more detailed
evaluation as a candidate gene for suicidal behavior.

Monoamine Oxidase

Monoamine oxidase (MAO) A plays a key role in metabolism of amines. Low MAO
A activity results in elevated levels of serotonin, norepinephrine, and dopamine in
the brain. One fMRI study in healthy volunteers showed that the low expression
variant was associated with limbic volume reductions and hyperresponsive amyg-
dala during emotional arousal, and higher expressing alleles with decreased reactiv-
ity of the regulatory prefrontal regions (Meyer-Lindenberg et al. 2006).

Based on this it is possible that a potential neural mechanism of genetic risk for
impulsivity and violence of MAO A in suicidal behavior is via altered affect and
behavioral regulation due partly to genetic alterations in serotonergic system
function.

Monoamine Oxidase Genes and Suicidal Behavior

Human and animal studies provided some evidence of the involvement of MAO A in
aggression. The MAO A uVNTR has been associated with aggression and violence,
but not with suicide or suicide attempt. Some authors found a higher frequency of
higher expressing alleles in males who made a violent suicide attempt compared to
males who made a non-violent attempt. One study found the low expressing alleles
to be associated with increased risk of violent behavior and neural alterations in the
corticolimbic circuitry involved in affect regulation, emotional memory, and impul-
sivity as possible prelude to violence (Davidson et al. 2000).

Heritability and Serotonin System Candidate Genes in Suicidal Behavior

From twin studies, based on case and register studies, estimates of heritability for
suicide range between 21-50% and 30-55% for a broader phenotype of suicidal
behavior (thoughts, plans, attempts) in general population (Voracek and Loibl
2007). Identifying the relevant genes and the neurobiological pathways through
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which they contribute to the etiology of suicidal behavior is important for designing
and implementing preventative strategies.

Heritability of CSF 5-HIAA is estimated to be 25-50%, and a range of seroto-
nergic system candidate genes have been investigated for association with suicidal
behavior, and for functional effects on serotonergic system activity. The most
promising candidate is the serotonin transporter 5 promoter variant (5-HTTLPR),
for which a meta-analysis found an association between the low-expressing S allele
and suicide (Brent and Mann 2005).

Many, but not all, fMRI imaging studies in healthy adults report that individuals
with the lower expressing SS genotype show increased amygdala activity when
exposed to angry or fearful faces, negative words, or aversive pictures. The amyg-
dala has a central role in encoding of emotional memories, emotional regulation and
responses to stress, and is densely innervated by serotonergic neurons. It may encode
the effects of childhood abuse experiences as more salient emotional memory in
carriers of the lower expressing S-HTTLPR alleles.

Epigenetics is the study of heritable changes in gene expression that do not
involve changes to the underlying DNA sequence. The change is in phenotype
without a change in genotype. One example of an epigenetic change is DNA
methylation, an addition of a methyl group, to part of the DNA molecule, which
prevents certain transcriptional factors from being expressed. DNA methylation is
important as it may also be a pathway through which early-life adversity might
produce enduring neurobiological alteration. Early-life environment has been shown
to affect methylation, such as maternal behavior of licking and grooming, that results
in differential methylation of the glucocorticoid region in hippocampal tissues in
adult offspring (Weaver et al. 2005).

Animal studies show that early-life adversity interacts with genotype and that the
behavioral alterations are seen into adulthood. In the serotonergic system in mon-
keys, maternal separation early in childhood results in lower serotonin function in
adulthood in animals with the low-expressing 5S-HTTLPR S allele. In humans the
interaction of the 5-HTTLPR gene and early environment has an effect on the
vulnerability of individuals for the onset of depression due to stressful life events
in adulthood, as well as an increased risk for suicidal behavior in adulthood.

One pathway in which early-life adversity increases risk for suicidal behavior
later in life is through developmental alteration in neurobiological systems that have
functional consequences in adulthood. These alterations can then increase vulnera-
bility for the development of various psychiatric disorders, increased stress sensi-
tivity, and behavioral and personality traits such as impulsivity and aggression. All
of this is associated with increased risk for suicide (Currier and Mann 2008).

Caspi observed that life events predicted onset of depressive episode only in
individuals with the low expressing S-HTTLPR S allele. The group also suggested
that childhood maltreatment predicted adult depression that appeared to be triggered
by stress, in individuals with the S allele (Caspi et al. 2003).

In conclusion, only two genes, one coding for the tryptophan hydroxylase
1 (TPH1 A218C) and the other for the serotonin transporter (5-HTTLPR), were
suggestive to be involved in the vulnerability resulting in suicidal behavior.
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Much remains unknown regarding which genes have the most influence in
suicidal behavior and the neurobiological mechanisms through which genetic vari-
ants act to increase the risk for suicidal behavior.

4.1.2 Noradrenergic System Dysfunction

The noradrenergic system has long been investigated for its possible role in
suicidality. Postmortem studies of suicides have found fewer noradrenergic neurons
in the locus coeruleus of suicide victims with major depression, increased brainstem
levels of tyrosine hydroxylase and changes in binding to a, adrenergic receptors in
the brains of suicide victims. Role of noradrenaline in stress response is well known.
Catechol-O-methyltransferase (COMT) enzyme metabolizes noradrenaline in the
synaptic cleft. COMT has a common functional polymorphism, vall58met, that
results in the substitution of valine (Val), which has higher COMT activity by
methionine (Met). Many studies, but not all, of suicide and healthy controls
suggested an association between COMT vall58met polymorphism and suicidal
behavior, perhaps related to the lethality of suicide attempts. In line with this are
reports of association in schizophrenia between the lower functioning Met allele and
impulsive aggression, violent suicide attempts, and of the Met/Met genotype and
aggression in suicide attempters. One postmortem study found the Val allele less
prevalent and the heterozygote Val/Met were more prevalent in male suicides than in
controls.

Given that early-life stress has been shown to modify noradrenergic system
function into adulthood, evaluating possible genetic factors would be important.
There have only been a few studies exploring genes related to the noradrenergic
system. One example is with the a2 A adrenoceptors, located in the locus coeruleus,
that exhibited an inhibition of activity of noradrenergic cells and the release of
norepinephrine in projecting areas.

Abnormal stress response has been documented in both the HPA axis and
noradrenergic system in suicidal behavior in the context of depression. Depressed
suicides have fewer NE neurons in the locus coeruleus and greater 2 adrenergic and
lower o-adrenergic cortical binding. Lower cerebrospinal fluid 3-methoxy-4-
hydroxphenylglycol (CSF MHPG), a metabolite of noradrenalin, in some studies
predicted future suicide attempt in one year follow-up in individuals with major
depression as well as the lethality of those attempts (Galfalvy et al. 2009), but not in
others (Lester 1995). In clinical studies hopelessness predicted the risk for suicide.
The link between substantial stress leading up to a suicide attempt can possibly
trigger excessive norepinephrine release and its depletion. A working hypothesis is
that excessive hopelessness produces a significant norepinephrine depletion, prior to
suicidal attempt.
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4.1.3 Glutamatergic and y-Aminobutyric Acid System Dysfunction

Glutamate and GABA are closely related. Glutamate is substrate for the biosynthesis
of GABA through the enzyme glutamic acid decarboxylase (GAD) and its two
isoforms: GADG65 and GAD67. However, these two neurotransmitters have opposite
effects — glutamate yields an excitation and GABA inhibition of neuronal excitabil-
ity. It is well established that disturbances of glutamate and GABA in the brain have
important pathogenic role in epilepsy. An excessive glutamate and decreased
GABAergic activity are associated with increased neuronal excitability.

The pathogenic mechanisms of these two neurotransmitters in primary mood
disorders and suicide have also been suggested by the following evidence. Dysfunc-
tion of glutamate transporter proteins in humans with depressive disorder showed
downregulation of the glutamate transporter proteins: solute carrier family 1 member
2 (SLC1A2) which is a protein that in humans is encoded by the SLC1A2 gene and
SLC1A3, two key members of the glutamate transporter protein family. SLC1 A2
and A3 were found in glial cells in dorsolateral prefrontal cortex and cingulate gyrus
in brains of patients with major depressive disorders. These changes can produce
pathologically high extracellular glutamate concentrations. Additional finding is a
decreased expression of L-glutamate—ammonia ligase, which is the enzyme that
converts glutamate to nontoxic glutamine. Elevated extracellular glutamate increases
neurotoxicity and can affect the efficiency of glutamate transmission. In the same
cortical areas there was an upregulation of several GABA, receptor subunits.
GABAAq1 and GABA g3 showed selectivity for individuals who had died by
suicide. Gene expression analysis on 17 cortical and subcortical brain regions
from 26 male subjects who committed suicide and 13 controls with and without
major depression found abnormalities in glutamatergic- and GABAergic-related
genes, with the highest number of suicide-specific alterations identified in prefrontal
cortex and hippocampus.

Abnormal concentrations of cortical glutamate identified with 'H-MRS and the
antidepressant effects of glutamate receptor antagonists are reported. Studies done
on brains of bipolar patients have found decreases in the density of GAD65 and
GAD67 mRNA-positive neurons by 45 and 43%, respectively, in the hippocampus
and of GADGS5 in the cingulate and prefrontal cortices. Furthermore, decreased
GABA synthesis was found in depressed subjects using '*C-MRS, with normaliza-
tion of GABA concentrations with the SSRI citalopram. There are not many studies
that replicated this finding with lack of uniformity among studies, mostly due to the
complexity of neurochemical changes in the brains of suicide victims.

The evidence presented suggests the existence of disturbances of common neu-
rotransmitters in epilepsy, depressive disorder, and suicide. It may be plausible that
presented pathogenic neurobiological mechanisms explain the bidirectional relation-
ship between depressive disorders and suicide, on the one hand, and epilepsy, on the
other. This will be examined in future, longitudinal studies.
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4.14 Dopaminergic System Dysfunction

Studies suggested dopaminergic system dysfunction in depressive disorders and in
suicidal behavior; however, its role remains unclear. Depressed suicide attempters
showed in some, but not in all studies, lower CSF homovanillic acid (HVA), a
dopamine metabolite, and lower urinary HVA, DOPAC, and dopamine. Thus, there
is no definite evidence that CSF HV A levels predict suicide or correlate with clinical
factors related to suicide, such as aggression or impulsive traits. However, in studies
of violent offenders significant correlations between CSF HVA/5-HIAA ratio and
psychopathic traits of aggression and violence are reported, suggesting dysfunction
in the network activity of the 5-HT and DA systems, rather than in dopaminergic
system alone. Reduced dopamine turnover was observed in the caudate, putamen,
and nucleus accumbens in a postmortem study of depressed suicides (Bowden et al.
1997).

There have been few studies of dopaminergic system genes with respect to
suicidal behavior. In alcoholics with suicidality, studies of dopamine receptor
genes, the del allele of the -141C Ins/Del polymorphism the D2 receptor gene was
found in excess and an A-G polymorphism of the D2 receptor gene was associated
with increased number of suicide attempts.

4.2 Hpypothalamic-Pituitary-Adrenal Axis in Neurobiology
of Suicidality and Epilepsy

In studies of the genes and biology of suicidal behavior, stress plays an important
role. Exposure to stress as an early-life event may have lasting and profound effects
on the normal development and function of neurobiological systems that regulate
behavior, affect, and cognition. Impairments in stress response systems may be
directly involved in suicidal behavior. Search for genetic basis that may contribute
to altered neurobiological functions is increasingly challenging in studies that
include an examination of early-life stress, neurotransmitter binding, markers of
biological function, and endophenotypes of suicidal behavior to elucidate complex-
ities of the relationship between stress, genes, and suicidal behavior (Currier and
Mann 2008).

HPA axis function may be involved in suicidal behavior in the context of acute
stress response to life events preceding a suicidal act in which impaired stress
response mechanisms contribute to risk. It may also be involved if increased activity
of stress response to adversity during development has deleterious effects on the
development of other systems and brain structures implicated in suicidal behavior.

One measure of abnormal HPA axis function in non-suppression of cortisol is
response to dexamethasone administration test (DST). The DST cortisol
non-suppressors had an approximately 14-fold higher risk of suicide compared to
suppressors, and DST non-suppressors had a 4.5-fold risk of dying by suicide. Some
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morphological changes included larger pituitary and larger adrenal gland volumes
found postmortem and fewer CRH binding sites in the prefrontal cortex of depressed
suicide victims.

High serum cortisol concentrations secondary to a hyperactive HPAA have been
documented for a long time in major depressive disorders as well as in TLE. A
pathogenic role of hyperactive HPAA in suicide has been suggested in studies which
reported high serum cortisol levels in patients who went on to commit suicide. High
serum cortisol levels correlated significantly with low cerebrospinal fluid 5-HIAA in
patients with a history of suicide attempt. High secretion of the neuropeptide CRH is
coupled to the hyperactive HPAA and was found in cerebrospinal fluid of suicide
victims.

Cortisol has been found to be neurotoxic at high concentrations, causing damage
to hippocampal neurons, particularly CA3 pyramidal neurons, which is mediated by
reduction of dendritic branching and a loss of dendritic spines that are included in
glutamatergic synaptic inputs. Another finding was decrease in levels of BDNF
which may be reversed by long-term administration of antidepressants and interfer-
ence with neurogenesis of granule cells in the adult hippocampal dentate gyrus.

All of these changes result in structural changes in the dentate gyrus, pyramidal
cell layer of the hippocampus, amygdala, and temporal neocortex. In patients with
depressive disorders, high cortisol secretion has been associated with a decrease in
glial cell numbers in subgenual, cingulate, and dorsolateral sections of the prefrontal
cortex. In fact, neuropathological studies of patients with major depressive disorders
and excessive cortisol secretion have been associated with decreased glial densities
and neuronal size in the cingulate gyrus, decreased neuronal sizes, and neuronal
densities in layers II, III, and IV in the rostral orbitofrontal cortex, resulting in a
decrease in cortical thickness, a significant decrease in glial densities in cortical
layers V and VI associated with decreases in neuronal sizes in the caudal
orbitofrontal cortex and in a decrease in neuronal and glial density and size in all
cortical layers of the dorsolateral prefrontal cortex.

Finally, it has been shown that increased levels of glucocorticoids may reduce the
activity of astrocytes and interfere with their function. Thus, they may undermine
neuronal and cortical function in major depression.

4.2.1 Hypothalamic-Pituitary-Adrenal Axis Genes and Suicidal
Behavior

There have been comparatively few genetic studies of the HPA axis function and in
relation to suicidal behavior. Stress response systems have been less studied with
respect to candidate genes. In the HPA axis, a promising candidate is the CRH
receptor 1 gene, reported to be associated with cortisol response to dexamethasone
challenge.
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4.3 Neurotrophins in Neurobiology of Suicidality
and Epilepsy

A significant reduction of BDNF mRNA levels was reported in prefrontal cortex and
hippocampus of suicide subjects, suggesting possible role of neurotrophins in the
etiology of mood disorders and suicidal behavior. Another study used a missense
polymorphism of the low-affinity neurotrophin receptor gene and found a positive
result in Japanese suicide attempters (Kunugi et al. 2004). Involvement of a sub-
stance related to neurogenesis was identified as a possible candidate gene, as it was
upregulated using DNA microarrays with brains of suicide victims. These findings
are still not confirmed in larger studies. Present evidence might suggest a possible
interaction between the depression state with suicidal behavior.

4.4 Neuroimmune Dysfunction in Neurobiology
of Suicidality and Epilepsy

Cytokines are proteins that are important in cell signaling as immunomodulating
agents. Cytokines include chemokines, interferons, interleukins, lymphokines, and
tumor necrosis factors. They act through cell surface receptors and are especially
important in the immune system; cytokines modulate the balance between humoral
and cell-based immune responses, and they regulate the maturation, growth, and
responsiveness of particular cell populations. Cytokines are important in host
immune responses to infection, inflammation, trauma, and sepsis. Recent studies
suggested that cytokines may be responsible for mood changes (Khairova et al.
2009). Low doses of interleukin-1 (IL-1) produce social withdrawal and decreased
exploratory and sexual behavior in some animals, and the effect is mediated by the
release of proinflammatory cytokines such as interferon-o (IFN-ar), tumor necrosis
factor-o (TNF-a), IL-6 and IL-1p. These mediators activate the HPA axis and
monoamines, primarily serotonergic transmission.

Clinical studies show that some patients receiving recombinant interferons
develop depression as a side effect of the therapy. Some argued that this is linked
with underlying, autoimmune, condition, such as diabetes or rheumatoid arthritis, in
which preexisting inflammation increases the risk of development of depressive
symptoms.

4.4.1 Cytokines in Suicidal Behavior

Recent research indicated that blocking proinflammatory cytokine-mediated signal-
ing may produce antidepressant effect. Mice with targeted deletions of the gene
encoding the TNF-a receptors show antidepressant-like behavioral phenotypes, and
a centrally administered antagonist of the IL-1f receptor reversed the behavioral
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effects of chronic stress. Increased levels of TNF-a have been observed in several
neuropathological states associated

with mood and memory deficits. The pathophysiological levels of TNF-a have
been shown to inhibit long-term potentiation (LTP) in the CA1 region, as well as in
the dentate gyrus, of the rat hippocampus. It has also been shown that the TNF
receptor knockout mice demonstrate impaired long-term depression (LTD) in the
CAL region of the hippocampus. TNF-a knockout mice show improved perfor-
mance on spatial memory and learning tasks and TNF-a overexpressing mice are
significantly impaired on spatial learning and memory tasks. These findings of the
TNF-a effects on synaptic plasticity appear to have important behavioral correlates
in vivo. Studies suggest that TNF-a has deleterious effects on synaptic plasticity, but
more recent evidence shows that physiologically low levels of TNF-a may be
important in brain development, as well as in the “synaptic scaling.” Independent
of the important role of TNF-a in homeostatic scaling, this effect of TNF-at on Ca**
homeostasis might also have implications for neuronal toxicity, especially when
extracellular levels of TNF-a are high, as seen in a number of neuropathological
conditions.

IL-1 may also modulate synaptic plasticity and behavioral changes. It has been
suggested that pathophysiological levels of IL-1 can have negative effects on
hippocampal-dependent memory and learning processes, while stress-induced inhi-
bition of hippocampus-dependent conditioning can be reversed by the IL-1RA, an
IL-1 receptor antagonist. Administration of IL-1RA impairs memory in rats in the
water-maze and in passive-avoidance paradigms, both of which are associated with
hippocampal functioning. Similarly, mice with a targeted deletion of IL-1R1 display
severely impaired hippocampal-dependent memory and diminished short-term plas-
ticity, both in vivo and in vitro. Other studies showed that the physiological levels of
IL-1 are needed for memory formation, and a slight increase in the brain IL-1 levels
can even improve memory. However, any significant divergence from the physio-
logical range, either by excess elevation in IL-1 levels induced by exogenously
administered IL-1 or by enhanced endogenous release of IL-1, or by blockade of
IL-1 signaling, results in impaired memory. Interestingly, mice with a deletion of the
IL-1 receptor or with restricted overexpression of IL-1 antagonist did not display
stress-induced behavioral or neuroendocrine changes. Further support for the role of
immune system activation in the pathogenesis of depressive disorders comes from
observations that antidepressants desipramine and fluoxetine reduce inflammatory
reaction in ovalbumin sensitized rats in the lipopolysaccharide (LPS) animal model
of autoimmunity.

The incidence of depressive disorders in studies associated with cytokine therapy
is highly variable, ranging from 10 to 40%. The explanations for these variations are
probably related to the specific disease being treated, the cytokine type being used
and its dose, as well as outcome measures and psychiatric history. In most cases,
these depressive symptoms are treated effectively with antidepressants.

New data suggest that synaptic plasticity is impaired in mood disorders. It is
possible that immune system network interferes with the complex pathophysiology
of depressive symptoms. Hyperactivation of the immune system results in increased
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TH1 cytokines. Several animal studies have shown that administration of cytokines,
such as IL-1 or activation of macrophages and other inflammatory immune cells by
systemic LPS treatment, provokes “sickness behavior” symptoms. Motivation and
some cognitive functions also appear to be affected. Mice lacking the enzyme
required to synthesize IL-1 have reduced “sickness behavior” and lower expression
of neurotoxic anti-inflammatory mediator genes in the brain after peripheral endo-
toxin injection.

Deletion of either TNF-a receptor 1 (TNFR1) or 2 (TNFR2) genes results in
antidepressant-like effects. In healthy human volunteers, depression, anxiety, and
memory impairment are associated with immune activation by the bacterial endo-
toxin LPS and are correlated with serum IL-1 and TNF-a levels induced by that
treatment. Immunotherapy with IL-2 or IFN-a is often associated with marked
cognitive disturbances and neurovegetative symptoms such as fatigue, sleep distur-
bances, irritability, appetite suppression, and depressed mood correlate with elevated
serum levels of IFN-a, IL-6, IL-8, and IL-10.

4.4.2 Immune Deficiency and Suicidal Behavior

Immune deficiency has been associated with suicidal behavior, and individuals with
joint exposure to primary humoral immunodeficiencies and autoimmune disease
displayed higher association with suicidal behavior. Autoimmune diseases, inflam-
mation, and infections have all been previously shown to increase the risk of suicide.
The mechanisms are still uncertain (Isung et al. 2020).

The rates of suicidal behavior in individuals affected by conditions that involve
the immune system are higher than in individuals with somatic conditions that do not
increase inflammation. For example, ~1% of adolescents with hemophilia, a genetic
condition that does not involve inflammation, have previously attempted suicide
compared with 7% of adolescents with thalassemia major, a condition that is often
characterized by the presence of chronic vascular inflammatory state. It is also
known that depression is more prevalent in patients with comorbid conditions
characterized by chronic inflammation, such as rheumatoid arthritis, than in the
general population.

4.4.3 Inflammation and Suicidal Behavior

Inflammation can trigger depressive symptoms and suicidal thoughts or suicidal
attempts in patients following administration of interferon (IFN) or interleukin-2
(IL-2) immuno-therapy. Multiple sclerosis (MS) is a chronic inflammatory neuro-
logical disorder and up to 40% patients with MS report depressive symptoms
(Chwastiak et al. 2002). In a subset of MS patients with no history of psychiatric
illness, treatment with IFN-y elicited suicidal ideation and suicide attempts, 4 months
to 1 year after the onset of treatment. Some developed phobic, aggressive, behav-
ioral, psychotic and manic symptoms, suggesting a very complex mood disturbance.
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Death by suicide may account for up to 15% of mortality in MS population
(Sadovnick et al. 1991).

It is important to evaluate whether inflammation is only an epiphenomenon in
patients who already have primary psychiatric diagnosis, and/or that the main trigger
is the intensity or duration of inflammation, for activating molecular mechanisms
responsible for suicidal behavior. Inflammation may be pronounced in patients with
suicidal behavior and suggested inflammatory markers may play a role in inflam-
mation and suicidal behavior.

In a study plasma IL-2, IL-6 and TNF-a were measured in 47 suicide attempters,
17 non-suicidal depressed patients, and 16 healthy controls. The group found
increased levels of IL-6 and TNF-a as well as decreased IL-2 concentrations in
suicide attempters compared to non-suicidal depressed patients and healthy controls.
These results demonstrated that suicidal patients display a distinct peripheral blood
cytokine profile compared to non-suicidal depressed patients, supporting the role of
inflammation in the pathophysiology of suicidality (Janelidze et al. 2011, 2015).
Patients with a history of suicide attempts have increased blood levels of the IL-2
receptors compared with healthy controls. Recent suicide attempters have elevated
levels of IL-6 in the CSF, and levels of IL-6 in these patients correlated with the
severity of depression assessed by the Montgomery—Asberg Depression Rating
Scale (MADRS) (Lindqvist et al. 2009). Patients with a history of violent suicide
attempts displayed the highest IL-6 levels. Levels of IL-6 and TNF-a correlated
significantly with 5-HIAA and HVA in CSF, but not with MHPG, suggesting a role
of IL-6 in activation of serotonergic and dopaminergic metabolism (Lindqvist et al.
2009).

Lower CSF levels of neuroprotective IL-8 were reported in suicide attempters
compared with healthy controls (Isung et al. 2020). Moreover, decreased IL-8 levels
were specific to patients with anxiety and identified the presence of a single-
nucleotide polymorphism in the promoter region of the IL-8 gene, which predicted
severity of anxiety in suicide attempters (Janelidze et al. 2015). Thus, it appears that
inflammation correlated with the degree of suicidal ideation in patients with depres-
sion, even after controlling for active suicide attempts and degree of depressive
symptoms.

Postmortem studies showed an increased inflammation in the brains of suicide
victims. Elevated mRNA transcripts of IL-4 and IL-13 were found in the
orbitofrontal cortex of suicide victims. Other studies demonstrated increased
microgliosis, a marker of enhanced inflammation in suicide victims with a diagnosis
of depression. It was (Pandey et al. 2012) reported that postmortem brain tissue from
teenage suicide victims had increased mRNA and protein levels of IL-1/, IL-6, and
TNF-a in some cortical regions. Meta-analyses that assessed changes in inflamma-
tory cytokines in blood, CSF, and postmortem tissue of suicidal individuals found an
association between increased suicidality and plasma levels of IL-1/4 and IL-6. These
changes were significant to distinguish psychiatric patients with suicidality from
psychiatric patients without suicidality and healthy controls. They also found
increased IL-1§ and IL-6 in postmortem brain tissue from suicide victims and
reported that reduced CSF levels of IL-8 were associated with suicidal behavior
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(Black and Miller 2015). Other studies reported that depressed individuals who
committed suicide had greater proportion of activated microglia in the anterior
cingulate cortex white matter compared to subjects without psychiatric disorders
who died from other causes. This group described specific microglial phenotypes
that were associated with concurrent increases in vascular density and increased
expression of perivascular macrophage markers. Others confirmed this finding and
observed increased density of perivascular cells in the prefrontal cortex white matter
of suicide victims.

Peripheral cytokines can enter the CNS either through regions with limited
blood-brain barrier (BBB) permeability, such as the circumventricular organs and
the choroid plexus, or through a compromised BBB, which has been reported to be
leaky in suicidal individuals. In line with these findings, an increased peripheral
myeloid cell trafficking into perivascular spaces and specific brain regions was found
using a repeated social defeat stress model. These changes were further accompanied
by microglial activation and induction of anxiety-like behavior.

Based on these data, suicidal behavior is associated with changes in cytokine
profiles not only in the brain, but also in peripheral blood. It is important to
determine whether such changes are specific for suicidal behavior, independent of
underlying psychiatric diagnosis. It is also of interest to assess whether similar or
different degrees of inflammatory changes are found among individuals with suicidal
ideation as well as among suicide attempters and completers. In some studies
(Janelidze et al. 2011) plasma IL-6 and TNF-a levels were elevated in suicidal
depressed individuals compared with non-suicidal depressed individuals and healthy
controls, suggesting a specific profile of suicidal individuals among depressive
patients. Other studies found a higher degree of suicidal ideation to be associated
with an increased inflammatory index in patients, independent of the degree of
depressive symptoms.

Mechanisms of Inflammation in Suicidal Behavior

Inflammatory cytokines can be synthesized in the central nervous system or enter the
brain from the periphery via different mechanisms, including compromised BBB.
Suicidal individuals have an increased BBB permeability, which is associated with
increased CSF levels of glycosaminoglycan hyaluronic acid, which is a ligand for
CD44 and is indicative of increased neuroinflammation. Another mechanism which
could be responsible for the observed increase in inflammatory cytokine levels is
activation of the Toll-like receptors (TLRs). They have an important role in innate
immune response and facilitate immune reaction in the event of infection. Their
function is related to cognition and memory. A study in suicide victims (Pandey et al.
2012) observed changes in the mRNA and protein levels of TLR3 and TLR4
receptors, in both depressed and non-depressed individuals, suggesting a role of
TLRs in suicide.

Inflammatory cytokines may promote suicidal behavior by several mechanisms,
including activation of the kynurenine pathway of tryptophan catabolism, changes in
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the HPA axis and alterations in monoamine metabolism. The kynurenine pathway
consists of a series of enzymes involved in the metabolism of the essential amino
acid, tryptophan. Kynurenine is broken down into highly neuroactive compounds
such as quinolinic (QUIN) and kynurenic acid (KYNA). QUIN is synthesized in
microglia, it is a selective N-methyl-D-aspartic acid (NMDA) receptor agonist and
acts via activation of the NR1 + NR2A and NR1 + NR2B NMDA receptor subunits.
In addition to NMDA receptor activation, QUIN also inhibits astrocytic uptake of
glutamate by inhibiting glutamine synthetase and increases neuronal glutamate
release. KYNA antagonizes the glycine site of the NMDA receptor and also antag-
onizes a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor,
which has been implicated in the pathophysiology of depression. QUIN levels in
CSF of suicide attempters were reported to be elevated compared to healthy controls
with no change in KYNA levels. QUIN levels were positively correlated with IL-6 in
CSF, indicating that the activation of the kynurenine pathway in these patients was
associated with an active inflammatory state. The increase in QUIN also correlated
with the suicidal ideation in this cohort. Elevation of QUIN remains stable over time,
together with high levels of IL-6 and lower KYNA in the same patient group that
correlated with the severity of suicidal ideation and depressive symptoms. In a
postmortem study, regions of the anterior cingulate cortex in suicide victims report-
edly contained higher density of QUIN-positive microglia and lower in the hippo-
campi from the same suicide victims. This may suggest that these brain regions are
more sensitive to inflammation and contribute to specific differences in the brains of
suicide victims.

Evidence indicates that the inflammatory changes and generation of kynurenine
neurotoxic metabolites are pronounced in suicidal individuals (Janelidze et al. 2011).
However, it is not clear whether this is specific to suicidal depressed
individuals vs. non-suicidal depressed patients. Similar mechanisms of activation
of the kynurenine pathway are proposed in depressed.

In addition to the kynurenine pathway activation, inflammatory cytokines can
also induce the changes in monoamine metabolism as well as in the HPA axis.
Cytokine administration in both animals and humans is known to activate the HPA
axis. IFN-a used in the treatment of hepatitis C is a potent activator of the HPA axis
as it causes increase in cortisol and adrenocorticotropic hormone levels within
several hours of the treatment. The HPA axis activation also correlates with the
onset of depressive symptoms in patients who undergo interferon therapy. Infections
induce inflammation and may activate similar neuroinflammatory mechanisms lead-
ing to depression and suicidal symptoms. The prevalence of major depression in
chronic hepatitis C patients is around 35% and 18% of them have a suicide risk.

4.4.4 Traumatic Brain Injury and Suicidal Behavior
Traumatic brain injury (TBI) is not uncommon as a cause of epilepsy or as a

consequence of epileptic seizures. Immune system activation following TBI usually
occurs as a secondary event and further worsens existing neuro-degeneration and
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other neurological impairments following initial trauma. The neuroinflammation is
characterized by microglial activation and release of inflammatory factors such as
IL-14, TNF-a, and IFN-y. In a major study involving large cohort of TBI patients, it
was determined that those with TBI are three times more likely to die of suicide than
healthy controls (Fazel et al. 2014). To examine whether increases in inflammatory
mediators are associated with TBI, the group measured TNF-a levels in serum and
CSF of TBI patients 6 and 12 months following initial injury. This resulted in
elevated TNF-a levels that correlated with TBI and disinhibition and suicidal
ideation at various time points. This finding may suggest alternative mechanism
for the etiology of TBI, involving immune activation and increase in cognitive
deficits associated with impulse control and suicidal behavior.

One study (Mackay et al. 2006) found an increase in activation of the kynurenine
pathway, following TBI, for many years. During the first year after mild-to-severe
TBI, suicidal ideation was present in up to 25% of patients. This lasting effects of the
TBI may explain increased risk of suicidality observed in veterans.

4.4.5 YVitamin D Deficiency and Suicidal Behavior

Low serum 25-hydroxyvitamin D levels are associated with depression and in a
cohort of active duty military service professionals, its lower levels correlated with
increased suicide risk (Umhau et al. 2013). Although it is still unclear whether this is
mediated by a vitamin D primary effect, it is more likely that vitamin D evokes some
immune-modulatory functions. 1,25-dihydroxyvitamin D3 attenuates immune
response by suppressing the effects of IL-2 and IFN-y, preventing the activation
and proliferation of T-cell populations. Vitamin D also inhibits the release of
cytokines such as IL-6 and TNF-a from human monocytes. Vitamin D levels were
investigated in suicide attempters, non-suicidal depressed patients, and healthy
individuals, and it was found that suicidal patients had significantly lower levels of
vitamin D, compared with the other groups. Moreover, 58% of the suicide attempters
were vitamin D deficient. Lower vitamin D levels also correlated with
proinflammatory status in the blood in the suicidal and depressive patients (Grudet
et al. 2014).

4.4.6 Cytokines as Therapeutic Modulators in Epilepsy, Depression,
and Suicidal Behavior

Existing evidence suggests a neurobiological interaction between the immune sys-
tem and pathophysiology of suicide. A palette of various inflammatory conditions
(autoimmune disorders, infections, TBI, vitamin D deficiency), which, through
raised levels of inflammatory mediators, are potential triggers of suicidal behavior.
Possible mechanisms include changes in the kynurenine pathway of tryptophan
catabolism and increase in activity of the HPA axis, with changes in the monoamine
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metabolism. This neurobiological interaction may cause changes in emotion and
behavior, including suicidal behavior in vulnerable individuals.

Stress is a common risk factor for development of depression and it is plausible
that most initial episodes of depression are preceded by a stressor. Thus, stress might
provide a link between depression and inflammation. Recent evidence indicates that
acute and chronic stress may elevate levels of proinflammatory cytokines, primarily
IL-1 and TNF-a, and activates their signaling pathways in the central nervous
system. In patients with depression, we find a significant rise in serum levels of
proinflammatory cytokines, TNF-a, IL-1 IL-6, IL-12, IL-6R, IL-2, IL-2R, IL-1RA,
and IFN-a. It is interesting that some other severe psychiatric disorders, bipolar
disorder and schizophrenia, have also been associated with increased inflammatory
response and elevated levels of proinflammatory cytokines. Some patients with
depression have an imbalance between pro- and anti-inflammatory cytokines,
which can be attenuated following treatment with the antidepressants like fluoxetine,
sertraline, or paroxetine. In line with this, some studies indicated that depressed
patients with abnormal allelic variants of the genes for IL-1 and TNF-« and higher
levels of TNF-a showed a reduced responsiveness to antidepressant treatment.

Activation of the immune system and increased levels of circulating
proinflammatory cytokines have been observed in patients with depression.
Proinflammatory cytokines can contribute to glutamate neurotoxicity in a number
of mechanisms: directly, via activation of the kynurenine pathway in microglia and
increased production of quinolinic acid and glutamate release, and indirectly, via
decreasing glial glutamate transporter activity leading to reduced glutamate removal
from the extracellular space, and by inducing long-term activation of microglia to
release TNF-a and IL-1 in a positive feedback manner. Antidepressants have been
shown to inhibit INF-a-induced microglia production of IL-6 and nitric oxide,
suggesting that inhibiting brain inflammation may represent a novel mechanism of
action of antidepressants. Inflammation-mediated imbalance of glutamatergic
neurotransmission appears to be similarly implicated in other psychiatric disease,
suggesting that immune-mediated glutamatergic disbalance may have a role in the
pathophysiology of psychiatric illnesses, including depression, that are associated
with significant cognitive impairments.

Some antidepressant drugs may induce changes in TNF-a expression and func-
tion in the brain. Treatment with the TCA desipramine depletes neuron-localized
TNF-a mRNA and proteins in certain brain regions that may regulate mood expres-
sion. Administration of desipramine and amitriptyline as well as the SSRI zimelidine
decreased TNF-a levels and facilitates norepinephrine release. Facilitation of nor-
adrenergic neurotransmission induced by decreased levels of TNF-a in the brain is
important to the efficacy of desipramine. This effect appears to be shared by other
types of antidepressant drugs. Administration of amitriptyline or zimelidine
transformed TNF-a regulation of norepinephrine release to facilitation, an effect
that occurs via the o2-adrenergic receptor activation. Thus, it appears that some
antidepressants regulate TNF-a levels in the brain and possibly modulate noradren-
ergic, and to some extent, also serotonergic and dopaminergic neurotransmission.
Early evidence shows a regulatory role of TNF-a-induced modulation of synaptic
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plasticity in the mechanism of antidepressants action. Antidepressants can inhibit the
production and release of proinflammatory cytokines and stimulate the production of
anti-inflammatory cytokines, suggesting that reductions in inflammation might aug-
ment treatment response. Cytokine antagonists appear to have antidepressant-like
effects, even in the absence of an immune challenge. In humans, administration of
the TNF-a blockers has been found to attenuate the depressive symptoms that
accompany immune system activation. It is possible that anti-cytokine actions may
represent a novel therapeutic target in the treatment of depressive disorders in the
future. It is also possible that anti-inflammatory cytokines such as IL-4 and IL-10
may also be useful in such therapies.

Several animal and clinical trials suggested that ketamine may decrease depres-
sive and suicidal symptoms. Animal studies showed that ketamine can reduce
depressive effects in LPS-injected mice, which exhibit activation of the kynurenine
pathway in the brain. Ketamine is an NMDA receptor antagonist, and the observed
effects could be due to its competing action with QUIN, an NMDA receptor agonist.
Ketamine is metabolized in the liver to (2R, 6R)-hydroxynorketamine (HNK), a
substance that activates AMPA receptors and exerts antidepressant effects. More-
over, the prodrug 4-chlorokynurenine can cause ketamine-like antidepressant
effects, but not side effects, by the NMDA/glycine-site inhibition. An interesting
pharmacological target is glycogen synthase kinase-3 (GSK3), which raises the
levels of proinflammatory cytokines that may trigger an onset of aggressive and
depressive symptoms and suicidal behavior. Administration of lithium, which
inhibits GSK3, has been found to reduce suicide risk in recurrent major depression
in both human and animal models (Beurel and Jope 2014) and reduce symptoms of
bipolar and unipolar depression (Guzzetta et al. 2007).

Some other potential drug targets include cyclooxygenase-2 (COX-2) inhibitors,
which are selective nonsteroidal anti-inflammatory drugs. In several meta-analyses
of randomized controlled trials (RCT) COX-2 inhibitor celecoxib was effective in
decreasing depression severity and increasing remission rates. Another RCT (Nery
et al. 2008) found that adjunctive treatment with celecoxib produces a rapid antide-
pressant effect in bipolar disorder patients during depressive or mixed phases.
Infliximab is a monoclonal antibody against TNF-a with some antidepressant effects
that decreases depressive symptoms in resistant depression.

Other anti-inflammatory drugs with therapeutic promise in the treatment of
depressive and suicidal symptoms include tocilizumab and sirukumab. Tocilizumab
is a monoclonal anti-IL-6 receptor antibody that prevents the IL-6 ligand from
binding to the IL-6 receptors. Some studies found that tocilizumab could have
potential to treat some inflammatory and autoimmune diseases (Fonseka et al.
2015) and that it could decrease depressive symptomology in treatment-resistant
depression. More recently developed drug is the human anti-IL-6 monoclonal
antibody sirukumab. Sirukumab, as well as olokizumab and sarilumab, was also
able to decrease inflammatory symptoms in patients with rheumatoid arthritis, and
studies in its role in treatment of depression, and possibly suicidal behavior, are
ongoing. Pentoxifylline, a phosphodiesterase inhibitor, which decreases the
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expression of proinflammatory cytokines such as TNF-a, IL-1, and IL-6 in blood
cells, also alleviates depressive symptoms.

Future goals will include targeting additional signaling mechanisms that are
involved in immune response and neuroinflammation. Current targets are inhibitors
of proinflammatory cytokines and anti-inflammatory drugs. Additional targets will
be TLRs and T-cells. TLRs mediate the production of proinflammatory cytokines,
and abnormalities in the brain TLRs levels were found in depressed and suicidal
patients. One example is that increased level of proinflammatory cytokines was
found in the prefrontal cortex of teenage suicide victims (Pandey et al. 2012).
Another putative target could be regulation of the balance between Thl and
Th2-type T-cell populations, as several studies found an imbalance of these cell
types and their corresponding cytokines in acute phase of major depression.
Presented research data suggest that neuroinflammation may elicit behavioral symp-
toms in suicidal individuals (Brundin et al. 2017).

5 Conclusion

Understanding neurobiology of epilepsy, depression, and suicidal behavior has
evolved substantially — from early speculations about a sacred disease and an excess
of the black bile, to the theories that focus on chemical and immunological imbal-
ances. Most recent hypotheses include gene—environment interactions, in conjunc-
tion with endocrine, immunological, and metabolic mediators, with the current
knowledge of cellular, molecular, and epigenetic forms of plasticity.

Despite novel findings, major gaps in explanation of neurobiological mecha-
nisms, early detection of their dysfunction, their course and optimal management
still exist. There is a hope that new insights into pharmacogenetics and immuno-
modulatory pathways will bring new ideas and direct future therapies. We should
also improve neuroimaging tools, especially functional imaging with specifically
targeted isotopes to better understand the biological basis of these comorbidities. We
also need to optimize use of deep brain stimulation in depression and possibly in
suicidal behavior. Some therapeutic possibilities of a viral-mediated gene delivery
have already been applied successfully in neuropsychiatric disorders. Finally,
depression that occurs as a comorbid condition in epilepsy may have different
characteristics than major depressive disorder in psychiatric patients and this needs
to undergo further exploration. With this approach we may better understand
neurobiology of both disorders. Epilepsy and suicidal behavior are complex in
their nature and only multidisciplinary approach can give us new insights in their
neurobiological bases. Better understanding of psychiatric symptoms by neurolo-
gists will improve care of our patients, as well as recognition of chronic neurological
disorders by psychiatrists.
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6 Future Perspectives

In the past researchers focused mostly on epilepsy and seizure factors (type of
seizures and location of epileptic region, seizure frequency, age of epilepsy onset
and epilepsy duration, and severity of seizures), side effects of antiepileptic medi-
cations and efficacy of epilepsy therapy (antiepileptic toxicity, surgery outcomes),
age, gender, and various other social and vocational factors in order to assess quality
of life in persons with epilepsy. One possible explanation for increased suicidal
ideation is that there is an association of social and vocational factors, including
epilepsy risk factors in this chronic illness and consequent decreased quality of life.
However, recent research evaluated the impact of psychiatric conditions in epilepsy
patients on their health. It is well known that prevalence of depression in patients
with epilepsy is significantly higher than in general population. Assessments of
quality of life in epilepsy using specific inventories to examine the presence of
recent depressive symptoms such as the Beck Depression Inventory (BDI) showed
significant association between severity of depression in epilepsy patients with
quality of life measures, rather more than with seizure factors (Gilliam and Kanner
2002); the more severe symptoms of depression are, the lower the overall quality of
life is.

Mechanism of suicidal behavior in epilepsy patients is still uncertain. The most
common hypothesis has been related to the existing psychiatric comorbidity, such as
depression or psychosis, iatrogenic factors, and various psychosocial aspects char-
acteristic for the chronic epilepsy (Jallon 2004). Recent observations in depressed
(Sheline 2003; Sheline et al. 2004) using modern neuroimaging techniques and
quantitative analyses tried to explain a complex mechanism of neurobiology of
depression. These studies indicate that the underlying cause of depression, which
is in some epilepsy patients a condition associated with suicidal ideation, a specific
aspect of brain dysfunction (Mayberg 2007). Studies further suggest that there is a
decreased regional cerebral glucose metabolism in the ventral, medial, and lateral
prefrontal cortex in depressed high-lethality suicide attempters. In addition, lower
ventromedial prefrontal cortical activity was associated with lower lifetime impul-
sivity, higher suicidal intent, and higher-lethality suicidal attempts (Oquendo et al.
2003, 2005; Parsey et al. 2006a). The group also found a widespread impairment of
serotonergic network in the prefrontal cortex of depressed individuals (Mann et al.
2000). These findings indicate a brain dysfunction and disturbance in neurotrans-
mitter networks as possible causes for depression that in some individuals may also
produce suicidal ideation and suicidal behavior. It is still unclear whether this
hypothesis may underlie suicidal behavior in epilepsy patients.

In order to elucidate mechanisms of suicidal behavior, researchers have examined
specific psychological constructs to examine an association of neuropsychiatric
disorders with suicidal behavior (Coughlin and Sher 2013). These constructs include
the presence of hopelessness, anhedonia, impulsiveness, and high emotional reac-
tivity. A number of models of suicidal behavior have been proposed. In most studies,
the presence of a psychiatric disorder is a consistently reported risk factor for suicidal
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ideation and behavior. Important risk factors for suicidal behavior is chronic illness,
chronic pain, or other severe physical illness. Epilepsy can occur during childhood,
adolescence, and in adults, in stroke and in neurodegenerative disease such as
Parkinson’s and Alzheimer’s disease. In people of all ages, physical illnesses,
depression, and loss of important relationships are important risk factors for suicidal
behaviors. Primary care health professionals can play an important role in suicide
prevention among higher-risk patients including the patients with epilepsy. In a
study by Isometsa (2005), 41% of older adults had seen their primary care physician
within 28 days of committing suicide. This finding is supported by a meta-analysis
of 40 studies that almost 45% of people of various ages who committed suicide had
contact with primary care providers within 1 month prior to the suicide. The
availability and proper use of clinical care is important for the prevention of suicide
behaviors.

Bruffaerts et al. (2010) reported that the help seeking process of suicidal people is
complex. People experiencing suicidal ideation often feel pessimistic and hopeless
and they may not have positive expectations that treatment will be helpful for them.
A variety of strategies have been proposed to encourage people experiencing
suicidal ideation to seek help, to provide referrals, and to improve referral follow-
through and attendance. These strategies include a national network of suicide
prevention crisis lines, including the National Suicide Prevention Lifeline in the
USA and suicide help desks in other countries. National strategies for suicide
prevention need to be regularly improved as new scientific information becomes
available.
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Abstract The evaluation and treatment of patients with epilepsy is not limited to the
type of epilepsy, but it must incorporate the common comorbid neurologic, psychi-
atric, and medical disorders, as the latter can bare an impact on the course and
response to treatment of the seizure disorder and vice versa. In this article we review
the bidirectional relations among epilepsy and two of its most common
comorbidities, mood disorders and migraine and examine the implications of these
relations on the selection of therapies of these three disorders and their response to
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treatment. We also review the most salient common pathogenic mechanisms that
may explain such relations.

Keywords Major depressive episode - Migraine with aura - Treatment-resistant
epilepsy

1 Introduction

Comorbidities are medical, neurologic psychiatric conditions that have a higher
prevalence in a particular disorder than in the general population (Thurman et al.
2011). This association can result from the existence of common pathogenic mech-
anisms, which facilitate the development of one condition in the presence of the
other. Psychiatric and neurologic comorbidities can be identified in 30-50% of
patients with epilepsy (PWE), which can impact the course and prognosis of the
epilepsy and vice versa. Mood and anxiety disorders and migraines are the two most
frequently identified psychiatric (Tellez-Zenteno et al. 2007) and neurologic
comorbidities, respectively (Haut et al. 2006) in these patients.

Population-based studies have identified a 35% lifetime prevalence of mood and
anxiety disorders in PWE (Tellez-Zenteno et al. 2007), while migraines have been
reported in 8-15% (Gaitatzis et al. 2004, 2012; Haut et al. 2006). Two large
population studies found a two- to seven-fold higher prevalence rates of migraine
in PWE than in the general population (Gaitatzis et al. 2004, 2012; Kanner 2012a, b;
Tellez-Zenteno et al. 2005). Furthermore, mood disorders have been identified in
approximately 30% of patients with primary migraine (Breslau et al. 2003).

These epidemiologic data suggest the existence of a complex relation among
these two comorbidities and epilepsy, including a bidirectional relation between
epilepsy, on the one hand, and mood disorders (Hesdorffer et al. 2012; Josephsson
et al. 2017), epilepsy and migraine (Ludvigsson et al. 2006) and mood disorder and
migraine (Breslau et al. 2003), on the other.

The complex relation among these three conditions may not only be responsible
for their higher prevalence rates in PWE but may also have an impact on the severity
of epilepsy and migraine. Indeed, patients with a history of depression preceding the
onset of epilepsy have an increased risk of developing treatment-resistant epilepsy
(Hitiris et al. 2007; Josephsson et al. 2017; Petrovski et al. 2010). By the same token,
a history of depression has been associated with a worse course of migraines
(Guidetti and Galli 2002). Thus, if depression is associated with a worse course of
epilepsy and migraine, it begs the question of whether depression in patients with
primary migraines, increases even more their risk of developing epilepsy and its
severity. The purpose of this article is to review the epidemiologic aspects of the
bidirectional relation among these three disorders, the potential pathogenic mecha-
nisms that may explain such relations and their clinic implications.
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2 Complex Relation Between Common Psychiatric
Comorbidities and Epilepsy

2.1 Epidemiologic Data

As stated above, 30-35% of PWE have a lifetime prevalence of a mood disorder
(Tellez-Zenteno et al. 2007). Several population-based longitudinal studies have
identified a two- to three-fold higher prevalence of mood disorders preceding the
onset of epilepsy in patients who go on to develop epilepsy compared to controls. In
other words, the presence of primary depression increases the risk of developing
epilepsy by two- to three-fold, and increases the risk suicidality by three- to four-fold
(Hesdorffer et al. 2012; Josephsson et al. 2017). In one population-based study, the
severity of the mood disorder was associated with a higher risk of developing
epilepsy (Josephsson et al. 2017). Indeed, the hazard ratio (HR) to develop epilepsy
significantly increased from 1.84 [95% CI, 1.30-2.59] among patients whose
depression responded to psychotherapy only, to 3.43 [95% CI, 3.37-3.47] among
those that required antidepressants and went up to 9.85 [95% CI, 5.74-16.90] among
those that had to be treated with pharmacotherapy and psychotherapy.

2.2 Clinical and Therapeutic Implications

As stated above, several population-based studies have demonstrated an association
between a mood disorder preceding the onset of epilepsy and an increased risk of
developing treatment-resistant epilepsy (Hitiris et al. 2007; Josephsson et al. 2017,
Petrovski et al. 2010). It follows from these observations that treatment of the
psychiatric comorbidity should be followed by an improved seizure outcome and
better tolerance of AEDs. Yet, no data are yet available to establish whether such
association exists.

The availability of common therapeutic strategies for epilepsy and mood disor-
ders is one of the positive consequences of the bidirectional relation between the two
conditions. The other is the increased risk of psychiatric iatrogenic effects resulting
from pharmacologic and surgical treatments of epilepsy in patients with a prior
and/or family history of psychiatric disorders. Thus, several antiseizure medications
(ASM) have positive psychotropic properties which allow them to be prescribed in
mood disorders as mood stabilizing agents (carbamazepine, oxcarbazepine, valproic
acid, and lamotrigine), as antidepressant augmenting therapy (lamotrigine) and
anxiolytic drugs for the treatment of generalized anxiety disorders (benzodiazepines,
pregabalin), social phobia (gabapentin), and panic disorder (valproic acid) (Kanner
2016). Likewise, ASMs with negative psychotropic properties (barbiturates,
levetiracetam, topiramate, zonisamide, vigabatrin, perampanel) can result in iatro-
genic psychiatric symptoms in patients with a past and/or family psychiatric history
(Brent et al. 1987; Josephsson et al. 2019; Kanner et al. 2003, 2021; Mula et al.
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2003). In addition, several preclinical studies and open clinical trials have raised the
possibility that antidepressant drugs of the selective serotonin-reuptake inhibitor
(SSRI) and serotonin-norepinephrine reuptake inhibitor (SNRIs) families may
have an antiepileptic effect (Altalib and Kanner 2013). Furthermore, epilepsy sur-
gery has been associated with a worsening and/or recurrence of presurgical mood
and anxiety disorder or the development of de-novo psychopathology following
an antero-temporal lobectomy (Koch-Stoecker 2002; Koch-Stoecker et al. 2017,
Wrench et al. 2004) but can also yield the remission of presurgical mood and anxiety
disorders (Devinsky et al. 2005). These concepts were also addressed in greater
detail in the articles by Detyniecki, Pintor, and Araujo in this book.

Potential pathogenic mechanisms: As stated above, the existence of common
pathogenic mechanisms operant in both epilepsy and mood disorders has been
suggested as the explanation of their bidirectional relation. These include: (1) abnor-
mal neurotransmitter activity in the central nervous system, including decreased
serotonergic activity in mesial-temporal structures, cingulate gyrus, orbito-frontal
regions, and the raphe nuclei in the brain stem (Hasler et al. 2007; Toczek et al.
2003), decreased cortical GABAergic and increased glutamatergic activity in frontal
regions (Hashimoto et al. 2007; Sanacora et al. 1999, 2004), all of which facilitate
the development of epileptic seizures. (2) A hyperactive hypothalamic pituitary-
adrenal axis, resulting in higher serum cortisol concentrations causing structural and
neuropathologic changes in frontal and mesial-temporal structures, and also facili-
tating a hyperexcitable state (Bremner et al. 2000; Cotter et al. 2001, 2002; Ongiir
et al. 1998; Rajkowska et al. 1999; Sheline et al. 1996, 2003). In fact, smaller gray
matter volumes in cortical and subcortical structures (thalamus and basal ganglia)
were demonstrated in patients with temporal lobe epilepsy and comorbid depression,
compared to patients without depression and to healthy controls (Salgado et al.
2010). (3) Abnormal inflammatory processes resulting in increased cytokine secre-
tion that also have been associated with an increased epileptogenic process (Boer
et al. 2008; Maes 1999; Vezzani et al. 1999, 2008). These data were reviewed in
detail in other publications by this author (Kanner 2012a, b; Kanner et al. 2014).

3 Complex Relation Among Epilepsy, Depression,
and Migraine

3.1 Bidirectional Relation Between Migraine and Epilepsy
3.1.1 Epidemiologic Data

The prevalence of epilepsy among patients with migraine ranges from 1% to 17%
compared to 0.5% to 1% in the general population, while the prevalence of migraine
in PWE ranges from 8% to 15% (Haut et al. 2006; Ottman and Lipton 1994). In a
population-based study, PWE were found to have a 2.4-fold increased risk of
suffering from migraine (Harnod et al. 2015). In a retrospective population-based
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study that included 10,016 adults, 20 years old and older with migraine, and 40,064
controls the authors found a hazard ratio of 2.14 (95% CI = 1.24-3.68) of develop-
ing epilepsy (Velioglu et al. 2005). A population-based study done in Iceland that
included all children age 5 through 15 years old with newly diagnosed epilepsy or
first unprovoked seizure from December 1995 through February 1999, a history of
migraine was associated with a four-fold increased risk for developing epilepsy and a
three-fold higher risk of developing a first unprovoked seizure (Hesdorffer et al.
2007). Of note, the risk was higher for migraines with auras, which were associated
with an eight-fold risk to develop first unprovoked seizures (95% CI: 2.7-24.3).

3.1.2 Clinical and Therapeutic Implications

The onset of migraines can precede, follow, appear simultaneously, or occur inde-
pendently of seizures. Comorbid migraines have a negative impact on the course and
response to treatment of epilepsy. For example, in a follow-up study of 59 PWE and
migraine and 56 without migraine, those with migraine had a seizure disorder of
longer duration, a lower early treatment response as only 5% had a cumulative
probability of being seizure-free over 10 years compared to 25% of patients without
migraine and a lower likelihood of achieving remission with politherapy for at least
the last 2 years of follow-up (Papetti et al. 2013).

Several ASMs (valproic acid, topiramate, zonisamide, and acetazolamide) have
been prescribed as prophylactic migraine therapy, while gabapentin has been used
for chronic tension headaches (Bagnato and Good 2016; Diamond et al. 2007;
Silberstein et al. 2012). Yet, the potential teratogenic effects of valproic acid and
topiramate limit their use in women (Bagnato and Good 2016; Harden et al. 2009).
In addition, valproic acid should be used with caution in mitochondrial disorders
which may present with both migraine and epilepsy (Kingston and Schwedt 2017,
Yorns and Hardison 2013). Lastly, although evidence is compelling for mood
stabilizing properties for valproate, the data on topiramate is less clear. Topiramate
has been used as an adjunctive mood stabilizer for bipolar disorder but has been
reported to worsen depression (Klufas and Thompson 2001; Phabphal and
Udomratn 2010). Finally, migraines can be an iatrogenic effect of several ASMs
(e.g., lamotrigine) and any one of them can worsen headaches in patients with
migraines.

3.1.3 Potential Common Pathogenic Mechanisms

The pathogenic mechanisms operant in epilepsy and migraine include several
ion-transporter genes (SCNA1, CACNAIA, ATP1A2), which have also been
involved in different types of epilepsy and febrile seizures (Zarcone and Corbetta
2017). In addition, the auras in migraines have been considered to be an expression
of cortical hyperexcitability, mediated by the phenomenon of cortical spreading
depression, which corresponds to “a slow wave of neuronal hyperexcitability
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spreading at a velocity of 3-5 mm/min, followed by a depression of cortical
electrical activity” (Rogawski 2012). This phenomenon is associated with an
increase of potassium and glutamate concentrations in the extracellular space and
the intracellular entry of calcium, sodium, and chloride. Furthermore, decreased
serotonergic, dopaminergic, and increased glutamatergic activity can result in
increased cortical hyperexcitability, which has been associated with the epileptiform
discharges and/or of positive photoparoxysmal responses on EEG recordings of
migraine patients (in the absence of any history of clinical seizures). The
hyperexcitable state associated with auras may explain the increased risk of epilepsy
in migraines with auras cited in the population-based study from Iceland (Hesdorffer
et al. 2007).

3.2 Bidirectional Relation Between Migraine and Mood
Disorders

3.2.1 Epidemiologic Data

Breslau et al. (Breslau et al. 1991) found that compared to healthy controls, patients
with migraine had significantly higher rates of depression after the onset of
migraines, while patients with major depression had significantly higher rates of
migraine after the onset of depression at follow-up. Of note, this bidirectional
relation was restricted to migraines and was not identified in patients with other
types of headaches. In one study of 36,944 subjects from Canada, the prevalence
rates of major depressive, bipolar, panic disorders, and social phobia were more than
two times higher among patients with migraine than in those without (Jette et al.
2008). Likewise, recurrent major depressive episodes were significantly associated
with more than a five-fold higher prevalence of migraine with aura, more than a
three-fold higher prevalence of migraine without aura, and a two-fold higher prev-
alence of other non-migraine chronic headaches in a case—control study of 1,259
patients with recurrent major depressive episodes and 859 healthy controls (Saaman
et al. 2009). Furthermore, an increased prevalence of migraine has been reported in
patients with bipolar disorder, in particular, with Bipolar II than Bipolar I disorder
with prevalence rates of up to 30% reported, while bipolar disorder was identified in
up to 55% of patients with migraine (Fasmer 2001; Low et al. 2003).

Furthermore, a history of migraines was associated with higher rates of
suicide attempts in a study of 1,007 young adults (Breslau et al. 1991). The risk of
suicide was significantly higher among patients with migraine with aura (OR for
suicide attempts in migraine with aura: 3.0 [95% CI: 1.4-6.6], after adjusting for
coexisting major depression and other psychiatric disorders). These findings were
replicated in a study of 121 adolescents with chronic daily headache, in which
migraine with aura was a predictor for suicidal risk after controlling for gender,
depression, and anxiety disorders (Wang et al. 2007).
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3.2.2 Clinical Implications

Migraine can have a negative impact on the course of bipolar disorders, as illustrated
by a study of 339 adults with bipolar disorder. Patients with comorbid migraines had
more frequent episodes of depression, mania, or hypomania, particularly those with
depressive polarity (Brietzke et al. 2012).

Common pharmacologic therapies can be prescribed for the treatment of both
disorders. These include the use of some tricyclic antidepressants (e.g., amitriptyline
and nortriptyline) for migraine prophylaxis (Finocchi et al. 2010). In addition,
cognitive-behavioral therapy (CBT) has also been shown to improve headache
symptoms, depression, anxiety, and quality of life of patients with migraine and/or
tension-type headache and comorbid depression (Martin et al. 2015).

3.3 Common Pathogenic Mechanisms Operant in Migraines
and Depression

Neurotransmitter, genetic and inflammatory disturbances have been investigated as
potential common pathogenic mechanisms operant in both conditions. Heritability
estimates were significant for all migraine patients but highest for those with migraine
with aura as shown in a study of 2,652 subjects enrolled in the Erasmus Rucphen
Family genetic isolate study (Stam et al. 2010). Among these subjects, 360 were
found to suffer from migraine, 209 without aura and 151 with aura. The OR for
depression increased among patients with migraine but was highest among those with
an aura (OR: 1.29 [CI] 0.98-1.70 vs 1.70 (CI 1.28-2.24). In a twin study, migraine
and major depressive disorder were found to share genetic factors, as an estimated
20% of the variability in depression and migraine was due to shared genetic factors,
whereas 4% was due to shared unique environmental factors (Schur et al. 2009).

Among the neurotransmitters, serotonin is known to play a pivotal role in
depression and suicidality and is known to regulate the pain related to migraine, as
high concentration of serotonin receptors have been identified in cerebral structures
linked with pain regulation (D’Andrea et al. 1989; Lidberg et al. 2000). In fact,
increased S-HT concentrations have been identified during the migraine episodes
and decreased plasma levels interictally. These changes in serotonergic activity have
been associated with a predisposition to the cortical spreading depression and
increased sensitivity of trigeminal-vascular pathways (Hamel 2007).

Likewise, dopamine plays an important pathogenic role in depression and
migraine, as evidenced by the involvement of the dopamine D2 receptor gene in
migraine with aura and major depressive disorder (Peroutka et al. 1998). In that study,
the presence of migraine, anxiety disorders, and major depression were investigated
in a cohort of 242 subjects who underwent genotyping of the DRD2 Ncol C to T
polymorphism located in exon 6 (His313His). The authors found that 69% (91/131)
of DRD2 Ncol C/C individuals were suffering from at least one of these psychiatric
disorders versus only 22% (4/18) of the DRD2 Ncol T/T individuals (p < 0.00005).
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The DRD2 Ncol C allele frequency was also significantly higher in subjects with
migraines with aura, anxiety, and/or major depressive disorders.

Low GABAergic activity has been demonstrated in major depressive disorders
and migraine. Vieira et al. (2006) found lower GABA levels in cerebrospinal fluid
among migraineurs with depression, compared to those without. Yet, since this was
a small study, its findings need to be replicated.

Pro-inflammatory cytokines have also been postulated as a common pathogenic
mechanism operant in depression and migraine. For example (Brietzke et al. 2012),
have suggested that cytokines like TNF-a and IL-1 may play a common pathogenic
role in migraine and bipolar disorders. These data were replicated by Modabbernia
et al. (2013) who demonstrated in a meta-analysis of 30 studies significantly higher
levels of TNF-a, IL-6 and their receptors, IL-2 receptor, IL-4, IL-10, and IL-1
receptor antagonists (IL-1RA) in patients with bipolar disorders compared to those
in healthy individuals.

3.4 Additive Interaction Among Migraine, Depression
on the Risk of Epilepsy?

The additive impact of depression, suicidality, and migraine on the risk of develop-
ing epilepsy was illustrated in a population-based study that included 324 subjects
aged 10 years and older and 647 age- and gender-matched controls (Hesdorffer et al.
2007). The highest risk for an unprovoked seizure was identified among subjects
with suicide attempt and major depression (OR: 7.9), compared to suicide attempt
alone (OR: 4.7) or migraine with aura alone (OR: 2.4). Likewise, subjects with major
depression and migraine with aura had a higher risk of a first seizure (OR: 4.6)
compared to migraine with aura alone (OR: 2.5) or major depression alone (OR:
1.4). Furthermore, the seizure risk was higher in subjects with all three comorbidities
(OR: 6.7) compared to two (OR: 4.9) and one condition (OR: 2.0), respectively. Two
important questions are yet to be investigated: what is the impact of these
comorbidities on the severity of the seizure disorder and what is the effect (if any)
of a successful treatment of these comorbidities on the course of the seizure disorder?

4 Are Bidirectional Relations Among Epilepsy, Depression,
and Migraine Demonstrable in Animal Models?

4.1 Can a Bidirectional Relation Between Depression
and Epilepsy Be Identified in Animal Models of Epilepsy?

4.1.1 Depression Facilitates Epileptogenesis

The equivalent of symptoms of depression in rodents are expressed by decreased
saccharin or sucrose consumption preference (suggestive of anhedonia), increased
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immobility in the forced swimming test (FST) in rats and in the tail suspension test in
mice, (suggestive of despair and/or hopelessness) and have been used as target
symptoms in animal models of depression (El Yacoubi et al. 2003; Mazarati et al.
2007). This depressive phenotype is typically triggered by chronic stress caused by
maternal separation and prolonged physical restrain and is associated with elevated
plasma corticosterone level and/or positive dexamethasone or dexamethasone/corti-
cotropin-releasing hormone tests resulting from hypothalamic-pituitary-adrenal axis
(HPA-A) hyperactivity, a biological marker of human major depressive disorder
(Jones et al. 2013; Kumar et al. 2011).

Of note, several experimental studies have demonstrated the facilitation of epi-
leptic activity by exogenous corticosterone and/or a hyperactive HPA-A associated
with these depression phenotypes. In fact, separation of neonatal rat pups from their
dams has been shown to accelerate the rate of amygdala kindling, by reducing the
number of electrical stimuli needed to reach the class V seizures that reflect a fully
kindled state (Kumar et al. 2011; Lai et al. 2006).

4.1.2 Epilepsy Facilitates Depression Phenotype

In experimental epilepsy models, rats start displaying a depression phenotype,
manifested by decreased sucrose consumption and/or increased immobility time in
the FST following the development of limbic seizures triggered by pilocarpine or
kainic acid-induced status epilepticus or amygdala kindling (Chen et al. 2016;
Mazarati et al. 2007, 2009; Medel-Matus et al. 2017). In addition, the neurobiologic
changes associated with these depression phenotypes include a hyperactive HPA-A
and decreased serotonergic activity in the raphe nuclei and mesial-temporal struc-
tures (Mazarati et al. 2008). Of note, the severity of depressive symptoms was found
to correlate with the lower seizure threshold and/or the increased duration of focal
after-discharges in the hippocampus and amygdala.

4.2 Can a Bidirectional Relation Between Migraine
and Epilepsy Be Identified in Animal Models of Epilepsy?

The phenotype of depression and anxiety in a rat model of migraine was described in
one study (Zhang et al. 2017). The development of equivalent symptoms of depres-
sion and anxiety was compared between study and control rats. The sucrose prefer-
ence test was used to identify the depression phenotype, while the open field and
elevated plus maze tests were used to identify equivalent symptoms of anxiety, both
of which were displayed by the study rats. In addition, significantly lower serotonin
and dopamine levels were detected in the prefrontal cortex of the study rat group
compared with those of the control group.
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4.3 Can a Bidirectional Relation Between Migraine
and Epilepsy Be Identified in Animal Models of Epilepsy?

A review of the literature failed to identify any experimental study that investigated
this question.

5 Clinical Implications and Consideration of Future
Research

The data reviewed in this manuscript clearly demonstrate that the two more common
comorbidities of epilepsy, depression, and migraine, increase not only its risk of
occurrence but also the risk of developing treatment-resistant epilepsy. On the other
hand, the combined impact of the two comorbidities occurring together on the course
of the seizure disorder has yet to be established.

Failure to recognize the bidirectional relations among epilepsy and these two
common comorbidities may result in errors in treatment. For example, in patients
with primary mood and/or anxiety disorders being treated with an antidepressant
medication, clinicians often attribute the occurrence of seizures to the psychotropic
drug, and fail to recognize the possibility that that seizure may be an expression of
the increased risk associated with the psychiatric disorder. Consequently, the anti-
depressant medication is discontinued, and the psychiatric disorder goes untreated.
In fact, most antidepressant drugs do not have proconvulsant properties when used at
therapeutic doses, as demonstrated in a study that compared the incidence of
epileptic seizures between patients randomized to a psychotropic drug or placebo
in the course of phase II and III, multicenter randomized placebo-controlled trials
that included 75,873 patients with a primary mood, anxiety, and psychotic disorders.
These trials had been submitted to the FDA for regulatory purposes between 1985
and 2004 (Alper et al. 2007). The antidepressant drugs trials included several
TCAs, selective serotonin-reuptake inhibitors (SSRIs), the serotonin-norepinephrine
reuptake inhibitor (SNRI) venlafaxine, the o2-antagonist, mirtazapine, and the
norepinephrine-dopamine reuptake inhibitor bupropion. The incidence of seizures
was significantly lower among patients randomized to antidepressants compared to
those given placebo (standardized incidence ratio = 0.48; 95% CI, 0.36-0.61), while
in patients randomized to placebo, seizure occurrence was 19-fold higher than that
expected in the general population. A higher incidence of seizures was found among
patients randomized to two antidepressant drugs than placebo: bupropion in its
immediate-release formulation at doses >300 mg/day and clomipramine. Clearly,
the data from this study exemplify the bidirectional relation between mood disorders
and epilepsy.

Several experimental studies have suggested that antidepressant drugs of the
TCA, SSRI, and SNRI families may have antiepileptic properties (Altalib and
Kanner 2013; Hernandez et al. 2002; Jaako et al. 2011; Kumar et al. 2016;
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Vermoesen et al. 2012; Wada et al. 1995). Open clinical trials have suggested that
SSRIs may decrease seizure frequency in patients with epilepsy (Favale et al. 1995,
2003; Ribot et al. 2017; Specchio et al. 2004). However, double-blind, randomized,
placebo-controlled trials of testing the efficacy and safety of these drugs as
antiseizure drugs have yet to be carried out.

In summary, the treatment of epilepsy cannot be limited to the achievement of a
seizure-free state via pharmacologic and/or surgical therapies. It must incorporate a
thorough understanding of the complex relations among common neurologic and
psychiatric comorbidities, which often play a role in the course and treatment of the
seizure disorder.
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Abstract Psychiatric comorbidities in patients with epilepsy are common. A bidi-
rectional relationship has been well described where not only patients with epilepsy
have a higher prevalence of psychiatric comorbidities but also patients with primary
psychiatric disorders are at an increased risk of developing seizures. The aim of this
review is to highlight the complex relationship between epilepsy and common
psychiatric disorders and to answer the question whether psychotropic medications
are proconvulsant by reviewing the preclinical and clinical literature. The evidence
shows that the majority of psychotropic medications are not proconvulsant when
used in therapeutic doses with the exception of a subset of medications, mainly
bupropion IR and certain antipsychotic drugs such as clozapine. An effective
treatment of psychiatric comorbidities in patients with epilepsy must consider not
only the potential therapeutic effect of the drug, but also its potential iatrogenic
effects on the seizure disorder.
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1 Introduction

Psychiatric comorbidities are common in patients with epilepsy, the most common
being anxiety, depressive disorders, and suicidality (Tellez-Zenteno et al. 2007). In
population-based studies of patients with active epilepsy the rate of depression has
been reported to range between 20 and 55% (Gilliam et al. 2004) and that of anxiety
between 12 and 22% (Brandt and Mula 2016). In the pediatric population, ADHD is
a very common comorbidity as it has been reported in up to 25% of children with
epilepsy (Dunn 2019). The actual prevalence of ADHD in adults with epilepsy is yet
to be established; however, since more than half of children with ADHD continue to
be symptomatic in adulthood, it is expected to be high as well.

These prevalent psychiatric comorbidities are known to have a significant impact
in the quality of life of people with epilepsy. Together with toxicity to antiepileptic
drugs (AEDs), comorbid depression and/or anxiety disorders have been found to
predict a poor quality of life in patients with treatment-resistant focal epilepsy to a
greater extent than seizure frequency (Boylan et al. 2004; Gilliam 2003). If left
undiagnosed and untreated, depression and anxiety would limit the ability of our
patients to fulfill their life goals, even when seizures are under control. In addition,
untreated ADHD can have an impact on the cognitive development and affect school
performance in children with epilepsy (Hermann et al. 2008).

The relationship between the onset of these psychiatric comorbidities and epi-
lepsy is complex as in some cases the psychiatric symptoms precede the onset of
epilepsy and in others they become evident after the seizures began. A bidirectional
relationship between epilepsy and psychiatric disorders has been well-described in
the literature where not only people with epilepsy are at an increased risk of
developing psychiatric comorbidities, but patients with a primary psychiatric disor-
ders are at increased risk of developing epilepsy (Hesdorffer et al. 2000, 2006, 2012;
Josephson et al. 2017). For example, patients with a primary psychotic disorder have
an increased risk for seizures up to sixfold higher than the general population (Chang
et al. 2011; Adelow et al. 2012). Several population-based studies indicate that
depression may be associated with a three to sevenfold increased risk of seizures
irrespective of the use of antidepressants with the risk being higher in patients with
suicidality (Davidson 1989; Forsgren and Nystrom 1990; Hesdorffer et al. 2000,
2006). To establish whether antidepressant and antipsychotic drugs increase the risk
of seizures, Alper et al. compared the incidence of seizures between patients
randomly assigned to a psychotropic drug and placebo in phase II and III,
multicenter-randomized placebo-controlled trials submitted to the United States
Food and Drug Administration (FDA) for regulatory purposes between 1985 and
2004 (Alper et al. 2007). The authors found that the rate of seizures in patients
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treated with placebo in clinical trials for antidepressants was 19 times higher
compared to that of the general population, supporting the existence of an associa-
tion between primary depression and the development of seizures and epilepsy.

A bidirectional relationship between primary psychiatric disorders and epilepsy
was also found for ADHD, where population-based studies showed that children
with ADHD have a 2-2.5 higher risk for developing seizures (Wiggs et al. 2018;
Hesdorffer et al. 2004).

The co-occurrence of seizures in patients with primary psychiatric disorders
raises the question whether psychotropic medications may be proconvulsant. This
concern has been one of the main reasons why psychiatric comorbidities in epilepsy
are often left untreated. Is this concern based on real evidence or could it be that
seizures may occur as an expression of the natural course of the psychiatric disease?
A review of preclinical and clinical data will aim to answer this question.

2 Antidepressants

2.1 Experimental/Pre-clinical Data

There is good preclinical data showing that antidepressant drugs of the selective
serotonin reuptake inhibitor (SSRI) family do not only lack proconvulsant effects at
therapeutic doses but may also have protective properties against seizures. In several
animal models of epilepsy, the administration of SSRIs such as sertraline (Yan et al.
1994, 1995) or fluoxetine (Prendiville and Gale 1993) has shown anticonvulsant
effects. For example, experiments with a generalized epilepsy model-genetically
epilepsy-prone rats (GEPRs) in which certain acoustic stimuli induces generalized
tonic-clonic seizures showed that incremental increases in serotonin levels with the
SSRI sertraline or fluoxetine resulted in a dose-dependent seizure frequency reduc-
tion. This anticonvulsant effect correlated with increased extracellular thalamic
concentration of serotonin (Yan et al. 1995). A dose-dependent protective effect
on seizures of the SSRI fluoxetine was seen in other epilepsy models including a
focal limbic seizure model in rats (Prendiville and Gale 1993) and in the maximal
electroshock stimulation model (Buterbaugh 1978).

Studies with serotonin receptor agonists confirmed the role of serotonin in seizure
generation. Lopez-Meraz et al. studied the effect of two serotoninergic receptor
agonists (8-OH-DPAT and indorenate) in three epilepsy models (clonic-tonic con-
vulsions induced by pentylenetetrazol (PTZ), status epilepticus (SE) of limbic
seizures produced by kainic acid (KA), and tonic-clonic seizures by amygdala
kindling (Lépez-Meraz et al. 2005). 8-OH-DPAT not only reduced the tonic seizures
induced by PTZ but also decreased the mortality rate. Indorenate increased the
latency and reduced the severity of the PTZ-induced seizures and also decreased
mortality. Both serotonin receptor agonists increased the latency and reduced the
frequency of seizures in the KA model. Both agents delayed the establishment of
status epilepticus in this seizure model. 8-OH-DPAT and Indorenate did not alter the
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expression of kindled seizures. Furthermore, mutant mice lacking serotonin 5-HT 2c
receptors are extremely susceptible to audiogenic seizures (Brennan et al. 1997).

Experiments using microdialysis techniques have revealed that increased extra-
cellular serotonin concentration may enhance anticonvulsant properties of
antiepileptic drugs (Hamid and Kanner 2013). For example, Yan et al. showed that
the addition of serotonin depleting drugs decreases the anticonvulsant effectiveness
of carbamazepine in genetically epilepsy-prone rats (Yan et al. 1992).

Similarly Clinckers et al. (2005) showed that the anticonvulsant effect of
oxcarbazepine and its metabolite was accompanied by significant increases in
dopamine and serotonin levels in the hippocampus (Clinckers et al. 2005).

2.2 Human Data

Proconvulsant effects of antidepressant drugs have been reported in the literature
mostly from overdoses of tricyclic antidepressants (Lipper et al. 1994; Baselt 1982).
Seizures have also been observed in patients undergoing treatment for depression
with therapeutic doses of certain tricyclic antidepressants (TCA), such as clomipra-
mine, maprotiline, and monoamine oxidase inhibitors and bupropion) (Pisani et al.
2002; Trimble 1978) (Davidson 1989; Pesola and Avasarala 2002; Preskorn and Fast
1992; Rosenstein et al. 1993) (Table 1). Yet, given the bidirectional relation between
depression and anxiety disorders and epilepsy, the actual proconvulsant risk of
antidepressant drugs can only be objectively established by comparing the seizure
incidence following their exposure to that of placebo. As indicated above, Alper
et al. studied the incidence of seizures in the course of multicenter-randomized,
placebo-controlled trials of SSRIs and SNRIs for the treatment of primary major
depressive disorder and obsessive-compulsive disorder (Alper et al. 2007). The
authors found that the incidence of seizures was much lower among patients who
received antidepressants than among those receiving placebo (standardized inci-
dence ratio = 0.48; 95% CI 0.36-0.61) strengthening the experimental data
suggesting these drugs may have anticonvulsant effects. On the other hand, the
incidence of seizures was higher in subjects randomized to bupropion (in its
immediate-release formulation) and clomipramine than placebo.

Small open-label studies in epilepsy patients, with and without depression, have
suggested a clinically significant anticonvulsant effect of the SSRI’s citalopram
(Favale et al. 2003; Specchio et al. 2004) and fluoxetine (Favale et al. 1995). In an
open, multicentered, uncontrolled study conducted in Italy, 42 patients with epilepsy
received 20 mg of citalopram for 4 months for the treatment of depression. A
significant improvement in their depressive symptoms and a reduction in seizure
frequency were observed (Specchio et al. 2004). In another study, 17 patients with
focal epilepsy were given fluoxetine. Their seizure frequency was assessed (mean
follow-up 14 months +/— 1 month). Six patients became seizure free and in the
others the seizure frequency was reduced by 30% (Favale et al. 1995). Ribot et al.
conducted a retrospective observational study of 100 consecutive patients with
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Table 1 Psychotropic drugs and its effects on seizures

Indication
category Group Drug name Seizure risk
Antidepressant | TCA Clomipramine Low (high with
Imipramine overdose)
Aminoketone Bupropion Moderate
(IR formulation)
SSRI Sertraline Low (potentially anti-
Fluoxetine convulsant effects)
Citalopram, Escitalopram
Paroxetine
SNRI Venlafaxine Low
Duloxetine
NaSSA Mirtazapine Low
ADHD Stimulants Methylphenidate Low (potential anticon-
medication Amphetamines vulsant effect)
Non-stimulant Atomoxetine Low
Antipsychotic | 1st generation Chlorpromazine Moderate
(typical): Thioridazine
Phenothiazines
1° generation Fluphenazine Low
(typical): Perphenazine
Phenothiazines
1*" generation Haloperidol Low
(typical):
Butyrophenones
2" generation Clozapine Moderate to high
Olanzapine Low to moderate
Quetiapine
Ziprasidone, Aripiprazole and | Low
Risperidone

TCA tricyclic antidepressant, SSRI selective serotonin reuptake inhibitor, SNRI serotonin-
norepinephrine reuptake inhibitor, NaSSA noradrenergic and specific serotoninergic antidepressant,
ADHD attention deficit hyperactivity disorder

epilepsy who were started on an SSRI or an SNRI for the treatment of depressive and
or anxiety disorder (Ribot et al. 2017). The authors found that overall SSRIs or
SNRIs did not worsen seizure frequency and there was a positive effect with seizure
reduction in patients with >1 seizure/month (48% had >50% reduction in seizure
frequency). A small (N = 10) double-blind crossover study of the tricyclic antide-
pressant imipramine showed a significant decrease in absence and myoclonic sei-
zures (Fromm et al. 1978).

PET studies suggest that the serotonin system is affected in patients with epilepsy.
Studies in patients with temporal lobe epilepsy have shown reduced serotonin
(5HT1) receptor binding ipsilateral to the seizure onset zone (Toczek et al. 2003;
Savic et al. 2004; Merlet et al. 2004; Theodore et al. 2006; Hasler et al. 2007) and in
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one study with juvenile myoclonic epilepsy (JME) patients, reduced serotonin
receptor binding was seen in different brain regions (Meschaks et al. 2005).

3 Central Nervous System (CNS) Stimulants

3.1 Experimental/Pre-clinical Data

The literature of preclinical studies on a proconvulsant effect of amphetamines
shows contradictory results. In some epilepsy models, amphetamines can decrease
the seizure risk, while in other it shows proconvulsant effects (Yehuda and Carasso
1977; King and Burnham 1980; Ellinwood Jr. et al. 1973; Greer and Alpern 1980).
For example, in a study using a rat model of absence epilepsy, a dose-response
suppression of flash evoked after discharges (FAED) was seen with d-amphetamine
(King and Burnham 1980). In another experimental study, methylphenidate showed
weak evidence of seizure promoting effects, by slightly increasing the duration of
seizures in kindled rats (Babington and Wedeking 1973). At therapeutic doses,
atomoxetine was not associated with an increased risk of seizures. In animal models,
however, atomoxetine was proconvulsant only at very high doses (Torres et al.
2008).

The therapeutic effects of CNS stimulants and atomoxetine are mediated by
dopaminergic and adrenergic effects in the brain. Clinckers et al. investigated the
effects of extracellular dopamine on the seizure propensity in rats. In a microdialysis
study, dopamine perfused into the hippocampus, protected freely moving rats from
seizures induced by pilocarpine. This effect was only seen within a certain concen-
tration range (between 70 and 400% relative to baseline levels). On the other hand,
high extracellular dopamine (>1,000% of baseline) concentrations worsened the
seizure frequency, mediated by increases of extracellular glutamate and monoamines
(Clinckers et al. 2004). These studies suggest a possible explanation for the anti-
convulsant effect seen with CNS stimulants and atomoxetine at certain doses and the
proconvulsant effect seen mostly with overdoses.

3.2 Human Data

There is a long-held belief that the therapeutic use of stimulants is associated with
seizures. This misconception is further perpetuated by the information included in
the package insert of most CNS stimulants. The increased risk for seizures in patients
treated with CNS stimulants likely reflects the natural course of ADHD. In fact,
several population-based studies have shown that children with ADHD have an
increased risk for seizures independently of the treatment. For example, a
population-based study from Iceland demonstrated that children with ADHD of
the inattentive type have a 2.5 higher risk of developing seizures and epilepsy
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compared to controls (Hesdorffer et al. 2004). In another study, non-epileptic
children with ADHD were found to have a significantly higher frequency of
Rolandic spikes in their EEG compared to a historical control of normal school-
aged children (Holtmann et al. 2003).

Several case report studies have shown that the treatment of ADHD in patients
with epilepsy, in particular with methylphenidate is effective and is not associated
with an increase in seizures (Torres et al. 2008) (Table 1). In two separate small
prospective studies of children with well-controlled epilepsy and ADHD, methyl-
phenidate was found to be effective and there was no evidence for recurrence of their
seizures (Gross-Tsur et al. 1997; Feldman et al. 1989). A study with children with
active epilepsy and ADHD found no change in their baseline seizure frequency after
adding methylphenidate and there were improvements seen in the EEG (Gucuyener
et al. 2003). Wroblewski et al. found no worsening of seizures after adding meth-
ylphenidate to patients with post-traumatic epilepsy (Wroblewski et al. 1992).

More recent larger studies reaffirmed that children with ADHD are at increased
risk for seizures and that CNS stimulants are not only safe but may be associated
with a protective effect against seizures. A Swedish population-based study found
that patients with epilepsy (N = 995) had a lower rate of seizures when they initiated
treatment with CNS stimulants compared to periods without ADHD treatment
(Brikell et al. 2019). Another large population-based study of ADHD patients,
with and without a history of seizures, confirmed that patients with ADHD were at
higher risk for any seizure compared with non-ADHD controls. In addition treatment
with ADHD medication was associated with lower risk of seizures in individuals
with and without a prior history of seizures (Wiggs et al. 2018).

The incidence of seizures during randomized placebo-controlled trials of
atomoxetine, a commonly used noradrenergic non-stimulant drug to treat ADHD,
was found to range between 0.1% and 0.2%, which was not significantly different
compared to the rate of seizures in subjects randomized to placebo or methylpheni-
date (Wernicke et al. 2007). Atomoxetine was only studied in one prospective open-
label study in patients with epilepsy (Hernandez 2005). The authors found the drug
to be effective for treating ADHD and only one out of 17 patients showed worsening
of seizures in the first 2 weeks of treatment.

4 Antipsychotic Drugs

4.1 Experimental/Pre-clinical Data

Clozapine has been shown to cause seizures in animal seizure models in a dose-
dependent manner (Citraro et al. 2015; Minabe et al. 1998). Rats receiving repeated
administrations of a fixed low dose of clozapine showed a progressive increase of
brain excitability consistent with a kindling effect (Stevens et al. 1996). In an animal
model of hippocampal seizures, clozapine had a greater proconvulsant action than
haloperidol (Minabe et al. 1998). The same group studied the effect of six
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antipsychotic drugs on seizure susceptibility in a different seizure model (genetically
epilepsy-prone rats). They found that clozapine had the most proconvulsant effect
followed by olanzapine and risperidone. Quetiapine showed modest proconvulsant
properties and haloperidol had only a mild proconvulsant effect. In this model the
investigators found that aripiprazole had anticonvulsant properties (Citraro et al.
2015) and it was found to be effective at reducing the duration and frequency of
seizures in a rat model of absence epilepsy (Russo et al. 2013).

4.2 Human Data

There is evidence of proconvulsant effects in a subset of antipsychotic drugs, which
has often led to some clinicians’ hesitance to use these drugs in patients with
epilepsy for fear of worsening seizures.

First generation antipsychotic drugs with lower potency of dopamine D,
neuroreceptor blockade including chlorpromazine and thioridazine have been asso-
ciated with an increased risk for seizures in a dose-dependent manner (Muench and
Hamer 2010). On the other hand, other commonly used older antipsychotic drugs
including haloperidol, perphenazine, fluphenazine, and molindone have been found
to have the lowest incidence of seizures (Kanner 2016).

The occurrence of seizures with atypical antipsychotic drugs is mostly described
with clozapine (Devinsky et al. 1991; Landry 2001; Littrell et al. 1995; Pacia and
Devinsky 1994; Varma et al. 2011). The clozapine-related seizures can occur in
patients without risk factors for epilepsy and tend to occur during the titration period
and at high doses (>600 mg/day). Patients with epilepsy can have an exacerbation of
their seizures at low doses (Pacia and Devinsky 1994). Based on these concerns the
FDA issued a black box warning regarding the risk seizures with clozapine. Alper
et al. found that (non-epileptic) patients receiving clozapine in clinical trials had an
increased incidence of seizures compared to patients receiving placebo. This study
also found a higher incidence of seizures with the second-generation antipsychotic
drugs olanzapine and quetiapine, but to a lesser degree than clozapine. The incidence
of seizures in patients randomized to other atypical antipsychotic drugs including
ziprasidone, aripiprazole, and risperidone was comparable to that of patients ran-
domized to placebo (Alper et al. 2007).

Information about the seizure risk with the newer atypical antipsychotics includ-
ing asenapine (Saphris), iloperidone (Fanapt), and lurasidone (Latuda) is lacking.

EEG changes have been reported with a higher prevalence than seizures in
approximately 7% patients taking antipsychotic drugs (Koch-Stoecker 2002). Most
common EEG changes reported are diffuse slowing but some of these drugs,
particularly clozapine, can cause interictal sharp waves and spikes (Kanner and
Rivas-Grajales 2016).

As reviewed in this section the risk for seizures in not equal among all antipsy-
chotic drugs (Table 1). In addition to the type of medication, the presence of any of
following factors can increase the risk: (1) a history of epilepsy, (2) abnormal EEG
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recordings, (3) history of CNS disorder, (4) rapid titration of the antipsychotic dose,
(5) high doses of antipsychotic drug, and (6) the presence of other drugs that lower
the seizure threshold (Kanner and Rivas-Grajales 2016).

5 Conclusion

Although there is a widespread belief that all psychotropic drugs cause seizures, the
evidence for it is lacking. With the exception of a subset of medications, mainly
bupropion IR and certain antipsychotic drugs such as clozapine, the evidence shows
that the majority of psychotropic medications are not proconvulsant when used in
therapeutic doses (Table 1). A bidirectional relationship between epilepsy and
certain psychiatric comorbidities has been demonstrated and backed by experimental
studies (Kanner 2011). The more robust literature exists for depressive disorders
where population studies show that people with epilepsy are at higher risk of
developing a depressive disorder and patients with major depression have up to a
twofold to sixfold increased risk for unprovoked seizures (Hesdorffer et al. 2000,
2006).

Treating psychiatric comorbidities of people with epilepsy improves the patient’s
quality of life and leads to better seizure outcomes. As access to psychiatrist can be
limited in certain parts of the USA, neurologists need to become familiar with the use
of psychotropic drugs. The goals of treatment in epilepsy should not only be “no
seizures and no side effects,” but rather freedom of seizures without psychiatric
comorbidities and no side effects.
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anti-seizure medications (ASMs) and psychiatric effects of epilepsy surgery can
result in iatrogenic psychiatric symptoms or episodes or can yield a therapeutic effect
of underlying psychiatric disorders and have a significant impact on the patients’
quality of life. The aims of this chapter are to review the available evidence of
psychotropic properties of ASMs, which may be responsible for iatrogenic psychi-
atric symptoms and/or disorders. Moreover, the several aspects associated with the
impact of epilepsy surgery on the possible improvement/development of psychiatric
disorders were addressed.

Keywords Adverse psychiatric events - Anti-seizure medications - Epilepsy
surgery - Psychiatric disorders in epilepsy

1 Introduction

Psychiatric disorders (PD) and behavioral manifestations in patients with epilepsy
(PWE) have complex and multifactorial etiologies, where biological and psychoso-
cial factors can exert different pathogenic roles. In this context, the psychotropic
properties of anti-seizure medications (ASM) and psychiatric effects of epilepsy
surgery are important, since they can have a negative or positive impact on the
patients’ behavior and quality of life (QOL) (Schmitz 2006; Mula and Monaco 2009;
De Araujo Filho et al. 2012a, b; Alonso et al. 2015; Chen et al. 2017).

It is known that psychiatric and behavioral side effects (PBSE) are frequent in
PWE taking certain ASMs. Although their exact frequency is difficult to estimate,
recent studies have reported an overall prevalence ranging between 15% to 20%s,
which include symptoms of depression, psychosis, increased irritability, and aggres-
sive behavior (Weintraub et al. 2007; Chen et al. 2017). Likewise, psychiatric
disorders in surgical candidates have gained interest given their high prevalence in
this population, reaching 20% to 70% in patients with resistant forms of focal
epilepsy, particularly temporal lobe epilepsy (TLE) (Pintor et al. 2007;
Macrodimitris et al. 2011; De Araujo Filho et al. 2012a, b). Mood disorders,
particularly depression, have been the most commonly diagnosed PD, followed by
anxiety disorders, psychoses, and personality disorders (Gaitatzis et al. 2004; De
Araujo Filho et al. 2012a, b; Koch-Stoecker et al. 2017). The aims of this chapter are
to review (i) the available evidence of psychotropic properties of ASMs, which may
be responsible for iatrogenic psychiatric symptoms and/or disorders and (ii) the
impact of epilepsy surgery on the development of psychiatric disorders.
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2 ASM and Psychiatric Effects

2.1 Psychotropic Properties of ASM

The psychotropic potential of ASM has been generally divided into those that have
positive and those that have negative behavioral effects and those that have no
psychotropic effects. Recognition of the psychotropic properties of ASMs was
based initially on case series reports, while a more systematic assessment has been
carried out in several second- and third-generation ASMs (Schmitz 2006; Mula and
Monaco 2009; Chen et al. 2017).

Ketter et al. (1999) reviewed the positive and negative psychotropic effects of
ASM and proposed their classification into two categories: (i) Sedating drugs,
characterized by adverse effects such as fatigue, cognitive slowing, and weight
gain; these drugs usually potentiate gamma amino butyric acid (GABA) inhibitory
neurotransmission. (ii) Activating drugs with anxiogenic and antidepressant proper-
ties that attenuate glutamate excitatory neurotransmission (Table 1). The first group
includes PB, valproate (VPA), gabapentin (GBP), tiagabine (TGB), andvigabatrin
(VGB), while the second group felbamate (FBM) and lamotrigine (LTG).
Topiramate (TPM) can be considered a molecule with a mixed profile (Ketter
et al. 1999; Schmitz 2006; Mula and Monaco 2009; Chen et al. 2017). The authors
also suggested that ASM could have different psychiatric effects depending on the
patients’ preexisting mental status. They predicted that patients who are primarily
“activated” might benefit from “sedating” drugs and may worsen with “activating”
drugs. On the other hand, patients who are primarily sedated would benefit from a
drug from the “activating” category, while the same patients would worsen with a
“sedating” ASM. Consideration of the patients’ psychiatric and cognitive profile
may explain unexpected and seemingly paradoxical effects of some ASM and is of
the essence in the choice of ASMs (Ketter et al. 1999; Schmitz 2006).

Although this proposed classification may appear to be useful, limiting ASMs to
just two categories is too simplistic. Further, negative behavioral effects to ASM
cannot exclusively be explained by GABAergic properties, since the psychotropic
profiles of these drugs are quite variable, as evidenced by the positive and mood-
stabilizing effects of VPA. Nevertheless, the psychotropic effects of ASM could
result from an interaction among their pharmacodynamic properties (e.g., mecha-
nisms of action and tolerability profile) and the epilepsy related variables (e.g.,
hippocampal sclerosis) and the patient’s psychiatric and cognitive histories (Ketter
et al. 1999; Schmitz 2006; Mula and Monaco 2009).
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Table 1 Main psychiatric effects of anti-seizure medications according to their psychotropic

profile

Anti-seizure

Main behavioral

medication Psychiatric profile | Main behavioral adverse effects | positive effects
PB GABAergic Depression, irritability, aggres- -

sion, impaired cognition/atten-

tion, hyperactivity

Ethosuximide | ? Psychosis, agitation -

BZD GABAergic Depression, impaired cognition/ | Anxiolytic, treatment

attention of insomnia

PHT ? Encephalopathy, depression, -

impaired attention

VPA? GABAergic Encephalopathy Mood stabilizer,
adjunctive treatment of
depression

CBZ/OXC* ? Irritability, impaired attention Mood stabilizer,
adjunctive treatment of
depression

VGB GABAergic Depression, aggression, irritabil- | —

ity, psychosis

TGB GABAergic Depression, irritability -

GBP GABAergic Behavioral alterations in children | Anxiolytic, treatment
of GAD, treatment of
chronic pain

PGB GABAergic - Anxiolytic, treatment
of GAD, treatment of
chronic pain

FBM Antiglutamatergic | Anxiety, irritability -

LTG* Antiglutamatergic | Insomnia, agitation, emotional Mood stabilizer, treat-

lability ment of depression

TPM Mixed Depression, psychomotor Treatment of impulsive

slowing, psychosis, impaired control disorders
cognition

LEV ? Depression, irritability, emo- -

tional lability, psychosis
Zonisamide ? Depression, irritability -

BZD benzodiazepines, CBZ carbamazepine, FBM felbamate, GAD generalized anxiety disorder,
GBP gabapentin, LEV levetiracetam, LTG lamotrigine, OXC oxcarbazepine, PB phenobarbital,
PHT phenytoin, PGB pregabalin, TGB tiagabine, VGB vigabatrin, ZNS zonisamide

#Approved by Food and Drug Administration (FDA) as mood stabilizers

3 Forced Normalization: A Pivotal Concept

The concept of forced normalization (FN) is essential when discussing the psychi-
atric effects of ASM and of surgery in PWE. Early studies have reported that in
patients with treatment-resistant epilepsy whose seizures remitted, they developed a
de novo psychiatric disorder, primarily a psychotic disorder, while their EEG
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“normalized” (e.g., stopped displaying interictal epileptiform discharges). In other
words, the abnormal EEGs of these patients improved or normalized during the time
that they were psychotic. Landolt associated this phenomenon with the use of a
particular class of drugs, the suximides (Trimble and Schmitz 1998; Schmitz 2006;
Mula and Monaco 2009). Subsequently, researchers introduced the term “alternative
psychosis” given the reciprocal relationship between the development of psychopa-
thology and the remission of seizures and EEG abnormalities. Since Landolt’s early
observations, additional cases have been reported putting the existence of this
phenomenon beyond doubt (Trimble and Schmitz 1998; Krishnamoorthy et al.
2002; Schmitz 2006; Mula and Monaco 2009). More recently, the term “alternative”
has been changed by the clinicians and researchers to the term “para-ictal” (Mula and
Monaco 2011).

In many of the series described, the precipitation of psychotic or mood disorders
has been linked with the prescription of several ASMs, including LEV, TPM, and
VGB, but it is important to note that this phenomenon is not restricted to ASMs.
Studies have described the incidence of para-ictal manifestations, such as de novo
psychotic, depressive an anxiety symptomatology following epilepsy surgery, par-
ticularly in patients reaching a seizure-free state (De Araujo Filho et al. 2012a, b;
Ramos-Pedigués et al. 2018; Calle-Lopez et al. 2019). FN may also have been
associated with a case of a para-ictal psychosis secondary to vagus nerve stimulation
(VNS), suggesting that the mechanisms underlying the control of seizures are strictly
interlinked with those of psychosis (Gatzonis et al. 2000; Schmitz 2006; Mula and
Monaco 2009).

Several psychopathological pictures have been linked to FN, but probably psy-
chosis is the commonest (Krishnamoorthy and Trimble 1999). Of 44 reported
patients with FN, the commonest psychiatric disorders were psychotic episodes
and in nine cases pre-psychotic dysphoria was described, characterized by insomnia,
restlessness, anxiety, and social withdrawal. Authors have made the point that the
symptomatology was often determined by personality traits, psychiatric history, or
familial predisposition (Mula and Monaco 2011; Calle-Lépez et al. 2019).

In a recent systematic review, the clinical and sociodemographic data of 193 epi-
sodes of FN were evaluated; 60% of patients were female, with a mean age of
28.3 £ 14.2 years. The majority of patients had focal (80%) (44%) epilepsy. Most
patients reported a high ictal frequency (58%) and were on ASM polytherapy (51%).
Patients presented psychosis (86.4%), mood disorders (25.8%), and dissociative
disorders (4.5%) as the main PD. In the psychosis group, persecutory (52.6%) and
reference (47.3%) delusions were the most frequent symptoms. FN was provoked by
ASM (48.5%), mainly levetiracetam (LEV), epilepsy surgery (31.8%), or VNS
(13.6%). Treatment was homogeneous including anticonvulsant withdrawal (47%)
or taper (25%); antipsychotics were initiated in the majority of cases (73%). Psy-
chiatric symptoms were partially controlled in 35%, with complete resolution of
symptoms in the remaining 65% of cases. The majority of patients (87%) with ASM
trigger and withdrawal presented complete resolution of symptoms in comparison
with 28.5% of patients triggered by surgery (Calle-L6pez et al. 2019). Authors have
pointed out that FN is an entity whose pathophysiology remains uncertain.
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Antipsychotic drug use does not predict complete resolution of psychiatric symp-
toms in comparison with ASM withdrawal. Although a positive response to treat-
ment in patients with FN triggered by ASM was observed, the prognosis is obscure
in patients with surgery triggered FN (Calle-Lépez et al. 2019).

4 Psychiatric Adverse Effects Associated with First, Second,
and Third Generations OF ASM

4.1 Classical ASM

Several studies have suggested a link between depression and treatment with PB
both in adults and in children. In children, a conduct disorder, resembling attention
deficit hyperactivity disorder (ADHD) may be provoked by many ASM, the most
frequently implicated being PB. Irritability and aggressive behavior are side effects
that are often seen when barbiturates are used in patients with intellectual disability.
Psychoses, typically following cessation of seizures and associated with a normal-
ization of the EEG, occur in 2% of children treated with ethosuximide. The risk of
FN was observed as higher (8%) in adolescents and adults treated with ethosuximide
for persisting absence seizures. The use of primidone has been associated with
irritability and depressive mood in 1-2% of patients (Schmitz 2006; Mula and
Monaco 2009; Chen et al. 2017). Although their well-established positive psycho-
tropic properties, the use of CBZ and valproate (VPA) can also be associated with
PBSE like irritability, aggression, depressive mood, and anxiety in 0.5-1.5% of
patients (Chen et al. 2017).

4.2 New ASM

Several new ASMs have been introduced over the last years. Although data from
premarketing studies provide information on the frequency of their PBSE, drug trials
are primarily designed to test antiepileptic efficacy. PBSE are, therefore, not sys-
tematically reported, since a history of psychiatric disorders of moderate severity and
suicidality frequently are exclusion criteria in those trials. Consequently, the fre-
quency and severity of iatrogenic psychiatric adverse events are underrepresented
(Schmitz 2006; Mula and Monaco 2009).

The use of vigabatrin (VGB) has been associated with significant psychiatric
complications, occurring in approximately 7% of treated patients, mainly psychotic
symptoms. In children, particularly those suffering from learning disabilities, the
most common PBSE were agitation, impulsive behavior, motor hyperactivity, and
aggression. The incidence of behavioral disturbances in children was as high as 26%
(Schmitz 2006; Mula and Monaco 2009). An analysis of severe PBSE leading to
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drug discontinuation in seven placebo-controlled studies revealed an overall inci-
dence of 3.4% in the VGB group and 0.6% in the placebo group. Remarkably, the
incidence rates were rather different in different studies, ranging from 1% to 12%,
suggesting that either the risk is not the same for all patient groups (Ferrie et al.
1996). Another study demonstrated that psychoses occurred in 2.5% of patients
treated with VGB as compared to an incidence of 0.3% in the placebo group, and
depression occurred in 12.1% of patients treated with VGB in contrast to only 3.5%
in the placebo group (Levinson and Devinsky 1995). LTG gained a reputation of
having positive psychotropic properties, improving both mood and cognitive func-
tions. Although severe psychiatric complications seem to be uncommon with LTG,
insomnia, which may be associated with irritability, anxiety, or even hypomania, is
the only significant psychiatric side effect, occurring in 6% of patients treated with
monotherapy, compared to 2% of patients treated with CBZ and 3% of patients
treated with PHT. FBM may lead to increased alertness, inducing sleep problems
and agitation, particularly in children with learning disabilities. Placebo-controlled
add-on studies have disclosed that nervousness and depressed mood were both
increased in the TGB group (12% vs. 3%, 5% vs. 1%, respectively). The incidence
of serious PBSE presenting as psychosis was 2% versus 1% in the placebo group
(Schmitz 2006; Mula and Monaco 2009).

A relatively high rate of PBSE has been associated with topiramate (TPM). In a
study comparing psychiatric side effects of TPM, LTG and gabapentin (GBP),
psychotic episodes occurred in 12% of patients treated with TPM compared to
0.7% with LTG and 0.5% GBP (Schmitz 2006; Mula and Monaco 2009). A
significant proportion of TPM-associated psychoses could be explained as “para-
ictal” psychotic episodes in those patients who became seizure-free. Some psychi-
atric adverse effects of TPM could be attributed to the high doses and rapid titration
schedules. In general serious PBSE could be avoided by starting patients at a low
dose and followed by slow titration schedules (Mula et al. 2003a, b; Schmitz 2006;
Mula and Monaco 2009). The rate of symptoms of depression with TPM is dose-
dependent, with an incidence of 9% and 19% with daily doses of 200 and 1.000,
respectively, in one clinical study. In addition, a significant correlation between
depression and cognitive side effects of TPM was observed (Mula et al. 2003a).

PBSE related to levetiracetam (LEV) and zonisamide (ZNS) have been
documented in the literature. Previous studies have shown that the primary reasons
for discontinuing LEV in patients with epilepsy were due to PBSE, accounting for
10% to 24% of cases. In addition, a preexisting PD increases the risk of PBSE
attributed to LEV (Mula et al. 2003a, b; Chen et al. 2017). Irritability has been found
to be the most common PBSE and has not been dose-dependent. Other PBSE such as
depression, anxiety, and emotional liability have been reported to occur in around
3% of patients with epilepsy treated with LEV, whereas psychosis and suicidal
events had been reported in approximately 1% (Chen et al. 2017).

PBSE have been found to be the most common reasons for discontinuing ZNS. A
recent study showed that depression was the most common PBSE (2.5%), followed
by aggressive behavior (1.8%), psychosis (1.4%), and irritability (1.2%) (Chen et al.
2017).
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5 The Other Side of the Coin: Positive Behavioral Effects
Associated with ASM

The positive psychotropic properties of CBZ and VPA are well established, since
both ASM are frequently used in psychiatric patients (Table 1). CBZ has an
indication for the prophylaxis of bipolar disorder and the management of episodic
dyscontrol. In a study using PHT, primidone or CBZ in 45 stabilized patients, it was
observed a lesser incidence of depressive symptoms after a three-month period
(Schmitz 2006). Another study revealed that blood levels of CBZ were negatively
correlated with measures of anxiety, depression, and fatigue (Schmitz 2006; Mula
and Monaco 2009). Finally, another study noted that, in a group of patients on
polytherapy presenting with a depressive illness, patients taking PB had been
significantly more depressed than patients taking CBZ. These results could be
explained by an association between the PB and depression, an association between
CBZ and beneficial effects on depression or both of these factors (Schmitz 2006;
Mula and Monaco 2009).

VPA is particularly useful in the treatment of acute mania. The antidepressant
effects of LTG have been confirmed in controlled studies of patients with bipolar and
rapid cycling affective disorder. GBP has been used for an almost unlimited spec-
trum of psychiatric disorders. This is largely based on positive case reports or small
open studies. TPM can be useful in the treatment of alcohol and cocaine addiction,
binge eating disorders, and post-traumatic stress disorder. In addition, pregabalin
(PGB) has shown positive effects in both insomnia and generalized anxiety disorder
(Mula and Monaco 2009; De Araujo Filho et al. 2011a, b, ¢).

A recent study compared the PBSE profiles of older and newer ASM in a large
specialty practice-based sample of patients diagnosed with epilepsy. The medical
records of 4,085 adult patients newly started on an ASM regimen were evaluated.
Psychiatric and behavioral side effects were determined by patient or physician
report in medical records, which included depressive mood, psychosis, anxiety,
suicidal thoughts, irritability, aggression, and tantrum. The rate of PBSE and intol-
erable PBSE, defined as PBSE that led to dosage reduction or discontinuation, was
compared between 18 ASM. The authors found that CBZ, clobazam (CLB), GBP,
LTG, oxcarbazepine (OXC), PHT, and VPA were the ASM with significantly lower
PBSE rates (Chen et al. 2017).
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6 Possible Clinical and Neurobiological Characteristics
Associated with ASM Therapy in the Major Psychiatric
Syndromes

6.1 Depression

Mood disorders are the most frequent psychiatric comorbidity in PWE, which
remain unrecognized and untreated (Seethalakshmi and Krishnamoorthy 2007).
The occurrence of depression can have a major impact on the QOL in PWE, even
more so than the seizure frequency itself (Gilliam 2003). The potential neurobiolog-
ical determinants of depression include epilepsy variables such as seizure type (focal
seizures), epilepsy type (temporal lobe epilepsy), severity (the prevalence of depres-
sion increases with increased seizure frequency), and the ASM (Mula and Monaco
2009). In addition, there is some evidence for the following variables being relevant
to the association of depressive symptoms with ASM therapy: enhanced GABA
neurotransmission, folate deficiency, polytherapy, the presence of hippocampal
sclerosis, FN and a past history of mood disorders (Mula and Sander 2007; Mula
and Monaco 2009).

In the pathogenesis of ASM-induced depressive symptoms, a relevant role would
be played by the limbic structures (Mula et al. 2003b). There is growing evidence in
the literature that depression might be linked to small hippocampal volumes, and this
association has been described not only in PWE (Quiske et al. 2000), but also in
patients without epilepsy who have a major depressive disorder (MDD) (Frodl et al.
2002). A case—control study of patients taking TPM showed that subjects with TLE
and mesial temporal sclerosis (MTS) were more likely to develop depression than
those with TLE and a normal MRI, matched for starting dose and titration schedule
for topiramate (Mula et al. 2003b). Although patients with MTS tend to be affected
by more severe epilepsy, implying that treatment resistance is likely and that
polytherapy may be prescribed, MTS itself appeared to be the main factor associated
with the occurrence of depression (Mula et al. 2003b).

Folate deficiency is another issue that might be of relevance regarding ASM and
depression. Patients on polytherapy are reported to have low serum, red cell, or
cerebrospinal fluid folate levels, and this deficit seems to be even greater in patients
with epilepsy and psychiatric issues. In this regard, it is worth noting that AED with
a positive impact on mood and behavior, such as CBZ or LTG, have minimal effects
on folate levels. On the contrary, it is established that PB or PHT treatment can
depress serum, red blood cell, or CSF folate levels in a high proportion of patients
(Mula and Monaco 2009).
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6.2 Psychoses

The use of ASM can be associated with the development of psychosis, and the FN
phenomenon being one of the possible causes (Krishnamoorthy and Trimble 1999;
Schmitz 2006; Mula and Monaco 2009; Calle-Lopez et al. 2019). This phenomenon
is not drug-specific, as it has been described with FBM, TGB, TPM, VGB, ZNS, and
LEV (Krishnamoorthy et al. 2002; Mula and Trimble 2003; Schmitz 2006; Mula and
Monaco 2009). In general terms, the frequency of psychoses during ASM treatment
seems to range between 1% and 2% and all cases described were patients with
resistant epilepsy on polytherapy regimens. Psychoses associated with the newer
ASM occurred in early clinical trials, and to some extent were a reflection of two
factors. First, a rapid dosing schedule, or high doses. Second, the populations studied
were, in many cases, composed largely of patients with treatment-resistant epilepsy
and those with TLE were the most susceptible to develop psychoses (Mula and
Monaco 2009).

6.3 Other Behavioral Changes

In general terms, ASM-induced PBSE, including irritability and aggressive behav-
ior, appear to be more frequently associated with the use of polytherapy and severe
epilepsy and intellectual disability. Accordingly, monotherapy regimens should be
favored whenever possible (Mula et al. 2003a, b; Mula and Trimble 2003; Mula and
Monaco 2009).

A wide spectrum of PBSE has been described with different ASM. Authors have
observed that, in children, a conduct disorder phenomenologically similar to ADHD
may be associated with a number of ASM, the most frequently implicated being
PB. A similar psychopathological picture (agitation, excitation, motor hyperactivity,
and aggressive behavior) has been associated with other GABAergic drugs, such as
VGB, especially in children with learning disabilities. Aggressive behavior and
irritability have been shown to be two of the main treatment-emergent PBSE during
therapy with LEV. Studies involving a large number of patients taking LEV
suggested that a subgroup of patients could be biologically vulnerable; a psychiatric
history, a history of febrile convulsions and status epilepticus being significant
correlates (Mula et al. 2003b, 2004; Schmitz 2006; Mula and Monaco 2009; Chen
et al. 2017).

The presence of learning disabilities is another important variable that needs to be
considered when discussing ASM-related behavioral changes in adult PWE. Sub-
jects with learning and/or intellectual disabilities have a high incidence of all types of
epilepsy, and the presence of a psychiatric comorbidity in this special population
represents an important variable complicating the management. A study conducted
in a tertiary referral epilepsy center described aggressive behavior as one of the main
treatment-emergent PBSE in patients with learning disabilities and epilepsy taking
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LEV (Lhatoo and Sander 2001; Mula et al. 2004). In clinical practice, it is sometimes
difficult to recognize these effects in such populations because patients with learning
disabilities may be unable to express what they feel. Therefore, the clinical evalu-
ation of the mental state is of great value in this special population of patients when
choosing the appropriate ASM (Mula and Monaco 2009).

7 Can We Anticipate and Prevent the Occurrence
of Iatrogenic Psychiatric Events Caused by ASMs?

The present data demonstrate that ASM-induced PBSE are non-specific behavioral
problems. Among specific psychiatric diagnoses, depression is the most commonly
reported. However, one of the major shortcomings of the literature is the failure of
most studies to state what behavioral measures or diagnostic criteria have been used.
The risk of appearance of ASM-induced PBSE is likely to be linked to the severity
and refractoriness of epilepsy, polytherapy, rapid titration, and high dosages of
drugs. In addition, it is suggested that the presence of temporolimbic alterations,
such as TLE-MTS, is also associated with a higher risk of depressive symptoms and
mental slowing. Patients with previous PD or a familial predisposition seem to be
specially prone to PBSE. Therefore, it is important to recognize patients at risk in
order to inform them and their families about the possibility of PBSE, to use a careful
titration scheme, and to make sure that the patients are seen frequently (Mula et al.
2003a, b; Schmitz 2006; Mula and Monaco 2009).

When recognized at an early stage, PBSE are mild and reversible in most cases.
However, the presence of risk factors for PBSE is not a strict contraindication for any
particular ASM and it is not always necessary to withdraw the responsible drug
completely. Depending on the pathophysiology and the severity of the syndrome, a
dose reduction or a comedication with an antipsychotic or antidepressant drug may
be a good compromise. The psychotropic side-effect profiles, both negative and
positive, should be considered in the choice of the optimal drug for an individual
patient. There is increasing evidence that good clinical management can decrease the
risk of PBSE of ASM: knowing which drugs are most likely to be implicated,
starting with low doses and escalating slowly, and identifying those patients who
will require close monitoring because of clinical risk factors, should decrease the
occurrence of such adverse effects in the future. Nevertheless, there is a need for
more studies specifically devoted to the psychiatric effects of ASM in PWE in order
to improve the identification of patients at risk of severe behavioral reactions with
specific drugs, and also in order to identify patients who have a good chance of
benefiting from potentially positive psychotropic effects of ASM (Mula et al.
2003a, b; Schmitz 2006; Mula and Monaco 2009).
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8 Epilepsy Surgery and Psychiatric Symptoms: A Complex
Association

Surgery has become an important treatment option for patients with pharmaco-
resistant epilepsy. Current evidence suggests that epilepsy surgery is associated
with a 60-70% remission rate of disabling seizures in TLE-MTS and significant
improvements in QOL. TLE have been considered one of the commonest types of
surgically remediable epileptic syndromes. Around 30-40% of TLE patients have
been considered surgical candidates, and most of the data regarding the association
of PD and epilepsy surgery to be presented in this chapter are about this population.
Data from previous studies have demonstrated that antero-temporal lobectomy
(ATL) and cortico-amygdalohippocampectomy (CAH) are safe and efficient surgi-
cal procedures for patients with pharmaco-resistant TLE, specially for those with
TLE-MTS, the commonest structural lesion associated with TLE (Pintor et al. 2007,
De Araujo Filho et al. 2008, 2011a, b, ¢, 2012a, b; Ramos-Pedigués et al. 2018).

Post-surgical psychiatric complications of epilepsy surgery have been recognized
for more than 50 years. Since the 1970s, a significant number of studies have been
published on prevalence, the rates, and risks of developing post-surgical psychiatric
complications. The psychiatric issues that need to be considered in surgical candi-
dates are complex and include the risk of developing post-surgical psychiatric
complications and its association with a pre-surgical psychiatric history; the impact
of pre-surgical PD on post-surgical seizure outcome and on psychosocial adjust-
ment; and the impact of epilepsy surgery on the course of pre-surgical psychiatric
comorbidities (De Araujo Filho et al. 2008, 2011a, b, ¢, 2012a, b).

8.1 Psychiatric Disorders in Pre-surgical Candidates

As stated before, patients with pharmaco-resistant epilepsy constitute a population at
high-risk for PD, ranging between 30% and 70% (Kanner 2003). In a review of the
literature Koch-Stoecker (2002) found prevalence rates ranging from 43% to 80%.
Other studies using the DSM-IV criteria have demonstrated a prevalence rate of
psychiatric comorbidity of 40% and 70% in patients with pharmaco-resistant
TLE-MTS. Mood disorders have been observed as the most common PD
(24-74%), followed by anxiety (10-25%), psychoses (2-9%), and personality
disorders (1-2%) (Gaitatzis et al. 2004; De Araujo Filho et al. 2012a, b; Koch-
Stoecker et al. 2017; Ramos-Pedigués et al. 2018). Although mood and anxiety
disorders are the most common PD, they often go underrecognized or misdiagnosed
(De Araujo Filho et al. 2008, 2011a, b, ¢, 2012a, b). Furthermore, PD usually do not
occur in isolation. In a study of 174 consecutive outpatients with epilepsy from five
epilepsy centers, 73% of patients who met DSM-IV diagnostic criteria for a depres-
sive disorder also met criteria for an anxiety disorder (Jones et al. 2005). Generalized
anxiety disorder, panic disorder, phobias, agoraphobia without panic disorder, and
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obsessive-compulsive disorder were the most frequently identified anxiety disorders
in those patients. The recognition of anxiety disorders pre-surgically is important as
it may interfere in a significant manner with the patient’s ability to collaborate with
the overall pre-surgical evaluation. Moreover, comorbid anxiety and mood disorders
significantly increase the suicidal risk, which has been recognized as one of the post-
surgical psychiatric complications (De Araujo Filho et al. 2008, 201 1a, b, ¢, 2012a, b).

Psychotic disorders have lower prevalence rates than mood and anxiety disorders,
but they are still significantly higher than those of the general population. Interictal
psychoses (IIP) can be indistinguishable from primary schizophreniform disorders
and present with delusions, hallucinations, referential thinking, and thought disor-
ders. Compared to primary psychoses, such as schizophrenia, IIP is less severe and
more responsive to antipsychotic therapy, which can be a very relevant point for
surgical candidates, as it makes it more likely that these patients can cooperate
during a pre-surgical evaluation with the proper support (De Araujo Filho et al.
2008, 2011a, b, ¢, 2012a, b). Postictal psychosis (PIP) can be present in the form of
isolated symptoms or as a cluster of symptoms mimicking psychotic disorders and
represents approximately 25% of psychotic disorders in epilepsy. The occurrence of
PIP in potential surgical candidates is significant as several studies have found a
greater risk of bilateral independent ictal foci (Devinsky et al. 1995; Kanemoto et al.
1996; Kanner and Ostrovskaya 2008a; De Araujo Filho et al. 2008, 2011a, b, c,
2012a, b). Moreover, patients with recurrent PIP are at significant risk of developing
IIP (De Araujo Filho et al. 2008, 2011a, b, c, 2012a, b; Kanner and Ostrovskaya
2008Db).

Despite its relatively high prevalence, comorbid PD in surgical candidates con-
tinues to be considered as “hidden” contraindication for pre-surgical evaluation with
video- electroencephalography (VEEG) in some epilepsy centers, mainly because of
the risk of negative behavioral events. Yet, studies have already demonstrated that
the presence of a PD was not associated with a higher number of adverse behavioral
events on VEEG in a sample of 145 TLE-MTS surgical candidates (Da Concei¢ao
et al. 2013). In a retrospective study of 73 consecutive patients with pharmaco-
resistant TLE-MTS, 41 (56.2%)underwent a pre-surgical evaluation with VEEG. Of
them, only 12 (29.2%) presented a PD according to DSM-IV criteria. Of the
32 patients who did not undergo VEEG, PD were observed in 22 (68.7%). There-
fore, in this study, the absence of a PD increased the chance to perform pre-surgical
VEEG evaluation in 2.35 times (p = 0.001) (De Araujo Filho et al. 2015). In
addition, a retrospective cohort involving 81 patients with pharmaco-resistant
TLE-MTS with a 2-year follow-up, the presence of pre-surgical psychogenic
nonepileptic seizures (PNES) was associated with a lower rate of pre-surgical
VEEG evaluations, and consequently to a lower frequency of CAH (p = 0.005).
Nonetheless, a history of PNES was not associated with a non-favorable seizure
outcome (p = 0.54) (Furlan et al. 2019). In the same way, consideration of epilepsy
surgery in patients with psychotic disorders has been the source of great controversy
among epilepsy centers. In a large number of programs, the presence of a psychotic
disorder constitutes a reason for exclusion from pre-surgical evaluation; other
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centers, on the other hand, do not rule out a surgical option, as long as the patient is
able to cooperate with the pre-surgical evaluation and understands the risks and
benefits of the surgical procedure (De Araujo Filho et al. 2008, 2011a, b, ¢, 2012a, b).

8.2 Psychiatric Evaluation of Pre-surgical Candidates:
Current Reality and Challenges

Clearly, patients with pharmaco-resistant epilepsy being considered for surgery are
likely to suffer from comorbid PD, which can increase the risk of post-surgical
complications, interfere with their ability to collaborate in the pre-surgical evalua-
tions, and limit their ability to objectively assess their expectations of epilepsy
surgery (De Araujo Filho et al. 2008, 2011a, b, c, 2012a, b). Given the above, it is
logical to expect that pre-surgical psychiatric evaluations should be carried out in
every surgical candidate. Unfortunately, that is not the case. Psychiatrists are seldom
part of the epilepsy team. In many centers, in addition to performing an in-depth
evaluation of cognitive functions, neuropsychologists have been given the respon-
sibility to “screen” for comorbid PD. In these centers, neuropsychological self-rating
questionnaires developed to screen for psychiatric symptoms (e.g., Beck Depression
Inventory) and provide a personality profile (e.g., the Minnesota Multiphasic Per-
sonality Inventory) have “replaced” psychiatric evaluations (De Araujo Filho et al.
2008, 2011a, b, ¢, 2012a, b).

A survey was sent to the 88 epilepsy centers affiliated with the National Associ-
ation of Epilepsy Centers to examine the way major epilepsy centers in the USA use
psychiatric and neuropsychological evaluations in candidates for epilepsy surgery,
forty-seven centers (53%) completed the survey (De Araujo Filho et al. 2008, 2011a,
b, c, 2012a, b). The main result were that only 21% of centers routinely perform a
psychiatric evaluation in every patient, only 26% had a psychiatrist in their epilepsy
team, and only 45% of the centers considered the possible presence of PD among
surgical candidates as a problem. Interestingly, the availability of a psychiatrist as
part of the epilepsy team appeared to correlate with a greater concern of post-surgical
psychiatric complications, as 75% of centers with an epilepsy team psychiatrist
voiced a concern of frequent post-surgical psychiatric complications, compared to
only one-third of centers without a psychiatrist. These data suggest that psychiatrists
with special expertise in psychiatric aspects of epilepsy are more “attuned” to
potential post-surgical psychiatric complications (De Araujo Filho et al. 2008,
2011a, b, ¢, 2012a, b).

In fact, only with a comprehensive psychiatric evaluation that can investigate
present and a lifetime history can clinicians have the necessary information to
formulate a correct psychiatric diagnosis, recommend the appropriate treatment
and make estimations on the risk for potential post-surgical psychiatric complica-
tions. Furthermore, a positive family psychiatric history of mood, anxiety, and
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ADHD is a pivotal risk factor of each one of these disorders. Unfortunately, these
data are rarely investigated in a neuropsychological evaluation. In addition,
epileptologists and neuropsychologists cannot rely on a patient’s spontaneous self-
report of past or concurrent psychiatric history, as often they are unlikely to
volunteer such information on their own. Consequently, the most frequent psychi-
atric comorbidities in epilepsy patients (depression, anxiety, psychoses, ADHD) are
very often unrecognized by the treating epileptologist until they become severe
enough to warrant an inpatient psychiatric hospitalization (De Araujo Filho et al.
2008, 2011a, b, c, 2012a, b). Failures in recognizing a chronic depressive disorder is
illustrated in a study of 97 patients with partial epilepsy and a depressive episode
severe enough to warrant the consideration of pharmacotherapy. Among these
patients, 60% had been symptomatic for more than 1 year before any treatment
had been suggested; and only one third of the 97 patients had been treated within
6 months of the onset of their symptoms (Kanner et al. 2000; De Araujo Filho et al.
2008, 2011a, b, c, 2012a, b).

8.3 The Impact of Epilepsy Surgery on Pre-surgical
Psychiatric Disorders

Most studies involving the impact of epilepsy surgery on pre-surgical PD have
pointed out that epilepsy surgery improves pre-surgical psychiatric comorbidities.
In a study carried out in a tertiary epilepsy center, PD were identified in 51 patients at
the time of the psychiatric evaluation. Epilepsy surgery resulted in total discontin-
uation of psychotropic medication in 45% of patients (Kanner et al. 2006). In another
study, 17 of 49 patients (35%) had a lifetime history of at least one major depressive
episode. Of these, eight (47%) never experienced another major depressive episode
post-surgically (Altshuler et al. 1999). In both studies, the only prediction for post-
surgical depressive disorder was a pre-surgical history of depression. Devinsky et al.
(2005) reported the results of a study of 360 patients from seven epilepsy centers in
the USA who underwent epilepsy surgery; 89% had an ATL. Psychiatric syndromes
were identified at baseline and 2 years after surgery with the structured interview
Composite International Diagnostic Interview (CIDI). Pre-surgically, 75 patients
(22%) met criteria for a diagnosis of depression, 59 (18%) of anxiety disorders,
and 12 (4%) of other PD. At the 2-year post-surgical evaluation, only 26 patients
(9%) met diagnostic criteria for depression and 20 (10%) for anxiety, while three
patients (1%) met criteria for other psychiatric diagnoses. Thus, epilepsy surgery had
resulted in symptom remission in more than 50% of patients (Devinsky et al. 2005).
In the same way, Pintor et al. (2007) studied prospectively a series of TLE 70 patients
submitted to epilepsy surgery, with a follow-up of 1 year. Authors observed a drop
of the frequency of PD from 47% to 26% 1 year after surgery (Pintor et al. 2007).
A systematic review of the psychiatric outcomes after epilepsy surgery has shown
that, in most studies analyzed, despite some methodological limitations, surgery
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resulted in improvements in psychiatric outcome. The two main predictors of
psychiatric outcome were seizure freedom and a pre-surgical psychiatric history
(Macrodimitris et al. 2011). A more recent study included 115 consecutive patients
with TLE-MTS, all of evaluated by the same psychiatrist. They underwent the same
surgical procedure (CAH); 27 of the 47 patients (54%) diagnosed with a pre-surgical
PD reported a complete remission of psychiatric symptoms 1 year after surgery.
These included patients diagnosed with PIP, interictal dysphoric disorder (IDD),
major depressive disorder (MDD), and generalized anxiety disorder (De Araujo
Filho et al. 2012a, b). The presence of pre-surgical diagnoses of MDD and IIP and
the contralateral epileptiform discharges were risk factors of a post-surgical PD
(De Araujo Filho et al. 2012a, b). A prospective study of 72 consecutive TLE
patients using descriptive instruments, which can describe the frequency and inten-
sity of each symptom in a more detailed way, disclosed a significant improvement of
depressive, anxiety, and psychotic symptoms 1 year after surgery (Iranzo-Tatay et al.
2017). In addition, a prospective controlled study involving patients with various
types of pharmaco-resistant epilepsy compared the psychiatric diagnoses and symp-
toms of surgical candidates (n = 84) versus those of nonsurgical candidates (n = 68)
after 1 year. Authors have observed a significant improvement of the PD and
reduction of psychiatric diagnoses in the surgical group, mainly IDD and MDD.
Anxiety symptoms improved in both groups, although more significantly in the
surgical group (p = 0.001) (Ramos-Pedigués et al. 2018). In both studies, the
presence of pre-surgical PD and a non-favorable seizure outcome were predictors
of a non-favorable post-surgical psychiatric outcome, confirming previous data
(Macrodimitris et al. 2011; De Araujo Filho et al. 2012a, b; Iranzo-Tatay et al.
2017; Ramos-Pedigués et al. 2018).

9 Epilepsy Surgery and Post-surgical Psychiatric
Complications

Post-surgical psychiatric complications can be the expression of: a) a de novo PD; b)
a recurrence of a PD that had been in remission for a period time prior to surgery;
and/or ¢) an exacerbation in severity of a PD that was mild enough in severity that it
went unrecognized by patient, family, and clinician or that was identified because of
a more careful evaluation of the patient. The most frequent post-surgical psychiatric
complications include depressive and anxiety disorders, and more rarely, psychotic
disorders and PNEs (De Araujo Filho et al. 2008, 201 1a, b, ¢, 2012a, b). In addition,
pre-surgical history of any PD, pre-surgical history of MDD and persistent seizures
after surgery were pointed out as predictors of post-surgical PD (Kanner et al. 2006).
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9.1 De Novo PD

Among the post-surgical psychiatric complications, the occurrence of de novo PD
has been frequently registered. In a study of 49 patients who underwent an ATL and
were followed for a period of almost 11 years, Altshuler et al. (1999) found that five
(10%) developed de novo depressive episodes, four within the first post-surgical
year (Altshuler et al. 1999). Wrench et al. (2004) published a prospective study of
62 patients who underwent epilepsy surgery; at the 3-month evaluation, 13% of
patients had developed a de novo depression and 15% a de novo anxiety disorder,
while 18% had developed other de novo psychiatric disorders (Wrench et al. 2004).
Blumer et al. (1998) reported much higher prevalence rates of de novo psychiatric
complications in a study of 50 consecutive patients, 44 of whom underwent an ATL
and six a frontal lobe resection; 14 patients (32%) developed de novo PD presenting
as an IDD in six patients, depressive episodes in two and a psychotic disorder in six;
authors associated the development of post-surgical psychiatric complications with
persistent seizures (Blumer et al. 1998). In addition, Kanemoto et al. (2001) identi-
fied an association between pre-surgical PIP and post-surgical de novo mood
disorders in a study of 52 patients who underwent an ATL. Post-surgical mood
disorders presented as manic and depressive episodes during the first two post-
surgical years (Kanemoto et al. 2001). Despite their importance, most of those
seminal studies presented with a number of methodological limitations, which
included heterogeneous patient groups with respect to the etiology and types of
lobectomy and the type of psychiatric evaluations. In addition, a limited clinical and
sociodemographic data were included in the analyses (Macrodimitris et al. 2011).

In a study of 100 consecutive TLE patients who underwent an ATL and had a
minimal post-surgical follow-up period of 2 years (median: 8.3 4+ 3.3 years),
19 patients (19%) presented de novo post-surgical complications: 15 had a depres-
sive/anxiety disorders and four with de novo psychotic episodes (Kanner et al.
2006). Devinsky et al. (2005) reported a 14.1% rate of de novoPD, mostly MDD
and anxiety disorders, while four patients (1.1%) with de novo psychosis (Devinsky
et al. 2005). A systematic review of the psychiatric outcomes after epilepsy surgery
has pointed out a rate of de novo post-surgical PD of 1.1 to 18.2%, with depressive
and anxiety symptoms being more frequent than psychosis (Macrodimitris et al.
2011). These data were confirmed in a study of 115 consecutive patients with
TLE-MTS, who underwent a CAH and were evaluated by the same psychiatrist.
Eleven (9.6%) patients developed de novo PD, according to the DSM-IV diagnostic
criteria; five patients presented de novo psychosis, three MDD, and three generalized
anxiety disorder. In addition, the authors identified that patients with de novo PD
were older at the time of surgery (p = 0.02) and had more background asymmetry on
pre-surgical VEEG (p = 0.001) (De Araujo Filho et al. 2012a, b).

Among the post-surgical psychiatric complications, the occurrence of de novo
psychosis has been particularly feared, because of their potential dramatic conse-
quences. The rates of post-surgical de novo psychotic complications have been
estimated to range between 1% and 10%. De novo psychotic episodes may present
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as schizophreniform-like disorders, manic and/or mixed episodes. Authors have
associated the presence of gangliogliomas or dysembryoplastic neuroepitheliomas
(DNET) with the development of de novo post-surgical psychotic disorders. Shawn
et al. (2004) identified 11 patients who developed de novo post-surgical
schizophreniform psychosis among 320 consecutive patients (3.2%) who underwent
an ATL. Psychotic symptomatology became apparent within the first year in all
patients. When compared to a control group of 33 patients, psychotic patients were
more likely to have bilateral epileptiform activity, a smaller amygdala in the
non-operated side and pathologies other than MTS (Shawn et al. 2004). As stated
above, post-surgical manic episodes can be psychiatric complications of ATL.
Carran et al. (2003) reported that the 16 out of 415 patients (3.8%) who developed
a de novo manic episode following an ATL were more likely to have experienced
bilateral tonic-clonic seizures before surgery and to fail to achieve seizure freedom
post-surgically (Carran et al. 2003).

Finally, the rates of post-surgical PNES among the different studies are relatively
low, ranging between 1.8% and 10% among the different case series. Ney et al.
(1998) reported the occurrence of post-surgical de novo PNES in five of 96 patients
(5.2%) who underwent epilepsy surgery. Low full-scale 1Q, pre-surgical psychiatric
comorbidity, and major surgical complications were identified as risk factors (Ney
et al. 1998). Reuber et al. (2002) identified 13 patients with both epilepsy and PNES
and investigated their post-surgical outcome: 11 of the 13 patients (84.6%) had
significant clinical improvement post-surgically. However, in two patients (15.4%)
the severity of PNES increased postoperatively despite a significant improvement of
their epileptic seizures. Both patients had a pre-surgical psychiatric history (Reuber
et al. 2002). In a study carried out in a tertiary center, 7 out of the 100 patients
developed de novo PNES. A pre-surgical lifetime psychiatric history and the pres-
ence of persistent seizures were associated with post-surgical PNES (Kanner and
Frey 2007).

9.2 Exacerbation/Recurrence of Psychiatric Symptoms

In a study of 274 patients, Bruton (1998) found a 20-fold increase in the prevalence
rates of depression after surgery, varying in severity from mild dysphoric to major
depressive episodes associated with suicidal attempts. More often, these post-
surgical complications were an expression of a recurrence or exacerbation of
pre-surgical comorbid disorders (Bruton 1988). Blumer et al. (1988) observed that
3 out of 44 (7%) patients submitted to ATL experienced an exacerbation of a
pre-surgical IDD (Blumer et al. 1998). In the study of Wrench et al. (2004), it was
observed an exacerbation of depressive episodes in 54% out of 62 patients 3 months
after surgery (Wrench et al. 2004). Kanner et al. (2009) reported a series of
100 consecutive TLE patients who had undergone an ATL with a post-surgical
follow-up period of at least 2 years (mean 8.3 years). They found that 24 patients had
experienced a recurrence or exacerbation in severity of pre-surgical depressive/
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anxiety disorders; these complications occurred during the first 12 months after
surgery in all patients. In 16 patients, these PD persisted up to the time of the last
contact (Kanner et al. 2009).

10 The Impact of Pre-surgical Psychiatric Disorders
on Post-surgical Seizure Outcome

Studies have suggested that a pre-surgical psychiatric history can be associated with
a worse post-surgical seizure outcome. In one study of 121 patients who underwent
an ATL, Anhouri et al. (2000) reported a worse post-surgical seizure outcome for
patients with a lifetime psychiatric history compared with those without (Anhouri
et al. 2000). Koch-Stoecker investigated the post-surgical seizure outcome among
100 consecutive patients who underwent an ATL; 78 had a pre-surgical lifetime
psychiatric history. Among patients without comorbid psychiatric history, 89% were
seizure-free after surgery while this occurred in only 43% of patients with
pre-surgical psychiatric history (Koch-Stoecker 2002). Kanner et al. (2009) used a
logistic regression model to identify predictors of post-surgical seizure outcome in
the 100 consecutive patients who had undergone an ATL. The duration of the seizure
disorder, having recurrent bilateral tonic-clonic seizures and a lifetime history of
depression were significant predictors of failure to achieve freedom from disabling
seizures (Kanner et al. 2009).

More recent studies have confirmed that patients with pre-surgical PD were less
likely to become seizure-free after surgery (Macrodimitris et al. 2011; De Araujo
Filho et al. 2012b; Iranzo-Tatay et al. 2017; Koch-Stoecker et al. 2017; Ramos-
Pedigués et al. 2018). In a group of patients with epilepsy who underwent CAH, the
seizure-free patients reported fewer preoperative psychiatric symptoms than those
with ongoing seizures (De Araujo Filho et al. 2012b). Another study reported that
both a history of psychiatric symptoms and an emergence of new psychiatric
symptoms postoperatively were negatively associated with seizure reduction
(Anhouri et al. 2000). Self-reported preoperative depression scores were lower in
seizure-free patients after epilepsy surgery (Metternich et al. 2009). In a group of
patients with TLE-MTS, those with preoperative MDD had a higher risk of con-
tinuing post-surgical seizure activity (De Araujo Filho et al. 2012a, b). The most
important hypothesis explains this observation by positing that pre-surgical PD, and
particularly MDD, may be a marker of more diffuse cerebral disease. This hypoth-
esis stresses the bidirectionality of the association between MDD and postoperative
seizure status (Kanner et al. 2009; De Araujo Filho et al. 2008, 2011a, b, c, 2012a, b;
Koch-Stoecker et al. 2017). In keeping with this, the majority of case series have
reported an association between the absence of post-surgical PD and better surgical
outcome (Macrodimitris et al. 2011; De Araujo Filho et al. 2012b; Iranzo-Tatay et al.
2017; Koch-Stoecker et al. 2017; Ramos-Pedigués et al. 2018). On the other hand,
more recent studies with larger series of patients have confirmed that patients with no
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history of any PD (and not only MDD) or personality disorders were associated with
a better seizure outcome. In addition, authors observed that patients with the
diagnoses of a PD plus personality disorders presented the least seizure-free rates
(Koch-Stoecker et al. 2017). However, other surgical series did not observe any
association between PD and seizure outcome (Adams et al. 2012; Lackmayer et al.
2013).

11 Epilepsy Surgery and Psychosocial Outcome

Epilepsy surgery is expected to have a positive impact on the patient’s life. With the
achievement of seizure freedom, patients can become more independent in various
areas of their life. Paradoxically, in some cases seizure freedom can have a negative
impact on the family dynamics. Indeed, some family members become accustomed
to the patient’s limitations and have difficulties giving up their role of “caretaker.”
Unfortunately, these dysfunctional “family dynamics” are not rare in families of
patients with a chronic illness like epilepsy and invariably are bound to lead to
conflict when patients try to become more independent. In fact, divorce is not an
uncommon ‘“‘complication” of successful epilepsy surgery. Thus, all couples and
families need to be evaluated for the eventual risk of these types of family problems
(De Araujo Filho et al. 2008, 201 1a, b, ¢, 2012a, b; Alonso et al. 2015).

Vickrey et al. (1995a, b) demonstrated an association between persistent seizures,
including persistence of only focal aware seizures (FAS) and worse QOL post-
surgically (Vickrey et al. 1995a, b). The negative impact of persistent FAS on the
QOL had been attributed to the need to keep patients on AEDs or even the use of
higher doses of AED to assuage the concern of recurrent seizures. Nonetheless, these
data are counterintuitive since patients with FAS but no disabling seizures can
function normally in all areas. In fact, a study raises the question of whether the
worse QOL in patients with persistent FAS is driven by a concurrent mood disorder
and not only by the FAS (Kanner et al. 2009). In a prospective study, the psycho-
social variables of 120 patients were analyzed. It was observed that, after 5 years of
CAH, a significant improvement in educational level (p = 0.004) and employment
status (p = 0.001) was observed, although retirement (p = 0.001) and divorce
(p = 0.02) rates increased. In addition, a more favorable surgical outcome (Engel
IA) was associated with a better psychiatric status (p = 0.01) and a poorer psycho-
social adjustment before surgery was the most important predictor of QOL outcome
(Alonso et al. 2015).

Obtaining gainful employment is one of the goals of a successful surgical
treatment in patients whose persistent seizures had precluded them from working.
Unfortunately, such is not always the case. Lendth et al. (1997) found that a young
age at the time of the surgery and improvement of general neuropsychological
functioning, especially attention, are associated with employment after surgery
(Lendth et al. 1997). Reeves et al. (1997) found that being a student or working
full time within a year before surgery was associated with driving, obtaining further



Can We Anticipate and Prevent the Occurrence of Iatrogenic Psychiatric. . . 301

education and gaining full time work postoperatively (Reeves et al. 1997). In another
study, working before surgery was the strongest predictor of post-surgical gainful
employment followed by achieving a seizure-free state, a negative lifetime history of
depression and being a woman (Kanner et al. 2009). A review of the literature
reveals that the main factors associated with post-surgical employment are: reduction
of seizures or seizure freedom, pre-surgical cognitive ability, absence of pre-surgical
PD, pre-surgical employment and improvement of neuropsychological function
(Kanner and Balabanov 2006).

12 Can We Anticipate and Prevent the Occurrence
of Iatrogenic Psychiatric Events Caused by Epilepsy
Surgery?

Current evidence regarding the association of PD and epilepsy surgery has shown
that: i) there is a high prevalence of pre-surgical PD among surgical candidates,
mainly MDD, anxiety disorders, somatoform disorders and IDD; ii) there is a
possible positive impact of epilepsy surgery on pre-surgical PD, since most of the
studies, whether using categorical or descriptive instruments, have demonstrated a
reduction of frequency and severity of psychiatric symptoms and episodes after
surgery. Some studies, however, have pointed out that those PD temporally associ-
ated with the epileptic seizures such as PIP and IDD tend to be associated with higher
rates of improvement.

The most important risk factors associated with post-surgical PD are the presence
of pre-surgical PD and persistent seizures after surgery. De novo PD and symptom
exacerbation and/or recurrence after surgery, especially psychotic and depressive/
anxiety symptoms are relatively frequent. These phenomena have been mostly
associated with a possible FN, to pre-surgical history of any PD, pre-surgical history
of MDD, persistent seizures after surgery, older age at the time of surgery and
bilateral epileptiform activity in pre-surgical video-EEG monitoring studies. While
some studies disclosed an association of any PD (including personality disorders)
with a worse post-surgical outcome, other studies have suggested a possible specific
association with the diagnosis of MDD. These observations support the argument of
the existence of common pathogenetic mechanisms operant in both, epilepsy, and
specifically TLE, and PD. While there are several hypotheses of such mechanisms,
these need to be demonstrated in future research (De Araujo Filho et al. 2008, 2011a,
b, ¢, 2012a, b; Macrodimitris et al. 2011; De Araujo Filho et al. 2012b; Iranzo-Tatay
et al. 2017; Koch-Stoecker et al. 2017; Ramos-Pedigués et al. 2018).

Studies have also highlighted that patients with and without psychiatric comor-
bidity can benefit from epilepsy surgery and that a psychiatric history or the presence
of pré-surgical PD should not be considered contraindication to epilepsy surgery.
Nevertheless, studies underscore the importance of preoperative psychiatric assess-
ment in epilepsy surgery candidates. Therefore, a careful psychiatric evaluation can
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help identify those patients at greater risk of developing post-surgical psychiatric
complications, particularly those at risk of post-surgical depressive and anxiety
episodes among those with a previous history of mood disorder. Furthermore, a
psychiatrist can provide significant help in counseling patients and their family on
the potential post-surgical psychiatric risks. In summary, the relatively high psychi-
atric comorbidity in surgical candidates and its negative impact on post-surgical
seizure outcome and an increased risk of post-surgical psychiatric complications
require a careful pre-surgical psychiatric evaluation in every surgical candidate.
Such evaluation can help avert unnecessary post-surgical psychiatric problems and
a better adjustment of the patient and family to a seizure-free life and is important in
the process of counseling patients on the post-surgical psychiatric risks (De Araujo
Filho et al. 2008, 2011a, b, c, 2012a, b; Koch-Stoecker et al. 2017).
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Abstract Temporal lobe epilepsy (TLE) is the type of epilepsy most frequently
associated with psychiatric morbidity. Respective surgery for focal epilepsy remains
the preferred treatment for medically resistant epilepsy. The aim of this chapter is to
review what happens with psychiatric disorders once patients have undergone surgery.

Early studies demonstrated a post-surgical increase in the incidence rates of
anxiety and depressive disorders, while recent studies found that the prevalence of
depression and anxiety decreased 12 months after surgery. In spite of this improve-
ment, de novo anxiety and depressive or psychotic cases can be seen. In particular,
de novo psychosis ranges from 1% to 14%, with risk factors including bilateral
temporal damage, tumors rather than mesial temporal sclerosis, and seizures emerg-
ing after surgery again.

Personality changes after temporal lobectomy are yet to be established, but
decline in schizotypal behavior and neuroticism is the most replicated so far.

In children’s studies surgery resolved 16% of the participants’ psychiatric prob-
lems, while 12% presented a de novo psychiatric diagnosis, but further, more
conclusive results are needed.
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The main limitations of these studies are the inconsistent systematic post-surgical
psychiatric evaluations, the small sample sizes of case series, the short follow-up
post-surgical periods, and the small number of controlled studies.

A psychiatric assessment should be conducted before surgery, and most of all,
patients with a psychiatric history should be followed after surgery.

Keywords Psychiatric disorders - Surgery - Temporal lobe epilepsy

1 Introduction

Epilepsy is one of the most common and potentially serious neurological diseases,
affecting approximately 50 million people worldwide (World Health Organization,
International League Against Epilepsy 2005). In patients with drug-resistant epi-
lepsy, the surgical resection of the epileptogenic area can be considered as a possible
therapy, which can lead to complete seizure freedom. The use of surgical treatment
of drug-resistant epilepsy has been increasing since the decade of the 1980s up until
the present day. So far, the vast majority of epilepsy surgeries carried out around the
world are temporal lobectomies (Wieser and Silfvenius 2000). The temporal lobe is
associated with an increased risk of psychiatric disturbances when it is damaged. In
fact, temporal lobe epilepsy (TLE) is the type of epilepsy most frequently associated
with psychiatric morbidity (Edeh and Toone 1987).

Psychiatric comorbidities in epilepsy are relatively frequent, with reported life-
time prevalence rates of up to 50% (Hellwig et al. 2012). Mood and anxiety disorders
are the most frequent psychiatric conditions in persons with epilepsy, with lifetime
prevalence rates of 24.4% and 22.8%, respectively (Tellez-Zenteno et al. 2007).
People with epilepsy are two and a half times more likely to develop schizophrenia
and three times more likely to develop a schizophrenia-like psychosis than the
general population (Qin et al. 2005). In addition, changes in personality have been
reported more frequently in people with epilepsy than the general population,
including higher levels of neuroticism (Rassart et al. 2020; Rivera Bonet et al.
2019), aggression (Shehata and Bateh 2009), and dysfunctional personality patterns
(Novais et al. 2019). These comorbidities have a negative impact on their quality of
life (QOL) (Liu et al. 2015), independently of seizures (Meldolesi et al. 2007).

Despite pharmacologic advances, approximately 20—40% of people with epilepsy
develop treatment resistant epilepsy (French 2007) and are at a higher risk of
developing psychiatric disorders (Hellwig et al. 2012). Resective surgery for focal
onset epilepsy remains the preferred treatment for medically resistant epilepsy.
Antero-temporal lobectomies can result in seizure-free outcomes in about
two-thirds of patients and improve the patients’ QOL (Liu et al. 2015). However,
little attention has been paid to the psychiatric disorders that can occur after temporal
lobectomy.
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Initial studies demonstrate that TLE surgery predisposed psychiatric complica-
tions (Blumer et al. 1998), such as an increased number of psychiatric admissions,
increased rates of suicide, psychotic disorders, and depressive and anxious reactions.
Conversely, recent prospective controlled studies provide evidence that surgery
improves psychiatric symptoms in drug-resistant epilepsy patients (Hamid et al.
2011a; Ramos-Perdigués et al. 2016). The most important reviews on this topic are
listed in Table 1, while the most relevant studies that investigated psychiatric out-
comes after temporal lobectomy are summarized in Table 2.

2 Recurrence of Presurgical Mood and Anxiety Disorders

Early studies (Taylor 1972; Jensen and Larsen 1979) demonstrated a post-surgical
increase in the incidence rates of anxiety and depressive disorders, while the rates of
suicide, number of psychiatric admissions, and psychosis did not increase. Studies
published in the early 2000s reported that presurgical psychiatric symptoms
persisted after surgery, although the severity of depressive and anxiety disorders
decreased significant (Glosser et al. 2000; Mattsson et al. 2005). An open prospec-
tive study on TLE patients carried out in 2006 found that the prevalence of
depression decreased from 17.2% before surgery to 4.3% 12 months after surgery,
while that of anxiety disorders decreased from 21.5% to 14.2% (Pintor et al. 2007).

A systematic review of 130 studies found that in 15 high quality studies the
prevalence of depression was about 30%. The vast majority of cases (nearly 70%)
were diagnosed during the first 3 months following epilepsy surgery (Yrondi et al.
2017).

A prospective controlled study compared symptoms of depression and anxiety in
a surgical and medical group at baseline and at a 12-month follow-up time (Ramos-
Perdigués et al. 2018) with the Hospital Anxiety and Depression Scale (HADS).
Symptoms of anxiety improved in both groups (p = 0.000), while symptoms of
depression improved only in the surgical group (p = 0.016). Moreover, all symptom
dimensions on the Symptom Checklist-90-R (SCL-90), as well as severity, distress,
and total symptoms, decreased only in the surgical group. The measures that
demonstrated improvement reached statistical and clinical significance for HADS
depression and also for interictal dysphoric disorder.

Other uncontrolled studies with a longer follow-up period have only reported GSI
values (Guangming et al. 2009). In a recent study (Ramos-Perdigués et al. 2018), the
prevalence of psychiatric complications as assessed by the Structured Clinical
Interview of the Diagnostic and Statistical Manual of Mental Disorders (SCID) did
not change, although there was a significant decline in the severity of symptoms.
This had already been observed in previous studies (Meldolesi et al. 2007; Glosser
et al. 2000; Cunha et al. 2003). A prospective study evaluated the development of
psychiatric disorders during the first 12 months after an antero-temporal lobectomy
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Table 1 Reviews of literature concerning psychiatric outcomes after temporal lobectomy

Follow-up
Author, year Surgery area, sample (N) period Outcome
Foong and Temporal lobectomy. From 3 months |- There are not absolute

Flugel (2007)
No systematic
review

18 studies (< 80 patients,
12; 100-300 pacs, 4; >
300 pacs, 2) N = 1,729
patients

to 10 years

psychiatric contraindica-
tions to surgery

— Depression, anxiety,
and psychosis are the most
frequently reported post-
surgical psychiatric
disturbances

— Presurgical psychiatric
conditions can be a risk
factor for post-surgery psy-
chiatric complications

Macrodimitris Studies number: 13 (the From 6 months |- Overall, improvements
et al. (2011). most demanding inclusion to 2 years have been seen in psychiat-
Systematic criteria so far): ric disturbances after sur-
review — Pre- and post-evaluation gery or no changes
— Standardized instru- —  Exceptionally, one
ments to psychiatric study showed higher anxi-
evaluation ety and another increased
ratio of psychosis
— Main risk factors to
psychiatric disturbances
are: Presurgical psychiatric
history, and no seizure
freedom
— De novo psychiatric
disturbances occurred as
mild conditions, for
instance, adjustment disor-
ders, rather than severe dis-
orders. Ratio between 1—
18%
Cleary et al. Temporal lobectomy. Stud- | Prospective — Research into the psy-
(2012). System- | ies number:34 (< studies from chiatric sequelae following
atic review 100 patients, 27; 100-200 2 weeks to temporal lobectomy is
pacs, 4; > 200 pacs, 3) 8 years limited
N = 2,992 patients Retrospectives | Post-surgery psychiatric
Design: 21 prospective >1 year disturbances are not

uncontrolled; 9 retrospective
uncontrolled; 3 retrospective
controlled; 1 prospective
controlled

uncommon

— It is unknown whether
different preoperative neu-
ropsychiatric phenotypes
are more at risk of poor
psychiatric outcomes

— Targets of these studies
were: Anxiety, depression,
and interictal psychosis

(continued)
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Table 1 (continued)

Follow-up
Author, year Surgery area, sample (N) period Outcome
Brotis et al. N° total studies: 25 (total Median length | Objective: To estimate
(2019). System- | patients 2,842) of follow-up: postoperative complications
atic review and | Studies including psychiat- | 3 years after anterior lobectomy
Meta-analysis ric postoperative complica- (general mortality and mor-
tions: 9 (patients number bidity, in which psychiatric
856) disorders were included)
Inclusion criteria: To ana- —  Psychiatric disturbances
lyze at least 3 different were described in
complications in the study 53 patients (5-7%)

— Limitation: This work
underestimates the inci-
dence of any postoperative
psychiatric disorders,
because it excludes series
focused on specific
complications

in 72 consecutive patients. A presurgical psychiatric history for which patient
required treatment was found to be a risk factor for the post-surgical development
of anxiety, depression, and psychosis (Devinsky et al. 2005).

The risk of developing post-surgical depression was associated with the existence
of presurgical depressive symptoms. The resection of mesial temporal lobe struc-
tures were the structures associated with the development of depression (Reuber
et al. 2004).

In terms of predictors of post-surgical anxiety, Devinsky et al. found that having a
presurgical anxiety disorder increased the likelihood of a post-surgical anxiety
disorder. Another study (Reuber et al. 2004) reported a significant relationship
between anxiety and seizures. In this study, patients who had <50% improvement
in seizure frequency, or an increase in seizures after surgery, also demonstrated an
increase in the severity of anxiety.

Finally, suicide as a serious complication is closely associated with depression
and anxiety disorders. In a meta-analysis Pompili et al. found a raw standardized
mortality ratio (SMR) from suicide of 31.2 in patients who underwent epilepsy
surgery compared to the general population (Pompili et al. 2006). A long-term
prospective, multicenter cohort study followed 396 patients who underwent a
temporal lobectomy for up to 5 years after surgery. The SMR from suicides was
13.3, compared with that in the general US population, adjusted for age and gender
(Hamid et al. 2011b).
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Table 2 Original studies about psychiatric outcomes after temporal lobectomy

Author, year

Surgery area, sample (N)

Follow-up period

Outcome

Hermann
et al. (1989)*

Temporal lobectomy (41)

1, 3, and 6 months

Only improvement of
anxiety, depression, or
psychological distress
post-surgery in seizure-
free patients

Hermann
et al. (1992)*

Temporal lobectomy (97)

6—8 months

Predictors of psychologi-
cal maladapted post-
surgery were “‘seizure free
condition” and no history
of psychiatric disorders

pre-surgery

Ring et al.
(1998)

Temporal lobectomy, (60)

6 weeks, 3 months

6 weeks: Worse status,
50% de novo anxiety and
depression, 45% emo-
tional lability

3 months: Improvement of
anxiety and lability

Depression remained. Left
worse than right

Blumer et al.
(1998)*

Temporal lobectomy (44)
Frontal resection (6)

10 months

De novo: Psychosis 6;
Interictal dysphoric disor-
der 8

Overall outcome,
improvement of psychiat-
ric disturbances after

surgery

Kanemoto
et al. (1998)

Inferior temporal lobectomy
with
hippocampoamigdalectomy
(38 patients with post-ictal
psychosis)

2 years

Left side worse than right
side

De novo psychopathol-
ogy: Depression = 3
(improvement within first
18 months); mania or
Hypomania = 4
(improvement within first
4 months); mania-
depression = 1

Altshuler
et al. (1999)*

Temporal lobectomy, (49)

10 years

De novo depression 50%

Presurgical depression
predicted post-surgical
depression

Presurgical depression
episodes decreased by
50%

Glosser et al.
(2000)

Temporal lobectomy, (39)

6 months

Right side worse than left
De novo psychiatric dis-
orders 31% (only months
after surgery)

(continued)
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Author, year

Surgery area, sample (N)

Follow-up period

Outcome

Resolution of psychiatric
episodes in 15%

In the group as a whole,
lower psychiatric symp-
toms at 6 months

Anhoury
et al. (2000)

Temporal lobectomy (121)

1 year at least

The bigger size of resec-
tion, the more emotional
lability

No laterality

Pre-surgery psychiatric
history means poor seizure
outcome

Inoue and
Mihara
(2001)

Anterior temporal Lobectomy
(166), selective
Amygdalohippocampectomy
(25), others (5)

2 years

De novo psychiatric dis-
orders: 17 (6 psychosis,
9 affective disorders,

2 neurotic and behavioral
disorders)

Remission of psychiatric
disorders: 22

Cunha et al.
(2003)

Temporal lobectomy, (19)

6 months

SCL-90: Statistically sig-
nificant differences in all

Subscales except hostility
and paranoidism

When compared with
medically treated patients,
surgery patients improve-
ment (lower Scores) in all
subscales except depres-
sion, paranoidism, and
interpersonal sensitivity

Spencer
et al. (2003)*

Temporal lobectomy (312),
Neocortical (43)

3 months, 1 year,
3 years

Better score of “seizure
free” temporal than neo-
cortical group

QoL, anxiety, and depres-
sion, all improved dra-
matically within 3 months
after surgery, no matter
what the seizure outcome
was long term, gradual but
lasting effect on QoL, but
minimal effect on anxiety
or depression

Reuber et al.
(2004)*

Temporal lobectomy, (57)
Extratemporal lobectomy
19

Control group: No surgery
Patients

1 year

De novo: Surgery (anxiety
13% and depression 4%);
control (anxiety 22% and
depression 35%)

Overall, improvement of
depression but not anxiety

(continued)
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Author, year

Surgery area, sample (N)

Follow-up period

Outcome

scores
Due not only to surgery
but also to improved sei-
zure control

Smith et al. | Temporal lobectomy (18) No changes (family
(2004)* Extratemporal resection (8) adjustment and behavior)
Multilobectomy (4)
Children
Reid et al. Anterior temporal lobectomy | Around 6 years Seizure-free patients had
(2004) or selective better psychiatric status
amygdalohippocampectomy than no seizure-free
67) patients. No differences
for regret over surgery, but
no seizure-free patients,
less happiness, and more
depressive status
McLellan Temporal lobectomy (60) 1 year No clear results
et al. (2005)* | Children
Mattsson Temporal lobectomy (47) 2-8 years No changes in anxiety
et al. (2005)* | Extratemporal resection (10) proneness
Cankurtaran | Anterior temporal Lobectomy | 3 months De novo psychiatric cases:
et al. (2005)* | (22) 5 Overall, improvement of
disability in attendance to
social life and quality of
health
Devinsky Temporal lobectomy (321) 3,12, and Depression and anxiety
et al. (2005)* | Extratemporal lobectomy 24 months improve after surgery,
(89) especially in those who
were seizure free
Neither the lateralization
nor the localization of
epilepsy can be considered
risk factors for anxiety or
depression
Meldolesi Temporal and extratemporal | 2 years Improvement of anxiety

et al. (2007)*

lobectomy (52)

No statistically significant
reduction of depression

Pintor et al.

Temporal lobectomy (70)

1, 6, and 12 months

Improvement of ratio of

(2007)* psychiatric disorders,
From 47% presurgical to
26% 1 year after surgery

Guangming | Amygdalohippocampectomy | 12 and 24 months | SCL-90-R: overall, sur-

et al. (2009) | (62) gery improves psychiatric

symptoms of patients after
surgery

(continued)
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Table 2 (continued)

Author, year

Surgery area, sample (N)

Follow-up period

Outcome

Wrench
et al. (2011)

Mesial temporal lobectomy
(38); Extratemporal Lobec-
tomy (22)

1, 3, 6, and
12 months

Depression in MTL group
before surgery 40%, and
12 months after surgery
37%

De novo depression: MTL
group 13%, ETL group
0%. This finding holds the
idea of disrupt MT struc-
tures known to play a role
in mood, due to MT
resection, may place
patients at increased risk
of new-onset depression
after surgery

Risk factors to psychopa-
thology: family history of
psychiatric illness and
financial dependence

Cleary et al.
(2012)

Temporal lobectomy, (280)

4 years, retrospec-
tive study

De novo psychopathol-
ogy: 51 pacs (18%)

Overall psychopathology:
105 pacs (38%); 50% of
them within 6 months
after surgery

Risk factors to psychopa-
thology: history of sec-
ondary generalized TC
seizures

Risk factors for persistent
seizures: history of psy-
chiatric disorders and
SGTCS

Bujarski
et al. (2013)

Temporal lobectomy, (69).
(Standard vs selective AH)

Mean Duration 9,7
Years
Retrospective

No differences in psycho-
pathology between both
groups

Higher paranoia scores
post-surgery in standard
TL group

D’ Alessio
et al. (2014)

Temporal lobectomy, (89)

2 years

Objective: determine the
psychiatric and seizure
outcome after surgery in
patients with previous
history of psychosis

Final sample: 14

Post-surgery: 6 no psy-
chosis after surgery;

3 maintained their previ-
ous history of interictal

(continued)
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Author, year

Surgery area, sample (N)

Follow-up period

Outcome

chronic psychosis; 3 had
acute transient psychotic
symptoms; and 2 de novo
depression

Ramos-
Perdigués
et al. (2016)

Temporal lobectomy (85), No
surgery (68), Prospective
case—control study

6 months

— Surgical group
showed a significant
decrease in psychopathol-
ogy compared to control

group

— Distress perception of
surgical group improved,
whereas it did not
decrease in the control

group

— Globally, “de novo
disturbances” after sur-
gery were less frequent
than in nonsurgical group
(Depression 4.6% vs
9.8%; Anxiety 6.2% vs
17.1%; Psychosis 4.6% vs
2.4%)

Dwivedi
et al. (2017)

Temporal lobectomy, (14);
extratemporal (12); hemi-
spherectomy (15);
Callosotomy (10); others (6)

Children

12 months. Com-
parative study,
control no surgery
group 59

Better scores as to behav-
ior and QoL in the surgery

group

Limitation: there are a lot
of patients who have
undergone extratemporal
lobectomy

Ramos-
Perdigués
et al. (2018)

Temporal lobectomy (84), No
surgery (68), Prospective
case—control study

1 year

According to HADs:
Anxiety symptoms
improved in both groups.
Depressive symptoms
improved only in the sur-
gical group

According to SCL-90-R:
psychopathology severity,
distress perceived, and
total symptoms improved
only in the surgical group

Risk factors for psycho-
pathology: psychiatric
history pre-surgery, no
seizures free, no surgery

Mah et al.
(2019)

Temporal lobectomy, (17)

Frontal resection (10)

7 years

Reduction of apathy,
independently of epilepsy
loci

Studies included in Macrodimitris Systematic Review (Macrodimitris et al. 2011)
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3 De Novo Mood and Anxiety Disorders

Several studies reported a post-surgical prevalence of de novo depression (defined as
new cases of depression in previously nondepressed patients) between 7.9% and
10% (Pintor et al. 2007; Devinsky et al. 2005; Altshuler et al. 1999), though other
studies reported prevalence rates of up to 17.3% (Blumer et al. 1998; Inoue and
Mihara 2001). The differences could be accounted by different methods used in the
identification of psychopathology. In a systematic review of the literature, the search
yielded 5,061 articles related to epilepsy surgery; 68 reported psychiatric outcomes
and thirteen articles met the final eligibility criteria. De novo post-surgical psychi-
atric conditions occurred in 1.1-18.2% of patients; milder psychiatric disorders (e.g.,
adjustment disorder) were more common than the more severe psychiatric diagnoses
(e.g., psychosis) (Macrodimitris et al. 2011).

Prevalence of de novo depression cases was reported in five studies (Blumer et al.
1998; Devinsky et al. 2005; Pompili et al. 2006; Altshuler et al. 1999; Cankurtaran
et al. 2005). Prevalence rates ranged from a high of 18.2% of interictal dysphoric
disorder (IDD) cases 10 months post-surgery (Blumer et al. 1998) to a low of 4% of
depression 1 year post-surgery (Pompili et al. 2006). A well-designed study of
Devinsky et al. demonstrated a de novo depression rate of 6.1% at 24 months
post-surgery. Generally, de novo cases of depression appeared to occur in individ-
uals with continued seizures post-surgery (Blumer et al. 1998; Devinsky et al. 2005;
Pompili et al. 2006).

A separate study compared the prevalence of post-surgical symptoms of depres-
sion and anxiety between patients treated with and without epilepsy surgery. After a
6-month post-surgical follow-up period, de novo disturbances were less frequent in
the surgical than the nonsurgical patients. In addition, significant favorable outcomes
were identified with respect to the remission of anxiety, depression, and total
symptoms but only in the surgical group (Ramos-Perdigués et al. 2016). Patients
in the nonsurgical group were found to have twice as many de novo diagnoses and
remission of depression and anxiety occurred in approximately half the group.

A more recent study (Ramos-Perdigués et al. 2018) compared the post-surgical
clinical improvement and deterioration of psychiatric disorders identified with the
SCID, SCL-90 subscales, and IPD between patients treated with and without
epilepsy surgery. The authors did not find any clinically significant improvements
in any of these instruments. Nonetheless, only patients treated with surgery were
more likely to improve with respect to the IDD and symptoms identified with the
HADS-D.

Although several studies seem to suggest post-surgical improvement of anxiety,
three studies reported de novo anxiety cases, with prevalence rates of 6.9%
(Devinsky et al. 2005), 9.1% (Cankurtaran et al. 2005), and 13% (Pompili et al.
2006), at 24-month, 6-month, and 12-month follow-up periods, respectively.
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4 Post-Surgical Remission of Presurgical Mood
and Anxiety Disorders

The course of psychiatric disorders 1 year after surgery had been associated with a
previous psychiatric history and the identification of psychiatric disorders in the
presurgical evaluation, or both. More recent studies have shown patients with no
presurgical psychiatric condition had lower post-surgical rates of psychiatric disor-
ders than those with any presurgical psychiatric history (Ramos-Perdigués et al.
2016). Therefore, psychiatric assessment before surgery is essential to try to antic-
ipate, prevent and, when necessary, treat any psychiatric disorder after surgery.

The relation between post-surgical psychiatric disorders and seizure outcome has
been the source of significant debate, with some studies suggesting that there was no
association between the two variables (Pintor et al. 2007; Devinsky et al. 2005),
while others reached the opposite conclusion. For example, in 2008 one study
showed that the strongest predictor of psychiatric outcome was seizure control
post-surgery (Spencer and Huh 2008). A systematic review of the literature that
included studies published up to 2011 (Macrodimitris et al. 2011) found that the two
main predictors of psychiatric outcome were seizure freedom and presurgical psy-
chiatric history. In a recent 6-month follow-up study, the two main predictors for
post-surgical psychiatric disorders were presurgical psychiatric disorders and
whether or not the patient had undergone surgery; the nonsurgical group had a
worse outcome (Ramos-Perdigués et al. 2016). Other groups had also related post-
surgical psychiatric disorders with prior history of psychiatric disturbances
(Devinsky et al. 2005; Foong and Flugel 2007; Wrench et al. 2011).

The different findings among studies could be due to the methodologies in post-
surgical seizure assessment, with some authors identifying the number of seizures
per month, while others relying on the post-surgical seizure outcome based on
Engel’s classification (Wieser et al. 2001). Some authors included the presence of
auras while others only counted disabling seizures.

Based on the data reviewed here, it is reasonable to consider that epilepsy surgery
may yield a therapeutic effect of presurgical psychiatric conditions. Some authors
attributed this effect to the removal of pathologic brain tissue which may in turn
improve the regulation of emotions (Meldolesi et al. 2007).

A prospective controlled study (Ramos-Perdigués et al. 2018) compared the
presence of psychiatric disorders between patients treated with surgery vs pharma-
cotherapy with antiepileptic drugs (AEDs) only after a 12-month follow-up period.
The absence of psychiatric disorders at the follow-up period was predicted by the
absence of presurgical and 6 months post-surgical psychiatric symptoms, and
pharmacotherapy with carbamazepine and levetiracetam (despite its psychiatric
adverse effects).

As in the case of depression, most of the studies that investigated the development
of post-surgical anxiety demonstrated a reduced prevalence (Meldolesi et al. 2007;
Pintor et al. 2007; Devinsky et al. 2005; Cankurtaran et al. 2005; Spencer et al.
2003). A study published in 2007 applied the “reliable change index” to pre- and
post-surgical anxiety changes. The percentage of patients with post-surgical
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improvements of anxiety was twice that of patients with worsening symptoms
(13-23% vs. 4-6%) (Meldolesi et al. 2007). They concluded that post-surgical
anxiety generally decreases over time.

A few studies demonstrated no post-surgical changes in anxiety scores (Mattsson
et al. 2005; Pompili et al. 2006). A study that compared symptoms of depression and
anxiety between patients treated with epilepsy surgery vs pharmacotherapy demon-
strated an improvement of depressive and anxiety symptoms in the surgical group.
Patients in the nonsurgical group experienced worsening in the severity of anxiety at
6 months (Ramos-Perdigués et al. 2016).

Altshuler et al. (1999) found post-surgical resolution of depressive episodes
documented with the SCID in almost 50%. These rates are higher than recent studies
because they analyzed lifetime depression rather than preoperative depression. In a
5-year follow-up study of 256 patients, 164 (64.1%) were not depressed at baseline,
34 (13.3%) were mildly depressed, and 58 (22.7%) had moderate to severe depres-
sion. Five years after surgery, 198 (77.3%) were not depressed, 20 (7.8%) were
mildly depressed, and 38 (14.8%) were moderately to severely depressed. Further-
more, 5 years after surgery, a decrease of the mean Beck Depression Inventory (BDI)
total score was greater in subjects with excellent seizure control than in the fair and
poor seizure control groups (Hamid et al. 2011a).

5 Psychosis after Temporal Lobectomy

In a study of 60 patients who underwent a temporal lobectomy, post-surgical
psychosis was reported by one patient during the first 6 months of follow-up
(Pintor et al. 2007). Only one study reported a significantly higher rate of de novo
psychosis after surgery seen in 6 of 42 (14%) patients during a 10 months of follow-
up period (Blumer et al. 1998). In the only in-depth prospective study of the
prevalence of de novo post-surgical psychosis, Devinsky et al. reported a prevalence
rate of 1.1% in a cohort of patients who underwent temporal and frontal resections
with a 24-month follow-up period (Devinsky et al. 2005).

In older reports the prevalence of post-surgical psychosis was approximately 8%
(Koch-Weser et al. 1988). Indeed, in a study published in 1994, de novo post-
surgical psychosis was found in 5.3% of patients undergoing a temporal lobectomy.
In more recent series, the prevalence of de novo psychosis among patients under-
going an antero-temporal lobectomy including an amygdalohippocampectomy was
3.4%, usually within the first 12 postoperative months. Other studies have reported
even lower prevalence of postoperative psychosis in their series ranging from 0.5%
to 1.7% (Georgiadis et al. 2013). Furthermore, temporal resections may exacerbate
presurgical psychosis (Blumer et al. 1998; Cleary et al. 2012).

The risks of post-surgical de novo psychosis after temporal lobectomy have
included: (1) having a pathology other than mesial temporal sclerosis identified in
the resected tissue, such as dysembryoplastic neuroepithelial tumors and
gangliogliomas. The association between this type of tumor may suggest that the
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presence of aberrant prenatal neurodevelopment may contribute to a vulnerability for
psychotic disorder in adult life. (2) Bilateral EEG abnormalities in presurgical video-
EEG monitoring studies. (3) Postoperative emergence of new seizures from the
unoperated lobe. (4) Specific bilateral structural abnormalities represented by a
decreased volume of the amygdala on the unoperated side. (5) Right temporal
lobectomy, in patients with persistent seizures particularly in the first postoperative
year. All these variables may contribute in the development of psychosis in vulner-
able subjects during a high-risk period (Shaw et al. 2004).

6 Other Psychiatric Symptoms Following Temporal
Lobectomy

A recent meta-analysis (Brotis et al. 2019) investigated post-surgical cognitive and
psychological/psychiatric disorders. Both are among the most common complica-
tions after ATL occurring with an estimated prevalence of 5% and 7%, respectively.
However, these figures could underestimate their actual prevalence, as this meta-
analysis excluded series focusing on specific complications.

A thorough clinical psychiatric evaluation along with the use of the proper
neuropsychological battery should be considered preoperatively to identify any
unreported cases.

Only one study explored the prevalence of pre- and post-surgical anger symp-
toms. It reported improved post-surgical scores in a self-report scale of anger
symptoms (Meldolesi et al. 2007), which included improvement in 17%, 19%, and
15% in state anger, trait anger, and inside-directed anger, respectively. Conversely,
4%, 6%, and 4% of patients had reliable worsening of state anger, trait anger, and
inside-directed anger, respectively.

In one cohort of epilepsy surgery patients, postoperative mania occurred with
surprising frequency, given the general rarity of mania in epilepsy, and was associ-
ated with right-sided temporal lobectomy (Carran et al. 2003). Mania was more
likely in patients who had preexisting abnormalities in the hemisphere contralateral
to the resection.

Postoperative cognitive and psychological deficits are the most common causes
of morbidity after ATL and include a decline in the preoperative verbal and visual
memory as well as exacerbation of a preexisting or a de novo development of
psychosis, depression, obsessive-compulsive, and/or anxiety disorders. Their early
detection may help in their management and may improve the patients’ overall
outcome (Brotis et al. 2019).
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7 Personality Changes After Temporal Lobectomy

Localization of the epileptogenic area in the brain and the role it plays in the
development of specific personality changes is yet to be established. One study
has suggested an association between temporal lobe epilepsy and cluster C person-
ality patterns (anxious/fearful) (Novais et al. 2019). Another study found that
temporal lobe epilepsy was associated with increased “neuroticism,” anxiety and
social limitations, while patients with frontal lobe epilepsy demonstrated hyperac-
tivity, problems with executive functions and addictive behaviors (Helmstaedter
2001). On the other hand, the presence of comorbid personality disorders has been
associated with a worse seizure outcome and a greater risk of severe post-surgical
psychopathology (Koch-Stoecker et al. 2017).

A decline in schizotypal behavior was identified following right and left temporal
resections, but not in a control group of patients who were not operated and followed
for 1 year (Meier and French 1965). Patients who underwent a left temporal
lobectomy demonstrated an increase in the defensiveness scale scores and a decrease
in the scores of the Paranoia, Social Introversion and Caudality scales. The Caudality
scale is a scale of the MMPI, which differentiates frontal from more posterior lesions
(Williams 1952).

The right temporal lobectomy subgroup increased in the Lie scale, and reductions
were seen in the Schizophrenia and Caudality Scales. Another study demonstrated
improvements in different subscales in patients who underwent right and left
temporal resections (Witt et al. 2008). Thus, the Neuroticism scale score decreased
in both groups, but left temporal patients showed an improvement in the emotional
stabilization subscale, whereas right temporal resections were associated with
decreased anxiety scores and less stress-induced vegetative activation subscales.
Also, the right TLE group showed improvements in organic mental disorders by a
reduction in the impulsivity subscale.

A study that compared changes in personality between patients who underwent
an insula resection and a temporal lobectomy (Hébert-Seropian et al. 2017) con-
cluded that the insular resection was associated with an increase in the scales of
irritability, frugality, anxiety, and emotional lability, while the TLE group worsened
in emotional lability scale.

Another study compared personality traits associated with TLE and extra TLE
(Novais et al. 2019) and evaluated any changes that may have resulted from epilepsy
surgery. After surgery, the percent of patients with pathological personality traits
significantly decreased from 70% to 58%. The traits which displayed the most
significant score reductions included Histrionic, Narcissistic, Antisocial, Aggressive,
and Passive-Aggressive. Side and location of the epileptogenic zone were not
associated with the above cited changes.

A trend in a decrease in the apathy scale scores in the “Frontal Systems Behavior
Scale” (FrSBe) was reported following surgery of right temporal and extratemporal
structures; this study, however, had several limitations, such as a small sample size
and the failure to separate temporal and extratemporal resections in their analyses



322 L. Pintor

(Mah et al. 2019). In addition, other factors may have contributed to the decreased
apathy scores including a lower seizure frequency, improvement of presurgical
mood disorder, and lower dose and/or number of antiepileptic drugs.

Based on the data presented above, the risk factors of post-surgical psychopa-
thology are multifactorial and include: patient’s gender, presurgical history of
anxiety and/or depression disorders, positive family psychiatric history, and diffi-
culty in postoperative psychosocial adjustment. The epilepsy-related variables
include persistent post-surgical seizures, diffuse epileptogenic area, and the presence
of presurgical secondarily generalized tonic-clonic seizures (Cleary et al. 2012).

8 Psychiatric Aspects of Temporal Lobectomies in Children

A small number of case series have investigated the post-surgical psychiatric
disorders or psychological adjustment in pediatric patients. McLellan et al. explored
in a retrospective chart review the rates of psychiatric diagnoses in children and
adolescents before- and 12 months after surgery (McLellan et al. 2005). They found
that 72% of patients exhibited “one or more psychiatric diagnosis” after surgery,
with 16% of the participants’ psychiatric problems resolving but 12% receiving a de
novo psychiatric diagnosis. In a prospective, matched, controlled study (Smith et al.
2004) parent-rated and self-report measures were used to quantify behavioral, self-
esteem, and family adjustment changes pre- and post-surgery. There were no
differences between the parents and the patients’ ratings in the behavioral and self-
esteem scales. Overall, few post-surgical changes were observed and the prevalence
of behavioral and psychosocial difficulties remained high in both the surgical and
control groups after 1 year (i.e., >50%).

In a study about theory of mind (ToM), epilepsy surgery had neither a harmful
nor a beneficial effect (Braams et al. 2019). Later epilepsy onset and temporal origin
of epilepsy were associated with higher (better) ToM scores relative to earlier
epilepsy onset and extratemporal epilepsy (including hemispherotomy in one
case). Children in whom the amygdala was resected had lower (worse) ToM scores.
Patients and their parents should be educated about the possible consequences of
epilepsy with regard to the development of social cognition and should be guided in
order to help improve ToM.

In a single-center study, children and adolescents with drug-resistant epilepsy
who had undergone epilepsy surgery, in particular temporal lobectomy or hypotha-
lamic hamartoma surgery, had a significantly higher rate of freedom from seizures
and better scores with respect to behavior and quality of life than did those who
continued medical therapy alone at 12 months (Dwivedi et al. 2017). Kim et al.
documented the development of postoperative psychosis in 5.1% of their pediatric
patients after temporal lobe resective surgery (Kim et al. 2008).
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9 Limitations of the Scientific Evidence

The data reviewed in this manuscript have several limitations. These include:
(1) inconsistent systematic post-surgical psychiatric evaluations, which have found
a better prognosis (Sawant et al. 2016). (2) The small sample sizes of case series
which do not allow the extrapolation of the findings to the population of epileptic
patients. (3) Follow-up post-surgical periods may not be long enough to identify
psychopathology. (4) The lack of assessment of the severity of post-surgical psy-
chiatric complications. (5) The small number of controlled studies. In fact, studies
that found high rates of psychiatric disorders after surgery were non-controlled
(Glosser et al. 2000; Naylor et al. 1994; Bujarski et al. 2013), while case—control
studies were more likely to report less frequent and severe post-surgical psychopa-
thology (Ramos-Perdigués et al. 2016, 2018; Pompili et al. 2006). The lack of a
control group makes it difficult to discern whether the improvement in some
domains was due to a misleading measurement during the anxiety-ridden state or
due to the favorable effect of the surgery, or even due to the variability in the
individuals’ changes over time.

Discrepancies in the literature could be due to several reasons: (1) a small sample
size that can lead to a type-II error in some groups. (2) Multiple comparisons may not
have been corrected by the Bonferroni method in most studies. (3) Heterogeneous
assessment methods non-validated in patients with epilepsy (Foong and Flugel
2007). (4) Cross-sectional analyses. (5) Retrospective designs. (6) Atypical psychi-
atric presentations that are relatively frequent in epileptic patients are not included in
standard psychiatric diagnostic classification systems (Hellwig et al. 2012).
(7) Multidimensional assessment using structured interview, self-report scales, and
conventional interviews in different studies do not permit the capture of transient
mood states in epileptic patients.

The impact of epilepsy-related variables on post-surgical psychiatric complica-
tions is yet to be established. These include the side and extent of the mesial and
neocortical temporal resection, the underlying histopathology, and the presence of
previous temporal surgeries.

10 Conclusions

Surgery for intractable TLE has become more common as techniques have improved
in the last four decades. Lifetime psychiatric history is the only variable associated
with post-surgical psychiatric disorders. Accordingly, a presurgical evaluation
should always include a screening for mood, anxiety, and psychotic disorders, as
these are the most frequent psychiatric complications after surgery. Since psychiatric
disorders have been observed mostly within the first 6 months after surgery, an
in-depth psychiatric assessment should be conducted before surgery, and patients
with psychiatric history should be followed at least over the first 6 months.
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As suggested by Kanner several years ago (Kanner 2003), the evaluation and
management of epilepsy surgery-related psychiatric comorbidities are not performed
in a systematic manner, despite their high prevalence. This phenomenon has resulted
from the limited (at best and non-existent, at worse) collaboration between
epileptologists and psychiatrists (Lopez et al. 2019). Yet, the data reviewed in this
manuscript emphasize the importance of an early and proper identification of any
presurgical psychiatric history which may predispose to the development of post-
surgical psychopathology. In addition, it highlights the need to monitor patients for
potential post-surgical psychiatric symptomatology and a rapid intervention when
they are identified.
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Abstract Functional [psychogenic nonepileptic/dissociative] seizures (FND-seiz)
and related functional neurological disorder subtypes were of immense interest to
early founders of modern-day neurology and psychiatry. Unfortunately, the divide
that occurred between the both specialties throughout the mid-twentieth century

P. Sojka (P<)
Department of Psychiatry, University Hospital Brno, Brno, Czech Republic

S. Paredes-Echeverri

Functional Neurological Disorder Research Program, Cognitive Behavioral Neurology
Divisions, Department of Neurology, Massachusetts General Hospital, Harvard Medical
School, Boston, MA, USA

e-mail: sparedesecheverri@mgh.harvard.edu

D. L. Perez

Functional Neurological Disorder Research Program, Cognitive Behavioral Neurology and
Neuropsychiatry Divisions, Departments of Neurology and Psychiatry, Massachusetts General
Hospital, Harvard Medical School, Boston, MA, USA

e-mail: dlperez@nmr.mgh.harvard.edu.org

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 329
Curr Topics Behav Neurosci (2022) 55: 329-352

https://doi.org/10.1007/7854_2021_225

Published Online: 26 March 2021


http://crossmark.crossref.org/dialog/?doi=10.1007/7854_2021_225&domain=pdf
mailto:sparedesecheverri@mgh.harvard.edu
mailto:dlperez@nmr.mgh.harvard.edu.org
https://doi.org/10.1007/7854_2021_225#DOI

330 P. Sojka et al.

placed FND-seiz at the borderland between the two disciplines. In the process, a
false Cartesian dualism emerged that labeled psychiatric conditions as impairments
of the mind and neurological conditions as disturbances in structural neuroanatomy.
Excitingly, modern-day neuropsychiatric perspectives now consider neurologic and
psychiatric conditions as disorders of both brain and mind. In this article, we aim to
integrate neurologic and psychiatric perspectives in the conceptual framing of
FND-seiz. In doing so, we explore emerging relationships between symptoms,
neuropsychological constructs, brain networks, and neuroendocrine/autonomic bio-
markers of disease. Evidence suggests that the neuropsychological constructs of
emotion processing, attention, interoception, and self-agency are important in the
pathophysiology of FND-seiz. Furthermore, FND-seiz is a multi-network brain
disorder, with evidence supporting roles for disturbances within and across the
salience, limbic, attentional, multimodal integration, and sensorimotor networks.
Risk factors, including the magnitude of previously experienced adverse life events,
relate to individual differences in network architecture and neuroendocrine profiles.
The time has come to use an integrated neuropsychiatric approach that embraces the
closely intertwined relationship between physical health and mental health to con-
ceptualize FND-seiz and related functional neurological disorder subtypes.

Keywords Autonomic - Biopsychosocial - Brain networks - Dissociation -
Emotion - Functional seizures - Neuroendocrine - Psychogenic nonepileptic seizures

1 Introduction

Functional [psychogenic nonepileptic/dissociative] seizures (FND-seiz) are closely
connected with the historical origins of modern-day psychiatry and neurology
(Trimble and Reynolds 2016). Even after more than a century of research, a
complete mechanistic understanding of the disorder remains elusive. Charcot, Bri-
quet, Janet, and Freud all made contributions towards neurobiological theories of
FND-seiz with psychological concepts being an integral part of the proposed
models. Briquet regarded hysteria as a “neurosis of the brain” in which a variety
of environmental factors acted upon the “affective part of the brain” in a predisposed
individual (Mai and Merskey 1981). Charcot theorized that dynamic, physiologic
brain lesions underlined hysteria (Cassady 2019). Janet defined dissociation as a
“refraction of the field of consciousness” (Cassady 2019; Janet 1920). Interestingly,
Freud’s work on hysteria was originally based on an anatomic-physiologic model of
the mind, later abandoned in favor of psychoanalytic theory (conversion of psycho-
logical distress into physical symptoms) in part due to the limitations of neuroscience
at the time (Kanaan 2016).

The nineteenth and early twentieth century discoveries in neuroanatomy and
neuropathology resulted in the evolution of neurology as a discipline that relied on
localization of discrete pathology (York and Steinberg 2011). For example, Broca’s
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and Wernicke’s clinico-pathological method based on detailed post-mortem exam-
inations of patients with focal brain lesions led to discoveries of motor and sensory
speech centers, yet this research yielded little in the field of psychiatry (Lanczik and
Keil 1991). Failure to identify localized (focal) pathology in psychiatric disorders led
to a mid-twentieth century dominance of psychoanalytic psychiatry over a
biologically-oriented neuropsychiatry, allowing initial neurobiological mechanistic
hypotheses about FND-seiz pathology to give way to a predominant psychoanalytic
framing. These developments not only widened the gap between mind and brain
research as reflected in Archives of General Neurology & Psychiatry being split into
two separate journals (Ongiir 2019), but the separation of psychiatry from neurology
further led to diminished interest in FND-seiz and other disorders at the borderland
of both fields. Recently, emphasis on diagnosing FND-seiz based on rule in semi-
ological features helped renew interest in this condition and related FND subtypes
(Espay et al. 2018; Avbersek and Sisodiya 2010). In parallel, an etiologically neutral
perspective was incorporated in the latest diagnostic criteria for FND-seiz in DSM-5
where the requirement for a proximal psychological stress was removed, challenging
the role of psychological factors in mechanistic explanations of FND-seiz (American
Psychiatric Association 2013; Stone et al. 2010).

In the last few decades, methodological and conceptual advances in brain imag-
ing and related neurosciences have provided new insights into the neurocircuitry
underlying complex cognitive, affective, and self-reflective functions as a pathway
to bridging the mind-brain gap. For example, the placebo phenomenon, originally
considered a pure psychological concept, was recently related to multiple brain
systems and neurochemical mediators (Wager and Atlas 2015). Advances in FND
neuroscientific research not only allows a reformulation of FND-seiz in terms of
underlying neural dysfunctions, but also neuropsychological constructs to be
mapped onto specific brain networks (as well as interactions across brain networks)
(McSweeney et al. 2017; Perez et al. 2015b; Szaflarski and LaFrance 2018; Drane
et al. 2020). In this chapter, we aim to bridge neurologic and psychiatric viewpoints
in FND-seiz by leveraging a biopsychosocial perspective. We succinctly review
important neuropsychological constructs, core brain networks, and alterations in
stress physiology implicated in FND-seiz. We conclude by offering an integrated
neuropsychiatric framework for understanding FND-seiz.

2 Neuropsychological Constructs in FND-seiz

The complexity of FND-seiz reflects multifactorial biological, psychological, and
social factors that can predispose, precipitate, and perpetuate the disorder (see
Table 1) (Popkirov et al. 2019; Nielsen et al. 2015; McKee et al. 2018). Symptoms
of FND-seiz relate to neuropsychological constructs and these can be subsequently
mapped onto alterations within and across brain circuits (See Fig. 1). Among
neuropsychological constructs, the following concepts are emerging as important
in the pathophysiology of FND-seiz: emotion processing, attention, interoception,
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Table 1 The biopsychosocial model: predisposing, precipitating, and perpetuating factors for the
development and maintenance of functional (psychogenic nonepileptic/dissociative) seizures

Biological Psychological Psychosocial
Predisposing | * Sex — female * Mood and anxiety disor- * Family func-
vulnerabilities | * Intellectual disability ders, PTSD, personality dis- | tioning
* Comorbid neurological orders * Chronic illness
conditions * Dissociation in family
¢ Other nervous system ¢ Alexithymia * Traumatic death
vulnerabilities * Insecure attachment in family
* Paroxysmal medical dis- * Temperament and mal- * Adverse life
orders (asthma, migraines) | adaptive personality traits experiences
¢ Comorbid functional (i.e., obsessive-compulsive, | Financial status
somatic disorders (i.e., neuroticism) * Inadequate
fibromyalgia, irritable social supports
bowel syndrome, other o Attitudes
chronic pain disorders) towards health
* Sensory processing and disease
difficulties
Precipitating | * Abnormal physiological * Emotional reactions to * Loss of
factors event(s), such as sleep dep- | physical injury or other life | employment or
rivation, hyperventilation, events other occupa-
palpitations * Dissociative event tional difficulty
* Acute pain * Panic attack (including * Divorce or mar-
* Physical injury including | dizziness as part of panic) ital strain
head trauma * Traumatic death
* Dizziness caused by ves- of loved one
tibular event * Other relational
* Surgical intervention stress
Perpetuating * Physiological arousal » Negative expectation bias | * Provider diag-
factors * Chronic pain * Negative attentional bias nostic uncertainty

* Chronic fatigue

* Abnormal motor habit
formation

* Deconditioning

* Other medical/neurologi-
cal comorbidities limiting
treatment participation

* [llness beliefs including
perception of symptom irre-
versibility or attribution to
another cause

* “No pain no gain” philos-
ophy to healing

*» Avoidance of symptom
exacerbation

* Hypervigilance and disso-
ciation

* Identity linked to rigid
concepts around productiv-
ity, self-efficacy

* Social benefits
of being ill (often
out of awareness)
* Pending litiga-
tion

* Workmen’s
compensation/
disability

* Poor care coor-
dination

* Poor family buy
in/support of
diagnosis and
treatment plan

* Employer or
patient urgency
to return to work

Note, the above list is not exhaustive but rather is representative of the commonly encountered
factors that are relevant to consider in developing a patient-oriented biopsychosocial formulation.

Adapted from with permission Nielsen et al. (2015) and McKee et al. (2018)
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A. B.
Symptoms Functional Seizures
Neuropsychological Altered
psy 9 Agency Emotion Attention
Constructs .
Processing
Tl A N
\
Salience & .
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Autonomic ANS
Biomarkers Alterations

Fig. 1 Conceptual approach to framing relationships between symptoms, neuropsychological
constructs, brain networks and neuroendocrine/autonomic biomarkers (panel a). Panel b shows
examples of how symptoms, constructs, networks, and hypothalamic-pituitary-adrenal (HPA) axis/
autonomic nervous system biomarkers interact in the pathophysiology of functional seizures.
Adapted with permission from Drane et al. (2020)

and self-agency (Arthuis et al. 2015; Koreki et al. 2020; Pick et al. 2019; Sojka et al.
2018).

2.1 Emotion Processing

Impaired emotion processing is a core predisposing vulnerability and/or perpetuat-
ing factor in some patients with FND-seiz, with evidence supporting disruptions in
perception, recognition, and regulation of emotions (Pick et al. 2019; Sojka et al.
2018). Some individuals with FND-seiz have tendencies to perceive stress as
abnormally intense despite having the same frequency and severity of stressful life
events as healthy and epilepsy populations (Testa et al. 2012). Of clinical impor-
tance, limited ability to tolerate arousal and negative emotions has also been linked
to reduced responsiveness during a seizure (Baslet et al. 2017). Moreover, patients
with FND-seiz can show difficulties in detecting, recognizing, and verbalizing
emotions — phenomena captured in part under the term alexithymia (Sequeira and
Silva 2019). For example, in an emotional go/no-go task, patients with FND-seiz
exhibited deficits in emotion recognition that correlated with alexithymic traits
(Jungilligens et al. 2019). Patients with FND-seiz also show reduced recognition
accuracy for emotionally-valenced facial expressions (Pick et al. 2016), less emo-
tional clarity with diminished abilities to adjust to different emotional states (Rosales
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et al. 2020), and poor verbalization of emotions (Martino et al. 2018). Importantly,
alexithymia may result in failure to discriminate between emotions and other bodily
sensations. For example, some FND-seiz patients reported greater somatic symp-
toms of anxiety during their events compared to individuals with epilepsy, despite
not reporting higher levels of anxiety; these features have been described as “panic
without panic” (Goldstein and Mellers 2006). Disruption in conscious (verbal)
processing of emotions may also lead to subsequent failure in cognitive integration
of emotional states. For example, emotional arousal can activate cognitive strategies
aimed at stress reduction, however, FND-seiz show diminished cognitive control of
emotions (Dimaro et al. 2014; Gul and Ahmad 2014) and use of less adaptive
emotion-regulation strategies such as emotional suppression, dissociation, and
behavioral or experiential avoidance (Bakvis et al. 2011; Dimaro et al. 2014;
Goldstein et al. 2000; Kramska et al. 2020; Uliaszek et al. 2012; Roberts and Reuber
2014).

2.2 Attention

Some FND-seiz cohorts show attentional deficits on neuropsychological testing
when compared to healthy and epilepsy populations (Alluri et al. 2020). Importantly,
attentional and emotion processing mechanisms are interrelated (Sussman et al.
2016). Several studies document that individuals with FND-seiz have difficulties
disengaging automatic (spontaneous) attention from emotional stimuli, highlighting
evidence of attentional biases in this population (Bakvis et al. 2009; Baslet et al.
2017; Pick et al. 2018b; Yalcin et al. 2017). Altered processing of exteroceptive
emotional information disrupts cognitive functions in FND-seiz (Bakvis et al. 2009),
which is in line with the concept of fragmentation of higher-order cognitive func-
tions during stress processing (dissociation) in FND-seiz (Roberts and Reuber 2014;
Bakvis et al. 2010b). Moreover, computational models of FND based on predictive
processing posit that abnormal allocation of attention to symptoms is a core element
in the pathophysiology of FND (Edwards et al. 2012). Based on the common clinical
observation of decrease in symptom severity when an FND patient’s attention is
diverted away from their symptoms, predictive processing and related theories
propose that activation of biased bodily-related attention and schema can promote
the perception of otherwise normal somatic and visceral sensations as being intense
and disturbing thereby catalyzing symptom onset and maintenance (Perez et al.
2015a).

2.3 Interoception

Interoception refers to the ability to accurately perceive and interpret signals origi-
nating within the body (Khalsa et al. 2018; Eggart et al. 2019). Interoception is
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generally conceptualized as a bottom-up process that can be regarded as comple-
mentary to the higher-order concept of alexithymia (given that misinterpretation of
internal bodily signals associated with heightened emotional states likely plays a role
in the impaired recognition and verbalization of emotions). Impaired interoception is
observed in a range of psychiatric disorders with marked somatic symptoms such as
major depression, eating disorders, panic disorder, and functional somatic disorders
(Eggart et al. 2019; Khalsa et al. 2018). In FND-seiz, impaired processing of
interoceptive information is evidenced in objective tests of interoceptive accuracy
using a heartbeat counting task (Koreki et al. 2020); discrepancies between subjec-
tive emotional responses and objectively measured physiological reactions have also
been described (Pick et al. 2018a; Roberts et al. 2012), suggesting a potential failure
to accurately integrate or interpret viscerosensory information. Individual differ-
ences in interoceptive abilities may also be important in the pathophysiology of
FND-seiz, given other findings noting a lack of interoceptive accuracy deficits in
some FND-seiz populations (Jungilligens et al. 2019; Sojka et al. 2020).

2.4 Self-Agency and Locus of Control

While impairments in action authorship and self-agency perception have been best
described to date in functional movement disorders (Baizabal-Carvallo et al. 2019),
perceived absence of control over seizures is also a hallmark of FND-seiz (Stone
et al. 2004). Patients with FND-seiz have also been found to attribute health status to
external factors — consistent with an external locus of control (Goldstein et al. 2000).
Reduced perception of control over health was also associated with dissociative
experiences in one FND-seiz cohort (Cohen et al. 2014). Interestingly, FND-seiz
patients’ belief that events in their life derive primarily from their own actions
(internal locus of control) is a positive predictor of being seizure free at 6 months
following psychological intervention (Duncan et al. 2016; Mayer et al. 2010). On a
behavioral level, reduced perception that one is in control of their own motor
behavior can be evaluated by the Libet clock paradigm, where temporal binding
between intention and action is judged. Preliminary evidence for impaired behav-
ioral awareness was reported in one FND-seiz study (Jungilligens et al. 2019).
Studies in other motor FND populations have also identified a reduced sense of
agency using similar methods (Kranick et al. 2013; Pareés et al. 2014a).

3 Functional Seizures as a Multi-Network Brain Disorder

Convergent results across cohorts and laboratories provide substantial agreement
that the brain is organized in distributed, large-scale brain circuits such as the
salience, limbic, sensorimotor, multimodal integration, default mode, and
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frontoparietal control networks (Seeley 2019; Sepulcre et al. 2012; Yeo et al. 2011).
As summarized below, available neuroimaging data suggest that FND-seiz is a
multi-network brain disorder, implicating several brain networks in the pathophys-
iology of FND that are in turn involved in mediating the neuropsychological
constructs discussed above.

3.1 Salience and Limbic Networks

The salience network is defined by core nodes in the insula, dorsal anterior cingulate
cortex (dACC), dorsal amygdala, periaqueductal gray (PAG), and hypothalamus
(Seeley 2019). The salience network responds to homeostatic relevant stimuli and
plays important roles in emotional and self-awareness, interoceptive processing,
multimodal integration, and nociception among other functions (Craig 2009;
Shackman et al. 2011). In an early seed-based (region-of-interest) functional con-
nectivity study, increased connectivity was observed between sensorimotor and
cinguloinsular brain areas; these functional connectivity strength relationships pos-
itively correlated with dissociative scores (van der Kruijs et al. 2012). In a related
study in the same cohort using independent component analyses, increased cingulate
gyrus—sensorimotor network coupling was identified among other findings (van der
Kruijs et al. 2014). Hypometabolism of the dACC has also been characterized in
FND-seiz compared to controls in a positron emission tomography study (Arthuis
et al. 2015); using ictal single photon emission tomography, increased event-related
blood flow in the right anterior insula has also been characterized (Olver et al. 2019).
Other studies have also demonstrated that the connectivity strength between motor
control and cingulo-insular brain areas positively correlated with functional seizure
frequency (Li et al. 2014, 2015). The observation that connectivity strength relation-
ships relate to functional seizure frequency underscores the clinical and pathophys-
iological relevance of these findings, which are interpreted in part to represent
heightened limbic influence over motor behavior (Voon et al. 2010). In 30 patients
with motor FND (including 13 with FND-seiz), Diez and colleagues identified that
information flow (link-step connectivity) from primary motor areas exhibited accel-
erated propagation to the posterior insula; conversely, information flow from the
laterobasal amygdala showed accelerated propagation to the anterior insula (Diez
et al. 2019a). Additionally, information flow from the left anterior insula to motor
control, salience, and multimodal integration brain areas in this cohort positively
correlated with patient-reported symptom severity (which remained significant
adjusting for FND subtypes) (see Fig. 2). Of note, no functional neuroimaging
studies to date have used interoceptive processing tasks to investigate neural acti-
vation patterns in FND-seiz; however, individual differences in the integrity of
insula-related white matter tracts correlated with interoceptive accuracy in 33 patients
with FND (18 with FND-seiz) (Sojka et al. 2020). Consistent with the functional
neuroimaging literature, some quantitative structural neuroimaging studies in
FND-seiz and mixed motor FND cohorts have also identified cinguloinsular gray
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matter alterations (Begue et al. 2019; Labate et al. 2012; Perez et al. 2017b, 2018;
Risti¢ et al. 2015; Vasta et al. 2018).

Apart from the salience network, portions of the amygdala, ventromedial pre-
frontal cortex, hippocampus, and parahippocampus form part of the limbic network
that has also been implicated in the pathophysiology of FND. Using resting-state
functional magnetic resonance imaging (fMRI), patients with FND-seiz compared to
those with temporal lobe epilepsy exhibited increased connectivity between amyg-
dala seed regions and other brain areas involved in emotion processing (e.g., insula)
and motor control (e.g., cerebellum) (Szaflarski et al. 2018). A separate study by the
same group showed that patients with FND-seiz compared to healthy controls
exhibited increased resting-state functional connectivity between the right amygdala
and left precentral and middle/inferior frontal gyri (Allendorfer et al. 2019). Inter-
estingly, this study also showed decreased amygdala activation to emotionally-
valenced stimuli compared to controls, suggesting potential divergent resting-state
and provocation-based amygdala profiles in FND-seiz that requires further inquiry.

Using nuclear medicine approaches, regional hypometabolism or blood flow
abnormalities have also been characterized in the parahippocampus and ventrome-
dial prefrontal cortex in patients with FND-seiz (Arthuis et al. 2015; Olver et al.
2019). While quantitative gray matter studies in FND-seiz are in their early states,
group-level volumetric reductions have been characterized in the amygdala and
hippocampus compared to controls (Tatekawa et al. 2020). In a mixed motor FND
study (n = 30, 10 subjects with FND-seiz), individual differences in trait anxiety
positively correlated with amygdala gray matter volume; this finding remained
significant in post-hoc analyses adjusting for FND subtypes (Perez et al. 2017b).
Similarly, while in early stages of research inquiry, limbic white matter tracts
including the uncinate fasciculus, cingulum bundle, and stria terminalis/fornix
have also shown microstructural alterations in FND-seiz compared to healthy con-
trols (Diez et al. 2019b; Hernando et al. 2015; Lee et al. 2015). See Fig. 3 for a
schematic representation of emotion processing (salience and limbic) circuits in the
pathophysiology of FND-seiz and related FND subtypes (Pick et al. 2019).

3.2 Sensorimotor Network

In addition to the intersections between the salience, limbic, and sensorimotor
networks detailed above, several studies in FND-seiz have characterized structural
alterations in sensory and motor control brain areas. Labate and colleagues identified
decreased gray matter volumes in the precentral gyrus, supplementary motor area,
and cerebellum in patients with FND-seiz compared to controls (Labate et al. 2012).
Cortical thinning in the precentral gyrus was also observed in a cohort of FND-seiz
patients compared to healthy controls (Risti¢ et al. 2015). Conversely, a separate
study identified increased cortical thickness in the paracentral region (McSweeney
et al. 2018), underscoring that more research is needed to replicate and contextualize
the structural neuroimaging literature in FND-seiz (Begue et al. 2019).
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I Hyperarousal, Autonomic Hyper-reactivity, Hypervigilance, Enhanced Motoric Influence
Automatic Initiation of Innate / Learned Defensive Affective Responses
s Neuroendocrine Alterations, Hyperarousal, Autonomic Hyper-reactivity
N Impaired Emotion Regulation, Cognitive Control & Interoception
Impaired Interoceptive & Emotional Awareness
I Altered Value-Based Viscerosomatic Processing, Emotion Regulation & Mentalizing
I Cognitive Control & Emotion Regulation Deficits

Fig. 3 Displays emotion processing circuits implicated in the pathophysiology of functional
seizures and related functional neurological disorders. dIPFC dorsolateral prefrontal cortex, SMA
supplementary motor area, ACC anterior cingulate cortex, OFC orbitofrontal cortex, H hypothal-
amus, A amygdala, P pituitary. Reprinted with permission from Pick et al. (2019)

3.3 Other Implicated Networks

Hypometabolism of the right temporoparietal junction was characterized in an
FND-seiz cohort compared to controls (Arthuis et al. 2015), suggesting that distur-
bances in the self-agency network more robustly characterized in functional move-
ment disorders may also be important in the pathophysiology of FND-seiz (Arthuis
et al. 2015; Baizabal-Carvallo et al. 2019). Disturbances in medial and lateral
prefrontal brain areas involved in cognitive control have also been identified in
FND-seiz. For example, increases in fractional amplitude of low-frequency fluctu-
ations (fALFF) in the dorsolateral prefrontal cortex have been described in FND-seiz
compared to controls (Li et al. 2015). Decreases in left inferior frontal surface area
and cortical thickness have also been characterized in FND-seiz cohorts compared to
controls (McSweeney et al. 2018; Vasta et al. 2018). A few studies have also
identified resting-state default mode network alterations in patients with FND-seiz
(Ding et al. 2013; van der Kruijs et al. 2014), suggesting the potential for altered self-
referential processing.

4 Stress Physiology

In addition to measuring relationships between symptoms, neuropsychological
constructs and brain networks, neuroendocrine and autonomic biomarkers also
provide information regarding the pathophysiology of FND-seiz. The stress
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response allows us to adapt to our environments (Brotman et al. 2007). However, it
is hypothesized that some patients with FND-seiz have altered stress responses that
play arole in its pathophysiology. In brief, the stress response begins when a stressor
(either internal or external) generates a response in the amygdala (LeDoux 2007).
Afterwards, the amygdala activates the hypothalamus (among other downstream and
upstream sites), which sets forth an autonomic nervous system (ANS) response and
an accompanying endocrine response. In the ANS response, the hypothalamus
activates medullary centers for cardiovascular regulation and spinal nuclei regulating
autonomic functions. As a result, there is sympathetic nervous system activation that
increases heart rate (HR) and sweat production (measured with skin conductance
level (SCL) and response (SCR)) and decreases heart rate variability (HRV) (heart
rate variability decreases when sympathetic tone exceeds parasympathetic tone). In
terms of hormones, the neuroendocrine response releases vasopressin to activate the
hypothalamic pituitary adrenal (HPA) axis. Subsequently, the hypothalamus releases
corticotropin-releasing hormone (CRH), which signals adrenocorticotropic hormone
(ACTH) release in the pituitary gland, mediating cortisol release from the adrenal
cortex (Brotman et al. 2007).

4.1 Autonomic and Neuroendocrine Alterations

At rest, adults with FND-seiz exhibited similar HRs as healthy controls (Demartini
et al. 2016), however studies in children and adolescents populations identified
increased resting HRs (Chudleigh et al. 2019; Kozlowska et al. 2015, 2017). Also,
adults with FND-seiz exhibited similar resting HRs to healthy controls during stress-
related tasks (Allendorfer et al. 2019) and interbeat intervals to individuals with
PTSD symptoms during emotionally-valenced tasks (Roberts et al. 2020). However,
several studies have found differences in peri-ictal HRs between adults with
FND-seiz and epilepsy controls, including reports of increased pre-ictal HRs in
FND-seiz; this supports heightened autonomic arousal immediately prior to seizure
onset that could have mechanistic implications for triggering the event (Indranada
et al. 2019; Reinsberger et al. 2012; Stone and Carson 2013; Opherk and Hirsch
2002). Overall, pediatric FND-seiz patients have higher resting HRs compared to
healthy controls, while pre-ictal HR increases have been observed in some individ-
uals with FND-seiz.

In terms of HRYV, studies have been inconsistent — with some finding that patients
with FND-seiz had a lower resting HRV than healthy controls (Bakvis et al. 2009),
while others reported no between-group differences (Miingen et al. 2010). Similarly,
potential differences between FND-seiz and epileptic seizures in terms of ictal HRV
have been inconsistent (Jeppesen et al. 2016; Miingen et al. 2010). In pediatric
FND-seiz, findings have generally shown lower HRV during rest and stressful task
performance compared to healthy controls (Chudleigh et al. 2019; Kozlowska et al.
2015).
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In studies measuring sweat responses, one study determined that FND-seiz
patients showed increased skin conductance levels compared to healthy controls at
baseline and during a face processing task (Pick et al. 2016). Also, skin conductance
was increased in patients with FND-seiz compared to healthy controls during an
emotion processing task (Pick et al. 2018a). Hence, initial skin conductance findings
suggest an increased sympathetic tone in patients with FND-seiz.

Cortisol and its precursor ACTH are additional stress biomarkers. Patients with
FND-seiz showed elevated diurnal and baseline salivary cortisol levels compared to
healthy controls (Bakvis et al. 2010a, 2011) in two studies, with a separate study
showing no differences in diurnal cortisol across groups (Bakvis et al. 2009). Two
studies also showed that stress-related cortisol release was similar between FND-seiz
and healthy control groups (Bakvis et al. 2009, 2011). Furthermore, cortisol and
ACTH levels between FND-seiz and epilepsy controls in the interictal period have
not shown group-level differences (Mehta et al. 1994; Zhang and Liu 2008).

Inconsistent findings in the reviewed stress physiology studies might partially
stem from incomplete assessment and lack of adjustment for concurrently present
psychiatric and medical/neurological diagnoses in FND-seiz cohorts. Conditions
such as mood, anxiety, chronic pain, and/or personality disorders are common in
FND-seiz (Brown and Reuber 2016) and changes in autonomic nervous system
activity have been linked to several of these disorders (Alvares et al. 2016). Research
warrants further exploring the intersection of autonomic and neuroendocrine bio-
markers, along with concurrently present psychiatric and medical/neurological con-
ditions, in patients with FND-seiz (Maggio et al. 2020).

5 Bridging Etiology and Pathophysiology

While the above sections detail the emerging neurocircuitry associated with
FND-seiz, along with neuroendocrine and autonomic findings, there remains more
work to be done. Efforts are needed to contextualize the pathophysiology of
FND-seiz within a biopsychosocial framework — which helps highlight the impor-
tance of individual differences (one size does not fit all) and that FND-seiz is likely
an etiologically heterogeneous condition. Additionally, longitudinal and larger sam-
ple size studies are needed to investigate the specificity of these neurobiological
findings to FND-seiz, as well as disentangle if these associations are disease-related,
compensatory or linked to comorbidities among other possibilities.

Relating etiological factors and disease mechanisms to one another will further
help elucidate the pathophysiology of FND-seiz. For example, childhood maltreat-
ment and traumatic events across the lifespan more broadly are well-studied risk
factors for FND-seiz as highlighted by the systematic review and meta-analysis by
Ludwig et al. (2018). Given that only a subset of patients with FND-seiz report
traumatic life events, understanding the impact of these experiences on the patho-
physiology of FND-seiz can provide important insights. At the neuropsychological
construct level, self-reported sexual trauma in patients with FND-seiz positively
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correlated with an attentional bias for masked angry faces (Bakvis et al. 2009).
Furthermore, a given risk factor may be associated with multiple neuropsychological
constructs and psychosocial factors that can predispose for or perpetuate FND-seiz,
such as connections between adverse life events, fearful attachment, and social
network size (Williams et al. 2019; Ospina et al. 2019). Studies have also started
to bridge the gap between the emerging neurocircuitry of FND and the magnitude of
previously experienced life events. For example, Diez and colleagues showed in
30 mixed motor FND patients (13 with FND-seiz) that precentral gyrus — amygdala
and precentral gyrus — insula connectivity strength positively correlated with the
magnitude of reported childhood physical abuse (see Fig. 4); these findings held
adjusting for FND subtype (Diez et al. 2020). Similarly, studies in other FND
populations have shown that childhood trauma modulates resting-state functional
connectivity, such as the finding that childhood emotional abuse burden correlated
with left insula—right TPJ connectivity strength (Maurer et al. 2016). Structural
neuroplastic changes related to childhood maltreatment have also been characterized
in FND-seiz populations (Perez et al. 2017a; Johnstone et al. 2016). At the neuro-
endocrine biomarker level, there is some evidence to suggest that childhood abuse
burden is associated with elevated basal cortisol levels (Bakvis et al. 2010a). Given
these findings, a future research question pertains to whether there is a trauma-related
subtype of FND, including considering risk and resilience factors such as genetic
and epigenetic relationships (Spagnolo et al. 2020).

To aid the discussion across traditionally conceptualized psychiatric and neuro-
logic factors, it is also worth discussing the roles of head trauma and intellectual
disability in FND-seiz within a biopsychosocial framework. Physical factors such as
head injury are common precipitating factors in FND-seiz (Westbrook et al. 1998)
that can have both lesional and nonlesional effects on the development of FND-seiz
(Popkirov et al. 2018; Westbrook et al. 1998). In accordance with high prevalence of
mild relative to moderate and severe head trauma in the general population
(Blennow et al. 2016), head trauma preceding FND-seiz onset is mild in a majority
of cases, but moderate and severe head injury preceding FND-seiz have been also
reported (Popkirov et al. 2018). There is evidence that head trauma can cause
multifocal injury and disrupt long-range axonal fibers (Mayer et al. 2010). Cognitive
and affective constructs evidenced in FND-seiz such as disturbances in emotional
awareness, cognitive control, and self-agency depend on large-scale brain networks,
which are vulnerable to diffuse brain injury. This is further supported by an
observation that dissociative symptoms often follow traumatic brain injury
(Broombhall et al. 2009). On the other hand, a stressful physical event can also be
closely coupled to negative affective responses. Since physical injury is an inher-
ently salient event frequently coupled with high arousal, such an event can play an
important role in shaping beliefs and expectations. According to computational
approaches applied to FND, expectation of seizure-like dysfunction following phys-
ical injury can lead to symptoms onset via active inference mechanisms (Edwards
et al. 2012). This nonlesional predictive processing effect has also been proposed as
important in the pathophysiology of other FND subtypes that typically occur after a
minor injury of the affected body part (Edwards et al. 2012; Pareés et al. 2014b).
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In addition to head injury, intellectual disability is a well-recognized risk factor for
developing FND-seiz. This is in part because intellectual disability may be a
vulnerability for limited capacity to express distress verbally, with subsequent
increased tendencies to express distress somatically (Van Straaten et al. 2014).

6 Conclusion

Previously framed at times as largely a psychological disorder, FND-seiz is now
conceptualized as a neuropsychiatric disorder within the context of the
biopsychosocial framework. Here, neurologic and psychiatric aspects of disease
are both important. Additionally, given the heterogeneity inherent in the FND-seiz
population, individual differences in the pathophysiology should be emphasized. As
such, the relevance of neuropsychological constructs such as deficits in emotion
processing, attentional control, interoception, and self-agency varies across patients
with FND-seiz. While more research is needed, with large sample sizes and longi-
tudinal studies, available evidence supports that FND-seiz is a multi-network brain
disorder at the intersection of neurology and psychiatry (two specialties that share
the same organ system).
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