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Preface

Bipolar disorder is currently a clinical syndrome, as the present state of evidence is
insufficient to allow its characterization based on etiology or pathophysiology.
Despite this illness’s frequent severity and high prevalence, the underlying neuro-
biological mechanisms are far from being elucidated, and this limits the development
of new treatments substantially. A fundamental limitation is that current diagnostic
systems are constructed on symptoms alone with no objective markers or verifying
tests. Indeed, within different bipolar clinical subtypes, no biomarker differentiates
one from another. Additionally, it is known that a diversity of disorders can display
similar clinical manifestations and that the disorder can manifest with different
features in different people.

Validated biomarkers, based on knowledge of neurobiology and genetics, would
allow the integration of neuroscience into psychiatric diagnostic practice. A great
advance would be to integrate reliable neurobiological findings to our diagnoses
currently based on the clinical syndrome. A future diagnostic criteria system in
which etiology and pathophysiology are thus integrated would refine categorical
classification significantly.

Bipolar disorder destabilizes more than just a person’s mood, thinking, and
physiology. It can weaken one’s identity, life, and dreams. It is a disorder that can
intensely and skillfully destroy lives and a sense of meaning, not just for the person
who has the illness but also their family.

The relationship between stress and bipolar disorders is an excellent example of a
field of study that might be better understood from a comprehensive perspective.
Emotional stress may modify the internal homeostatic state in a subject. During
acute stress, adaptive physiological responses occur, if a critical interruption of this
balance occurs an illness may result from the interactions on the nervous, endocrine,
and immune systems.

Thus, the causes, development, and outcome for bipolar patients may be the
product of the interaction of psychological, social, and cultural factors with neuro-
chemistry and neurophysiology. Neurochemistry and neurophysiology are not sep-
arate and apart from our life experiences and/or recent stressful situations.
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vi Preface

Neuroscience is replete with studies that report that the brain and its cognitive
processes involve these fascinating interactions.

Both psychosocial and physical settings may have a huge impact on our neuro-
biology and behavior, and they also stimulate the development of adaptation or
“allostasis.” As our experiences modify our brain and cognition, changing our
thoughts, we are changing our neurobiology. The balance of the internal homeostatic
state of an individual may determine the vulnerability to diseases related to psycho-
logical stress in genetically predisposed individuals.

Currently, available treatment options for bipolar disorder are often insufficient to
manage the acute episodes, relapses, cyclicity, suicide attempts, and recurrences that
are key features of this disorder or for restoring premorbid functioning. In the last
few years, we have witnessed a more wide-ranging understanding of the neural
circuits and the various mechanisms of synaptic and neural plasticity, the molecular
mechanisms of receptors, and the process by which genes code for specific func-
tional proteins.

Translational research is one of the approaches that is being used with increasing
frequency in neuroscience mainly because it gives us the tools to integrate different
findings to enable new treatment developments. Translational research is developed
to create a bridge between basic science and clinical developments and between
clinical development and practice. Translational research broadly aims at the dis-
covery of novel therapeutic agents.

To this end, the chapters included in this volume show how much has already
been added to our knowledge of bipolar disorders. This volume presents essential
contributions by leading international experts in key areas of research who have
advanced our understanding of the causes and treatment of bipolar disorder. More-
over, it is an invaluable compendium of current knowledge and a concise guide to
the integrative management of bipolar disorder. The potential therapeutic implica-
tions of new research are emphasized throughout the book. We hope you benefit
from reading it as much as we have from preparing it.

London, UK Allan H. Young
2021 Mario F. Juruena
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Abstract Bipolar disorders are severe and have a high prevalence; despite this, the
neurobiological mechanisms are far from being elucidated, and this limits the
development of new treatments. Although the aetiology of bipolar disorders is not
yet fully understood, it is accepted that the disorder(s) may result from the interaction
between genetic factors that cause susceptibility and predisposing, precipitating and
perpetuating environmental factors, such as stress and traumatic events. A patho-
physiological formulation of the disease suggests that dysfunctions in intracellular
biochemical cascades, oxidative stress and mitochondrial dysfunction impair the
processes linked to neuronal plasticity, leading to cell damage and the consequent
loss of brain tissue that has been identified in post-mortem and neuroimaging
studies. The data we have reviewed suggests that peripheral biomarkers related to
hormones, inflammation, oxidative stress and neurotrophins are altered in bipolar
disorders, especially during acute mood episodes. Together, these changes have
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been associated with a systemic toxicity of the disease and the damage resulting from
multiple episodes. Systemic toxicity related to recurrent episodes in bipolar disorder
may influence brain anatomical changes associated with the progression of stress and
neuroplasticity in bipolar disorder and the response to treatment.

Keywords Bipolar disorder - Hormones - Inflammation - Neurobiology -
Neuroendocrine - Neurotrophins - Oxidadtive stress

1 Introduction

Bipolar affective disorder is a severe and chronic mental disorder, which often puts
the lives of those affected at risk. Despite this severity and high prevalence, the
pathophysiological mechanisms are far from being elucidated, which limits the
development of new treatments.

Bipolar disorder (BD) is considered a clinical syndrome, as the current state of the
evidence is insufficient to allow its characterization based on aetiology or patho-
physiology. Also, BD has a complex clinical course, involving manic, depressive
and/or mixed episodes, which makes study a challenge for researchers in the field.

Conceptually, it is clear that BD is complex and multifactorial. Although the
aetiology of BD is not yet defined (Bobo 2017), it is accepted that the disorder may
result from the interaction between genetic factors that cause susceptibility and
predisposing, precipitating and perpetuating environmental factors, such as stress
and traumatic events (Caspi and Moffitt 2006; Barnett and Smoller 2009).

A research approach that describes reliable neurobiological findings based on
psychopathological syndrome will be more solid contrasted to a non-aetiologic
system of classification. Integrative approaches to understanding complex health
issues can transcend disciplinary and knowledge boundaries and provide opportu-
nities to view phenomena from diverse perspectives. A future diagnostic criteria
system in which aetiology and pathophysiology are essential in diagnostic decision-
making would bring psychiatry closer to other specialties of medicine. The precision
medicine might deconstruct traditional symptom-based categories. Patients with a
range of mood disorders may be studied across several platforms to parse current
heterogenous syndromes into homogenous clusters (see Fig. 1).

Although bipolar disorder (BD) is not a typical neurodegenerative disease,
several studies have associated BD with stress and death of glial cells and neurons
(Machado-Vieira et al. 2009). In an attempt to understand the changes present in BD,
initially, the focus of the research was the dysregulation of neurotransmitters, and
then it became intracellular signalling (Hahn and Friedman 1999; Manji et al. 2011);
more recently, mitochondrial energy metabolism, oxidative stress and neurogenesis
have been the focus of studies in BD (Berk et al. 2011). The hypothesis was raised
that the loss of neurotrophic support, oxidative stress and inflammation are associ-
ated with more advanced stages of BD, occurring progressively (Berk et al. 2014). In
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Research Domain Criteria (RDoC)

Deconstructed, parsed and diagnosed

A hypothetical example illustrates how prescision medicine might deconstrct traditional symptom-based
categories. Patients with a range of mood disorders are studied accross several analytical platforms to
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Fig. 1 Precision medicines in mood disorders integrate platforms to parse current heterogenous
syndromes into homogenous clusters. Adapted from Cuthbert and Insel (2013). Illustrations
courtesy of Romayne Gadelrab

this view, mitochondrial function and neuroprotection may be particularly relevant
in BD.

One of the strategies most used by researchers is to study the biochemical targets
of therapeutically relevant drugs, verifying changes in these targets in both manic
and depressive episodes. Biochemical and molecular targets believed to be involved
in the neurobiology/pathophysiology of this disorder are neurotransmitter systems
(serotonergic, dopaminergic and glutamatergic), neurotrophic factors, PKC, GSK-3,
mitochondria and oxidative stress (Zarate et al. 2006).

To explain the changes in brain cells in BD, different hypotheses have been
considered, including the presence of greater oxidative stress in the CNS of patients
with BD (Machado-Vieira et al. 2007; Wang et al. 2009). Reactive oxygen species
(ROS) are toxic substances produced in all cells of the human body that have the
potential to cause molecular damage and impair cell function. It is necessary that the
cells have detoxification systems, which, under normal physiology, is accomplished
by the action of antioxidant substances. However, there may be situations in which
the production of ROS exceeds the competence of the antioxidant system and
oxidative degradation of molecules may occur, characterized as a state of oxidative
stress. It is possible to investigate the presence of oxidative stress in cells by
detecting the final products of oxidative reactions and studying the activity of
antioxidant enzymes (Andreazza et al. 2008).
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2 Neurotransmitters

Studies have described neurochemical changes in BD by evaluating various hor-
mones, neurotransmitters and their metabolites, second messengers and neurotrophic
and gene factors, in plasma, cerebrospinal fluid, platelets and brain slices.
Concerning changes in neurotransmission systems associated with the disease,
studies have described changes in the regulation of biogenic amines in BD (Young
et al. 1994). These studies have shown changes in the regulation of noradrenergic,
serotonergic, dopaminergic and cholinergic systems. These biogenic amines are
widely distributed in the limbic system, which is involved in the modulation of
sleep-wakefulness, appetite, endocrine functions and behavioural states, such as
irritability, anxiety, euphoria, anhedonia and fear.

It has also been suggested that changes related in monoaminergic neurotransmit-
ters may occur in BD due to changes in the sensitivity of their receptors. It is worth
remembering that, as it is a multifactorial and polygenic disease from the biological
point of view, these findings related to changes in neurotransmission systems should
not be evaluated in isolation. Future studies that seek to bring new knowledge about
the metabolic interrelation between the different neurotransmission systems suppos-
edly altered in BD may provide a better assessment of the importance of these
findings. The study of the possible relationship between the abnormalities observed
in these neurotransmission systems and the clinical and cognitive manifestation of
BD will also assist in the evaluation of the influence of specific biochemical changes
in the modulation of both mood and cognitive and neurovegetative functions.

2.1 Serotoninergic System

Serotonin (5-HT) modulates different neuronal activities and several physiological
and behavioural functions, such as impulse control, aggressiveness and suicidal
tendencies (Shiah and Yatham 2000). Decreased 5-HT release and activity may be
associated with some abnormalities such as suicidal ideation, suicide attempts,
aggression and sleep disorders, which are frequent findings in bipolar disorders
(Ackenheil 2001).

Since the 1970s, many authors (e.g. Prange et al. 1974) have suggested the
involvement of 5-HT in the pathophysiology of BD, formulating the permissive
hypothesis, in which a deficit in central serotonergic neurotransmission would allow
expression of both the manic phase and the depressive; however, such phases would
differ to central catecholamine (norepinephrine and dopamine) levels, which would
be elevated in mania and decreased in depression. Also, decreased levels of
5-hydroxy indole acetic acid (5-HIAA), the major metabolite of serotonin, have
been demonstrated in the CSF of manic and depressed patients compared to healthy
controls, suggesting that both mania and depression are associated with a reduction
in function central serotoninergic. A post-mortem study of the brains of patients with
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BD also found significantly lower levels of 5-HIAA in the frontal and parietal cortex,
compared with controls, providing further evidence for the hypothesis of decreased
central serotonergic activity in bipolar disorders (Baumann et al. 1999). Neuroen-
docrine challenge studies (Juruena 2014), when analysed together, suggest that the
presynaptic activity of serotonin in the CNS is decreased, whereas the sensitivity of
receptors postsynaptic is increased in mania (Shiah and Yatham 2000).

2.2 Dopaminergic System

Dopamine is a catecholaminergic neurotransmitter present in the central and periph-
eral nervous systems. Dopamine is synthesized in the brain from
L-dihydroxyphenylalanine (L-Dopa) and has five distinct receptors, which have
different affinities for dopamine. Type 1 dopamine receptors include D1 and D5
receptors, while type 2 receptors include D2, D3 and D4 receptors (Beaulieu and
Gainetdinov 2011). Type DI receptors are coupled to the Gas protein, which
activates adenylate cyclase, leading to increase in cyclic adenosine monophosphate
(cyclic AMP), while D2 receptors are coupled to the Gai protein, which inhibits
adenylate cyclase, reducing the cytoplasmic concentration of cyclic AMP. Dopa-
mine is involved in physiological functions such as blood pressure, kidney function,
glucose homeostasis, voluntary movements, cognition, reward system, sleep and
memory. Therefore, some researchers suggest that the dopaminergic system is
involved in the pathophysiology of BD and that excessive dopaminergic stimulation
is related to and perhaps triggers manic symptoms (Beaulieu and Gainetdinov 2011).

One of the most consistent findings about the role of dopamine in the neurobiol-
ogy of BD is the fact that dopaminergic agonists, both direct and indirect, simulate
episodes of mania or hypomania in patients with bipolar disorder with an underlying
or predisposition (Brunello and Tascedda 2003). Ackenheil (2001) suggested that
although the results were not consistent, a higher dopaminergic activity induced by
increased release, decreased buffering capacity by vesicles synaptic disorders or the
higher sensitivity of the dopaminergic may be associated with the development of
manic symptoms, while decreased activity dopaminergic is associated with
depression.

Pioneering studies on dopaminergic changes in BD had demonstrated high levels
of dopamine in the urine of BD patients during manic episodes (Joyce et al. 1995).
Also, a clinical study has shown that the administration of amphetamine (AMPH), an
agonist substance in the dopaminergic system, triggers manic symptoms in both BD
patients and healthy volunteers, with behavioural changes being more intense in
those with BD (Anand et al. 2011). Studies suggest that the pathophysiology of BD
may be linked to changes in the dopaminergic system and that the therapeutic effects
of mood stabilizers may be linked to the modulation of this system (Bunney and
Garland 1982). Therefore, the decrease in the expression or activity of the dopamine
transporter (DAT) can lead to an increase in extracellular dopamine, suggesting that
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changes in this protein may contribute to the clinical manifestations of BD (Berk
et al. 2007).

Therefore, it is believed that defects in the homeostatic mechanisms that respond
to a hyperdopaminergic state, in the manic phase, may result in an excessive
reduction in dopaminergic function, leading to a hypodopaminergic state and
depression. In contrast, a weak regulatory response to a hypodopaminergic state
may lead to a manic state. Dopamine is associated with induction of oxidative stress
state in the brain and is metabolized via (a) enzymatic processes by the monoamine
oxidase (MAO), which generates H202, a ROS, and dihydroxyphenylacetic acid, or
via (b) autocatalysis by reaction with Fe2+ and H202 forming 6-hydroxydopamine
(Obata 2002). Further studies are indeed necessary to understand how MAO con-
tributes to oxidative damage in BD. Such studies would contribute a crucial piece of
information — how oxidative stress modulates neurotransmitter levels.

2.3 Norepinephrinergic System

Studies have described the function of this system in depressive states. In these
states, lower norepinephrine deficits and lower a2 receptor sensitivity have been
reported, in contrast to a tendency toward higher norepinephrine activity in manic
states (Ackenheil 2001). Following this logic, Baumann et al. (1999) observed that
individuals with BD present higher numbers of pigmented cells in the locus
coeruleus than do unipolar patients. Also, Shiah and Yatham (2000) suggested that
diminished central 5-HT function concomitant with increased noradrenergic func-
tion may be involved in the genesis of mania.

Studies — evaluating norepinephrinergic metabolism in manic patients compared
to healthy controls — describe that the results for plasma levels of MHPG may reflect
the pathophysiology of BD from the manic state to the depressive state more than the
plasma levels of HVA or BDNF. These data suggest that peripheral MHPG, which is
associated with norepinephrine levels in the brain, could be used as a biomarker for
whole mood states in BD. The MHPG levels, reflecting the norepinephrine levels in
the brain, are likely to reflect the clinical characteristics of the switching process in
BD and to have prognostic significance for the treatment of manic and depressive
states (Kurita et al. 2014). When lithium was used, a significant decrease in these
markers was observed in manic patients. However, on the other hand, the level of
MHPG can be very different from individual to individual. Therefore, a patient’s
MHPG level must be known because it can change over time (Kurita et al. 2014).

2.4 GABAergic System

The monoaminergic hypothesis is not able to explain the pathophysiology of mood
disorders fully. Moreover, the balance between excitatory and inhibitory impulses
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may be essential for processing information and preserving cognitive functions.
Furthermore, new therapies have been developed to modulate the neurotransmission
of gamma-aminobutyric acid (GABA) and glutamate, the main inhibitory and
excitatory neurotransmitters, respectively (Wilkinson and Sanacora 2019). The
dysregulation of the levels of these leads to an alteration of activity and of the neural
resting state, which, chronically, might result in a maladaptation of these neuronal
systems contributing to the appearance of mood symptoms (Fee et al. 2017).

Clinical data indicate that decreased GAB Aergic activity is associated with manic
and depressive states and that GABAergic agonists have mood-stabilizing proper-
ties. Low levels of GABAergic activity have been found in the plasma of bipolar
patients during both depressive and manic episodes (Petty et al. 1993).

The ratio between GABA and glutamate appears to be altered in patients with
MDD (Sanacora et al. 2004). There is still no consensus about either peripheral or
central levels of these neurotransmitters in patients with bipolar disorders due to the
difficulty of studies with regard to controlling the effects of medication and post-
mortem changes (Brady et al. 2013; Sanacora et al. 2008). Even so, patients who
present a reduction in cortical GABA appear to have more significant cognitive
impairments, especially inhibitory control (Bhagwagar et al. 2008; Luscher et al.
2011).

2.5 Glutamatergic System

Glutamate is the most important excitatory neurotransmitter in the brain. The role of
this amino acid is to generate excitatory postsynaptic potential. However, its perfor-
mance in brain functioning is much more diverse and complex (Rahn et al. 2012). In
brain development, glutamate acts on migration, differentiation and the neuron’s
survivability (Lujan et al. 2005). In mature brains, it is also inherently involved with
neuroplasticity and neurotoxicity (Dong et al. 2009). The involvement of glutamate
in excitatory synaptic transmission, neurotoxicity and neuroplasticity processes has
led to growing interest in its role in the pathophysiology of psychiatric disorders,
particularly in BD.

Investigation of the glutamatergic system in BD has been carried out using
different approaches. Studies that measured glutamate in the plasma of patients
with BD have found conflicting results and have been done on small samples of
both patients and controls. Altamura et al. (1993) and Hoekstra et al. (2006) found
increased levels of glutamate in patients in depression and mania, respectively.
Although this results from the first line of evidence that the glutamatergic system
is altered in BD, plasma glutamate levels may not adequately represent brain levels,
given that the glutamate present in the brain is produced locally since that from
outside the CNS does not cross the blood-brain barrier.

A greater number of studies have investigated glutamate in BD in post-mortem
brain tissue (Law and Deakin 2001; McCullumsmith et al. 2007). Hashimoto et al.
(2007) measured glutamate levels in the brain and found increased levels in the
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frontal cortex of patients with BD. Other studies investigated the protein or RNA
expression of receptor subunits or other molecules belonging to the glutamatergic
system and found abnormalities in areas of the brain associated with BD, including
the dorsolateral prefrontal cortex (DLPFC) (Beneyto and Meador-Woodruft 2006),
the hippocampus (Law and Deakin 2001; McCullumsmith et al. 2007), the striatum
(Kristiansen and Meador-Woodruff 2005) and the thalamus (Clinton and Meador-
Woodruff 2004). The results are consistent, showing a decrease in the expression of
several molecules linked to glutamatergic transmission in the brains of patients with
BD. These findings have supported the hypothesis of hyperglutamatergic state in the
brain of patients with BD, leading to a subsensitization of receptors, as a compen-
sation mechanism to modulate excessive glutamatergic activity (Rao et al. 2007). In
fact, chronic administration of N-methyl-D-aspartate (NMDA), a glutamate ana-
logue from which the NMDA receptor is named, causes a decrease in the expression
of NR-1 and NR-3A subunits of this receptor in cell cultures neurons (Rao et al.
2007).

Further evidence that the glutamatergic system is altered in BD comes from
studies demonstrating the action of mood stabilizers in this system. Chronic treat-
ment with lithium or valproic acid decreases the synaptic levels of glutamate through
several mechanisms (Sanacora et al. 2008). Both drugs have the effect of decreasing
the expression of the GIuR1 subunit of alpha-amino-3-hydroxy-methyl-5-4-
isoxazolpropionic (AMPA) receptors in the hippocampus with prolonged treatment
at clinically relevant doses (Du et al. 2003).

More support comes from recent studies indicating that AMPA receptor antago-
nists attenuate several manifest behaviours produced by the administration of
amphetamine to rats (Béackstrom and Hyytid 2003). Lithium appears to increase
neuronal excitability in the hippocampal CA1 synapses (Colino et al. 1998), increas-
ing the effectiveness of these pathways. This appears to be due to the capacity of
lithium to potentiate currents through AMPA receivers, through the selective
increase in the opening of these channels (Gebhardt and Cull-Candy 2010).
Lamotrigine, a drug used to prevent and treat depressive episodes in BD, inhibits
the release of glutamate in the hippocampus of rats (Leach et al. 1986). Riluzole,
another substance that inhibits the release of glutamate at the synapse, has shown
antidepressant effect in preliminary studies (Zarate et al. 2005; Sanacora et al. 2007).

The above findings contribute to the hypothesis that glutamate levels are
increased in BD and some of the effectiveness of mood stabilizers may come from
an effect on glutamatergic neurotransmission.

In summary, the most current studies on the pathophysiology of BD have
identified several macroscopic changes in brain areas and circuits, in addition to
histopathological and chemical changes, at the tissue, intracellular and synaptic
levels associated with the disease. A pathophysiological hypothesis of the disease
suggests that dysfunctions in intracellular biochemical cascades, oxidative stress and
mitochondrial dysfunction impair the processes linked to neuronal plasticity, leading
to cell damage and the consequent loss of brain tissue that has been identified in post-
mortem and neuroimaging. The investigation of the glutamatergic system in BD has
been carried out using different methodological approaches. Studies that measured
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glutamate in the plasma of patients with BD have found conflicting results and have
been done on small samples from patients and controls. Altamura et al. (1993) and
Hoekstra et al. (2006) found increased levels of glutamate in patients in depression
and mania, respectively. Although this results from the first line of evidence that the
glutamatergic system is altered in BD, plasma glutamate levels may not adequately
represent brain levels, given that the glutamate present in the brain is produced
locally, since that from outside the CNS does not cross the blood-brain barrier.

A greater number of studies have investigated glutamate in BD in post-mortem
brain tissue (Law and Deakin 2001; McCullumsmith et al. 2007). Hashimoto et al.
(2007) measured glutamate levels in the brain and found increased levels in the
frontal cortex of patients with BD. Other studies investigated the protein or RNA
expression of receptor subunits or other molecules belonging to the glutamatergic
system and found abnormalities in areas of the brain associated with BD, including
the dorsolateral prefrontal cortex (DLPFC) (Beneyto and Meador-Woodruff 2006),
the hippocampus (Law and Deakin 2001; McCullumsmith et al. 2007), the striatum
(Kristiansen and Meador-Woodruff 2005) and the thalamus (Clinton and Meador-
Woodruff 2004). The results are consistent, showing a decrease in the expression of
several molecules linked to glutamatergic transmission in the brains of patients with
BD. These findings have supported the hypothesis of a hyperglutamatergic state in
the brain of patients with BD, leading to a subsensitization of receptors, as a
compensatory mechanism to modulate excessive glutamatergic activity (Rao et al.
2007). In fact, chronic administration of N-methyl-D-aspartate (NMDA), a gluta-
mate analogue from which the NMDA receptor is named, causes a decrease in the
expression of NR-1 and NR-3A subunits of this receptor in cell cultures neurons
(Rao et al. 2007).

Other evidence that the glutamatergic system is altered in BD comes from studies
demonstrating the action of mood stabilizers in this system. Chronic treatment with
lithium or valproic acid decreases the synaptic levels of glutamate through several
mechanisms (Sanacora et al. 2008). Both drugs have the effect of decreasing the
expression of the GluR1 subunit of alpha-amino-3-hydroxy-methyl-5-4-
isoxazolpropionic (AMPA) receptors in the hippocampus with prolonged treatment
and at clinically relevant doses (Du et al. 2003).

Additional support for this evidence comes from recent studies indicating that
AMPA receptor antagonists attenuate several manifest behaviours produced by the
administration of amphetamine to rats (Backstrom and Hyytid 2003). Lithium
appears to increase neuronal excitability in the hippocampal CA1 synapses (Colino
et al. 1998), increasing the effectiveness of these pathways. This appears to be due to
the capacity of lithium to potentiate currents through AMPA receivers, through the
selective increase in the opening of these channels (Gebhardt and Cull-Candy 2010).
Lamotrigine, a drug used to prevent and treat depressive episodes in BD, inhibits the
release of glutamate in the hippocampus of rats (Leach et al. 1986). Riluzole, another
substance that inhibits the release of glutamate at the synapse, has shown antide-
pressant effect in preliminary studies (Zarate et al. 2005; Sanacora et al. 2007).
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In summary, the above findings contribute to the hypothesis that glutamate levels
are increased in BD and some of the effectiveness of mood stabilizers comes from an
effect on glutamatergic neurotransmission.

Most current studies on the pathophysiology of BD have identified several
macroscopic changes in brain areas and circuits, in addition to histopathological
and chemical changes, at the tissue, intracellular and synaptic levels associated with
the disease. A pathophysiological hypothesis of the disease suggests that dysfunc-
tions in intracellular biochemical cascades, oxidative stress and mitochondrial dys-
function impair the processes linked to neuronal plasticity, leading to cell damage
and the consequent loss of brain tissue that has been identified in post-mortem and
neuroimaging. The metabolites studied provide important clues about the processes
linked to cellular energy metabolism, the intracellular pathway of
phosphatidylinositol, neurotransmission and glutamatergic metabolism, in addition
to providing measures of cellular vulnerability.

3 Intracellular Signalling

Most current studies on the pathophysiology of BD have identified several macro-
scopic changes in brain areas and circuits, in addition to histopathological and
chemical changes, at the tissue, intracellular and synaptic levels associated with
the disease. A pathophysiological hypothesis of the disease suggests that dysfunc-
tions in intracellular biochemical cascades, oxidative stress and mitochondrial dys-
function impair the processes linked to neuronal plasticity, leading to cell damage
and the consequent loss of brain tissue that has been identified in post-mortem and
neuroimaging. Therefore, the metabolites studied provide essential clues about the
processes linked to cellular energy metabolism, the intracellular pathway of
phosphatidylinositol, neurotransmission and glutamatergic metabolism, in addition
to providing measures of cellular vulnerability (Zarate et al. 2006).

In the case of oxidative stress, changes in the main antioxidant enzymes have
already been described, such as the increased activity of superoxide dismutase
(SOD, EC 1.15.1.1) in patients experiencing an episode of mania or depression
and decreased catalase (CAT, EC 1.11.1.6) in medicated euthymic patients and an
increase in non-medicated manic patients (Steckert et al. 2010). Among several
markers of oxidative stress already evaluated in bipolar disorder, a meta-analysis
showed that levels of lipid peroxidation, nitric oxide and DNA/RNA damage are
significantly elevated in patients when compared to controls (Brown et al. 2014).

Bioenergetic changes in BD have been described in the last decades. Several
studies have presented robust evidence to support the involvement of mitochondrial
dysfunction in the pathophysiology of BD, through changes involving oxidative
phosphorylation, the glycolytic pathway, phospholipid metabolism, decreased total
energy production and/or availability of substrates, as well as abnormalities in the
morphology and intracellular distribution of mitochondria. In fact, a recent integra-
tive literature review, involving neuroimaging studies, has demonstrated increased
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levels of lactate in various brain regions and cerebrospinal fluid in patients with the
disorder, which indicates an increase in anaerobic and extramitochondrial glucose
metabolism, consistent with a weakened mitochondrial metabolism in BD. This fact
is supported by data demonstrating that BD patients also have significantly lower
brain levels of phosphocreatine (PCr, a high-energy compound), as well as a
reduction in N-acetyl-aspartate (NAA) levels, along with correlation negative
between NAA/creatine + PCr levels or NAA levels and disease duration. These
indicate neurodevelopmental changes and provide indirect evidence that mitochon-
drial dysfunction may play a role in disease progression (Scaini et al. 2016). Also, it
has been shown that patients with this disorder have reduced levels of inorganic
phosphate, a regulator of oxidative phosphorylation, and Na+/K+-ATPase activity,
as well as a significant decrease in the levels of adenosine diphosphate (ADP), but
not in ATP concentrations. These suggest that the reduction may be driven by
increased adenylate kinase activity, providing ATP at the cost of ADP. Added to
this hypothesis is the fact that, during the process of visual stimulation, healthy
individuals show significant reductions in PCr levels, but not in ATP levels, as
expected since PCr is being used for the synthesis of ATP from the creatine kinase
reaction. However, patients with BD have a different profile, since significant
reductions in ATP levels were observed, but not in PCr levels. Also, a recent
study demonstrated a significant reduction in the rate of direct reaction effect of
creatine kinase in the absence of changes in concentration in ATP and PCr in patients
with BD during the first episode. These data corroborating the previously presented
data, according to which patients with the disorder have a baseline and normal
concentrations of ATP and PCr, but disability to replenish ATP concentrations in
the brain during periods of high energy demand (Du et al. 2018).

Corroborating the involvement of mitochondrial dysfunction in the pathophysi-
ology of BD, a recent study demonstrated that patients with the disorder have an
imbalance between the processes of fusion and mitochondrial fission, observed by
increased levels in fission protein (Fis-1) and decreased levels of protein of fusion
proteins (Mfn-2 and Opa-1), suggesting that the process of mitochondrial dynamics
in patients with BD is dysfunctional, which may increase mitochondrial fragmenta-
tion (Scaini et al. 2017). In fact, morphological abnormalities have been described
(more mitochondria in a smaller size) and an abnormal pattern of agglomeration and
marginalization in the intracellular distribution of mitochondria in neurons in the
prefrontal cortex of the post-mortem brain and peripheral cells of patients with BD
(Cataldo et al. 2010). Furthermore, it is known that morphological and process
changes in mitochondrial dynamics can directly activate the apoptotic pathway.
This fact was evidenced by an increase in the protein levels of the active form of
caspase-3, which was shown to be negatively correlated with the protein levels of
Mfn-2 and Opa-1, as well as by a decrease in anti-apoptotic factors. In addition, the
same study indicated that the changes observed peripherally were directly correlated
with functional decline in patients with BD (Scaini et al. 2017).

As previously described, mitochondrial dynamics involves not only the processes
of fission and fusion but also the movement of mitochondria through neurons, a
process influenced by the concentration of ATP and Ca + 2. In addition to changes in
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ATP levels, as already mentioned, studies have pointed out that BD patients have
changes in intracellular Ca + 2 signalling, causing an increase in cytosolic Ca + 2
concentrations, related to excitotoxicity, decreased mitochondrial viability and, for
the end, cell death (Duchen 2000).

In addition to providing most of the cellular ATP, mitochondria also play a
central role in a wide variety of metabolic pathways and cellular functions. Since
the brain uses about 20% of the body’s total ATP, mitochondrial dysfunction
significantly impacts brain functions. Although many questions remain open,
many studies have shown that mitochondrial dysfunction, at both peripheral and
CNS levels, is related to the pathophysiology of bipolar disorders.

4 Adenylate Cyclase Signalling Pathway

Intracellular ATP plays a central role in energy homeostasis, being the main product
of reactions such as photophosphorylation, respiration and fermentation, acting as an
energetic donor in most endergonic biosynthetic processes that support cell survival,
proliferation and motility. The cytoplasm of most mammalian cells contains an ATP
concentration in the range of 5-10 mM, and even higher concentrations are stored in
the form of vesicles at synaptic terminals of neurons (Adinolfi et al. 2010).

Once in the extracellular environment, ATP has a signalling role, as in prolifer-
ation, mitogenesis and cell differentiation (Burnstock and Verkhratsky 2010), and in
high concentrations, ATP extracellular cell causes cytotoxic effects (Lemmens et al.
1996). Specifically, in the central nervous system (CNS), extracellular ATP can act
both as a fast-exciting neurotransmitter, by supporting Ca+2 waves between astro-
cytes, and as a neuromodulator (Fam et al. 2000). Since the extracellular concentra-
tion of ATP is in the nanomolar range in physiological situations, even a small
release of ATP can generate a very significant signal, due to this low background
(Adinolfi et al. 2010). In this context, studies demonstrate that ATP can activate
microglial cells to release cytokines (Sanz and Di Virgilio 2000) and, therefore,
seems to act in a pro-inflammatory way, while adenosine, a product of the hydrolysis
of this nucleotide, may have an anti-inflammatory effect (Bours et al. 2006, Di
Virgilio et al. 2009). Adenosine is also a neuromodulator capable of mediating
neuroprotection by decreasing membrane excitability, limiting the influx of calcium
and exerting modulating effects on glial cells (Ribeiro et al. 2003). Also, it is well
established as a presynaptic inhibitor, reducing the release of neurotransmitters such
as glutamate, dopamine, serotonin and acetylcholine (Brundege and Dunwiddie
1997).

There is essential adaptive plasticity of the ectonucleotidase pathway, with the
main function in the CNS to protect the cells of this noble organ, avoiding accumu-
lations, absence and exacerbated stimuli of these signalling molecules, when neces-
sary. In general, in the sense of a decrease in ATP levels, and an increase in
adenosine levels, since this is a neuroprotective molecule (Bonan 2012).
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Associated with changes in neurotrophins, other factors linked to the homeostasis
of the central nervous system may change during episodes, such as the increase in
free radicals (oxidative stress). The imbalance in the production and control of
reactive oxygen species, demonstrated, among other results.

5 Neurotrophins and Neurogenesis

Biochemical studies from peripheral samples from patients have been important in
clarifying the pathophysiology of bipolar disorder. In this context, a growing body of
evidence suggests changes in molecules associated with neuroplasticity (Scola and
Andreazza 2015). Among these molecules, the role of neurotrophins stands out,
which comprise a class of highly abundant proteins in the nervous system with
fundamental functions in neuronal survival, growth and plasticity (Huang and
Reichardt 2001).

In this perspective, the neurotrophins are proteins responsible for mediating
neuronal survival and differentiation, modulation and transmission of synaptic
plasticity. BDNF (brain-derived neurotrophic factor) is the most abundant
neurotrophic factor in the central nervous system of adult humans and is highly
expressed in brain areas known to regulate complex cognitive functions (Post 2007).
It is known that there is evidence of changes in BDNF in neuropsychiatric diseases
such as multiple sclerosis, Alzheimer’s disease and Parkinson’s disease (Duman and
Monteggia 2006).

The evidence suggests a role for BDNF in the pathogenesis of BD. Blood levels
of BDNF have been described as decreased in BD patients during manic, depressed
and even euthymic episodes (Palomino et al. 2006; Machado-Vieira et al. 2007,
Monteleone et al. 2008; de Oliveira et al. 2009). But these results have not been
replicated in other studies (Yoshimura et al. 2006; Mackin et al. 2007). In one study,
it was described that BD patients had lower BDNF levels than healthy controls (Lin
2009). Taking into account the different affective poles, the results showed statisti-
cally significant differences in BDNF only among manic patients or depressed state
and controls and not between patients in euthymic state and controls. Also, BDNF
levels increased significantly after pharmacological treatment of the manic state.
These findings indicate that BDNF levels are abnormally reduced in the manic and
depressed states of BD and that the reduced level in the manic state increases after
pharmacological treatment. This suggests a potential role in the level of BDNF in the
blood as a state-dependent BD biomarker (Hashimoto 2010).

Also, studies also indicate changes in other neurotrophins and trophic factors in
bipolar patients, including neurotrophin-3, neurotrophin-4/5, glia-derived
neurotrophic factor (GDNF) and neural (NGF) and endothelial growth factors
vascular (VEGF), reinforcing the hypothesis that impairments in neuroplasticity
are involved in the pathophysiology of bipolar disorder (Scola and Andreazza 2015).
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6 Neuroendocrine

There is evidence that in bipolar disorder, dysfunction of the hypothalamic-pituitary-
adrenal (HPA) axis is associated with neuroprogression, which can induce persistent
changes in the HPA axis that lead to depression and more refractory bipolar episodes
in adults. It is believed that disturbance of the hormonal stress system can cause
problems of thought and memory and worsen depressive symptoms in bipolar
disorder (Watson et al. 2004). Hypoactivation of the HPA axis has been observed
in depression with atypical characteristics, but also in other depression subtypes, in
manic/hypomanic episodes. These abnormalities are related to the feedback of
glucocorticoids, on the HPA axis, and their binding to glucocorticoid receptors
(GR and MR). These abnormalities seem to be related to changes in the ability to
circulate glucocorticoids to exert their negative feedback on the secretion of hor-
mones from the HPA axis by binding to mineralocorticoid (MR) and glucocorticoid
(GR) receptors in HPA tissues (Juruena et al. 2015). Bipolar disorder is multifacto-
rial concerning the possible factors that contribute to their aetiology — biological and
environmental factors (Juruena 2014, see Fig. 2).

Regarding neurobiological markers, cortisol is considered one of the main medi-
ators of allostatic load (McEwen 2006). Several studies in bipolar disorder — and
major depressive disorder — demonstrate dysregulation of the HPA axis, with the
maintenance of high levels of cortisol even in stages of remission of the disease, due
to possible negative impaired feedback in the HPA axis (Watson et al. 2004;
Ellenbogen et al. 2010; Juruena et al. 2010). Also, abnormalities in axis regulation
may predict depressive (Juruena et al. 2009) and manic relapses (Maripuu et al.
2016). It can be considered that the reduction in resilience with the repetition of
episodes and the increase in reactivity to stressors in the progression of the disease
may be related to the deregulation of the HPA axis (Juruena 2014).

Bipolar disorder has also been associated with impaired cell resilience. Changes
in cell signalling pathways, that is, in the cell’s ability to deal with a given stimulus
and the response to it, may be associated with greater vulnerability to stressful
events, and this includes changes in neurotransmitters, trophic cascade, calcium,
anti-apoptotic factors and pathway survival (Belvederi Murri et al. 2016).

HPA axis and renin-angiotensin-aldosterone system (RAAS) impairment may be
some of the intrinsic aetiological factors (Juruena et al. 2015; Heuser et al. 2000;
Keller et al. 2017; Murck et al. 2019). MR and GR receptors in the brain are involved
in the regulation of stress hormone secretion and complex behaviour, such as
emotion, memory and sleep. In the pathophysiology of stress-related psychiatric
disorders, these receptors have not been sufficiently characterized, but HPA axis and
RAAS interact with each other, and both are mediated by the limbic system (de Kloet
and Joéls 2017; Harris et al. 2013; Murck et al. 2012).

Aldosterone and cortisol bind to mineralocorticoid receptors (MR) and glucocor-
ticoid receptors (GR), respectively, to exert their actions on RAAS and HPA axis.
MR/GR imbalance and inadequate levels of aldosterone and cortisol may impair
resilience capacity of subjects, raising their vulnerable phenotype to disorders related
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Fig. 2 The impact on neuroprogression, adapted from Moylan et al. (2013). Illustrations courtesy
of Romayne Gadelrab

to stress exposition (de Kloet and Joéls 2017; Gomez-Sanchez and Gomez-Sanchez
2014). As HPA axis and RAAS adequate functioning also depend on their receptors’
well-functioning, their gene receptors’ polymorphisms are important biological
factors to be considered in bipolar patients. Some of MR and GR gene polymor-
phisms have been shown in the literature associated with the imbalanced functioning
HPA axis and RAAS (DeRijk et al. 2008; van Leeuwen et al. 2011).

7 Conclusion

The data we have reviewed suggests that peripheral biomarkers related to hormones,
inflammation, oxidative stress and neurotrophins are altered in the bipolar disorder,
especially during acute mood episodes. Together, these changes have been associ-
ated with a systemic toxicity of the disease and the damage resulting from multiple
episodes.
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Systemic toxicity related to recurrent episodes in bipolar disorder can influence
brain anatomical changes associated with the progression of bipolar disorder and the
response to stress and neuroplasticity.
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Abstract Stress is a major risk factor for bipolar disorder. Even though we do not
completely understand how stress increases the risk for the onset and poorer course
of bipolar disorder, knowledge of stress physiology is rapidly evolving. Following
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stress, stress hormones — including (nor)adrenaline and corticosteroid — reach the
brain and change neuronal function in a time-, region-, and receptor-dependent
manner. Stress has direct consequences for a range of cognitive functions which
are time-dependent. Directly after stress, emotional processing is increased at the
cost of higher brain functions. In the aftermath of stress, the reverse is seen, i.e.,
increased executive function and contextualization of information. In bipolar disor-
der, basal corticosteroid levels (under non-stressed conditions) are generally found to
be increased with blunted responses in response to experimental stress. Moreover,
patients who have bipolar disorder generally show impaired brain function, includ-
ing reward processing. There is some evidence for a causal role of (dysfunction of)
the stress system in the etiology of bipolar disorder and their effects on brain system
functionality. However, longitudinal studies investigating the functionality of the
stress systems in conjunction with detailed information on the development and
course of bipolar disorder are vital to understand in detail how stress increases the
risk for bipolar disorder.

Keywords Blunted response - Cognition - Cortisol awakening response (CAR) -
Hypercortisolemia - Hypothalamus-pituitary-adrenal (HPA) axis - Network - Trier
social stress test (TSST)

1 Introduction

1.1 Activation of Hormonal Systems After Stress

Situations of perceived threat, i.e., stressors, which are subjectively experienced as
“stress,” activate a cascade of events eventually resulting in the release of multiple
stress hormones (Herman 2018; see Fig. 1). Thus, directly after stress, activation of
the sympathetic nervous system causes the release of adrenaline from cells in the
adrenal medulla. Adrenaline allows the individual to quickly respond to a stressor, in
part by increasing heart rate, blood circulation, and respiration. Via indirect path-
ways, adrenaline also increases the release of noradrenaline in the brain, contributing
to a quick cognitive response to the stressful situation.

Slightly later, a second system is activated, i.e., the hypothalamus-pituitary-
adrenal (HPA) axis. Information about the stressful situation is funneled through
the paraventricular nucleus of the hypothalamus (PVN), inducing the release of
corticotropin-releasing hormone (CRH) — and to a lesser degree of vasopressin —
from the median eminence into portal vessels surrounding the anterior pituitary
gland. Corticotrophic cells in the anterior pituitary respond to CRH and vasopressin
by releasing adrenocorticotropin releasing hormone (ACTH) into the circulation. In
the adrenal cortex, ACTH stimulates the production of cortisol (the predominant
adrenocortical hormone in humans) or corticosterone (the main hormone in most
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Fig. 1 Schematic representation of the hormonal systems activated after stress. Activation of the
sympathetic nervous system causes the release of adrenaline. The end product of the hypothalamus-
pituitary-adrenal (HPA) axis is cortisol (in humans) and corticosterone (in rodents). Adrenaline
indirectly causes the release of noradrenaline in the brain. Corticosteroid hormones negatively
feedback primarily on the hypothalamus and to a lesser degree on the anterior pituitary and higher
brain areas. As a consequence of the hormone systems activated after stress, the brain is exposed to
waves of hormones, i.e., a quick and short-lasting wave of (nor)adrenaline (in green) and a slower
and longer-lasting wave of corticosteroids (in orange) which is normalized after approximately 2 h

rodents) which is then released into the bloodstream. Like adrenaline, cortisol and
corticosterone affect numerous peripheral organs to promote and replenish resources
that allow the individual to face the stressor. Corticosteroid hormones are lipophilic
and therefore easily enter the brain where they reach virtually all cells. In the PVN —
and to a lesser extent the anterior pituitary and higher brain regions — corticosteroids
negatively impact cellular activity, thus turning down the release of CRH, ACTH,
and eventually corticosteroid production. This occurs approximately 2 h after the
onset of the stressful situation. Overall after stress, cells in the body, including the
brain, are exposed to consecutive waves of stress hormones (Fig. 1). The cortico-
steroid wave occurs on top of circadian variations — which are determined by
underlying ultradian pulses (Lightman et al. 2008), with a peak just before awaken-
ing and a nadir at the end of the active phase. The amount of corticosteroids reaching
brain cells also depends on other factors, e.g., the expression of p-glycoproteins
which determine the transport of particularly cortisol over the blood-brain barrier
and the cellular plasma membrane (Pariante 2008).

1.2 Stress Hormone Receptors

Noradrenaline binds to G-protein-coupled receptors in the plasma membrane and,
through this pathway, exerts its actions in seconds to minutes. Secondarily to these
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rapid actions, noradrenaline can also affect the transcriptional machinery and hence
alter neuronal function over the course of hours. Although probably all adrenoceptor
subtypes are involved in the mediation of changes in brain function after stress,
pharmacological studies have demonstrated that particularly B-adrenoceptors are
important for stress-induced effects on memory formation of adverse events
(reviewed by (Roozendaal and McGaugh 2011)).

In contrast to noradrenaline — and peptides like CRH — corticosteroid hormones
bind to intracellularly located receptors, which in their inactive state are bound to
various proteins including heat shock protein 90. Upon binding of the hormone to
the receptor, the receptor complex dissociates, and the hormone-receptor molecule
translocates to the nuclear compartment. The activated receptor binds as a
homodimer to palindromic recognition sites in the DNA of responsive genes and
affects the transcriptional activity of that particular gene.

In addition, it has been shown that activated receptor monomers can bind to other
transcriptional regulators and, in this indirect manner, change gene transcription. It
has been shown that approximately 1-2% of all genes are potentially altered in their
transcriptional activity when exposed to corticosteroids, which explains the pleio-
tropic action of the hormone. The transcriptional activity not only depends on the
expression of receptors but is also determined by local expression of cofactors
(Meijer 2002; Meijer et al. 2019). Due to these genomic signaling pathways,
corticosteroid hormones generally exert actions that start with a delay of >1 h yet
can last for hours to days. More recently, it has become evident that in some cases,
corticosteroids can also evoke rapid effects, i.e., within minutes (Jo€ls et al. 2012).
Presumably, these actions are mediated by receptors located in the vicinity of the
plasma membrane and do not involve transcription and translation. Whether the
receptor molecules mediating these rapid effects form a pool separate from the
intracellular receptors has not been resolved to date.

Two types of corticosteroid receptors have been identified (for review see De
Kloet et al. 2005). First, the high-affinity mineralocorticoid receptor (MR), which is
identical to the receptor expressed in the kidney. Cells in the kidney express
11-p-hydroxysteroid dehydrogenase 2 (11pHSD2) which converts corticosterone
and cortisol into their inactive 11-keto congeners (Seckl 2004). This allows the
less prevalent adrenal hormone aldosterone to bind with high affinity to the MR, thus
exerting its role in the maintenance of the mineral balance. Most cells in the brain, by
contrast, express 11BHSD1 rather than 11HSD2, which promotes the recovery of
corticosterone and cortisol. Most brain MRs, therefore, bind corticosterone or
cortisol instead of aldosterone; the affinity for corticosterone and cortisol is very
high, causing the MR to be mostly in its active state, even with low (nadir) levels of
corticosterone or cortisol. Expression of MRs is particularly high in all hippocampal
subfields, in the lateral septum, in some motor nuclei in the brain stem, and, to a
lesser degree, in amygdalar nuclei and neocortical layers. The second receptor type is
the glucocorticoid receptor (GR), which is much more ubiquitously expressed, in
neurons and glial cells. Neurons in the CA1 hippocampal region, the dentate gyrus,
and classical feedback regions like the PVN contain high levels of GR. The GR has a
tenfold lower affinity than MR for corticosterone and cortisol. In some cells that
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express both MR and GR, e.g., hippocampal CA1 neurons, basal levels of cortico-
steroid hormones — such as circulate under rest at the circadian nadir — result in
substantial activation of MR, while GR is only partly activated. Upon stress, the
remainder of the available GR will be activated. These cells “shuttle” between a
situation of predominant MR activation and a situation where both receptor types are
substantially activated.

2 Stress Hormone Actions on the Brain in Healthy
Individuals

2.1 Cellular Effects of Stress Hormones on Brain Circuits

As pointed out above, noradrenaline is released in specific pathways in the brain and
locally exerts primarily rapid actions through pre- and/or postsynaptically localized
receptors. Via P-adrenoceptors, neurons are mostly quickly excited (reviewed in
(Joéls et al. 2012)), but the exact effect after stress depends on the concentration of
noradrenaline, the local expression of receptor subtypes, and other processes such as
reuptake. CRH acts in a similar fashion, through G-protein-coupled receptors. The
expression of CRH receptor subtypes (CRH-R1 and CRH-R2) in particular cell
populations but also, e.g., the availability of CRH-binding proteins, determines the
overall outcome (Jo€ls and Baram 2009).

In limbic neurons, such as in the CA1 hippocampal area, dentate gyrus, and
basolateral amygdala, corticosterone was shown to rapidly increase spontaneous
glutamatergic transmission, via a nongenomic MR-dependent pathway (Joéls et al.
2012). These rapid nongenomic effects of corticosteroids are state- and region-
dependent. Thus, basolateral amygdala neurons of mice that were earlier stressed
respond to corticosterone with a rapid nongenomic suppression of glutamate trans-
mission, which involves GR. Similarly, parvocellular neurons in the PVN show a
rapid nongenomic GR-dependent suppression of glutamatergic transmission (see
Levy and Tasker 2012).

Rapid non-genomic signaling in hippocampal cells is complemented by slow-
onset gene-dependent effects, which in all cases investigated involved the GR. These
GR effects promote the signal-to-noise ratio, by enhancing specific glutamatergic
signals while suppressing background activity of neurons. The latter has not only
been described for hippocampal CA1 (and CA3) neurons but also principal neurons
in the prefrontal cortex.

The waves of stress hormones to which neurons are exposed partly overlap in
time, which could mean that cells are subject to concomitant actions of several stress
hormones. In addition, consecutive waves may affect each other’s action. A clear
example is the effect of stress hormones on neurons in the basolateral amygdala
(Karst and Jo€ls 2016). These neurons respond in vitro to a moderate to high
concentration of the B-adrenoceptor agonist isoproterenol with a short-lived burst
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of glutamate-mediated excitatory activity, followed approximately 1 h later by
suppression of glutamate signaling. However, if the wave of isoproterenol was
followed 20 min later by a wave of corticosterone (at a high concentration), the
secondary inhibitory phase did not occur; instead, a prolonged period of excitation
was observed: The delayed brake on amygdalar activity was in this case “overruled”
by the subsequent wave of corticosterone.

All in all, waves of stress hormones change brain function in a time-, region-, and
receptor-dependent manner. To what extent local receptors are being activated
depends on the type and severity of the stressor. Although it is not simple to translate
this body of knowledge to an overall picture how stress affects entire brain circuits, it
nevertheless did guide an extensive series of studies examining time-dependent
effects of cortisol and/or stress on cognitive function in rodents and humans.

2.2 Neuronal Circuits and Cognitive Function

To test time-dependent effects of stress hormones on cognitive function, one can
administer, e.g., yohimbine (which indirectly causes the release of noradrenaline in
the brain), hydrocortisone (in humans), or corticosterone (in rodents), and test
changes in cognition after various intervals. Preferably, the effect of stress (rather
than exogenous hormone exposure) is studied. To examine rapid nongenomic and
delayed gene-mediated effects, respectively, circuit activity and cognitive function
were probed directly after stress exposure or >1 h later, allowing to distinguish
between rapid nongenomic and delayed gene-mediated actions, respectively. To
focus on the contribution of a particular receptor type, exogenous hormone admin-
istration or stress was in some cases combined with pretreatment with specific
receptor antagonists or, in the case of rodents, with the use of brain-selective receptor
knockout.

Functional neuroimaging and behavioral studies revealed that directly after stress,
the activity of the salience network (SN), and particularly of the amygdala, is
strongly increased, involving p-adrenoceptors (Hermans et al. 2011). Interestingly,
stress also increases the connection of the amygdala nuclei with striatal areas, at the
cost of pathways to higher brain areas such as the hippocampus (Vogel et al. 2016;
Schwabe 2017). This connection with the striatum was shown to depend on MR
function and to be required for optimal behavioral performance under stress. The
rapid p-adrenergic and MR-dependent phase is important for alertness, vigilance,
emotion, and rapid decisions necessary for the immediate survival of stressful
situations.

These rapid actions are complemented by effects that appear with a delay of at
least 1 h. At that time, amygdala activity is normalized (or even suppressed), while
behavior involving the hippocampus or frontal cortex is facilitated compared to
non-stressed controls. Rational decision-making, driven by the executive control
network (ECN), is improved. In rodents, these later behavioral effects were found to
depend on GR; this has not been tested specifically in humans to date. Behaviorally,
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Fig. 2 Summary of behavioral observations in rodents (r) and human subjects (h) directly after
stress/corticosteroid administration (rapid) and >1 h after stress/corticosteroid administration
(delayed). The tests are arranged from those involving primarily amygdalar/striatal circuits (top),
through hippocampal circuits (middle) to prefrontal circuits (bottom). Directly after stress mono-
amines (green) and corticosteroids acting primarily via MR promote emotional processing, at the
cost of higher cognitive functions such as contextual memory formation or reward-based decision-
making. At a longer interval >1 h after stress or corticosteroid administration (orange), the reverse
is seen. IGT Towa gambling task

this late phase is associated with stronger (than in control conditions) contextuali-
zation of information and more rational/less emotionally driven decision-making.
Late, as opposed to early, effects of stress were also shown to promote altruistic
behavior. In general, delayed actions of stress and corticosteroids promote cognitive
processes that are beneficial for the future survival of the individual.

Figure 2 summarizes the time-dependent effects of stress and/or corticosteroid
hormones on cognitive function. It is assumed that a good balance between both
phases is important for optimal survival of individuals in the face of stress, i.e., one
needs to react quickly for immediate survival but also needs storage, contextualiza-
tion, and rationalization of stressful information to restore cognitive performance
and to be well-prepared for similar challenging conditions in the future.

3 Changes in Stress Responsiveness in Bipolar Disorder

3.1 Imbalance in the Stress System: Importance of Genetic
and (Early) Life History

The effect of stress hormones depends on many factors, including the age, sex,
health, and medication of the individual. Also, the genetic background is of eminent
importance. For instance, multiple single nucleotide polymorphisms (SNPs) have
been reported for both MR and GR; some combinations are inherited as haplotypes
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Fig. 3 Development of the brain and the stress system is determined to an important extent by an
individual’s genetic background. The effect of small genetic variances that predispose to a hyper- or
hyporesponsive stress system may be amplified in the face of multiple life events, especially when
these are experienced early in life when both the stress system and brain connections are still
developing. This may have lasting consequences for brain structure and function as well as the
response of individuals to stress (and the impact thereof on the brain). These changes may form an
added risk factor for the precipitation of bipolar disorder in genetically vulnerable individuals.
Based on these insights, intervention aimed at normalization of the stress system could be effective

(Koper et al. 2014; ter Heegde et al. 2015). Particular SNPs or haplotypes may be
associated with a higher incidence of psychopathology. Given the role of cortico-
steroids in the negative feedback loop, it is to be expected that such genetic variants
also affect the stress-induced release of cortisol and hence the exposure of the brain
to waves of hormones after stress. For instance, a low functionality of the GR may
cause insufficient feedback, resulting in a prolonged wave of cortisol after stress.
Such elevated hormone levels, in turn, may downregulate receptor expression, which
further exacerbates the insufficient feedback. This may eventually result in a vicious
circle. A mild genetic predisposition to less (or more) functional GR or MR may
become amplified when life events frequently challenge the stress system of the
individual. Especially when these events take place during the sensitive period of
development, this may not only have an impact on a stress system that has not yet
stabilized but also on brain circuits that are still being shaped. Over (or under)
exposure of the brain to corticosteroids during that time may have lasting conse-
quences for the balance in the stress system and the way in which brain regions are
interconnected and thus for their role in cognitive performance (see Fig. 3).

In agreement with this view, adverse conditions experienced early in life are
generally reported to be a risk factor for the development of brain disorders,
including psychiatric disorders such as bipolar disorder or schizophrenia (Turecki
et al. 2014; Jawahar et al. 2015; Cancel et al. 2019).
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In the following sections, we first summarize the current evidence for the altered
function of the HPA axis in bipolar disorder and next highlight how the disorder
affects time-dependent cognitive effects of stress. We compare the characteristics
reported for bipolar disorder (BD) with those seen in relation to schizophrenia.

3.2 Changes in the HPA Axis in Bipolar Disorder Patients

A common finding in psychiatry is the disruption of the HPA axis in mood disorders,
with most studies reporting hypercortisolemia in depressed patients (Gold et al.
1988; Gillespie and Nemeroff 2005). As for patients diagnosed with BD, high levels
of basal cortisol were previously reported to be prevalent when the measurements
were taken in the morning, before 10:00 AM (Girshkin et al. 2014). The difference
between cortisol levels in BD patients compared to controls is even more pro-
nounced when the cortisol awakening response (CAR) is determined (Belvederi
Murri et al. 2016). However, basal cortisol levels were also found to be augmented in
the afternoon and night hours, as recently demonstrated by a meta-analysis
performed by Belvederi Murri et al. (2016) including 37 studies on basal cortisol
levels in BD patients.

It would be an oversimplification to determine stress (cortisol levels) in BD
patients regardless of the phase of the disease in which the samples were taken.
Therefore, Belvedere Murri and colleagues also assessed effects sizes (Hedges’s g)
of basal cortisol levels (at various moments of the day) during the different phases of
the illness. The subgroup analyses showed that in BD patients during the depressive
episodes, hypercortisolemia were only evident in the studies which samples were
continuously obtained throughout the day (Hedges’s g = 0.44). The studies in which
samples were obtained during the euthymic phase indicated significant high cortisol
levels at wakening (g = 0.59), morning (g = 0.41), afternoon (g = 0.31), and 24-h
continuous sampling (g = 0.28). When samples were obtained during the manic
phase, significant hypercortisolemia was found at morning (g = 0.66), night
(g = 0.15), and 24-h continuous sampling (g = 0.64). Additionally, meta-regression
analyses pointed out that assessing basal cortisol levels during the manic phase was
associated with higher effects sizes (Belvederi Murri et al. 2016).

Although the literature points to increased cortisol levels in BD patients under
basal conditions, there might also be differences during real-life stress, but cortisol
levels are difficult to determine and standardize under such conditions. Nevertheless,
one study did assess cortisol level in response to negative life events and found no
significant differences between BD and controls (Havermans et al. 2011). There are
several studies suggesting that under a controlled stressful laboratory situation, such
as the Trier social stress test (Kirschbaum et al. 1993), the cortisol response of BD
patients is blunted compared to controls (Wieck et al. 2013; Houtepen et al. 2015).
Houtepen and colleagues found that from 20 to 90 min after the TSST, BD patients
presented a blunted cortisol response compared to healthy controls, whereas BD
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patients’ unaffected siblings showed a cortisol response that was similar to the
healthy controls.

As high levels of basal cortisol are observed in BD patients, this could point to
impaired negative feedback control of the HPA axis possibly due to diminished GR
sensitivity, as previously indicated in pharmacological studies (Schmider et al. 1995;
Rush et al. 1996; Rybakowski and Twardowska 1999; Watson et al. 2004). The
blunted response to the TSST does not seem to support this idea. Yet Houtepen et al.
(2015) argued that the chronically elevated cortisol levels of BD patients might
gradually impair the HPA axis’ ability to respond to stress, eventually resulting in a
blunted stress response. Unfortunately, studies that closely follow the functionality
of the stress response and the development of BD are scarce.

Many BD patients are under medication. Houtepen et al. (Houtepen et al. 2015)
showed that BP patients under antipsychotics treatment presented a flat cortisol
response to the TSST compared to BD patients under non-antipsychotics (anticon-
vulsants, benzodiazepines, and antidepressants) treatment and healthy controls,
suggesting a substantial influence of antipsychotics on the stress response measured
under these circumstances. Interestingly, prior to the start of the TSST in this study,
no antipsychotic effects were observed, suggesting that they might exert no effect on
basal cortisol level. However, a meta-regression analysis indicated that the use
antipsychotics is associated with a reduction of basal hypercortisolemia in BD
patients compared to controls; no association was observed between basal cortisol
in BD patients and antidepressants, lithium, or mood stabilizers (Belvederi Murri
et al. 2016). The latter finding is in line with a study by Girshkin et al. (2014), who
evaluated morning cortisol data of BD patients who were under treatment mostly
with antidepressants and mood stabilizers (or medication-free) and found no signif-
icant differences compared to controls.

Antipsychotics are mostly prescribed for schizophrenia (SZ), another psychiatric
condition in which the HPA axis is dysregulated (Brenner et al. 2009). Similar to
what was found in BD patients, SZ patients also present high basal cortisol levels in
early stages of the disease (Chaumette et al. 2016), high morning cortisol levels
(Girshkin et al. 2014), and a blunted cortisol response to social stress (Ciufolini et al.
2014; Zorn et al. 2017). However, in contrast to BD patients, SZ patients show a
reduced CAR compared to controls (Berger et al. 2016). Data on cortisol levels in
BD and SZ patients are summarized in Table 1.

4 Changes in Cognitive Function in Bipolar Disorder
Related to Stress

As described in Sect. 2, glucocorticoids modulate neuronal activity and network
function and, when chronically elevated, also morphology, as was shown already
some decades ago in preclinical experiments (Magarifios and McEwen 1995;
Magarifios et al. 1996). Neurons in the medial prefrontal cortex are also sensitive
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Table 1 Overview of cortisol levels in bipolar disorder and schizophrenic patients compared to
controls under basal condition and in response to awakening social stress

BD vs SZ vs
Cortisol levels controls controls Type of study | Reference
Basal (overall) Augmented' | Augmented® | *Meta- "Belvederi Murri et al.
analysis (2016); 2Chaumette
et al. (2016)
Basal (morning) Augmented' | Augmented' | 'Meta-analysis | 'Girshkin et al. (2014)
Basal (afternoon) Augmented' | N/A "Meta-analysis | 'Belvederi Murri et al.
(2016)
Basal (night) Augmented | N/A "Meta-analysis | 'Belvederi Murri et al.
(2016)
Cortisol awakening Augmented’ | Diminished' | 'Meta-analysis | 'Berger et al. (2016)
response (CAR)
Stress-induced cortisol | Blunted" ? Blunted> # L 2Original "Wieck et al. (2013),
(TSST) research 2Houtepen et al.
“Meta-analysis | (2015), *Ciufolini et al.
(2014), “Zorn et al.
(2017)
Illness phase and
medication effects on
cortisol levels in BD SZ vs
patients BD vs controls controls | Type of study | Reference
Depressive Augmented' (only | N/A 'Meta-analysis | 'Belvederi Murri
if 24 h measure- et al. (2016)
ments were taken)
Euthymia Augmented’ N/A '"Meta-analysis | 'Belvederi Murri
et al. (2016)
Mania Augmented' N/A 'Meta-analysis | 'Belvederi Murri
et al. (2016)
Medication Blunted TSST N/A 'Original "Houtepen et al.
(antipsychotics) response’, lower Research (2015), *Belvederi
hypercortisolemia® “Meta- Murri et al. (2016)
Analysis

Illness phases and medication effects on cortisol levels are also shown for bipolar patients. Most of
the data summarized in this table were obtained from meta-analyses published in the last few years
Superscript numbers indicate from which studies data were obtained

to high glucocorticoid levels and, similar to CA3 neurons, show decreased dendritic
complexity even after a mild stress paradigm (Brown et al. 2005). In contrast,
pyramidal and stellate neurons in the amygdala, as well as pyramidal neurons in
the orbitofrontal cortex, show increased dendritic arborization (Vyas et al. 2002;
Mitra et al. 2005). Overexposure to glucocorticoids as generally seen in BD
patients — at least under basal (non-stressed) conditions — might thus result in altered
morphology and function of limbic structures such as the hippocampus and amyg-
dala, areas that are important for (emotional) memory. In agreement, hippocampal
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atrophy has been found in BD patients, particularly the CA3 area of the hippocam-
pus (Bertolino et al. 2003; Konradi et al. 2011; Mathew et al. 2014).

4.1 Time-Dependent Changes in Cognitive Processing
Following Stress in BD Patients

Given the changes observed in BP patients regarding circulating cortisol levels and
the potential consequences thereof for neuronal function and morphology, one might
expect that neuronal circuits are altered as well as the cognitive processes for which
these circuits are crucial. BD is indeed related to dysfunction of several brain
networks, including the salience network, executive control network, the default
mode network, and the reward circuitry (Bora et al. 2010; Mamah et al. 2013;
Whitton et al. 2015; Goya-Maldonado et al. 2016; Schreiter et al. 2016; Gong
et al. 2019; Karcher et al. 2019). We will first discuss the evidence for disturbed
reward processing in BD patients, under basal and stress conditions.

Reward processing is affected during the acute and recovery phase of stress.
During and directly after stress in healthy controls, reward-seeking is increased and
anticipatory responses in the brain’s reward circuitry amplified, including in the
orbitofrontal cortex and ventral striatum (Kumar et al. 2014; Lewis et al. 2014);
responses to reward consumption are reduced (Bogdan and Pizzagalli 2006; Porcelli
et al. 2012; Berghorst et al. 2013; Kumar et al. 2014). By contrast, in the late
aftermath of stress — i.e., during stress recovery — anticipatory reward responses
are reduced (Montoya et al. 2014), whereas neural responses to reward outcomes are
increased (van Leeuwen et al. 2019a, 2019b).

In BD patients, though, these acute and late effects of stress on the reward
circuitry are absent (see Fig. 4). More specifically, reward-related responses were
not decreased directly after stress (Berghorst et al. 2016) and were not increased in
the aftermath of stress (van Leeuwen et al. 2019b). These findings suggest that
neurobiological adjustments after stress are necessary for the maintenance of good
mental health. Frequent exposure to stressors may ultimately lead to generally
impaired reward processing. Indeed, the number of stressful life events was nega-
tively associated with striatal responses after stress (van Leeuwen et al. 2019b).
Reduced upregulation of the reward circuitry following stress was also observed in
siblings of schizophrenia patients (van Leeuwen et al. 2019a), suggesting diagnosis
spanning alterations in the reward circuitry in relation to stress in psychiatric
disorders.
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Fig. 4 Model illustrating the time-dependent effects of stress on brain functioning in healthy
controls and individuals at risk for/suffering from bipolar disorder. The studies summarized in
this review implicate that resilience to stress most likely requires active regulation of neurocognitive
processes aimed to effectively cope with and recover from environmental stressors, rather than the
absence of a reaction to such stressors. SN salience network, DMN default mode network

4.2 Network Function in BP Patients and Individuals at Risk
Jor Psychopathology

Connectivity within and between the salience network (SN), executive control
network (ECN), and default mode network (DMN) that also play a role in response
to stress has consistently been shown to be affected in bipolar disorder, even in the
absence of stress (Ong'ur et al. 2010; Chai et al. 2011; Gong et al. 2019; Sha et al.
2019).

Unfortunately, there are currently no published studies that looked at the effects
of stress on these networks in BD patients. However, studies are focusing on the
effects of stress in individuals with an increased familiar risk for BD. Studies have
revealed etiological relationships between schizophrenia and BD and found that
family background is the largest risk factor for both disorders (Merikangas et al.
2007). Indeed, relatives of schizophrenia patients have a higher chance to develop
BD compared to the general population (Cheng et al. 2017). Given the large
heritability of both schizophrenia and BD and their interaction with environmental
factors, investigating the neural responses to stress in family members of schizo-
phrenia patients could be a valuable paradigm to investigate the gene-environment
interactions in bipolar disorder. Here we summarize previous findings on the effects
of stress on these networks in vulnerable individuals.
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First, the results on the salience network (SN). The activation of the sympathetic
nervous system and the release of (nor)epinephrine during and directly after stress
increase connectivity within the SN in healthy individuals, leading to increased
threat detection and thereby aiding active coping (van Marle et al. 2009; Oei et al.
2012; Hermans et al. 2014; van Oort et al. 2017). In contrast, SN functional
connectivity in siblings of schizophrenia patients is lower during acute stress,
indicating impaired detection of relevant stimuli and inadequate response selection
under stressful circumstances (van Leeuwen et al. 2018). In addition, salivary alpha-
amylase level, an indirect marker of adrenergic activity (Van Stegeren et al. 2006),
was higher in at-risk individuals exposed to a placebo test than in healthy controls,
which did not further increase in response to stress, suggesting higher chronic levels
of norepinephrine. The (late) aftermath of stress is characterized by downregulation
of SN activity (Hermans et al. 2014), which did not differ between controls and
siblings (van Leeuwen et al. 2018). Overall, these findings suggest reduced respon-
siveness to changes in the environment, possibly caused by a reduced dynamic range
in the sympathetic/noradrenergic response. Evidence that BD patients also display
exaggerated adrenergic signaling at trend level (van Leeuwen et al. 2019b) could
point to a potentially reduced SN activation after stress as well.

Second, the default mode network (DMN). Previous studies showed that acute
stress temporarily increases activity in the DMN, increasing interference from
internal emotional states (Qin et al. 2009); deactivation was observed in the after-
math of stress (Van Leeuwen et al. 2018). Several studies have already demonstrated
that the inability to downregulate the DMN in the absence of stress is associated with
poor clinical outcome in BP and schizophrenia and with rumination in depression
(Grimm et al. 2009; Pomarol-Clotet et al. 2012; Bartova et al. 2015; Wang et al.
2017). Moreover, there is one case report in the literature that shows normalization
of DMN activity after successful treatment in a BD patient (Landin-Romero et al.
2013), suggesting a role for DMN dysregulation in the course of the disorder. In
individuals at risk for schizophrenia, it was indeed found that DMN activity does not
decrease in the aftermath of stress (Van Leeuwen et al. 2018). These findings
indicate that good mental health requires a dynamic shift away from the DMN in
the aftermath of stress. In vulnerable individuals, sustained activity within the DMN
may result in increased rumination following stress and maybe a precipitating factor
in the development of BD.

Finally, the executive control network (ECN). Only a few studies found altered
ECN functional connectivity in BD. Regarding the situation after stress, ECN
functional connectivity is reduced during and directly after stress but increased in
the (late) aftermath of stress, the latter presumably through genomic actions of
cortisol (Arnsten 2009; Qin et al. 2009; Henckens et al. 2011; Hermans et al.
2014). To date, no functional MRI studies have examined the effects of stress on
ECN connectivity in BD. We previously observed an increase in functional connec-
tivity between the ECN and the cerebellum in healthy controls but also in individuals
at risk for schizophrenia in the aftermath of stress (van Leeuwen et al. 2018). The
role of the ECN and its relation to stress in BD require further investigation.
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5 Concluding Remarks

In this overview, we highlighted that stress causes consecutive yet overlapping
waves of hormones to reach the brain. These hormones change neuronal function
in a time-, region-, and receptor-dependent manner. While it is difficult to predict
how this affects entire circuits and thereby cognitive processing, an extensive series
of studies point to an overarching picture: During and directly after stress, the
salience network and default mode network are increased in activity, at the cost of
networks involved in contextualization. In the aftermath of stress (starting at least
30 min after stress onset), the earlier activation of these networks is dampened, while
networks involved in executive control and contextualization are enhanced in their
activity. Both phases are necessary for (quick) correct appraisal of the situation at
hand and (later) rational decision-making and context-related storage of information
for future use.

If the stress-induced release of hormones is altered, as appears to be the case in
BD, this in itself will already change any functional process resulting from hormonal
actions. The effects that have been described in terms of cortisol release are not
entirely consistent, though. Basal levels generally seem to be increased, yet there
may be diminished stress-induced cortisol release, at least under laboratory stress
conditions. How BD patients respond to real-life stress is still unresolved. Moreover,
cortisol levels are not the only factor determining the effect of stress on brain
function. Other factors of relevance comprise, e.g., the extent to which cortisol
gets into the brain, what happens to receptor expression, and potential effects
downstream of the receptors. In addition, stress causes the release of multiple
hormones that potentially interact with each other, and many of these hormones
have not (yet) been determined in relation to BD.

Importantly, how HPA function alters along the course of the disease is largely
unknown. Possibly, hyperactivity of the system occurs early on in the disorder,
which could slowly evolve into hypoactivity in the face of prolonged overexposure
of the brain and body to cortisol. Precise measurement of both the stress system and
the development of BD is necessary to address this issue. This might also give
insight whether HPA disturbances are the cause or consequence of the disorder.
There is some evidence for a causal role. Longitudinal studies revealed that in BD
patients relapse of depressive and (hypo)manic episodes is preceded by a higher
number of stressful life events, compared to euthymic periods (absence of depressive
or (hypo)manic symptoms) (Lex et al. 2017). Moreover, patients reported increased
emotional reactivity to daily life stressors compared to controls (Myin-Germeys
et al. 2003; Havermans et al. 2010). These findings suggest that an impaired initial
response to stress and/or a poor recovery from stress may play a role in the
development and clinical course of bipolar disorder.

Related to the disease and/or alterations in the stress system, brain circuits may be
altered in BD patients. We supplied some evidence for this notion in Sect. 4,
although there is clearly a paucity in information, particularly with regard to studies
investigating time-dependent effects of stress on cognitive processing in BD patients
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versus controls. While most human stress studies focus on the acute phase of stress,
it is becoming clear that it is important to include all phases of the stress response,
particularly the recovery period which has not received much attention. We observed
quite striking differences between controls and both at-risk individuals and patients
in the early aftermath of stress. In general, healthy controls displayed stress-
dependent changes in neuronal activity during cognitive tasks (e.g., emotional
information or reward processing), while this was diminished in at-risk individuals
and BD patients. We propose that resilience to stress most likely requires active and
dynamic regulation of neurocognitive processes aimed to effectively cope with and
recover from environmental stressors, rather than the absence of a reaction to such
stressors. These findings could provide a starting point for more research elucidating
the mechanisms of stress vulnerability in BD, to identify who is at risk, and make the
first steps toward preventive rather than reactive therapeutic interventions.
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Abstract Bipolar disorder (BP) is a highly heritable disease, with heritability
estimated between 60 and 85% by twin studies. The underlying genetic architecture
was poorly understood for years since the available technology was limited to the
candidate gene approach that did not allow to explore the contribution of multiple
loci throughout the genome. BP is a complex disorder, which pathogenesis is
influenced by a number of genetic variants, each with small effect size, and envi-
ronmental exposures. Genome-wide association studies (GWAS) provided mean-
ingful insights into the genetics of BP, including replicated genetic variants, and
allowed the development of novel multi-marker methods for gene/pathway analysis
and for estimating the genetic overlap between BP and other traits. However, the
existing GWAS had also relevant limitations. Notably insufficient statistical power
and lack of consideration of rare variants, which may be responsible for the relatively
low heritability explained (~20% in the largest GWAS) compared to twin studies.
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The availability of data from large biobanks and automated phenotyping from
electronic health records or digital phenotyping represent key steps for providing
samples with adequate power for genetic analysis. Next-generation sequencing is
becoming more and more feasible in terms of costs, leading to the rapid growth in the
number of samples with whole-genome or whole-exome sequence data. These recent
and unprecedented resources are of key importance for a more comprehensive
understanding of the specific genetic factors involved in BP and their mechanistic
action in determining disease onset and prognosis.

Keywords Bipolar disorder - Gene - Genetics - Genome-wide association study -
Heritability - Polygenic risk score - Polymorphism

1 Introduction: Why Genetics Matters in the Susceptibility
to Bipolar Disorder?

Each human being is different from another one in many different ways, and it is
such a common experience that we probably do not spend much time thinking about
the underlying reasons. However, that diversity has fascinating biological bases
explaining its reason for being there: nature has favored flexibility and change in
order to make life adaptable to the environment. The way we respond to environ-
mental stimuli is dependent from our genes, or, in other words, we all start our lives
with a certain genetic makeup that defines our potential in terms of personality,
intelligence, body shape, disease risk, and so on, and then the environment acts on
this potential and leads to different outcomes in each one of us, at least for most of
the traits. The percentage of contribution coming from genes is indeed variable,
depending on the condition (trait or phenotype) that we consider. Some traits have
complete penetrance, meaning that 100% of the subjects carrying a certain genetic
variant or polymorphism exhibit the trait, independently from environmental expo-
sures. For example, a specific polymorphism in the fibroblast growth factor receptor
3 (FGFR3) gene always results in achondroplasia, a disorder characterized by
dwarfism. However, most of the traits have incomplete penetrance and variable
expressivity, meaning that not all the subjects carrying certain genetic variant
(s) manifest the trait, and in those who manifest it, there are different degrees of
expressivity. These phenomena are caused not only by interactions with the envi-
ronment but also by interactions with modifier genes (Lobo 2008). Traits showing
incomplete penetrance and variable expressivity are indeed typically influenced by a
number of genetic variants, and they are defined as complex or polygenic. Examples
of this type of trait are intelligence, height, weight, and psychiatric disorders (Plomin
and Deary 2015). Intelligence, height, and weight are normally distributed and can
be quite easily interpreted as a result of the adaptation to the requests of different
environments, but it is more difficult to interpret psychiatric disorders under an
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evolutionary perspective. However, psychiatric disorders can also be seen in a
continuum spectrum, where the pathological manifestation is at one extreme of the
distribution, and there are different degrees of subthreshold manifestations. Under
this perspective, depressive and hypomanic subthreshold symptoms may confer an
advantage in situations that require learning from negative experiences and creativ-
ity/high productivity, respectively. This mechanism maintains more or less constant
the frequency of genetic variants conferring risk for potentially lethal diseases, such
as sickle cell anemia and cystic fibrosis, wherein heterozygous individuals (one copy
of the risk allele) may benefit from increased resistance to malaria and tuberculosis,
respectively. However, homozygous individuals (two copies of the risk allele)
develop a life-threatening disease. In the case of psychiatric disorders, of course,
the genetic factors implicated are more complex; as discussed above they are not
monogenic diseases, but the underlying theory explaining the maintenance of the
risk variants in the population is comparable (Keller 2018). If there is not an
individual genetic variant involved in the risk of bipolar disorder (BP), then how
many variants or genes are involved? There is no definitive answer to this question,
and different methodological approaches were applied, depending on the working
hypothesis, as discussed in Sect. 3. However, as introductory information, it is useful
to know that two individuals differ for five million genetic variants on average, the
greatest number of which are represented by single nucleotide polymorphisms
(SNPs, i.e. substitutions of a single DNA base pair). Copy number variations
(CNVs, i.e. insertions or deletions of a certain number of base pairs) are less
numerous than SNPs, but they are responsible for a higher percentage of inter-
individual variability in terms of number of base pairs (The 1000 Genomes Project
Consortium, 2015). SNPs are responsible for the lowest part of the variability
between two individuals in terms of number of DNA base pairs, but they are more
frequent in the general population (i.e., the same SNP is often found in more than 1%
of the population). At the same time, the other types of genetic variants are rarer and
somehow more unique of a relatively restricted group of individuals. For this reason,
the largest part of existing studies was focused on investigating the role of SNPs in
the susceptibility to BP. It is indeed much easier to design genetic studies looking at
variants which are known to be represented in a population with a certain frequency
instead of genotyping known rare variants which may not be seen at all in the studied
sample or search for unknown rare variants by DNA sequencing. Whole-genome or
whole-exome sequencing is becoming more and more feasible in the last years in
terms of costs, but it is still marginally represented in the existing literature. The
starting point for developing all the available methodological approaches to the
study of the genetic basis of BP was however the same: the evidence of a high
genetic component of this disorder found by family, adoption, and twin studies, as
discussed in the next section.
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2 Bipolar Disorder Is Heritable: Twin, Adoption,
and Family Studies

The observation that some disorders recur within the same families for generations
goes back in ancient times, starting from the Old Testament passages which say that
God “punishes the children and their children for the sins of the fathers to the third
and fourth generation” (Exodus 34:7). BP is one of those diseases which recurs
among generations of the same family since it shows a high heritability as demon-
strated by a number of studies published since the 1960s. Heritability estimates the
degree of variation in a trait that is due to genetic variation between individuals, and
it can vary between zero (no genetic component at all) and one (disorders with
complete penetrance, for which the presence of a genotype is necessary and suffi-
cient to manifest the trait). Traits with a heritability of one are often autosomal
dominant, such as achondroplasia that was taken as an example in the “Introduction”
section, meaning that the inheritance of one copy of the risk variant from one of the
parents is associated with the manifestation of the trait. Thus, these traits are often
seen in many generations within the same family. BP is not a monogenic trait, and it
has incomplete penetrance. However, it has quite high heritability that was estimated
to be between 60 and 85% by twin studies (Smoller and Finn 2003). Twin studies
estimate the heritability of a trait by comparing the concordance of the trait between
dizygotic twins (DZ, who share on average 50% of their genetic variation) and
monozygotic twins (MZ, who share 100% of their genetic variation), providing a
natural condition optimal for performing genetic studies. Assuming that shared
environmental influences on MZ twins are not different from environmental influ-
ences on DZ twins, significantly higher concordance rates in MZ twins reflect the
effect of genes. Other types of studies which contributed to estimating the genetic
contribution to BP were adoption studies and family studies. Adoption studies
compare the rate of a disorder in biological family members to those in adoptive
family members in order to distinguish the genetic component from the environ-
mental one. These studies are logistically difficult to conduct, and their availability is
limited. However, they confirmed that there is a significantly higher rate of affective
illness in the biological parents (31%) than in the adoptive parents (12%) of bipolar
probands (Smoller and Finn 2003). Finally, family studies investigate if a disorder
aggregates in families by comparing the prevalence of the disorder among first-
degree relatives of affected probands (cases) to the prevalence in the population or
among relatives of unaffected probands (controls). A relevant limitation of these
studies consists in the fact that they cannot distinguish if a condition aggregating in
families is caused by genetic or environmental factors or a combination of the two;
however, they are still useful to estimate if there is an increased risk in relatives
of cases compared to controls and to quantify this risk. According to the results of
family studies, the recurrence risk of bipolar disorder for first-degree relatives of
bipolar probands is 8.7%. In comparison, the risk for unipolar depression is 14.1%,
indicating that positive family history for BP increases the risk of both bipolar and
unipolar disorders, while interestingly family history of unipolar depression does not
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seem to increase the risk of BP (Smoller and Finn 2003). The estimated absolute
risks correspond to a recurrence risk ratio for BP and major depressive disorder
(MDD) in relatives of bipolar probands of around 4 and 2, respectively. Several
studies have also demonstrated that clinical features might be associated with greater
familiarity with BP. The most replicated are represented by early onset of the
disease, presence of psychotic symptoms, and good lithium response. Early-onset
BP may represent a more severe subtype with stronger genetic loading, as demon-
strated by a greater familial risk of mood disorders in relatives of probands with
early-onset BP, and it could also represent a distinct subtype of BP, characterized by
a greater neurodevelopmental component compared to non-early-onset BP. Patients
with early-onset BP and psychotic symptoms have more frequently cognitive
impairment and neurological signs, reduced frontal gray matter at the time of their
first psychotic episode, and greater brain changes than healthy controls, in a pattern
similar to early-onset schizophrenia cases (Arango et al. 2014). The prepubertal
onset of psychopathology was associated with a poorer response to lithium, and
lithium responsiveness was reported to aggregate in families, supporting the hypoth-
esis of a genetic component (Smoller and Finn 2003).

3 How Many Genes Modulate the Risk of Bipolar
Disorder? Linkage Studies, Candidate Gene Studies,
and Genome-Wide Association Studies

Starting from the evidence emerged from twin studies, the first experimental
approach used to identify the specific genetic regions responsible for the heritability
of BP was represented by linkage studies. These studies use information from family
members who are affected and unaffected with the disorder and examine which
genetic regions are coinherited with the disease within the family. More than
40 linkage scans for BP, including three meta-analyses, have been published,
implicating many areas of the genome but with little consistency between studies.
The strongest evidence was found for linkage on chromosomes 6q for BP type I and
8q for BP type I and type II; however, the genes responsible for these linkage signals
have not been identified (Barnett and Smoller 2009). The main reason for these
inconsistent and inconclusive findings is that BP has a polygenic architecture, while
linkage studies work well when the genetic risk is conferred by a relatively small
number of genes, such as for cystic fibrosis. Candidate gene association studies
suffered from the same limitation. In this case, specific alleles in genes with a
hypothesized link with the pathogenesis of BP are investigated in terms of possible
different distribution between cases affected with BP and healthy controls. The most
part of the investigated candidate genes plays a central role in the activity of the
dopaminergic, serotoninergic, and glutamatergic pathways or the modulation of
circadian rhythms. Examples of genes which have been associated with the risk of
BP in independent samples or meta-analyses include disrupted in schizophrenia
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1 (DISCI), D-amino acid oxidase activator (DAOA, or G72), the dopamine trans-
porter (SLC6A3) and the serotonin transporter (SLC6A4), brain-derived neurotrophic
factor (BDNF), the NMDA glutamate receptor subunit 2B (GRIN2B), the kainate
class ionotropic glutamate receptor gene GRIK4, and neuregulin 1 (NRGI) (Barnett
and Smoller 2009). However, none of these has been established as a BP suscepti-
bility gene. Candidate gene association studies showed several relevant limitations:
(1) earlier studies reported more often positive and larger effect associations than
later studies, a phenomenon which is also referred to as “winner’s curse”’; (2) most of
the studies were performed on underpowered sample sizes and without applying
appropriate multiple testing correction; and (3) many genes are involved in the risk
of BP, part of which has likely no known connection with BP and cannot be
investigated using the candidate gene method. Given these limitations, genome-
wide association studies (GWAS) became the most common approach to the study
of the genetics of complex disorders such as BP in the last 10 years. GWAS are
based on a technology called microarray, which can genotype hundreds of thousands
or millions of genetic variants cost-effectively, by multiplexed and parallel
processing. GWAS include common genetic variants in a population, typically
those variants having a frequency above 1%. As noted in the “Introduction” section,
these common variants are usually represented by SNPs, which can be studied in an
easier way than rare variants (in terms of costs, time, and sample size needed).
GWAS have been successful for identifying susceptibility alleles for a broad range
of common complex disorders including diabetes, cardiovascular disease, prostate
and breast cancer, and many others. The early GWAS of BP did not identify any loci
achieving genome-wide significance, that is, a p threshold <5 X 1078, which takes
into account multiple testing correction. The top variants emerging from these early
GWAS included DGKH, coding for diacylglycerol kinase eta, an enzyme involved
in modulating the effects of mood stabilizers, and CACNA1C, coding for the alpha-
1C subunit of the L-type voltage-gated calcium channel, which was then confirmed
by later studies (Barnett and Smoller 2009). The main issue of GWAS is represented
by the need for large samples to have adequate power to detect small effect sizes at
the genome-wide significance threshold. Recent studies indeed showed that most of
the genome-wide significant loci have an effect size measured as odds ratio
(OR) < 1.1 (Stahl et al. 2019). In order to have an adequate power (i.e., >80%)
for detecting this magnitude of effect size for a common variant with the frequency
of 10% in a population, a sample of about one million subjects was estimated to be
needed (Visscher et al. 2017), while currently, the largest GWAS of BP included
20,352 cases and 31,358 controls (Stahl et al. 2019). This study identified 30 inde-
pendent loci associated with BP at the genome-wide significance threshold that is
expected to be a much lower number compared to those that would be identified in a
sample size providing adequate power. The significant loci contain genes encoding
ion channels and transporters (e.g., CACNAIC, SCN2A (sodium voltage-gated
channel alpha subunit 2), SLC4A1 (solute carrier family 4 member 1)), neurotrans-
mitter receptors (e.g., GRIN2A), and synaptic components (e.g., ANK3 (ankyrin 3)
and RIMS1 (regulating synaptic membrane exocytosis 1)) (Stahl et al. 2019). These
processes are important in neuronal hyperexcitability, which is a pathogenetic
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mechanism implicated in BP using pluripotent stem cell-derived neurons from
patients, and by the fact that the reduction of neuronal hyperexcitability is one of
the mechanisms of action of mood stabilizers such as lithium (Mertens et al. 2015).
Other significant loci which were reported in earlier GWAS were within the
TRANK]I (tetratricopeptide repeat and ankyrin repeat containing 1), NCAN
(neurocan), and TENM4 (teneurin transmembrane protein 4) genes. In the same
study, the integration of the GWAS results with information on SNPs modulating
gene expression implicated GLT8DI (glycosyltransferase 8 domain containing 1),
which is involved in proliferation and differentiation of neural stem cells. Pathway
analyses reveal genetic evidence for insulin secretion and endocannabinoid signal-
ing. Top genes in these pathways included calcium and potassium channel subunits,
MAP kinase, and GABA-A receptor subunit genes. The SNP-based heritability
estimated by this study was 17-23% depending from the considered population
prevalence of BP (between 0.5 and 2%), and heritability estimates were higher for
BP type I than BP type II (25% vs 11%) (Stahl et al. 2019). These heritability
estimates are much lower than the heritability estimated by twin studies, because
they are based on common genetic variants only. An overview of the significant
findings of GWAS is provided in Table 1.

4 Genetic Overlap Between Bipolar Disorder and Other
Brain Disorders: Disorder-Specific or General Genetic
Influences?

New methods recently developed to study the genetics of complex traits estimate the
genetic correlation between different traits and the predictive ability of the genetics
of one trait on another one. One of the most used approaches is linkage disequilib-
rium score regression (LDSR) because it can be performed using GWAS summary
statistics (no need for raw genotype data). LDSR was initially developed to differ-
entiate between GWAS p-values inflation caused by polygenicity and by
confounding effects, such as population stratification. Other applications were
developed; in particular, the method can be used to estimate genetic correlations
between different traits. For providing these estimations, LDSR uses the test statis-
tics of the SNPs from a GWAS (summary statistics) and the degree of linkage
disequilibrium (LD) between SNPs. LD refers to the nonrandom association of
alleles at two or more loci in a population, or, in other words, to the fact that two
or more alleles are found together more often than expected by chance, and this
phenomenon is influenced by different factors (e.g., rate of genetic recombination,
mutation rate). The genetic variants associated with BP are expected to show a high
degree of LD among each other (LD score), because the trait is polygenic, and for
each associated SNPs, a number of nearby SNPs is expected to show association
signals as well, inflating the GWAS statistics. In contrast, inflation caused by other
factors would not be associated with LD score. Thus, the regression of the SNP test
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Table 1 An overview of the results of genome-wide association studies (GWAS) of bipolar

disorder
N of
N of cases/N | significant

Year | Ethnicity of controls signals® Nearest gene(s) Reference

2007 | Caucasian (UK) 1,868/2,938 0 / Wellcome
Trust Case
Control Con-
sortium (2007)

2008 | Caucasian 1,233/1,439 1 DGKH Baum et al.
(USA/Germany) (2008a)

2008 | Caucasian 1,461/2,008 0 / Sklar et al.
(USA/UK) (2008)

2008 | Caucasian 4,387/6,209 1 ANK3 Ferreira et al.
(USA/UK/Ireland) (2008)

2008 | Caucasian 3,101/4,377 0 / Baum et al.
(USA/UK/ (2008b)
Germany)

2009 | Caucasian 3,683/14,507 | O / Scott et al.
(USA/UK/Canada) (2009)

2009 | Caucasian (USA) 1,001/1,033 0 / Smith et al.
African-American 345/670 0 / (2009)
(USA)

2011 | Caucasian (USA/- 2,411/3,613 1 NCAN Cichon et al.
Australia/Europe) (2011)

2011 | Caucasian (USA/- 7,481/9,250 2 CACNAIC, Psychiatric
Canada/Europe) TENM4, ANK3, GWAS Con-

SYNEI sortium Bipo-
lar Disorder
Working
Group (2011)

2013 | Caucasian (USA/- 8,699/12,163 | 4 CACNAIC, Green et al.

Canada/Europe) TENMA4, (2013)
RHEBLI, DHH,
TRPC4AP, GSS,
MYH7B

2013 | Caucasian 6,773/9,915 6 ANK3, TRANKI, |Chen et al.
(USA/Europe) LMAN2L, PTGFR | (2013)

Asian (Taiwan) 1,000/1,000 0

2014 | Caucasian 9,747/14,278 |18 ANK3, TENM4, Miihleisen
(USA/Europe) TRANKI,ADCY?2, |etal. (2014)

MIR2113,
POU3F2

2016 | Caucasian 9,784/30,471 | 6 TRANKI, DDN, Hou et al.

(USA/Europe) MADILI, (2016)
ELAVL2, ERBB2,
MIR2113,
POU3F2

(continued)
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Table 1 (continued)

N of
N of cases/N significant
Year | Ethnicity of controls signals® Nearest gene(s) Reference

2017 | Caucasian 13,902/19,279 | 8 TRANKI, Charney et al.
(USA/Europe) LMAN2L, (2017)
FERILS,
CNNM4, SYNEI,
ADD?3,
XPNPEPI,
CACNAIC

2018 | Japanese 2,964/61,887 | 7 FADSI, FADS?2, Ikeda et al.
FADS3 (2018)
Japanese + 10,445/71,137 | 7 MADILI,
Caucasian TRANK]I,
TENM4, SYNEI,
MLL2, FADS2,
NFIX

2019 | Caucasian 20,352/31,358 | 30 LMAN2L, Stahl et al.
(USA/Europe) TRANKI, ANK3, |(2019)
CACNAIC,
NCAN, GRIN2A,
TENM4, and other
28 genes

Earlier studies were strongly underpowered to detect variants with small effect on disease risk
“Genome-wide significant (p < 5 X 1079 independent variants

statistics from a GWAS against the LD score provides an estimation of the
polygenicity of a trait and was used to confirm the polygenic architecture of
psychiatric disorders (Bulik-Sullivan et al. 2015a). The same approach can be
adapted to estimate the genetic correlation between two traits (Bulik-Sullivan et al.
2015b), and it has been largely applied in the field of neuropsychiatry.

Using LDSR, BP was demonstrated to be genetically correlated with other
psychiatric disorders, particularly with schizophrenia (SCZ) and secondly with
MDD and obsessive-compulsive disorder, while less strongly with anorexia nervosa
and autism spectrum disorders (Stahl et al. 2019; Brainstorm Consortium et al.
2018). BP type I was estimated to be more strongly genetically correlated with
SCZ, while BP type II was more strongly genetically correlated with MDD. The
genetic correlation between BP and SCZ was estimated to be 0.70, supporting a
widely shared genetic predisposition. In a large GWAS of SCZ and BP, 114 inde-
pendent genetic loci were found associated with both disorders, and genetic path-
ways implicated in the common genetic susceptibility were modulators of neuron
projection development, synaptic plasticity, and neurogenesis. On the other hand,
response to potassium ion was reported to be the only pathway associated with SCZ
only and not BP (Bipolar Disorder and Schizophrenia Working Group of the
Psychiatric Genomics Consortium 2018).
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Fig. 1 Barplot representing the genetic correlations between bipolar disorder and other psychiatric
and nonpsychiatric traits. Genetic correlations were estimated using linkage disequilibrium score
regression (LDSR), and references to the corresponding literature are reported in Sect. 4. AN
anorexia nervosa, ASD autism spectrum disorder, college_attend college attendance, dep_symptoms
depressive symptoms, edu_years years of education, MDD major depressive disorder, OCD
obsessive-compulsive disorder, SCZ schizophrenia, subj_wellbeing subjective well-being

Moving beyond psychiatric disorders, positive genetic correlations were reported
for BP and education years, as well as college attendance, but not with either adult or
childhood IQ, suggesting that the role of BP genetics in educational attainment may
be independent of general intelligence (Stahl et al. 2019). This finding is consistent
with evidence obtained in clinical samples, suggesting that IQ in BP may be affected
by the onset and progression of the disease, while in the pre-onset phase, prodromal
symptoms like elevated energy may contribute to good educational attainment
(Vreeker et al. 2016). BP does not seem to be genetically correlated with a number
of neurological diseases, such as Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and ischemic stroke, despite a nonsignificant trend of positive genetic
correlation was reported with the last (Brainstorm Consortium et al. 2018). An
overview of the genetic correlations of BP with other disorders is reported in Fig. 1.

Another approach used to estimate the genetic overlap between two traits is
represented by polygenic risk scores (PRS). This method, contrary to LDSR,
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requires raw genotypes, though some recent methods can be applied to summary
statistics. PRS are used to estimate if the genetics of one trait (according to the
GWAS results obtained in a base sample) is able to predict the same trait or a
different trait in an independent sample (target sample) and the strength of predic-
tion. PRS are calculated in the target sample as the sum of the risk alleles associated
with the trait weighted by their effect size calculated in the base sample. This
approach contributed to a better understanding of the genetic overlap between BP
and transdiagnostic clinical dimensions. Among 24 clinical dimensions or charac-
teristics, a positive correlation was reported between BP PRS and manic symptoms
in SCZ, between SCZ PRS and psychosis in BP cases, and between BP+SCZ PRS
and psychotic features in BP and negative symptoms in SCZ (Bipolar Disorder and
Schizophrenia Working Group of the Psychiatric Genomics Consortium 2018).
Overall, these findings support the hypothesis that the main clinical dimension
associated with the shared genetic liability between BP and SCZ is represented by
psychosis. Consistently, across a number of disorders, including BP, SCZ PRS was
shown to predict the risk of psychotic symptoms, despite the phenotypic variance
explained was very small (4.4%) (Calafato et al. 2018).

5 The Role of Rare Genetic Variants

Large (>100 kb), rare copy number variants (CN'Vs) have been shown to confer risk
for SCZ and other neurodevelopmental disorders, while the available evidence
suggests that this type of variant is less strongly involved in the risk of BP. The
strongest evidence for association with BP was obtained for duplications at 16p11.2,
which were found in 0.13% of BP cases compared with 0.03% of healthy controls.
Duplications at ATF7IP2, upstream of GRIN2A, a gene associated with BP by
GWAS, and at the gene CGNL] (cingulin-like 1) were also reported as risk factors.
The burden of very large (>500 kb) CNVs in BP was shown to be not different from
controls, contrary to what was observed in SCZ (Green et al. 2016).

Whole-exome sequencing in families including affected individuals led to the
identification of rare variants segregating with BP in the G protein-coupled receptor
(GPCR) family genes, including the corticotropin-releasing hormone receptor
2 (CRHR?2) gene and the metabotropic glutamate receptor 1 (GRM1). GPCR are
involved in the transduction of cellular signals, in response to stimuli such as
neurotransmitters and neuropeptides. Receptors that activate G proteins include
serotonin, glutamatergic, and dopaminergic receptors (e.g., HTRIB, GRMI,
GRM4, and DRDS). Through the activation of G proteins, these receptors modulate
two major signaling pathways, cAMP and phosphatidylinositol signaling pathways,
both of which are associated with the pathophysiology of BP and the mechanism of
action of drugs commonly prescribed in BP (Cruceanu et al. 2018).

Rare damaging variants were hypothesized to play a role in severe BP cases
comorbid with other neuropsychiatric disorders, particularly those having a
neurodevelopmental component, such as attention deficit hyperactivity disorder,
seizure disorders, and learning disabilities. In such cases, rare variants damaging
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the protein structure or function were identified in affected individuals and not in
controls, particularly in genes coding for proteins with GTPase-activating function
which are among the targets of lithium (Rao et al. 2017). CNVs in the neurexin
1 (NRXNI) gene have been associated with BP comorbid with intellectual disability
and have replicated associations with cognitive ability, autism, and SCZ. Neurexins
are crucial for the regulation of neurotransmission and the formation of synaptic
contacts. Thus, they are hypothesized to play a role in neurodevelopment (Vifias-
Jornet et al. 2014, 2018).

6 Gene X Environment Studies

Apart from genetic risk factors, a number of environmental exposures including
urbanicity, stressful life events, early life stress, and substance abuse may underlie
the development of BP. Environmental risk factors are hypothesized to interact with
the individual’s genetic predisposition to BP, and they may partly explain the
incomplete penetrance of the disorder. Gene x environment (G x E) studies aim to
understand how different genotypes affect the risk of developing a disorder
depending on the exposure to environmental factors. Most of the G x E studies
were focused on variants in candidate genes rather than multiple variants across the
genome (GWAS), and BP was under-investigated compared to other psychiatric
disorders, leading to inconclusive results so far. Most studies considered the impact
of childhood trauma in interaction with the rs6265 SNP of the brain-derived
neurotrophic factor (BDNF) gene or SNPs in genes regulating the monoaminergic
neurotransmitter system (the 5S-HTTLPR variant of the SLC6A4 gene and the rs4680
SNP in the catechol-O-methyltransferase (COMT) gene). However, none of these
findings was convincingly replicated, and the effect of potential confounders was
implicated as a possible reason (Misiak et al. 2018).

More extensive G x E research has been conducted on the risk of developing a
psychotic disorder, including but not limited to a psychotic affective disorder. A
strong candidate gene which has modulating effect on the risk of psychosis in
cannabis users and has been replicated is serine/threonine kinase 1 (AKTI), a gene
encoding a serine/threonine kinase involved in the transduction of signal following
cannabinoid receptor activation. Another group of studies used individual’s family
history and environmental exposures to derive a proxy of G x E interaction.
Individuals with a family history of psychotic illness appear to be particularly
sensitive to the effects of multiple environmental risk factors, including cannabis
use and urban upbringing. However, positive family history can also be affected by
environmental factors and not only genetics; furthermore, genetic variants that
increase sensitivity to the environment may be distinct from genetic variants that
directly increase the risk of illness. The demonstration corroborated this last hypoth-
esis that a PRS of overall sensitivity to the environment (both positive and negative)
predicted both the effects of parenting on emotional problems and response to
psychological treatment among children with anxiety disorders. However, it did
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not directly predict psychopathology (Zwicker et al. 2018). Further research is
needed to understand how genetic variants modulate psychopathology in interaction
with the environment, particularly in BP, which has been under-investigated so far.

7 Nongenetic Mechanisms Contributing to the Regulation
of Gene Expression: Epigenetics

Gene expression is modulated not only by genetic variants affecting gene transcrip-
tion or transduction in proteins but also through fluid mechanisms that can respond
to internal or external stimuli, in a way to adapt gene expression profiles to the
environment, namely, epigenetics. Epigenetics may partly explain the mechanism by
which environmental factors modulate the risk of BP. Examples of epigenetic
mechanisms of gene expression regulation are DNA methylation and histone mod-
ification. DNA methylation consists in the addition of a methyl (CH3) group to the
carbon-5 of cytosines in the DNA sequence, generating a modified nucleotide called
5-methylcytosine (SmC). DNA methylation occurs throughout the entire genome at
cytosines of CpG dinucleotides, which are frequently enriched around promoter
regions, in so-called CpG islands. These regions are responsible for DNA
methylation-dependent control of gene promoter activity, and higher methylation
is typically associated with gene repression. Mechanistically, it represses the activa-
tion of a promoter by either sterically inhibiting the binding of transcription factors
or by actively recruiting repressor proteins such as histone deacetylases (HDAC),
which will ultimately lead to the formation of heterochromatin (a highly condensed
form of DNA which is not accessible by transcription factors). DNA methylation
patterns are heritable, possibly explaining part of the heritability of BP. However,
they are also modulated by environmental exposure through the activity of a specific
group of enzymes called DNA methyltransferases (DNMTs) and a number of
translocation (TET) family of proteins, responsible for DNA methylation and
demethylation, respectively.

The published studies were heterogeneous in terms of the applied methodology to
evaluate DNA methylation (type of assay), genes which were tested (global genome
methylation, methylation in selected candidate genes, or genome-wide methylation),
and type of tissue used (blood in most studies, but in some cases postmortem brain
tissues). DNA methylation is tissue-specific, but high concordance between blood
and brain was reported, suggesting the utility of peripheral blood as a proxy of brain
tissues. Studies examining global genome methylation in BP compared to healthy
controls did not find consistent findings. Moreover, the interpretation of alternations
in global methylation levels would not be easy under the pathogenetic point of view.
The most investigated candidate genes were in line with those reported by studies
looking at genetic variation, namely, BDNF; monoaminergic genes, particularly
SCL6A4; the serotonin receptors 1A, 2A, and 3A (HTRIA, HTR2A, and HTR3A);
and the membrane-bound catechol-O-methyltransferase (COMT). In addition,
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methylation in the dystrobrevin-binding protein 1 (DTNBPI) gene was implicated in
BP, which product is involved in the modulation of glutamatergic neurotransmission
by influencing exocytotic glutamate release. Methylation candidate gene association
studies had sparse and often not replicated findings, mainly because they do not
capture the polygenicity of the disease, as discussed in Sect. 3. Genome-wide
methylation studies did not provide encouraging findings either since they did not
identify replicated findings. They used different arrays and different preprocessing
and analysis methods and considered different tissues, making them poorly compa-
rable. However, an interesting finding was that differentially methylated regions
between BP and controls depend from the brain region considered. For example, in
the frontal cortex (particularly in Brodmann’s area 9) and anterior cingulate, only a
few differentially methylated regions overlapped with promoters, whereas a greater
proportion occurred in introns and intergenic regions (Fries et al. 2016). These
noncoding regions may contribute to gene expression regulation since they were
found to overlap with long intergenic noncoding RNAs (lincRNAs) and
microRNAs. The function of these noncoding RNAs is only partially known, but
they are hypothesized to regulate gene expression by interacting with transcription
factors and by regulating posttranscriptional processing, such as mRNA transport,
translation, and degradation (Ransohoff et al. 2018).

The role of epigenetics in the pathogenesis of BP remains poorly understood so
far, in terms of genetic regions/genes showing abnormal methylation, differences
between tissues, and causal mechanisms responsible for the different methylation
patterns seen in BP compared to controls. A possible mechanism that may partially
be responsible for alterations in methylation in BP is represented by overexpression
of DNMT1 found by several independent studies in Brodmann’s area 9, which was
associated with the downregulation of specific GABAergic and glutamatergic genes
(Fries et al. 2016). Under this perspective, DNMT1 may be the target of future new
treatments.

8 Current and Future Lines of Research

From the previous sections of this chapter, it is quite evident that a strong genetic
basis of BP has been established, but the specific genetic variants or regions, as well
as the mechanistic process through which they lead to the disease, are still largely
unknown. However, a number of new and promising research resources have
emerged in the last years.

The recent improvements in genotyping/sequencing technologies but also in the
available storing and computational resources allowed the creation and growth of
large biobanks in a number of countries, such as the UK Biobank in the UK and All
of Us in the USA (UK Biobank 2019) (National Institute of Health (NIH) 2019).
These initiatives collected a wide range of health-related measures and biomarkers in
hundreds of thousand subjects from the general population, in order to study the
individual (genetic and nongenetic) factors associated with the development of
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diseases, but also with well-being, lifestyles, and other traits of interest such as
aging. Thus, not only disease risk factors can be identified, but it is possible also to
study those variables modulating disease onset and prognosis and, in this way,
develop preventive strategies. These unprecedented resources have been available
in the last few years and are in an expansion phase, in terms of number of subjects
but also phenotypic information, genetic data, and other biomarkers (e.g., brain
imaging). For example, whole-exome sequencing is expected to be completed in
all 500,000 subjects included in UK Biobank at the end of 2020, providing the
complete DNA sequence of the coding regions of the genome in a sample of
unprecedented size and richness of phenotypic characterization. Digital phenotyping
has been increasingly used to collect phenotype data from personal digital devices,
for example, for remotely monitoring psychiatric symptoms over time and collecting
activity data (Insel 2018). Another very powerful resource for extracting phenotypic
information is represented by electronic health records (EHR), which typically
include both structured information (e.g., diagnostic codes) and narrative notes
from which the information of interest can be automatically extracted using natural
language processing. Automated definitions of BP using three rule-based classifiers
based on information extracted from EHR were demonstrated to have genetic
correlations of 0.66, 0.74, and 1 (the most stringent definition) with a traditional
interview-based diagnosis of BP, confirming that EHR can be used for automated
definition of diagnosis (Chen et al. 2018).

Data from different biobanks are more and more often included in collaborative
research efforts, thanks to international consortia, such as the Psychiatric Genomics
Consortium (PGC), that made possible the largest GWAS of BP so far (Stahl et al.
2019), and it is actively committed to the recruitment of more samples and the
development of new analysis methods. The last point has been object of particular
interest since the analysis approaches used in psychiatric genetics had suffered from
important limitations for many years. A poor understanding of the genetic architec-
ture of BP and other psychiatric disorders, alongside with limited technological
resources, had restricted the existing research to the study of candidate genes and
individual variant effects for years. The drop in the costs of genotyping and next-
generation sequencing has played a fundamental role in the shift from individual
genes and individual variants to the study of the combined effect of a number of
variants across the genome. Methods such as LDSR and PRS are examples of
analysis approaches reflecting the polygenicity of complex traits, being able to
incorporate the effects of all the SNPs with evidence of association with a trait.
Future improvements of polygenic analysis methods are going to (a) better estimate
the effects of individual variants contributing to a trait, (b) take into account
interaction effects, and (c) include also rare genetic variants, which analysis has
been challenging.

Another recent interest in psychiatric genetics has been the identification of
causality between traits. Genetics can indeed contribute to understanding the causal
relationship between traits that are commonly seen together, but where there is no
clear knowledge indicating which one is causing the other or if they have indepen-
dent causes. Mendelian randomization (MR) allows to test this kind of hypothesis on
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observational data, using genetic variants randomly allocated at conception as
instrumental variables for a modifiable exposure (or trait) of interest. MR is analo-
gous to an RCT where instead of the allocation of participants to different treatment
groups, individuals are randomized by nature to carry or not carry genetic variants
that may modify the risk of exposure. MR uses genetic variants associated with
exposure (hypothetical causal trait) as instruments to infer causality on an outcome.
For a genetic variant to be a valid instrument, three assumptions must be satisfied:
(1) the genetic variant is strongly associated with the exposure of interest (at the
genome-wide level); (2) the genetic variant is not associated with any confounder of
the exposure-outcome association; and (3) the genetic variant is only associated with
the outcome through the exposure (Pagoni et al. 2019). Interestingly, MR was used
to assess the causal relationship between BP and a number of cardiometabolic traits,
being increased rates of cardiovascular diseases a major concern in patients with
BP. Using BP as the exposure, no causal relationship with cardiometabolic traits was
identified, suggesting that cardiometabolic abnormalities in these patients may be
mostly secondary (e.g., to lifestyles and medications) and not related to the under-
lying pathophysiology of BP (So et al. 2019). These results further corroborate the
importance of preventing and monitoring environmental risk factors of cardiovas-
cular disease in BP.

9 Conclusion

Notable progress has been achieved toward a better understanding of the genetics of
BP in the last years, thanks to technological advances and development of new
analysis methods. The genetic pathways mediating the disease, as well as the genetic
overlap of BP with other disorders or traits, have been partially elucidated. However,
the genetic contribution to BP and its interactions with the environment are still not
completely understood, and the available scientific findings have no produced
clinical applications so far.

The use of PRS to predict the risk of psychiatric disorders is currently one of the
most promising future applications, and it has attracted the interest of public and
private enterprises. The PRS for a trait can be converted into a standardized score
that follows a normal distribution, with higher PRS corresponding to higher risk, in a
way that could be used to determine an individual’s risk of the corresponding trait
based on his/her position on this distribution. Individuals falling above a certain
threshold could be informed of their risk and benefit from preventive strategies. It is
unclear how extreme a score would have to be to achieve clinical relevance.
However, it was speculated that a PRS in the top 1-5% of the population would
warrant feedback (Lewis and Vassos 2017) (Fig. 2). PRS could be used as a
screening tool to identify individuals at risk and allow an evidence-based allocation
of health-care resources (e.g., clinical monitoring, education about the environmen-
tal risk factors associated with the disease). PRSs are currently able to explain
between 1 and 15% of the variation between cases and controls (Visscher et al.
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Top 5%

Top 1%

Fig. 2 Example of bipolar disorder polygenic risk score (PRS) distribution. Subjects in the highest
1-5% of the PRS distribution are those who might warrant feedback and might benefit from
preventive interventions. This plot is meant to serve as a conceptual example and does not reflect
the distribution of real data

2017); however in an individual at the top end of the risk distribution (top 1-5%), the
risk could be significantly increased compared to the general population. Apart from
the need for further data for assessing the clinical relevance of PRS in psychiatry,
other issues should be addressed in order to develop clinical applications of psychi-
atric genetics. The most relevant of them are represented by ethical concerns,
education of physicians, and availability of tools for standard interpretation of
genetic results and standardized corresponding clinical interventions. Potential eth-
ical concerns include misinterpretation of findings due to insufficient education and
information, stigma and discrimination, commercial use of PRS having unclear
clinical relevance as direct-to-consumer product, and PRS use for embryo selection
(eugenics). Another issue that GWAS have only recently started to address is the
inclusion of people of non-European ancestry, in order to improve our knowledge
about the genetic variants that may be specifically observed only in some ethnic
groups and relevant to disease risk (Sullivan et al. 2018).

Hopefully, the valuable resources available to researchers within biobanks and
consortia will contribute in solving the still unanswered questions and to the
translation of genetic findings in clinical applications with demonstrated beneficial
effects to the individual and the society. Appropriate regulations about the consented
use of genetic information should be developed in order to avoid discrimination and
nonethical uses.



58 C. Fabbri

References

Arango C, Fraguas D, Parellada M (2014) Differential neurodevelopmental trajectories in patients
with early-onset bipolar and schizophrenia disorders. Schizophr Bull 40(Suppl 2):S138-S146

Barnett JH, Smoller JW (2009) The genetics of bipolar disorder. Neuroscience 164(1):331-343

Baum AE, Akula N, Cabanero M, Cardona I, Corona W, Klemens B et al (2008a) A genome-wide
association study implicates diacylglycerol kinase eta (DGKH) and several other genes in the
etiology of bipolar disorder. Mol Psychiatry 13(2):197-207

Baum AE, Hamshere M, Green E, Cichon S, Rietschel M, Noethen MM et al (2008b) Meta-analysis
of two genome-wide association studies of bipolar disorder reveals important points of agree-
ment. Mol Psychiatry 13(5):466-467

Bipolar Disorder and Schizophrenia Working Group of the Psychiatric Genomics Consortium
(2018) Genomic dissection of bipolar disorder and schizophrenia, including 28 subphenotypes.
Cell 173(7):1705-1715.e16

Brainstorm Consortium, Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK, Bras J et al (2018)
Analysis of shared heritability in common disorders of the brain. Science 360(6395):eaap8757

Bulik-Sullivan BK, Loh P-R, Finucane HK, Ripke S, Yang J, Patterson N et al (2015a) LD score
regression distinguishes confounding from polygenicity in genome-wide association studies.
Nat Genet 47(3):291-295

Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh P-R et al (2015b) An atlas of
genetic correlations across human diseases and traits. Nat Genet 47(11):1236-1241

Calafato MS, Thygesen JH, Ranlund S, Zartaloudi E, Cahn W, Crespo-Facorro B et al (2018) Use
of schizophrenia and bipolar disorder polygenic risk scores to identify psychotic disorders. BrJ
Psychiatry 213(3):535-541

Charney AW, Ruderfer DM, Stahl EA, Moran JL, Chambert K, Belliveau RA et al (2017) Evidence
for genetic heterogeneity between clinical subtypes of bipolar disorder. Transl Psychiatry 7(1):
€993

Chen DT, Jiang X, Akula N, Shugart YY, Wendland JR, Steele CIM et al (2013) Genome-wide
association study meta-analysis of European and Asian-ancestry samples identifies three novel
loci associated with bipolar disorder. Mol Psychiatry 18(2):195-205

Chen C-Y, Lee PH, Castro VM, Minnier J, Charney AW, Stahl EA et al (2018) Genetic validation
of bipolar disorder identified by automated phenotyping using electronic health records. Transl
Psychiatry 8(1):86

Cichon S, Miihleisen TW, Degenhardt FA, Mattheisen M, Mir6 X, Strohmaier J et al (2011)
Genome-wide association study identifies genetic variation in neurocan as a susceptibility factor
for bipolar disorder. Am J Hum Genet 88(3):372-381

Cruceanu C, Schmouth J-F, Torres-Platas SG, Lopez JP, Ambalavanan A, Darcq E et al (2018) Rare
susceptibility variants for bipolar disorder suggest a role for G protein-coupled receptors. Mol
Psychiatry 23(10):2050-2056

Ferreira MAR, O’Donovan MC, Meng YA, Jones IR, Ruderfer DM, Jones L et al (2008)
Collaborative genome-wide association analysis supports a role for ANK3 and CACNAIC in
bipolar disorder. Nat Genet 40(9):1056-1058

Fries GR, Li Q, McAlpin B, Rein T, Walss-Bass C, Soares JC et al (2016) The role of DNA
methylation in the pathophysiology and treatment of bipolar disorder. Neurosci Biobehav Rev
68:474-488

Green EK, Hamshere M, Forty L, Gordon-Smith K, Fraser C, Russell E et al (2013) Replication of
bipolar disorder susceptibility alleles and identification of two novel genome-wide significant
associations in a new bipolar disorder case-control sample. Mol Psychiatry 18(12):1302-1307

Green EK, Rees E, Walters JTR, Smith K-G, Forty L, Grozeva D et al (2016) Copy number
variation in bipolar disorder. Mol Psychiatry 21(1):89-93

Hou L, Bergen SE, Akula N, Song J, Hultman CM, Landén M et al (2016) Genome-wide
association study of 40,000 individuals identifies two novel loci associated with bipolar
disorder. Hum Mol Genet 25(15):3383-3394



The Role of Genetics in Bipolar Disorder 59

Ikeda M, Takahashi A, Kamatani Y, Okahisa Y, Kunugi H, Mori N et al (2018) A genome-wide
association study identifies two novel susceptibility loci and trans population polygenicity
associated with bipolar disorder. Mol Psychiatry 23(3):639-647

Insel TR (2018) Digital phenotyping: a global tool for psychiatry. World Psychiatry 17(3):276-277

Keller MC (2018) Evolutionary perspectives on genetic and environmental risk factors for psychi-
atric disorders. Annu Rev Clin Psychol 14:471-493

Lewis CM, Vassos E (2017) Prospects for using risk scores in polygenic medicine. Genome Med 9
(1):96

Lobo I (2008) Three individuals carry the same disease-causing mutation; two suffer from the
disease but exhibit different symptoms, while the third is completely unaffected. Why? Nat
Educ 1(1):64

Mertens J, Wang Q-W, Kim Y, Yu DX, Pham S, Yang B et al (2015) Differential responses to
lithium in hyperexcitable neurons from patients with bipolar disorder. Nature 527(7576):95-99

Misiak B, Stramecki F, Gaweda E, Prochwicz K, Sasiadek MM, Moustafa AA et al (2018)
Interactions between variation in candidate genes and environmental factors in the etiology of
schizophrenia and bipolar disorder: a systematic review. Mol Neurobiol 55(6):5075-5100

Miihleisen TW, Leber M, Schulze TG, Strohmaier J, Degenhardt F, Treutlein J et al (2014)
Genome-wide association study reveals two new risk loci for bipolar disorder. Nat Commun
5:3339

National Institute of Health (NIH) (2019) All of us. https://www.joinallofus.org/en/biobank.
Accessed 21 Nov 2019

Pagoni P, Dimou NL, Murphy N, Stergiakouli E (2019) Using Mendelian randomisation to assess
causality in observational studies. Evid Based Ment Health 22(2):67-71

Plomin R, Deary 1J (2015) Genetics and intelligence differences: five special findings. Mol
Psychiatry 20(1):98-108

Psychiatric GWAS Consortium Bipolar Disorder Working Group (2011) Large-scale genome-wide
association analysis of bipolar disorder identifies a new susceptibility locus near ODZ4. Nat
Genet 43(10):977-983

Ransohoff JD, Wei Y, Khavari PA (2018) The functions and unique features of long intergenic
non-coding RNA. Nat Rev Mol Cell Biol 19(3):143-157

Rao AR, Yourshaw M, Christensen B, Nelson SF, Kerner B (2017) Rare deleterious mutations are
associated with disease in bipolar disorder families. Mol Psychiatry 22(7):1009-1014

Scott LJ, Muglia P, Kong XQ, Guan W, Flickinger M, Upmanyu R et al (2009) Genome-wide
association and meta-analysis of bipolar disorder in individuals of European ancestry. Proc Natl
Acad Sci U S A 106(18):7501-7506

Sklar P, Smoller JW, Fan J, MAR F, Perlis RH, Chambert K et al (2008) Whole-genome association
study of bipolar disorder. Mol Psychiatry 13(6):558-569

Smith EN, Bloss CS, Badner JA, Barrett T, Belmonte PL, Berrettini W et al (2009) Genome-wide
association study of bipolar disorder in European American and African American individuals.
Mol Psychiatry 14(8):755-763

Smoller JW, Finn CT (2003) Family, twin, and adoption studies of bipolar disorder. Am J Med
Genet C Semin Med Genet 123C(1):48-58

So H-C, Chau K-L, Ao F-K, Mo C-H, Sham P-C (2019) Exploring shared genetic bases and causal
relationships of schizophrenia and bipolar disorder with 28 cardiovascular and metabolic traits.
Psychol Med 49(8):1286-1298

Stahl EA, Breen G, Forstner AJ, McQuillin A, Ripke S, Trubetskoy V et al (2019) Genome-wide
association study identifies 30 loci associated with bipolar disorder. Nat Genet 51(5):793-803

Sullivan PF, Agrawal A, Bulik CM, Andreassen OA, Bgrglum AD, Breen G et al (2018) Psychiatric
genomics: an update and an agenda. Am J Psychiatry 175(1):15-27

The 1000 Genomes Project Consortium (2015) A global reference for human genetic variation.
Nature 526(7571): 68-74

UK Biobank (2019) UK Biobank: improving the health of future generations. https:/www.
ukbiobank.ac.uk. Accessed 21 Nov 2019


https://www.joinallofus.org/en/biobank
https://www.ukbiobank.ac.uk
https://www.ukbiobank.ac.uk

60 C. Fabbri

Viias-Jornet M, Esteba-Castillo S, Gabau E, Ribas-Vidal N, Baena N, San J et al (2014) A common
cognitive, psychiatric, and dysmorphic phenotype in carriers of NRXNI1 deletion. Mol Genet
Genomic Med 2(6):512-521

Vinas-Jornet M, Esteba-Castillo S, Baena N, Ribas-Vidal N, Ruiz A, Torrents-Rodas D et al (2018)
High incidence of copy number variants in adults with intellectual disability and co-morbid
psychiatric disorders. Behav Genet 48(4):323-336

Visscher PM, Wray NR, Zhang Q, Sklar P, McCarthy MI, Brown MA et al (2017) 10 years of
GWAS discovery: biology, function, and translation. Am J Hum Genet 101(1):5-22

Vreeker A, Boks MPM, Abramovic L, Verkooijen S, van Bergen AH, Hillegers MHJ et al (2016)
High educational performance is a distinctive feature of bipolar disorder: a study on cognition in
bipolar disorder, schizophrenia patients, relatives and controls. Psychol Med 46(4):807-818

Wellcome Trust Case Control Consortium (2007) Genome-wide association study of 14,000 cases
of seven common diseases and 3,000 shared controls. Nature 447(7145):661-678

Zwicker A, Denovan-Wright EM, Uher R (2018) Gene-environment interplay in the etiology of
psychosis. Psychol Med 48(12):1925-1936



Targeting Mitochondrial Dysfunction )
for Bipolar Disorder e

Maya Kuperberg, Sophie L. A. Greenebaum, and Andrew A. Nierenberg

Contents
1 The MitOChONAIIA . .. ...ttt 62
1.1 Mitochondria as an Energy SOUICE ............ooueiiiiiiiiiii e 62
1.2 Other Functions of Mitochondria ... 64
2 Reactive Oxygen Species and OXidative Stress ........oovuueiieiiiiiiiieeiiiiieaaiinae.. 66
3 Mitochondria in Bipolar Disorder .............ooiiiiiiiiiiii 67
3.1 Possible Mechanisms of Mitochondrial Dysfunction in Bipolar Disorder ............ 69
3.2 Mitochondrial GENES . .......coiiiiittittt e e et 73
4 How Conventional Drugs for Bipolar Disorder Relate to Mitochondrial Functioning ... .. 74
5 Mitochondrial Potential Treatments ...........ootuuuuuunntiiii e eeeeeea e 76
5.1 Likely Beneficial ........oooinnii 76
5.2 Theoretically Beneficial, but No Studies Have Been Published ...................... 79
5.3 Unlikely to Be Beneficial ... 82
5.4 Potential Risk of a Manic SWitch ........ ... 83
5.5 VIAMINS « .ttt et 85
6 SUIMIMATY Lottt ettt e ettt et 87
REFETENCES . ... ettt e 89

Abstract People with bipolar disorder (BD) all too often have suboptimal long-
term outcomes with existing treatment options. They experience relapsing episodes
of depression and mania and also have interepisodic mood and anxiety symptoms.
We need to have a better understanding of the pathophysiology of BD if we are to
make progress in improving these outcomes. This chapter will focus on the critical
role of mitochondria in human functioning, oxidative stress, and the biological
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mechanisms of mitochondria in BD. Additionally, this chapter will present the
evidence that, at least for some people, BD is a product of mitochondrial
dysregulation. We review the modulators of mitochondria, the connection between
current BD medication treatments and mitochondria, and additional medications that
have theoretical potential to treat BD.

Keywords Bipolar disorder - Medication - Mitochondria - Treatment

Patients with bipolar disorder (BD) frequently experience recurrent episodes of
depression and mania, along with interepisodic mood and anxiety symptoms.
Despite effective treatments, even with the best guideline-concordant pharmacother-
apy, relapse rates remain high, and interepisodic symptoms persist. Better treatments
are needed. Advances in the neurobiological understanding of BD, coupled with the
growing trend of repurposing medications for new indications, have led researchers
to study interventions which target mitochondria to treat BD. This chapter aims to
provide an introduction to the biological mechanisms underlying mitochondrial
function and discuss the evidence for mitochondrial dysregulation in BD. We will
then take a look at mitochondrial modulators and review their effects or theoretical
potential in treating patients suffering from BD.

1 The Mitochondria

Mitochondria are intracellular organelles that have co-existed symbiotically with
eukaryotic cells for nearly 2 billion years, serving many different functions within
the cells. Most notably, mitochondria produce essential cellular energy in the form of
adenosine triphosphate (ATP), regulate calcium homeostasis, and are involved in
cellular death pathways (Cuperfain et al. 2018). We will now explore each of these
functions and their relationship with bipolar disorder (BD).

1.1 Mitochondria as an Energy Source

The primary source of energy for the cell comes from glucose. Glucose can be
metabolized in three distinct steps, the first occurring in the cell cytoplasm and the
latter two in the mitochondria. The first step is glycolysis, a process that with a net
energetic yield of only two molecules of ATP per molecule of glucose, but this
process also provides other molecules essential for further pathways: pyruvate and
nicotinamide adenine dinucleotide hydride (NADH). The second step of glucose
metabolism is the citric acid cycle (Krebs cycle), which utilizes pyruvate (obtained
either as a by-product of glycolysis from the first glycolysis step or other metabolic
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sources) with a net yield of one ATP molecule, again providing essential molecules
for the final step, NADH and flavin adenine dinucleotide (FADH2), which are
passed on to the last phase of cellular respiration. The third and final step is oxidative
phosphorylation (OXPHOS), in which the proteins of the electron transport chain
(ETC) remove electrons from the substrates created in the previous two steps and
shuttle them along with different complexes. This transport of electrons induces
pumping of protons from the mitochondrial matrix to the mitochondrial
intermembrane space (Bonora et al. 2012), creating the electrochemical gradient
that drives the enzymatic conversion of ADP into ATP in the fifth and final complex
of the ETC aptly named ATP synthase (Cuperfain et al. 2018). All in all, by going all
the way through the OXPHOS pathway, one molecule of glucose will generate
between 36 and 38 molecules of ATP, making it by and large the most efficient
pathway for energy production (Li et al. 2015).

All cells require energy in order to function, but the human brain has an extremely
high energetic demand, consuming about 20% of oxygen (at rest) despite weighing
only 2% of body weight (Clarke 1999). Neurons require large amounts of ATP to
maintain functions such as neurotransmission, neuronal plasticity, protein synthesis,
osmolarity, and cell division (Jardim et al. 2018). In order to meet these demands, the
mitochondria move to where they are needed, using microtubule networks, to
provide energy in regions of intense energy demands, e.g., around synapses
(where ATP is used for synaptic transmission) or in areas of neurite outgrowth
(Srivastava et al. 2018; McCann and Ross 2018). As one of the major consumers of
energy, the human brain may be especially sensitive to dysregulations in mitochon-
drial functioning, with the implication that even mild disruptions in energy supplies —
so mild that they might not present systematically as a mitochondrial disease — could
still have neuropsychiatric manifestations (Peters et al. 2004).

As in most other tissues, the brain’s primary source of energy is the mitochondria,
producing the vast majority of ATP by OXPHOS. While it has previously been
thought that only 1% of brain ATP is provided by glycolysis — that first step in
glucose metabolism detailed above (Erecinska and Silver 1989) — glycolysis is more
central in neurons, providing between 8 and 15% of the brain’s ATP (Blazey et al.
2018). Even though glycolysis is a much less efficient route for ATP production than
OXPHOS, generating about 17 times less ATP per glucose molecule, it is 100 times
faster (Liberti and Locasale 2016). This mean glycolysis can serve as a rapid source
of energy under conditions of limited oxygen supply when impairments occur in the
OXPHOS pathway for any reason or simply when energy demands exceed supply.
The process of glycolysis leads to an accumulation of pyruvate and lactate, which
can serve as detectable biomarkers for this pathway’s activity (Dogan et al. 2018).
Lactate itself is now known to be more than strictly a waste product of glycolysis,
with functions as an intermediary in metabolic processes and even as quick acces-
sible fuel (Gladden 2004). While there is no doubt that glucose is the preferred
source of energy during both rest and activation, there is an ongoing debate regard-
ing lactate’s role in the brain’s energy metabolism — some speculate lactate may be
preferred when neurons fire at a high rate (Baltan 2015), while others see lactate as
an “opportunistic” glucose-sparing substrate (Dienel 2012). Either way, changes in
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concentrations of lactate might represent mitochondrial and metabolic dysfunction
that shift the cell toward reliance on less efficient sources of energy (Lin et al. 2003).

Cells keep their ATP levels tightly controlled within a narrow range, but the ATP
molecules themselves cannot be easily stored, due to their low stability in water and
the high rate of ATP-dependent processes that would quickly utilize and deplete its
levels (Bonora et al. 2012). When ATP levels rise beyond the energetic demand of
the cell, excess energy needs to be stored away, and this can be done by attaching
ATP’s high-energy phosphate to creatine, generating one phosphocreatine (PCr) and
one ADP (Guimaraes-Ferreira 2014). This reaction is catalyzed by the enzymes
Creatine Kinase (CK), a bidirectional enzyme capable of both transferring a phos-
phate group from PCr to ADP (forming ATP and creatine) in times of energetic
demand and transferring a phosphate from ADP to creatine (forming PCr and ADP)
in times of energy surplus. Interestingly, since acute cellular activity depletes ATP,
in order to maintain its tightly controlled levels, the cell needs to rapidly break down
PCr and reproduce ATP — an action that leads to a measurable drop in PCr. With that
mechanism in place, we can measure PCr levels as indicative of the cellular energy
storage status (Allen 2012; Du et al. 2018; Sahlin and Harris 2011) — with high levels
of PCr reflecting good or excess energy production and low levels of PCr reflecting
insufficient energy production. It has even been suggested that chronically depleted
PCr might be indicative of cellular hypometabolism due to mitochondrial dysfunc-
tion that caused chronic insufficient ATP supply (Modica-Napolitano and Renshaw
2004).

1.2 Other Functions of Mitochondria

As stated before, while the mitochondria are essential for cellular energy metabo-
lism, they take an integral part in many more cellular functions. Our review of these
functions is just the tip of the iceberg, as in-depth details of the molecular mecha-
nisms are beyond the scope of this chapter. Interested readers are highly encouraged
to delve into the finer details in other sources.

Calcium Homeostasis Calcium (Ca2+) are ions essential for the physiology of the
organism, involved in many cellular processes and functions including metabolism,
secretion, gene expression, cell survival, and cell death. The mitochondria and
endoplasmic reticulum (ER) are two organelles serving as major reservoirs of
intracellular calcium (Srivastava et al. 2018), by taking up calcium ions, releasing
them back to the cytoplasm, and buffering intracellular calcium concentration to
avoid high cytosolic levels that could be toxic to the cell (de Sousa et al. 2014).
Calcium ions are not passive players in these interactions, and they can, in turn,
affect mitochondrial functioning: not only can they affect mitochondrial membrane
depolarization, but well-balanced calcium concentrations also are beneficial for
mitochondrial functioning. They can contribute to faster activity of the respiratory
chain enzymes and eventual higher ATP output. Calcium ions can also modulate the
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clearance of reactive oxygen species (ROS) by increasing antioxidant defenses,
helping to sustain the increased metabolic rate (Zhang et al. 2016). Despite all
these beneficial effects, it turns out excessive calcium can cause problems: an
overload of mitochondrial calcium can cascade and culminate in disturbed mito-
chondrial functioning, increased ROS production, and even cell death with apoptotic
or necrotic mechanisms (Javadov et al. 2018). Calcium concentrations, like that of
many other cellular components, need to be balanced in order to guarantee maxi-
mum gains at minimal costs.

In addition to the effects of calcium on the mitochondria, calcium also affects
other biological systems relevant to BD and psychiatric illness. In the brain, calcium
is essential for the proper effects of neurotransmission: the release of neurotransmit-
ters can result in a rapid (but transient) rise in calcium levels in the post-synaptic
neuron, leading to changes in neuron excitability and membrane structure for both
the short- and long-term. Outside of the specific synaptic context, the influx of
calcium to the post-synaptic neuron initiates a cascade of signaling events that affect
cellular gene expression for processes such as dendritic growth, synapse develop-
ment, and neuronal plasticity (Greer and Greenberg 2008). Lastly, calcium levels
have been shown to have effects on the activity of the circadian clock and circadian
rhythms. A construct was shown to be involved in the pathophysiology of BD
(McCarthy et al. 2016).

Apoptosis Mitochondria have a major role in apoptosis, or programmed cellular
death, via both its intrinsic and extrinsic pathways (de Sousa et al. 2014), for
example, due to triggers such as excessively high cytosolic levels of calcium,
excessive activity of free radicals, and other perturbations in the balance of pro-
and anti-apoptotic factors. Apoptosis is not necessarily a deleterious process, but a
physiological part of normal cell turnover and brain development, even in adults. For
example, apoptosis can lead to the selective destruction of synapses (Lee et al. 2018;
Flippo and Strack 2017) — which at appropriate levels could be related to beneficiary
neuroplasticity and pruning, but when utilized inappropriately could result in an
extensive synaptic loss (Baranov et al. 2019; de Sousa et al. 2014).

In the context of mitochondria’s role, and like any other balanced biological
processes, cells have developed defense mechanisms to prevent excessive cellular
death by inappropriate apoptotic mechanisms brought about by aberrant mitochon-
dria. By the process of mitochondrial autophagy (mitophagy), cells segregate their
damaged components and divide them by mitochondrial fission, degrading the
dysfunctional mitochondrion and retaining healthy ones. Modest mitophagy can
be compensated for by the cells’ mitochondrial reserve and mitochondrial biogenesis
to maintain energy production. Excessive mitophagy, however, or lack of compen-
satory mitochondrial biogenesis, will result in cell death (Kubli and Gustafsson
2012). A dysregulation in the process of mitophagy could lead to accumulation of
damaged mitochondria, resulting in decreased energy production, increased oxida-
tive stress (explained in a subsequent section), and decreased mitochondrial calcium
buffering capacity — conditions that are especially harmful to postmitotic cells, such
as neurons in the brain (Scaini et al. 2019).
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2 Reactive Oxygen Species and Oxidative Stress

Mitochondria are a major source of reactive oxygen species (ROS, and to a lesser
degree of reactive nitrogen species, RNS). ROS are highly reactive oxygen-
containing free radical molecules that continuously form in all aerobic organisms.
Free radicals are highly reactive due to their chemical structure, containing a single
unpaired electron in their outermost shell of electrons, which makes them able to
interact with and damage cellular components such as proteins, lipids, and nucleic
acids (Zhang et al. 2016), leading to cell injury and death. For example, in the case of
the mitochondria, ROS activity could damage mitochondrial DNA, proteins of the
respiratory chain, or lipids of the mitochondrial membrane lipids. This resulting
dysfunction could increase membrane permeability and disrupt the calcium homeo-
stasis (Guo et al. 2013), affecting the antioxidant activity and ROS production
(Zhang et al. 2016). In this manner, excessive or unopposed ROS activity in the
mitochondria could set off a chain of events resulting in cellular damage.

During normal aerobic cellular respiration, a small percentage of the electrons
passing through the electron transfer chain (ETC) in the mitochondria can escape,
and this leakage can lead to the formation of ROS (Srivastava et al. 2018). This is
generally a normal and balanced process, but under pathological conditions — such as
diminished or heightened activity of the ETC complexes — mitochondrial ROS
formation can increase further, beyond the limits of normal and balanced concen-
trations (Raha and Robinson 2000). In addition to the electron leakage that happens
during oxidative phosphorylation (OXPHOS), many cellular processes (both phys-
iological and pathological) as well as environmental exposures can also lead to
generation of reactive species. These include — but are not limited to — immune
system activation, tissue ischemia, mental stress, aging, synthesis of prostaglandins,
phagocytosis, cytochrome P450 activity, exposure to pollutants, or ionizing radia-
tions and more (Pizzino et al. 2017).

While ROS have potentially harmful effects, they also have important functions
in cellular functioning. These reactive species can be used as signaling and modu-
lating molecules, involved in major biological pathways such as adaptation to
hypoxia, cell differentiation, and phagocytosis (Sena and Chandel 2012; Pizzino
et al. 2017; Droge 2002). To counterbalance the toxic potential, tight regulation is
required so that ROS could participate in physiological cell signaling without
causing structural damage or cellular death. Cells have developed antioxidant
defenses and ROS scavenging capacities, allowing moderate levels of ROS for
their beneficial roles while preventing their accumulation to dangerous levels.
Antioxidant defenses include endogenous molecules such as glutathione (GSH),
catalase (CAT), superoxide dismutase (SOD), coenzyme Q10, melatonin or uric
acid, and exogenous antioxidants such as vitamin C, vitamin E, zinc, and drugs, for
example, acetylcysteine, a precursor of GSH (Liguori et al. 2018). GSH is the most
important antioxidant molecule, and the mitochondria contain about 10-15% of the
total GSH in the cell (Matschke et al. 2019). It should be noted, of course, that
medicine and biology are rarely unidirectional — the oxidative balance is a complex
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process, with many antioxidants also having pro-oxidant abilities under certain
conditions or concentrations (Matschke et al. 2019).

If the ROS-homeostasis is perturbed, due to either increased production or
reduced antioxidant defenses, cells might reach a state termed oxidative stress,
meaning the balance between pro-oxidant and antioxidant mechanisms has shifted
in favor of the pro-oxidants (Pizzino et al. 2017). When oxidative stress occurs, cells
are exposed to oxidative damage of essential macromolecules including DNA,
lipids, proteins, and carbohydrates. The consequences of damage caused by free
radicals can be extremely deleterious and lead to many ailments, both acute and
chronic, including cancer, cardiovascular and neurodegenerative disorders, as well
as aging processes (Pizzino et al. 2017; Pham-Huy et al. 2008). In particular, the
mitochondrial DNA (mtDNA) that has no protective histones and lacks repair
mechanisms present for nuclear DNA is particularly vulnerable to damage caused
by such oxidative modifications (McCann and Ross 2018). Researchers have sought
whether increasing the body’s antioxidant defenses could slow or even stop the
progression of many of these diseases, with generally conflicting results (Liguori
et al. 2018).

The brain is especially vulnerable to shifts in the ROS balance and oxidative
stress for several reasons: first, because of its high metabolic rate and high lipid
content, it is easier to achieve high concentrations of reactive species in the brain,
naturally shifting the balance in favor of the pro-oxidants (Massaad and Klann
2011). Second, neurons have lower levels of antioxidant defenses than other cells
in the nervous system, naturally making the shift toward the pro-oxidant factors
easier (Steckert et al. 2010; Matschke et al. 2019). Third, since neuronal cells are
mostly postmitotic, they accumulate damage throughout life (Matschke et al. 2019).
Studies of the nervous system have shown that psychiatric patients endure excessive
levels of oxidative stress (Srivastava et al. 2018), and this is a possible mechanism by
which neuropsychiatric illnesses result in pathophysiologic changes — and a possible
mechanism that can be targeted by medications.

3 Mitochondria in Bipolar Disorder

Bipolar disorder (BD) is a neuropsychiatric disorder with a cyclical nature, alternat-
ing between periods of euthymia, mania, and depression. The precise pathophysio-
logical pathways responsible for BD remain elusive even after many years of
research, likely due to multifactorial etiology involving many different molecular
disturbances, arising from mutations in many small genetic risk areas and accumu-
lation of environmental stressors (Szczepankiewicz 2013).

Originally, BD was thought to reflect an adrenergic-cholinergic imbalance, with
higher adrenaline activity in mania and higher acetylcholine activity in depression.
This hypothesis has since been updated, describing mania as a state of higher
catecholaminergic status (i.e., both dopaminergic and adrenergic) relative to cho-
linergic status and vice versa in depression. Medication studies generally supported
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this hypothesis: drugs that increase acetylcholine in the central nervous system
(CNS) increase depressive symptoms, and drugs that increase adrenaline and dopa-
mine can induce or exacerbate manic symptoms (van Enkhuizen et al. 2015). The
efficacy of selective serotonin reuptake inhibitors (SSRI) in the treatment of depres-
sion and their propensity to induce a switch to a manic state in patients with BD have
led to a more general “monoamine dysregulation” theory of BD that includes not
only catecholamines but also serotonin. This hypothesis is backed by the effects of
serotonergic agents but also by molecular imaging studies, and associated genetic
studies pointed at genes that influence monoamine systems, including transporters
and catalyzers (Sigitova et al. 2017). However, decades of studies and many similar
drug developments later, there is disagreement regarding the precise mechanisms
causing the monoamine imbalances. Nowadays, it is apparent that additional neu-
rotransmission systems participate in the pathophysiology of BD other than the
monoamines, including glutamatergic, GABAergic, and even opioid dysregulation
(Blacker et al. 2017; Lutz and Kieffer 2013).

Despite the many drugs that have gained FDA approval for BD, current treatment
options remain unsatisfactory, and many patients continue to experience intra-
episodic symptoms or even full-blown episodes that are resistant to treatment,
particularly of the depressive polarity (Geddes and Miklowitz 2013). In the search
for greater pathophysiological understanding and effective treatment modalities,
research has been inspecting the role of mitochondrial dysfunction and oxidative
damage in BD. This idea has been proposed by Kato and Kato in 2000 and is based
on relevant study findings, the increased likelihood of maternal inheritance in
generational transmission of BD, abnormal findings in the mitochondrial DNA
(mtDNA) of patients with BD, and comorbidity of affective disorder with mitochon-
drial disorders (Kato and Kato 2000; Kato et al. 2018). For example, the manic phase
in BD seems to be particularly prone to increases in energy production and oxidative
stress, with manic patients showing increased mitochondrial respiration and ATP
utilization (Weber et al. 2013). One proposed mechanism for these observations is
that an initial increase in oxidative stress at the beginning of a manic episode leads to
increased mitochondrial functioning, with consequent increases both in ROS pro-
duction and in the activity of mitigating factors that are attempting to control the
potentially toxic state of oxidative stress. By increasing antioxidant defenses, mito-
chondrial activity (and ROS production) can be elevated without yet triggering
apoptotic mechanisms. Eventually, however, the defensive pathways become
overwhelmed, mitochondrial functioning begins to deteriorate, and cellular damage
occurs. Nearing the end of the manic episode, oxidative stress levels decrease,
potentially provoking a transition from mania to euthymia or depression (Morris
et al. 2017). This is just one proposed mechanism, and not all evidence is consistent
with it.

While behaviorally, BD can easily be described as a disorder of energy levels — an
abundance in mania versus a deficit in depression — attempts at direct translations
from the phenomenological level to the molecular level are scantily successful, and
evidence is accumulating that aberrations in bioenergetic mechanisms exist in all
phases of the illness. In addition to the specific processes and pathways, patients with
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BD demonstrated abnormalities in the structure and distribution of mitochondria
within the cell, both in the brain and peripheral cells (Cataldo et al. 2010). Results
from different studies are often inconsistent, limited by a small number of patients,
different stages of disease, and different pharmacotherapies. It seems that while the
mitochondrial function is overall somewhat disrupted, the specific pattern of disrup-
tion is inconclusive. Below we will explore potential molecular mechanisms by
which mitochondrial dysfunction could be associated with BD.

3.1 Possible Mechanisms of Mitochondrial Dysfunction
in Bipolar Disorder

3.1.1 A Shift from OXPHOS to Glycolysis

Studies demonstrate a shift from OXPHOS to glycolysis in at least several brain
areas, if not globally, as evident by decreased phosphocreatine (PCr) and increased
lactate in magnetic resonance spectroscopy (MRS) studies (Dudley et al. 2015,
2016; Dogan et al. 2018; Nierenberg et al. 2013). As a quick reminder, glycolysis
is the fastest but least efficient pathway from glucose to ATP, while OXPHOS takes
(relatively) much more time but yields many more ATP molecules per glucose. PCr
serves as the cell’s energy storage with lower PCr levels implying energy stores are
low, either due to decreased production or increased utilization of ATP. Cellular
conditions of high energetic demand, or a dysfunction in the OXPHOS pathways,
could lead to increased reliance on glycolysis for ATP supply with the associated
lactate accumulation and reduced energy production (Callaly et al. 2015). A 2018
meta-analysis reported that overall, and despite some contradictory findings, lactate
levels were indeed elevated in the brains of patients with BD compared to healthy
controls. That treatment with a mood stabilizer was somewhat able to restore brain
lactate to levels comparable to healthy control (Kuang et al. 2018). These findings
suggest that patients with BD indeed shift away from OXPHOS toward the largely
inefficient process of glycolysis as an energy source, leading to reduced total energy
output of the mitochondria.

Electron Transport Chain (ETC) Interestingly, it has been shown that under
normal conditions, the expression of ETC genes was the same in patients with BD
as in healthy controls, but during stress conditions of glucose deprivation where
upregulation of ETC genes is expected and was indeed observed in healthy controls,
patients with BD displayed reduced expression for the entire ETC. This pattern is
consistent with the notion of mitochondrial inability to adapt to energetic stress in
BD (Naydenov et al. 2007). Many studies detected disturbances in the activity and
regulation of complexes of the ETC, but the direction of change is inconsistent. Most
likely, these changes are dependent on the polarity of the current mood episode and
on the specific brain and region assessed and possibly could also be affected by the



70 M. Kuperberg et al.

type of psychotropic medication the patients received before assessment (Holper
et al. 2019).

e ETC Complex I Complex I is the primary site of ROS production, and its
inhibition is linked to decreased energy production (Callaly et al. 2015) and
increased oxidative stress (Onukwufor et al. 2019). Compared to healthy controls,
a 2010 postmortem study found decreased activity and levels of complex I in the
prefrontal cortex (PFC) of patients with BD. No differences were detected
between patients who were treated with antipsychotic medications, known to
inhibit complex I activity and those who were not (Andreazza et al. 2010). More
recently, 2018 meta-analysis found complex I subunits expression to be generally
reduced, but certain units’ expression increased (Holper et al. 2019), while a 2019
study found increased complex I activity in medicated patients with bipolar
depression. It has been speculated that this increased activity is a compensatory
response to decreases in activity of other complexes (Zverova et al. 2019).

e ETC Complex II: During a bipolar depressive episode, activity of complex II
decreased when compared to euthymic patients, and the activity was also nega-
tively correlated with scores on a depression scale (Valvassori et al. 2018;
Zverova et al. 2019) — that is, the lower the activity of complex II, the more
severe their depression.

e ETC Complex IV: During a bipolar depressive episode, levels of complex IV were
decreased (Zverova et al. 2019).

3.1.2 Creatine Kinase

CK is the enzyme responsible for the reversible transfer of a high-energy phosphate
group between ATP and creatine, creating PCr stores when supply exceeds demand
or rapidly generating ATP in times of energetic need (Yuksel et al. 2015; MacDon-
ald et al. 2006). During periods of tissue activation, the predicted response observed
in healthy individuals is a reduction in PCr levels with no change in ATP levels,
reflecting the cell’s ability to regenerate ATP from PCr — and the importance of
constant ATP levels. In patients with BD who were undergoing a visual stimulation
test, ATP levels decreased, while PCr levels did not change, implying no generation
of ATP despite the need. Suspecting a specific defect in the CK reaction, a recent
study found a significant reduction in the reaction rate constant of the CK enzymes in
patients with BD, compared to healthy controls. This implies that patients with BD
have abnormalities in their ability to generate ATP during times of stress, despite
normal levels at rest — and this might be related to the patients’ sensitivity to
conditions of increased stress (Du et al. 2018).
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3.1.3 Calcium

Impaired regulation of calcium signaling is a highly reproducible abnormality in
BD. Peripheral blood cells of patients with BD show elevated calcium, associated
with dysfunction in both endoplasmic reticulum (ER) and mitochondrial activity
(Machado-Vieira et al. 2011). Dysregulated calcium homeostasis has also been
associated with excessive ROS production (Fonseca et al. 2015). Interestingly,
studies of patients with the mitochondrial disease chronic progressive external
ophthalmoplegia (CPEO) showed that 16-21% of them were diagnosed as having
BD, a rate much higher than the population reported prevalence of 1%. Mice with
mutants in the gene responsible for CPEO, polymerase gamma (POLG, which is a
mitochondrial DNA polymerase), exhibited depressive and manic-like symptoms,
were affected by treatment with lithium, and also showed altered calcium signaling
(Kato 2019).

Calcium signaling is affected by the inositol signaling pathway — inositol being
an essential substrate for signaling molecules, involved in multiple cellular events.
Of particular relevance, this pathway can lead to increased calcium release in the
brain, and when inositol levels are deficient, the calcium response mediated by this
pathway will be attenuated (Harwood 2005). Studies have shown that optimal
mitochondrial functioning is required for common pathways of inositol-triggered
calcium release, tying together inositol and mitochondrial functioning (Wilson et al.
2019). The “inositol depletion hypothesis” of BD claims that the periodic switching
between manic and depressive episodes results from neuronal activity driven by an
altered inositol signaling and calcium signaling (Berridge 2014). Higher inositol
signals were detected during the manic phase and lower levels during the depressive
phase (Yu and Greenberg 2016). Lithium, a commonly used and useful drug in the
treatment of BD, reduces the supply of inositol by inhibiting inositol-
monophosphatase (IMPase) — a key enzyme in the production of inositol — implying
lithium can prevent abnormal increases in calcium as part of its therapeutic actions
(Kato 2019).

3.1.4 Increased Oxidative Stress

Many studies have shown increased levels of lipid and protein peroxidation,
reflecting oxidative damage, in patients with BD compared to healthy controls
(Akarsu et al. 2018; Brown et al. 2014). Whether these findings reflect a state marker
of acute episodes or a trait marker of BD, and precisely how they result from an
overproduction of free radicals or decreased antioxidant defenses, are points of
disagreement — with different studies reporting contradictory results (Valvassori
et al. 2018; Siwek et al. 2016; Kim et al. 2017). For example, some studies find
levels of the important antioxidant GSH to be reduced (Rosa et al. 2014; Tsai and
Huang 2015), others find GSH levels increased (Ngamchuea et al. 2018), and others
are not able to detect any significant differences from healthy controls at all
(Lagopoulos et al. 2013; Soeiro-de-Souza et al. 2016). These are but a few examples
and many other factors are at play in the ROS balance.
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3.1.5 Neurotransmitters

One interesting focus of study combines oxidative stress, mitochondrial functioning,
and neurotransmitter hypothesis of BD pathophysiology. This merge of fields could
mean that the findings are links of the same chain, each affecting the others, and not
separate pathophysiologic pathways.

Dopamine is a catecholamine neurotransmitter with many functions in the brain,
including essential roles in the modulation of behavior and cognition and also
serving as a precursor for (nor)epinephrine production. Dopamine is central in
various neural pathways related to motivation, reward, sleep, mood, attention, and
learning (Juarez Olguin et al. 2016). Studies have found that in patients with BD, the
density of dopamine receptors is increased during psychotic mania, and manic
patients also demonstrate hyperactivity in dopaminergic circuits of the reward
system. Studies are less consistent regarding dopamine and its receptors during
times of euthymia and depression (Ashok et al. 2017). Regarding mitochondrial
and brain functioning, dopamine has complex actions. On the one hand, elevated
levels can lead to mitochondrial dysfunction by inhibiting mitochondrial motility
(Chen et al. 2008), inhibiting subunits of the ETC (Czerniczyniec et al. 2007) and
increasing oxidative stress with possible eventual cell death (Monzani et al. 2019).
On the other hand, dopamine also has neuroprotective properties, working in
synergism with uric acid to repair DNA damage and protecting neurons against
glutamatergic excitotoxicity (Vaarmann et al. 2013) — which is thought to be a
possible process in BD.

Glutamate is the main excitatory neurotransmitter in the brain, primarily binding
to N-methyl-D-aspartate (NMDA) receptors and affecting calcium channels. As
described before, calcium is involved in many cellular pathways, and the mitochon-
dria and the ER tightly regulate its levels. Activation of glutamate receptors induces
calcium influx into the cytosol of neurons, where the mitochondria buffer the ions.
Increased levels of glutamate may lead to calcium overload — also known as
glutamate excitotoxicity — a process that can result in overproduction of ROS and
eventual cell death. Abnormal increases in glutamate have been reported in patients
with BD (Bustillo et al. 2019), and several mood stabilizers are capable of regulating
its levels (Soeiro-de-Souza et al. 2018a). A possible mechanism is that a genetic
mutation in mtDNA of patients with BD leads to abnormalities in the mitochondria’s
ability to buffer calcium, resulting in a decreased capacity to handle glutamate
excitotoxicity without resorting to apoptosis (Callaly et al. 2015).

3.1.6 Brain-Derived Neurotrophic Factor (BDNF)

BDNEF is a type of neurotrophic factor, which are molecules essential for neuronal
proliferation and differentiation during brain development, and that also play critical
roles in plasticity, survival, and connectivity in the adult brain. BDNF also has
various neuroprotective effects — mitigating glutamate excitotoxicity, anti-apoptotic,
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and antioxidant activities, at times as a response to mitochondrial dysfunction (Chen
et al. 2017; Markham et al. 2014). Impairment in BDNF signaling have been found
in a wide range of neurologic and psychiatric disorders, including BD: patients
during acute episodes, whether manic or depressive, had significantly lower levels of
BDNF compared to healthy controls, while during euthymia no differences were
detected (de Oliveira et al. 2009). The decreased levels of BDNF may make patients
with BD less resilient to small impairments in mitochondrial functioning.

3.1.7 NAA

N-Acetylaspartate (NAA) is a metabolite highly concentrated in neurons, with roles
in myelination and energy metabolism in mitochondria (likely through the genera-
tion and use of acetyl-CoA). Levels of NAA reflect the health of neurons and their
mitochondria and act as reliable markers for neuronal energy impairment or dys-
function (Moffett et al. 2013). NAA can be measured using proton magnetic
resonance spectroscopy (‘H-MRS) studies, but results are difficult to interpret as
NAA levels are sensitive to pharmacological and behavioral treatments, the current
mood state, and illness duration. In light of this, and as seems to be the theme when
attempting to study a topic as diverse as “mitochondrial functioning” — different
studies often end up with conflicting results (Soeiro-de-Souza et al. 2018b). Overall,
studies do indicate abnormalities in energy balance, evidenced by differences in
NAA levels between patients with BD and healthy controls.

3.1.8 Bcl-2

The anti-apoptotic protein B cell lymphoma protein-2 (Bcl-2) prevents cellular
apoptosis by preventing the release of cytochrome-c in the mitochondria. Increased
Bcl-2 activity is known to correspond to an increase in OXPHOS and ATP produc-
tion (Manfredi et al. 2003), and elevated levels of Bcl-2 can increase the mitochon-
dria’s capacity for calcium uptake and resistance to calcium influx, preventing
impairments due to incapacitating calcium overload (Murphy et al. 1996). In patients
with BD, levels of Bcl-2 were found to be lower in the prefrontal cortex (Kim et al.
2010), while serum levels during a manic episode were negatively correlated with
the severity of manic symptoms (Chen et al. 2015) — that is, lower levels of Bcl-2
were correlated with more severe mania. It should also be noted that BDNF exerts
part of his anti-apoptotic effects via the Bcl-2 protein (Chen et al. 2017), and as noted
before, its levels were found to be decreased in patients with BD.

3.2 Mitochondrial Genes

The vast majority of genes involved in mitochondrial function are located in the cell
nucleus (about 1,200), but 37 genes are encoded directly by mitochondrial DNA
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(mtDNA) located within the organelle itself (Chinnery and Hudson 2013). mtDNA
does not undergo recombination during meiosis like nuclear (autosomal) DNA, is
strictly maternally inherited through the ovum, and lacks the protective repair
mechanisms nuclear DNA has — leading to about 10 times the frequency of poly-
morphisms (Howell et al. 2003). The close physical proximity of mtDNA to ROS
generated by the mitochondrion itself might be another factor in its high mutation
rate (Pei and Wallace 2018). Mitochondria can increase the numbers of mtDNA
copies when needed by using the polymerase POLG, and alterations in whole blood
mtDNA copy number are considered indicative of mitochondrial dysfunction
(Yamaki et al. 2018). Since POLG is a protein prone to suffering from oxidative
damage, it has been postulated that oxidative stress could be causing POLG
downregulation in acute phases of BD, resulting in the observed decreases in
mtDNA copy numbers during those episodes (Wang et al. 2018). A recent study
has shown that in patients with BD, the levels of mtDNA copy numbers are
significantly lower during acute episodes (of either mania or depression) and at
least in mania are inversely correlated to the number of previous mood episodes —
that is, the more previous episodes a patient has had, the lower their mtDNA copy
numbers. Studies on the topic are less consistent when assessing periods of
euthymia, with some finding a reduction in mtDNA copy numbers even then,
some limiting their findings to BD type I or advanced disease only, and others still
finding no significant differences when comparing patients with BD to healthy
controls (Kim et al. 2019; Yamaki et al. 2018). It should be noted that certain
antipsychotic agents by themselves are associated with decreasing the mtDNA
copy number (Kumar et al. 2018), and this might be at the root of some of these
contradictory findings on the matter. In addition to these examples, many studies on
patients with BD have found loci of interest in areas related to mitochondrial
functioning. Since this chapter’s aim is to focus on potential treatments for BD,
we will not explore this topic further.

4 How Conventional Drugs for Bipolar Disorder Relate
to Mitochondrial Functioning

Current available treatments for bipolar disorder (BD) address different pathways
and, generally, have multiple molecular targets. Many of these drugs have effects on
the mitochondria or related pathways, with more significant effects observed in
patients who have shown a clinical response to the drug in question. While these
pathways are not necessarily the drugs’ sole mechanism of action in BD — they are
more pieces of the puzzle.

Electron Transport Chain (ETC) Lithium seems to overall increase complex I
expression and activity, albeit inconsistently (de Sousa et al. 2014, 2015). Lithium-
responsive patients showed differential expression of mitochondrial-related genes
involved in the ETC and OXPHOS, compared to lithium-unresponsive patients
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(Stacey et al. 2018). Another mood stabilizer, valproate, also has effects on the ETC
and is able to reverse methamphetamine-induced inhibition of ETC complexes in the
brains of rodents (Valvassori et al. 2010).

Antioxidant Properties Both lithium and valproate increase the levels of the most
important antioxidant in the brain, GSH (Nascimento et al. 2015; Chiu et al. 2013),
and the mood stabilizer lamotrigine appears to have antioxidant properties as well
(Ozkul et al. 2014; Kim et al. 2007). Patients with BD who were treated with lithium
had lower levels of lipid peroxidation markers during mood episodes, with the effect
more pronounced in patients who also demonstrated a clinical response to lithium
(Data-Franco et al. 2017). Patients with BD suffer from more oxidative stress,
especially during acute episodes, and so it is possible that reducing oxidative stress
is one of the mechanisms by which these drugs exert their clinical effects.

Anti-apoptotic Properties Lithium, valproate, and electro-convulsive treatment
(ECT) all increase the expression of the anti-apoptotic protein Bcl-2, which has
the ability to inhibit mitochondrially mediated apoptosis, consequentially increasing
the mitochondria’s resistance to toxic effects in the environment (Orrenius 2004). It
should be noted though that these results are not always reproduced, and studies on
the matter are plagued by methodological difficulties (Odeya et al. 2018).

Hyperexcitability Pluripotent stem-cell (iPSC) technology allows researchers to
take fibroblasts and differentiate them into neurons. When using fibroblasts obtained
from patients with BD type I, these neurons then showed hyperexcitability, smaller
mitochondria size, and enhanced mitochondrial function, with the authors
suggesting these mitochondrial properties lead to the excessive neuronal activity.
Of relevance, in neurons derived from patients who showed a clinical response to
lithium, applying lithium to the cells had profound effects on hyperexcitability and
mitochondria size. In contrast, in cells derived from lithium-nonresponders, the drug
did not induce any obvious changes. Further analysis showed that when applying
lithium to cells derived from the lithium-responsive patients, a change was observed
in the expression of 560 genes, compared to merely 40 genes in the lithium-
nonresponsive group (Mertens et al. 2015; Stern et al. 2018).

Calcium Mood stabilizers can modulate calcium channels and increase levels of
brain-derived neurotrophic factor (BDNF), a neurotrophic factor with the ability to
mitigate glutamate excitotoxicity (Callaly et al. 2015; Data-Franco et al. 2017; Kato
2019). In addition, and as discussed previously, lithium is an inhibitor of IMPase
decreasing levels of inositol and attenuating the intra-cellular calcium response
(Harwood 2005). It is possible that reducing calcium overload is one of the pathways
targeted by these drugs.

Lactate Lithium and valproic acid have shown to normalize elevated lactate levels
in patients with BD (Kuang et al. 2018), while quetiapine — an antipsychotic drug —is
able to decrease lactate levels in manic patients, again with a more prominent
decrease in patients who have shown a clinical response to treatment (Kim et al.
2007). These findings are likely not causal, as increased lactate levels could be
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indicative of a larger problem these drugs are targeting, but it is yet again tying
together treatments for BD with mitochondrial dysfunction.

5 Mitochondrial Potential Treatments

After conceptualizing bipolar disorder (BD) as a disorder of mitochondrial and
energetic dysregulation, we can now explore mitochondrial treatment modalities.
Research has mainly focused on attempting to balance mitochondrial functioning —
for example, enhancing it in depression and diminishing during mania or increasing
antioxidant defenses to prevent damage from ROS due to insufficient antioxidant
activity or increased cellular respiration (Nierenberg et al. 2013). One thing to keep
in mind is that mitochondrial modulators may take a long time to bring about clinical
effects, certainly longer than antipsychotics or mood stabilizers, and are hence often
explored as adjuvant therapeutic options and not necessarily monotherapy (Berk
et al. 2008).

5.1 Likely Beneficial
5.1.1 PPAR Agonists

The PPARSs (peroxisome proliferator-activated receptor) are a family of three recep-
tors in the cell’s nuclear, with the isomers o, 8, and y. These receptors function as
transcription regulators, regulating the expression of genes related to energy homeo-
stasis, oxidative stress, metabolism, cell differentiation, inflammation, and
importantly — mitochondrial biogenesis. In the brain, they also regulate genes related
to excitatory neurotransmission and myelination (Grings et al. 2017; Nierenberg
et al. 2013). Traditionally, drugs targeting the PPARs were used in general medicine
to treat hypertriglyceridemia and type II diabetes, but their wide array of effects
makes them potential therapeutic targets to ameliorate many other disorders, includ-
ing mitochondrial dysfunction. Of specific relevance to BD, the gene for a
coactivator of PPAR, PGC-1a, has been weakly linked to clinical response to lithium
(Geoffroy et al. 2016).

A PPAR agonist may target one of the receptor isomers selectively or several at
the same time. The selective PPAR-y agonists and antidiabetic drugs troglitazone,
rosiglitazone, and pioglitazone have shown mostly positive effects in the treatment
of depression, either alone or as add-on therapy. Alas, troglitazone has been with-
drawn from the market due to hepatotoxicity, and rosiglitazone use is strictly limited
by the FDA (and suspended by the European Medicine Agency) due to increased
cardiovascular risk. This leaves mainly pioglitazone, but its use is also severely
limited by side effects such as weight gain, congestive heart failure, edema, and bone
fractures (Colle et al. 2017).
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Another promising member of the PPAR-agonists family is bezafibrate, a
pan-agonist that targets all isomers of PPAR — a, d, and y. Bezafibrate is used in
general medicine as a common treatment for hypertriglyceridemia, can increase
mitochondrial biogenesis, and also has antioxidant and anti-inflammatory effects
(Grings et al. 2017). It is known to have favorable safety and side effect profile, and a
clinical study attempting to repurpose this drug for bipolar depression is currently
underway (Bezafibrate Treatment for Bipolar Depression: A Proof of Concept Study
2015).

5.1.2 Minocycline

Minocycline is a safe and well-tolerated tetracycline antibiotic. It was also found to
have multiple interlocking mechanisms that converge on neuroprotective properties
relevant to the putative mitochondrial pathophysiology of BD — with effects as an
antioxidant, anti-apoptotic, and glutamate neurotransmission modulator.
Minocycline is thought to exert its neuroprotective effects by reducing oxidative
damage, scavenging ROS and normalizing levels of GSH and markers of oxidative
stress, and mitigating glutamate excitotoxicity. It can also modulate apoptotic
signaling pathways and increase the expression of the anti-apoptotic gene Bcl-2,
affecting the mitochondrial pathway of apoptosis (Zheng et al. 2019; Shultz and
Zhong 2017).

Minocycline has been shown to induce psychotropic effects in schizophrenia,
improving symptoms and gray matter volume (Robertson et al. 2019). Its effects on
mood disorders have not been as consistent, with some studies showing beneficial
effects and others failing to detect differences from placebo (Zheng et al. 2019). Two
studies are currently underway, assessing the efficacy of minocycline as add-on
treatment for bipolar depression (A Pilot Study Investigating the Efficacy of
Minocycline and N-Acetyl Cysteine for Bipolar Depression 2016; Minocycline for
Bipolar Depression 2012).

5.1.3 N-Acetyl-Cysteine (NAC)

NAC has several mechanisms of action that make it relevant to psychiatric disorders.
It has well-known anti-inflammatory, antioxidant, and glutamatergic modulating
effects, including protection from glutamate excitotoxicity (Samuni et al. 2013;
Naziroglu et al. 2013), and rodent models for neurodegenerative diseases have
shown it is able to restore mitochondrial respiration and complex activity (Pereira
et al. 2018). Among its many effects, NAC provides the rate-limiting cysteine for
GSH production, and supplementation of NAC can increase GSH synthesis (Berk
et al. 2008). By increasing GSH, NAC is both protecting the cell from oxidative
damage and augmenting its mitochondrial respiratory capacity — as it is now able to
withstand more of its own noxious by-products. Its effects on the glutamatergic
system are of particular interest, as this system has been correlated with increased
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impulsivity (Ende et al. 2016; Pattij and Vanderschuren 2008), a trait often associ-
ated with BD. It is this effect that might be behind NAC’s beneficial effects in the
treatment of pathological gambling, a disorder characterized by deficiencies in
impulse-control (Grant et al. 2014).

To date (Pereira et al. 2018), three trials have assessed NAC as an adjunctive
treatment for bipolar depression, one study in 2008 and two in 2019. Two of the
three have shown a similar pattern of results — improvement in depressive symptoms,
but one that is only evident only after a long duration of treatment (between 16 and
20 weeks) (Berk et al. 2008; Bauer et al. 2018). The third study did not find any
significant differences between the placebo and NAC at any time point. However, it
did note that the group who received a combination of NAC and other mitochondrial
agents (but not NAC alone) has shown improvement 20 weeks after discontinuation
of the study drugs — suggesting either the delayed onset of effects or improvement
upon withdrawal of the medications (Berk et al. 2019). This study also mentioned an
increase in manic symptoms at week 4 for some participants. While this finding did
not survive correction for multiple testing, it still brings to light the possibility of
inducing a manic switch by driving mitochondrial biogenesis — even without
improvement in depressive symptoms. All in all, it seems that NAC might indeed
possess antidepressant effects that only become manifest after continued long-term
treatment.

5.1.4 Co-enzyme Q10

Co-Q10, also known as ubiquinone, plays many roles in the cell: It is a vital cofactor
in the mitochondrial ETC, assisting in the shuttling of electrons between subunits
and helping to establish the proton gradient needed for ATP production (Neergheen
et al. 2017). Co-Q10 also has antioxidant and anti-inflammatory properties, is
involved in DNA replication and repair, supports membrane stabilization, mitigates
glutamate-induced excitotoxicity, serves as an essential cofactor of uncoupling pro-
teins, and can regulate gene expression and programmed cell death (Mantle and
Hargreaves 2019; Alcazar-Fabra et al. 2018; Kumari et al. 2016). Most of the body’s
CoQI10 requirements are derived from endogenous synthesis that declines with age
naturally (Morris et al. 2013). Low Co-Q10 levels are associated with various
pathological conditions, such as hypertension, diabetes, cardiovascular diseases,
and importantly neurological and psychiatric disorders (Morris et al. 2013; Maes
et al. 2009). In general medicine, administration of supplemental Co-Q10 has
shown, if inconsistently, to reduce inflammatory mediators (Fan et al. 2017); to
have beneficial effects in medical conditions such as heart failure, atherosclerosis,
hypertension, hyperlipidemia, and diabetes (Garrido-Maraver et al. 2014); and even
to reduce symptoms in neurodegenerative disorders such as Parkinson’s and multi-
ple sclerosis (Sanoobar et al. 2015; Shults et al. 2002).

Regarding BD, two recent studies examining adjuvant Co-Q10 have shown it can
reduce symptoms of depression (Forester et al. 2015; Mehrpooya et al. 2018), with
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one of the studies noting the effect might be delayed and not prominent until at least
8 weeks of use.

5.1.5 Melatonin

Melatonin is a hormone synthesized by many tissues, known mostly for its regula-
tory effects on rhythmic processes such as circadian rhythm, growth hormone
stimulation, and insulin secretion. Evidence has shown melatonin, and its metabo-
lites have antioxidant properties, acting as direct scavengers of ROS, stimulators of
GSH production, and increasers of mRNA expression of antioxidant genes. In the
mitochondria, melatonin can increase the activity and expression of ETC proteins,
increase mitochondrial biogenesis, increase mitochondrial membrane fluidity, and
prevent changes to the mitochondrial permeability transition pore (MPTP),
protecting the organelle from calcium overload. It has additional effects on mito-
chondrial gene expression, by preventing degradation of mitochondrial DNA
(mtDNA) and modulating the expression of genes encoded by mtDNA (Reiter
et al. 2017; Acuna-Castroviejo et al. 2007; Hardeland 2017; Jou 2011). The net
result of all these processes is an increase in OXPHOS and decreases in ATP
depletion and cell death.

Patients with BD were found to have decreased serum levels of melatonin, with
possible variations dependent on mood state (Novakova et al. 2015). In addition,
about half of patients with BD show circadian rhythm disturbances that are associ-
ated with a higher risk of BD relapse (Kishi et al. 2019). Studies researching the
effects of treatment with melatonin receptor agonists have shown mixed results. A
2019 meta-analysis found ramelteon to be well-tolerated and clinically superior to
placebo in the prevention of a depressive relapse, with no effects on scales of mania,
sleep, quality of life, or other causes for relapse such as a manic or mixed episode.
While this result is promising — especially in light of melatonin’s ability to improve
cardiometabolic outcomes for patients receiving antipsychotic treatment — it is
limited by the small number of studies and tendency for conflicting results in the
scientific literature (Kishi et al. 2019).

5.2 Theoretically Beneficial, but No Studies Have Been
Published

5.2.1 Ebselen

Ebselen is a seleno-organic compound — that is, a compound containing carbon-to-
selenium chemical bonds. It has an antioxidant and ROS scavenging activity similar
to that of glutathione (GSH) and has been shown to protect neurons from damage
caused by ischemic and glutamate excitotoxicity (Jia et al. 2018; Slusarczyk et al.
2019). Ebselen also works as an inhibitor of inositol monophosphatase (IMP),
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making it an IMPase that can effectively lower inositol levels in the brain and
prevent abnormal, potentially toxic increases in calcium levels. As discussed, inhi-
bition of IMP is also one of the key effects of lithium when used at clinically
effective doses (Forlenza et al. 2014). This shared mechanism of action, combined
with studies showing ebselen can alter emotional processing and impulsivity in
humans and reduce symptoms in animal models of mania and depression, makes it
a candidate for the treatment for BD, perhaps as a “lithium-mimetic” with good
safety and tolerability (Masaki et al. 2016). A clinical trial is currently underway to
assess whether Ebselen can reduce symptoms of (hypo)mania in patients with BD
(Ebselen as an add-on Treatment in Hypo/Mania 2017).

5.2.2 Mangosteen

Garcinia mangostana Linn, commonly known as mangosteen, is a tropical fruit with
antioxidant, anti-inflammatory, and anti-apoptotic effects. Studies suggest mango-
steen might have specific effects on the GSH system, with the ability to increase the
levels of this protective antioxidant.

Rodent models have shown mangosteen pericarp to have antidepressant — and
antipsychotic-like effects, specifically affecting the serotonergic system, which is
implicated in the pathophysiology of both conditions. Human studies have shown
some efficacy of mangosteen as an anti-inflammatory and antioxidant agent. How-
ever, most trials included mangosteen pericarp in combination with other bioactive
compounds — and by doing so have limited our ability to conclude specifically on
mangosteen’s effects. Only one study directly assessed mangosteen’s utility in
mental health in a randomized controlled study (RCT), finding it was able to improve
scores of psychotic and depressive symptoms in patients with schizophrenia or
schizoaffective disorder (Ashton et al. 2019). As mangosteen pericarp has a good
safety profile and is generally well-tolerated, these preliminary studies justify further
assessment of its effect on mental health patients — all the while keeping in mind
potential pharmacological interactions, especially due to serotonergic activity.

5.2.3 Ketogenic Diet

A ketogenic diet is a high-fat, very low-carbohydrate diet that forces the body to rely
on ketone bodies as a source of energy instead of dietary glucose. Briefly, by
depriving the body of carbohydrates that can be converted into glucose, the liver
turns instead to convert fat into fatty acids and ketone bodies, who then pass into the
brain and replace glucose as an energy source (Brietzke et al. 2018). In regard to
mitochondrial functioning, the ketogenic diet has been shown to induce an increase
in mitochondrial biogenesis proteins, OXPHOS and subsequent ATP production,
increase levels of the antioxidant GSH, reduce ROS production, and induce epige-
netic changes in genes related to the mitochondria (Campbell and Campbell 2019).
Animal models have shown the ketogenic diet to have antidepressant-like effects
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similar to those of antidepressant drugs, and several human case reports have been
published detailing patients with treatment-resistant mood disorders who have
responded to a ketogenic diet (Kovacs et al. 2019). The ketogenic diet is a partic-
ularly interesting option because of patients’ own reports of improvements in their
symptoms when adhering to it (Campbell and Campbell 2019), and even though this
treatment is not without its side effects — notably gastrointestinal disturbances,
dyslipidemia, and renal calculi — for patients who are able to comply with the diet,
it might yet prove to be a beneficial solution.

5.2.4 Resveratrol

Resveratrol is a polyphenol naturally found in grapes and berries and has been
considered for many years to be part of the mechanism for the “French paradox” —
a term coined in 1992 to describe the low incidence of coronary heart diseases in
France, despite a diet high in saturated fats. Originally, it was proposed that moderate
red wine consumption — and hence resveratrol consumption — explained this unex-
pected finding, although it is now known that its levels in red wine are likely not high
enough to account for the paradox fully. Regardless, resveratrol has many health and
longevity promoting effects, with antioxidant, anti-inflammatory, anti-apoptotic, and
even anti-carcinogenic effects (Jardim et al. 2018). Resveratrol has the ability to
modulate the central nervous system, increase levels of monoamines, and act as a
neuroprotective agent and has been studies in animal models as a potential aid for
improving sleep quality, anxiety, and depression (Moore et al. 2018). Regarding
mitochondrial functioning, resveratrol can improve mitochondrial function, mito-
chondrial biogenesis, and oxidative stress (Jardim et al. 2018). Several research
groups have shown resveratrol’s antidepressant-like effects in animal models, and a
study in humans is currently underway to assess its efficacy in the treatment of
depression (Efficacy of Resveratrol in Depression 2017). No studies have been done
or registered involving patients with BD, but the postulated mechanism of action
implies potential beneficial effects.

Pterostilbene A naturally occurring, dimethylated analog of resveratrol, with
higher bioavailability. It likewise has antioxidant and neuroprotective effects and
in rodent studies was shown to reverse the deleterious effects of aging on cognitive
performance (Lange and Li 2018) and improve depression-like behaviors (Yang
et al. 2019), but no human studies have been done or registered for mood
disorders yet.

5.2.5 Taurine
A free amino acid with antioxidant and neuromodulator functions, able to protect the

neuron against glutamate-induced neurotoxicity, reduce oxidative stress, and main-
tain mitochondrial function (Jakaria et al. 2019). In animals, it has shown an
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antidepressant-like effect (Wu et al. 2017), but no studies have been published
specifically on mood disorders as of now. One study of its effects as an antimanic
agent has been completed, but its results have not been published so far (Bezafibrate
Treatment for Bipolar Depression: A Proof of Concept Study 2015).

5.3 Unlikely to Be Beneficial
5.3.1 Alpha-Lipoic Acid (ALA)

ALA, also known as thioctic acid, is a naturally occurring and dietarily obtained
substance. It can be synthesized in the mitochondria, where it functions as a
coenzyme for the formation of pyruvate dehydrogenase and a-ketoglutarate, com-
ponents of the Krebs cycle. Its ability to increase the activity of the Krebs cycle leads
to a reduction in glycolysis and lactate levels (Gomes and Negrato 2014). ALA also
has antioxidant and anti-inflammatory effects, with studies demonstrating beneficial
effects on metabolic syndrome and related diagnosis, coronary vascular diseases,
and even cancer (Haghighatdoost and Hariri 2019; de Sousa et al. 2019). The
specific mechanisms by which it exerts these effects are not fully understood. In
the central nervous system, ALA affects the levels of the neurotransmitters norepi-
nephrine, dopamine, and acetylcholine and blocks the dopamine D2 receptor.
Studies have shown it can improve symptom severity and side effects for patients
who have schizophrenia, prevent the progression of Alzheimer’s disease, and
improve outcomes for stroke survivors (de Sousa et al. 2019).

Regarding mood disorders, rodent models have shown beneficial effects of ALA
as an antidepressant and antimanic drug, but only one study assessed ALA in
patients with bipolar depression and did not reach a statistically significant result
(Brennan et al. 2013). However, due to the positive effects of ALA in other
psychiatric and neurological disorders, additional well-designed clinical trials are
warranted before reaching a verdict on its efficiency for BD.

5.3.2 Pyrimidines

Uridine and its prodrug triacetyluridine (TAU) are pyrimidine nucleosides of RNA,
with roles in glutamatergic transmission, metabolism of a cerebral phospholipid,
mitochondrial functioning, and catecholamine synthesis — processes that have been
linked to the pathophysiology of BD (Pereira et al. 2018). Cytidine is also a
pyrimidine nucleoside of RNA that can be metabolized into uridine when adminis-
tered orally, as cytidine-diphosphocholine (CDP-choline) (Wurtman et al. 2000).

Uridine While some preliminary studies have shown promising results in bipolar
depression, including an open-label study on adolescent patients (Kondo et al.
2011), a recent study on adult patients with bipolar depression was unable to
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statistically distinguish the effects of uridine from those of placebo (Herlihy 2011).
No other studies have been published since.

Triacetyluridine (TAU) A uridine prodrug, that is, our body can metabolize it into
free uridine. One study assessing the efficacy of TAU in bipolar depression found it
is effective as adjuvant treatment, and it seems its effects were greatest for people
with worse depression severity at baseline. In addition to improvements in clinical
measures of depression, patients who responded to treatment with TAU demon-
strated greater increases in pH levels compared to nonresponders (Jensen et al.
2008).

Cytidine Cytidine has shown antidepressant-like effects in rodents and was
reported to improve symptoms of depression in humans. A 2009 study of adjuvant
cytidine in the treatment of bipolar depression has shown cytidine results in earlier
improvement in depressive symptoms and in a greater reduction in glutamate/
glutamine levels in the brain — pointing at a potential mechanism for its clinical
effect (Yoon et al. 2009). A more recent study, on the combination of cytidine with
omega-3 fatty acids as add-on treatment for BD, was not able to prove clinical
benefits greater than placebo (Murphy et al. 2012).

5.4 Potential Risk of a Manic Switch
5.4.1 ALC (Acetyl-L-Carnitine)

ALC is an acetylated version of L-carnitine, rendering it better absorbed and more
able to cross the BBB. L-Carnitine is a compound that can be endogenously
generated or obtained through diet — as is the case for about 75% of carnitine in
humans. Carnitines transport fatty acids into mitochondria, where they can be used
as a source of energy. While the brain prefers glucose as its primary energy source,
under metabolically compromised conditions, fatty acids become pivotal energy
substrates. Carnitines can also directly affect OXPHOS by upregulating gene
expression and protein activity of mitochondrial respiratory structures, enhancing
mtDNA transcription, and stabilizing mitochondrial mRNA and membrane integrity
against lipid peroxidation. As we age and our muscle mass is reduced, the plasma
concentrations of carnitine decline as well.

ALC has been shown to upregulate genes related to proteins with antioxidant,
anti-apoptotic, and neuroprotective properties. In the central nervous system, ALC
assists in acetylcholine synthesis, enhances dopamine release, prevents loss of D1
dopamine receptor activity with age, counters glutamate-induced excitotoxicity, and
increases GABA levels (Traina 2016; Pereira et al. 2018). It should be noted,
however, that high levels of ACL are not without their cost — they can lead to
lowered antioxidant status in the liver (possibly as a result of increased OXPHOS),
meaning that any treatment with supplemental ALC should be combined with
antioxidants, for example, ALA or NAC mentioned before (Hagen et al. 2002).
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Studies in rats have shown it to improve cognitive functioning and lifespan, revers-
ing the age-associated decline of mitochondrial functions. Rodent models were also
able to show antidepressant-like effects. However, the only RCT performed so far in
humans reported no effects for the combined administration of ALC and ALA, nor
did it detect changes in PCr levels reflecting energy stores — a finding that was
previously reported in case reports of depressed geriatric patients treated with ALC
(Brennan et al. 2013). In addition, there have been two case reports of patients with
BD who developed psychotic and manic episodes during treatment with ALC,
suggesting caution when considering its clinical use in this population.

5.4.2 Creatine Monohydrate (CM)

Creatine is a nonessential dietary component that can be found in protein-rich foods
such as meat, milk, and nuts and can also be synthesized endogenously in the body.
In addition to its antioxidant properties, creatine is the precursor of PCr that holds an
integral role in energy metabolism as a reservoir of inorganic phosphate, buffering
energy concentrations in tissues with significant and fluctuating energy demands —
such as the brain (Pereira et al. 2018; Allen 2012). Oral consumption of creatine
monohydrate (as a dietary supplement) increases both brain creatine and PCr
concentrations (Lyoo et al. 2003) and was therefore studied as an adjunctive
treatment for depression. In the treatment of patients with MDD, this approach has
generally shown promising results, but several patients with BD experienced a
(hypo)manic switch during CM treatment (Toniolo et al. 2018; Roitman et al.
2007). Mood switching is particularly intriguing in this context, as we have previ-
ously noted patients with BD might have a specific deficit in turning the energy-
storing PCr into available energy in the form of ATP (Du et al. 2018).

5.4.3 SAMe (S-Adenosyl-Methionine)

SAMe is a naturally occurring biological component of all living cells, formed from
the combination of methionine and ATP. In addition to its critical role as a methyl
donor, SAMe is also a precursor molecule for GSH, one of the body’s most potent
antioxidants. In the CNS, SAMe is critical in the synthesis and regulation of mono-
amines, making it possibly relevant in the pathophysiology — and treatment — of
mood disorders (Pereira et al. 2018). As far back as 1989, trials demonstrated its
efficacy in the treatment of depressive symptoms, but the risk of a manic switch in
BD population was not negligible (Carney et al. 1989; Abeysundera and Gill 2018).
SAMe augmentation of modern-day antidepressants and even as monotherapy has
been shown to be beneficial in patients with MDD (Papakostas et al. 2010; Sarris
et al. 2014), but two recent trials have not been able to replicate these results (Sarris
et al. 2018, 2019). In addition to strong placebo effects, gender differences in
reaction to SAMe may be responsible for some of the negative studies, with
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SAMe having a greater effect in males than females (Sarris et al. 2015). Due to the
high risk of manic switching, SAMe is contraindicated for patients with BD.

5.5 Vitamins
5.5.1 Vitamin A

Vitamin A is an essential molecule for many physiological processes in the body,
including vision, immunity, and gene transcription and as a co-factor for redox
activation (Hammerling 2016). Intoxication with vitamin A can lead to increased
oxidative stress and dangerous side effects, such as cognitive decline, depression,
and suicidality (de Oliveira 2015). It has been shown that the brains of persons
suffering from mood disorders or schizophrenia have abnormalities in pathways
related to vitamin A signaling (Haybaeck et al. 2015), reflecting the increased tone of
retinoic acid (a derivative of vitamin A) and marking this as a possible pathway in
the pathophysiology and eventual treatment of BD. No studies have been conducted
so far on vitamin A-related drugs in the treatment of mood disorders.

5.5.2 Vitamin C

Known as ascorbic acid, vitamin C is an antioxidant acting both directly and as a
co-substrate for many important cellular oxidation and reduction processes (Pehlivan
2017). Vitamin C has been linked to improvements in anxiety and mood (Pullar et al.
2018; Kocot et al. 2017), but studies could not prove statistically significant effects
on mood (Sahraian et al. 2015). Few studies on BD population from the 1960s and
1980s have shown positive results, but have not been replicated since.

5.5.3 Vitamin D

Vitamin D is involved in calcium and phosphate metabolism but has many more
roles in physiological pathways — including immune modulation, antioxidant and
anti-inflammatory effects, and monoamine metabolism (Jamilian et al. 2019; Sabir
et al. 2018). Vitamin D receptors (VDR) can even translocate into the mitochondria
and affect their function (Ricca et al. 2018). Vitamin D-related disturbances have
been linked to depressive and manic symptoms (Altunsoy et al. 2018), but when
taking several meta-analyses into account, there are no conclusive results whether
vitamin D supplementation is useful in the treatment of depressive symptoms
(Gowda et al. 2015; Vellekkatt and Menon 2019). Despite the fact that many patients
with mood disorders are vitamin D deficient (Cuomo et al. 2019; Petrov et al. 2018),
supplementation has not been found beneficial for the treatment of bipolar
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depression (Marsh et al. 2017), and only one small study reported beneficiary effects
on mania ratings (Sikoglu et al. 2015).

5.5.4 Vitamin E

Also called tocopherol, vitamin E is a fat-soluble antioxidant exclusively obtained
from the diet, whose ability for ROS scavenging and lipid peroxidation reduction
can lead to stabilization cellular and mitochondrial membranes (Rizvi et al. 2014).
Vitamin E seems to be more potent when combined with vitamin C or Co-Q10
(Kontush and Schekatolina 2004; Dhitavat et al. 2005), and animal models show
some improved neurological and mitochondrial function in aging mice. One study
on older human adults was completed in 2018, seeking to assess the effectiveness of
ascorbic acid (vitamin C) and tocopherol (vitamin E) in the treatment of depression
(Effectiveness of Ascorbic Acid and Tocopherol for Depression in Elderly 2016),
but its results have not yet been published.

5.5.5 Vitamins B

B1: Thiamine Thiamine is an an essential cofactor for the Krebs cycle. A 2016
study on patients with major depressive disorder (MDD) showed that while vitamin
B1 supplementation did not improve depressive symptoms any more than placebo, it
was able to bring about the positive change earlier (Ghaleiha et al. 2016). No studies
have been done on BD population.

B3: Niacin Nicotinic acid, nicotinamide (also called niacinamide), and nicotin-
amide riboside, collectively termed vitamin B3, are precursor molecules for NAD+
and NADP+ in all body tissues — meaning they are indirectly involved in hundreds of
enzymatic reactions related to OXPHOS, glycolysis, and lipid oxidation (Depeint
et al. 2006; Conze et al. 2019). Each precursor has unique effects: nicotinic acid can
lower “bad” lipids such as LDL or triglycerides and elevate “good” lipids like HDL
and is taken as a treatment for dyslipidemia with a notable side effect of flushing
(Boden et al. 2014). In contrast, niacinamide does not affect blood lipids, nor does it
cause flushing, but it affects other systems — for example, it can elevate homocys-
teine levels and thereby increase the risk of vascular disease. Nicotinamide riboside
also does not induce flushing and only elevates homocysteine to a lesser degree. It
has been shown in rodent models to prevent adverse outcomes in various systems
such as diet-induced weight gain, neuropathy, hearing loss, heart failure, irradiation
damage, and central brain injury (Conze et al. 2019). Mouse models have shown
supplementation of mothers with nicotinamide riboside could lead to stronger, less
anxious, and more cognitively able offsprings (Ear et al. 2019).

Regarding mood, nicotinic acid is used as an active placebo in psychedelic studies
due to its ability to induce flushing without altering the psychological state (Ross
et al. 2016; Grob et al. 2011), although a case report of a manic episode during
treatment with it for dyslipidemia was reported in a 54-year-old man with no history
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of mental illness (Loebl and Raskin 2013). Regarding niacinamide, animal models
for depression have shown it to have similar effects on fluoxetine (Rex et al. 2004),
but no human studies have been published showing similar efficacy. Niacinamide
riboside seems to be the most promising of the three, and a study assessing its effects
on mood has been recently completed, with the results of yet unpublished (A Study
by ChromaDex to Assess the Effects of TRU NIAGEN on Cognitive Function,
Mood and Sleep in Older Adults 2018).

Vitamin B6 Vitamin B6 again refers to a group of chemically similar compounds,
with the active form serving as a coenzyme in many biological processes including
preventing ROS generation and lipid peroxidation (Kannan and Jain 2004). Most
studies on vitamin B6, especially on its own and not in addition to other supple-
mentals, failed to detect effects on mood. In addition, vitamin B6 supplementation is
not without risks, and patients were reported to suffer from adverse drug reactions
that resemble Wernicke’s encephalopathy, thankfully a reaction that was able to be
reversed by vitamin B1 (thiamine) supplementation (Pereira et al. 2018).

B9: Folate Folic acid plays an essential role in mitochondrial energy production
(Depeint et al. 2006), and deficiencies have been associated with depression, BD,
and cognitive dysfunction (Baek et al. 2013). According to a recent review, several
studies from the 1980s found associations between folate and affective morbidity,
and more recently a couple of studies have shown supplementation with folate (or its
metabolites) to have an effect on both manic and depressive symptoms. However,
other studies found no discernible effect on patients who were not specifically folate-
deficient (Pereira et al. 2018), and folic acid has the potential to negate the thera-
peutic effects of lamotrigine, a popular treatment for bipolar depression (Simon et al.
2018). It also appears that folic acid supplementation does not reduce the incidence
of a mood disorder, albeit it may be able to delay the onset of the first mood episode
or mitigate its severity (Sharpley et al. 2014; Okereke et al. 2015).

B12: Cobalamin Vitamin B12 is a cofactor for methionine, DNA, and myelin
synthesis and is necessary for the maintenance of neuronal integrity and regulating
neurotransmitters. Despite the fact that vitamin B12 deficiency is a known cause for
mood deficits (Issac et al. 2015), cobalamin supplementation has not been proven to
improve depressive symptoms (Pereira et al. 2018; Almeida et al. 2015).

Vitamins B2 (riboflavin), B5 (pantothenic acid), and B7 (biotin) are all important
for biological mitochondrial pathways, and their deficiencies might be related to
neurological deficits, but they have not been studied as specific treatments for
depression or BD.

6 Summary

In this chapter, we have described how the central nervous system is particularly
vulnerable to dysregulations of mitochondrial function due to its high energetic
demands. Convergent data implicated subtle mitochondrial dysfunction as an
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important component of the pathophysiology of bipolar disorder (BD) and led to the
exploration of alternative therapeutic targets. While some negative results have been
published, targeting mitochondrial pathways seems to have a measurable effect on
mood, evidenced not only by alleviation of depressive symptoms but also by
induction of manic switches for certain compounds. When discussing mitochondrial
treatments, combinations of several mitochondrial agents could be of interest as their
actions can be synergistic or complementary to the prevention of side effects. For
example, increasing energy production comes at the cost of increased free radical
production and might justify a “mitochondrial cocktail” that includes an energy-
enhancing agent with an antioxidant agent. Many studies have been conducted, and
more are underway attempting to elucidate the role of mitochondrial agents in the
treatment of BD. While effect sizes at the moment do not support any single drug as
possible monotherapy or “the new lithium,” it is important to keep in mind that BD is
not one disease caused by one pathway, but has heterogenic presentations and
heterogenic underlying pathways. The mitochondrial hypothesis and mitochondrial
modulators provide viable alternatives to current treatments and a path toward drug
discovery to achieve better outcomes for people with BD.

ATP Mitochondrial | Oxidative | Clinical evidence in mood
production | biogenesis stress disorder
Bezafibrate Increase Increase Decrease | Evidence in depression.
(Ioannou et al. Studies on BD underway
2010; Huang
et al. 2017)
Minocycline - - Decrease | Inconsistent. Studies underway
N-Acetyl-cyste- - - Decrease | Inconsistent, but positive evi-
ine (NAC) dence in bipolar depression.
(Tardiolo et al. Effects take a long time to
2018) become apparent
Co-enzyme Q10 | Increase ? Decrease | Evidence in bipolar depression.

Effects take a long time to
become apparent

Melatonin Increase Increase Decrease | Evidence in unipolar and bipo-
lar depression

Ebselen - - Decrease | Studies currently underway

Mangosteen Increase - Decrease | Improvement in psychotic and
affective symptoms of
schizophrenia

Ketogenic diet Increase Increase Decrease | Animal models and human case
reports

Resveratrol and Increase Increase Decrease | Animal models show effective-

pterostilbene ness. Human studies underway

for resveratrol

Taurine Increase ? Decrease | Animal models only
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Abstract Bipolar spectrum disorders carry a significant public health burden.
Disproportionately high rates of suicide, incarceration, and comorbid medical con-
ditions necessitate an extraordinary focus on understanding the intricacies of this
disease. Elucidating granular, intracellular details seems to be a necessary preamble
to advancing promising therapeutic opportunities. In this chapter, we review a wide
range of intracellular mechanisms including mitochondrial energetics, calcium
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signaling, neuroinflammation, the microbiome, neurotransmitter metabolism, glyco-
gen synthase kinase 3-beta (GSK3p), protein kinase C (PKC) and diacylglycerol
(DAG), and neurotrophins (especially BDNF), as well as the glutamatergic, dopa-
minergic, purinergic, and neurohormonal systems. Owing to the relative lack of
understanding and effective therapeutic options compared to the rest of the spectrum,
special attention is paid in the chapter to the latest developments in bipolar depres-
sion. Likewise, from a therapeutic standpoint, special attention should be paid to the
pervasive mechanistic actions of lithium as a means of amalgamating numerous,
disparate cascades into a digestible cognitive topology.

Keywords Brain-derived neurotrophic factor (BDNF) - Glycogen synthase kinase
3-beta (GSK3p) - Lithium - Protein kinase C (PKC) and diacylglycerol (DAG)

1 Introduction

BD has a lifetime prevalence of approximately 4% in the general population and
imposes substantial medical and psychosocial morbidity on patients and families
(Kessler et al. 2005). Bipolar disorder (BD) has been associated with a wide range of
neurobiological models whose pathophysiological mechanisms have not yet been
fully characterized. As our attempts to understand and treat this disease evolve, the
clearer it becomes that BD is a multifactorial disease comprised of many dynamic,
interdependent systems. Findings in recent decades have encouraged a transition
from research predominantly centered around monoamine neurotransmission to
intracellular signaling, synaptic/neural plasticity, and other cellular mechanisms.
Cumulative data also demonstrates that conventional mood stabilizers and other
efficacious compounds work by modulating many of these pathways. In this present
chapter, we provide updated descriptions of the prominent pathophysiologic models
as well as the latest therapeutic developments in the treatment of BD.

2 Mitochondrial Dysfunction

Dysfunction in brain-energy metabolism has been considered a key mechanism in
the pathophysiology of BD (Zuccoli et al. 2017). Mitochondria primarily regulate
intracellular energy metabolism, and abnormalities in both mitochondrial structure
and function have been associated with the development of BD. In that regard, cells
from individuals with BD demonstrate distinct abnormalities in mitochondrial struc-
ture (Cataldo et al. 2010). Moreover, some reports have indicated that patients with
various mitochondrial diseases demonstrate up to a 20-fold higher incidence of BD
than the general population (Goodwin and Jamison 2007). Accumulated deletions in
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mitochondrial DNA (AmtDNA) of transgenic mice have been shown to result in
recurrent, spontaneous depression-like episodes which are both prevented SSRI
therapy and worsened by lithium withdrawal (Kato 2017). Postmortem analysis of
brain tissue from BD patients also demonstrates increased rates of AmtDNA (Kato
et al. 1997; Sequeira et al. 2012).

Mitochondria regulate energy production in the cell, and their dysfunction can
result in neuronal damage via multiple pathways: oxidative damage, decreased ATP
production, abnormal calcium sequestration, and apoptosis via activation of caspase
proteases. During times of cellular stress and increased energy demand, ATP
production through the anaerobic pathway is upregulated. This results in an
increased buffering burden for neuronal lactate, forming more lactic acid and
decreasing intracellular pH. This process also enhances the production of various
reactive oxygen species, which can lead to further free-radical damage. Due to its
relatively higher energy demand and limited buffering capacity, the brain is far more
susceptible to this paradigm than other body systems. In line with this theory, there
have been several magnetic resonance spectroscopy (MRS) studies in BD patients
showing increased neuronal lactate and decreased pH levels.

Furthermore, patients with BD in a current major depressive episode have shown
a significant decrease in cingulate cortex lactate after being treated with a 6-week
course of lithium monotherapy (Machado-Vieira et al. 2017b; Clay et al. 2011;
Dager et al. 2004). Another indication of mitochondrial dysfunction is the decreased
levels of N-acetyl-aspartate (NAA) seen in BD patients compared to normal controls
(Kubo et al. 2017). NAA is produced in the mitochondria and is one of the most
abundant brain metabolites, also serving as an important marker of neuronal viability
(Rosso et al. 2017). In a clinical trial assessing NAA levels using MRS, BD patients
were shown to have significantly lower NAA levels than controls. Furthermore, they
had significant NAA increases after treatment with a 12-week course of lamotrigine
(Croarkin et al. 2015). In addition to mitochondrial dysfunction, elevations of
peripheral markers of oxidative stress have been described in BD patients, which
correlate with a longer duration and earlier onset of illness (Machado-Vieira et al.
2007; Brown et al. 2014). De Sousa et al. have further demonstrated that a reactive
increase in antioxidant enzymes occurs early in the developmental course of BD,
especially during depressive phases. Additionally, BD patients have been shown to
exhibit a decrease in lipid peroxidation following lithium treatment (de Sousa et al.
2014). Thus, oxidative damage appears to play a significant inciting role in the
development of BD, subsequently interfering with endogenous repair mechanisms if
left untreated.

Within the mitochondria itself, the electron transport chain (ETC) serves as a
major mediator of oxidation/reduction and overall mitochondrial function. Postmor-
tem analysis of cerebral tissue in patients with bipolar disorder demonstrates a
decrease in ETC complex I concentration (Andreazza et al. 2010). Furthermore,
lithium has been shown to increase mitochondrial complex I activity in BD patients
significantly, and post-treatment complex I activity positively correlates with plasma
lithium levels (de Sousa et al. 2015a, b). This strongly suggests that beyond its acute
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therapeutic mechanisms (discussed elsewhere), lithium provides a long-term,
neuroprotective benefit to patients by reducing overall oxidative damage to neurons.

Converging lines of this hypothesis have proffered several substances as mito-
chondrial activity modulators: omega-3 fatty acids, coenzyme Q10, acetyl-L-carni-
tine, N-acetylcysteine (NAC), S-adenosylmethionine (SAM), alpha-lipoic acid,
creatine monohydrate, melatonin, L-tryptophan, magnesium, folic acid, and
branched-chain amino acids (BCAAs) (Nierenberg et al. 2013; Sarris et al. 2011).
Overall, NAC has demonstrated the largest effect size in treating bipolar depression.
Mixed, but mostly positive, evidence also supports the use of omega-3 fatty acids.
Significant reductions in mania have also been demonstrated with the use of
L-tryptophan, magnesium, folic acid, and BCAAs (Sarris et al. 2011). While some
of these compounds may demonstrate efficacy as monotherapies, ultimately, this
class may prove most effective as augmentation therapy for conventional BD
treatments (Sarris et al. 2009; Mischoulon 2009). Larger, more-robust clinical trials
are needed before their use becomes commonplace.

3 Calcium Channel Modulators

Ca2+ signaling is a tightly regulated process that plays an important role in a variety
of cellular processes, including neuronal excitability, neurotransmitter synthesis/
release, synaptogenesis, and plasticity. Even small perturbations in the balance
between intracellular and extracellular calcium can trigger cell-death programs
which are unresponsive to molecular rescue. Two cellular organelles, mitochondria
and endoplasmic reticula (ER), are critical in maintaining a delicate balance of
intracellular Ca2+ concentrations through sequestration, buffering, and mobiliza-
tion. As previously discussed, increasing evidence suggests that mitochondrial
function plays a key role in governing the synaptic properties of neuronal circuits
that govern complex human behaviors. Mitochondrial dysfunction has also been
implicated in a wide array of neurological and psychiatric disorders (Kato 2017).

In 1922, Weston and Howard observed that individuals with mania had lower
spinal fluid concentrations of Ca2+ compared to depressed individuals (Weston
1922). This realization was subsequently obscured by decades of controversial
findings regarding Ca2+ homeostasis in BD. However, more recent studies have
revived this hypothesis by demonstrating that, compared to healthy controls, BD
patients have elevated Ca2+ levels in platelets and lymphocytes, in addition to
increased Ca2+ ATPase activity in red blood cells (Dubovsky et al. 1992; Warsh
et al. 2004). As mitochondrial structure plays a significant role in Ca2+ homeostasis,
these findings are in accordance with an ion-imbalance hypothesis in BD (Clay et al.
2011).

Various lines of pharmacologic evidence also support the relationship between
calcium signaling and mood disorders. In animal and human models, lithium has
been shown to significantly reduce NMDA receptor-stimulated Ca2+ responses
(Nonaka et al. 1998). Moreover, both lithium and valproate are potent enhancers
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of Bcl-2 expression (Chen and Chuang 1999). The Bcl-2 family of proteins promote
neuronal survival in part by inhibiting Ca2+ release from the ER (Rong and
Distelhorst 2008). SNPs of the Bcl-2 gene, which are associated with developing
BD, are also associated with elevated basal calcium levels and increased cytosolic
Ca2+ release (Machado-Vieira et al. 2011). This alteration in membrane excitability
may disrupt several neural components responsible for controlling mood and
behavior.

Additionally, through separate pathways, lithium and valproate both cause deple-
tion of inositol, a key calcium signaling intermediary. Lithium inhibits inositol
monophosphatase (IMPase) involved in phosphatidylinositol 4,5-biphosphate
(PIP2) turnover, which in turn reduces calcium entry into the cell and thus overall
neuronal excitability. This may partially explain the efficacy of lithium in correcting
neurotransmission, which has been shown to be altered in BD (Berridge 2014).
Furthermore, inositol depletion has been shown to increase synapse formation
between hippocampal neurons in vitro (Kim and Thayer 2009). Thus, modulation
of calcium signaling appears to have multiple benefits, acutely stabilizing neuro-
transmission as well as the long-term potentiation of synaptogenesis.

As follows, researchers have investigated various calcium channel antagonists
(CCAs) as possible therapeutic targets for BD. Studies indicate that only slow-gated
L-type channels (LTCCs) are sensitive to CCAs in neurons. In that regard, three
antihypertensive medications with LTCC activity, verapamil, nimodipine, and dilti-
azem were initially tested, with mixed results. Verapamil was first to be compared to
lithium and placebo to treat mania. Both compounds had similar anti-manic effects,
which were superior to placebo (Giannini et al. 1984). Despite this initial promise,
recent reviews have shown inconsistent findings. Janicak et al. (1998) found no
benefit over placebo in treating mania (Janicak et al. 1998). Keck et al. (2000) found
both positive and negative results, suggesting the need for further investigation
(Keck et al. 2000). Giannini et al. (2000) found that verapamil combined with
magnesium oxide was superior to verapamil monotherapy (Giannini et al. 2000).
More recently, verapamil was compared to lithium in a double-blind continuation
study for acute mania. Individuals unresponsive to lithium (phase 1) were random-
ized to either continue lithium or switch to verapamil (phase 2). Non-responders in
phase 2 were further allocated to verapamil-lithium combination treatment (phase 3).
Authors found some efficacy for verapamil as monotherapy, but no significant
difference compared to lithium and no superiority in combination (Mallinger et al.
2008).

In 1998, Pazzaglia et al. conducted a double-blind placebo-controlled study
investigating the efficacy of nimodipine in 30 patients with refractory affective
disorders (23 with bipolar and 7 with unipolar depression). One-third of the patients
showed a significant response to nimodipine monotherapy. Non-responders (n = 14)
added carbamazepine, with roughly another third achieving remission. Authors
further noted that individuals with rapid-cycling BD were more apt to respond to
the carbamazepine-nimodipine combination therapy (Pazzaglia et al. 1998). Subse-
quent studies were conducted around this time, most with modest results, and some
evidence suggesting that low baseline CSF somatostatin may predict response to
nimodipine (Frye et al. 2003).
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Lastly, investigators have attempted to demonstrate the efficacy of diltiazem as
add-on therapy in BD. In 2000, researchers conducted an open-label study with eight
women in either a manic or depressive episode, generating promising findings. In
comparing the 6 months before and after starting the add-on therapy, they observed a
significant improvement in manic/depressive symptoms (Silverstone and Birkett
2000). However, several studies have reported that verapamil and diltiazem may
enhance lithium excretion, increase carbamazepine levels, and create a synergistic,
neurotoxic effect with either mood stabilizer (Brodie and MacPhee 1986; Bahls et al.
1991; Price and James Giannini 1986).

Despite a lack of definitive clinical outcomes and potential adverse side effects,
recent preclinical research has reinforced the importance of aberrant calcium signal-
ing in BD (Harrison 2016; Heyes et al. 2015). Specifically, genomic data shows that
several LTCC-subunit-encoding genes, especially the CACNAI1C locus, are associ-
ated with BD, schizophrenia, and MDD (Craddock and Sklar 2013). Additionally,
neuron-like cells derived from BD patients show increased CACNA1C gene expres-
sion and enhanced calcium signaling (Yoshimizu et al. 2015). Mertens et al. further
found that induced stem-cell-derived (iPSC) hippocampal neurons from patients
with BD display a characteristic, hyperexcitable phenotype in relation to calcium
signaling. Importantly, this phenotype was selectively reversed by lithium in vitro,
only in neurons derived from patients that responded to lithium clinically (Mertens
et al. 2015).

In summary, despite contradictory findings in the early twentieth century, more
recent preclinical evidence has strongly implicated alterations in mitochondrial
function and calcium signaling in the pathogenesis of BD. Elevated endogenous
calcium concentrations in bipolar patients and reductions calcium hyperexcitability
caused by lithium clearly demonstrate promise for this line of investigation. Building
on this hypothesis, conventional CCAs (verapamil, diltiazem, nimodipine) demon-
strated some initial promise. However, subsequent, more-rigorously designed stud-
ies failed to replicate these findings, in addition to revealing several adverse side
effects. Despite this obstacle, the large quantity of in vitro evidence underscores a
need for further proof-of-concept trials, potentially involving other CCAs. Given the
wide distribution of LTCCs throughout the body, future clinical interventions should
focus on developing more-targeted and genome-directed compounds with greater
blood-brain barrier penetration and higher specificity for CNS-LTCC ligands. Most
importantly, genomic evidence strongly suggests that future patients should be
selectively enrolled in trails based on genetic and phenotypic amenability to such
therapies.

4 Intracellular Signaling and Inflammation

Numerous studies support the role of the immune dysfunction in the development of
BD (Rosenblat and McIntyre 2015; Munkholm et al. 2013; Goldstein et al. 2009;
Leboyer et al. 2012). Bipolar disorder has been implicated in increased rates (1.5-3
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times) of premature death due to medical comorbidities, higher prevalence of
metabolic syndrome, and greater cardiovascular mortality than that in the adult
general population (Leboyer et al. 2012). Furthermore, there is evidence that patients
with BD have a reduced life expectancy (9—14 years) and exhibit shortened telo-
meres compared to the general population (Rizzo et al. 2013; Chang et al. 2015). BD
has also been associated with numerous other immunological conditions: systemic
lupus erythematosus, autoimmune thyroiditis, psoriasis, rheumatoid arthritis, multi-
ple sclerosis, inflammatory bowel disease, and others (Rosenblat and McIntyre
2015). Though causality in this regard has yet to be established, recent research
indicates that the relationship is likely bidirectional (Perugi et al. 2014).

These associations are reinforced by several cross-sectional studies which have
demonstrated that, compared to healthy controls, patients with BD have significant
elevations in proinflammatory cytokines such as TNF-a, IL-1p, IL-4, IL-6, and
others. These studies have even suggested a state-dependent association with various
inflammatory markers. For example, during manic episodes, BD patients demon-
strate increased expression of TNF-a, IL-4, IL-6, CXCL10, and other inflammatory
molecules (Barbosa et al. 2014; Modabbernia et al. 2013). Many of these markers
have not yet been robustly investigated in bipolar depression; however evidence
from MDD patients suggests that similar cytokine alterations also occur during
depressive episodes (Rosenblat et al. 2014; Felger and Lotrich 2013). A recent
meta-analysis of 32 inflammation studies found TNF-a to be the only biomarker
elevated in both mania and bipolar depression (Rowland et al. 2018). Though further
longitudinal research is necessary to fully validate a causal link in this regard,
mounting evidence suggests that BD patients experience a chronic, low-grade
inflammatory state which may be enhanced during acute mood episodes (Rosenblat
et al. 2014; Fillman et al. 2014).

It is important to note that the majority of the aforementioned studies measure
peripheral cytokine levels. While the direct observation of CNS inflammation may
be more desirable, doing so is typically a highly invasive and cost-prohibitive
endeavor. As with most neuroinflammatory conditions, altered blood-brain barrier
(BBB) permeability allows for the bidirectional passage of peripheral and central
immune mediators. Additionally, recent paradigm-shifting animal research has
demonstrated a contiguous link between systemic lymphatic drainage and dural
sinus vasculature, further allowing for the amalgamation of CNS and systemic
immune constituents (Louveau et al. 2015). As follows, numerous BD studies
have demonstrated a correlation between peripheral and central cytokine expression
(Munkholm et al. 2013; Barbosa et al. 2014).

Several mechanisms have been proposed as to the specific, deleterious effects of
inflammation in mood disorders. Under normal conditions, CNS macrophages
(microglia) play several vital roles: immune surveillance, scavenging unwanted
cellular products, and pruning of underutilized synaptic pathways. However, in
states of elevated inflammation, microglia disproportionately adopt a
proinflammatory phenotype leading to unwanted pruning, increased BBB perme-
ability, and resultant influx of peripheral immune cells (Stertz et al. 2013). Evidence
for this mechanism is supported by both PET imaging and postmortem tissue
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analysis, demonstrating increased microglial activity in the hippocampus and pre-
frontal cortex of BD patients (Haarman et al. 2014a, b; Rao et al. 2010).
Proinflammatory cytokines have also been shown to alter the concentration of
monoamines, for example, by decreasing the conversion of tryptophan to serotonin,
accelerating serotonin breakdown, and increasing levels of depressogenic trypto-
phan metabolites (Capuron et al. 2003; Zhang et al. 2001). This process has been
shown to be mediated in part by HPA axis over-activation and resultant
hypercortisolemia (Maes et al. 2011). A detailed explanation of the HPA axis and
cortisol overproduction in BD is discussed elsewhere in this chapter. In short,
cortisol upregulates hepatic tryptophan 2,3-dioxygenase activity, causing unwanted
monoamine catabolism. Additionally, proinflammatory cytokines interfere with
hypothalamic glucocorticoid receptor function, disrupting normal feedback inhibi-
tion on cortisol production (Pace and Miller 2009).

With regard to systemic inflammation, significant attention has recently been
directed towards elucidating a connection between the enteric nervous system (ENS)
and the CNS, otherwise known as the “gut-brain axis.” Numerous in vitro and
animal studies have suggested that the mucosal microbiome may exert substantial
influence on behavior and cognition via alterations in immune function and neuro-
transmitter metabolism. Though microbiome research in psychiatry is in its relative
infancy, there has been a long-standing association between various gastrointestinal
pathologies and psychiatric disorders (Severance et al. 2015; Lee et al. 2015). Recent
research suggests that an imbalance in gut microflora (dysbiosis) may cause luminal
inflammation which facilitates microbial translocation into systemic circulation
(Dickerson et al. 2017).

Recently, researchers have developed antibodies to diagnose Crohn’s disease,
which detect the presence of normal gut microbes in systemic circulation (Desplat-
Jego et al. 2007). Elevated antibody production against one such yeast (Saccharo-
myces cerevisiae) has been detected in patients with both schizophrenia and
BD. Importantly, titers were significantly higher in individuals experiencing
recent-onset of their disorder and those who were antipsychotic-naive, suggesting
an inciting mechanism that cannot be solely attributed to medication usage (Sever-
ance et al. 2012, 2014). Dickerson et al. have conducted several longitudinal
observation studies which demonstrated that, compared to healthy controls, BD
patients in acute manic episodes have increased production of antibodies directed
against gliadin (a marker of gluten sensitivity), NR2 (an NMDA receptor peptide),
Mason-Pfizer monkey virus 24, and Toxoplasma gondii. These findings appeared to
be state-dependent, as titers did not differ from controls at 6-month follow-up.

Furthermore, elevated inflammation scores during initial manic episodes were
predictive of psychiatric re-hospitalization during the follow-up period (Dickerson
etal. 2012a, b, 2013). Though initial findings are intriguing, more research is needed
to delineate specific microbial-inflammatory mechanisms. We must also assess the
influence of confounding variables such as environment, medication usage, and
smoking. Furthermore, there is a relative paucity of evidence regarding the interplay
between gut dysbiosis and neurotransmitter-mediated, retrograde communication
between the ENS and CNS. In that regard, more information is needed to bolster
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therapeutic efforts, as initial studies with general probiotics have yet to yield
impactful results (Dickerson et al. 2017).

Current knowledge gaps notwithstanding, specifically targeting immune dysfunc-
tion in BD, is highly desirable, especially given that doing so can potentially
ameliorate numerous associated comorbidities. Emerging evidence suggests that
some antipsychotics and lithium downregulate the expression of inflammatory
genes in the cells of BD patients (Haarman et al. 2014a, b). However, the exact
mechanism by which these agents exert their anti-inflammatory effects is unknown.
As previously mentioned, the anti-inflammatory/antioxidant compound
N-acetylcysteine (NAC) has shown significant promise as an adjunct treatment in
BD. Multiple DBRPCTs have demonstrated significant reductions in depressive
symptoms compared to placebo in bipolar patients (Berk et al. 2008, 2012). A
small number of trials have also investigated the efficacy of the anti-inflammatory
agents like celecoxib (Arabzadeh et al. 2015) and aspirin (Berk et al. 2013) as
adjunctive treatment in BD, with mixed results. Specifically, Arabzadeh et al.
found celecoxib 400 mg to be superior to placebo as adjunctive therapy to sodium
valproate in treating bipolar mania without psychotic features.

Pioglitazone is a peroxisome proliferator-activated receptor-gamma agonist with
well-established, potent anti-inflammatory and anti-hyperglycemic properties. In a
2015 double-blind RCT of BD patients in a current major depressive episode
(MDE), Zeinoddini et al. found that pioglitazone caused significant reductions in
depressive symptoms after 6 weeks (Zeinoddini et al. 2015). Further research has
shown it to be particularly effective in reducing depressive symptoms when used as
an adjunct therapy in BD patients with comorbid metabolic dysfunction (Kemp et al.
2014). Importantly, in this study, elevated baseline levels of the proinflammatory
cytokine IL-6 correlated with greater reductions in depression severity. Likewise, a
recent 12-week, randomized, double-blind, placebo-controlled, parallel-group trial
of 60 participants investigated the use of adjunctive infliximab in the treatment of
adults with bipolar I/IT depression. Despite being a negative trial overall infliximab
significantly reduced depressive symptoms compared to placebo in patients with
baseline elevations in serum CRP and TNF-a.

Preclinical evidence supports an intricate association between immune function,
the microbiome, BD, and many of its comorbid conditions. Immune cells and
inflammatory signaling molecules have been shown to produce local damage,
prevent repair, and affect downstream neurotransmitter metabolism through a myr-
iad of interconnected pathways. Beyond demonstrating therapeutic potential, several
trials of anti-inflammatory compounds have importantly shown enhanced efficacy in
patients with elevated levels of pre-treatment inflammation. This underscores the
significant need for further investigation in this area, both in developing targeted
therapies and screening/selecting patients based on their inflammatory profile.
Numerous immune modulators have been approved for various systemic conditions
over the last two decades, only a handful of which have been evaluated in the
treatment of psychiatric disorders. Thus, given the ability to bypass significant
startup costs and regulatory obstacles inherent to developing novel agents, it
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would seem prudent going forward to dedicate more resources towards clinical trials
which investigate the efficacy of approved but untested medications in this class.

5 Glycogen Synthase Kinase 3-Beta (GSK3p)

Several lines of investigation have implicated the enzyme GSK3p in the partheno-
genesis of BD. In 1996, GSK3p was discovered to be a target of lithium, specifically
mediated by a magnesium-competitive inhibition mechanism (Klein and Melton
1996). Since that time, researchers have uncovered nearly 50 substrates of GSK3p
that are key modulators in several processes related to neuronal function. The most
prominent group of these compounds are known as Wnt molecules. Throughout
early development and adult life, Wnt ligands mediate cell patterning, differentia-
tion, proliferation, neuronal morphology, and cellular-integration into established
neuronal circuits. The Wnt pathway facilitates these processes by first inhibiting the
constituently active GSK3p enzyme, leading to the nuclear translocation of f-catenin
and subsequent activation of several enhancers/transcription factors involved in
neurotrophic generation (BDNF), circadian regulation, and inflammatory modula-
tion (Valvezan and Klein 2012). Indeed, GSK3p overactivity has been linked to
dysfunction in all of these domains, causing decreased BDNF production (Machado-
Vieira et al. 2009), prevention of medication-mediated mood-stabilization and
neurogenesis (Hussaini et al. 2014), increased expression of pro-inflammatory
cytokines such as IL-6 and TNF-a (Ajmone-Cat et al. 2016), and lengthening of
the circadian rhythm (McCarthy et al. 2013).

Various lines of animal and human evidence further support the role of aberrant
Wnt/GSK3p activity in BD. Transgenic mice that over-express GSK3p develop
hyperactive symptoms akin to human mania, whereas haplo-insufficient mice
(GSK3*™) with decreased GSK3p activity exhibit features that replicate chronic
lithium treatment. Moreover, induced GSK3f overexpression in mice nullifies the
effect of chronic lithium treatment. Importantly, lithium is a well-validated GSK3p
inhibitor (Cole 2013).

Patients with BD exhibit decreased levels of B-catenin mRNA and protein in the
dorsolateral-prefrontal and temporal regions compared to those with schizophrenia
and healthy controls (Pandey et al. 2015). Moreover, several SNPs within the
promoter region for GSK3p are associated with an earlier age of onset and sensitivity
to lithium therapy (Cole 2013).

Researchers have also demonstrated decreased GSK3f inhibition in the periph-
eral blood mononuclear cells (PBMCs) of bipolar individuals. Notably, in this small
cohort study, a lower magnitude of GSK3f inhibition significantly correlated with
the severity of manic/depressive episodes (Polter et al. 2010). More recent evidence
has bolstered these findings by demonstrating that treatment with lithium causes an
increase in PBMC-GSK3f inhibition, which also correlates with symptomatic
improvement (de Sousa et al. 2015a, b).
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Apart from lithium, other psychoactive compounds with efficacy in BD also
demonstrate GSK3p pathway activity. Conflicting evidence exists regarding the
GSK3 activity of anticonvulsant mood stabilizers such as valproic acid and carba-
mazepine (Muneer 2017). However, second-generation antipsychotics (SGAs),
which are becoming increasingly important in the treatment of all phases of BD,
have well-documented GSK3p inhibitory properties (Kalinichev and Dawson 2011;
Pandey et al. 2015). Biased agonists such as aripiprazole have also been shown to
increase the transcription of Wnt-related genes in the f-catenin pathway
(de Bartolomeis et al. 2015). Lastly, conventional antidepressants have been
shown to interact with several Wnt/GSK3 cellular cascades. GSK3f-mediated
alterations in neuronal plasticity occur at the level of genetic transcription and are
thus expected to take weeks before subjective improvement in symptoms occurs.
This timeline thus concurs with the natural treatment course of SSRI therapies (Pilar-
Cuellar et al. 2014).

Given the pervasive involvement of this pathway in a wide range of psychiatric
disorders and medication classes, GSK3p inhibition stands as an attractive, albeit
illusive therapeutic target. Over the past two decades, AstraZeneca has been at the
forefront of GSK3f inhibitor development, with six novel candidates, only one of
which progressed to phase II trials. Due to concerns over toxicity, safety margins, as
well as various other issues, progress in this area has been slow (Bhat et al. 2018).
Building on these efforts, Bhat et al. note that future GSK3 drug development should
focus on increasing kinase selectivity as well as using novel conjugated-peptide
technology to enhance tissue specificity.

6 Protein Kinase C (PKC) and Diacylglycerol (DAG)

Protein kinase C (PKC) is a family of calcium and phospholipid-dependent enzymes
implicated in mood regulation. More specifically, PKC in the brain is present in high
levels at presynaptic terminals and thought to play a role in the regulation of
neuronal excitability, neurotransmitter release, and neuroplasticity (Zarate and
Manji 2009). Conventional PKC (cPKC) isoforms (a, BI, BII, y) require calcium
and diacylglycerol (DAG) for activation, while novel PKC isoforms (9, €, 1, 0, p)
only require DAG for activation (Zarate and Manji 2009). In CNS, cPKC isoforms
are the most common and are highly expressed in several structures classically
associated with mood regulation (prefrontal cortex, amygdala, and hippocampus)
(Naik et al. 2000). This family of enzymes modulate neuronal transmission at several
levels: short term (neurotransmitter/ion flux), intermediate (receptor regulation), and
long term (synaptic remodeling, cell proliferation, genetic expression) (Amadio et al.
2006). PKC signaling underlies many of the pathologic mechanisms discussed
throughout this chapter: neuronal excitability (Pahl et al. 2014), neurotransmitter
release (Zarate et al. 2006), glutamate signaling (Zarate et al. 2003),
neuroinflammation (Jun et al. 2014), neuroplasticity (Chu et al. 2014), and
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mitochondrial dysfunction, especially as it pertains oxidative stress and apoptosis
(Nam et al. 2015).

Multiple lines of animal and human evidence support the pervasive involvement
of this family of enzymes in BD. PKC inhibition reduces manic-like behaviors and
hippocampal cell degeneration in rat sleep deprivation mania models (Abrial et al.
2013). Compared to healthy controls, BD patients demonstrate increased levels of
both central (cortical) and peripheral (platelet) PKC activity (Wang and Friedman
1996; Wang et al. 1999). Lastly, a meta-analysis of 8,700 patients with both unipolar
and bipolar depression found that suicidality was significantly associated with the
genetic locus for PKCe (Saxena et al. 2017).

In that regard, chronic lithium treatment has been shown to decrease PKC levels
in platelets of BD patients (Soares et al. 2000). Both lithium and valproic acid inhibit
PKC activity in vitro and in vivo (Zarate and Manji 2009; Chen et al. 1994, 2000).
Chronic administration of quercetin, a non-specific PKC inhibitor, prevents
methylphenidate-induced hyperlocomotion and lipid peroxidation in mice (Kana-
zawa et al. 2017). Tamoxifen, another potent PKC inhibitor, has demonstrated
efficacy in acute manic or mixed episodes of BD as both adjunct and monotherapy
(Talaei et al. 2016; Yildiz et al. 2016, 2008; Amrollahi et al. 2011).

7 Neurotrophins

Neurotrophins are cellular growth factors involved in synaptic plasticity,
neurogenesis, cell survival, and long-term memory formation (Grande et al. 2010).
Within the neurotrophin family, brain-derived neurotrophic factor (BDNF) is the
most extensively studied in BD (Fernandes et al. 2011; Rowland et al. 2018). Data
from six meta-analyses have consistently demonstrated that BD patients have
significantly lower levels of plasma BDNF compared to healthy controls, as do
individuals with schizophrenia and unipolar depression (Rowland et al. 2018;
Fernandes et al. 2015; Molendijk et al. 2014). Furthermore, BD patients in current
manic or depressive episodes both demonstrate reductions in peripheral BDNF
levels, unlike their euthymic counterparts (Fernandes et al. 2015; Rowland et al.
2018). The effect size is particularly large in bipolar depression (SMD — 0.86) and
moderate in mania (SMD - 0.54) (Rowland et al. 2018).

BDNF plays a significant role in both GSK3p/Wnt and PKC activity (discussed in
more detail in their respective sections). Briefly, BDNF transcription can be
increased by various GSK3p inhibitors (including lithium) and through GSK3
gene silencing. Moreover, BDNF itself can inhibit GSK3p activity (Machado-Vieira
et al. 2009). BDNF also mediates some of the genetic expression associated with
synaptic plasticity via PKC signaling (Arevalo and Wu 2006). Beyond acting as a
second messenger, PKC itself can also influence the expression of BDNF and other
neurotrophins (Xu et al. 2013, 2015). The reciprocity and interdependence involved
in both of these pathways underscores the pervasive and complex role that
neurotrophins play in modulating a wide array of neuronal signaling mechanisms.
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Some studies have suggested an association between polymorphisms in BDNF
promoter genes and vulnerability for developing BD (D’Addario et al. 2012). Using
a systems model of the human prefrontal transcriptional network, researchers have
highlighted the importance of the early growth response gene 3 (EGR3) gene, which
was previously shown to be modulated by BDNF (Pfaffenseller et al. 2016). A
current proposal suggests a positive feedback loop wherein BDNF signaling dys-
function leads to reduced EGR3 expression, thus impairing neuroplasticity and
resilience, increasing the vulnerability to stress, and further lowering BDNF expres-
sion (Pfaffenseller et al. 2018). Moreover, using a multisystem analysis of BDNF
genes and other loci, researchers were able to identify bipolar patients with a
sensitivity of 73% and a specificity of 71% (Munkholm et al. 2019). Building on
this success, recent findings indicate that measuring BDNF in conjunction with
TNF-a may provide even greater fidelity in distinguishing manic/depressed individ-
uals from euthymic patients (Rowland et al. 2018). All of these studies suggest that
BD pathogenesis is highly connected to many BDNF-related pathways. As with the
“triple test” in Down syndrome and diagnostic tests for thyroid-related illnesses,
BDNF measurements may be of greatest use when combined with other known
biomarkers in BD. Given its pervasive influence on neuronal activity, BDNF may
also have great potential as future therapeutic target.

Currently, no pharmacological agent used in BD directly targets the
neurotrophins; however, antidepressants, lithium, electroconvulsive therapy
(ECT), and glutamatergic agents like ketamine and memantine all increase periph-
eral levels of BDNF in patients with major depressive disorder (MDD) (Molendijk
et al. 2014; Duncan and Zarate 2013; Haile et al. 2014; Lu et al. 2012). The
pervasive, reciprocal interactions of neurotrophins with many other pathways pre-
sent significant confounding obstacles for investigators. For now, BDNF may be of
greatest utility as biomarker for disease severity and treatment response.

8 Glutamatergic System

Alterations in the glutamatergic system have been extensively implicated in the
pathophysiology of BD. Likewise, the glutamate-modulating capability of conven-
tional BD treatments such as lithium, valproate, lamotrigine, and antidepressants is
well-documented (Machado-Vieira et al. 2012). Glutamate is the most abundant
excitatory neurotransmitter in the brain. It acts in three different cellular
compartments — pre/postsynaptic neurons and glia — characterized as the “tripartite
glutamatergic synapse.”

Particularly through its action at ionotropic AMPA and NMDA receptors,
glutamatergic signaling plays a crucial role in excitatory neurotransmission, synaptic
function, neuroplasticity, and neurogenesis. Indeed, AMPA (GluA1 subunit) knock-
out mice provide a successful model for depression, and NMDA receptor antagonists
have repeatedly demonstrated antidepressant efficacy (Papp and Moryl 1994;
Chourbaji et al. 2008). Interestingly, Du et al. (2010) showed that the GSK3 inhibitor
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AR-A014418 regulates AMPA-induced GluR1 and GluR?2 internalization via phos-
phorylation of kinesin light chain 2 (KLC2), the key molecule of the kinesin cargo
delivery system (Du et al. 2010). As previously discussed, neurotrophins modulate
the activity of GSK3 (Bartzokis 2012). Thus, glutamate seemingly acts as a molec-
ular intermediary between many of the signaling pathways discussed throughout this
chapter.

Candidate gene and genome-wide association studies (GWAS) have also impli-
cated glutamate signaling in BD pathophysiology, albeit with some conflicting
results. In a recent systematic review, de Sousa et al. found a positive association
between BD and glutamate-related genes in 12 of 34 (35%) studies (Nurnberger
et al. 2014; de Sousa et al. 2017). Overall, these genetic findings warrant deeper
investigation, especially for the glutamatergic genes which have repeatedly demon-
strated associations with BD (GRIA3, GRIK2, GRIK4, and GRM7). Moreover,
researchers have demonstrated alterations in mRNA expression as well as induction
of depressive-like behaviors in genetically altered animal models, further implicating
these candidate genes in the disease process (Beneyto et al. 2007; Catches et al.
2012; Cryan et al. 2003; Duric et al. 2013).

Separate genetic analysis has also uncovered a significant association between
BD and the glia-astrocyte pathway (Duncan et al. 2014). In addition to being the
primary mediators of neuroinflammation, glial cells are integral to the glutamate
recycling process. In that regard, investigation into glutamate/glial modulators has
substantially increased in recent years. Ketamine, a N-methyl-D-aspartate (NMDA)
receptor antagonist, has been placed in the spotlight due to its rapid antidepressant
action in both unipolar and bipolar depression (Sanacora et al. 2017). While previous
data did not demonstrate effective remission rates in bipolar depression (McCloud
et al. 2016), a more recent double-blind, randomized placebo-control study phase
1 trial found that repeated ketamine infusions were effective in treating bipolar
depression (Chen et al. 2019). Research suggests that ketamine’s NMDA receptor
antagonism increases BDNF-mediated synaptic protein synthesis via downstream
glutamate-stimulation of AMPA receptors (Duman et al. 2012). Ketamine has also
demonstrated a significant degree of interaction with glia-astrocyte-mediated inflam-
matory signaling (Miller 2013). Thus, beyond its therapeutic efficacy, ketamine
potentially represents a paradigm-shifting convergence of the inflammatory and
glutamate hypotheses of depression.

Approved by the FDA for the treatment of amyotrophic lateral sclerosis, riluzole
(2-amino-6-trifluoromethoxy benzothiazole), is a glutamatergic modulator with both
neuroprotective and anticonvulsant properties. Riluzole inhibits voltage-dependent
sodium channels in neurons with subsequent inhibition of glutamate release, enhanc-
ing AMPA trafficking and membrane insertion of GluR1 and GIuR2 and also
increasing glutamate reuptake (Bellingham 2011). While early studies showed
promise of riluzole in bipolar depression (Machado-Vieira et al. 2012), a more
recent double-blind, placebo-controlled trial failed to show efficacy (Park et al.
2017). Another NMDA agent, memantine, is approved for dementia; it acts as a
low-affinity NMDA receptor antagonist (Rammes et al. 2008). Like riluzole, initial
clinical trials and case reports generated relatively positive results as an add-on to
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mood stabilizers in both mania (Koukopoulos et al. 2010; Serra et al. 2013) and
bipolar depression (Stevens et al. 2013). However, a recent meta-analysis of ran-
domized, double-blind controlled trials failed to demonstrate efficacy (Zheng et al.
2019). Especially given recent findings in relation to NMDA signaling, targeted
modulation of glutamate neurotransmission will likely be an area of great clinical
potential in the near future.

9 Dopaminergic System

Dopaminergic neurotransmission and its dysregulation in the development of BD are
shown at different levels of evidence: behavioral, biomarker, and pharmacological
proof-of-concept studies. Increasing dopamine activity is known to produce mania-
like clinical presentations (Cousins et al. 2009). Specifically, amphetamine inhibits
dopamine transporter-mediated reuptake and increases dopamine synaptic stimula-
tion in the striatum, nucleus accumbens, and the frontal cortex. Predictably, it
induces mood elevation, goal-directed activities, and motor hyperactivity and
decreases the need for sleep. Likewise, L-dopa, a dopamine precursor, can induce
manic or hypomanic states when used as a treatment for Parkinson’s disease (PD).
Homovanillic acid (HVA), a metabolite of dopamine, is decreased in the CSF of
untreated individuals with bipolar depression. Conversely, treated and manic sub-
jects have normal or increased HVA (Zarate et al. 2004). A recent meta-analysis of
26 studies supports this claim that decreased HVA is found in those with depressive
disorders (Ogawa et al. 2018).

Measurements of in vivo availability of dopamine receptor binding using single-
photon emission computed tomography (SPECT) radiotracer ['*’I] iodobenzamide
(IBZM) have generated mixed results. One study demonstrated reduced D, receptor
binding potentials in the frontal cortex when compared to healthy controls, while D,
receptor density was normal in all phases of non-psychotic BD individuals (Gonul
et al. 2009). Using SPECT radiotracer [99mTC], a different study found increased
dopamine transporter (DAT) availability in euthymic bipolar patients when com-
pared to healthy subjects (Chang et al. 2010). Furthermore, another study used
positron emission tomography (PET) and found that unmedicated BD subjects had
significantly lower DAT availability and possibly higher dopamine concentrations in
the dorsal caudate (Anand et al. 2011). In contrast, a different study found greater
DAT density in unipolar and bipolar depressed vs non-depressed subjects (Amster-
dam et al. 2012). More studies are needed to elucidate the role of dopamine receptor
binding in mania and depression.

As increasing evidence reinforces the role of dopamine in BD pathophysiology,
prescriptions of atypical antipsychotics are increasing. One cohort of 343 patients
with bipolar depression who received olanzapine monotherapy significantly
improved from their symptoms when compared to 171 bipolar depression patients
receiving placebo in a randomized, double-blind placebo-controlled trial (Tohen
et al. 2012). A separate randomized, double-blind placebo-controlled trial of
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802 subjects with acute bipolar depression, which compared two dosages of
quetiapine with lithium and placebo, found quetiapine more effective than both
(Young et al. 2010). Recently, another randomized, double-blind placebo-controlled
trial found cariprazine, a different atypical antipsychotic, to be effective, well-
tolerated, and safe in depressive symptoms in adults with bipolar I (Earley et al.
2019). One proposed theory is that the atypical antipsychotics have 5-HT, 4 antag-
onism and some D, receptor antagonism/partial D, agonism, which balances the
dopamine signaling and leads to anti-manic effects (Kato 2019). This could partially
explain the aforementioned mixed findings regarding dopamine receptor activity
in BD.

Pramipexole, an aminothiazole derivative D,/Dj agonist, approved for use in PD,
has been employed in proof-of-concept clinical trials in bipolar depression. Its
theoretical utility as an antidepressant is derived in part from its D5 receptor activity,
which modulates several neuronal circuits implicated in depressive states (Zarate
et al. 2004). It also increases anti-apoptotic Bcl-2 expression (Inden et al. 2009),
suggesting an added neuroprotective benefit (Shaltiel et al. 2007). Previously, a
cohort of 23 patients were followed, and 60.9% of patients showed sustained
remission of a depressive episode (defined as a > 50% on the Montgomery-Asberg
Depression Rating Scale score) (Cassano et al. 2004). Using similar criteria, a
subsequent meta-analysis showed that pramipexole had a response rate of 52.5%,
a long-term response rate of 62.1%, and a long-term remission rate of 39.6% in
504 patients (Tundo et al. 2019). Randomized clinical trials have also demonstrated
superiority compared to placebo in major depressive episodes (Tundo et al. 2019).
While pramipexole showed beneficial as a therapeutic option for depression in BD
patients, the authors suggest having an RCT of a higher power to confirm its benefit
(Tundo et al. 2019).

10 Neurohormonal System

Circadian abnormalities have been recently associated with BD (Melo et al. 2017).
Rhythm disruption can both precipitate and exacerbate mood episodes (Hirata et al.
2007). It is suggested that causality of this phenomenon is bidirectional, with
circadian disruptions also being a consequence of affective disorders themselves
(Bechtel 2015). Even in the euthymic state, BD patients have more alterations in
their sleeping patterns than healthy controls (Ng et al. 2015). Circadian rhythms are
regulated primarily by the secretion of melatonin from the suprachiasmatic nucleus
(SCN) and subsequent binding to MT1 and MT2 receptors in the posterior hypo-
thalamus. Normally, melatonin secretion reaches its peak during the night and trough
during the day. BD patients characteristically show a delayed onset and lower
evening peak of melatonin secretion compared to healthy controls (Robillard et al.
2013; Nurnberger et al. 2000). Mutant mice, deficient in the MT1 receptor encoding
gene, display behavioral alterations that resemble some symptoms of depression
(Comai et al. 2015).
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Corticotropin-releasing hormone (CRH), secreted by the hypothalamus, stimu-
lates the release of adrenocorticotropic hormone (ACTH) from the pituitary gland.
ACTH then enables the secretion of cortisol by the adrenal glands. Circulating
cortisol exerts a negative feedback effect at multiple levels within the hypothalamic-
pituitary-adrenal (HPA) axis. In healthy individuals, cortisol displays the opposite
circadian pattern to melatonin: peaking early in the morning and lowest at night. In
addition to secreting melatonin, the SCN also modulates cortisol secretion and
cognitive performance, both of which are altered in mania and depression
(Linkowski et al. 1994). Both hypercortisolemia and a flattening of circadian cortisol
variation are seen in depressed individuals (Carroll et al. 1976). Elevated cortisol
response to dexamethasone suppression and CRH (DEX/CRH test) at the time of
discharge from an inpatient treatment is also predictive of relapse in depressed
individuals (Zobel et al. 2001). As with depression, newly diagnosed bipolar patients
display elevated baseline cortisol (Coello et al. 2019).

Additionally, changes in CRH secretion may have potential as a future biomarker,
as they can be detected before the clinically observable onset of manic or hypomanic
symptoms (Daban et al. 2005). Previous research indicates that cortisol secretion is
elevated in the manic and the depressed phases of bipolar disorder, suggesting that
aberrant stress responsiveness plays a role in both phases of the disease (Cervantes
et al. 2001). Higher cortisol concentrations have also been demonstrated in both
remitted and non-remitted bipolar patients, implying a persistence of HPA axis
abnormalities beyond symptomatic control (Watson et al. 2004). Ellenbogen et al.
found that offspring of parents with bipolar disorder have elevated cortisol compared
to those with no parental history of mental illness (Ellenbogen et al. 2004). The
heritability of basal cortisol secretion level is estimated to be 60% (Bartels et al.
2003). Taken together, this implicates hormonal axis dysfunction as a core mecha-
nism underlying the pathogenesis and transmission of BD. Aberrancies precede, are
passed on, and may persist beyond a patient’s detectable symptomatic course.

In addition to hormone secretion, the glucocorticoid receptor (GR) function plays
an intricate role in the pathophysiology of mood disorders. Cortisol diffuses through
cellular membranes and binds to both GR and mineralocorticoid (MR) intracellular
receptors. The human stress response increases glucocorticoid secretion, preferen-
tially causing MR saturation first. GR binding thus becomes the primary mediator of
feedback inhibition on the HPA axis (Pariante et al. 2001). Both glucocorticoids and
stress have been shown to impair neurogenesis and promote atrophy of dendritic
processes in the hippocampus (Kempermann 2002; McEwen 2005). GR antagonists
block the detrimental effects of hypercortisolism and increase the expression of GRs,
exerting a more powerful negative feedback effect on the HPA axis.

The extensive involvement of the HPA axis in affective disorders makes this
system an attractive target for therapeutic interventions. Tricyclic antidepressants
increase glucocorticoid receptor protein binding and capacity in vivo. This effect
was also seen in rats when submitted to lithium therapy or electroconvulsive therapy.
In humans, elevated diurnal cortisol is dampened with chronic lithium prophylaxis
(Colla et al. 2009). Thus, it is suggested that part of the overall therapeutic
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mechanism in the treatment of BD may involve a gradual reinstatement of appro-
priate glucocorticoid receptor function and some degree of HPA axis normalization.

As follows, several other therapeutic interventions have been attempted, targeting
various aspects of HPA/circadian homeostasis. Exogenous melatonin has well-
documented hypnotic properties and has been shown to improve sleep disturbances
in the context of depression (Satyanarayanan et al. 2018). However, administering
melatonin on its own to patients fails to display any antidepressant efficacy. Con-
versely, agomelatine, a MT1 and MT2 agonist but also a 5-HT2c antagonist,
displayed clear antidepressant activity in animal models of depression (Thomas
et al. 2016). A single dose of agomelatine can restore sleep architecture in severely
depressed individuals. The compound also induces a faster symptomatic improve-
ment in depressed patients than the SSRI sertraline (Kasper and Hamon 2009). This
finding was bolstered by a subsequent systematic review which concluded that
agomelatine is a viable treatment for depression (Fornaro et al. 2010). With regard
to bipolar disorder, an open-label study for agomelatine enrolled 21 patients with
bipolar I depression. Patients received 25 mg/day for 6-46 weeks, with 81% of
subjects showing substantial improvement (>50% improvement in HAM-D scores)
(Calabrese et al. 2007).

Researchers have also investigated the efficacy of the GR antagonist mifepristone
(RU-486) in proof-of-concept trials. In one double-blind, placebo-controlled cross-
over study, patients with psychotic depression experienced rapid improvement of
their symptoms following 4 days of mifepristone therapy (Belanoff et al. 2001).
Authors replicated this result in a larger study which also found that elevated dosages
(>600 mg/day) may be the optimal therapeutic range (Belanoff et al. 2002). Young
et al. conducted a mifepristone trial (600 mg/day vs placebo) in 20 patients with
bipolar depression. Spatial recognition/memory, verbal fluency, and HAM-D rating
scores all significantly improved in the intervention group. Notably, improvements
in cognition were inversely correlated with baseline cortisol levels, further implicat-
ing an anti-glucocorticoid effect as the therapeutic mechanism (Young et al. 2004).
Gallagher et al. conducted a placebo-controlled, 7-day mifepristone trial of 19 indi-
viduals with bipolar disorder and 20 with schizophrenia. There was a significant
elevation in cortisol secretion directly following mifepristone administration. How-
ever, at 21 days post-treatment, cortisol levels decreased significantly, falling below
baseline level in both treatment subgroups. Conversely, cortisol levels for both
bipolar and schizophrenic patients in the placebo group remained unchanged. This
reinforces the notion that GR antagonists cause normalization of the HPA axis
through long-term, receptor-mediated negative feedback. More recently, Watson
et al. conducted a RDBPCT evaluating a 7-day course of mifepristone (600 mg/
day) vs placebo as an adjunct therapy in 60 patients with bipolar depression. Though
patients experienced no antidepressant efficacy, spatial working memory showed
substantial improvement, which was sustained 7 weeks after cessation of treatment.
Consistent with previous findings, the magnitude of cortisol response to mifepristone
directly correlated with the magnitude of memory improvement (Watson et al.
2012).
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Glucocorticoid synthesis inhibitors such as ketoconazole and metyrapone have
also shown some antidepressant efficacy in clinical and preclinical models. In a
double-blind, randomized, controlled trial for MDD, metyrapone was superior to
placebo as add-on therapy to conventional antidepressants and accelerated the onset
of symptomatic relief (Jahn et al. 2004). Gallagher et al. evaluated five trials
conducted with ketoconazole in either MDD or BD, finding a significant difference
in HAM-D scores favoring treatment (Gallagher et al. 2008). However, the risks
associated with long-term use of these agents may limit their applicability in mood
disorders. Nevertheless, these proof-of-concept studies show promise for more-
targeted approaches in the future.

The neurohormonal modulator, liraglutide, a glucagon-like peptide 1(GLP-1)
analog, has already shown promise in preclinical models of Alzheimer’s disease,
Parkinson’s disease, and stroke. Weina et al. found that liraglutide successfully
decreased behavioral symptoms of depression and anxiety in a corticosterone-
induced mouse model of depression. Importantly, these findings were associated
with a reduction in ACTH-mediated stress responsiveness. The drug was shown to
preserve neuronal plasticity and increase the density of immature neurons in the
hippocampus (Weina et al. 2018). Further investigation regarding its clinical efficacy
in humans is highly warranted, especially given the strong association between
metabolic disease, insulin resistance, and BD.

Non-pharmacologic interventions targeting the neurohormonal/circadian system,
including sleep manipulation/deprivation and light therapy, have also been investi-
gated. Total sleep deprivation and partial sleep deprivation during the second half of
the night have shown the most antidepressant efficacy (Wirz-Justice et al. 2005).
Sleep deprivation, in combination with SSRI, has been proven to accelerate the
improvement of depressive symptoms compared to SSRI alone (Benedetti et al.
1997). Light therapy has also shown promise in certain mood disorders, especially
seasonal depression. Like sleep deprivation, best results have been demonstrated
when used in combination with antidepressants (Lanfumey et al. 2013). Tseng et al.
conducted a meta-analysis regarding the use of light therapy and sleep deprivation in
patients with bipolar depression. The results of 9 studies, including 489 patients,
indicated that adjunct light therapy significantly reduced disease severity in medi-
cated patients (Tseng et al. 2016).

As the primary arbiters of circadian rhythm and stress responses, neurohormones
such as cortisol and melatonin play a significant role in the development and
transmission of BD. Whether through genetic, epigenetic, or direct signaling mech-
anisms, circadian and HPA axis dysfunction seems to underlie most mood disorders,
making the pathway an attractive target for therapeutic interventions going forward.
Successful treatment of BD seems to entail a certain degree of normalization both in
GR function and the HPA axis overall. Supporting this hypothesis, therapeutic
efficacy, especially in the cognitive domain, is consistently associated with benefi-
cial alterations in cortisol secretion. Currently, however, therapeutic interventions
have been mostly limited to proof-of-concept studies and non-pharmacologic modal-
ities, which may not be broadly applicable in real-world clinical settings. Given the
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significant association between metabolic syndrome and BD, further investigation of
hormonal modulators, particularly those which affect insulin signaling, is warranted.

11 Purinergic System and Mania

In 1921, Kraepelin indirectly implicated the purinergic system in the parthenogen-
esis of BD by suggesting an association between manic symptoms, hyperuricemia,
and gout (Ketter 2009). Clinicians have since observed that patients being treated
with lithium see improvements not only in their mood disturbances but also in their
gout/hyperuricemia (Shorter 2009). This association has subsequently been con-
firmed by several studies showing elevated uric acid (UA) levels in drug-naive
patients experiencing their first manic episode, as well as nationwide, population-
based data indicating an increased risk of gout in patients with BD (Salvadore et al.
2010; Chung et al. 2010). Uric acid modulates a variety of endogenous functions,
including sleep, appetite, cognition, memory, motor activity, and social interaction
(Machado-Vieira et al. 2002; Lorenzi et al. 2010). Elevated UA levels have been
associated with specific manic traits such as impulsivity, irritability, increased drive,
disinhibition, and hyperthymia (Machado-Vieira et al. 2002; Lorenzi et al. 2010;
Sutin et al. 2014). Manic patients demonstrate increased serum UA compared to
those with bipolar depression or MDD (Bartoli et al. 2017b). Higher serum UA is
also predictive of bipolar conversion in currently depressed patients (Oliveira et al.
2019). Indeed, hyperuricemia appears to be highly selective for mania in BD
(Berardis and De Berardis 2008), whereas low UA levels have been linked to
depressive mood scores in BD, independent of current disease phase (Albert et al.
2015; Muti et al. 2015). Reductions in mania are associated with a concurrent
decrease in serum uric acid levels, and enhanced urinary excretion of UA has been
observed during lithium-induced remission from hypomania (Machado-Vieira et al.
2017a).

Furthermore, plasma uric acid level abnormalities are typically absent during
euthymic periods (Berardis and De Berardis 2008). This evidence strongly suggests
that purinergic system dysfunction plays an important role, especially early in the
development of BD (Machado-Vieira et al. 2008). Given the positive association
between peripheral and central uric acid levels (Bowman et al. 2010), UA holds
significant potential as a state-dependent biomarker and outcome indicator in BD.

The purine adenosine is decreased in the serum of euthymic bipolar patients when
compared to healthy controls, and lower levels confer a higher degree of functional
impairment (Gubert et al. 2016). Adenosine receptor agonists characteristically
display anti-aggressive, anticonvulsant, and antipsychotic properties, whereas antag-
onists (caffeine, theophylline) can enhance irritability, anxiety, and insomnia (Lara
et al. 20006). This suggests that, beyond acting as surrogate markers for other cellular
processes (i.e., nucleic acid turnover), purinergic constituents independently con-
tribute to the overall disease process in BD. Machado-Vieira et al. previously
demonstrated the efficacy of allopurinol in treatment-resistant mania associated
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with hyperuricemia (Machado-Vieira et al. 2001). By inhibiting xanthine oxidase, it
is suggested that allopurinol may increase CNS levels of adenosine and other purine
metabolites in addition to decreasing UA formation (Marro et al. 2006). Several
trials have subsequently demonstrated the efficacy of allopurinol as an adjunct to
standard therapy in improving manic symptoms (Machado-Vieira et al. 2002, 2008;
Akhondzadeh et al. 2006). Moreover, a 2017 systematic review and meta-analysis of
5 RCTs using adjuvant purine-modulators confirmed their anti-manic efficacy com-
pared to placebo (Bartoli et al. 2017a). Of note, allopurinol can also effectively treat
aggressive behavior in patients with dementia, further solidifying the association
between UA and the aggression/impulsivity (Lara et al. 2003).

Genetic studies have recently revealed a specific SNP in the P2X7 gene, which
encodes a CNS-expressed purine receptor associated with both BD and MDD in
animal models (Sperlagh et al. 2012). P2X7 expression is also increased by sleep
deprivation and rapid cycling in humans (Backlund et al. 2012). P2X7 receptor-
associated neuroinflammation has also been implicated in the parthenogenesis of BD
(Masuch et al. 2016). Recently, significant attention has been directed towards
developing targeted therapies for P2X7 in BD and MDD, though robust clinical
trials have not yet been executed (Bhattacharya et al. 2013; Dodd et al. 2015).

In conclusion, beyond acting as surrogate markers, evidence strongly implicates
purinergic system constituents as a priori disease modulators in BD. The diversity of
metabolites and downstream interactions associated with this pathway espouse
significant potential for future therapeutic and biomarker development.

12 Conclusion

Our evolving understanding of BD weaves an ever-expanding web of conceptual
integration. Complexities notwithstanding, several key entities (cortisol, BDNF,
PKC, GSK3, calcium, glutamate, and inflammatory cytokines) seem to underlie
and connect many of the seemingly disparate concepts discussed in this chapter.
Through these elements, we can see how oxidation and mitochondrial function, for
example, ultimately affect neurotransmission, plasticity, apoptosis, and even the
inflammatory milieu. Despite our limited understanding of the microbiome, we
can already appreciate this same dynamic. Small alterations in the gut seem to affect
everything from neurotransmitter metabolism, to neuroinflammation, and even the
HPA axis. From a therapeutic standpoint, lithium perfectly exemplifies this concept.
Its efficacy stems from its ability to modulate so many aspects of this disease from
oxidative stress, mitochondrial function, apoptosis, and calcium signaling to inflam-
mation, hormonal activity, glutamate signaling, and even the purinergic system.
Likewise, we see how novel therapies like ketamine simultaneously integrate both
the glutamate and inflammatory hypotheses of depression through final common
pathways. It is no coincidence that emerging biomarkers such as BDNF, TNF-a,
UA, and others seem to act as molecular conduits between so many different
pathways and systems. Moving forward, clinicians and scientists must build on
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this ethic: making connections that emphasize a holistic context for every specific
discovery, increasing patient screening with objective markers, and implementing
multi-modal, tailored approaches to treatment.
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Abstract Symptoms of affective disorders encompass a range of changes to bio-
logical processes such as sleep and appetite. These processes are regulated over a
24-h cycle known as the circadian rhythm. Sleep is a particularly useful marker of
this rhythm as it is readily measurable and functionally significant. Sleep disturbance
is common in bipolar affective disorder and may act as a marker, and precipitant, of
relapse. Circadian rhythms are modulated by environmental and social cues and
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have been shown to be influenced by treatment in BPAD. As such understanding of
circadian rhythms may lead to a better understanding of the pathophysiology of
BPAD and its treatment. This chapter will explore the neurobiology of the circadian
clock and the putative role of circadian rhythm dysregulation in the pathophysiology
and treatment of bipolar affective disorder (BPAD).

Keywords Bipolar - Chronobiology - Circadian rthythm - Melatonin - Sleep - Social
rhythm

1 Bipolar Affective Disorder

A diagnosis of BPAD requires at least one episode of hypomania or mania (World
Health Organisation 1993). The clinical features of manic episodes include changes
in numerous biological rhythms (Schnell et al. 2014) including an increase in energy,
a change in appetite and a decreased need for sleep (World Health Organisation
1993). A manic episode is further characterised by euphoria, irritability or expan-
siveness with rapid and pressured speech, disordered thought such as a flight of
ideas, increased self-esteem or grandiosity, distractibility and impulsive or reckless
behaviour.

Although BPAD is defined by mania, patients typically spend more time
depressed (Judd et al. 2017). A depressive episode is characterised by almost daily
depressed mood or diminished interest lasting at least 2 weeks accompanied by other
symptoms, which include poor concentration, psychomotor agitation or retardation,
feelings of worthlessness or excessive or inappropriate guilt, hopelessness and
recurrent thoughts of death or suicide. Rhythm disruptions are revealed by decreased
energy, fatigue, change in appetite (increased or decreased) and change in sleep
(increased or decreased) (World Health Organisation 1993). These changes in
biological rhythms, particularly sleep, can be utilised as early markers of relapse.

2 Circadian Rhythm

Circadian rhythms synchronise physiological activity to the solar day through
biological processes that oscilate over a 24-h period. This allows us to maintain
harmony between physiological activities and our external environment and to
predict and manage change in the environment. A master clock, the suprachiasmatic
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Fig. 1 Biological clock illustrates changing functions over the course of the day

nucleus (SCN), is located within the hypothalamus. Light intensity entrains it with a
specific subset of melanopsin-expressing, intrinsically photosensitive retinal gan-
glion cells (ipRGCs) that signal directly to the hypothalamus via the
retinohypothalamic tract (Dibner et al. 2010). Whilst the SCN is influenced by
other external cues, such as blood pressure, locomotion, food and melatonin levels,
which are known as zeitgebers or timekeepers, the variation in light intensity
remains the most important driver of all of our circadian rhythms. The SCN
maintains the alignment of all of the separate, independent molecular peripheral
clocks within the tissues via the thythmic downstream expression of various proteins
(hormones, neurotransmitters, etc.) (Reppert and Weaver 2001) which ensure that
physiological functions, for example, DNA repair, occur at the optimal time over the
course of the solar day (Kang et al. 2009) (Fig. 1 — the biological clock here).
Without a regular exposure to light and the other zeitgebers, there is “free-running”
of the internal clock with a rhythm in humans that is slightly longer than 24 h
(Czeisler et al. 1999). Disruptions to external social zeitgebers such as variable sleep
and wake time, or meal times effects the internal biological zeitgebers. This can then
cause disruption to the circadian rhythm as posited in the social zeitgeber theory
(Grandin et al. 2006) (Fig. 2 social zeitgebers here).
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3 Circadian Rhythm and Bipolar Affective Disorder

A significant disruption in processes regulated by the circadian clock, including
sleep-wake patterns and hormone production, has been demonstrated in bipolar
patients. Indeed, sleep disturbance forms part of the diagnostic criteria for both
bipolar manic and depressive episodes, and is commonly seen between episodes,
with actigraphic data demonstrating differences in sleep latency, sleep duration,
wake after sleep onset and sleep efficiency (reviewed by Bellivier et al. 2015).
Overt sleep disturbance also heralds relapse, particularly of mania (Jackson et al.
2003). In the hypo-/manic phase, the most commonly reported sleep disturbance is
“decreased need for sleep” cited for 69-99% of patients, whereas in depressed
phases, insomnia is more commonly reported (40-100%) than hypersomnia
(23-78%) (Steardo et al. 2019).

Primary sleep disorders such as obstructive sleep apnoea and restless legs syn-
drome are treatable and are common in BPAD patients. The putative role of poor
sleep in precipitating relapse (Wehr et al. 1979; Francesca 1983) highlights the need
to screen for, and treat, sleep disorders in BPAD.

Phase advance, measured through actigraphic data, salivary cortisol and gene
expressions, has been shown during manic episodes (approximately 7 h) and phase
delay during depressive and mixed states (approximately 7 h), both of which resolve
with effective treatment (Moon et al. 2016). A more recent work in a BPAD
population, many of whom were not in episode, has revealed that sleep and circadian
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rhythm disorders are common in BPAD (Bradley et al. 2017) suggesting these
features as accessible direct points of intervention.

4 Circadian Rhythm Sleep-Wake Disorders

Circadian rhythm sleep-wake disorders (CRSWDs) are characterised by a loss of
synchronicity between the sleep-wake cycle and the day-night cycle. As such, they
represent defined circadian rhythm disruption to sleep. There are six distinct
CRSWDs: delayed sleep-wake phase disorder; advanced sleep-wake phase disorder;
irregular sleep-wake rhythm disorder; non-24-h sleep-wake rhythm disorder (free-
running or non-entrained disorder); shift work disorder; and jet lag disorder (Darien
2014). CRSWDs, particularly delayed sleep-wake phase disorder, are more common
in BPAD (Talih et al. 2018), with an estimated prevalence of 35% (Takaesu et al.
2016). The presence of these disorders has been associated with shorter time to
relapse (Takaesu et al. 2018) and as a predictor of subsequent mania in people with a
diagnosis of major depressive disorder (Takaesu et al. 2017). A suggested frame-
work for questions to screen for circadian rhythm sleep-wake disorders is within
Table 1.

4.1 Delayed Sleep Phase Disorder

Delayed sleep phase disorder (DSPD) has been estimated to account for 5-10% of
presentations to a sleep medicine clinic in those aged under 25 with complaints of
insomnia (Anderson 2018). DSPD is characterised by habitual sleep-wake times that

Table 1 Screening questions for a circadian rhythm disorder (Darien 2014)

Specific history to screen for a circadian rhythm disorder

History
“Take me through your typical 24-h day”. lights out and lights on time

Include specific patterns and rotas for any shift work, time out of the house, light exposure during
the day, differences between weekends and weekdays

“If you are allowed to sleep when you feel the need to, do you sleep well?”” insomniacs will
typically say “no”, but those with circadian rhythm disorders more often describe longer periods
of consolidated sleep

“Do you go out of the house at least once a day?” lack of natural light exposure will contribute to
circadian rhythm disruption

Investigations
Sleep diaries. Ideally 2 weeks long (include work and non-work days)

Actigraphy. Physical activity data acts as a proxy for sleep-wake data. An established research
tool and used within the diagnostic criteria for circadian rhythm disorders albeit without accepted
validated normal ranges
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are at least 2 h later than conventional or socially acceptable patterns and often
delayed by 3-6 h. If subjects are allowed to sleep to their preferred schedule, sleep is
typical of normal duration. Typical patients will have evening chronotypes and will
show a delayed phase in all the circadian markers, including melatonin and temper-
ature, parameters not routinely evaluated in clinical practice. The diagnosis can be
made with well-completed sleep diaries, preferably for 2-3 weeks, ideally supported
by actigraphy. Treatment can be rapidly effective, particularly for those who have
acquired a DSPD later in life rather than those with abnormal sleep timing from early
childhood. The American Academy of Sleep Medicine practice parameters have
produced treatment guidelines recommending precisely timed melatonin adminis-
tration before bed alongside morning light exposure but do acknowledge a lack of
consensus in important details such as melatonin dose in the published studies
(Auger et al. 2015). Giving melatonin at a dose of 1-2 mg, 6 h before a consistent
sleep diary recorded sleep onset can be effective, especially alongside exposure to a
light box at around 8 a.m. (at least 2,500 Ix and at least 1 h in most studies). How
long to continue melatonin is not clear. There have not been any trials using
modified-release preparations of melatonin, although anecdotal reports are positive.

5 Genetics

The machinery of the circadian rhythm at a cellular level is encoded by a number of
identified genes (Fig. 3 here, cellular clock). Some of the core genes involved
include Circadian Locomotor Output Cycles Kaput (CLOCK), Aryl hydrocarbon
Receptor Nuclear Translocator-Like protein 1 (ARNTL), Period (PER) and Timeless
Circadian Regulator (TIMELESS).

CLOCK knockout mice have been shown to demonstrate manic-like behaviours
(McClung 2007; Mukherjee et al. 2010) with an increase in depression-like behav-
iour in one of these studies (Mukherjee et al. 2010). A single-nucleotide polymor-
phism (SNP) in the CLOCK gene associates with a higher recurrence rate of bipolar
episodes (Benedetti et al. 2003) and with greater insomnia and decreased need for
sleep in bipolar patients (Serretti et al. 2003).

In bipolar disorder, polymorphisms of TIMELESS associate with a family history
of suicide, violent suicide and multiple suicide attempts (Pawlak et al. 2015), the
ratio of hypo-/manic to depressive episodes and the number and frequency of
depressive episodes (Pawlak et al. 2017). PER3 SNPs (Brasil Rocha et al. 2017)
and tandem repeat polymorphisms (Benedetti et al. 2008; Karthikeyan et al. 2014)
have been inconsistently (see (Brasil Rocha et al. 2017) shown to associate with the
onset and diagnosis of BPAD. ARNTL plays a role in transcription of monoamine-
oxidase A (MAO-A) amino acid. An altered methylation of ARNTL in bipolar
patients compared to controls has been found. Due to its connection in MAO-A,
this is proposed by its authors to suggest a mechanistic clue to underlying circadian
rhythms and mood swings in bipolar disorder (Bengesser et al. 2016).
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Fig. 3 The molecular clock. The molecular feedback loop drives approximately 24-h oscillations
in core clock protein expression. The loop is composed of a positive arm (CLOCK and BMALI)
that binds to E-box consensus sequences driving the expression of PER and CRY, components of
the negative arm of the loop. PER and CRY inhibit the ability of CLOCK and BMALLI to bind onto
DNA, thereby leading to a gradual decline of PER and CRY levels, allowing CLOCK and BMAL1
to once again restart the positive drive of the loop. Many of these circadian clock genes drive the
rhythmic expression of other output genes or clock-controlled genes (CCGs) that are involved in a
variety of cellular processes. Abbreviations: +/—, positive and negative arms; BMALI, brain and
muscle ARNT-like 1/Armntl; Clock, Circadian locomotor Output Cycles Kaput; CK13,¢, casein
kinases 198,e; CRY, cryptochrome; PER, period; Nr1d1/2, nuclear receptor subfamily 1, group D,
members 1,2 (REV-ERBo/B); ROR, retinoid acid receptor (RAR)-related orphan receptor
(Schroeder and Colwell 2013)

In general, whilst genetic manipulation of highly penetrant clock genes in animal
models yields neuropsychiatric consequences, in humans, genome-wide association
studies (GWAS) have not yet identified the associations of common genetic variants
of the core clock genes with either BPAD or schizophrenia (McCarthy 2018).
Candidate gene studies, similarly, have not shown a clear, convincing, replicated
association with bipolar disorder but do reveal associations of common clock gene
mutations with phenotypes related to BPAD, such as seasonal affective disorder
(Zhang et al. 2016) and DSPD (Patke et al. 2017).
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6 Chronotype

There are individual, genetically determined, preferences in phase position of the
circadian oscillator which impact upon biological and social rhythms. This prefer-
ence is our chronotype. People can be characterised as morning larks, early risers
who are more active early in the day and night owls who tend to be more active in the
evening and thus demonstrate evening chronotypes.

Chronotype is usually measured from self-report correlates, with objective assess-
ment (Gershon et al. 2018) using validated interviewer tools such as Biological
Rhythms Interview of Assessment in Neuropsychiatry (BRIAN) which measures a
number of rhythmic variables (Giglio et al. 2009). Longitudinal studies have shown
that this preference is stable over time in the healthy population and so single
measures can be used to reflect circadian phase without longitudinal assessment.
As such chronotype can be used in the estimation of the circadian phase simply and
reliably, although it is influenced by factors such as age and gender (Randler et al.
2016; Randler and Engelke 2019).

Associations have been identified between polymorphisms of circadian rhythm
genes and chronotype and affective temperament in a healthy population of univer-
sity students (Jankowski and Dmitrzak-Weglarz 2017). Within the bipolar popula-
tion, there is evidence of more eveningness compared to healthy controls (Baek et al.
2016). Longitudinal studies reveal the persistence of this preference in BPAD,
including remission (Seleem et al. 2015) where it has been shown to be associated
with worsened quality of life, an impairment in interpersonal relationships (Ng et al.
2016) and a poorer prognosis (Melo et al. 2019).

7 Melatonin and Cortisol

Melatonin is a hormone synthesised from serotonin and secreted by the pineal gland.
It has been long identified as a marker of circadian phase (Lewy and Sack 1989).
Soon after sundown secretion of this hormone begins, it peaks in the middle of the
night (80-120 pg/mL) and then falls through the remainder of the night with low
levels through the day (10-20 pg/mL). Bright light inhibits its production, with
information about light being transmitted to the pineal gland via the modulated
activity of the SCN. Melatonin receptors are found throughout the body, and its
interaction with these receptors provides a temporal cue for peripheral tissues and so
influences oscillations of peripheral activities (Tordjman et al. 2017).

Differences in the level of melatonin, as well as the pattern of its production, have
been identified in those with BPAD across mood states with lower melatonin levels
identified in recovered patients (Nurnberger et al. 2000). In bipolar depression,
melatonin production was found to be reduced and delayed to a greater degree as
compared to those with unipolar depression (Robillard et al. 2013). Morning mela-
tonin levels in the cerebrospinal fluid of bipolar patients have been found to be
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significantly lower than healthy controls and patients with unipolar depression
potentially again suggesting phase shift in this population (Bumb et al. 2016).
Compared to the depressive phase, melatonin levels have been found to be higher
and onset of production earlier in those with mania (Novakova et al. 2015). The
suppression of melatonin in studies is suggestive of hypersensitivity of melatonin to
light suppression in those with BPAD. However, this has not been found by all
(Bradley et al. 2017; Nurnberger et al. 2000).

The hypothalamic-pituitary-adrenal axis activity also follows a clear circadian
variation and appears to differ between those with and without the bipolar disorder
(Watson et al. 2004).

8 Social Zeitgeber Theory

This theory proposed in 1988 by Ehlers, Frank and Kupfer attempted to explain the
connection between life events, disruption of biological rhythms and depression
(Ehlers et al. 1988). Irregular social rhythms are more common in bipolar and
cyclothymic disorders (Shen et al. 2008) and appear to increase the vulnerability
to depressive relapse (Alloy et al. 2015; Ehlers et al. 1988; Shen et al. 2008) perhaps
by impacting biological circadian rhythms.

The integrated reward/circadian rhythm model is a development of the social
zeitgeber theory and posits that the activation or deactivation of the behavioural
approach system by goal achievement or by failure, respectively, sensitises or
desensitises the reward system. Sensitisation of the reward system induces increased
goal striving, appetitive motivation and initiation, leading to a neglect of social
routines and rhythms and consequent disruption of circadian rhythms (Alloy et al.
2015) and enhanced vulnerability to relapse.

9 Circadian Rhythm and Bipolar Disorder

The interpersonal and social rhythm therapy (IPRST) utilises interpersonal psycho-
therapy and behaviour technique to help patients regulate their daily routines,
minimise interpersonal problems and adhere to medications (Frank et al. 2000). It
has demonstrated efficacy in individual (Frank et al. 2005; Miklowitz et al. 2007,
Swartz et al. 2018) and group settings (Hoberg et al. 2013) including the young/
adolescent populations (Inder et al. 2015; Goldstein et al. 2018).

For those with insomnia disorder, there is robust evidence for insomnia-specific
CBT (CBTi) (reviewed by Krystal 2019). This is a multicomponent therapy with
techniques including psychoeducation about sleep and circadian rhythm, sleep
scheduling, sleep hygiene and cognitive control and typically requires an ongoing
completion of daily sleep diaries. There are potential concerns about the elements of
the programme that restrict sleep with a risk of precipitating mania. However, a pilot
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RCT in bipolar disorder demonstrated improvements in insomnia without mood
relapse (Harvey et al. 2015).

The use of light therapy has an evidence base for the acute treatment of seasonal
affective disorder (Golden et al. 2005) and meta-analysis evidence of efficacy in
bipolar depression (Tseng et al. 2016). A narrative review of the literature as pertains
to all mood disorders (seasonal and non-seasonal) also supports the effective use of
this therapy in bipolar depression both in the acute phase and in the management of
sleep disorder in those with remitted bipolar disorder (Maruani and Geoffroy 2019).
Concerns about the risk of manic switching have not been borne out by the evidence,
although this is limited by the variability in methodological approach, including
timing of light exposure, duration of light exposure and intensity of light used
(Benedetti 2018). Dark therapy has also been used in the treatment of mania. Two
single-patient case studies involving patients with rapid cycling presentations and a
small pilot including inpatients with mania have provided evidence of a beneficial
impact of total darkness — for an extended period of 14 h — as an adjunct in the
treatment of mania (Wehr et al. 1998; Wirz-Justice et al. 1999; Barbini et al. 2005).
A more recent RCT took a more nuanced approach of blocking blue light, the
spectrum of light associated with daylight. This was achieved through use of blue
light blocking yellow-tinted glasses creating “virtual darkness” without using the
actual total darkness. Young Mania Rating Scale scores decreased more significantly
over the 7 days of trials in the treatment groups, and the use of glasses was acceptable
to patients (Henriksen et al. 2016). Chronotherapeutics remain safe and well-
tolerated and are therefore worthy of further study (Gottlieb et al. 2019). There are
ongoing specific trials into appropriate protocols of administering light therapy in
bipolar depression (Geoffroy et al. 2018).

Lithium remains one of the most widely used and effective therapies for BPAD
(Goodwin et al. 2016; Yatham et al. 2018). Part of its mechanism of action may be an
effect on the circadian system. Chronotype and the intrinsic circadian rhythm of a
patient have been shown to predict the clinical response to lithium therapy (McCar-
thy et al. 2019). In animal models of mania with CLOCK gene mutations displaying
manic behaviour, the administration of lithium reduced the activity to wild-type
levels (Roybal et al. 2007). Glycogen synthase kinase 3 beta (GSK3 beta) has been
shown to play an important role in the regulation of the mammalian circadian clock;
lithium is a known inhibitor of this enzyme. Exposing this enzyme in mice to lithium
has been demonstrated to delay its phosphorylation activity and so delay the phase of
clock gene expression (litaka et al. 2005). A more recent study demonstrated that
lithium lengthens the circadian period in a number of brain regions, hypothesising
that this aids in resynchronising the circadian clock (Yoshikawa and Honma 2016).
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10 Conclusion

Bipolar disorder is characterised by significant disruptions to sleep and circadian
rhythm with any disruption to circadian rhythm and poor sleep, both predicting a
worse long-term outcome. The fundamental difference at a genetic level may
underpin these differences.
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Abstract Hormones have a crucial part in the progress and manifestation of a wide
variety of different behaviors. The main influence of the neuroendocrine system on
behavior is its action on the neurobiology of neuropsychiatric disorders and its
relationship with the pharmacodynamics of medicines. Of all the neuroendocrine
axes, the hypothalamic-pituitary-adrenal (HPA) axis has been the most extensively
studied. There is evidence that disturbance in the HPA axis, the primary stress
hormone system, could increase treatment resistance and relapse, worsen illness
outcome, and cause cognitive deficits. Glucocorticoids mediate their actions in
negative feedback binding in two different cytoplasmatic receptors described as
mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs). Different
psychopathologies underlying bipolar disorders are supposed to involve persistent
dysfunctions in the expression and role of both MR and GR in the hippocampus. We
review and analyze the evidence related to the correlation between bipolar disorders
and the consequences and impact of stressful life events on the HPA axis, exploring
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the importance of these findings in bipolar disorders and as potential new targets for
treatment.

Keywords Cortisol - Glucocorticoid receptors (GRs) - Hypothalamic-pituitary-
adrenal (HPA) axis - Mineralocorticoid receptors (MRs)

1 Introduction

A central problem of diagnosis in psychiatry is that the current nosology systems for
mental disorders are based almost entirely in descriptions of symptom-based cate-
gories (phenomenology). A comprehensive categorical classification described dif-
ferent clinical disorders, but there is no evidence of a biomarker that differentiates
the different subtypes in the bipolar spectrum. Different psychiatric illness can
manifest the same clinical symptoms, and the same mental illness can demonstrate
itself differently in distinct or in the same patient. A future system of nosology
criteria, in which etiology and neurobiology could be incorporated to diagnosis
criteria would provide a more accurate pathway to precision psychiatry. The con-
nection between stressful life events and mental disorders illness is a robust illus-
tration of an area of study that can be better understood from such an integrative
perspective (Ray 2004).

It is believed that disturbance of the stress hormone system (mainly, the hypo-
thalamic-pituitary-adrenal axis) may cause cognitive impairment and make the
depressive symptoms worse in bipolar disorder. Research has shown (Watson
et al. 2004), that HPA axis dysfunction may predict an inadequate clinical response
to drug treatment (Young et al. 2004; Juruena et al. 2009). Current studies demon-
strate that the brain and its cognitive processes work in extraordinary synchrony with
other bodily systems. Consequently, it is now possible to conceptualize a brain-
body-mind complex when it is known that the three systems — neurological, endo-
crinological, and immunological — have receptors in crucial connections that can
receive influences (by messenger molecules) from each of these systems. Body-mind
interaction, an explicit functioning of the brain, is critical to maintaining homeostasis
and well-being (Ray 2004). Today, it is widely accepted that psychological stress
can alter an individual’s internal homeostatic state.

In an acutely stressful event, several adaptive homeostasis and allostasis reactions
may happen, including enlargement of the adrenal gland, increasing the release of
hormones, mainly cortisol. Repeated stress may precipitate a psychiatric illness in
genetically vulnerable individuals if this homeostasis is interrupted. Psychosocial
stressful events can change neurophysiology and performance and influence the
adaptation process (McEwen 2001). As experiences change our central nervous
system, cognition can modify our brain. This neuropsychological process in the
brain is an action in favor of neural and mental health. Genes, early stress, adulthood
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experiences, and stressful events contribute in the way all these may request the body
to “pay the price” — or the “allostatic load” (McEwen 2001). These discoveries in
current neuroscience and their consequences are essential for diagnosis and treat-
ment of bipolar disorders (Juruena et al. 2007).

In a diagnosis point of view, the investigation has mainly concentrated in unipolar
depression; just a few projects have studied biomarkers in well-defined and different
subtypes of depressive and bipolar disorders. Several research projects and clinical
trials have studied different subtypes of depression in the same group, in an explicit
limitation of these projects that have not considered even phenomenology differ-
ences. It has been studied the differences between major depressive disorder and
bipolar depression, mainly concerning their psychopathology, not correlating and
stratifying biomarkers.

Cognitive impairment in bipolar patients is common (Robinson et al. 2006).
Neuropsychological deficits on neurocognition (e.g., working memory, spatial mem-
ory and executive function) are also seen in family members of bipolar patients (Arts
et al. 2008) and bipolar subjects in remission without residual symptoms (Thompson
et al. 2005). Cognitive damages increased the severity significantly and decreased
remission, recovery, and resilience (Burdick et al. 2010).

2 Endocrine Axis

The neuroendocrine system has a central importance in the evolution and manifes-
tation of a wide variety of behaviors. Hormones have a probable influence on the
neurobiology of neuropsychiatric illness and psychopharmacology medications,
mainly in affective disorders.

Between all the neuroendocrine axes, the hypothalamic-pituitary-adrenal (HPA)
axis is defined as the central stress axis and has been better studied. The HPA axis
has a crucial function in responding to stressful events, but also any internal
stimulation, including emotional stressors. Dysfunction of the stress axis has been
described in patients with bipolar disorder. Also, the fundamental role of stressful
events as a precipitant of manic and depressive episodes in vulnerable subjects is
clear evidence. Dysfunction of the HPA axis is associated with fluctuations in the
ability to circulate glucocorticoids (GCs) to exert their negative feedback on the
release of hormones on the HPA axis by binding to mineralocorticoid receptors
(MRs) and glucocorticoid receptors (GRs) in HPA axis (Juruena 2014), as shown in
Fig. 1.

2.1 Regulation of the Hypothalamic-Pituitary-Adrenal Axis

The activity of the HPA axis is regulated by the secretion of corticotropin-releasing
hormone (CRH) and arginine-vasopressin (AVP) by the hypothalamus, which
activates the secretion of the adrenocorticotropic hormone (ACTH) by the pituitary,



152 M. F. Juruena et al.

fa- 41‘.,““.% .

/——bm ),

Glucocorticoid
Receptors

Legend

Mineralocorticoid
Receptors

CRF
AVP
NA  Noradrenaline

Metabolism  Organs

Fig. 1 Representation of the HPA axis. It summarizes the negative (—) feedback of hormones
binding in GR and MR. The system includes essential areas of the limbic system, amygdala,
hippocampus, locus coeruleus, raphe nucleus, and their relation via noradrenaline (NA) and
serotonin (SHT), with adrenal hormones and GR/MR. It is adapted from Juruena et al. (2017).
Illustrations are courtesy of Romayne Gadelrab

which ultimately stimulates the secretion of GCs by the adrenal gland (McEwen
2004). GCs then bind with their receptors in several target structures, mainly brain
areas responsible for regulating the HPA axis, impacting on the negative feedback
inhibition of ACTH (since the pituitary) and CRH (since the hypothalamus) secre-
tion (Juruena 2014). Although GCs control the function of virtually all tissues in
humans, the neurophysiological action of these neurohormones is mainly the regu-
lation of metabolism. The GCs have significant immunosuppressive and/or anti-
inflammatory actions (Rosenblat and Mclntyre 2017). Several factors regulate the
activity of the HPA axis. There is evidence of direct catecholaminergic, serotonergic,
and dopaminergic innervation in CRH-producing neurons in the hypothalamus;
these and other neurotransmitters appear to influence the release of CRH (McQuade
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and Young 2000). For example, serotonin exerts a stimulating influence on CRH
through the 5-HT1A, 5-HT1B, 5-HT1C, and 5-HT?2 receptors. The norepinephrine
(NE) has an adjustable action; NE is stimulating at lower doses via alpha-1 receptors
and has inhibition effect at higher doses via B-receptors (Yohn et al. 2017).

2.2 The Glucocorticoid Receptor (GR)

The steroid hormones (GCs, testosterone, mineralocorticoid, estrogen) are
fat-soluble molecules that disseminated through the lipid-protein membrane. Differ-
ent from the neurotransmitter’s receptors, which are located on the lipid-protein
membrane, receptors for steroid hormone are situated inside the cytoplasm. In
response to coupling to these hormones, the stress hormone receptors migrate to
the nucleus, where they induce some genes via binding to precise hormonal response
elements (HREs) in respective controlling areas (Holsboer and Barden 1996;
Juruena 2014).

The mineralocorticoid receptor (MR) has a higher affinity for corticosteroids and
is considered to regulate circadian oscillations in these corticosteroids, especially in
ACTH release in the progressive daytime fall in cortisol secretion. De Kloet et al.
(1998) clarified that glucocorticoid receptor (GR) activation is crucial for regulating
the HPA axis negative (—) feedback when GCs are higher in response to a stressful
event and/or in a physiological higher activation point and also demonstrated that the
MR has an essential function in the balance of MR/GR.

As said earlier, in the nucleus to cytoplasmic traffic model of receptor action, as
detailed in Fig. 2, the GR — in its inactive configuration — primarily exists in the
cytoplasm in association with molecular chaperone proteins, including numerous
proteins (e.g., HSP56, HSP90).

After being coupled to the steroid, the receptor experiences a conformation
alteration (initiation), itself since the molecular HSP protein composite, and migrate,
then modulating negatively and/or positively to alter the gene transcription, coupling
with glucocorticoid response elements (GREs). The GR then reprocesses to the
cytoplasm. Subsequently, it works with a transcription factor regulated by the ligand
by coupling to GREs (de Kloet et al. 1998; Juruena et al. 2003).

Evidence confirmed the GR has a lower affinity, but a with a stronger binding to
glucocorticoids; GR is also significantly reactive to alteration in cortisol levels.
Although it is considered that MR may be involved in the tonic inhibitory activity
on the HPA axis, GRs seem to “shut down” cortisol production in times of stress
(de Kloet and Reul 1987; de Kloet et al. 1998). Several research groups have
suggested that the hyperreactivity of the stress axis in a depressive episode that
could be associated with a dysfunction of GR at the amygdala, hippocampus and
limbic system level. These dysfunctions result in a decrease in receptors and/or
resistance to GCs. Several findings in depressive patients confirmed GR dysfunction.
Most notable is that in melancholic depressive episodes, subjects do not exhibit
many of the symptoms of an excess of GCs, despite the frequent incidence of higher
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Fig. 2 Diagram of the glucocorticoid receptor (GR) stimulation; this receptor exists at the
cytoplasm with chaperone proteins with numerous proteins (HSP56, HSP90). Glucocorticoid
(GC) binds as GR ligands. Then the GR experiences an alteration disconnected from the HSP
and migrated to the cell nucleus from the cytoplasm, modulating negatively or positively to alter the
gene transcription. Adapted from Juruena 2014. Illustrations are courtesy of Romayne Gadelrab

cortisol, indicating that the peripheral receptors could be dysfunctional or
downregulated in depression (Young et al. 2004; de Kloet et al. 1998).

The evidence confirmed that the GR is crucial to regulate the activity of the HPA
axis, mainly in depressive subjects if glucocorticoids do are not leading to negative
feedback in a scenario of hyperactive stress axis and hypercortisolism. Some data
have concluded that the decreased GR function in depression could be reversed by
the treatment that could be modified and improve the balance of GR/MR function
(Holsboer and Barden 1996).

2.3 Mineralocorticoid Receptors (MRs)

MRs in the central nervous system are related to regulating the release of stress
hormone and in the regulation of multifaceted behavior, such as sleep, emotion, and
memory. In human, the function of MR in the neurobiology of stress and neuropsy-
chiatric illness has not been sufficiently characterized. However, new studies found
potential options for new psychopharmacotherapy via regulation of MR function
(Geddes and Miklowitz 2013).
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Significant research in animals concluded that MR at the hippocampus regulates
the inhibition of limbic system over the HPA axis, in baseline or after induced stress
(Reul et al. 2000).

Preclinical research using MR and/or GR antagonists have verified that MR
stimulation is needed and enough to preserve lower basal corticosterone release in
animals in a diurnal assessment. In contrast, GR stimulation is needed to limit
corticosterone release during the daily peak and/or in stress. Nevertheless, during
the diurnal peak or recent stress, MR stimulation induced an essential function in
enabling the GR and MR activity of HPA axis function of glucocorticoids (Pace and
Spencer 2005; Ratka et al. 1989; Spencer et al. 1998). Some preclinical studies
antagonizing MR, with spironolactone, demonstrated anxiolytic properties in dis-
tinction to antagonists of GR (Smythe et al. 1997). Nevertheless, they demonstrated
that both MR and GR antagonists stopped the impact of stress that induced
anxiogenic properties in the high plus-maze paradigm (Calvo and Volosin 2001).
The author determined that MR and GR are autonomously related to chronic
glucocorticoid regulation of the anxiogenic reaction impact by restraining. Dysfunc-
tion of glucocorticoid receptor was described in disorders related to chronic stress.
To clarify the function of different receptors, it should be studied, mainly related to
memory function and stress-related events. A study described that the MR is
upregulated and remains in this state after the treatment with antidepressant during
6 to 9 weeks, whereas GR proceeds to baseline levels (Mason and Pariante 2006).
Spironolactone, an MR antagonist, was administrated 25 mg/kg, in the previous
corticosteroid treated animals during 7 days. The authors described they decreased
immobility in a forced swimming test and had a better performance in a new object
recognition test. In summary, chronic glucocorticoid-induced and start several
depressive related symptoms, and decrease MR expression in critical areas, as the
hypothalamus and hippocampus. MR antagonist confers an antidepressant effect in
chronic corticosteroid-pretreated individuals.

Up till now, just some studies described MR activity in severe mental illness and
its relation to HPA axis and other brain structures. The first description was in
postmortem research suicide subjects that confirmed lower MR messenger RNA in
the hippocampus in relation to healthy controls (Lopez et al. 1998). To test the
hypothesis that MR function is decreased in depression, a study used an antagonist
(spironolactone) in a clinical trial to assess in depressed subjects with lower MR
function. Paradoxically, a higher function was observed with a higher release of
cortisol and ACTH after an MR antagonist is used in mildly depressed patients
(Young et al. 2003). We can hypothesize that increased MR function may indicate
resilient function to protect neurodegeneration in depression. Therefore, MR may
prevent central nervous system from apoptosis and keep resilient mechanisms
increasing serotonergic function (Crochemore et al. 2005; Cowen 2002;
McAllister-Williams et al. 1999, 2001; Porter et al. 2004).

The spironolactone demonstrates a significant increase of cortisol release without
circadian differences in the administration. Elizabeth Young et al.’s (1998) research
concluded that the vital function of MR in HPA axis activity in human is at the peak
and/or the nadir of the circadian rhythm (Young et al. 1998). Additionally, the
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neurophysiological alteration of HPA axis secretion in man during sleep onset in the
non-REM phase was described to be blocked in the acute administration of MR
antagonists (Born et al. 1997; Born and Fehm 1998). Several research projects have
investigated the MR antagonists’ impact on neuroendocrine hormone release and
have generated different results (Dodt et al. 1993; Steiger et al. 1993, and
Wiedemann et al. 1994).

The benzodiazepine receptor agonist alprazolam can block the stimulatory effect
of MR antagonists upon HPA axis activity, probably on the GABA receptors on the
hypothalamus and hippocampus (Grottoli et al. 2002).

Some research indicated that activation of MR increases the time of slow-wave
sleep and canrenoate (an active metabolite of spironolactone) and decreases the time
of slow-wave sleep (Born et al. 1991, 1997). However, other studies demonstrated
that MR antagonism reduced REM sleep phase but did not change the time of the
slow-wave sleep (Wiedemann et al. 1994). Kuningas et al. (2007), in elderly
patients, found a higher prevalence of depression in patients carrying the
MR-I180V polymorphism. Buckley and Schatzberg (2005) suggested a decrease
in memory in healthy elderly could be improved, increasing the slow-wave sleep.

2.4 Molecular Mechanisms for Resistance of Glucocorticoid
Receptors

Numerous studies have evaluated GR in depressive, bipolar, and schizophrenic
patients. An autopsy of the central nervous system, in a sample of suicide patients
with a history of depressive symptoms, found hippocampus decreased gene expres-
sion of GR/MR balance (Lopez et al. 1998). Therefore, the stress axis could be
dysfunctional in bipolar and schizophrenic patients, and the impairment in the HPA
axis could lead to different neuropsychiatric disorders.

Evidence shows that chronically high levels of cortisol can lead to receptor
dysfunction and corticosteroid resistance, related to inflammation. Probably the
chronic increase in cortisol released could develop GR resistance in bipolar disorder
(Holsboer and Barden 1996). In patients with treatment response, high cortisol levels
decreased, and lymphocyte resistant to dexamethasone returns to normal range. We
can argue that treatment-resistant depression could also be related to glucocorticoid
steroid resistance. However, high levels of corticosteroids and receptor resistance
may not happen at the same time, and it could be that different subtypes of activation
may lead to different courses in different types of bipolar disorder according to HPA
axis activity (Holsboer and Barden 1996; Zobel et al. 2001).

Although the information presented here provides substantial evidence that there
is resistance to glucocorticoids in depressive patients, and studies suggested that
normal activity to cortisol in depression could be preserved peripherical. Mainly, it
has been shown that depressed patients with severe metabolic syndrome, as in some
patients with higher cortisol levels with Cushing’s syndrome after prolonged treat-
ment with a corticosteroid. Probably intra-abdominal receptors can maintain their
affinity to cortisol while brain receptors are dysfunctional. Corroborating it, some
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data showed decreased bone mineral concentration in patients with depression, as
well as association with bone loss (Checkley 1996; Young and Juruena 2018).

3 Abnormalities of the HPA Axis in Depression

In melancholic depression, there is evidence of increased activation of the HPA axis,
increased release of ACTH and CRH, and increased cortisol levels, mainly post-
challenge tests. On the other hand, the first studies with patients in a depressive
episode with atypical features with inverted vegetative symptoms demonstrated
reduced cortisol and lower HPA activity when compared with controls. However,
most of the studies have not differentiated this depressive subtype from healthy
controls (Juruena et al. 2018). The same dysfunction observed in one or recurrent
melancholic depressive episodes may also be present in bipolar patients in mixed,
manic, hypomanic, and/or depressive episodes (Juruena et al. 2011; Valiengo et al.
2012), see Fig. 3.

HPA Axis
Hypoactivity Hyperactivity
* Atypical depression- * Melancholic depression
« Chronic fatigue syndrome « Diabetes
* Fibromyalgia I « Insomnia
* Hypothyroidism * Anorexia nervosa
* Rheumatoid arthritis * Memory problems

* Allergies ¢ Immunesuppression
& | ® Asthma * Reproductive problems
:‘."_, * Bipolar 2 ~+4———> Bipolar Spectrum?
| PTsD +——> Resistant PTSD?

Glucocorticoid concentration

Fig.3 The HPA axis dysfunction induces changes in the activity of GCs on the MR and GR and in
the (—) feedback impacting on the release of HPA axis hormones. An impaired (—) feedback,
leading to increased GCs, as in melancholic depression, diabetes (mainly type II), eating disorders
(e.g., anorexia), and sleep disorders (e.g., insomnia). The hypoactivation of the HPA axis may
increase the negative (—) feedback, in subjects with atypical depression (or normal activation),
seasonal affective disorders, post-traumatic stress disorder (PTSD), fibromyalgia, and chronic
fatigue syndrome. Bipolar and PTSD depending on the course could be related to lower or higher
activity of the HPA axis. Adapted from de Kloet et al. (1998), Juruena et al. (2018), Palma et al.
(2007), Gold and Chrousos (2002), and Young and Juruena (2018)
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Most of the patients in these affective disorders’ episode have the following
abnormalities (Dallman 1984; Nemeroff et al. 1984):

* Augmented levels of cortisol: in the plasma, saliva, urine, and cerebrospinal fluid
(CSF).

* Increased response of cortisol to ACTH.

It is increased the pituitary and adrenal glands.

Several published data in the last years have confirmed that the increased HPA
axis activity could be understood as an endophenotype of vulnerability that reacts to
stressful events increasing the cortisol levels with an impairment in the negative
feedback in depressive patients associated with different subtypes of depressive
episodes (Juruena 2014):

* The subtype of the depressive episode, course, comorbidity, and severity of
current episode

¢ The epigenetic and the genotype

* The history of childhood trauma (abuse and neglect)

* The presence or not of resilience

Adrenal gland hypertrophy has been found in depressed patients. The observation
of adrenal hypertrophy in depressed episodes probably elucidates that the cortisol
increase, stimulated by CRH, is analogous to the enlarged adrenal gland to compen-
sate the blunted ACTH to compensate CRH levels, generally seen in depressive
episodes (Dallman 1984; Nemeroff et al. 1984; Juruena 2014).

In depressive episodes, an enlargement of the pituitary volume was observed,
which can be considered a biomarker of excessive stimulation of the HPA axis.
Patients with psychosis have also been related to enlargement of the pituitary gland
and increased activation of HPA axis. A decreased volume of the pituitary gland in
psychotic patients may be related to recurrent episodes leading to hyperactivity of
the stress axis (Axelson et al. 1992).

In general, changes in the HPA axis are described in patients with chronic
depression and with severe depressive episodes, such as psychotic and treatment-
resistant depression. Also, if these dysfunctions are related to the current episode, the
tendency is for them to improve with the response and/or remission of the more
recent episode of depression (Holsboer and Barden 1996).

Numerous data from several different research topics have described the impact
of depressive episodes in brain structures, such as the amygdala, insula, hippocam-
pus, and HPA axis. These data have described an increased release of CRH and
AVP, at the hypothalamus, that could stimulate the pituitary and adrenal activity. In
addition, CRH levels in the CSF are augmented in depression, mainly in untreated
depressive episodes. In suicide victims, fewer CRH receptors were found in the
frontal cortex, thought to be a down-regulatory response to higher CRH release.
Several studies described that elevated CRH might influence depressive episode
with inverted vegetative symptoms (Juruena and Cleare 2007; Juruena et al. 2018),
such as:
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* Diminished libido

e Diminished appetite

* Psychomotor changes
¢ Sleep disorders

Regarding neurobiological markers, cortisol is considered one of the primary
mediators of allostatic load (McEwen 2001). Several studies in bipolar disorder —
and major depressive disorder — demonstrate dysfunction of the HPA axis, with the
maintenance in high levels of corticosteroids even in phases of remission of the
disease, due to possible negative impaired feedback in the HPA axis (McEwen
2001). Also, abnormalities in axis regulation can predict depressive and manic
relapses (Holsboer and Barden 1996; Varghese and Brown 2001; Vieta et al.
1999). It could be considered that the reduction of resilience, with the repetition of
episodes and the increase of stressors in the progression of the disease, might be
related to the dysfunction of the HPA axis (Juruena 2014).

Recently, several data described that the neurobiology of psychotic depression
included significant and higher HPA axis activity compared with depression without
psychotic symptoms (Schatzberg et al. 1983; Keller et al. 2017). These data describe
the increased activity of the stress axis in psychotic depression, which is related to
increased concentration of cortisol. Increased cortisol activity, particularly modify-
ing the lowest point on the curve, is related to the severity of psychotic depression.
Probably this comorbidity of psychosis and depression gravely harms the neuroen-
docrine system related to stress, comparable to Cushing neuroendocrine effects, and
the imbalance in the activation of MR and GR (Schatzberg et al. 2014).

3.1 Impact of Stress on Bipolar Disorders

The progression of mood disorders, characterized by the recurrence of acute epi-
sodes, can be compared to models of sensitization to stress and models of electro-
physiological kindling, as reviewed by Post (2007). This phenomenon of
accelerating episodes was initially described by Kraepelin in 1899, suggesting that
psychosocial stressors often initiate early episodes, while new recurrences may
become autonomous and independent of environmental triggers (Post 2007, 2010).

Specifically, the progression of bipolar disorders has been linked to an increase in
“allostatic load,” which may help to explain the cumulative medical load associated
with recurrent episodes of mood. It is believed that bipolar disorder patients are
chronically exposed to stressful events and need to activate mechanisms to deal with
them. Chronic activation of allostatic mechanisms (e.g., activation of the HPA axis
and subsequent reduction in cortisol levels back to their basal levels) can lead to a
reduction in resiliency mechanisms. This process can ultimately establish a vicious
cycle progression, in which patients become more vulnerable to stress and triggers
for new episodes as the disease progresses; see Table 1.
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Table 1 Progression of bipolar disorder

A) Stressful events can act as triggers for acute mood episodes (mainly in the onset and early
phases of the disorder), activating the stress axis and inducing the release of high levels of
glucocorticoids in the circulation

B) High levels of cortisol can, in the long run, induce cell dysfunction, which may result in cell
death (apoptosis) or reorganization of dendrites in the case of neurons

C) This reorganization can ultimately lead to significant neuroanatomical changes, such as an
increase in the volume of the amygdala and a decrease in the volume of the hippocampus and the
prefrontal cortex

D) These changes, consequently, lead to a decrease in the ability to deal with stressors (less
resilience) and, therefore, greater vulnerability to the occurrence of new acute episodes of mood

Different studies have reported abnormalities in cortisol levels in depressive and
bipolar episodes (Havermans et al. 2011; Juruena et al. 2003). Specifically, a large
proportion of patients are resistant in the suppression of the HPA axis after a
dexamethasone suppression test (DST). Also, they have increased corticosteroid
release, irrespective of the stage of the disease (Watson et al. 2004; Sher et al. 2006).
These observations indicate damage in the negative feedback loop of the HPA axis,
which persists even after the remission of acute depression. Patients with abnormal-
ities in the HPA axis have more vulnerability to recurrent episodes and relapses in
unipolar depressive and bipolar episodes (Zobel et al. 2001; Vieta et al. 1997).

In addition to the already described HPA axis alterations in depressive episodes,
studies suggest that such dysfunction also occurs during manic, hypomanic, and
mixed episodes. Previous research using dexamethasone indicated a change in the
release of glucocorticoids in manic episodes in mixed characteristics (Evans and
Nemeroff 1983; Swann et al. 1992). A study that used the dexamethasone/CRH
(DEX/CRH) test in patients with acute mania an augmented suppression to the DEX/
CRH test was reported when compared to healthy subjects; these dysfunctions could
also be observed after treatment in response and/or remission in manic patients
(Schmider et al. 1995). Likewise, the CRH test in bipolar patients, during symptoms
remission, could predict new episodes of mania. Studies with the release of cortisol
from the HPA axis reported alterations in the stress axis flow during manic episodes.
For example, one study found that plasma cortisol was significantly increased at
night in manic patients compared to controls (Linkowski et al. 1994). Bipolar in
different episodes — mania and/or hypomania, depression and/or euthymia — had
high levels of cortisol when compared to controls, with no differences between
patients (Cervantes et al. 2001). The deficiency in the negative feedback at different
levels of the central neuroendocrine system in regulating circulating cortisol levels
results in a mechanism that leads to an exaggerated increase in cortisol levels during
stress and decreases the HPA axis’ ability to resume these to baseline levels (Tatro
et al. 2009). The increased cortisol, therefore, can have significant long-term conse-
quences in patients with bipolar disorders, since glucocorticoids play essential roles
in the process by which allostatic mediators interact with neurotransmitter systems
and brain peptides (McEwen 2004; Juruena et al. 2017). In addition to altering
neuroplasticity, the dysfunction of the stress axis can impact on different levels of the
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daily rhythm, e.g., cycle vigil/sleep. Most of these parameters have already been
correlated with the neurophysiology of bipolar and depressive episodes (Murray and
Harvey 2010).

In bipolar patients, there is evidence that points to high levels of cortisol regard-
less of the current mood state (Deshauer et al. 2003; Cassidy et al. 1998; Schmider
et al. 1995; Linkowski et al. 1994). Patients in a first manic episode without
treatment showed decreased plasma cortisol levels compared to controls, with high
levels positively correlated with the presence of irritability (dysphoria) and elevated
mood (euphoria) correlated with lower levels of cortisol (Valiengo et al. 2012). Also,
the long-term assessment of cortisol levels did not show significant differences,
being elevated only in patients with a later age of onset of the disease, after 30 years
(Manenschijn et al. 2012). The rise in cortisol levels has also been reported as a
biomarker for vulnerability to bipolar disorders in family members of bipolar
patients (Ellenbogen et al. 2011).

3.2 Impact of Mediating Factors on the HPA Axis

The study of the functioning of the HPA axis in bipolar disorders presents sometimes
inconsistent results. While some studies point to abnormalities comparable to those
seen in depression, especially in patients in a current mixed episode, others do not
indicate any change (Schlesser et al. 1980; Swann et al. 1992; Evans and Nemeroff
1983). There is evidence of increased activity of the stress axis in patients with a
history of suicidal behavior. However, normal HPA axis function in bipolar patients
without a past of suicide behavior, regardless of demographic factors, current
episode of mood, severity, and course disease (Kamali et al. 2012), suggests that
this could represent a marker for this subgroup of subjects.

The serotonergic system mediates the core symptoms of severe bipolar patients,
e.g., aggressivity, impulsivity, and suicidal behavior. Also, significant evidence are
connecting the serotonergic neurons (raphe nucleus), the HPA axis, the amygdala,
and the hippocampus; see Fig. 1. Therefore, one hypothesis is that in the neurobi-
ology of bipolar is based in the dysregulation of the HPA axis via disturbances in the
serotonin neurons, in which the stress axis appears to demonstrate decreased nega-
tive feedback and consequently increased cortisol released, associated with reduced
serotonergic neuron activity. Thus, the interaction between these systems, required
in the regulation of the stress response, seems to be altered (Juruena et al. 2017,
Yohn et al. 2017).

Early life stress (ELS), especially maltreatment, abuse, and neglect, seems to be
an essential factor of vulnerability for bipolar patients. Other susceptibility factors,
as unbalanced parental relations as epigenetic factors, are also important (Juruena
etal. 2015; Aas et al. 2016; Etain et al. 2013). In bipolar disorders, several changes in
the central nervous system are related to emotional control, response inhibition, and
autobiographical memory, mainly the limbic system prefrontal regions, amygdala,
and hippocampus. As described the HPA axis activity and neurotransmitters have a
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crucial function in these brain areas for emotional control and neuropsychological
purposes (Watson et al. 2006; Wingenfeld 2010).

Bipolar and unipolar patients had been compared, and no significant differences
between patients and healthy controls in the history of physical abuse were found.
History of early life stress did not differ between bipolar and unipolar either (Watson
et al. 2007).

Different subtypes of abuse and emotional neglect, although less studied, present
significant evidence of influencing psychopathology and neuroendocrine systems. In
studies carried out in animal models, it was observed that the sensitization of the
stress system HPA axis occurred in reaction to different forms of stressful life events
(Ladd et al. 2004). Also, data assessing the history of maltreatment, such different
subtypes of abuse (e.g., physical, emotional, and sexual abuse) and neglect are
significant predictors of severe affective psychopathology in adulthood (Brown
et al. 2005). The history of emotional abuse demonstrated after a multiple logistic
regression analysis as a significant factor for depression. Thus, these findings suggest
that the history of emotional abuse is a significant risk factor involved in the
pathogenesis of depression related to ELS (Martins-Monteverde et al. 2019).

The severity of early life stress may be another critical factor. Thus, physical
neglect could play a role in activating the axis when present at lower levels, while its
occurrence in greater severity may saturate the stress response, which can make it
hypoactive. A study carried out with patients diagnosed with severe mood disorder
showed a result suggestive of a similar relationship with emotional neglect, which
correlated with the increased activation of the HPA axis when mild to moderate, but
with no difference to healthy controls when this type of early stress was severe
(Watson et al. 2007).

Several studies described patients where the relationship of ELS and stress axis in
response to different types of stress impacts on the HPA axis, but results are
somewhat controversial and varied, and not specific to bipolar disorders.

Studies with patients with a history of sexual abuse demonstrated increased
activation of stress axis (Carpenter et al. 2007), and patients with a history of
emotional abuse demonstrated hypoactivation and lower cortisol release (Carpenter
et al. 2009; Feijo de Mello et al. 2007), and patients with history of emotional neglect
and physical abuse also had decreased release of cortisol (Flory et al. 2009;
Carpenter et al. 2007). Recently, a study suggests that flashbacks of traumatic
memories as history of early life stress (e.g., abuse and/or neglect) are associated
with female gender and increase the risk for affective disorders (e.g., depression,
hypomanic and manic states; Haussleiter et al. 2020).

A study that compared bipolar and borderline personality disorder for influences
associated with severity, early life stress, and cortisol found that borderline person-
ality patients had a history of early life stress both overall and in subjects with
emotional neglect, physical neglect, and emotional abuse than bipolar patients. The
history of early life stress in patients with borderline personality and bipolar disorder
was associated with decreased cortisol release. In this study the cortisol demon-
strated contrary correlations in the history of sexual abuse, being a (—) correlation in
bipolar patients and (+) correlation in borderline personality disorders (Mazer et al.
2019).
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Overall, the risk factors of affective psychopathology are related to a complex
interaction between several factors associated with the HPA axis and reflect the
association of individual vulnerability with different subtypes of stressful life events
for the progress of the neuropsychiatric illness. The assessment of possible bio-
marker related to HPA axis activity (e.g., cortisol) could be significant in precision
psychiatry and diagnosis of bipolar disorders, such as the impact of a history of early
stress and subsequent manifestations with late neuroendocrine changes. It remains
unclear the extent to which such parameters may help with the difficulties of defining
these disorders and whether they are different nosological entities or belong to the
same continuum.

Although some drugs have been linked to changes in cortisol levels (Eroglu et al.
1979; Venkatasubramanian et al. 2010; Heim and Nemeroff 1999; Watson et al.
2007), most of the clinical evaluation studies of the hormonal profile of the HPA axis
are performed during the use of drugs usually prescribed for the condition studied
(Valiengo et al. 2012; Juruena et al. 2006, 2010, 2013; Watson et al. 2007; Drevets
et al. 2002).

Some studies, as mentioned earlier, found lowered cortisol levels in bipolar
disorder contrasting with other evidence that described the increased activity of the
HPA axis in bipolar disorder, regardless of the current affective state (Deshauer et al.
2003), during a mixed episode (Daban et al. 2005; Watson et al. 2004; Swann et al.
1992; Evans and Nemeroff 1983), in the presence of a history of suicidal behavior
(Kamali et al. 2012), with the later age of occurrence of the first episode of the
disorder (Manenschijn et al. 2012), or in the premorbid one evaluated in healthy
family members. It has been described that these neuroendocrine changes may
indicate a genetic vulnerability factor (endophenotype) for bipolar patients (Aydin
et al. 2013; Duffy et al. 2012; Ellenbogen et al. 2011). However, in a clinical study
evaluating patients in the first episode without previous treatment, decreased levels
of cortisol were described, consistent with the finding of Mazer et al. (2019). In that
study, cortisol measurements were correlated differently to mood presentation,
according to Young Mania Rating Scale (YMRS): decreased cortisol in patients
with higher scores of euphoria and increased cortisol in patients with higher irrita-
bility (Valiengo et al. 2012). Finally, subjects with normal cortisol release were
described in another study (Schlesser et al. 1980) and also in bipolar patients without
a history of suicide or younger age (Kamali et al. 2012; Manenschijn et al. 2012).

4 Factors Associated with an Endophenotype Increasing
Vulnerability

We can understand better bipolar disorder if we can integrate an interaction of
several influences, opening with the genotype, and including the environment
experienced during childhood incorporating possible traumas, an individual
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temperament that confers on the specific skills to cope and deal with different stress.
The neuroendocrine system is vital to understand the neurobiology of bipolar
disorder (Evans and Nemeroff 1983).

The central stress system is the HPA axis that plays a fundamental role in acute
and chronic stressful events (Kendler et al. 2003). Interestingly, the stress in chil-
dren, such as abuse and neglect, could lead to permanent pathophysiological dys-
functions that are similar to the neurobiology of depressive and bipolar patients.
Personality traits and temperament also have an essential influence on the sensibility
of stressors and life events. Likewise, a predisposition to live a negative feeling or to
be socially repressed could be a consequence of emotional or neuroendocrine
stressful life event (Rijsdijk et al. 2001; Kagan et al. 1987).

Animal and human studies indicated that early life stress could develop perma-
nent dysfunctions, and this impairment in the HPA axis may increase the vulnera-
bility to bipolar disorders. Persistently increased activity of the HPA axis has also led
to more frequent relapses and treatment resistance (Holsboer and Barden 1996).

A wide variety of stressors have been shown to stimulate the HPA axis. For this
reason, glucocorticoids have been described as key molecules to develop the stress
reaction and severe physiopathology situations. The persistent release of glucocor-
ticoids is a combination of recent current stress or an epigenetic vulnerability to
increase the HPA axis activity and severe damages in central nervous structures
(mainly the hippocampus), which are crucial for controlling this system and cogni-
tion (Davis et al. 2018; Gallagher et al. 2014, 2015).

There is a hypothesis that this damage, in turn, leads to a feedforward circuit in
which permanent stressors stimulate the overproduction of GCs indeterminately
(GC cascade). Due to the ability of higher release of GCs to alter cell metabolism,
which could trigger a large number of recurrences in bipolar, it is considered that the
overproduction of these hormones directly contributes to several behaviors and
psychological damages related to frequent chronically stressful events in bipolar
disorders (McEwen 2001; Watson et al. 2007). Despite the popularity of the cascade
hypothesis, several studies described the release of excess of GCs, on the GR/MR
can develop stressful reaction and trigger treatment-resistant affective disorders
(Juruena 2014).

Thus defined, insufficient signaling by the GCs implies the endpoint of the GC
function, the key research query is if GC’s message is arriving appropriately to HPA
axis after stressful life events. In some subjects with hyperactivity of HPA axis and
high levels of GCs, there may be an insufficiency of these hormones if the reduced
sensitivity to GC, in relevant target tissues, overcomes the excess of circulating
hormone (Raison and Miller 2003; Sapolsky et al. 2000).

5 Conclusion

The observations described in this chapter provide support describing the funda-
mental influence of the HPA axis in the neurobiology of bipolar disorders; but it is
essential to be clear that bipolar disorder is considered a complex and heterogeneous
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clinical syndrome, as the current state of the evidence is insufficient to allow its
characterization based on etiology or pathophysiology. To understand better the
relationship between vulnerability and stressful environment in the genesis of
bipolar disorder in adults, new research needs to study the several different influ-
ences in a comprehensive view of the interaction between genes and the environ-
ment. Such research will connect biological, epigenetic, and psychological
approaches to complete the primary knowledge of neuropsychiatric disorders in
general and bipolar disorder in particular.

Could the stress axis dysfunction be a fundamental dysfunction of bipolar
disorder, or on the other hand, it is a tributary effect? While both directions of
causality are possible, there are several indications that the influence of the HPA axis
in the neurobiology of bipolar may play the underlying dysfunction in the vulner-
ability and development of bipolarity.

The primary system of the stress is HPA axis, during stressful life events (e.g.,
acute and chronic stress) may predispose and precipitate bipolar disorder. Intrigu-
ingly, several different early life stresses could develop permanent dysfunctions that
look like some of the findings in the neurobiology of bipolar disorder. The relation-
ship between bipolar, stressful events and the HPA axis are connected to and the
impairment of the HPA axis feedback, observed in patients with bipolar disorders.
This relationship could also develop in healthy first-degree relative with an affective
disease. Therefore, we can conclude the importance of epigenetic and vulnerability
to impair the HPA axis chronically.

The HPA axis is an essential bodily system to be clarified in the etiology of
mental illnesses. However, this needs to be seen in the context that several other
influences also require attention, such as genetics, the individual’s relationship with
the environment, early stress, and the resilience of some individuals, which may help
explain interindividual differences in many of the aspects of HPA axis changes and
stress responsiveness.
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Abstract The search for brain morphology findings that could explain behavioral
disorders has gone through a long path in the history of psychiatry. With the advance
of brain imaging technology, studies have been able to identify brain morphology
and neural circuits associated with the pathophysiology of mental illnesses, such as
bipolar disorders (BD). Promising results have also shown the potential of neuro-
imaging findings in the identification of outcome predictors and response to treat-
ment among patients with BD. In this chapter, we present brain imaging structural
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and functional findings associated with BD, as well as their hypothesized relation-
ship with the pathophysiological aspects of that condition and their potential clinical
applications.

Keywords Bipolar disorder - Diffusion tensor imaging - Functional neuroimaging -
Magnetic resonance imaging

1 Introduction

The search for brain morphology findings that could explain behavioral disorders
has gone through a long path in the history of psychiatry. The German physician
Theodor Meynert, one of the representatives of the so called “first biological
psychiatry movement” in the nineteenth century, once said: “The study of human
anatomy in its current form has passed from a solely descriptive science to some-
thing higher, to a form of knowledge that attempts to explain. . . The more psychiatry
seeks, and finds, its scientific basis in a deep and finely grained understanding of the
anatomical structure [of the brain], the more it elevates itself to the status of science
that deals with causes” (Shorter 1997). Almost 130 years after his words, the
psychiatric field has witnessed astonishing progress in the way we see the brain,
both structurally and functionally, which has provided valuable insights on the
neurophysiological processes that underlie the abnormalities in behavior, cognition,
and emotion we observe in patients with psychiatric disorders. With the advances in
brain imaging technology, studies have been able to identify patterns in brain
circuitry associated with fundamental characteristics found in patients with bipolar
disorders (BD), as alterations in emotional processing and regulation and reward
processing (Phillips and Swartz 2014). Here, we critically analyze the brain imaging
structural and functional findings associated with BD, not only regarding their
correlation with pathophysiological aspects of the disease but also their potential
clinical applications.

2 Structural Neuroimaging and Diffusion Tensor Imaging
Studies

2.1 Structural Magnetic Resonance Imaging MRI (sMRI)
Findings in BD

The use of sMRI in the study of brain abnormalities in individuals with BD has
accumulated evidence over more than three decades of research, with countless
studies. In one of the first of these studies, Johnstone et al. (1989) compared the
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temporal lobe structure in patients with BD, patients with schizophrenia, and healthy
controls (HC). All participants with BD had a history of psychosis (Johnstone et al.
1989). With a scanning magnetic resonance imaging system that operated at 0.15
Tesla (T), the authors found a trend towards significance on the association between
diagnosis and temporal lobe size, with lower measures among individuals with
schizophrenia compared to the other two groups. Actually, in this study the authors
did not find significant brain structural differences between participants with BD and
HC. However, an association between increased ventricular size and poor outcome
when evaluating participants with schizophrenia and BD together was reported,
suggesting neuroprogression associated with severe psychiatric disorders (Johnstone
etal. 1989; Gama et al. 2013). In a review of the literature comprising the first decade
of sMRI studies in individuals with mood disorders, Soares and Mann (1997)
reported a consistent finding of enlargement of the third ventricle in participants
with BD. In addition, the majority of the studies that evaluated temporal lobe
findings in individuals with BD identified abnormalities, especially decreased tem-
poral lobe volumes. There were conflicting sMRI results related to amygdala,
hippocampus, and basal ganglia (Soares and Mann 1997).

More recently, an analysis from the Enhancing Neuroimaging Genetics through
Meta-Analysis (ENIGMA) Bipolar Disorder Working Group (2018) compared
sMRI cortical gray matter thickness and surface area between adults with BD
(n = 1,837) and HC (n = 2,582) (Hibar et al. 2018). The comparisons were
controlled for age and sex (for the cortical thickness analysis) and also intracranial
volume (for surface area analysis). The results showed a significant and diffuse
pattern of reduced cortical thickness in individuals with BD compared with HC. The
findings were more accentuated for the left pars opercularis, left fusiform gyrus, and
left rostral middle frontal cortex regions. Regarding surface area comparisons, there
were no significant differences between BD and controls. The authors also investi-
gated associations between SMRI measures and clinical variables, such as illness
duration and history of psychosis. The duration of illness was associated with a
broader pattern of reduced cortical thickness. The surface area of regions of interest
(ROIs) was not correlated with disease duration in this study. History of psychosis,
however, was associated with reduced surface area in the right caudal anterior
cingulate cortex and in the left inferior temporal gyrus (Hibar et al. 2018). The
same working group also investigated subcortical volumetric brain abnormalities
among individuals with BD compared with HC, including nucleus accumbens,
amygdala, caudate, globus pallidus, putamen, thalamus, and lateral ventricles
(Hibar et al. 2016). The results showed significantly lower mean volumes of the
hippocampus, thalamus, and a trend towards significance regarding the lower mean
volume of amygdala in participants with BD, bilaterally, as well as larger lateral
ventricles. Decreased hippocampal volumes were also associated with older age
(Hibar et al. 2016). DelBello et al. (2004) found volumetric differences related to
subcortical brain regions in patients with BD already during adolescence. The
authors compared adolescents with BD (mean age 16.3 years) and HC (mean age
17.2 years) regarding amygdala, globus pallidus, caudate, putamen, and thalamus
volumes. In this study, in addition to lower total cerebral volume, adolescents with
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BD presented significantly reduced volumes of amygdala and larger putamen
(DelBello et al. 2004). Sanches et al. (2005) did not find striatal volumetric differ-
ences between adolescents with BD compared with controls. However, among the
adolescents with BD, there was a significant inverse relationship between age and
volumes of left caudate, right caudate, and left putamen, which were not found for
the HC (Sanches et al. 2005). Studies with individuals at high genetic risk for BD
also found smaller anterior cingulate cortex (ACC) and larger amygdala volumes in
unaffected relatives of patients with BD compared with controls, suggesting poten-
tial brain imaging markers of disease vulnerability (Bauer et al. 2014; Sanches et al.
2019).

2.2 Diffusion Tensor Imaging (DTI) Findings in BD

DTI maps characterize the three-dimensional diffusion of water as a function of
spatial location, which may be used to estimate the pattern of connectivity in the
brain and to study the integrity of white matter tracts (Alexander et al. 2007;
Benedetti et al. 2011). Adler et al. (2004) hypothesized that changes in prefrontal
function found in individuals with BD are associated with a dysconnectivity syn-
drome due to impairment in the white matter tract integrity. The authors compared
fractional anisotropy (FA) of ROIs, more specifically above anterior commissure,
which was chosen a priori, according to previous findings from the group. Nine
patients with bipolar disorder were compared with nine HC, controlling for age and
education. The authors found significantly reduced FA in two of the four ROIs in
patients with BD and medium-to-large effect sizes when all ROIs were combined
(Adler et al. 2004). Mean FA and apparent diffusion coefficient (ADC) of four
axonal pathways were compared between euthymic patients with BD type I (BDI),
healthy first-degree relatives of these patients, and HC in the study of Mahapatra
et al. (2017). The results showed a significantly lower FA for individuals with BD
type I when compared with first degree relatives, who in their turn presented
significantly lower FA compared with HC for the following regions: corpus
callosum, dorsal part of the right cingulum bundle, hippocampal part of right
cingulum bundle, hippocampal part of the left cingulum bundle, right uncinate
fasciculus, and left uncinate fasciculus (Mahapatra et al. 2017). Duarte et al.
(2016) reviewed studies of DTI with participants with BD focusing on FA in
white matter tracts. Among the 18 studies included in this systematic review,
decreased FA in commissural and association tracts, especially in the fronto-limbic
tracts, was the most common finding (Duarte et al. 2016). Favre et al. (2019)
compared FA from 43 ROIs between 1,482 participants with BD and 1,551 HC
from 26 cohort studies. The authors found significant differences in most of the
regions compared with higher effect sizes for corpus callosum and cingulum. In
addition, there was a significant positive relationship between FA in the inferior
fronto-occipital fasciculus and the age of onset within participants with
BD. Moreover, similar to volumetric brain abnormalities, changes in white matter
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can be found in an early stage of the disease. Adler et al. (2006) reported that
adolescents in their first episode of mania presented significantly decreased FA in the
prefrontal white matter (more specifically in superior-frontal tracts) when compared
with healthy participants.

2.3 Longitudinal sMRI and DTI Findings

Longitudinal neuroimaging studies are useful for the investigation of abnormalities
in the brain maturation trajectories among individuals with BD, as well as to identify
potential risk factors of neuroprogression and its clinical correlates. Abe et al. (2019)
followed 90 patients with BD and 61 HC for 6 years to investigate putative
alterations in cortical thickness. The results showed that patients with BD presented
with increases in cortical thickness in visual/somatosensory areas and abnormal
cortical thinning in bilateral middle temporal cortices compared with controls.
While the decreases in cortical thickness suggest an expected neuroprogression of
the disease, reflecting a gray matter loss, the increase in the cortical thickness of the
medial occipital cortex and central sulcus was unexpected, especially considering
that controls showed a decrease in the cortical thickness in these regions (Abe et al.
2019). Zak et al. (2019) also reported decreased cortical thickness in the left and right
prefrontal and left temporal cortex of individuals with BD type II in a follow-up
study. Both patients and controls displayed cortical thinning over the follow-up
period, but patients with BD showed greater thinning in inferior temporal and left
posterior cortices. Adolescents with BD, compared with HC, showed more reduc-
tions in the insula, orbitofrontal, and dorsolateral prefrontal cortices over a 2-year
follow-up study (Najt et al. 2016). Bootsman et al. (2015) have investigated brain
changes in subcortical regions in a twin study with individuals with BD. Despite
significant differences between patients with BD and controls regarding thalamus,
putamen, and nucleus accumbens at baseline, the authors did not find differences
overtime after correction for multiple comparisons (Bootsman et al. 2015).
Furthermore, adolescents and young adults with BD (17.6 mean years old) and
HC (16.6 mean years old) were part of a longitudinal study with DTI data at baseline
and after 2.5 years of follow-up (Weathers et al. 2018). The authors investigated
differences between the groups regarding uncinate fasciculus (UF), a tract that
connects the amygdala and ventral prefrontal cortex, a brain network associated
with emotion regulation (Weathers et al. 2018). In the patient group, there was no
significant association between FA at the UF and age and no differences between the
two time points, while in HC the authors did find positive associations between UF
FA and age, as well as increases in UF over the follow-up period (Weathers et al.
2018). Finally, in another study, individuals at high risk for bipolar disorder (includ-
ing a high-risk subgroup who later developed major depressive disorder) were
compared with HC with respect to change in white matter integrity over a 2-year
follow-up period (Ganzola et al. 2017). The authors hypothesized that patients,
compared to controls, would show FA decreases in the corpus callosum and
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fronto-limbic connections. However, the results showed that, despite reductions in
FA found in the whole sample, there were no statistically significant differences
between groups (Ganzola et al. 2017).

3 Functional Neuroimaging

3.1 Positron Emission Tomography (PET)

PET uses radioactive tracers to investigate distinct neural functions, providing
quantitative images of the spatial distribution of the compound. One highly used
radioactive tracer, F-fluorodeoxyglucose (FDQG), is a glucose analog and is, there-
fore, useful for the measurement of brain metabolism (Gonul et al. 2009). Mah et al.
(2007) performed a PET study in individuals with BD type II and a current major
depressive episode and HC. The authors did not find differences regarding whole-
brain metabolism. However, for ROIs analysis, the results showed higher metabo-
lism in the amygdala, left orbitofrontal cortex, right anterior cingulate cortex,
accumbens area, left and right putamen, and left caudate regions in patients com-
pared with controls (Mah et al. 2007). In another study, the FDG PET findings
among BD patients with and without psychotic symptoms and HC were analyzed
(Marotta et al. 2019). Patients with BD and no history of psychotic symptoms
presented decreased FDG uptake in the middle occipital gyri bilaterally, as well as
increased uptake in insula and temporal regions, compared with controls. However,
in comparison with patients with BD and a history of psychotic symptoms, those
without psychosis presented an increase in FDG uptake in the right fusiform gyrus
(Marotta et al. 2019). The central serotonin transporter (5-HTT) system was also
investigated in individuals with BD in comparison with HC by measuring a PET
radioligand for the 5-HTT, the [''C]JDASB (Cannon et al. 2006). In this cross-
sectional study, Cannon et al. (2006) found higher levels of the ligand in the insula,
medial PFC, thalamus, caudate, and dorsal cingulate cortex and reduced levels in the
brainstem of the patients. There were no significant correlations between 5-HTT
binding and depression scores, illness duration, and age of onset (Cannon et al.
2006). Radioligand binding associated with microglia activation, which is sugges-
tive of neuroinflammation, was reported as significantly increased in patients with
BD compared with HC in the study of Haarman et al. (2014). Anand et al. (2011)
investigated the dopaminergic system in individuals with BD by measuring the
striatal binding potential of the dopamine transporter (DAT)-selective radiotracer
[(11) CICFT in individuals with BD (euthymic or depressed) and HC. The striatal
binding potential was found to be significantly decreased among patients, particu-
larly in the left and right dorsal caudate (Anand et al. 2011). These results are in
agreement with previous reviews of the literature (such as the one by Berk et al.
2007), which highlight the evidence supporting the hypothesis that dysfunctions in
the dopaminergic function seem to be involved in the pathophysiology of BD (Berk
et al. 2007). Interestingly, a recent systematic review and meta-analysis indicated
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that a previous diagnosis of BD shows a more than threefold odds ratio associated
with a subsequent diagnosis of idiopathic Parkinson’s disease, an illness associated
with degeneration of dopaminergic neurons in the substantia nigra (Kalia and Lang
2015; Faustino et al. 2019).

3.2  Resting-State Functional MRI (rsfMRI)

fMRI generates images using blood oxygen level-dependent (BOLD) contrast,
which provides a spatial resolution that allows the localization and delimitation of
activated brain areas. Thus, fMRI helps evaluate brain activity changes in specific
areas, associated with the performance of specific tasks (Chow et al. 2017). More-
over, fMRI also allows the assessment of anatomically separated brain regions that
are nevertheless related with respect to patterns of neuronal activity and are, there-
fore, functionally connected, even during “resting states” of the brain (van den
Heuvel and Hulshoff Pol 2010). These complex set of neural networks mediate
emotions, cognitions, and behaviors, whose dysfunction probably underlies the
psychiatric manifestations are observed in the patients (Steinberg et al. 2015).
Thus, brain imaging techniques that map brain regions functionally interconnected
are fundamental tools to investigate neurobiological brain mechanisms of psychiatric
illness.

For instance, Liu et al. (2012) investigated resting-state functional connectivity
within the default mode network (DMN) in individuals with BD and HC. The DMN
is related to self-oriented patterns of thought, which include rumination and intro-
spective states, and comprise the medial, lateral, and inferior parietal cortices, the
medial prefrontal cortex (mPFC), and the precuneus/posterior cingulate cortex
(PCC) (Langenecker et al. 2014; Mak et al. 2017). The results showed that patients
with BD displayed abnormal brain activity with significantly increased regional
homogeneity (ReHo) in the left medial frontal gyrus and the left inferior parietal
lobe, which could be interpreted as an enhancement of the local synchronization in
those regions (Liu et al. 2012). The authors pointed out that hyperactivity of the
medial frontal gyrus could be related to cognitive-emotional interference in patients
with BD, as this region is implicated in cognitive regulation and emotion perception.
Frontal-limbic connectivity dysfunction has been associated with the pathophysiol-
ogy of BD, especially with respect to mood dysregulation due to impairment in the
prefrontal cortex inhibitory control over subcortical structures as amygdala
(Anticevic et al. 2013). Vizueta et al. (2012) showed that patients with BD type 11
and depression presented with significantly decreased activation in the left and right
ventrolateral prefrontal cortices and the right amygdala, as well as reduced func-
tional connectivity between the right amygdala and the orbitofrontal and dorsolateral
prefrontal cortices in comparison with HC. In a systematic literature review, Vargas
et al. (2013) reported that the most common findings from rsfMRI studies in
individuals with BD were in the brain connectivity of the PFC areas and anterior
cingulate cortex with meso-limbic areas as thalamus, insula, and amygdala in
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comparison with HC. Furthermore, altered connectivity between prefrontal and
subcortical regions may already be present early in life. For instance, Singh et al.
(2014) found that high-risk youth for BD were found to have decreased connectivity
between pregenual cingulate and left amygdala and between left ventral lateral PFC
and caudate compared with low-risk youth.

4 Summary of Main Findings

The advances in neuroimaging technology have allowed the noninvasive study of
the brain, both structurally and functionally. Different study designs have helped to
address distinct research questions, such as brain biomarkers related to BD, includ-
ing information on cortical thickness, surface area, subcortical volumes, white matter
integrity, and connectivity of neural circuits. They have also attempted to character-
ize longitudinal neuroprogression patterns that are potentially specific to individuals
with BD in comparison with healthy individuals. Despite the high heterogeneity of
the studies from a methodological standpoint, including sample size, socio-
demographic factors, and clinical characteristics, some findings could be pointed
out. Structural studies have shown associations between duration of illness and
reduced cortical thickness, in addition to increased third ventricle size and reduced
volume of hippocampus and amygdala. DTI studies show decreased connectivity in
fronto-limbic tracts, corpus callosum, uncinate fasciculus, and cingulum. Longitu-
dinal studies found reduced cortical thickness in prefrontal and temporal regions.

In contrast, PET studies show higher metabolism in the amygdala, orbitofrontal
cortex, cingulate and accumbens with 18-FDG, increased 5-HTT binding in the
insula, medial PFC, thalamus and cingulate cortex, as well as decreased striatal
binding potential in caudate and putamen regions. Imaging findings also point to
microglia activation, suggesting the involvement of neuroinflammation in patients
with BD. Resting-state fMRI studies show enhancement of local synchronization
within the default mode network, as well as reduced connectivity in fronto-limbic
regions. Studies with early age individuals found a reduced volume of amygdala and
increase putamen volume, as well as gray matter reductions in the insula,
orbitofrontal and dorsolateral PFC regions and decrease FA in PFC white matter.
Finally, individuals at high genetic risk for BD also show structural and functional
abnormalities that suggest disease vulnerability. In summary, structural and
functional studies indicate abnormalities in brain regions associated with emotion-
processing, emotion-regulation, and reward-processing neural circuits in the patho-
physiology of BD (Phillips and Swartz 2014).
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5 Diagnostic Specificity of Neuroimaging Findings

Neuroimaging studies have been used to investigate the heterogeneity of BD,
including potential differences between illness subtypes according to categorical
classifications (for instance, Diagnostic and Statistical Manual of Mental Disorders
[DSM] Bipolar disorders type I and II) (American Psychiatric Association 2000),
and with other psychiatric disorders that could share similar clinical symptoms
despite distinctions in terms of prognosis and responses to treatment (for example,
unipolar depression).

5.1 Structural Neuroimaging and DTI Findings

A longitudinal study that evaluated cortical thickness among patients with BD and
HC did not find differences between BD I and II subtypes (Abe et al. 2019). Similar
results were found for the ENIGMA study, which compared 1,275 adults with BD
type I and unrelated 345 adults with BD type II. The authors did not find differences
regarding cortical thickness or the surface area between the BD subtypes I and II
(Hibar et al. 2018). Subcortical volumetric regions, including lateral ventricles,
thalamus, putamen, globus pallidus, hippocampus, caudate, amygdala, and nucleus
accumbens, were similar between BD type I and Il in the study of Hibar et al. (2016).
In a systematic review, Hanford et al. (2016) reported that most of the studies
comparing patients with BD type I and II regarding cortical thickness did not find
significant differences (Hanford et al. 2016)

Foley et al. (2018) compared FA in the uncinate fasciculus in individuals with BD
type I and II. In this study, patients with BD type I were found to have lower FA than
those with BD type II, which, in turn, did not differ from HC. Similar results were
found in the study of Caseras et al. (2015), in which FA in the left uncinate fasciculus
of patients with BD type I was significantly reduced in comparison with patients
with BD type II. Ambrosi et al. (2016) compared axial diffusivity (AD) and radial
diffusivity (RD) besides FA in patients with subtypes of BD and HC. The authors
found that patients with BD type II presented lower FA in the right inferior
longitudinal fasciculus compared with both BD type I and HC (Ambrosi et al.
2016). Diffusion tensor images of patients with BD type I and II were also investi-
gated by Liu et al. (2010), who reported that individuals with BD II had lower FA in
the right inferior frontal gyrus, left inferior prefrontal area, and right precuneus in
comparison with BD 1.

Han et al. (2019) reviewed studies assessing structural and functional MRI
findings in patients with unipolar depression (UP) and bipolar depression. BD
were reported as showing greater cortical thickness in the right precuneus, left
inferior parietal gyrus, and right dorsolateral prefrontal cortex, as well as a smaller
hippocampus and amygdala volumes and increased anterior cingulate cortex vol-
ume, compared with individuals with UP (Han et al. 2019). Differences in cortical
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thickness were also found in the comparison between patients with schizophrenia
(SCZ) and patients with BP in the study of Godwin et al. (2018), with respect to the
frontal, parietal, and temporal cortices regions. In a study evaluating young individ-
uals at high genetic risk for BD and SCZ, however, the authors did not find cortical
thickness differences between groups, despite the high-risk SCZ group presenting
significantly decreased surface area in the occipital lobe compared with those at high
risk for BD (Sugranyes et al. 2017). Regarding volumetric structural neuroimaging
findings, Ho et al. (2019), in a literature review, reported lower left, right, and total
amygdala volumes in patients with schizophrenia compared with BD.

In the mentioned review of Han et al. (2019), the authors also reported differences
regarding DTI measures, with patients with BD showing decreased FA in the
posterior cingulum bundle and the genu of the corpus callosum compared with
UP. Sexton et al. (2012) compared FA within the corpus callosum between partic-
ipants with late-life BD and UP depression. The results showed that patients with BD
had reductions in FA within the genu, body, and splenium of the corpus callosum,
suggesting that altered inter-hemispheric connectivity might be a feature of late-life
bipolar disorder (Sexton et al. 2012). Ho et al. (2019) reported no differences
between patients with BD and SCZ regarding the FA of the uncinate fasciculus
tract, a finding previously reported by studies comparing HC and BD (Ho et al. 2019;
Mahapatra et al. 2017). On the other hand, comparisons on the corpus callosum
white matter did not show differences between individuals with BD and SCZ
diagnosis (Li et al. 2014). Negative findings were also found in the study of
Skudlarski et al. (2013), which included patients with BD, SCZ, and their first-
degree relatives. Positive findings were reported in the study of Tonnesen et al.
(2018), in which patients with SCZ showed lower FA in the right inferior longitu-
dinal fasciculus and right inferior fronto-occipital fasciculus compared with patients
with BD.

5.2 Functional Neuroimaging Findings (PET, rs-fMRI)

Hosokawa et al. (2009) compared resting-state PET findings between patients with
BD and UP and found a distinct pattern of decreased glucose metabolism related to
HC, suggesting brain metabolism particularities in comparison with healthy indi-
viduals. However, the authors did not find differences between unipolar and bipolar
depressed patients (Hosokawa et al. 2009). Altamura et al. (2017) used 18-FDG-PET
scanning to compare brain metabolism differences between patients with BD type 1
and history of psychosis with or without substance use, and patients with substance-
induced psychosis. The results showed that patients with substance-induced psycho-
sis presented decreased glucose metabolism in the left posterior cingulate compared
with patients with BD and history of psychosis with no substance use (Altamura
et al. 2017). A study with fluorodihydroxyphenyl-l-alanine ([18F]-DOPA) PET did
not show differences regarding dopamine synthesis capacity between patients with
BD and history of psychosis and patients with SCZ. When both groups were
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combined, however, the findings showed a significant positive correlation between
psychotic symptom severity and dopamine synthesis capacity, suggesting a
transdiagnostic role for dopamine dysfunction in BD and SCZ (Jauhar et al. 2017).
Glucose metabolism differences between psychiatric diagnosis were also investi-
gated by Boen et al. (2019). In this study, patients with borderline personality
disorder (BPD) and no comorbid BD were compared with patients with BD type
I and HC. Both groups of patients (BPD and BD) showed decreased metabolism in
similar regions, such as insula, brainstem, and frontal white matter compared to HC,
which could, in part, explain the high comorbidity between these two psychiatric
diagnoses (Frias et al. 2016). The results also showed that patients with BD
presented higher metabolism in some cortical areas compared with those with
BPD (Boen et al. 2019).

In a literature review with fMRI studies, McGrath et al. (2004) did not find
evidence of differences between patients with BD type I and type II. When compared
with patients with UP depression, however, patients with BD presented a distinct
pattern of connectivity in the study of Goya-Maldonado et al. (2016). While the
former showed increased connectivity in the DMN in the precuneus and hippocam-
pus bilaterally, patients with BD showed increased functional connectivity in the
frontoparietal network, especially in the dorsolateral and ventrolateral PFC com-
pared with participants with UP depression (Goya-Maldonado et al. 2016). Karcher
etal. (2019) investigated corticostriatal connectivity in individuals with SCZ and BD
with a history of psychotic symptoms compared with HC. Both patient groups
presented with reduced connectivity between the putamen and the medial prefrontal
cortex and reduced salience network connectivity, suggesting a common pattern of
corticostriatal dysconnectivity in patients with primary psychotic disorders (Karcher
et al. 2019). Similar transdiagnostic findings were reported in the study of Ma et al.
(2019), in which patients with SCZ, BD, and UP depression presented common
network dysfunction.

5.3 Neuroimaging and Pattern Classification Methods
and the Diagnosis of BD

Machine learning (ML) techniques are able to analyze multiple sources of data,
which can provide information from an individual level, rather than between-groups
average differences, with a potential role in terms of diagnostic prediction and
accuracy (Nunes et al. 2018).

Nunes et al. (2018) analyzed clinical and neuroimaging data (including regional
cortical thickness, surface area, and subcortical volumes) of 853 participants with a
diagnosis of BD and 2,167 HC using support vector machines (SVM), aiming at
discriminating patients from controls. In this study, despite the accuracy of 65.23%
(95% CI = 63.47-67.00) was below the considered clinically relevant (80%), taking
into account the high heterogeneity of the sample, from 13 cohort studies over the
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world, the results suggest ML approaches as a potential technique for improvement
of diagnosis accuracy (Nunes et al. 2018). With DTI data, Mwangi et al. (2015)
investigated the potential of SVM to accurately discriminate individuals with pedi-
atric BD from HC (both groups with approximately 12 years old on average). The
authors reported accuracy of 78.12%, with a sensitivity of 68.75% and specificity of
87.5%, with the most relevant regions discriminating patients from controls showing
a consistent reduced pattern of FA (Mwangi et al. 2015).

The discrimination between UP depression and BD depression was also investi-
gated by studies using SVM algorithms. Matsuo et al. (2019) found that gray matter
volumes of the dorsolateral PFC bilaterally and anterior cingulate cortex contributed
to the diagnosis classification of UP depression and BD depression with SVM
models. Brain structural neuroimaging data was also used by Rubin-Falcone et al.
(2018) to differentiate individuals with BD and UP depression, with results showing
a combined accuracy of 75% using SVM for gray matter volume data. Li et al.
(2017) used resting-state fMRI with SVM approach to test its accuracy to discrim-
inate individuals with BD from unipolar depression. Results showed an accuracy of
86%, as well as a large proportion of disease-specific information, with a low overlap
between individuals with UP depression and BD depression with respect to topo-
graphic abnormalities (Li et al. 2017).

Machine learning methods can help not only in terms of diagnostic discrimination
but also in predicting specific outcomes and identifying specific clinical phenotypes
in bipolar disorder, which can be useful for approaching the clinical heterogeneity of
the illness. Sartori et al. (2018) used volumetric brain imaging data to predict
functioning in patients with bipolar disorder and HC, utilizing an ML approach.
Both groups displayed significantly different functional outcomes, which included
the Functioning Assessment Short Test (FAST) scores and employment status
(Reisberg 1988; Sartori et al. 2018). Left superior frontal cortex volume and left
rostral middle frontal cortex were the central regions able to predict FAST scores in
patients with BD (Sartori et al. 2018; Phillips and Swartz 2014). There were no
significant findings in the HC group (Sartori et al. 2018). Neuroimaging and
neurocognitive data were used to investigate clinical phenotypes in patients with
BD in the study of Wu et al. (2017). The cognitive evaluation included measures
associated with arousal, cognitive control, declarative memory, social communica-
tion, and valence systems according to the Research Domain Criteria (RDoC)
Initiative (Wu et al. 2017; National Institute of Mental Health 2008). The authors
found two phenotypes, which did not overlap with the DSM BD classifications. The
ML algorithm, using FA, discriminated these phenotypes with 75.9% accuracy (the
inferior frontal-occipital fasciculus and the minor forceps of the corpus callosum
were the most relevant brain regions) (Wu et al. 2017).

Taken together, these studies show that ML techniques are very promising
approaches not only for the improvement of diagnostic accuracy and prediction
but also for the better characterization of the phenotypical heterogeneity in BD
(Librenza-Garcia et al. 2017). In a position paper from the International Society
for Bipolar Disorders Big Data Task Force, Passos et al. (2019) enumerated some of
the challenges faced by ML, including model validation, computational power,
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multimodality, and lack of a uniform pipeline for ML studies. However, once
overcome, these techniques, combined with big data analyze, could help with the
aim of improving prognosis in the management of BD, with better prediction of
clinical outcomes and response to treatment (Passos et al. 2019).

6 Perspectives on the Role of Neuroimaging
in the Management of BD Patients

6.1 Neuroimaging Studies and Bipolar Disorders Mood
States

In a longitudinal study, Zak et al. (2019) reported greater cortical thinning in the left
temporal cortical among patients with BD with more than two depressives episodes
from baseline to the follow-up, compared with patients with fewer depressive
episodes. Another longitudinal study found a greater cortical thinning in the inferior
frontal cortex of patients with mania compared with patients with non-manic BD
type L. In addition, patients with BD type II that experienced hypomanic episodes
during the follow-up showed more pronounced decreases in the inferior frontal
cortex compared with patients with BD type II who did not have hypomanic
episodes during the longitudinal evaluation (Abe et al. 2019). Using an FDG PET
scan, Brooks et al. (2009) found a significant inverse correlation between global
metabolic rates and scores in the Hamilton depression scale (HAM-D) (Brooks et al.
2009; Hamilton 1960). Brady et al. (2016) investigated rsfMRI activity in regions
associated with affect perception, affect regulation, and reward-seeking behavior
during different mood states in patients with BD type I, mania and euthymia, as well
as in HC. The results showed that, compared with patients with BD in euthymia,
those with mania presented with significantly increased connectivity between the
right amygdala and the bilateral supplemental motor area in the frontal cortex, as
well as decreased connectivity with the ACC, suggesting altered emotion regulation
neural circuits associated with mania states. There were no significant differences
regarding connectivity with the ventral striatum between patients with BD in mania
or euthymia (Brady et al. 2016). In a longitudinal design, these authors were able to
replicate these findings, suggesting that cortico-amygdala resting-state connectivity
could be a biomarker of mood state in patients with BD (Brady et al. 2017).

6.2 Neuroimaging Studies, Bipolar Disorders,
and Pharmacological Treatment

Hibar et al. (2018) found significant increases in cortical thickness associated with
the use of lithium in patients with BD, mainly in the left paracentral gyrus and the left
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and right superior parietal gyrus, as well as increased surface area in the left
paracentral lobe. The use of typical and atypical antipsychotic medications seemed
to show different types of associations with the imaging findings. While the use of
typical antipsychotics was associated with increased cortical surface area (especially
in the left middle temporal gyrus, left inferior parietal gyrus, and right temporal
pole), atypical antipsychotic use was associated with decreased cortical surface area
in the right rostral middle frontal gyrus and right superior frontal gyrus (Hibar et al.
2018). Li et al. (2019) compared cortical thickness and subcortical volumes in HC
with patients with BD taking valproate and patients with BD on lithium. Results
showed that participants with BD on lithium had significantly increased cortical
thickness in the right superior frontal cortex and in the left rostral middle frontal
cortex compared with those taking valproate. The authors did not find differences in
subcortical regions. In patients with pediatric bipolar disorder, a preliminary study
showed decreases in the amygdala volume after a 6-week treatment period with
sodium valproate (Cazala et al. 2018). Further, in the mentioned follow-up study by
Abe et al. (2019), the authors reported that patients who used lithium presented with
an increase in the cortical thickness of the medial occipital, which was not found for
patients who were not on that medication. Brain structure changes with lithium use
may also be related to duration of medication exposure, as showed by the study of
Sani et al. (2018), in which short-term use was related to changes in amygdala
volume and long-term use with changes in hippocampus and amygdala volumes.

Favre et al. (2019) reported associations between FA findings and use of medi-
cations in a cross-sectional study with 1,482 participants with BD. In this study,
antipsychotics were associated with lower FA within the genu of the corpus
callosum. The authors did not find differences related to antidepressant use. Regard-
ing lithium, the authors reported higher FA in several ROIs among the patients who
were on that medication, which may be related to the potential of lithium in
promoting myelination (Favre et al. 2019; Brambilla et al. 2009). FA in the corpus
callosum was significantly higher among patients on lithium in the study of
Abramovic et al. (2018), with no significant differences in FA associated with
antipsychotic medication.

Valproate treatment (in monotherapy or combination with lithium) was not
associated with brain 5-HT2A receptor binding patterns in adult patients who met
DSM criteria for a manic episode, in a study by Yatham et al. (2005). Using resting-
state fMRI, Spielberg et al. (2019) investigated lithium effects on neural circuits
related to mania and depression in BD. The results showed that treatment with
lithium was associated with normalization of connectome indices observed during
mania. In addition, changes in connectome indices associated with both mania and
depression were correlated with symptom changes (Spielberg et al. 2019). More-
over, the velocity of normalization of neural circuits associated with pharmacolog-
ical treatment seems to be distinct, depending on the medication considered.
Dandash et al. (2018) reported that treatment with lithium showed a faster normal-
ization of hyperconnectivity in the ventral striatum with the cerebellum compared to
treatment with quetiapine.
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6.3 Neuroimaging to Predict Pharmacological Treatment
Response

Baseline FA connectivity of the cingulate and hippocampal regions significantly
predicted 8-week global clinical impression (CGI) severity scores after treatment
with lithium (4 weeks of treatment) in pediatric patients with BD, an effect found for
both severity of mania and depression (Kafantaris et al. 2017). DTI was also used to
investigate white matter connectivity as a possible predictor of response to antide-
pressant treatment in adult patients with BD type 1. The results showed an inverse
correlation between clinical improvements and white matter microstructure integrity
of tracts, including corpus callosum, cingulum bundle, and inferior fronto-occipital
fasciculus (Bollettini et al. 2015). Clinical response to ketamine infusion in patients
with bipolar depression was associated with increased 18-FDG metabolism in the
subgenual anterior cingulate cortex after placebo infusion in the study of Nugent
etal. (2014). In addition, changes in metabolism in the right ventral striatum between
placebo and ketamine infusions showed significant inverse correlations with changes
in depression scores (Nugent et al. 2014). In another study, subgroups of patients
defined by cluster analysis according to cortical thickness were associated with
different responses to treatment in a randomized clinical trial, suggesting that
neurobiological measures could address the clinical heterogeneity of bipolar disorder
with respect to treatment response patterns (Zhang et al. 2018).

Furthermore, given the high complexity of bipolar disorder pathophysiology,
improvements in the prediction of treatment response could be achieved by the
inclusion of different clinical and neurobiological variables in addition to neuroim-
aging findings. The Response to Li Network (R-LiNK) initiative is a prospective
multidisciplinary, international project which aims to identify individual predictors
of clinical response to lithium. Data collection will include a combination of
molecular, metabolic, structural, functional, and clinical biomarkers, with an eco-
logical momentary assessment approach to monitor core BD symptoms, coupled
with the investigation of moderators and mediators of response (Scott et al. 2019).
Given the promising results on neuroimaging findings and treatment response
prediction, such initiatives may provide precise and accurate information for the
early and effective treatment of BD, which could potentially impact not only the
burden associated with this illness but also psychiatric disorders in general.

6.4 Neuroimaging and Psychotherapy in Bipolar Disorders

Despite including principles of cognitive behavior therapy (CBT), such as extinction
learning, identification and modification of maladaptive cognitions, and behavioral
exposure (Ellard et al. 2010), transdiagnostic CBT focuses on maladaptive emotion
processing. Ellard et al. used fMRI to investigate the association of brain connec-
tivity of regions associated with emotion regulation and clinical outcomes of
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transdiagnostic CBT intervention in patients with BD (Ellard et al. 2018). The results
showed that changes in affective control scores were predicted by weaker connec-
tivity between the left anterior insula and the right ventrolateral PFC (salience
network), and by stronger connectivity between the bilateral dorsal anterior insula
and bilateral amygdala at baseline (Ellard et al. 2018).

According to Teasdale et al. (2000), mindfulness-based cognitive therapy
(MBCT) aims at teaching individuals “to become more aware of thoughts and
feelings and to relate to them in a wider, decentered perspective as ‘mental events’
rather than as aspects of the self or as necessarily accurate reflections of reality.”
(Teasdale et al. 2000). This therapy has shown promising results in the treatment of
patients with BD and has a first-line indication for preventing depression relapse
(Lovas and Schuman-Olivier 2018; Parikh et al. 2016). Ives-Deliperi et al. (2013)
reported significant decreases in anxiety and emotion dysregulation, improvement in
mindfulness, and executive performance associated with MBCT in patients with BD
comparing with those in a waiting list group. In addition, there was a significant
correlation between signal change in the medial PFC after the intervention,
suggesting a potential action mechanism of MBCT (Ives-Deliperi et al. 2013).

7 Conclusions

Neuroimaging studies have contributed to a better understanding of the pathophys-
iology of BD as a brain disease, pointing to dysfunctions in neural circuits associated
with emotion regulation and reward processing. Despite the limited validity of
categorical diagnosis, as shown by genetic studies, scientific literature has consis-
tently shown significant structural and functional findings among patients with BD
(defined according to DSM criteria) and individuals at high genetic risk for BD. The
heterogeneity of BD might be addressed with the association of different sources of
biological and clinical information, in addition to neuroimaging techniques,
allowing the better characterization of phenotypes and the identification of bio-
markers, ultimately resulting in potentially important clinical implications.
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Abstract Neuroprogression is associated with structural and functional brain
changes that occur in parallel with cognitive and functioning impairments. There
is substantial evidence showing early white matter changes, as well as trajectory-
related gray matter alterations. Several structures, including prefrontal, parietal,
temporal cortex, and limbic structures, seem to be altered over the course of bipolar
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disorder, especially associated with the number of episodes and length of the disease.
An important limitation is that most of the studies used either a cross-sectional
design or a short follow-up period, which may be insufficient to identify all
neuroprogressive changes over time. In addition, the heterogeneity of patients with
bipolar disorder is another challenge to determine which subjects will have a more
pernicious trajectory. Larger studies and the use of new techniques, such as machine
learning, may help to enable more discoveries and evidence on the role of
neuroprogression in BD.

Keywords Bipolar disorder - Functional MRI - Neuroprogression - Structural MRI

1 Introduction

Bipolar disorder (BD) has heterogeneous trajectories, with some patients experienc-
ing a more severe course, marked by progressive features and impairments in both
cognition and functioning. The term neuroprogression has been proposed as a
pathological rewiring of the brain that occurs in parallel with clinical,
neurocognitive, and functioning deterioration in BD patients (Passos et al. 2016).
In these cases, there is cumulative evidence that several structures and systems seem
to be affected. Neuroprogression has been associated with poor clinical outcomes
such as worse response to treatment (Ketter et al. 2006; Swann et al. 1999), increased
comorbidity (Matza et al. 2005), functional and cognitive impairments (Kessing
2004; Rosa et al. 2012; Torres et al. 2007), and higher suicide and hospitalization
risk (Goldberg and Ernst 2002; Hawton et al. 2005). Refractory trajectories, which
include difficulty to treat acute episodes, persistence of symptoms between episodes,
or the emergence of mood episodes or cycling during optimal treatment, have been
associated with an end-stage presentation of BD (Berk et al. 2007, 2014; Gitlin 2001;
Poon et al. 2012). Among the factors contributing to these changes, the number of
episodes seems to be the most robust aspect associated with clinical deterioration
(Martino et al. 2016).

Although not all patients present a progressive course, it is paramount to under-
stand factors that might be associated with neuroprogression. Among the distinct
pathways that the clinical course of BD can assume, identifying those patients
who will experience clinical and neurocognitive deterioration is a critical need.
In addition, a better understanding of these processes will enable effective and
targeted interventions with the aim of improving outcomes in patients with
BD. Neuroimaging studies aim to shed light on some of the brain changes occurring
over time, the factors associated with those changes, and its consequences for those
suffering from BD.
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In the current chapter, we will review findings from structural and functional
neuroimaging studies that aimed to study brain changes in patients with BD associ-
ated with neuroprogression.

2 Structural Aspects of Neuroprogression in Neuroimaging

Changes in brain structures in bipolar disorder patients, when compared to controls,
were shown by several cross-sectional and longitudinal studies, with patterns com-
patible with neuronal loss in cortical and subcortical tissues (Hibar et al. 2016). Most
of the evidence comes from cross-sectional studies, which may limit definite con-
clusions about the directionality of the findings.

There is evidence pointing to a white matter pathology in earlier stages and gray
matter loss in more advanced stages (Lopez-Larson et al. 2002). A meta-analysis of
eight studies assessing magnetic resonance imaging (MRI) in patients with first-
episode BD found a reduction in total intracranial and white matter volumes, with no
significant changes being observed for gray matter and whole brain volumes (Vita
et al. 2009). Cortical thinning has been described in several brain regions, including
the cingulate cortex, prefrontal cortex, fusiform cortex, and limbic structures, among
others, with some studies finding an inverse correlation of duration of illness with
cortical thickness of some regions, such as the left middle frontal cortex (Lyoo et al.
2010). These earlier changes in white matter may indicate that abnormal connectiv-
ity between regions may play a significant role in the onset of disorders, with more
structural changes, predominantly in the gray matter, presenting over its clinical
course and trajectory.

2.1 Evidence from Cross-Sectional Studies
2.1.1 Brain Volume and General Findings

A study comparing multiple-episode and first-episode BD found that the lateral
ventricles were larger in those individuals with multiple episodes, which was
associated with a higher number of manic episodes. Additionally, the authors also
reported a smaller total cerebral volume (Strakowski et al. 2002). A voxel-based
morphometry meta-analysis including 660 BD patients compared to 770 healthy
controls showed gray matter reduction that was more pronounced in chronic illness,
in the basal ganglia, subgenual anterior cingulate cortex (ACC), and amygdala, with
lithium promoting an enlargement of these areas (Bora et al. 2010). Differences in
the frontal, temporal and parietal cortex, amygdala, thalamus, globus pallidus,
striatum, and hippocampus, among others, were also described comparing patients
with healthy subjects (Hibar et al. 2018; Strakowski et al. 1999). An inverse
correlation was also found between length of illness and gray matter volumes in



200 D. Librenza-Garcia et al.

BD, but not in unipolar depression and healthy controls (Frey et al. 2008). There is
also evidence pointing to a lower gyrification index (GI) in patients with late-stage
BD and a correlation between the GI and the stage of the disorder (Cao et al. 2016).
A study comparing 63 patients with first manic episode and healthy controls found
no significant volumetric differences between the two groups (Arumugham et al.
2017), which reinforces the hypothesis of gray matter pathology being associated
with the trajectory of the disorder. Longer duration of illness was associated with
lower total gray matter volumes even when controlling for confounding factors,
suggesting a cumulative loss over time (Gildengers et al. 2014).

2.1.2 Prefrontal Cerebral Cortex

Bipolar patients hospitalized for a manic episode showed smaller bilateral prefrontal
gray matter volumes that were more noticeable in the middle and superior sub-
regions when compared to healthy controls, with no significant differences in white
matter content (Lopez-Larson et al. 2002). A decreased gray matter density in fronto-
limbic areas has been associated with poor clinical outcomes (Doris et al. 2004).
Extensive prefrontal cortex thinning was also found by a meta-analysis of whole-
brain voxel-based morphometry studies including 1720 subjects with BD,
suggesting that this region plays a major role in the pathophysiology of BD
(Lu et al. 2019). A small study (n = 12) with BD type I patients found a significant
reduction of gray matter volume (GMV) in the right subgenual prefrontal cortex,
with positive family history and sex being associated with the GMV (Sharma et al.
2003). A reduction of the subgenual prefrontal cortex was also observed in pediatric
bipolar disorder patients with a history of first-degree relatives with a mood disorder
(Baloch et al. 2010). A study with BD type II patients also showed significant
thinning in the PFC, including the left perigenual ventromedial cortex, bilateral
dorsomedial PFC, and bilateral dorsolateral PFC. However, no association was
found with medication, mood state, illness duration, or family history (Elvsashagen
et al. 2013). The prefrontal gyrification index was reduced in ventral and dorsal
regions of the PFC of BD patients when compared to controls, but not when
compared to schizophrenia patients.

Moreover, those reductions were associated with cognitive impairments and
reduced IQ (MclIntosh et al. 2009). A study with patients experiencing a rapid-
cycling course found reductions of the GMV in the bilateral medial orbital prefrontal
cortex, ventromedial prefrontal cortex, and limbic regions when compared to con-
trols and in the ventromedial prefrontal cortex when compared to BD patients
without rapid cycling (Narita et al. 2011). Finally, a vertex-wise whole-brain anal-
ysis found reduced cortical thickness associated with executive function in BD type
II patients in lateral prefrontal and occipital regions (Abé et al. 2018).
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2.1.3 Cingulate Cortex

A decreased left ACC volume was found in untreated BD patients when compared to
healthy controls and lithium-treated patients, while there was no difference between
healthy controls and lithium-treated subjects (Sassi et al. 2004). Another study also
found a decrease in the left ACC volume, with an inverse correlation of the ACC
volume with the number of hospitalizations (Delvecchio et al. 2019). When com-
paring patients with a more severe presentation and poorer outcomes, another study
found an abnormal gray matter density widespread on the cingulate cortex (Doris
et al. 2004). In younger patients, a study reported smaller mean volumes in the left
anterior, left posterior, and right posterior cingulate cortex when compared to
controls (Kaur et al. 2005). Nevertheless, several studies, including a meta-analysis,
pointed to an enlargement of the cingulate cortex when compared to controls,
suggesting a possible compensatory mechanism (Lu et al. 2019).

2.14 Temporal-Limbic Structures

Temporal lobe clusters gray matter loss was also reported and significantly associ-
ated with reductions in full-scale IQ and performance IQ (Moorhead et al. 2007). A
study with BD type II patients found significant thinning of the superior middle and
inferior temporal gyrus but without association with illness duration, family history,
medication, or mood state (Elvsashagen et al. 2013). Cortical gray matter was found
to be reduced in BD patients in the temporal study by another large study, finding
associations with medication use (Hibar et al. 2018). BD patients treated with
antipsychotics were found to have larger bilateral temporal lobe whiter matter
volumes when compared to those not taking antipsychotics and healthy controls.
Hyper perfusion of left frontal and temporal cerebral areas was found in BD patients,
suggesting an over-activation of these regions (Agarwal et al. 2008).

A study stratifying patients in early, intermediate, and late stage as a function of
the number of lifetime episodes found smaller hippocampus in late-stage patients
when compared to healthy controls, as well as worse performances in the California
Verbal Learning Test (CVLT) for intermediate- and late-stage patients (Cao et al.
2016). Anterior limbic regions also had the most robust decrease in gray matter in a
meta-analysis comparing BD and HC, with a more robust decrease being associated
with a longer duration of illness (Bora et al. 2010). Hippocampal volumes were
decreased in a study with adolescents with BD, with negative correlations being
found between the duration of the disorder and positive correlations between
duration of medication use and levels of neurotrophins, such as NGF and BDNF
(Inal-Emiroglu et al. 2015). In older adults with BD (mean age 57 years), a study
showed smaller hippocampal and right amygdala volumes after controlling for
intracranial volume, with the hippocampus but not the amygdala volume being
negatively associated with the duration of depressive and manic episodes (Wijeratne
et al. 2013). However, a study with males with BD, schizophrenia, and healthy
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controls found larger amygdala volumes of BD patients when compared to the two
other groups (Altshuler et al. 2000), and a study of BD patients recently remitted
from a manic episode found no difference in the amygdala volume when comparing
to healthy controls (Arumugham et al. 2017). Another study, with euthymic patients
with BD type I patients older than 50 years, found that the right and left hippocampal
volume was negatively associated with inflammatory markers, including the tumor
necrosis factor receptor-1 (sSTNF-R1) and the soluble interleukin (IL)-2 receptor
(sIL-2r) (Tsai et al. 2019). There is cumulative evidence that persistent inflammation
plays a major role in bipolar disorder and neuroprogression (Kapczinski et al. 2008).

2.1.5 Other Brain Structures

A study comparing young individuals with bipolar disorder and healthy controls
found a trend for smaller vermis V2 areas of the cerebellum in patients that was
inversely correlated with the number of mood episodes in the male patient group
(Monkul et al. 2008). Other studies also showed smaller cerebellum volumes for
multiple-episode BD. Mills et al. compared first-episode and multiple-episode bipo-
lar patients, and healthy controls, and found smaller vermis subregions V2 and V3 in
patients with multiple episodes (Mills et al. 2005), while the V3 area was also found
to be significantly smaller in multiple-episode patients with prior manic episodes and
hospitalizations when compared to first-episode patients (DelBello 1999). Cerebellar
loss in gray matter was also reported and associated with the number of manic and
depressive episodes (Moorhead et al. 2007).

Altered myelination was also suggested in the development and course of
BD. Lower signal intensity for the corpus callosum in all callosal subregions was
reported for BD patients, although no effects of length of illness were found
(Brambilla et al. 2004), and for first-episode BD with higher YMRS scores (Atmaca
et al. 2007). The corpus callosum and total white matter volumes were also reduced
in a study including patients in early and late stages, although gray matter was only
altered in late stage, suggesting an early role for the demyelination process in BD
(Duarte et al. 2018). Another study found a reduced posterior corpus callosum
volume in late-stage women with BD type I when compared to early-stage type 1
BD and healthy controls, after controlling for confounding factors (Lavagnino et al.
2015). A PET-SCAN study found decreased cortical volume extending from the
prefrontal cortex ventral to the genu of the corpus callosum, a region associated with
the medication of emotional and autonomic responses to social stimuli and modu-
lations of neurotransmitter system implicated in mood disorder treatment (Drevets
et al. 1997). A DTI study also showed aberrations in several white matter structures
in young patients, including the corpus callosum, in fibers connecting the fornix to
the thalamus, and bilateral parietal and occipital corona radiata, in adolescents with
BD (Barnea-Goraly et al. 2009). These findings are consistent with the hypothesis
that white matter changes may occur early at the onset of the disease. In contrast,
gray matter changes are more associated with the course of the disorder and,
therefore, implicated in the clinical aspects of neuroprogression and deterioration.
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Intracortical myelin (ICM) has recently been studied in the context of BD, with
evidence for an association of verbal memory function with ICM and age-related
deficits in adults with BD type I, including a correlation with age of onset and an
inverse correlation with duration of illness and manic episodes (Sehmbi et al. 2018).
Depressive episodes, however, were not associated with ICM signal in the study.
This points to a role of ICM in cognitive dysfunction in BD since verbal memory
impairment is one of the main findings in individuals with BD (Martinez-Aran et al.
2004) and suggests a role for ICM on neuroprogression.

Shape differences in the caudate heads and putamen were also observed for drug-
naive patients but not for treated subjects when compared to healthy subjects
(Hwang et al. 2006). A systematic review including 508 subjects also analyzed
hypoperfusion and showing widespread resting hypoperfusion in the cingulate
gyrus, frontal, and anterior temporal regions when compared to healthy controls
(Toma et al. 2018). A large study with 1837 patients found cortical thinning in
bilateral frontal, temporal, and parietal regions, with longer duration of illness being
associated with reduced cortical thickness in frontal, medial parietal, and occipital
regions. Authors also found an association of several medications, such as lithium,
anticonvulsants, and antipsychotics, with cortical thickness and brain surface area
(Hibar et al. 2018). Finally, a pioneering study of blood-brain barrier imaging
showed that patients with extensive BBB leakage had more severe depression and
anxiety and a more chronic course of illness (Kamintsky et al. 2020).

2.2 Evidence from Longitudinal Studies
2.2.1 Brain Volume and General Findings

A study comparing remitted first manic episode patients, patients with recurrence of
the episode, and healthy subjects, showed that the group with recurrence had a
greater GMV loss when compared to those in remission, including left frontal and
bilateral temporal regions (Kozicky et al. 2016). Loss of gray matter over time was
also observed in longitudinal studies, with follow-ups up to 4 years that have been
associated with deterioration in cognition and more pernicious illness courses
(Moorhead et al. 2007).

2.2.2 Prefrontal Cerebral Cortex

Gray matter volume seems to be reduced at baseline in the frontal gyrus and right
superior frontal gyrus in BD when compared to controls, but no reductions were
found after a 2-year follow-up (Farrow et al. 2005). In adolescents diagnosed with
BD and followed for 2 years, there seems to be a progressive bilateral reduction of
GMV in both ventral and rostral portions of the PFC when compared to controls
(Kalmar et al. 2009). Decreases of the GMV after 3-34 months of the initial scan
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were seen in the superior frontal gyrus in adults diagnosed with BD when compared
to healthy controls (Lisy et al. 2011). Gene variants of the brain-derived
neurotrophic factor (BDNF) such as the valine methionine were shown to be
associated with a greater reduction in the gyrification index of the PFC that is
more pronounced in the left hemisphere (Mirakhur et al. 2009). The role of BDNF
as a neuroprotective factor with lower levels being associated with inflammation and
neuroprogression is supported in the literature (Kapczinski et al. 2008).

Nevertheless, a study following first-episode psychosis found no difference in the
PFC between BD patients and controls (Arango 2012). Some studies reported a
progressive increase of GMV in the ventrolateral PFC in young BD patients (Gogtay
et al. 2007; Lisy et al. 2011). Medial or orbital PFC seems to be decreased in patients
with psychotic illnesses, including BD (Pantelis et al. 2003), although in young
patients, there is evidence of increase in the GMV of the medial PFC in the left
hemisphere (Gogtay et al. 2007). A study that followed bipolar disorder patients for
6 years found that those with a higher number of manic episodes had a significant
decreased in frontal cortical volume in the dorsolateral and prefrontal inferior frontal
cortex (Abé et al. 2015). The short period of follow-up of most studies may be an
explanation for these contradictory results, since a longer follow-up may be needed
to detect changes associated with neuroprogression.

2.2.3 Cingulate Cortex

A study of first-episode psychosis, including BD patients, found a gray matter deficit
in the anterior cingulate cortex (Farrow et al. 2005). A reduced GMV in the ACC
was also observed in young adults that developed psychotic illnesses (Pantelis et al.
2003), and bilateral GMV loss was shown in the ACC and the left posterior cingulate
gyrus in young BD patients (Gogtay et al. 2007), and progressive losses of GMV
when comparing adolescent and adult patients (Kalmar et al. 2009; Lyoo et al. 2010).
These losses were shown to be reversible with lithium therapy (Lyoo et al. 2010;
Moore et al. 2009).

2.2.4 Temporal-Limbic Structures

There are conflicting results regarding temporal lobe structures. Increased GMV was
observed in medial and superior temporal gyri at 3-33 months (Lisy et al. 2011) and
4-8 years follow-up (Gogtay et al. 2007), while reduction of GMV in the temporal
lobe was associated with reduced full-scale IQ and mainly verbal 1Q (Moorhead
et al. 2007). Reduced GMV was also observed in the left fusiform gyrus in high-risk
subjects that went on to develop psychotic episodes, including BD patients (Pantelis
et al. 2003).

The amygdala seems to be structurally altered in earlier phases of BD: a study
showed reduced GMYV in adolescents in a 2-year follow-up (Blumberg et al. 2005),
with another study showing no difference over time in adult BD (Moorhead et al.
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2007). In older patients, a 2-year follow-up also showed no difference between
amygdala volume of BD and healthy control subjects (Delaloye et al. 2011).
Changes found in the hippocampus include reductions of GMV in the left
parahippocampal gyrus after the onset of psychosis (Pantelis et al. 2003); progres-
sive loss of GMV in the left hippocampus and fusiform gyrus (Moorhead et al.
2007); increased GMYV in the hippocampus of BD patients (Delaloye et al. 2011;
Lisy et al. 2011); and an increased volume that was associated with lithium treatment
and improved verbal memory (Yucel et al. 2007).

3 Functional Aspects of Neuroprogression in Neuroimaging

Currently, the knowledge of the functional changes of the brain as a consequence of
neuroprogression in bipolar disorder remains limited. A major thrust of the work
thus far has focused on biochemical and structural correlates, while fewer studies
have examined the functional consequences of brain aging. Nonetheless, there have
been some attempts to address this issue. For instance, a review comprising 12 lon-
gitudinal studies on functional neuroimaging found evidence for increased positive
coupling with the insula and negative coupling with prefrontal regions as patients
progressed from manic to depressed state. In brief, the insula is a region that
separates the frontal and parietal lobes from the temporal lobe and plays a role in
processing a number of basic emotions (Lim et al. 2013).

Moreover, in a motor task designed to assess long-term neural activity in frontal
subcortical regions, strong ACC activation was found in those who were in remis-
sion from depression, suggesting that decreases in the activation of this region may
be related to vulnerability to depression in BD. However, more than half of the
studies within this review were gathered from pediatric samples, which limit the
applicability of such findings in the context of abnormal brain aging. Apart from this,
another study has compiled evidence on differences in the brain’s response across
distinct functional tasks and patient age groups (Schneider et al. 2012).

Currently, long-term longitudinal functional neuroimaging studies have yet to be
conducted in the context of neuroprogression. Such studies will be important to
assess the extent and probable mechanisms of brain changes as a result of bipolar
disorder progression. Furthermore, it will be beneficial moving forward to control
for clinical characteristics long thought to precipitate accelerated brain aging, such as
the number of mood episodes, chronicity, severity, and medication use, to name
a few.

Nonetheless, one way to extrapolate from existing data is to summarize findings
from cross-sectional studies comparing BD cases to HC participants across varying
age groups. For instance, a comprehensive meta-analysis from 2014 identified
several significant differences between HC and BD in pediatric (n = 21) and adult
samples (n = 73) using the activation likelihood estimation (ALE) technique
(Wegbreit et al. 2014). Briefly, ALE is a robust quantitative method for pooling
neuroimaging meta-analyses, as described elsewhere (Kirby and Robinson 2017).
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Here, youth with BD exhibited significant hyper-activation in the right amygdala,
left prefrontal cortex (PFC), and precuneus, as well as hypo-activation in the right
pregenual ACC and caudate (Wegbreit et al. 2014). The authors indicated that this
suggests potentially unique brain alterations between youth and adults with bipolar
disorder.

Conversely, adults with BD generally exhibited hyper-activation in left inferior
frontal gyrus (IFG), left pgACC, and right pallidus and significant hypo-activation in
bilateral putamen, bilateral IFG, right lingual gyrus, and inferior parietal lobe
compared to HC. Contradictory results such as both hyper- and hypo-activation in
a region are a result of ALE methods, which measure convergence across studies.
They indicate that a significant number of studies supported both directions of
activation within a region. One salient detail from these findings is that BD youth
exhibited hypo-activation in the pgACC while adults exhibited the opposite direc-
tion of activation compared to HC, a pattern that is directly converse to what is
observed in HC (Weathers et al. 2012). This suggests that the development of the
primary role of the ACC (error detection and conflict monitoring) is aberrant in
childhood, resulting in increased compensation in adulthood reflected by hyper-
activation of the region.

However, it is difficult to draw meaningful conclusions on the functional markers
of neuroprogression by merely comparing BD and HC cases alone. Instead, the
clinical characteristics of the patients should be closely considered, alongside the age
range of the sample. For instance, Wegbreit et al. (2014) compared BD adults with
BD youth in terms of regional activations for different types of functional tasks. For
emotional face processing tasks, BD youth exhibited significant hyper-activation in
the right amygdala compared to BD adults, replicating previous findings (Kim et al.
2012) that were excluded from this analysis due to data unavailability. For other
emotional paradigms, BD youth exhibited significant hyper-activation in the left IFG
and precuneus and significant hypo-activation in the pgACC for non-emotional
paradigms compared to BD adults. This last result was retained when all studies
were pooled, indicative of a trait deficit in BD youth when compared to both HC
youth and BD adults. In a recent study of neural responses to emotional face
presentations, BD youth (n = 24) exhibited hyper-activation in the PFC and lingual
gyrus in comparison with BD adults (n = 33) as well as hypoconnectivity in the
medial PFC and amygdala-temporoparietal junction (Kryza-Lacombe et al. 2019).
Neither of these patterns were seen in comparisons of HC youth vs HC adults. These
results seem indicative of a pattern of abnormal functional neurodevelopment in BD
and may indicate “scarred” or compensatory mechanisms.

Notably, the aforementioned results do not appear to be explicitly affected by
mood state, medications, or select comorbidities (ADHD and ODD). However,
given the general limitation of limited sample size in these studies, these assurances
have not been well-tested and seem to be provisional, at best.

More recently, new evidence on the disease burden of bipolar disorder and its
relationship with functional changes has been measured with fMRI. Comparisons
between first-episode and multi-episode bipolar disorder showed lower activation of
several regions of the brain for multi-episode bipolar disorder, such as the
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ventrolateral prefrontal cortex and orbitofrontal cortex (Borgelt et al. 2019). Using
spectroscopy, the authors also identified lower concentrations of glutamate and
N-acetylaspartate in the anterior cingulate cortex of the multi-episode group. Indi-
viduals included in the study experienced one or more manic or mixed episodes, but
the duration and severity of them were not included in the analysis. Another
limitation of the study is the lack of information on the type of past episodes, as
patients with more recurrent manic episodes than depressive ones might present a
different progression of the disorder.

Studies on functional neuroprogression in BD are significantly limited in terms of
adjusting for certain confounders. Although the above studies contend that their
results are not significantly affected by mood state, a review on the topic suggests
that functional activations across mood states vary by region (Townsend and
Altshuler 2012), i.e., hypo-activation in PFC tends to be trait-dependent while
functional changes in the amygdala are more state-dependent. To consider this
more rigorously in the context of neuroprogression, functional differences across
the life span should be considered within each mood state. Additionally, effects of
medication are usually investigated in terms of current use, not lifetime, and are
generally found to be non-significant. However, a recent review on the topic
suggests this may be due to methodological problems, and when considering the
data in aggregate, medication use may affect prefrontal activation in patients with
BD (Laidi and Houenou 2016). A recent meta-analysis found that age of onset is
associated with more severe depression, latency to treatment, substance use, and
comorbid anxiety; however, there were none of the expected associations with
greater severity of psychotic symptoms (Joslyn et al. 2016). Regardless, these are
all factors that may influence brain activation and should be systematically
considered.

The primary recommendation of this section for future studies is the conduction
of large, longitudinal investigations of functional changes in BD across the life span.
They would ideally follow individuals across significant life transitions (e.g., ado-
lescence to adulthood, adulthood to older age) while taking into consideration mood
state, lifetime and current medication use, and differing ages of onset which may
correlate with overall illness severity across individuals. Furthermore, there is a
growing need for prospective studies using state-of-the-art neuroimaging techniques
to aid in our understanding of the neural correlates of neuroprogression.

4 Challenges (Limitations) and Perspectives

One of the major limitations is that most of the data we have available comes from
cross-sectional studies, which hinders the establishment of causality. Nevertheless, a
number of longitudinal studies also seem to support structural and functional
changes to the brain that occur in parallel to distinct and unfavorable clinical
trajectories, especially in gray matter. Another major challenge is to identify which
patients will develop these changes and what are the distinct endophenotypes
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associated with neuroprogression. Studies with bipolar offspring, for example, may
offer valuable insight about the trajectory of the disorder, including prodromal
phases, baseline cognition and functioning, and its changes over time, as well as
changes in the clinical presentation or development of treatment resistance. Never-
theless, one could still argue that these cohorts may capture specific subtypes of BD,
but not all of them.

The reason for conflicting results in the field may go beyond the discussion of
whether neuroprogression occurs. One reason for that may be that we are looking at
BD through the lens of categorical diagnosis that is elaborated through symptom
phenomenology alone. If several different endophenotypes of the disorder exist, they
may be diluting the effect of one another. Moreover, we cannot be sure which of
these phenotypes are being included in the studies and in which proportion, so
multiple studies that are looking at the same bipolar disorder “label” may be looking
at multiple different neurobiological entities that roughly manifest with the same
symptomatology.

Group-level results, including patients based merely on the DSM-V criteria, may
overlook these distinctions, given the heterogeneous presentation of BD. In this
light, approaches that consider these changes at the individual level, such as machine
learning, may help to pinpoint what subjects are presenting a neuroprogressive
course. Therefore, a closer look at what these cases have in common may enable
the discovery of endophenotypes and relevant environmental factors that interact and
contribute to more severe trajectories. Predicting which cases may have a
neuroprogressive trajectory will enable timely and tailored-made interventions that
can prevent cognitive and functioning impairments, reduce the number of episodes,
and avoid treatment refractoriness.

Finally, assuming that distinct presentations exist, the greatest challenge in the
study of structural and functional neuroprogression changes in the brain of BD
patients is the need for a sample large enough to capture a representative amount
of patients, followed up by a long period of time and using multimodal assessments.
This will enable us to detect progressive trajectories and/or subtypes associated with
progression. In addition, assessing multiple neurobiological, cognitive, and func-
tional levels, such as neuroimaging, cognitive testing, and blood biomarkers, may
help to pinpoint which events have a greater contribution to neuroprogression in BD,
how they interact with the biological blueprint of the patients, and which structural
and functional changes follow, as well as its clinical consequences for patients.

References

Abé C, Ekman C-J, Sellgren C, Petrovic P, Ingvar M, Landén M (2015) Manic episodes are related
to changes in frontal cortex: a longitudinal neuroimaging study of bipolar disorder 1. Brain 138
(11):3440-3448. https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awv266

Abé C, Rolstad S, Petrovic P, Ekman C-J, Sparding T, Ingvar M et al (2018) Bipolar disorder type I
and II show distinct relationships between cortical thickness and executive function. Acta
Psychiatr Scand 138(4):325-335. http://doi.wiley.com/10.1111/acps.12922


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awv266
http://doi.wiley.com/10.1111/acps.12922

Structural and Functional Brain Correlates of Neuroprogression in Bipolar. . . 209

Agarwal N, Bellani M, Perlini C, Rambaldelli G, Atzori M, Cerini R et al (2008) Increased fronto-
temporal perfusion in bipolar disorder. J Affect Disord 110(1-2):106—114. https://linkinghub.
elsevier.com/retrieve/pii/S0165032708000347

Altshuler LL, Bartzokis G, Grieder T, Curran J, Jimenez T, Leight K et al (2000) An MRI study of
temporal lobe structures in men with bipolar disorder or schizophrenia. Biol Psychiatry 48
(2):147-162. https://linkinghub.elsevier.com/retrieve/pii/S0006322300008362

Arumugham SS, Torres 1J, Lang DJ, Su W, Lam RW, Honer WG et al (2017) Subcortical structural
volumes in recently remitted first episode mania. J Affect Disord 222:23-27. https://linkinghub.
elsevier.com/retrieve/pii/S0165032717306390

Atmaca M, Ozdemir H, Yildirim H (2007) Corpus callosum areas in first-episode patients with
bipolar disorder. Psychol Med 37(5):699. http://www.journals.cambridge.org/abstract_
S0033291706009743

Baloch HA, Hatch JP, Olvera RL, Nicoletti M, Caetano SC, Zunta-Soares GB et al (2010)
Morphology of the subgenual prefrontal cortex in pediatric bipolar disorder. J Psychiatr Res
44(15):1106-1110. https://linkinghub.elsevier.com/retrieve/pii/S0022395610001159

Barnea-Goraly N, Chang KD, Karchemskiy A, Howe ME, Reiss AL (2009) Limbic and corpus
callosum aberrations in adolescents with bipolar disorder: a tract-based spatial statistics analysis.
Biol Psychiatry 66(3):238-244. https://linkinghub.elsevier.com/retrieve/pii/
50006322309002923

Berk M, Conus P, Lucas N, Hallam K, Malhi GS, Dodd S et al (2007) Setting the stage: from
prodrome to treatment resistance in bipolar disorder. Bipolar Disord 9(7):671-678. http://doi.
wiley.com/10.1111/j.1399-5618.2007.00484.x

Berk M, Berk L, Dodd S, Cotton S, Macneil C, Daglas R et al (2014) Stage managing bipolar
disorder. Bipolar Disord 16(5):471-477. http://doi.wiley.com/10.1111/bdi.12099

Blumberg HP, Fredericks C, Wang F, Kalmar JH, Spencer L, Papademetris X et al (2005)
Preliminary evidence for persistent abnormalities in amygdala volumes in adolescents and
young adults with bipolar disorder. Bipolar Disord 7(6):570-576. http://doi.wiley.com/10.
1111/j.1399-5618.2005.00264.x

Bora E, Fornito A, Yiicel M, Pantelis C (2010) Voxel-wise meta-analysis of gray matter abnor-
malities in bipolar disorder. Biol Psychiatry 67(11):1097-1105. https://linkinghub.elsevier.com/
retrieve/pii/S0006322310000624

Borgelt L, Strakowski SM, DelBello MP, Weber W, Eliassen JC, Komoroski RA et al (2019)
Neurophysiological effects of multiple mood episodes in bipolar disorder. Bipolar Disord 21
(6):503-513. https://onlinelibrary.wiley.com/doi/abs/10.1111/bdi.12782

Brambilla P, Nicoletti M, Sassi RB, Mallinger AG, Frank E, Keshavan MS et al (2004) Corpus
callosum signal intensity in patients with bipolar and unipolar disorder. J Neurol Neurosurg
Psychiatry 75(2):221-225. http://www.ncbi.nlm.nih.gov/pubmed/14742592

Cao B, Passos IC, Mwangi B, Bauer IE, Zunta-Soares GB, Kapczinski F et al (2016) Hippocampal
volume and verbal memory performance in late-stage bipolar disorder. J Psychiatr Res
73:102—-107. https://linkinghub.elsevier.com/retrieve/pii/S0022395615300261

Delaloye C, Moy G, de Bilbao F, Weber K, Baudois S, Haller S et al (2011) Longitudinal analysis
of cognitive performances and structural brain changes in late-life bipolar disorder. Int J Geriatr
Psychiatry 26(12):1309-1318. http://doi.wiley.com/10.1002/gps.2683

DelBello M (1999) MRI analysis of the cerebellum in bipolar disorder a pilot study.
Neuropsychopharmacology 21(1):63-68. http://www.nature.com/doifinder/10.1016/S0893-
133X(99)00026-3

Delvecchio G, Ciappolino V, Perlini C, Barillari M, Ruggeri M, Altamura AC et al (2019)
Cingulate abnormalities in bipolar disorder relate to gender and outcome: a voxel-based
morphometry study. Eur Arch Psychiatry Clin Neurosci 269(7):777-784. http://link.springer.
com/10.1007/s00406-018-0887-1

Doris A, Belton E, Ebmeier KP, Glabus MF, Marshall I (2004) Reduction of cingulate gray matter
density in poor outcome bipolar illness. Psychiatry Res Neuroimaging 130(2):153-159. https:/
linkinghub.elsevier.com/retrieve/pii/S0925492703001719


https://linkinghub.elsevier.com/retrieve/pii/S0165032708000347
https://linkinghub.elsevier.com/retrieve/pii/S0165032708000347
https://linkinghub.elsevier.com/retrieve/pii/S0006322300008362
https://linkinghub.elsevier.com/retrieve/pii/S0165032717306390
https://linkinghub.elsevier.com/retrieve/pii/S0165032717306390
http://www.journals.cambridge.org/abstract_S0033291706009743
http://www.journals.cambridge.org/abstract_S0033291706009743
https://linkinghub.elsevier.com/retrieve/pii/S0022395610001159
https://linkinghub.elsevier.com/retrieve/pii/S0006322309002923
https://linkinghub.elsevier.com/retrieve/pii/S0006322309002923
http://doi.wiley.com/10.1111/j.1399-5618.2007.00484.x
http://doi.wiley.com/10.1111/j.1399-5618.2007.00484.x
http://doi.wiley.com/10.1111/bdi.12099
http://doi.wiley.com/10.1111/j.1399-5618.2005.00264.x
http://doi.wiley.com/10.1111/j.1399-5618.2005.00264.x
https://linkinghub.elsevier.com/retrieve/pii/S0006322310000624
https://linkinghub.elsevier.com/retrieve/pii/S0006322310000624
https://onlinelibrary.wiley.com/doi/abs/10.1111/bdi.12782
http://www.ncbi.nlm.nih.gov/pubmed/14742592
https://linkinghub.elsevier.com/retrieve/pii/S0022395615300261
http://doi.wiley.com/10.1002/gps.2683
http://www.nature.com/doifinder/10.1016/S0893-133X(99)00026-3
http://www.nature.com/doifinder/10.1016/S0893-133X(99)00026-3
http://springerlink.bibliotecabuap.elogim.com/10.1007/s00406-018-0887-1
http://springerlink.bibliotecabuap.elogim.com/10.1007/s00406-018-0887-1
https://linkinghub.elsevier.com/retrieve/pii/S0925492703001719
https://linkinghub.elsevier.com/retrieve/pii/S0925492703001719

210 D. Librenza-Garcia et al.

Drevets WC, Price JL, Simpson JR, Todd RD, Reich T, Vannier M et al (1997) Subgenual
prefrontal cortex abnormalities in mood disorders. Nature 386(6627):824-827. http://www.
nature.com/articles/386824a0

Duarte JA, Massuda R, Goi PD, Vianna-Sulzbach M, Colombo R, Kapczinski F et al (2018) White
matter volume is decreased in bipolar disorder at early and late stages. Trends Psychiatry
Psychother 40(4):277-284. http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-
60892018000400277&tlng=en

Elvsashagen T, Westlye LT, Bgen E, Hol PK, Andreassen OA, Boye B et al (2013) Bipolar II
disorder is associated with thinning of prefrontal and temporal cortices involved in affect
regulation. Bipolar Disord 15(8):855-864. http://doi.wiley.com/10.1111/bdi.12117

Farrow TFD, Whitford TJ, Williams LM, Gomes L, Harris AWF (2005) Diagnosis-related regional
gray matter loss over two years in first episode schizophrenia and bipolar disorder. Biol
Psychiatry 58(9):713-723. https://linkinghub.elsevier.com/retrieve/pii/S0006322305004944

Frey BN, Zunta-Soares GB, Caetano SC, Nicoletti MA, Hatch JP, Brambilla P et al (2008) Illness
duration and total brain gray matter in bipolar disorder: evidence for neurodegeneration? Eur
Neuropsychopharmacol 18(10):717-722. https://linkinghub.elsevier.com/retrieve/pii/
$0924977X08001132

Gildengers AG, Chung K-H, Huang S-H, Begley A, Aizenstein HJ, Tsai S-Y (2014)
Neuroprogressive effects of lifetime illness duration in older adults with bipolar disorder.
Bipolar Disord 16(6):617-623. http://doi.wiley.com/10.1111/bdi.12204

Gitlin MJ (2001) Treatment-resistant bipolar disorder. Bull Menn Clin 65(1):26-40. http://
guilfordjournals.com/doi/10.1521/bumc.65.1.26.18709

Gogtay N, Ordonez A, Herman DH, Hayashi KM, Greenstein D, Vaituzis C et al (2007) Dynamic
mapping of cortical development before and after the onset of pediatric bipolar illness. J Child
Psychol Psychiatry 48(9):852-862. http://doi.wiley.com/10.1111/j.1469-7610.2007.01747.x

Goldberg JF, Ernst CL (2002) Features associated with the delayed initiation of mood stabilizers at
illness onset in bipolar disorder. J Clin Psychiatry 63(11):985-991. http://article.psychiatrist.
com/?ContentType=START&ID=10000451

Hawton K, Sutton L, Haw C, Sinclair J, Harriss L (2005) Suicide and attempted suicide in bipolar
disorder. J Clin Psychiatry 66(6):693-704. http://article.psychiatrist.com/?
ContentType=START&ID=10001333

Hibar DP, Westlye LT, van Erp TGM, Rasmussen J, Leonardo CD, Faskowitz J et al (2016)
Subcortical volumetric abnormalities in bipolar disorder. Mol Psychiatry 21(12):1710-1716.
http://www.nature.com/articles/mp2015227

Hibar DP, Westlye LT, Doan NT, Jahanshad N, Cheung JW, Ching CRK et al (2018) Cortical
abnormalities in bipolar disorder: an MRI analysis of 6503 individuals from the ENIGMA
bipolar disorder working group. Mol Psychiatry 23(4):932-942. http://www.nature.com/arti
cles/mp201773

Hwang J, Lyoo IK, Dager SR, Friedman SD, Oh JS, Lee JY et al (2006) Basal ganglia shape
alterations in bipolar disorder. Am J Psychiatry 163(2):276-285. http://psychiatryonline.org/
doi/abs/10.1176/appi.ajp.163.2.276

Inal-Emiroglu FN, Resmi H, Karabay N, Guleryuz H, Baykara B, Cevher N et al (2015) Decreased
right hippocampal volumes and neuroprogression markers in adolescents with bipolar disorder.
Neuropsychobiology 71(3):140-148. https://www.karger.com/Article/FullText/375311

Joslyn C, Hawes DJ, Hunt C, Mitchell PB (2016) Is age of onset associated with severity, prognosis,
and clinical features in bipolar disorder? A meta-analytic review. Bipolar Disord 18
(5):389-403. http://doi.wiley.com/10.1111/bdi.12419

Kalmar JH, Wang F, Spencer L, Edmiston E, Lacadie CM, Martin A et al (2009) Preliminary
evidence for progressive prefrontal abnormalities in adolescents and young adults with bipolar
disorder. J Int Neuropsychol Soc 15(3):476—481. https://www.cambridge.org/core/product/iden
tifier/S1355617709090584/type/journal_article


http://www.nature.com/articles/386824a0
http://www.nature.com/articles/386824a0
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-60892018000400277&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-60892018000400277&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-60892018000400277&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-60892018000400277&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S2237-60892018000400277&tlng=en
http://doi.wiley.com/10.1111/bdi.12117
https://linkinghub.elsevier.com/retrieve/pii/S0006322305004944
https://linkinghub.elsevier.com/retrieve/pii/S0924977X08001132
https://linkinghub.elsevier.com/retrieve/pii/S0924977X08001132
http://doi.wiley.com/10.1111/bdi.12204
http://guilfordjournals.com/doi/10.1521/bumc.65.1.26.18709
http://guilfordjournals.com/doi/10.1521/bumc.65.1.26.18709
http://doi.wiley.com/10.1111/j.1469-7610.2007.01747.x
http://article.psychiatrist.com/?ContentType=START&ID=10000451
http://article.psychiatrist.com/?ContentType=START&ID=10000451
http://article.psychiatrist.com/?ContentType=START&ID=10000451
http://article.psychiatrist.com/?ContentType=START&ID=10000451
http://article.psychiatrist.com/?ContentType=START&ID=10001333
http://article.psychiatrist.com/?ContentType=START&ID=10001333
http://article.psychiatrist.com/?ContentType=START&ID=10001333
http://article.psychiatrist.com/?ContentType=START&ID=10001333
http://www.nature.com/articles/mp2015227
http://www.nature.com/articles/mp201773
http://www.nature.com/articles/mp201773
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.163.2.276
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.163.2.276
https://www.karger.com/Article/FullText/375311
http://doi.wiley.com/10.1111/bdi.12419
https://www.cambridge.org/core/product/identifier/S1355617709090584/type/journal_article
https://www.cambridge.org/core/product/identifier/S1355617709090584/type/journal_article

Structural and Functional Brain Correlates of Neuroprogression in Bipolar. . . 211

Kamintsky L, Cairns KA, Veksler R, Bowen C, Beyea SD, Friedman A et al (2020) Blood-brain
barrier imaging as a potential biomarker for bipolar disorder progression. Neurolmage Clin
26:102049. https://linkinghub.elsevier.com/retrieve/pii/S2213158219303961

Kapczinski F, Vieta E, Andreazza AC, Frey BN, Gomes FA, Tramontina J et al (2008) Allostatic
load in bipolar disorder: implications for pathophysiology and treatment. Neurosci Biobehav
Rev 32(4):675-692. https://linkinghub.elsevier.com/retrieve/pii/S0149763407001406

Kaur S, Sassi RB, Axelson D, Nicoletti M, Brambilla P, Monkul ES et al (2005) Cingulate cortex
anatomical abnormalities in children and adolescents with bipolar disorder. Am J Psychiatry 162
(9):1637-1643. http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.162.9.1637

Kessing LV (2004) Does the risk of developing dementia increase with the number of episodes in
patients with depressive disorder and in patients with bipolar disorder? J Neurol Neurosurg
Psychiatry 75(12):1662—1666. http://jnnp.bmj.com/cgi/doi/10.1136/jnnp.2003.031773

Ketter TA, Houston JP, Adams DH, Risser RC, Meyers AL, Williamson DJ et al (2006) Differential
efficacy of olanzapine and lithium in preventing manic or mixed recurrence in patients with
bipolar I disorder based on number of previous manic or mixed episodes. J Clin Psychiatry 67
(01):95-101. http://article.psychiatrist.com/?ContentType=START&ID=10002333

Kim P, Thomas LA, Rosen BH, Moscicki AM, Brotman MA, Zarate CA Jr et al (2012) Differing
amygdala responses to facial expressions in children and adults with bipolar disorder. Am J
Psychiatry 169(6):642-649. http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.
11081245

Kirby LAJ, Robinson JL (2017) Affective mapping: an activation likelihood estimation (ALE)
meta-analysis. Brain Cogn 118:137-148. https://linkinghub.elsevier.com/retrieve/pii/
50278262615000469

Kozicky J-M, McGirr A, Bond DJ, Gonzalez M, Silveira LE, Keramatian K et al (2016)
Neuroprogression and episode recurrence in bipolar I disorder: a study of gray matter volume
changes in first-episode mania and association with clinical outcome. Bipolar Disord 18
(6):511-519. http://doi.wiley.com/10.1111/bdi.12437

Kryza-Lacombe M, Brotman MA, Reynolds RC, Towbin K, Pine DS, Leibenluft E et al (2019)
Neural mechanisms of face emotion processing in youths and adults with bipolar disorder.
Bipolar Disord 21(4):309-320. https://onlinelibrary.wiley.com/doi/abs/10.1111/bdi.12768

Laidi C, Houenou J (2016) Brain functional effects of psychopharmacological treatments in bipolar
disorder. Eur Neuropsychopharmacol 26(11):1695-1740. https://linkinghub.elsevier.com/
retrieve/pii/S0924977X16300906

Lavagnino L, Cao B, Mwangi B, Wu M-J, Sanches M, Zunta-Soares GB et al (2015) Changes in the
corpus callosum in women with late-stage bipolar disorder. Acta Psychiatr Scand 131
(6):458-464. http://doi.wiley.com/10.1111/acps.12397

Lim CS, Baldessarini RJ, Vieta E, Yucel M, Bora E, Sim K (2013) Longitudinal neuroimaging and
neuropsychological changes in bipolar disorder patients: review of the evidence. Neurosci
Biobehav Rev 37(3):418-435. https://linkinghub.elsevier.com/retrieve/pii/
S0149763413000043

Lisy ME, Jarvis KB, DelBello MP, Mills NP, Weber WA, Fleck D et al (2011) Progressive
neurostructural changes in adolescent and adult patients with bipolar disorder. Bipolar Disord
13(4):396-405. http://doi.wiley.com/10.1111/.1399-5618.2011.00927.x

Lépez-Larson MP, DelBello MP, Zimmerman ME, Schwiers ML, Strakowski SM (2002) Regional
prefrontal gray and white matter abnormalities in bipolar disorder. Biol Psychiatry 52
(2):93-100. https://linkinghub.elsevier.com/retrieve/pii/S0006322302013501

Lu X, Zhong Y, Ma Z, Wu Y, Fox PT, Zhang N et al (2019) Structural imaging biomarkers for
bipolar disorder: meta-analyses of whole-brain voxel-based morphometry studies. Depress
Anxiety 36(4):353-364. https://onlinelibrary.wiley.com/doi/abs/10.1002/da.22866

Lyoo IK, Dager SR, Kim JE, Yoon SJ, Friedman SD, Dunner DL et al (2010) Lithium-induced gray
matter volume increase as a neural correlate of treatment response in bipolar disorder: a
longitudinal brain imaging study. Neuropsychopharmacology 35(8):1743—1750. http://www.
nature.com/articles/npp20104 1


https://linkinghub.elsevier.com/retrieve/pii/S2213158219303961
https://linkinghub.elsevier.com/retrieve/pii/S0149763407001406
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.162.9.1637
http://jnnp.bmj.com/cgi/doi/10.1136/jnnp.2003.031773
http://article.psychiatrist.com/?ContentType=START&ID=10002333
http://article.psychiatrist.com/?ContentType=START&ID=10002333
http://article.psychiatrist.com/?ContentType=START&ID=10002333
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.11081245
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.11081245
https://linkinghub.elsevier.com/retrieve/pii/S0278262615000469
https://linkinghub.elsevier.com/retrieve/pii/S0278262615000469
http://doi.wiley.com/10.1111/bdi.12437
https://onlinelibrary.wiley.com/doi/abs/10.1111/bdi.12768
https://linkinghub.elsevier.com/retrieve/pii/S0924977X16300906
https://linkinghub.elsevier.com/retrieve/pii/S0924977X16300906
http://doi.wiley.com/10.1111/acps.12397
https://linkinghub.elsevier.com/retrieve/pii/S0149763413000043
https://linkinghub.elsevier.com/retrieve/pii/S0149763413000043
http://doi.wiley.com/10.1111/j.1399-5618.2011.00927.x
https://linkinghub.elsevier.com/retrieve/pii/S0006322302013501
https://onlinelibrary.wiley.com/doi/abs/10.1002/da.22866
http://www.nature.com/articles/npp201041
http://www.nature.com/articles/npp201041

212 D. Librenza-Garcia et al.

Martinez-Aran A, Vieta E, Reinares M, Colom F, Torrent C, Sanchez-Moreno J et al (2004)
Cognitive function across manic or hypomanic, depressed, and euthymic states in bipolar
disorder. Am J Psychiatry 161(2):262-270. http://psychiatryonline.org/doi/abs/10.1176/appi.
ajp.161.2.262

Martino DJ, Samamé C, Marengo E, Igoa A, Strejilevich SA (2016) A critical overview of the
clinical evidence supporting the concept of neuroprogression in bipolar disorder. Psychiatry Res
235:1-6. https://linkinghub.elsevier.com/retrieve/pii/S0165178 115303395

Matza LS, Rajagopalan KS, Thompson CL, de Lissovoy G (2005) Misdiagnosed patients with
bipolar disorder. J Clin Psychiatry 66(11):1432-1440. http://article.psychiatrist.com/?
ContentType=START&ID=10001911

MclIntosh AM, Moorhead TWJ, McKirdy J, Hall J, Sussmann JED, Stanfield AC et al (2009)
Prefrontal gyral folding and its cognitive correlates in bipolar disorder and schizophrenia. Acta
Psychiatr Scand 119(3):192—-198. http://doi.wiley.com/10.1111/j.1600-0447.2008.01286.x

Mills NP, DelBello MP, Adler CM, Strakowski SM (2005) MRI analysis of cerebellar vermal
abnormalities in bipolar disorder. Am J Psychiatry 162(8):1530—1533. http://psychiatryonline.
org/doi/abs/10.1176/appi.ajp.162.8.1530

Mirakhur A, Moorhead TW1J, Stanfield AC, McKirdy J, Sussmann JED, Hall J et al (2009) Changes
in gyrification over 4 years in bipolar disorder and their association with the brain-derived
neurotrophic factor valine66 methionine variant. Biol Psychiatry 66(3):293-297. https://
linkinghub.elsevier.com/retrieve/pii/S0006322308015680

Monkul ES, Hatch JP, Sassi RB, Axelson D, Brambilla P, Nicoletti MA et al (2008) MRI study of
the cerebellum in young bipolar patients. Prog Neuro-Psychopharmacol Biol Psychiatry 32
(3):613-619. https://linkinghub.elsevier.com/retrieve/pii/S0278584607003454

Moore GJ, Cortese BM, Glitz DA, Zajac-Benitez C, Quiroz JA, Uhde TW et al (2009) A
longitudinal study of the effects of lithium treatment on prefrontal and subgenual prefrontal
gray matter volume in treatment-responsive bipolar disorder patients. J Clin Psychiatry 70
(5):699-705. http://www.psychiatrist.com/abstracts/abstracts.asp?abstract=200905/050908.
htm

Moorhead TWIJ, McKirdy J, Sussmann JED, Hall J, Lawrie SM, Johnstone EC et al (2007)
Progressive gray matter loss in patients with bipolar disorder. Biol Psychiatry 62(8):894-900.
https://linkinghub.elsevier.com/retrieve/pii/S0006322307002338

Narita K, Suda M, Takei Y, Aoyama Y, Majima T, Kameyama M et al (2011) Volume reduction of
ventromedial prefrontal cortex in bipolar II patients with rapid cycling: a voxel-based morpho-
metric study. Prog Neuro Psychopharmacol Biol Psychiatry 35(2):439-445. https://linkinghub.
elsevier.com/retrieve/pii/S0278584610004616

Pantelis C, Velakoulis D, McGorry PD, Wood SJ, Suckling J, Phillips LJ et al (2003) Neuroana-
tomical abnormalities before and after onset of psychosis: a cross-sectional and longitudinal
MRI comparison. Lancet 361(9354):281-288. https://linkinghub.elsevier.com/retrieve/pii/
S0140673603123239

Passos IC, Mwangi B, Vieta E, Berk M, Kapczinski F (2016) Areas of controversy in
neuroprogression in bipolar disorder. Acta Psychiatr Scand 134(2):91-103. http://doi.wiley.
com/10.1111/acps.12581

Poon SH, Sim K, Sum MY, Kuswanto CN, Baldessarini RJ (2012) Evidence-based options for
treatment-resistant adult bipolar disorder patients. Bipolar Disord 14(6):573-584. http://doi.
wiley.com/10.1111/j.1399-5618.2012.01042.x

Arango C (2012) Progressive brain changes in children and adolescents with first-episode psycho-
sis. Arch Gen Psychiatry 69(1):16. http://archpsyc.jamanetwork.com/article.aspx?doi=10.
1001/archgenpsychiatry.2011.150

Rosa AR, Gonzalez-Ortega I, Gonzélez-Pinto A, Echeburtia E, Comes M, Martinez-Aran A et al
(2012) One-year psychosocial functioning in patients in the early vs. late stage of bipolar
disorder. Acta Psychiatr Scand 125(4):335-341. http://doi.wiley.com/10.1111/j.1600-0447.
2011.01830.x


http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.161.2.262
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.161.2.262
https://linkinghub.elsevier.com/retrieve/pii/S0165178115303395
http://article.psychiatrist.com/?ContentType=START&ID=10001911
http://article.psychiatrist.com/?ContentType=START&ID=10001911
http://article.psychiatrist.com/?ContentType=START&ID=10001911
http://article.psychiatrist.com/?ContentType=START&ID=10001911
http://doi.wiley.com/10.1111/j.1600-0447.2008.01286.x
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.162.8.1530
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.162.8.1530
https://linkinghub.elsevier.com/retrieve/pii/S0006322308015680
https://linkinghub.elsevier.com/retrieve/pii/S0006322308015680
https://linkinghub.elsevier.com/retrieve/pii/S0278584607003454
http://www.psychiatrist.com/abstracts/abstracts.asp?abstract=200905/050908.htm
http://www.psychiatrist.com/abstracts/abstracts.asp?abstract=200905/050908.htm
http://www.psychiatrist.com/abstracts/abstracts.asp?abstract=200905/050908.htm
https://linkinghub.elsevier.com/retrieve/pii/S0006322307002338
https://linkinghub.elsevier.com/retrieve/pii/S0278584610004616
https://linkinghub.elsevier.com/retrieve/pii/S0278584610004616
https://linkinghub.elsevier.com/retrieve/pii/S0140673603123239
https://linkinghub.elsevier.com/retrieve/pii/S0140673603123239
http://doi.wiley.com/10.1111/acps.12581
http://doi.wiley.com/10.1111/acps.12581
http://doi.wiley.com/10.1111/j.1399-5618.2012.01042.x
http://doi.wiley.com/10.1111/j.1399-5618.2012.01042.x
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archgenpsychiatry.2011.150
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archgenpsychiatry.2011.150
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archgenpsychiatry.2011.150
http://doi.wiley.com/10.1111/j.1600-0447.2011.01830.x
http://doi.wiley.com/10.1111/j.1600-0447.2011.01830.x

Structural and Functional Brain Correlates of Neuroprogression in Bipolar. . . 213

Sassi RB, Brambilla P, Hatch JP, Nicoletti MA, Mallinger AG, Frank E et al (2004) Reduced left
anterior cingulate volumes in untreated bipolar patients. Biol Psychiatry 56(7):467-475. https://
linkinghub.elsevier.com/retrieve/pii/S000632230400767X

Schneider MR, DelBello MP, McNamara RK, Strakowski SM, Adler CM (2012) Neuroprogression
in bipolar disorder. Bipolar Disord 14(4):356-374. http://doi.wiley.com/10.1111/j.1399-5618.
2012.01024.x

Sehmbi M, Rowley CD, Minuzzi L, Kapczinski F, Steiner M, Sassi RB et al (2018) Association of
intracortical myelin and cognitive function in bipolar I disorder. Acta Psychiatr Scand 138
(1):62—-72. http://doi.wiley.com/10.1111/acps.12875

Sharma V, Menon R, Carr TJ, Densmore M, Mazmanian D, Williamson PC (2003) An MRI study
of subgenual prefrontal cortex in patients with familial and non-familial bipolar I disorder. J
Affect Disord 77(2):167-171. https://linkinghub.elsevier.com/retrieve/pii/
S016503270200109X

Strakowski SM, DelBello MP, Sax KW, Zimmerman ME, Shear PK, Hawkins JM et al (1999)
Brain magnetic resonance imaging of structural abnormalities in bipolar disorder. Arch Gen
Psychiatry 56(3):254. http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.
56.3.254

Strakowski SM, DelBello MP, Zimmerman ME, Getz GE, Mills NP, Ret J et al (2002) Ventricular
and periventricular structural volumes in first- versus multiple-episode bipolar disorder. Am J
Psychiatry 159(11):1841-1847. http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.159.11.
1841

Swann AC, Bowden CL, Calabrese JR, Dilsaver SC, Morris DD (1999) Differential effect of
number of previous episodes of affective disorder on response to lithium or divalproex in acute
mania. Am J Psychiatry 156(8):1264—1266. http://ajp.psychiatryonline.org/cgi/content/full/156/
8/1264

Toma S, Maclntosh BJ, Swardfager W, Goldstein BI (2018) Cerebral blood flow in bipolar
disorder: a systematic review. J Affect Disord 241:505-513. https://linkinghub.elsevier.com/
retrieve/pii/S0165032718309698

Torres 1J, Boudreau VG, Yatham LN (2007) Neuropsychological functioning in euthymic bipolar
disorder: a meta-analysis. Acta Psychiatr Scand 116(s434):17-26. http://doi.wiley.com/10.
1111/1.1600-0447.2007.01055.x

Townsend J, Altshuler LL (2012) Emotion processing and regulation in bipolar disorder: a review.
Bipolar Disord 14(4):326-339. http://doi.wiley.com/10.1111/§.1399-5618.2012.01021.x

Tsai S-Y, Gildengers AG, Hsu J-L, Chung K-H, Chen P-H, Huang Y-J (2019) Inflammation
associated with volume reduction in the gray matter and hippocampus of older patients with
bipolar disorder. J Affect Disord 244:60-66. https://linkinghub.elsevier.com/retrieve/pii/
S0165032718312370

Vita A, De Peri L, Sacchetti E (2009) Gray matter, white matter, brain, and intracranial volumes in
first-episode bipolar disorder: a meta-analysis of magnetic resonance imaging studies. Bipolar
Disord 11(8):807-814. http://doi.wiley.com/10.1111/j.1399-5618.2009.00759.x

Weathers JD, Stringaris A, Deveney CM, Brotman MA, Zarate CA Jr, Connolly ME et al (2012) A
developmental study of the neural circuitry mediating motor inhibition in bipolar disorder. Am J
Psychiatry 169(6):633—-641. http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.
11081244

Wegbreit E, Cushman GK, Puzia ME, Weissman AB, Kim KL, Laird AR et al (2014) Develop-
mental meta-analyses of the functional neural correlates of bipolar disorder. JAMA Psychiat 71
(8):926. http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2014.660

Wijeratne C, Sachdev S, Wen W, Piguet O, Lipnicki DM, Malhi GS et al (2013) Hippocampal and
amygdala volumes in an older bipolar disorder sample. Int Psychogeriatrics 25(1):54—60.
https://www.cambridge.org/core/product/identifier/S1041610212001469/type/journal_article

Yucel K, McKinnon MC, Taylor VH, Macdonald K, Alda M, Young LT et al (2007) Bilateral
hippocampal volume increases after long-term lithium treatment in patients with bipolar disor-
der: a longitudinal MRI study. Psychopharmacology 195(3):357-367. http://link.springer.com/
10.1007/s00213-007-0906-9


https://linkinghub.elsevier.com/retrieve/pii/S000632230400767X
https://linkinghub.elsevier.com/retrieve/pii/S000632230400767X
http://doi.wiley.com/10.1111/j.1399-5618.2012.01024.x
http://doi.wiley.com/10.1111/j.1399-5618.2012.01024.x
http://doi.wiley.com/10.1111/acps.12875
https://linkinghub.elsevier.com/retrieve/pii/S016503270200109X
https://linkinghub.elsevier.com/retrieve/pii/S016503270200109X
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.56.3.254
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.56.3.254
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.56.3.254
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.159.11.1841
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.159.11.1841
http://ajp.psychiatryonline.org/cgi/content/full/156/8/1264
http://ajp.psychiatryonline.org/cgi/content/full/156/8/1264
https://linkinghub.elsevier.com/retrieve/pii/S0165032718309698
https://linkinghub.elsevier.com/retrieve/pii/S0165032718309698
http://doi.wiley.com/10.1111/j.1600-0447.2007.01055.x
http://doi.wiley.com/10.1111/j.1600-0447.2007.01055.x
http://doi.wiley.com/10.1111/j.1399-5618.2012.01021.x
https://linkinghub.elsevier.com/retrieve/pii/S0165032718312370
https://linkinghub.elsevier.com/retrieve/pii/S0165032718312370
http://doi.wiley.com/10.1111/j.1399-5618.2009.00759.x
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.11081244
http://psychiatryonline.org/doi/abs/10.1176/appi.ajp.2012.11081244
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2014.660
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2014.660
https://www.cambridge.org/core/product/identifier/S1041610212001469/type/journal_article
http://springerlink.bibliotecabuap.elogim.com/10.1007/s00213-007-0906-9
http://springerlink.bibliotecabuap.elogim.com/10.1007/s00213-007-0906-9

Inflammation as a Mechanism of Bipolar )
Disorder Neuroprogression e

Tatiana Barichello, Vijayasree Vayalanellore Giridharan, Gursimrat Bhatti,
Pavani Sayana, Tejaswini Doifode, Danielle Macedo, and Joao Quevedo

The original version of this chapter was revised. A correction to this chapter can be found at
https://doi.org/10.1007/7854_2020_214

T. Barichello (<)

Translational Psychiatry Program, Faillace Department of Psychiatry and Behavioral Sciences,
McGovern Medical School, The University of Texas Health Science Center at Houston
(UTHealth), Houston, TX, USA

Laboratory of Experimental Pathophysiology, Graduate Program in Health Sciences, Health
Sciences Unit, University of Southern Santa Catarina (UNESC), Cricitima, SC, Brazil

Neuroscience Graduate Program, The University of Texas MD Anderson Cancer Center
UTHealth Graduate School of Biomedical Sciences, Houston, TX, USA
e-mail: Tatiana.Barichello@uth.tmc.edu

V. V. Giridharan, G. Bhatti, P. Sayana, and T. Doifode

Translational Psychiatry Program, Faillace Department of Psychiatry and Behavioral Sciences,
McGovern Medical School, The University of Texas Health Science Center at Houston
(UTHealth), Houston, TX, USA

D. Macedo
Neuropsychopharmacology Laboratory, Drug Research, and Development Center, Faculty of
Medicine, Universidade Federal do Ceara, Fortaleza, CE, Brazil

National Institute for Translational Medicine (INCT-TM, CNPq), Ribeirao Preto, Brazil

J. Quevedo

Translational Psychiatry Program, Faillace Department of Psychiatry and Behavioral Sciences,
McGovern Medical School, The University of Texas Health Science Center at Houston
(UTHealth), Houston, TX, USA

Neuroscience Graduate Program, The University of Texas MD Anderson Cancer Center
UTHealth Graduate School of Biomedical Sciences, Houston, TX, USA

Laboratory of Neurosciences, Graduate Program in Health Sciences, University of Southern
Santa Catarina-UNESC, Cricitima, SC, Brazil

Center of Excellence on Mood Disorders, Department of Psychiatry and Behavioral Sciences,
McGovern Medical School, The University of Texas Health Science Center at Houston
(UTHealth), Houston, TX, USA

© Springer Nature Switzerland AG 2020, corrected publication 2020 215
Curr Topics Behav Neurosci (2021) 48: 215-238

https://doi.org/10.1007/7854_2020_173

Published Online: 11 October 2020


http://crossmark.crossref.org/dialog/?doi=10.1007/7854_2020_173&domain=pdf
https://doi.org/10.1007/7854_2020_214#DOI
mailto:Tatiana.Barichello@uth.tmc.edu
https://doi.org/10.1007/7854_2020_173#DOI

216 T. Barichello et al.

Contents
I INtroduCtiON ....oue i 217
Evidence of Inflammatory and Infectious Diseases in BD Neuroprogression ............. 218
2.1 Maternal Immune Activation as a Risk Factor for BD Development
and NEUTOPIOZIESSION .. ...ttt et ettt et e e e e e eaaes 219
2.2 Role of Infectious Disease as a Trigger to Develop BD Neuroprogression ......... 220
2.3 Autoimmune Disorders and Their Association with BD Neuroprogression ........ 221
2.4 Role of the Gut-Brain Axis on BD Neuroprogression ................ooeeievinn.. 222
3 Inflammatory and Oxidative Mechanisms in BD Neuroprogression ....................... 224
3.1 Mechanisms of Inflammation and Their Contribution to BD Neuroprogression .... 224
3.2 Oxidative Stress and Mitochondrial Dysfunction Associated with BD
INEUTOPIOZIESSION . ..ttt ettt e e e e et e e e et e e e e 226
3.3 Peripheral Inflammatory Mediators as a Trigger or Accelerator of BD
INEUTOPTOZIESSION . ..ttt ettt et ettt e e e et e e e e 227
3.4 Cerebrospinal Fluid (CSF) System Inflammatory Markers in BD Neuroprogression .. 228
3.5 Postmortem Inflammatory Markers in BD Neuroprogression ....................... 229
4 Conclusions and Future DIir€Ctions ............ooiiuiiiiiiiiiiii i 230
RETOICICES . . oo 230

Abstract Bipolar disorder (BD) is a severe, debilitating psychiatric condition with
onset in adolescence or young adulthood and often follows a relapsing and remitting
course throughout life. The concept of neuroprogression in BD refers to the pro-
gressive path with an identifiable trajectory that takes place with recurrent mood
episodes, which eventually leads to cognitive, functional, and clinical deterioration
in the course of BD. Understanding the biological basis of neuroprogression helps to
explain the subset of BD patients who experience worsening of their disorder over
time. Additionally, the study of the neurobiological mechanisms underpinning
neuroprogression will help BD staging based on systems biology. Replicated epi-
demiological studies have suggested inflammatory mechanisms as primary contrib-
utors to the neuroprogression of mood disorders. It is known that dysregulated
inflammatory/immune pathways are often associated with BD pathophysiology.
Hence, in this chapter, we focus on the evidence for the involvement of inflammation
and immune regulated pathways in the neurobiological consequences of BD
neuroprogression. Herein we put forth the evidence of immune markers from
autoimmune disorders, chronic infections, and gut-brain axis that lead to BD
neuroprogression. Further, we highlighted the peripheral and central inflammatory
components measured along with BD progression.

Keywords Bipolar disorder - Host immune response - Inflammation -
Neuroprogression
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1 Introduction

Bipolar disorder (BD) is a severe episodic mental illness with chronic and acceler-
ating course, composed of mood swings ranging from extreme elation, called mania,
to extreme lows, called depression, which may sometimes occur together (Associ-
ation AP 2013). BD is classified as BD-1 (which represents classic manic depressive
disorder), BD-2 (represented by the manifestation of hypomanic and depressive
symptoms), and cyclothymic disorder. In BD, the obligatory symptoms (gate A
criteria) are hypomanic or manic episodes. Lifetime prevalence is about 1.0% for
BD-1, 1.1% for BD-2, and 2.4% for sub-threshold BD (Merikangas et al. 2007).
Among mental disorders, the absolute risk of suicide was found to be the highest for
men with BD (7.77%), while for women, it was 4.78% (Nordentoft et al. 2011).
There was a reported increase in the suicide risk due to comorbid occurrence of
substance abuse and unipolar affective disorders, while the co-occurrence of delib-
erate self-harm generally doubled the suicide risk (Nordentoft et al. 2011). Growing
evidence has suggested that BD, like many other chronic illnesses, may have a
progressive course with functional impairment and neuroanatomical changes.

The current clinical focus is mainly on stabilizing the acute mood episodes and
preventing their recurrence in BD patients leading to negligence of the need to
promote functional recovery (Kapczinski et al. 2017). Clinical, neuroimaging, and
neurocognitive studies further support the progressive nature of BD. In a large cross-
sectional study, it was found that 42% of the euthymic BD patients had poor overall
functioning (Samalin et al. 2016). Also, it was found that episode density, level of
residual depressive symptoms, estimated verbal intelligence, and inhibitory control
are the risk factors predictive of poor functional outcome of BD (Reinares et al.
2013). Clinical staging model, which is used in oncology and medicine for a long
time and recently introduced in psychiatry, proposes that there is a stepwise pro-
gression through a series of identifiable steps, which have characteristic features and
potential treatment implications (Berk et al. 2007). A large study has reported
progressive functional impairment from stage I to stage IV of BD on clinical staging
(Rosa et al. 2014). More specifically, stage I includes individuals who exhibit the
same status in the interepisodic period as they did before the onset of BD (i.e.,
premorbid status); stage II includes individuals whose interepisodic period is char-
acterized by psychiatric comorbidities or residual symptoms that require changes in
pharmacological treatment, but who are able to maintain daily activities; stage III
includes individuals who require occupational and social rehabilitation and face
difficulties in their daily activities; and stage IV includes individuals who are unable
to maintain personal self-care and to live autonomously.

Various studies have described that the presence of widespread structural brain
abnormalities in BD is associated with the incidence of manic episodes and higher
illness burden — which points to neuroprogression (Abe et al. 2015; Mwangi et al.
2016). A study found that reduced hippocampal volume and severe cognitive
impairment were associated with the increased number of manic episodes and
hospitalizations in BD patients (Cao et al. 2016), while another study reported
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decreased posterior corpus callosum volume in women with late-stage BD
(Lavagnino et al. 2015). Reduced hippocampal volume has also been seen in
particular viral infections pointing towards an association between inflammation
and structural changes seen in severe BD (Almanzar et al. 2005). Besides, a
longitudinal study found reduced frontal cortex volume (dorsolateral prefrontal
and inferior frontal cortex) in patients who had at least one manic episode (Abe
et al. 2015). Similar findings were described in a study that having larger lateral
ventricles was associated with a higher number of prior manic episodes in patients
with BD (Strakowski et al. 2002). Given these findings, the concept of
neuroprogression was postulated to encompass the progressive functional impair-
ment and neuroanatomical changes in BD presentation (Grande et al. 2016).

Neuroprogression has thus been proposed as the pathological alterations in the
brain that take place simultaneously with the clinical and neurocognitive deteriora-
tion in the course of BD (Berk et al. 2011). However, the clinical implications and
molecular foundations of neuroprogression remain incompletely understood. It
seems that changes in some peripheral biomarkers from oxidative, inflammatory,
and neurotrophic pathways are associated with neuroprogression. Hence, in this
book chapter, we will highlight the association of various immune pathways and also
the gut microbiota with neuroprogression in a subset of more severe patients with
BD. Light will also be shed on the association of neuroprogression and the peripheral
biomarker changes in BD.

2 Evidence of Inflammatory and Infectious Diseases in BD
Neuroprogression

Even though BD is thought to be a neuroprogressive disorder (Berk et al. 2011),
evidence suggests that disruption in neurodevelopmental pathways may play a
pivotal role in the etiopathology of this illness (Savitz et al. 2014).
Neurodevelopment can be disrupted by several pathways, causing the mood
dysregulations seen in BD (Harrison 2016). A multiple-hit model has been postu-
lated as a series of three factors, with hit 1 being a genetic predisposition to BD, hit
2 being the perinatal environment, which gives rise to phenotypes of vulnerability,
and hit 3 is the later life experiences and exposures (Daskalakis et al. 2013).
Although the mechanism is still unclear, this multiple-hit model has been suggested
to dysregulate the homeostasis chronically in a process that is thought to involve
immune dysfunction (Leboyer et al. 2016).
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2.1 Maternal Immune Activation as a Risk Factor for BD
Development and Neuroprogression

Epidemiologic evidence has repeatedly suggested that prenatal environmental influ-
ences, such as maternal immune activation (MIA), are involved in the pathophysi-
ology of neuropsychiatric disorders (Brown and Derkits 2010; Estes and McAllister
2016). Prenatal infections and inflammation are potential risk factors associated with
schizophrenia (Brown and Derkits 2010; Estes and McAllister 2016), autism spec-
trum disorders (Canetta et al. 2014), and BD (Brown 2015; Canetta et al. 2014).
Animal models of MIA have also demonstrated behavioral, chemical, anatomical,
and physiologic disturbances in the CNS of the progeny (Meyer 2014; Meyer et al.
2009). While the role of prenatal and postnatal infections as a risk factor for
schizophrenia has been studied extensively (Debnath et al. 2015; Khandaker et al.
2012), not many studies have evaluated the role of infection during the prenatal
period as a risk factor for BD (Canetta et al. 2014). For instance, multiple studies
have reported an association between serologically documented maternal influenza
infection and increased risk of BD in the offspring (Canetta et al. 2014; Parboosing
et al. 2013). A case—control study has demonstrated a nearly four times increased
risk of BD in adult offspring after maternal influenza infection at any time during
pregnancy (Parboosing et al. 2013). Another study of T2-weighted magnetic reso-
nance imaging (MRI) findings described that in BD patients three times more
periventricular white matter hyperintensities were seen as compared to controls
(Altshuler et al. 1995). Increased number of BD patients showing deep subcortical
white matter lesions were born during the winter (Moore et al. 2001) when influenza
incidence is high (Kilbourne 1987). These results suggest that structural and func-
tional abnormalities are induced in the CNS of the offspring by maternal infections
or inflammation, which might be responsible for neuroprogression of BD in
later life.

Although animal models of MIA have not explicitly been explored for their
validity as a BD model, some of the experimentally induced phenotypes may be
considered for this disorder. Deficits in sensorimotor gating, as present in various
rodent MIA models (Estes and McAllister 2016; Meyer 2014; Meyer et al. 2009), are
also seen in acute mania (Perry et al. 2001) and euthymic BD patients (Giakoumaki
et al. 2007). Besides, several animal studies have reported depression-like behaviors
in offspring exposed to MIA (Khan et al. 2014; Ronovsky et al. 2016). The latter
phenotypes may not only be seen in unipolar depression, but also depressive
episodes in BD. Evaluation of other core behavioral symptoms of BD, such as
poor decision-making, altered risk-taking behavior, impulsivity, and loss of inhibi-
tory control, remain unexplored in MIA models.
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2.2 Role of Infectious Disease as a Trigger to Develop BD
Neuroprogression

Infections with several pathogenic agents have been studied as risk factors for BD
(Stich et al. 2015; Yolken and Torrey 2008). Herpes virus can lead to latent and lytic
infection in the brain, and it has been associated with memory impairment (Kapur
et al. 1994), mania (Koehler and Guth 1979), and psychosis (Schlitt et al. 1985). A
study reported that serologic evidence of herpes simplex virus type 1 (HSV-1)
infection was an independent predictor of low cognitive functioning in BD patients
(Dickerson et al. 2004). Similar results were reported in another study showing a
negative association between HSV-1 infection and cognitive performance in both
BD patients and controls (Yolken 2011), suggesting that HSV-1 infection is associ-
ated with worse functioning in BD patients. Rising evidence also suggests a possible
association between cytomegalovirus (CMV) and BD. A study described that CMV
IgG levels are associated with a reduction in hippocampal volume and worse
episodic verbal memory in BD patients (Houenou et al. 2014). The association
between CMV latent infection and lower cognitive functioning is thought to be
mediated by a chronic inflammatory response and subsequent reduced hippocampal
volume (Almanzar et al. 2005). On the other hand, the hippocampal volume is
usually normal in BD and reported to be reduced only in the most severe forms of
BD (Strasser et al. 2005). Hence, this evidence suggests that exposure to CMV
infection may contribute to the pathological rewiring of neurons and
neuroprogression of BD.

A case—control study showed that BD patients had an increased seroprevalence
for Toxoplasma gondii compared to controls (Tedla et al. 2011). Indeed, T. gondii is
a neurotropic protozoan with high seropositivity rates globally. Two separate studies
have reported that BD patients with manic episodes had elevated 7. gondii IgM
antibody levels as compared to healthy controls. Also, these studies reported a
significant negative correlation between 7. gondii IgM antibody levels and cognitive
scores in both controls and BD patients (Dickerson et al. 2014a, b). The negative
association between the IgM antibody load and cognitive functioning points towards
the worsening of BD with exposure to 7. gondii infection. Evidence also shows that
the cognitive deterioration index (DI) in BD patients correlated to high IL-6 mRNA
expression only among 7. gondii seropositive group (Hamdani et al. 2015), asserting
that inflammatory pathways may be involved in the cognitive dysfunction caused by
the infection.

Various infections activate a common inflammatory pathway within the cell.
Infectious agents are recognized by pattern-recognition receptors (PRRs), which
are critical components of the innate immune system (Mook-Kanamori et al. 2011;
Sellner et al. 2010). Activation of PRRs causes the release of mediators, such as
pro-inflammatory cytokines and chemokines, that propagate and regulate the
immune response necessary to remove invaded microorganisms (Iwasaki and
Medzhitov 2010). Some of the pro-inflammatory cytokines that are produced during
infections, like TNF-a, IL-1p, and IL-6, are increased in BD patients compared to
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healthy controls (Dong and Zhen 2015; Munkholm et al. 2013; Soderlund et al.
2011), providing a potential pathophysiological mechanism linking infections to
neuroprogression of BD.

2.3  Autoimmune Disorders and Their Association with BD
Neuroprogression

Growing evidence has described an association between BD and various autoim-
mune disorders. Multiple epidemiologic studies have pointed towards an association
between autoimmune diseases, autoantibodies, and BD (Rosenblat and Mclntyre
2015). The most common associations established over the years have been those
with autoimmune thyroiditis (strongest association), multiple sclerosis, systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), autoimmune hepatitis,
inflammatory bowel disease, and Guillain barre syndrome (Hillegers et al. 2007;
Hsu et al. 2014; Marrie et al. 2018a, b; Tiosano et al. 2017).

Several mechanisms have been suggested through which the autoimmune dis-
eases have been hypothesized to affect the neuroprogression of BD. Benros et al.
proposed a correlation between autoantibodies and psychiatric symptoms (Benros
et al. 2013). The most well-accepted hypothesis has been synthesized from the
observation of psychiatric symptoms in the autoimmune encephalitis. In autoim-
mune encephalitis, [gG autoantibodies are formed against the NMDA (N-methyl-D-
aspartate receptor) receptors (NR1 subunit) (Vitaliani et al. 2005). As the NMDA
receptor is a primary receptor for the excitatory neurotransmitter glutamate, the
activation of the pathway will lead to an increase in excitatory neurotransmission.
When the NMDA receptor is activated, it will lead to a cascade of activation of
various components such as protein kinases. One of the protein kinases (PKC) that is
significant in the presentation of a manic episode is also activated via this pathway
(Traynelis et al. 2010). In a similar study, it was observed that the levels of
autoantibodies against the NR2 subunit of NMDA were high during a manic episode
in BD and schizoaffective disorder (Dickerson et al. 2012). Astrocytes are respon-
sible for the clearance of glutamate, by converting it into glutamine. However, due to
the interaction of astrocytes with pro-inflammatory cytokines, the glutamate clear-
ance is hampered (Zou et al. 2010). This increased glutamate receptor activation
causes an increase in the levels of calcium in the mitochondria. These changes cause
neuroplastic alterations and excitotoxicity (Berk et al. 2000; Kato 2007).

Another mechanism that can affect the neuroprogression of BD involves the
activation of the tryptophan—kynurenine pathway by the systemic
pro-inflammatory cytokines. NMDAR and tryptophan—kynurenine pathways are
responsible for the regulation of serotonin (directly) and dopamine levels (indirectly)
(Dantzer et al. 2008). Some of the pro-inflammatory cytokines that are observed to
be increased in BD patients are C-reactive protein (CRP), interleukin (IL)-1 beta,
soluble IL-2 receptor, IL-4, IL-6, tumor necrosis factor-alpha (TNF-a), and soluble
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receptor of TNF-a type 1 (STNFR1) (Barbosa et al. 2014a; Brietzke et al. 2009a, b;
Modabbernia et al. 2013). Serum levels of these cytokines have been seen to be
mood dependent. In this regard, high serum concentrations of IL-4, IL-6, IL-RA,
TNF-a, sTNFR1, CXCL10, and CXCLI11 are seen in the manic phases. Similarly,
elevated serum concentrations of IL-6, IL-1, CRP, TNF-a, sSTNFR1, and CXCL10
are also seen in the depressed period (Barbosa et al. 2014a, b; Rosenblat et al. 2014).
IL-6 and TNF-« levels correlate directly with the severity of the disease (Kauer-
Sant'Anna et al. 2009). Increased levels of these cytokines lead to neuroplastic
changes in the brain. According to one hypothesis, high levels of TNF-a could
lead to reduced expression of muscarinic acetylcholine receptor (M2 receptors) in
the cortex (Gibbons et al. 2009). The M2 receptors are observed to be reduced in the
cortex of patients with major depressive disorder and BD.

Autoimmune diseases have a baseline inflammatory condition. Inflammation
causes an increase in the permeability of the blood-brain barrier (BBB). In this
instance, the pro-inflammatory cytokines and other components of the inflammatory
pathways, such as autoantibodies, can enter the CSF directly and cause various
psychiatric symptoms (Modabbernia et al. 2013). The baseline chronic inflammatory
state in autoimmune disorders can lead to excessive microglial activation (Frick et al.
2013). The microglial activation can cause detrimental changes in some of the
neuronal circuits associated with mood and cognitive functions. Another effect of
the microglial overactivation would be a surge in the levels of reactive oxygen
species (ROS), which can lead to oxidative stress and further damage to the neuronal
circuits, and hence, the neuroprogression of the BD (Frick et al. 2013; Stertz et al.
2013).

2.4 Role of the Gut-Brain Axis on BD Neuroprogression

In the last decade, there has been mounting evidence suggesting that gut microbiota
makes a substantial contribution to mental health and, subsequently, to the
neuroprogression of various neuropsychiatric disorders such as BD, depression,
and anxiety (Cryan and Dinan 2012; Forsythe et al. 2010; Painold et al. 2019).
The gut-brain axis refers to a bidirectional communication between the intestine
(enteric nervous system, gut microbiota, and metabolites of gut microbiome) and the
brain (Carabotti et al. 2015). Multiple studies have shown that the diversity of the gut
bacteria is inversely linked to the illness duration of BD (Carabotti et al. 2015;
Painold et al. 2019). However, the diversity of the gut bacteria is not solely
responsible for the severity of the BD. It is one of the contributing factors to the
overall disease state. Patients suffering from BD have decreased levels of
Faecalibacterium sp. and of an unknown bacterium of the Ruminococcaceae family
(Bengesser et al. 2019; Carabotti et al. 2015; Evans et al. 2017; Huang et al. 2019).
Notably, Ruminococcus species are related to the synthesis of butyrate, which pre-
sents anti-inflammatory and mood regulatory activities (Hwang et al. 2017). The
Enterobacteriaceae family was found in higher fractions in BD patients suffering
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from depressive symptoms (Carabotti et al. 2015; Evans et al. 2017; Huang et al.
2019). A high proportion of genus Lactobacillus and genus Streptococcus in the gut
was associated with higher levels of pro-inflammatory cytokines such as IL-6
(Painold et al. 2019) suggesting activation of inflammatory pathways by these
bacteria. A low-grade inflammatory state is seen in a subgroup of BD patients
(Bechter 2013; Fillman et al. 2014; Miller et al. 2011). Over the years, various
studies have suggested that the cause of this inflammation might be related to the
dysbiosis of the gut microbiome. The concept of microbial translocation (gut
bacteria leaking into the circulation due to changes in the permeability of the
intestinal lumen) plays a central role in this hypothesis. Microbial translocation
has been measured by markers such as soluble CD14 (sCD14) and fungal antibodies.
The inflammatory reaction mounted in response to the gut bacteria releases media-
tors in circulation that, in turn, have effects on the behavioral and cognitive patterns
(Dickerson et al. 2017). It can be postulated that the chronic inflammatory state
produced by long-term changes in the gut microbiota diversity might cause activa-
tion of microglia. This may cause a detrimental effect on the neuronal networks
directly and indirectly (via the formation of ROS damaging DNA, and proteins). In
animal models, it has been shown that the gut flora is responsible for regulating
serotonin levels in plasma (Collins and Bercik 2009). The inflammatory state
produced by the gut bacteria upregulates the indoleamine 2,3 deoxygenase (IDO)
enzyme. The IDO enzyme upregulation causes increased degradation of serotonin.
This pathway plays a vital role in the acute manic episodes in BD (Myint et al. 2007).
According to the monoamine hypothesis, the decreased levels of monoamines
play a role in the pathophysiology of depressive symptoms. Building on this
hypothesis, Bengessar et al. showed that the change in gut microbiota diversity
affects the CpG methylation status of the clock gene of aryl hydrocarbon receptor
nuclear translocator-like protein 1 (ARNTL), which plays a vital role in the
neuroprogression of BD (Bengesser et al. 2018, 2019). The ARNTL gene codes
for one of the transcription factors of the monoamine oxidase A (MAO-A) enzyme
(responsible for the degradation of monoamine neurotransmitters). The gut bacteria
diversity is negatively correlated to the methylation status of the ARNTL gene.
Hence, a decrease in gut bacteria diversity would lead to more methylation of the
ARNTL gene and decreased expression of the MAO-A transcription factor. This
cascade will lead to a reduced breakdown of the monoamine neurotransmitters. The
increased levels of monoamine neurotransmitters would have a pro-manic effect,
according to this model. However, this hypothesis has loopholes as well since the
mechanism of action of mood stabilizers does not support this hypothesis as the
MAO-A levels in the brain do not correlate with the mechanisms of these drugs.
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3 Inflammatory and Oxidative Mechanisms in BD
Neuroprogression

3.1 Mechanisms of Inflammation and Their Contribution
to BD Neuroprogression

Many experimental facts solidify the link between BD and inflammation such as an
increase in inflammatory biomarker levels seen in both manic and depressive phases
of BD, pro-inflammatory cytokine infusion being the best experimental model of
depression, epidemiologic evidence of increased rates of inflammatory medical
comorbidities in BD associated with an upsurge in the levels of inflammatory
mediators, and most importantly anti-inflammatory agents being considered as the
novel therapeutic agents in BD trials (Ayorech et al. 2015; Barbosa et al. 2014b;
Goldstein et al. 2009; Sayana et al. 2017; Wadee et al. 2002).

Neuroprogression in BD is evident in the form of brain structural changes,
neuronal and glial cell abnormalities, biochemical alterations that comprise of
inflammatory cytokines, neurotrophins including brain-derived neurotrophic factor
(BDNF), oxidative stress, autoimmunity, mitochondrial and endoplasmic reticulum
stress, dopaminergic and glutamatergic system alterations, kynurenine pathway
imbalance, and involvement of epigenetic changes such as histone and DNA meth-
ylation leading to gene expression variations (Berk et al. 2008, 2011; Grayson et al.
2010; Post 2007; Wadee et al. 2002). BD has also been linked to changes in
neuroplasticity and neuronal survival that are determined by neurotransmitters,
hormones, neurotrophins, and inflammatory biomarkers such as cytokines and
chemokines; and acute phase proteins such as immunoglobulins, complement pro-
teins, factor B and high-sensitivity CRP (Brietzke et al. 2009b; Cunha et al. 2008).

The cytokines influence the BD course via their direct actions on the immune
system as well as their effect on neurotransmitter and neuropeptide systems. Cyto-
kine production is controlled by phosphoinositides, the arachidonic acid
(AA) cascade, adenyl cyclase, tyrosine phosphorylation, and the protein kinase C
systems. Similar to neurotransmitters and hormones, cytokines act through the
hypothalamus-pituitary-adrenal (HPA) axis to maintain stress response, alter
serotonin—catecholamine associated pathways in the brain, and cause mood changes
(Ortiz-Dominguez et al. 2007). Studies have demonstrated increased levels of
circulating pro-inflammatory cytokines in various phases of BD that lead to activa-
tion of neutrophils, the proliferation of B cells, synthesis of acute-phase proteins, and
an increase in vascular permeability (Bai et al. 2014).

Pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-a, are involved in
neural processes like the induction of long-term potentiation, neurogenesis, survival
regulation of neurons, and the development of astrocytes, impacting on several
cognitive functions in normal states. However, cytokines may contribute to the
neurodegenerative process in neurotoxic and stress-induced states of BD (Eyre and
Baune 2012; Khairova et al. 2009). For example, enhanced TNF-a levels seem to be
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Fig. 1 Inflammation as a mechanism of bipolar disorder neuroprogression. Infection, maternal
immune activation, dysbiosis, and autoimmune diseases can activate the host immune response
increasing the inflammatory mediators in the bloodstream, subsequently triggering cell damage and
mitochondrial dysfunction. The inflammatory mediators and damage-associated molecular patterns
(DAMPs) released from the mitochondrial dysfunction can increase the blood-brain barrier (BBB)
permeability inducing microglial activation leading to bipolar disorder (BD) neuroprogression

involved in neuronal death via the activation of caspases and apoptotic machinery in
BD cases (Cacci et al. 2005).

Cyclo-oxygenase 2 inhibitor (celecoxib), an anti-inflammatory drug, showed
better improvement of depressive symptoms compared to the standard treatment.
Other immune-based treatments in vogue for BD are anti-inflammatory drugs
(aspirin, statins), immune-based drugs (minocycline), and an anti-TNF-a monoclo-
nal antibody, infliximab (Austin and Tan 2012; Berk et al. 2013; Elisa and Beny
2010; Nery et al. 2008; Savitz et al. 2012). Thus, the immune basis in BD seems to
be a promising novel therapeutic target for BD patients, and the direct and indirect
effects of inflammation help us to understand the behavioral modification by the
immunological system. The Fig. 1 illustrates the details of inflammation mediated
bipolar neuroprogression.
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3.2 Oxidative Stress and Mitochondrial Dysfunction
Associated with BD Neuroprogression

There is ample proof in the literature linking BD and impairment in oxidative
metabolism. Increase in the generation of brain energy, basal metabolic rate, resting
energy expenditure, maximum oxygen uptake, independent of total consumed
calories is seen in the BD-manic phase, whereas in the depressed phase, there is a
decrease in energy generation (Baxter Jr. et al. 1985; Caliyurt and Altiay 2009).
Brain metabolic rates and energy production showed a gradual ascent from depres-
sion to the mixed state to euthymia to manic phase (Baxter Jr. et al. 1985). Oxidative
stress biomarkers are encountered in different types (Type I and Type II), stages
(early and late), and periods (manic, depressive, and euthymic) of BD (Panizzutti
et al. 2015).

Mitochondria are double membrane-bound cytoplasmic organelles that aid in the
production of ATP, amino acid, lipid, and steroid metabolism. It also involves
activating apoptosis and in the uptake of calcium ions, and it is a significant source
of intracellular free radicals. Mitochondrial dysfunction in BD is evidenced by
impaired energy metabolism in the brain detected by magnetic resonance spectros-
copy (Kato 2007).

BD patients also show discrepancies in mitochondrial electron transport chain
(ETC) complex I, where electron escape leads to the formation of superoxide anion
from molecular oxygen, which is the precursor for most ROS (Guo et al. 2018).
Studies on BD patients showed a reduction in ETC complex 1 activity in prefrontal
postmortem brain tissue and administration of lithium increased the activity of
mitochondrial complexes I/Il and II/IIl in the brain, altered expression of ETC
complex 1 subunits, linking BD to chromosome 19p13 that has multiple ETC
complex 1 subunit genes (Cheng et al. 2006; Konradi et al. 2004; Maurer et al.
2009; Sun et al. 2006). In the literature, there are alterations in antioxidant enzymes
in BD, such as increased activity of SOD during manic and depressive phases,
reduced activity of catalase during the euthymic period, and increased activity of
both enzymes in unmedicated manic patients (Andreazza et al. 2007; Machado-
Vieira et al. 2007). N-acetyl cysteine (NAC), which is a free radical scavenger and
glutathione precursor, when used in BD reduced the depressive symptoms and
presented overall functional improvement (Berk et al. 2011). Experimental evidence
has proven that oxidative parameters have shown a stage-dependent pattern, where
glutathione reductase and glutathione s-transferase (GST) are increased during late-
stage, suggesting a failure of compensatory mechanisms during BD progression
(Andreazza et al. 2009). Overall oxidative stress, mitochondrial dysfunction, and
antioxidant enzyme alterations can cause neuronal cell death via apoptosis or
aggregated antioxidants that may result in impairment of mood-stabilizing
mechanisms.
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3.3 Peripheral Inflammatory Mediators as a Trigger or
Accelerator of BD Neuroprogression

In chronic BD, mood relapses lead to neuroprogression with higher frequencies and
rapid cycling, resulting in worst outcomes (Berk et al. 2011). One of the crucial
mechanisms accountable for neuroprogression in BD is the aberrant exacerbation of
the inflammatory mediators during mood episodes (mania and depression) in BD
(Sayana et al. 2017).

Inflammation appears to be phase dependent on BD. On marker analysis, manic
patients experienced an elevation in peripheral TNF-a and IL-4 along with a
reduction in IL-1p and IL-2 levels, while depressed patients showed elevated levels
of IL-6 and TNF-a and decreased IL-2 levels (Ortiz-Dominguez et al. 2007).
Another study showed an increase in IL-2, IL-4, and IL-6 in mania and IL-6 in
depression (Brietzke et al. 2009b). Kim and his team showed an increase in 1L-4,
IFN-y, TNF-a, IL-6, IFN-y/transforming growth factor (TGF)B1, IL-4/TGF-f1,
IL-6/IL-4, TNF-o/IL-4, IL-2/IL-4, and IFN-y/IL-4 ratios and low levels of TGF-f1
in manic episodes (Kim et al. 2004, 2007). Data from the available literature suggest
that hsCRP levels were significantly elevated in mania compared to euthymic,
depressed phase or controls, and they positively correlated with Bech Rafaelson
Manic Rating Scale (BRMRS) and Young Mania Rating Scale (YMRS). The levels
of acute-phase reactants, notably CRP, demonstrated an elevation in depressive
phase compared to controls and positively correlated with Hamilton Rating Scale
for Depression (HAM-D) scores in one study, whereas in another study they did not
show any association with bipolar depression or HAM-D scores (Cunha et al. 2008;
De Berardis et al. 2008; Dickerson et al. 2007).

When the early and late stages of BD were compared, IL-6 and TNF-a were
elevated in both groups, while IL-10 levels were higher in the early stages. However,
TNF-o was more elevated in late stages than in early (Kauer-Sant'Anna et al. 2009).
In addition to these cytokines, eotaxin/CCL11, a chemokine, was also shown to
increase in late-stage euthymic BD compared to controls, suggesting a link between
pathological aging, eosinophil function marker CCL11, and BD neuroprogression
(Panizzutti et al. 2015). Also, damage-associated molecular patterns (DAMPs) such
as circulating nuclear DNA, HSP70, and HSP90a that bind to Toll-like receptors
(TLRs) cause systemic toxicity via immune activation in BD patients, as TLRs
activate the signaling pathways of immune system triggering inflammatory path-
ways. The DAMPs activation of TLR signaling cascades can explain how initial
insults such as drugs, stress, and relapses can cause systemic inflammation
(Kapczinski et al. 2017).

The inflammatory pathways play a crucial role in progressive cognitive impair-
ment in BD. Peripherally measured markers such as TNF-a, hsCRP, sCD40L,
IL-1Ra, and sTNFRI1 seem to influence cognitive performance in BD (Barbosa
etal. 2012; Chung et al. 2013; Hope et al. 2015; Hoseth et al. 2016). The circulating
levels of TNF-a correlated with inhibitory control part of executive dysfunction in
BD patients, impairment of which is regarded as a cognitive endophenotype of BD
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(Barbosa et al. 2012). Increased CRP levels are associated with cognitive decline, as
evidenced by the low Repeatable Battery for the Assessment of the Neuropsycho-
logical Status (RBANS) (Dickerson et al. 2013). Also raised serum hsCRP levels are
negatively correlated with the volume of the orbitofrontal cortex, which is, in turn,
associated with the poor cognitive performance (Chung et al. 2013). IL-1 receptor
antagonist (IL-1Ra) and sTNFRI1 levels were associated with the worst performance
on the Global Assessment of Functioning (GAF) scale (Hope et al. 2015; Hoseth
et al. 2016). The pro-inflammatory profile characterized by activation of cell-
mediated immunity, systemic inflammation, phase, and stage related changes in
BD with deleterious clinical, cognitive, and neurological consequences, seem to
act as a significant player in disease neuroprogression.

3.4 Cerebrospinal Fluid (CSF) System Inflammatory
Markers in BD Neuroprogression

BD patients present with higher CSF concentrations of markers of
neuroinflammation, glial activation, and neuronal injury compared to controls
(Isgren et al. 2017). In this regard, CSF studies demonstrated an increased
CSF/serum albumin ratio indicating increased BBB permeability, elevated CSF
cell count, IgG index, oligoclonal bands, IL-1f, IL-6, and IL-8 suggesting inflam-
mation and intrathecal immunoglobulin production (Orlovska-Waast et al. 2019).

Studies revealed elevation of inflammatory CSF markers such as IL-8, monocyte
activation marker, monocyte chemoattractant protein 1 (MCP-1; also known as
CCL-2), glial activation marker, chitinase 3 like protein 1 (CHI3L1; also known as
YKL-40) and axonal damage marker, neurofilament light chain (NFL) in BD
patients compared to controls. The IL-8 showed a positive association with lithium
and antipsychotics, whereas NFL to atypical antipsychotic drugs (Isgren et al. 2015;
Jakobsson et al. 2014, 2015). On the evaluation of cognitive decline in BD patients,
CSF biomarkers, especially microglial marker, YKL-40 showed a significant impair-
ment in executive functions for euthymic BD patients compared to controls, which is
independent of patient age, medication, disease status, and type of BD (Rolstad et al.
2015a). Moreover, the marker, NFL concentrations showed a negative association
with verbal function and working memory (Rolstad et al. 2015b). Previously
assessed CSF proteins may be involved in adaptive immune processes or may reflect
immune aberrations or a state of vulnerability for BD rather than being of predictive
value for disease progression.
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3.5 Postmortem Inflammatory Markers in BD
Neuroprogression

The role of neuroinflammation in BD and alterations in microglial, astrocyte, and
oligodendrocyte markers are evident in postmortem BD studies (Giridharan et al.
2019). The innate immune cells that contribute to the neuroinflammation are
microglia, astrocytes, macrophages, natural killer (NK) cells, mast cells, as well as
oligodendrocytes and neurons (Stephenson et al. 2018). Postmortem BD studies also
revealed increased neuroinflammation with decreased anti-inflammatory marker
levels in the frontal cortex (Bezchlibnyk et al. 2001; Rao et al. 2010). Accurately,
increased protein and mRNA levels of IL-1f, IL-1R, and myeloid differentiation
primary response 88 (MyD88) were described, as well as upregulation of nuclear
factor kappa B (NF-kB) transcription factor and its subunits (p50 and p65), and
astroglial and microglial markers (GFAP, inducible nitric oxide synthase (iNos),
c-fos and CD11b) in the pre frontal cortex of BD (Rao et al. 2010).

The neurodegenerative process mediated by TNF-a may result in the volumetric
reduction and hypoactivation of frontal lobes in BD patients, along with the disin-
hibition of limbic structures (Brooks 3rd et al. 2009; Kupferschmidt and Zakzanis
2011). A study examining TNF parameters in BA 24 and BA 46 demonstrated that
BD patients presented increased transmembrane TNF-o (tmTNF-a) protein level in
the anterior cingulate cortex (ACC; BA 24), and decreased TNFR2 protein levels in
the dorso lateral PFC (BA 46). Peripheral tissue inflammation notably increased
TNF-a levels, leads to reduced expression of muscarinic M2 receptors in the cortex
of MDD and BD, and ultimately results in cognitive deficits in BD (Gibbons et al.
2009; Haddad et al. 1996; Jones et al. 2004).

On the evaluation of kynurenine pathway metabolites, an increase in quinolinic
acid (QUIN) expression and QUIN-immunopositive microglia have been observed
in the subgenual and supracallosal anterior cingulate cortex (ACC) in depressed
patients (Steiner et al. 2011). Overall, the changes in QUIN levels signify the
importance of NMDA-R signaling, glutamate transmission, and mononuclear
phagocyte system in BD depression. The ratio of kynurenic acid (KA) to kynurenine
was lower in the BD group than in the control group, and KA levels were unchanged.
There was also an elevation in the density and intensity of both TDO (Trypto-
phan-2,3-dioxygenase) 2-positive white matter glia and TDO2-positive gray matter
glia in the BD group (Miller et al. 2006). Overall, postmortem studies showed that
BD patients presented increased markers of neuroinflammation and decreased anti-
inflammatory markers that lead to neuroprogression in the form of neuroanatomical
changes, neurotransmitter imbalance, cognitive decline, and progressive deteriora-
tion of mental health.
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4 Conclusions and Future Directions

In summary, we are now beginning to understand the underlying processes of
neuroprogression in BD that include the involvement of inflammatory cytokines,
neurotrophins, and epigenetic effects. Infection and other inflammatory processes
have clearly shown to be associated not only with increased risk of developing BD
but also with worsening cognitive impairment and structural changes indicative of
neuroprogression in BD. Various cytokines and chemokines activate multitudes of
immune pathways leading to mitochondrial dysfunction, oxidative stress generation,
and activation of microglial cells in the CNS, leading to worsening of this illness.
Cross-sectional studies suggest that inflammatory markers can be used as both a
biomarker of illness activity and stage of the disease. Longitudinal studies are
needed to clarify the exact role of inflammation and neuroinflammation in
BD. Thus prevention of infections with neurotropic pathogens in pregnant women
as well as later in life can be one of the strategies implemented to prevent the
development and progression of BD in genetically predisposed individuals. Also,
specific steps in the molecular pathways of neuroprogression in BD patients may
provide new targets for further research to develop new therapeutic drugs for this
chronic mental disorder.
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Abstract Bipolar disorder is associated with significant dysfunction in a broad
range of neuropsychological domains and processes. Deficits have been reported
to occur in symptomatic states (depression, [hypo]mania) as well as in remission
(euthymia), having consequences for psychological well-being and social and occu-
pational functioning. The profile and magnitude of neuropsychological deficits in
bipolar disorder have been explored in a number of systematic reviews and meta-
analyses. After discussing these briefly, this chapter will focus on examining the
clinical and demographic factors that influence and modify the pattern and magni-
tude of deficits, as well as reviewing methods of assessment and analysis approaches
which may improve our understanding of these problems.
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1 Pattern and Magnitude of Impairment

Early studies of neuropsychological impairment in bipolar disorder were typically
small and clinically heterogeneous samples (Henry et al. 1973; Johnson and Magaro
1987). Assessing the verbal memory and fluency of 12 participants with bipolar
depression, Wolfe et al. (1987) reported significantly poorer performance compared
to those with major depression and with memory dysfunction which was qualita-
tively similar to patients with early Huntingdon’s disease. While in 20 bipolar
patients in the manic state, Morice (1990) reported significant deficits in cognitive
flexibility (Wisconsin Card Sorting Test performance) which were similar to those
in schizophrenia. An initial narrative review of the literature highlighted the diffi-
culties inherent in comparing neuropsychological profiles across groups that differ,
in terms of symptoms and concomitant treatments (Murphy and Sahakian 2001).

Around this time, an increasing interest emerged in understating the ‘trait’ aspects
of neuropsychological dysfunction in bipolar disorder.' One of the earliest system-
atic assessments by Ferrier et al. (1999) suggested that executive function/working
memory dysfunction was evident in euthymic patients compared to matched, healthy
controls, including when factors such as age, IQ and residual depressive symptoms
were accounted for in the analysis. Subsequent work sought to minimise the
potential confounding effects of residual symptoms in the study design, for example,
through prospective verification of euthymia. Thompson et al. (2005) assessed
63 patients with bipolar disorder (where euthymia was confirmed through clinical
ratings over the month prior to testing) and a matched control group with a wide-
ranging neuropsychological test battery. While the patient group was found to have
performed statistically worse than controls across multiple cognitive domains (exec-
utive function and attention, working memory, verbal and visuospatial memory and
psychomotor/processing speed), clinically significant deficits — defined as perfor-
mance below the fifth percentile of controls on any outcome — were also noted in a
high proportion of patients (e.g. 36% in processing/psychomotor speed and 19-34%
on a number of the attentional, executive and memory measures).

"Unlike many other clinical conditions in which neuropsychological problems have been
characterised, the focus of a great many studies in bipolar disorder has been when individuals are
asymptomatic or euthymic. This is most likely a consequence of challenging the Kraepelinian
dichotomy, in which cognitive decline was believed to occur in dementia praecox (schizophrenia),
but not in manic-depressive psychosis (bipolar disorder) Kraepelin (1899) Psychiatrie. Ein
Lehrbuch fiir Studierende und Arzte, sixth edn. Barth, Leipzig, Germany.
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Following the increase in studies focussed on the neuropsychological profile of
euthymia, Robinson et al. (2006) published the first systematic meta-analysis
synthesising the results of 26 studies, involving a total of 689 patients with bipolar
disorder and 721 controls. Statistically significant differences were found in every
measure assessed. The largest effect sizes were observed in measures of executive
function (category fluency, mental manipulation) and in verbal learning, while
medium effect sizes (0.5 < d < 0.8) were observed for short-term and delayed
verbal memory, other executive measures (abstraction and set-shifting), sustained
attention, response inhibition and psychomotor speed. Small effect sizes
(0.2 < d < 0.5) were observed in verbal (letter) fluency and immediate memory.
Subsequent meta-analyses supported this initial synthesis, reporting a similar pattern
of results (Arts et al. 2008; Bora et al. 2009). In a recent systematic review of
250 studies of neuropsychological function across all illness phases (which included
a summary of previous meta-analyses), Tsitsipa and Fountoulakis (2015) reported
that across these studies, there is evidence that almost every cognitive domain that
has been assessed has found poorer performance in BD compared to controls, in the
‘medium’ range (Cohen 1988) in euthymia, but of greater magnitude in acute
episodes. However, it has also been consistently noted that this conclusion lies
very much ‘at the group level’ and there is notable heterogeneity of neuropsycho-
logical performance in BD (Bourne et al. 2013; Cullen et al. 2016; Douglas et al.
2018; Iverson et al. 2011; Krabbendam et al. 2005; Lima et al. 2019; Russo et al.
2017). When more stringent criteria are used to define ‘impairment’ (i.e. the pro-
portion of BD falling below a specific healthy control-derived cutoff, such as <fifth
percentile or < 1.5 standard deviations), the majority of many BD samples fall out of
this range, with only a minority of individuals demonstrating global impairment
(Douglas et al. 2018; Iverson et al. 2011, 2009).

A number of diagnostic/clinical features and illness-related physical symptoms
have been found to affect the pattern and, particularly, severity of impairment.

2 What Are the Factors that Affect Cognition?

As previously outlined, there is a great deal of interest in neuropsychological
heterogeneity and, further, in determining whether cognitive deficits are a conse-
quence or simply covary with clinical or illness-related features of bipolar disorder.

2.1 Diagnostic Features

One area of focus has been in determining the profile of bipolar subtypes, i.e. BD-I
and BD-II. In general, the neuropsychological performance of individuals with a
history of full-manic episodes is worse than those with a history of hypomania (Bora
2018; Kessler et al. 2013; Schenkel et al. 2012; Torrent et al. 2006) although there
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are inconsistencies across specific domains (Harkavy-Friedman et al. 2006; Solé
et al. 2012; Tsitsipa and Fountoulakis 2015). In a meta-analysis focussed on six
executive function processes, Dickinson et al. (2017) found that while BD-II was
associated with significant impairment in four of six measures compared to controls,
BD-I was associated with impairment in six of six. However, direct comparison of
subtypes revealed significant variability in effects across studies, with some pro-
cesses (e.g. planning) being more impaired in BD-II. This heterogeneity has beset
attempts to identify specific differences in the neuropsychological profile of BD-I
and BD-II (Sol€ et al. 2011), although it has been suggested that there may be latent
cognitive subgroups across the bipolar spectrum, especially in terms of impaired
verbal memory (Aminoff et al. 2013).

More consistently, it has been demonstrated that psychotic symptoms are asso-
ciated with worse neuropsychological function in bipolar disorder (Allen et al. 2010;
Bora 2018; Glahn et al. 2006; Martinez-Aran et al. 2008; Tsitsipa and Fountoulakis
2015). This has been supported by meta-analysis, with performance in individuals
with a history of psychosis being significantly worse than those without in four of six
cognitive domains: planning and reasoning, working memory, verbal memory and
processing speed (Bora et al. 2010). However, it should be noted that psychosis may
not influence the neuropsychological profile of first-episode BD (Demmo et al.
2016).

2.2 Sleep

Sleep and circadian rhythm disturbance is a commonly reported clinical feature of
bipolar disorder (Bradley et al. 2017; Eidelman et al. 2010; Geoffroy et al. 2015;
Gruber et al. 2009; Harvey et al. 2005; Kelly et al. 2013; Millar et al. 2004). It is
notable that the pattern and magnitude of neuropsychological dysfunction as a
consequence of primary sleep disorder closely resembles that described in BD
(Lim and Dinges 2010; Waters and Bucks 2011), with ‘moderate’ general deficits
across a range of domains but with larger effects in processing speed/attention — this
closely resembles that seen in BD depression (Boland and Alloy 2013; Gallagher
et al. 2014, 2015b). Interestingly, recent work incorporating contiguous assessment
of sleep and neuropsychological function in BD has found that, rather than exacer-
bating neuropsychological deficits, only individuals with sleep disturbance exhibited
deficits (particularly processing speed and attentional deficits), while those with
‘normal’ sleep did not differ from controls (Bradley et al. 2020). This raises the
possibility that sleep problems may be a primary driver of neuropsychological
dysfunction and therefore opens up novel treatment possibilities targeting sleep
and circadian rhythm disturbance (Harvey et al. 2015; Jansson-Frojmark and
Norell-Clarke 2016).
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2.3 Physical Health

There are a number of concomitant physical health-related illness features which
may contribute to or exacerbate neuropsychological dysfunction in bipolar disorder.
Obesity, metabolic syndrome and cardiovascular risk have all been found to be
increased in bipolar disorder (Czepielewski et al. 2013; Silarova et al. 2015), which
in turn may negatively affect neuropsychological function (Mclntyre et al. 2017,
Mora et al. 2017). Although the mechanism is complex, hyperactivity of the
hypothalamic-pituitary-adrenal axis may be implicated (Gallagher et al. 2009).
There is a wealth of evidence that these problems are linked to neuropsychological
impairment independently of mood disorder and possibly that they are worsened by
some medications (Mackin et al. 2007); therefore more work is needed to understand
the temporal relationship between these observations.

2.4 Medication

A long-standing question is the degree to which treatment with psychotropic med-
ication contributes to neuropsychological dysfunction in bipolar disorder. Some
systematic reviews have suggested that there may be some evidence of poorer
performance in those treated with antipsychotics (Cullen et al. 2016). However,
others have suggested that the effects are limited and may be confounded by the
clinical symptoms leading to their use (Tsitsipa and Fountoulakis 2015). A recent
analysis of data from UK Biobank analysed a sample of n = 2,709 individuals
characterised as having bipolar disorder revealed small neuropsychological effects
restricted to visuospatial memory with around a quarter of this effect attributable to
psychotropic medication (Cullen et al. 2019); however the method of ascertaining
diagnosis and the restricted cognitive testing protocol may have limited these
findings. It should also be noted that several primary data studies have reported
evidence of widespread neuropsychological impairment in medication-free samples
(Goswami et al. 2009, 2006; Pavuluri et al. 2006). Moreover, in a pooled analysis of
data from n = 1,267 BD patients, regression analysis of specific medication classes
revealed few effects on performance other than subtle effects on verbal learning,
with the majority of contrasts suggesting no relationship (Bourne et al. 2013). Thus,
it appears that broadly, the neuropsychological deficits seen in bipolar disorder are
not iatrogenic.

3 Summary

It is clear that individuals with a diagnosis of bipolar disorder, when symptomatic
and when euthymic, exhibit neuropsychological dysfunction. However, it is also
clear that this conclusion relates specifically to the ‘cohort level’ — there is
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considerable heterogeneity in the actual profile of deficits, with numerous diagnostic
and clinical features that are deleterious to performance. In the next section, the focus
will be on exploring a range of methods of assessment (both in terms of design and
analysis) that may provide a better understanding of the neuropsychology of bipolar
disorder.

4 Methods of Assessment

One of the most pressing questions for this field of research is whether there are
specific methods or approaches at our disposal that may take us closer to establishing
a cognitive profile of bipolar disorder — or even to understand to what extent this is
possible?

4.1 Longitudinal Changes

The majority of studies conducted which examined neuropsychological function in
bipolar disorder are cross-sectional and, therefore, cannot further our understanding
of the stability and temporal trajectory of cognitive deficits (Ryan et al. 2016).
Findings from a recent meta-analysis suggest that there is no relative cognitive
decline between bipolar disorder and controls in either short-term (~1.5 years) or
longer-term (~5.5 years) follow-up studies (Bora and Ozerdem 2017). In terms of
short-term changes in response to treatment, the extent to which neuropsychological
processes improve is domain-specific. Xu et al. (2012) found that in the depressed
phase, while the predicted processing speed, memory and executive deficits were
observed, after treatment for 6 weeks, those who remitted continued to exhibit
impairments in processing speed and memory. Diagnostic subtype has also been
observed to affect changes during early remission, with psychotic symptoms leading
to higher rates of residual symptoms, neuropsychological dysfunction and poorer
functional recovery (Levy et al. 2013). Examination of longer timeframes has
demonstrated an association between neuropsychological performance and 1-year
functional outcome in bipolar disorder (Tabarés-Seisdedos et al. 2008). However, it
is important to understand the temporal trajectories as recent work utilizing a cross-
lagged panel model approach suggested that while the neuropsychological function
was causally primary and moderately predictive of subsequent functional outcome
(1 year later), the converse did not hold — psychosocial functioning did not predict
subsequent neuropsychological performance (Ehrminger et al. 2019).
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4.2 Identifying Neuropsychological Phenotypic Clusters

Several different approaches have been utilized better to understand the specific
neuropsychological profile of bipolar disorder. Burdick et al. (2014) applied hierar-
chical cluster analysis to data from the MATRICS test battery in n = 136 participants
proposing three specific clusters — globally impaired, globally intact and an inter-
mediate group with selective deficits in processing speed, attention, verbal learning
and social cognition. This pattern has also been observed in other studies (Russo
et al. 2017) where it has been suggested that such clusters are actually representative
of subsections of a continuum (Lima et al. 2019; Van Rheenen et al. 2017). Similar
approaches have been applied to executive processes and imaging data, also pro-
ducing three clusters (Kollmann et al. 2019), and to reward processing (Jimenez
etal. 2018). In a larger dataset of general neuropsychological measures from n = 258
euthymic patients, Roux et al. (2017) proposed a four-cluster pattern, with a globally
impaired cluster, a globally intact (above average performance) cluster and two
further clusters that were normal with the exception of impaired or superior verbal
performance. This pattern is very similar to that found in an earlier study in
individuals with psychosis, including n = 73 with bipolar disorder (Lewandowski
et al. 2014) which was later replicated (Lewandowski et al. 2018). Interestingly, in a
cross-diagnostic cluster analysis, Lee et al. (2017) found only two clusters —
impaired and intact/superior — but this did not map onto clinical diagnosis (although
poorer social functioning appeared to differentiate those with a diagnosis of schizo-
phrenia from bipolar disorder in the ‘impaired’ cluster). Collectively, this approach
appears to confirm the heterogeneity described previously, when examining the
proportions of bipolar samples falling below percentile cutoffs. However, it is also
uncertain whether these clusters represent clear, clinically independent subgroups or
are simply categories of severity along a continuum.

A related approach has focussed on attempts to elaborate on the factor structure of
cognition within bipolar disorder and other related groups and to explore their
differences from healthy controls. In a large dataset from up to n = 5,414 individuals
with a diagnosis of bipolar disorder BPI and n = 3,942 schizophrenia, Harvey et al.
(2016) used principal components (PCA) and factor analysis to determine that
neuropsychological performance and functional capacity measures combined
(as well as the neuropsychological measures or the diagnoses independently) could
be reduced to a single principal component that explained most of the variation in the
original variables. This is of note as the authors point to earlier studies that have
identified as many as six components, consistent between bipolar and schizophrenia
samples (Czobor et al. 2007; Schretlen et al. 2013).

Other studies have used PCA as a data reduction technique (acknowledging that
resultant component solutions are frequently dataset specific) to explore the cogni-
tive process loadings within each component between bipolar disorder and healthy
controls (Gallagher et al. 2014). In controls, there was a clear delineation between
components along theoretically derived lines (e.g. visuospatial, verbal memory).
However, there were fewer extracted components in the bipolar sample suggesting
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greater functional homogeneity, particularly of visuospatial processes. It is also of
note that the individual variables that loaded into these components were less
specific in terms of modality, with every one containing combinations of both verbal
and visuospatial measures. In bipolar disorder, some measures loaded heavily across
all components, such as processing speed. This pattern was interpreted as being
similar to that seen in cognitive ageing, where dedifferentiation also leads to a loss of
process specificity; notably, previously functionally discrete processes become more
amorphous and less differentiated through decline in neural connectivity (Dolcos
et al. 2002). Another parallel was highlighted, that of cognitive scaffolding, whereby
interindividual adaptive changes may occur in underlying neural circuitry engaged
in the ‘normal’ performance of cognitive tasks, resulting in the recruitment of
alternative circuits or supportive processes than those typically used (Park and
Reuter-Lorenz 2009). There is some suggestion that this may occur in bipolar
depression, where it has been shown that deficits in facets of visuospatial memory
may be compensated through verbal memory scaffolding (Gallagher et al. 2015a).

Therefore, any attempt to capture the specific neuropsychological profile of
bipolar disorder needs to consider this heterogeneity — that while subgrouping by
cognitive phenotype (and with a better understanding of the clinical and illness
correlates of these) we may come closer to a ‘profile’, further heterogeneity may be
introduced from other adaptive cognitive changes that might occur, closer to the
individual level.

4.3 Hierarchical Organization of Cognition

As already discussed, it is commonly reported that neurocognitive deficits in BD at
the group level are relatively ‘broad’ and of moderate effect size. However, this does
not account for both the hierarchical organisation of human cognitive functions and
the complex interplay between different cognitive processes. The conceptualisation
of any observed profile of deficits is changed fundamentally if we consider that
neuropsychological functions do not operate independently and, further, that some
may be subordinate to impairments in more circumscribed but functionally primary
processes. This approach has been applied to the neuropsychology of major depres-
sion in older adults, where hierarchical regression modelling of cognitive processes
has revealed that broader deficits in episodic memory and visuospatial processes
may be mediated by decreased fundamental processing resources (Nebes et al.
2000). Similar approaches applied in younger depressed patients have found that
primary attentional deficits may similarly account for deficits in some executive
processes (Nilsson et al. 2016). Such methods have been used extensively to develop
a better understanding of the neuropsychology of typical and pathological ageing
(Clarys et al. 2009), especially on the role of information processing speed and
efficiency (Joy et al. 2000, 2004; Salthouse 1996, 2000, 2017). Here, it is also
important to note the potential of applying approaches used in experimental neuro-
psychology studies to understand better the role of specific (primary) cognitive
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processes in common task performance (e.g. Cepeda et al. 2013; Davis and Pierson
2012; Tam and Schmitter-Edgecombe 2013) and complimentary task design aimed
at manipulating specific processes or cognitive load during active task performance.
Collectively this may lead to greater insights into the organisation of cognition in
bipolar disorder if applied to narrower well-defined clinical phenotypes.

One approach that may also facilitate a better understanding of individual profiles
is the application of finite partially ordered sets (posets) as classification models
(Tatsuoka 2002; Tatsuoka and Ferguson 2003). The approach involves the statistical
modelling of cognitive processes in a manner which closely resembles that done
during single-case clinical neuropsychological assessment. This has been applied to
neuropsychological data for individuals with a diagnosis of schizophrenia (Jaeger
et al. 2006a, b) and would be of great interest to apply to bipolar disorder. Given the
group-level heterogeneity described in the neuropsychological literature of bipolar
disorder, it would similarly be of interest to explore a variety of available methods to
assess patterns of performance at an individual level (Crawford and Garthwaite
2002; Crawford et al. 2009a, b). Some of these methods could overcome method-
ological issues that have not received a great deal of attention, such as comparisons
against small sample control norms (Crawford and Garthwaite 2002; Crawford et al.
2009b), quantifying deficits when the psychometric properties of tests differ (Chap-
man and Chapman 1973) and assessing whether deficits qualify as differential
deficits (Crawford et al. 2000), the latter having revealed hierarchical organisation
of the cognitive profile of euthymic bipolar disorder (Thompson et al. 2006, 2009).

4.4 Experimental Analysis Methods

There are a growing number of examples of the utility of applying novel analysis
methods to refine the measurement of selective cognitive processes in bipolar
disorder. One specific example is the assessment of attentional processes. By fitting
reaction time (RT) data from sustained attention tests to non-Gaussian distributions
(e.g. a mathematically convolved Gaussian and exponential; the ex-Gaussian),
differential RT profiles were observed between major depression and bipolar disor-
der, resulting in larger, statistically significant effect size differences which typical
measures of central tendency failed to detect (Gallagher et al. 2015b; Moss et al.
2016). Given the potential importance of attention and processing speed within the
cognitive hierarchy, and the relationship with structural and functional connectivity
(Pavuluri et al. 2009; Poletti et al. 2015), such methods may offer unique insights
into the cognitive profile of bipolar disorder. Similar approaches, coupled with an
assessment of intra-individual RT using fast Fourier transform, have been applied
successfully to explore candidate cognitive endophenotypes in ADHD (Vaurio et al.
2009), while drift-diffusion modelling and Bayesian approaches have revealed
differences in information processing efficiency and reward learning parameters in
psychosis (Mathias et al. 2017; Moustafa et al. 2015).
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5 Conclusions

Overall, we see clear evidence for neuropsychological impairment in bipolar disor-
der. Much of the evidence is at the group level, and from numerous sources, it is
apparent that specific demographic-, diagnostic- and illness-related features can
influence the profile and/or severity of the observed deficits. To further our under-
standing of neuropsychological processes within bipolar disorder, it is suggested that
studies should be more cognizant of the hierarchical organisation of cognition and
the existing methods of analysis and task design which might provide unique
insights in future work. Such approaches hold promise in deriving a more refined
conceptualisation of specific phenotypic presentations — beyond the ‘group level’ —
which could ultimately aid illness stratification.

Acknowledgements I am grateful to Susanna Carella for assistance with the literature searches
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Abstract Introduction: Few animal models address the characteristics of the lon-
gitudinal course of bipolar disorder. However, behavioral sensitization (to recurrent
stressors and psychomotor stimulants) and kindling of seizures both provide clues to
mechanisms in the progressive course of bipolar disorder.

Methods: We describe aspects of bipolar illness that show sensitization and
kindling-like increases reactivity to the recurrence of stressors, mood episodes, and
bouts of substance abuse. Mechanisms of these events and clinical implications for
treatment are discussed.

Results: Early life stress is a risk factor for the development of episodes of
unipolar depression and bipolar disorder and the acquisition of substance abuse.
Initial affective episodes are often triggered by the recurrence of psychosocial
stressors in adulthood, but after many episodes have occurred, episodes may also
begin to emerge spontaneously in a kindling-like progression. More prior episodes
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are associated with faster recurrences, dysfunction, disability, frontal cortical abnor-
malities, cognitive impairment, shorter telomeres, treatment refractoriness, and an
increased risk of a diagnosis of dementia in old age. Sensitization to stressors,
episodes, and substances of abuse each appear driven by epigenetic mechanisms
and their accumulation on DNA, histones, and microRNA. Patients with bipolar
illness in the USA are more ill than those from Europe and experience more
sensitization to stressors, episodes, substance abuse, as well as more genetic vulner-
ability across four generations.

Discussion: The sensitization and kindling models highlight the importance of
early intervention and prevention in order to limit or halt the downhill progression of
bipolar disorder and its multiple comorbidities toward treatment refractoriness.
Clinical data support this conclusion as well but have not been sufficient to change
practice in the direction of early intervention. It is hoped that a better understanding
of sensitization and kindling-like mechanisms will add neurobiological rationales for
the importance of prevention and sustained prophylactic intervention in rendering
bipolar disorder a more benign illness.

Keywords Anticonvulsants - Atypical antipsychotics - Complex combination
treatment - Depression - Epigenetics - Genetic vulnerability - Lithium - Stressors -
Substance abuse

1 Introduction

Early life stress is a well-known risk factor for a variety of psychiatric illnesses, but
especially the mood disorders (Post 1992; Danese et al. 2009). Kraepelin described
how early life stressors could predispose to stress later precipitating affective
episodes. He then captured the essence of the sensitization/kindling model with
the observations that after a number of stress-induced episodes, a person might be so
sensitized that the mere anticipation of a stressor or no obvious stressor at all might
be sufficient to trigger affective episodes.

This sequence of occurrences also bears some resemblance to the longitudinal
unfolding of seizures in the kindling model (Post 2007a). How about: Repeated,
once-daily electrical stimulation of say the amygdala for 1 s produces little effect
initially. Then after-discharges and seizures begin to emerge, first unilaterally then
bilaterally, culminating in full-blown seizures with rearing and falling. Following
enough of these precipitated seizures, spontaneous seizures (with no amygdala
stimulation) develop. This seizure model is a non-homologous one for the affective
disorders, but helps crystalize the longitudinal unfolding of how repeated stimuli can
have progressively greater consequences resulting in triggered full-blown episodes
that then can go on to occur more spontaneously in the absence of stimulation.
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In this chapter we provide some details of: the data confirming sensitization and
kindling-like occurrences in the longitudinal course of the affective disorders; pre-
dictions that might be derived from them; and possible underlying mechanisms. We
focus on the therapeutic implication of the sensitization/kindling model with the
over-riding emphasis of the importance of early, sustained intervention to prevent
the progressive unfolding of symptoms and the engendering of a down-hill course of
illness.

2 Stress Sensitization

In animals recurrence of stressors can lead to sensitization or increasing behavioral
reactivity rather than tolerance (Antelman 1988). There is a very wide literature
supporting this phenomenon, but perhaps the best example in humans is the seminal
work of Caspi et al. (2003) showing that increasing numbers of adversities in
childhood were associated with later stressors in adulthood precipitating an
increased incidence of depressive episodes. This work also showed a gene—environ-
mental interaction in which those individuals with the short form of the serotonin
transporter were the most prone to the depressive recurrences. While a recent meta-
analysis consisting of very large numbers of depressive and control subjects failed to
find validation of any gene associated with depression or any gene—environmental
interaction, they did find overwhelming support for the findings that early stressors
sensitized to later stressors that would then precipitate depressions in adulthood
(Border et al. 2019).

In bipolar disorder there is evidence for both stress sensitization and stress
accumulation. Early life stressors are associated with an earlier onset of illness and
a more pernicious course of illness. In addition those with early life adversity
experience more stressors over their course of illness, both at illness onset and
prior to the last episode that occurred prior to entering a longitudinal follow-up
study at average age 40 (Post et al. 2014). Danese et al. (2009) have shown that early
life adversity in childhood has multiple consequences in adulthood, including not
only depression, but also inflammation and metabolic abnormalities with subsequent
high risks for cardiovascular disease. We saw similar effects of childhood adversity
on an adverse course of bipolar disorder (Post et al. 2015a) and the occurrence of
medical comorbidities in adulthood (Post et al. 2013a) (Table 1).

One of the best animal models of depression, repeated exposure to social defeat
stress by a larger animal shows sensitization in that depression does not develop after
the first defeat stress, but requires several such exposures and 10 days of defeat stress
is the typical paradigm used (Tidey and Miczek 1997; Hollis and Kabbaj 2014;
Bernton et al. 2006; Tsankova et al. 2006). Moreover, Weber et al. (2017) describe
how one series of defeat stress can sensitize to a second round of defeat stress
experiences, in part by priming of monocytes stored in the spleen which then access
the brain and increase inflammatory responses. Defeat stress can also sensitize to
abnormal cocaine-induced behaviors and immune activation.
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Table 1 Consequences in adulthood of childhood adversity

1. Psychiatric

II. Medical®

III. Observed changes

Retrospective Allergies Altered central nervous system development, struc-
findings: ture, function, function, and neurotrophic factors
A. Early onset BP Arthritis Inflammation

B. Anxiety disorder | Asthma Ocxidative stress

C. Substance abuse

Chronic fatigue

Telomere shortening

D. Dysphoric mania

Chronic menstrual

Cortisol dysregulation irregularities

E. >20 episodes Fibromyalgia | BDNF in prefrontal cortex and hippocampus
Prospective findings: | Head injury | SHT1A receptors

Hypertension

Hypotension

F. More time
depressed

Irritable bowel

Migraine headache

Obesity

Reduced GABA transition from excitatory to inhibi-
tory transmission

G. More ultradian
cycling

Corticotropin-releasing hormone: transition from
appetitive to aversive properties

Low oxytocin

Migraine headache

Obesity and metabolic syndrome

4See Post et al. (2013a)

STRESS

SENSITIZATION

Stress
Sensitization

DRUG ABUSE
SENSITIZATION

I vy

Drug
Sensitization

SEVERE
and
Treatment
Refractory
llIness
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3 Stimulant-Induced Behavioral Sensitization

Repeated administration of the same dose of psychomotor stimulant, amphetamine
or cocaine, results in increasing motor activity and stereotypy. There is also a
conditioned component to this sensitization, as animals given the drug in the same
environment show marked sensitization, while those treated in one cage and tested in
another fail to show the sensitization (Post et al. 1987a, b). Interestingly, stress
sensitization shows cross reactivity to stimulant-induced sensitization and vice
versa.

4 Episode-Induced Sensitization

Multiple studies have revealed the pattern seen by Kraepelin for repeated episodes to
occur faster (with a shorter well interval between episodes) (Post 1992; Kessing and
Andersen 2017). Kessing et al. further demonstrated that this occurred for both
unipolar and bipolar depression and there was a trend for subsequent episodes to be
increased in severity. Kendler et al. (2000, 2001) validated the kindling model
showing that the first five to seven episodes of unipolar depression were associated
with psychosocial stressors but these became less necessary with subsequent recur-
rences. Thus, the fundamental predictions of the sensitization/kindling model have
been repeated and validated with episodes coming more readily with shorter well
intervals and also more autonomously from the requirement of precipitation by
psychosocial stress.

Other derivative predictions have only been partially validated. The initial or
(A) developmental stages of kindling development have a different pharmacological
responsivity compared to (B) the mid phase full-blown seizures, and then again
(C) the late spontaneous seizures are prevented by different agents than those of the
full-blown mid phase seizures (Post 2007a, b). This leads to the suggestion that the
underlying neurochemistry of kindling differs as a function of stage of kindling
evolution. A modicum of clinical data support parallel observations in patients with
bipolar disorder where lithium appears most effective in early full-blown affective
episodes, but less effective with the occurrence of multiple episodes and rapid
cycling. Although it is not well documented, the dihydropyridine calcium channel
blocker nimodipine may be more effective against late stage, ultra-rapid, and
ultradian cycling than earlier in the course.

In stimulant-induced behavioral sensitization the dopamine blocking antipsy-
chotics are effective in blocking the initial development of sensitization, but do not
block the expression of sensitization once has been induced. These observations
parallel the observations that antipsychotic drugs in the treatment of psychotic
episodes in schizophrenia become less effective after multiple episodes and relapses
have occurred. Thus the kindling/sensitization models at least raise the question for
further examination as to whether the neurochemistry and pharmacology of the
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recurrent affective disorders differs as a function of the stage of illness evolution,
which if validated would have major implications for choice of treatment.

Moreover, it is easier to block full-blown kindled seizures in their earliest
manifestation compared to intervening late in their evolution when they are harder
to stop and tolerance to the anticonvulsant effects of drugs develops more readily.
The derivative prediction that episodes late in the development of the longitudinal
course of the affective disorders are harder to treat than initial episodes and are
associated with increased proneness to tolerance development has a modicum of
support in the literature (Post and Weiss 2011).

All of these observations in sensitized and kindled animals indicate the impor-
tance of intervening early in the evolution of these syndromes, and, accordingly, in
the affective disorders. Earlier treatment is easier and less complicated and helps stop
the evolution and progression of the next stages of more rapid recurrences, easier
triggering, and spontaneity (Post 2015).

5 Cross-Sensitization: Neurochemical Commonalities
and Inflammatory Mechanisms

Each type of sensitization to stressors, episodes, and substances of abuse contribute
to illness progression and increased behavioral pathology (Post 2007a; Post and
Kalivas 2013). In addition, each type shows cross-sensitization to the other two,
implying some mechanisms in common and providing a basis for additional positive
feedback cycles and spiraling toward a downhill course of deterioration. Stressors
cross-sensitize to the occurrence of recurrent episodes and the initiation or relapse
into bouts of substance use (Tidey and Miczek 1997). Lin et al. (2006) reported a
genetic link between early onset bipolar disorder and substance use. The literature in
both animals and humans is robust indicating that early adversity is a major risk
factor not only for future episodes but also for adopting substance abuse (Post and
Kalivas 2013). Psychological trauma can increase the rate of acquisition of cocaine
self-administration (Brodnik et al. 2019). Conversely, episodes of illness also
increase the risk of substance abuse and are generators of further stressors.

One example of the common mechanism involved in each type of sensitization is
that each is associated with increases in brain derived neurotropic factor (BDNF) in
the nucleus accumbens (Bernton et al. 2006). Depressed patients show evidence of
BDNF increases in the nucleus accumbens (and decreases in BDNF in the hippo-
campus), changes which are mirrored by animals in the social defeat stress paradigm.
Since BDNF is associated with long-term memory and the accumbens is associated
with habits and reward, it would appear as if sensitized animals and humans acquire
a habit for depressive behaviors as well as substances of abuse. This striatal substrate
provides a mechanism for habit memory that is hard to overcome with voluntary
representational memory strategies of the hippocampal and cortex (Post and Kalivas
2013; Fournier et al. 2017). Whittaker et al. (2018) reported increased functional
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Table 2 Common effects of stress-, episode-, and cocaine-induced sensitization on BDNF in brain
systems mediating habit and representational memory

Type of

memory: Habit memory Representational memory

Substrate: Striatum Medial temporal lobe

Components: | 1. Dorsal striatum 1. Hippocampus
2. Ventral striatum (i.e., nucleus 2. Amydala
accumbens)

Process: Repetition and procedural learning | Declarative memory and single-trial

learning

Awareness: Unconscious Conscious

BDNF: BDNEF is increased in: nucleus BDNF is decreased in: hippocampus
accumbens with defeat stress, human | with defeat stress, human depression
depression (suicide), and cocaine (suicide), and cocaine sensitization
sensitization

Consequences: | Repetition of stress, depression, and | Hippocampal dysfunction may induce
cocaine may result in overlearned biased retrieval of long-term memories
habits based in the striatum and disinhibit the ventral tegmental area
.. .chronic stress leads to a bias in | (VTA) pathway to nucleus accumbens, in
behavioral strategies toward habit.” | turn increasing burst firing of the VTA,
Dias-Ferreira et al. (2009) increasing BDNF, depression, and

cocaine sensitization

connectivity of the n. accumbens and the mPFC as an endophenotype of bipolar
disorder (Table 2).

Blocking the BDNF increases in the nucleus accumbens or the decreases in
BDNF in the hippocampus prevent the development of social defeat stress behaviors
and the development of stimulant-induced behavioral sensitization (Bernton et al.
2006; Tsankova et al. 2006, 2007). Cross-sensitization of stress to cocaine effects
has elegantly been shown by Lo Iacono et al. (2018) who demonstrated a key role for
immune activation in the sensitization. They demonstrated that early life social stress
leads to persistent increases in peripheral inflammation (splenocytes) and brain
microglia morphology typical of a “primed” state of hyper-reactivity, and then
increased immune responses to cocaine, including increases in TNF alpha, II-1b,
and I1-6. Interestingly, immune system inhibition with minocycline during the early
life stress in this mouse model blocked the preference for and hyper-reactivity to
cocaine in adulthood.

Deighton et al. (2018) reviewed 14 studies in humans which all showed a link
between adverse childhood experiences (ACEs) and increased inflammatory
markers, including 11-6, TNF alpha, and CRP. Five studies found a relationship of
ACE:s to increased body mass index and others to shorter telomeres and increased
DNA methylation of the SHT-T promoter region.
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6 An Epigenetic Basis for Sensitization

Epigenetic refers to mechanisms not involved in the nucleotide sequence conveying
classical genetic inheritance. Events in the environment affect how easily gene are
turned on and off based on modifications added to DNA such as methylation,
acetylation or methylation of histones, or alterations in microRNA (Post 2016a,
2018a). If one blocks DNA methylation with the inhibitor zebularine, cocaine-
induced sensitization does not occur (Anier et al. 2010). Animals stressed early in
life are vulnerable not only to stresses in adulthood but also to lifelong decreases in
BDNF in frontal cortex. If zebularine is given, the BDNF and behavioral changes are
prevented (Roth et al. 2009). Similarly, epigenetic mechanisms are evident in the
defeat stress paradigm, and if such changes are prevented with molecular modifica-
tions, defeat stress behaviors do not occur (Tsankova et al. 2006).

Evidences that epigenetic mechanisms are at play in humans with depression and
childhood adversity are the increases in epigenetic marks found in brain and in white
cells in these individuals (Labonte et al. 2013; McGowan et al. 2009; Meaney 2005).
Thus, sensitization and cross-sensitization to stressors, episodes, and abuse sub-
stances would appear to involve the accumulation of pathological epigenetic marks
on DNA, histones, or microRNA.

This provides an additional molecular rationale for early prevention of episodes
and substance abuse and minimization of stressors in order to not only inhibit these
mechanisms of illness progression, but also to inhibit the accumulation of the
associated adverse epigenetic marks. This neurobiological rationale for clinical
treatment and prevention of the three types of environmentally mediated sensitiza-
tion converges with the clinical imperative of early sustained prophylaxis. We know
that early, expert intervention decreases the risk for further recurrences of bipolar
disorder and modifies the long-term course of illness in a more positive direction
(Kessing et al. 2013). Kessing et al. (2013) randomized youngsters with an early
manic hospitalization to 2 years of expert clinic treatment versus 2 years of treatment
as usual (TAU). The clinic patients had fewer relapses not only over these 2 years,
but also over the next 4 years, even though all patients had returned to TAU after
2 years. One would predict that these individuals so treated and having fewer
relapses and better compliance would also have longer telomeres and fewer epige-
netic marks than those initially randomized to TAU. In any case, excellent compre-
hensive treatment that prevents episodes changes the long-term course of bipolar
disorder in a more positive direction.

7 One Genetic and Two Epigenetic Bases for Illness
Vulnerability

One cannot do much currently about modifying one’s genetic inheritance and
vulnerability, but modifying the environmentally driven epigenetic mechanisms
becomes a major target of clinical therapeutics. Adverse parental experiences can
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have a transgenerational impact based on offspring exposure to the associated
adversity. Mice reared by high licking dams become high lickers themselves, as
well as having less anxiety in open field testing. However, if these animals are cross-
fostered by low licking dams, they become low lickers with higher anxiety in the
open field (Meaney 2005). This first kind of epigenetic transgenerational transmis-
sion of traits is based on exposure of the offspring to the parental behaviors.

In addition, there is a second kind of transmission that is not based on exposure to
the parental behaviors. It appears that some of the epigenetic marks of the parents are
not erased at fertilization and are transferred to the next generation (as reviewed in
Post (2016a, 2018a)). The data supporting these observations are striking and
non-intuitive. One of the best examples is if a rodent father is conditioned to a
smell and a shock in adulthood, his offspring (with which he has no contact) are
more responsive to that same odor and not others. Increased number of neurons and
receptors for that specific smell are also seen in the rat pup anatomically.

Similarly, parental exposure to drugs of abuse can alter vulnerability in the next
generation. Cocaine exposure in the parent does not result in increased cocaine liking
in the next generation but does result in cognitive deficits. In the case of parental
exposure to THC, there is an interesting twist. The offspring subsequently prefer
opiates. One wonders how much of the current opiate epidemic is contributed to by
parental use of marijuana. These and multiple other examples in the literature
indicate that some parental experiences can have an impact on the next generation
through epigenetic marks transmitted in the gametes (Chan et al. 2017). These
changes have been shown at the level of epigenetic marks in eggs and sperm on
DNA, histones, and in composition of microRNA.

Thus parents convey vulnerability to psychiatric illness via classical genetic
inheritance as well as the well-known epigenetic mechanisms based on exposure
of the offspring to behaviors and now also the novel mechanism of transgenerational
transmission in the absence of exposure to the parental behavior. There appears to be
new meaning to the old saw of “choose your parents well”” not only for their genes,
but also for the way they behaved during their life that affects their epigenome. This
has implications for children who are adopted. Not only do they inherit their
biological parents’ genetic vulnerabilities, but can be influenced by the lifetime
parental behaviors, stresses, and substances of abuse even if the adoptee never has
much or any contact with the biological parents. Good parenting by the adoptive
parents may be able to overcome or reverse some of the biological parental vulner-
ability, but how much may persist based on genetic and non-exposure epigenetic is
uncertain. One promising note is that if adult male mice which are conditioned to an
odor and a shock are given extinction training to extinguish the fear of the odor,
transmission of the fear of the odor to the offspring via the parental germline no
longer occurs (Aoued et al. 2019). One might quip that “sperm can both learn and
unlearn the intergenerational transmission of stress.”
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8 More Stress, Episodes, and Substance Abuse in the USA
Than Europe Driving Sensitization

Considerable evidence indicates that there is an excess of childhood onset bipolar
illness in the USA compared to European countries (Etain et al. 2012; Belleivier
et al. 2014; Post et al. 2017a) The findings in our series that one-fourth of adults with
bipolar disorder in the USA had their first episode prior to age 13 are also mirrored
by the findings by Perlis et al. (2004) in the NIMH STEP-BD cohort emanating from
all different academic centers and cities in the USA compared to our Bipolar
Collaborative Network (BCN) which included patients from Los Angeles, Dallas,
Cincinnati, and Bethesda. Our European sites were those from Utrecht, The Neth-
erlands and Freiburg and Munich, Germany.

Etain et al. (2012) used a French comparison and Belleivier et al. (2014) included
ten different European countries, such that the US data that two-thirds of adults in the
USA had their first episode of depression or mania as children or adolescents (prior
to age 19) (Post et al. 2017a; Perlis et al. 2004) compared to only about one-third to
40% in Europe are likely to be representative of large numbers of patients studied in
multiple sites. James et al. (2014) reported a 70-fold increase in children in the USA
with a discharge diagnosis of bipolar disorder compared to children from Britain.
While some diagnostic ambiguity may be involved in these data, the phenomenally
increased need for hospitalization of children in the USA for something resembling
bipolar disorder is striking and disturbing.

The implications of these data are profound. Compared to those with adult onsets,
early onset illness is associated with a much more adverse outcome in adulthood
(Post et al. 2017a; Perlis et al. 2004). In addition, early onset illness is associated
with longer delay to first treatment, and longer delays to first treatment are indepen-
dently associated with more time and severity of depression and cycling in adulthood
(Post et al. 2010). Also, early onset illness is associated with deficiencies in acqui-
sition of educational, social, emotional/communication, and employment skills and
with an increased incidence of substance abuse and suicide. Early onset cannot be
readily modified, but treatment delay is a remedial risk factor, such that there needs
to be a new focus on early illness recognition and treatment. This is woefully lacking
in the USA, where some 80% of adolescents aged 13—18 who screen positive for a
bipolar spectrum disorder are not in any kind of treatment (Merikangas et al. 2010).
This is a recipe for disaster and needs to be addressed with new and widespread
public health initiatives.

The origins of the excess of early onset bipolar disorder in the USA appear to be
multifactorial, but are especially related to increases in both genetic and environ-
mental risk factors (Post et al. 2016a). In the USA there is more familial illness in
four generations of patients from the USA compared to Europe (Post et al. 2015b,
2017a). This includes patients’ grandparent, parents, the patients and their spouses
and siblings, and the patients’ offspring where each have a higher incidence of
almost all psychiatric problems, including depression, bipolar disorder, suicide
attempts, alcohol abuse, substance abuse, and “other” illnesses. The degree of family
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loading in parents and grandparents is directed related to earlier onset of bipolar
disorder in the patients (Post et al. 2015b, 20164, b).

Another major risk factor for early onset bipolar illness is the occurrence of
psychosocial adversity in childhood which is also almost twofold greater for phys-
ical, sexual, or verbal abuse in the USA compared to Europe (Table 3). We found
that the greater was the history of adversity, the earlier the onset of illness. If one
does a heat map and combines both the degree of familial burden and psychosocial
adversity in childhood, there is an additive effect on age of onset of bipolar disorder
where those who have high levels of both have average ages of onset largely prior to
age 13. In the much larger group of patients who have no familial or psychosocial

Table 3 Incidence type of abuse in childhood by continent

Incidence of childhood abuse

Total Overall USA Europe

N Yes Yes % Yes Yes% Yes (N) Yes %
No abuse 948 412 435 233 35.5 176 61.5
Verbal only 948 201 21.2 156 23.7 45 15.7
Any verbal 942 474 50.3 386 58.8 88 46.2
Any physical 942 231 24.5 191 29 40 14
Any sexual 936 205 21.9 168 36 37 12.9
All three 943 100 10.6 88 134 12 4.2

CROSS SENSITIZATION AMOUNG
STRESSORS, AND
EPISODES

Stress

Sensitization

Ny

Repetition of Each Increases Responsivity to Itself

and the Two Others
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adversity, the average age of onset was 26 years of age (Post et al. 2016a). Other
potential risk factors that are higher in the USA than in Europe include: a greater
incidence of overweight/obesity; poorer diet; poor access to psychiatric care; more
medical comorbidities, and longer delays to first treatment.

Among the three types of abuse in childhood that are associated with an earlier
age of onset and a more adverse course of illness is what some might consider the
more benign form of verbal abuse compared to physical or sexual abuse. However,
when we examined the occurrence of verbal abuse in the absence of the other two
forms, it was apparent that verbal abuse alone had a pernicious effect on early onset
and subsequent adverse course of bipolar illness (Post et al. 2015a). This too has
major implication for treatment and public health initiatives. Dealing with online and
in school bullying and infra-familial belittling, abuse, and anger become major
targets for therapeutic intervention.

Adpversity in childhood was also related to more psychosocial stress and a greater
number of negative life events in the year prior to the onset of bipolar disorder as
well as in the year prior to a patient’s last episode before entry into our network at
average 40 (Post et al. 2013a). “In all three general categories of stressors evaluated
(i.e. those related to loss of social support; financial/occupational difficulties; and
medical/healthcare access), patients from the U.S. compared to Europe not only
experienced a higher incidence of these in the year prior to illness onset, but also a
significantly greater increase in these later in the illness course, i.e. prior to their
latest episode.”

Thus the occurrence of more psychosocial adversity, episodes of illness, and
substance abuse in the USA compared to Europe suggest that each of the three types
of sensitization (to stressors, episodes, and substance abuse) occur more readily in
the USA (Fig. 1). Their sensitization and cross-sensitization to the others drive a
more adverse progression and evolution of illness, culminating in a higher incidence
of treatment resistance. When patients were treated naturalistically in a prospective
fashion in the BCN, those from the USA had a higher incidence of treatment
resistance (51.7%) compared to 31.1% in the Europeans.

Thus, bipolar patients from the USA compared to those from Europe are sicker in
all respects (Post et al. 2017a). They have a higher incidence of: anxiety disorders
(46.6% vs 28.1%); alcohol abuse (33.1% vs 14.7%); substance abuse (38.3% vs
17.8%); rapid cycling of 4 or more episodes/year (74.1% vs 41.5%); 20 or more
episodes (59.0% vs 23.3%); yet fewer hospitalizations. As noted above their off-
spring were also sicker in almost all respects (Post et al. 2016c¢).

9 Implications for Treatment

Given the severity and magnitude of the problem seen in four generations of those
from the USA, it would appear that major changes in treatment and prevention are
indicated. Most of the needed remedies such as earlier recognition and treatment are
not available or are compromised by the dearth of treatment-related knowledge and
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Fig. 1 Cross sensitization among stressors, mood episodes, and bouts of substance abuse:
increased behavioral reactivity to the recurrence of each and to the others. Compared to bipolar
patients from the Netherlands and Germany, those from the US experience more stressors, mood
episodes, and substance abuse. The recurrence of each shows sensitization or increased reactivity
which drives illness progression. Each type of sensitization appears to be based on epigenetic
mechanisms. Prevention of stressors, episodes, and substance abuse would thus have the dual
benefits of preventing sensitization and illness progression and limiting the accumulation of adverse
epigenetic changes in the brain and body

early intervention studies in the USA. A clinical trials network for the assessment
and children with early onset bipolar and related disorders would be ideal but has
evoked no interest or support for initiating and funding in the NIMH and other
funding bodies.

Since major treatment and public health initiatives do not appear in the offing, one
must consider other ways of proceeding. We suggest that this can be done by all the
principals involved including: children and their pediatricians; child psychiatrists
and primary care physicians who see the majority of children with psychiatric illness
in the USA (Anderson et al. 2015); parents and their therapists and physicians; adult
psychiatrists; and psychologists, nurses, and social workers involved in treating
children with psychiatric illness.

Since there is a shortage of child psychiatrists and most children are seen by
primary care physicians in medical practices, there is a crucial role for parents to
provide consistent longitudinal information about their child’s symptoms. Creating a



268 R. M. Post

graphic of the course of key symptoms longitudinally rated on a daily or weekly
basis will do much to help inform physicians about the problem areas, their severity,
need for psychosocial or pharmacological treatment, and response to any treatments
given (Post et al. 2017b).

One way of doing this systematically is to join a Child Network for parents of
children aged 2—12 to rate their child on a weekly basis on a secure website under a
John’s Hopkins IRB approved protocol. Informed consent for joining is available
www.bipolarnews.org (click on Child Network). Parents fill out a one-time demo-
graphics form and a more extensive rating of common symptoms associated child-
hood psychiatric illnesses. Parents are then sent forms each Sunday for rating the
severity of their child’s anxiety, depression, ADHD, oppositional behavior, and
mania, as well as any treatment being given. These longitudinal ratings can then
be printed out and taken to therapists and physicians for readily seeing symptom
fluctuations, need for treatment, and effects of treatments utilized. Such symptom
monitoring is invaluable in helping make a diagnosis and assessing the effects of
treatment. Parents providing the longitudinal ratings enhance the evaluation process
and also remove a large time burden from physicians.

Shonkoff and Garner (2012) make the case that pediatricians ought to be the
guardians of children’s medical and psychiatric health and play a key role in
assessment, treatment, referral if needed, and follow up. This is increasingly
recognized as being of great importance as adversity and toxic stress in children
are key mediators of not only multiple psychiatric illnesses, but also a vast array of
medical disorders that emerge in adulthood (Danese et al. 2009; Shonkoff and
Garner 2012). Convergent with these findings in general medical practices, we
found that if patients with bipolar illness had histories of childhood adversity, they
had more than 13 different medical conditions than those without adversity. More-
over, patients from the USA had a higher incidence of nine different medical
conditions than the Europeans.

These included significantly more cases of allergy, arthritis, asthma, fibromyal-
gia, head injury (without loss of consciousness), hyperglycemia, irritable bowel
syndrome, migraine headaches, and seizures (Post et al. 2014). They also had an
increased incidence of obesity.

Adult psychiatrists should ask about the children of their adult patients, and if
needed evaluate and treat the children themselves or refer them for more expert
assessment. Again encouraging the parents of these children to provide systematic
numerical and graphic data should facilitate this process. If a child has a parent with
bipolar disorder and is followed up longitudinally for 8 years, 74% will receive a
major childhood psychiatric diagnosis (Axelson et al. 2015). The risks are thus high,
and vigilance is indicated. About 20% of the offspring had a bipolar spectrum
diagnosis, but even a higher percentage had an anxiety disorder, depression,
ADHD, or a disruptive behavioral disorder, i.e., syndromes that also impair func-
tioning and deserve treatment. The high risk for children in the USA is further
emphasized by the findings of this same group that in the general population,
children of the control parents (who did not have a bipolar diagnosis) also had a
psychiatric diagnosis upon the 8 years of follow up in just under 50% of the time,
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suggesting that psychiatric illness in children in the general US population may be
much more common than expected or appreciated.

10 High Risk Children Deserve Special Attention
and Treatment

If a child has: (1) a loaded family history of psychiatric illness, (2) a history of
adversity in childhood, and (3) prodromal symptoms, they are at a very high risk of
developing a full-blown psychiatric disorder and efforts at primary or secondary
prevention would appear indicated (Post et al. 2013b). Some interventions have been
well studied such as the effectiveness of family focused therapy (FFT) or a related
interventions focused on illness education, enhanced communication in the family,
problem solving, stress coping mechanisms, and lowering the level of expressed
emotion (Miklowitz et al. 2013; Fristad et al. 2009). The data are strong for this FFT
intervention in children and adults with bipolar disorder and those at high risk in a
total of 10 controlled clinical trials (Miklowitz and Chung 2016). Thus, some form
of psychotherapy preferably with a family focus should be recommended for all
prodromal children.

Those presenting with BP-NOS which is most common in the youngest children
is associated with almost as much dysfunction as those with BP I or II and it takes
longer, more than a year, to achieve mood stabilization with active psychopharma-
cology (Birmaher et al. 2009). Moreover, 30-50% of those with BP-NOS will
convert to a full bipolar syndrome up 3—4 years of follow up.

11 Measures Considered for Primary and Secondary
Prevention

In children at high risk by virtue of a loaded family history, even before they become
subsyndromal, one might consider active recommendations including encouraging a
good diet and regular sleep habits and exercise. Hudziak (Hudziak et al. 2014) has
recommended a universal school program of head start-like activities for brain
development including all children participating in team sports, the practice of
mindfulness meditation, and encouragement of playing a musical instrument,
which has been shown to increase brain growth and increase cognitive abilities.
Eckenrode et al. (2001) and Olds et al. (1999) have shown the lasting value of home
visits prenatally and in infancy of families at high risk.

For those at high risk who do have prodromal symptoms, the field needs studies
of the effectiveness of interventions with supplements such as folate, vitamin D3,
omega-3-fatty acids, N-acetylcysteine (NAC), and acetyl-L-carnitine which have
some positive data in adults and may be worthy of individual clinical trials in those
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with depressive and anxious prodromes (Post et al. 2013). Acetyl-L-carnitine (LAC)
deserves special attention in those with a history of childhood adversity as new data
in humans indicated that LAC is low in the blood of depressed adults, particularly in
those with a history of early onset and childhood adversity (Nasca et al. 2018). LAC
has preliminary evidence of antidepressant effects in humans, and in animal models
of depression (inescapable shock stress) LAC works more rapidly than regular
antidepressants. It appears to do so by an epigenetic mechanism by which the acetyl
group binds to the DNA promoter for the inhibitory metabotropic glutamate receptor
mGluR-2, which inhibits glutamate release.

For children with evidence of inflammation (increases in II-1, I1-6, TNF alpha, or
CRP) trials with anti-inflammatories such as minocycline or celecoxib also deserve
consideration. The social defeat stress model is ideal for studying the role of
inflammation in the induction of depressive behaviors (Hodes et al. 2016; Niraula
etal. 2018). If I1-6 secreted from lymphocytes is blocked depressive behaviors do not
occur. Similarly, in II-6 secreted from monocytes in the bone marrow, defeat stress
behaviors are blocked. In a second defeat stress experience, primed monocytes are
stored in the spleen, and if 11-6 is blocked from these splenic cells, depression-like
symptoms do not occur. The storage of primed monocytes suggests the possibility
that this type of second wave inflammatory mechanism could play a role in some
types of sensitization.

It appears that I1-6 secreted in the periphery accesses brain by traversing endo-
thelial cells, activating microglia, and generating NLRP3 inflammasomes. Assembly
of the NLRP3 inflammasome leads to caspase 1-dependent release of the
pro-inflammatory cytokines IL-1p and IL-18, as well as to pyroptotic cell death
with subsequent negative effects on brain functioning, especially in the hippocam-
pus. Both children with bipolar disorder and those with PTSD have evidence of
inflammation and the therapeutic effects of anti-inflammatory manipulations deserve
concerted study. Hinwood et al. (2013) reported that the effects of chronic stress
could be inhibited by co-treatment with minocycline, which inhibits microglia
activation. Others (Lo Iacono et al. 2018) have reported that minocycline inhibits
some of the effects of early stress that then leads to increased sensitivity to stressors
and cocaine later in life. Whether minocycline could similarly inhibit some of the
sensitizing effects of early stress in children would deserve further study. For adults
with multi-episode bipolar disorder driven by sensitization, inflammation, and other
mechanisms, it may take highly complex combination treatment to bring the illness
back under control (Post and Leverich 2008; Post 2016b, 2017a, 2019).

12 Conclusions

Early life stress primes the brain and body for increased reactivity to later stresses
resulting in multiple adverse psychiatric and medical consequences. Episodes are
triggered and substances are abused. Stressors, episodes, and bouts of substance
abuse each show sensitization to themselves and cross-sensitization to the others
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deriving a down hill spiral of illness progression. This is seen in common effects on
BDNF in nucleus accumbens and hippocampus, as well as on inflammatory and
epigenetic mechanisms which convey some of the long-lasting sensitization. Child-
hood stressors are not only the precursors to multiple medical and psychiatric illness,
but are also associated with lesser degrees of self-control which in turn augur poorer
health, socioeconomic status, and even public safety into adulthood (Moffitt et al.
2011).

New data indicate that early effective long-term treatment must start after a first
manic episode. The consequences of not doing this are highlighted by the data of
Kozicky et al. (2014) and Yatham et al. (2017) that cognition and brain abnormal-
ities after a first manic episode return to normal after 1 year only on the condition that
there are no further episodes. More episodes are associated with dysfunction,
disability, cognitive dysfunction, treatment resistance, prefrontal abnormalities,
and an increased incidence of a diagnosis of dementia in old age (Post et al. 2012,
2017b).

The sensitization/kindling models make clear some of the mechanisms involved,
including the accrual of epigenetic marks on DNA and histones fundamentally
altering gene transcription. The models highlight the imperative of intervening
early to stop the cascades of illness progression (Post 2018b). The clinical and
neurobiological data indicating the progressive course of untreated bipolar illness
are clear, as are the consequences for human dysfunction and suffering. The clinical
data, now bolstered by neurobiological conceptualizations, should help propel a new
round of treatment-related studies in order to see how one can intervene earlier and
more optimally in order to prevent or delay illness progression.
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Abstract In this chapter, we will focus on childhood maltreatment and its role in the
vulnerability to BD.

We will review how childhood maltreatment and trauma not only predispose to
the development of BD but also to a more unstable, pernicious, and severe clinical
expression of the disorder. This environmental risk factor is suggested to be part of a
multiple hit model of vulnerability, involving not only early stressors (prenatal and
postnatal ones) but also interactions with the genetic background of individuals and
with other stressors occurring later in life. We will also review how childhood
maltreatment and trauma may modify the brain functioning and circuits and alter
some biological pathways in BD, hence leading to psychopathology. Finally, we will
briefly discuss the implications for clinical practice and treatment.

Keywords Bipolar disorder - Childhood trauma - Mechanisms

1 Introduction

Early life stress is an umbrella term that refers to a wide range of early stressors such
as childhood traumatic events, childhood maltreatment, childhood adversities,
parental loss, or exposure to bullying at school. As defined by the World Health
Organization (WHO) (WHO 2017), “child maltreatment is the abuse and neglect of
people under 18 years of age. It includes all forms of physical and/or emotional
ill-treatment, sexual abuse, neglect or negligent treatment or commercial or other
exploitation, resulting in actual or potential harm to the child’s health, survival,
development or dignity in the context of a relationship of responsibility, trust or
power. Four types of child maltreatment are generally recognized: physical abuse,
sexual abuse, psychological (or emotional or mental) abuse, and neglect.”

According to the US Department Human Services (Children’s Bureau/ACYF/
ACF/HHS 2017), approximately 683.000 children each year are victims of maltreat-
ment. Most of these children are victims of neglect (75%), with physical abuse
(17%), and sexual abuse (8%) being the next most frequent types of child maltreat-
ment. According to the WHO (WHO 2017), a high number of children worldwide
report that they have suffered some traumatic experiences or violence in the past
year: physical abuse (23%), sexual abuse (8—18%), physical neglect (16%), or
psychological/emotional abuse (36%).

Childhood maltreatment is an important risk factor for developing a wide range of
severe mental disorders, including bipolar disorders (BD) (Lippard and Nemeroff
2020; Nemeroff 2016). Green et al., for example, support this statement (Green et al.
2010) in their study from the National Comorbidity Survey Replication showing that
severe childhood adversity accounts for more than a quarter of adulthood psychiatric
disorders and even more (around 45%) when considering specifically early-onset
disorders (Green et al. 2010).
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2 Childhood Maltreatment and (More Severe) Bipolar
Disorders

A history of childhood adversity has been consistently associated with BD (Aas et al.
2016b), with a more severe clinical expression of the disorder being a function of
number and severity of the exposure to traumatic events (Etain et al. 2013a).

2.1 Childhood Maltreatment as a Risk Factor for Developing
Bipolar Disorders

About a decade ago, Fisher and Hosang identified only six studies suggesting
childhood maltreatment as a risk factor for developing BD (Fisher and Hosang
2010), thus illustrating the relative paucity of good-quality studies in this field.
Since then, numerous of studies have supported childhood maltreatment as part of
a constellation of risk factors for BD, with a recent study suggesting childhood
maltreatment as a causal factor for BD, independent of the genetic risk measured by
the polygenic risk score for BD (Aas et al. 2020). Several studies have also shown
that multiple childhood traumas are more frequent in patients with BD than in
controls (63% versus 33%) (Etain et al. 2010), with a possible cumulative effect.

More recently, a systematic review of the literature and a meta-analysis of
19 studies showed that individuals with BD were 2.63 times (95% CI 2.00-3.47)
more likely to report childhood adversity as compared to a non-clinical control
group. This rate was similar across BD subtypes (type I and type II). When
examining childhood maltreatment subtypes, emotional abuse showed the strongest
effect (OR = 4.04, 95% CI 3.12-5.22). However, except for parental loss, all other
subtypes of childhood maltreatment (emotional neglect, physical neglect, physical
abuse, and sexual abuse) were also more frequently reported by individuals with BD
as compared to the non-clinical group (Palmier-Claus et al. 2016).

Of note, most of the available studies had a retrospective design, thus preventing
to infer any definite causality links. However, a few longitudinal studies have also
been published to demonstrate that childhood adversities increase the risk of devel-
oping BD (Marangoni et al. 2016). As an example, in the National Epidemiologic
Survey on Alcohol and Related Conditions, the analysis of the risk for initial-onset
manic episodes during the study’s 3-year follow-up period demonstrated that child-
hood physical maltreatment and sexual abuse were associated with a significantly
higher risk of first-onset mania (Gilman et al. 2015).
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2.2 Childhood Maltreatment and the Severity of the Clinical
Expression of Bipolar Disorders

Similar to what is observed in patients with major depressive disorder (MDD),
patients with BD and childhood maltreatment have a more severe illness over
time, including earlier age at onset, an increased risk for suicide attempts, more
frequent mood episodes, and poor response to treatment (Aas et al. 2016a; Etain
et al. 2017b; Nemeroff 2016; Williams et al. 2016). Moreover, in BD, a history of
childhood maltreatment has also been associated with an increased risk for rapid
cycling course (Garno et al. 2005).

However, the quality of these studies, especially of the earliest ones, has been
reported as poor to moderate. A review paper has highlighted this by Daruy-Filho
et al. (2011), including 18 studies and underlining several study limitations, such as
the lack of use of a structured clinical interview for diagnoses, the lack of use of a
standardized childhood maltreatment assessment, small sample sizes (less than
100 patients), and the use of unsatisfactory measures of current mood states that
represent a potential confounder in childhood maltreatment assessment (Daruy-Filho
etal. 2011).

In 2013, in a large sample of patients with BD (n = 587), using a structured
clinical interview for diagnoses and a validated standardized childhood maltreatment
assessment, we confirmed the association between childhood maltreatment (and
more specifically emotional abuse and sexual abuse) and several indicators of the
complexity/severity of the clinical expression of BD, including earlier age of onset,
an increased risk of at least one-lifetime suicide attempt, an increased risk of rapid
cycling, and an increased number of mood episodes (Etain et al. 2013a).

In 2016, a meta-analysis of 30 studies confirmed that patients with BD and history
of childhood maltreatment had greater severity for mania, depression, and psychosis,
higher risk of comorbidity with several other psychiatric conditions (post-traumatic
stress disorder, anxiety disorders, substance misuse disorders, alcohol misuse disor-
der), earlier age at onset of BD, higher risks of rapid cycling and suicide attempts,
and a more unstable form of BD with greater numbers of manic and depressive
episodes when compared to those patients without such childhood maltreatment. It
should be mentioned here that, for this meta-analysis, the different subtypes of
childhood maltreatment were not disentangled and several definitions were used
for “maltreatment” (any maltreatment; total maltreatment score; sexual, physical, or
emotional abuse; physical or emotional neglect) (Agnew-Blais and Danese 2016).

2.3 Childhood Maltreatment, Psychiatric, and Medical
Comorbidities in Bipolar Disorders

Patients with a mood disorder, such as BD or MDD, and with a history of childhood
maltreatment are more likely to have dual diagnoses as compared to patients without
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maltreatment. For example, substance use disorder is more commonly reported in
BD with childhood maltreatment as compared to BD without childhood maltreat-
ment (Etain et al. 2013a). These findings are consistent with the findings of Putnam
and colleagues (Putnam et al. 2013), who found that multiple childhood traumatic
events resulted in more complex adult psychopathology, as defined by higher rates
of comorbidity and a greater number of symptoms. This is also supported by some of
our studies showing that patients with BD and childhood maltreatment are more
likely to also suffer from cannabis and alcohol misuse as compared to patients
without childhood traumatic experiences (Aas et al. 2013a).

Patients with BD have around 10 years of shorter life expectancy than the general
population (Hayes et al. 2015; Kessing et al. 2015). This is not only related to deaths
due to suicide but also the heavy medical burden in BD. Recently, data have
emerged about the associations between childhood maltreatment and medical
comorbidities in BD. This suggests that childhood maltreatment not only associated
with the complexity of BD in terms of psychiatric clinical expression but also with
poor physical outcomes. In a cross-sectional study of 900 outpatients with BD, the
number of medical conditions was significantly associated with childhood adversity
(defined as a proxy, i.e., positive parental history of psychiatric illness) (Post et al.
2013). Another cross-sectional study compared 248 participants with recurrent
major depressive disorders (MDD) to 72 participants with BD and showed that
any type of childhood maltreatment, child abuse, and child neglect was significantly
associated with an increased medical burden in individuals with BD, but not in
individuals with MDD nor controls (Hosang et al. 2017, 2018). In a sample of
patients with mood disorders, it has been found associations between childhood
adversity and higher systolic and diastolic blood pressure, between sexual abuse and
obesity (Mclntyre et al. 2012). Finally, an association has been reported between
childhood sexual abuse and higher body mass index (BMI) in individuals with BD,
however only in a subgroup defined by late age at onset of BD (Leclerc et al. 2018).

2.4 Issues About Childhood Maltreatment Subtypes,
the Timing of Exposure, and Gender

Until recently, the literature has been biased towards the study of childhood physical
and sexual abuses in relation to BD. However, over the last decade, much more
studies have suggested that emotional abuse might be of central importance in BD,
with both higher prevalence as compared to controls, as well as the strongest links
with the severe clinical expression of the disorder (Etain et al. 2008, 2010; Aas et al.
2016a) over other maltreatment subtypes. Indeed, the challenge is to separate the
specific effects of each subtype of childhood maltreatment, given the fact that these
different subtypes often covary together. For example, the use of measures of
childhood maltreatment that incorporate the five different subtypes may be more
relevant to be used as compared to scales that may focus more on physical or sexual
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Table 1 Maltreatment subtypes assessed by the childhood maltreatment questionnaire (Bernstein
et al. 2003)

Maltreatment

subtype Definition

Emotional Failure of caretakers to meet children’s basic emotional and psychological
neglect needs, including love, belonging, nurturance, and support

Emotional abuse | Verbal assaults on a child’s sense of worth or well-being or any humiliating or
demeaning behavior directed towards a child by an adult or older person

Physical neglect | Failure of caretakers to provide for a child’s basic physical needs, including
food, shelter, clothing, safety, and health care

Physical abuse Bodily assaults on a child by an adult or older person that posed a risk of or
resulted in injury

Sexual abuse Sexual contact or conduct between a child younger than 18 years of age and
an adult or older person

abuse only. Such a comprehensive assessment can be performed using, for example,
the Childhood Trauma Questionnaire by Bernstein et al. (2003) (see Table 1).
Interestingly, a review of the literature across main psychiatric disorders suggested
that physical abuse, sexual abuse, and unspecified neglect were associated with
mood disorders and anxiety disorders; emotional abuse with personality disorders
and schizophrenia; and physical neglect with personality disorders (Carr et al. 2013).

Another insufficiently addressed issue is the importance of the timing of expo-
sure. It is suggested that the traumatic events may have different outcomes
depending on whether they occurred early during childhood (before the age of 5),
later during childhood (between the age of 5 and 12), or during the adolescence
(between the age of 12 and 18). Indeed, the effects are expected to be different
because, as an example, they do not occur in the same neurodevelopmental periods,
thus not affecting the same brain circuits. Hence there are probably some sensitive
periods when childhood maltreatment is more harmful. While there are no data
specifically on BD, some articles have explored this issue in mood and psychotic
disorders. As examples, early childhood sexual abuse (before the age of 5) and late
childhood physical abuse (after the age of 13) were predictors of adult depression
(Jaye Capretto 2017). Individuals who have been first exposed to childhood mal-
treatment during middle childhood had higher depressive symptoms and higher
emotion dysregulation as compared to those who have been first exposed during
later developmental stages (Dunn et al. 2017, 2018). The exposure to physical abuse
during preschool was associated with a 77% increased risk of depression, and the
exposure to sexual abuse during early childhood was associated with a 146%
increased risk of suicidal ideation, when compared to the exposure in adolescence
(Dunn et al. 2013). In individuals with early psychosis, the exposure to one or more
subtypes of childhood trauma before the age of 16 was associated with higher levels
of positive, depressive, manic, and negative symptoms (Alameda et al. 2016).
Individuals with early sexual or physical abuse (before age 11 years) and psychotic
symptoms showed poor functional outcome as compared to those with later sexual or
physical abuse (between ages 12 and 15 years) (Alameda et al. 2015).
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Finally, the effects of childhood maltreatment may differ according to gender,
meaning that that the sensitivity to (specific) forms of childhood maltreatment would
differ whether the individual is a female or a male. Females are more likely to suffer
from mood disorders (including recurrent MDD or BD, especially type II) as
compared to males, and females are also more likely to report having experienced
childhood maltreatment than males, this being observed in the general population
but also BD (Etain et al. 2013a; Fisher and Hosang 2010). We have suggested that
the effect of specific subtypes of childhood maltreatment on the clinical expression
of BD would differ according to gender. Indeed, the associations between sexual
abuse and age at onset of BD, between sexual abuse and suicide attempts, between
emotional abuse and rapid cycling, and between emotional abuse and the number of
depressive episodes were all significant in females, but not significant or observed
only at a trend level in males with BD (Etain et al. 2013a). A network analysis of data
about childhood traumatic events performed in from a representative sample of
5,037 members of the general population living in a large metropolitan area
suggested that “neglect” and “parental death” were more important for females
than males. In contrast, “parental mental disorders” were more important for males
(Coelho et al. 2018). However, the data are still inconsistent about gender sensitivity
since a meta-analysis of gender differences of childhood maltreatment on adult
depression and anxiety concluded that, even though associations were larger for
females than for males, these gender differences were not statistically significant
(Gallo et al. 2018).

3 Moving to Dimensions of Psychopathology in Association
with Childhood Maltreatment

The recent literature has proposed that the “bipolar phenotype” can be disentangled
in several dimensions of psychopathology that can be specific or not to BD and may
be studied in association with both genetic and environmental risk factors. Several
dimensions of psychopathology (or so-called “trait” dimensions) or cognitive traits
have been studied in association with childhood maltreatment in patients with BD
(Henry and Etain 2010). Such dimensions include affective regulation, impulsivity/
hostility, and proneness to psychosis.

3.1 Childhood Maltreatment and Dimensions
of Psychopathology in Bipolar Disorders

Patients with BD have a more unstable mood as compared to the general population
and score higher on affective lability measures (Aminoff et al. 2012; Henry et al.
2008). Affective lability is characterized by intense and rapid fluctuations in affects
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in response to both pleasant and unpleasant events. In BD, studies have found
heightened affective lability in both manic and mixed episodes (Henry et al. 2003)
that also persist during euthymic periods (Henry et al. 2008). Affective lability is
associated with greater severity of the clinical expression of BD, this including
suicide attempts, earlier age at onset, and more frequent lifetime comorbidities
(with anxiety disorders and substance use disorders) (Henry et al. 2008). Research
in twins has demonstrated that the heritability of affective lability is relatively low
(approximately 25% of the variance), hence suggesting that this dimension might be
more driven by environmental risk factors than by genetic susceptibility (Coccaro
et al. 2012). Other authors and we have previously published several papers showing
that, in patients with BD, those individuals who report childhood maltreatment,
especially emotional abuse, had a less stable mood that is characterized by higher
scores on affect lability measures (Aas et al. 2014a; Etain et al. 2008; Marwaha et al.
2016).

Higher levels of impulsivity or hostility also characterize patients with BD as
compared to non-clinical samples (Etain et al. 2013b; Saddichha and Schuetz 2014);
this impulsivity may in turn associate with a worse clinical expression of the disorder
in terms of suicide attempts or substance use disorders. Independently of the
psychiatric diagnoses, a recent meta-analysis of 55 studies demonstrated a positive
association between childhood maltreatment and trait impulsivity (Liu 2019).

More recent studies have attempted to model the complex links between child-
hood maltreatment and the clinical expression of BD, using dimensions of psycho-
pathology as potential mediators. We demonstrated that affective lability mediates
the association between childhood maltreatment and increased risk of suicide
attempts, mixed episodes, and anxiety disorders supporting a pathway from child-
hood maltreatment, through dimensions of mood instability, to clinical indicators of
the severity of BD (Aas et al. 2016b). The model has been further extended in a
larger sample of euthymic patients with BD, showing two main paths: the first one is
mainly going from emotional abuse to suicidal behavior through dimensions of
affective dysregulation (affect intensity, affective lability, and emotional hostility),
while the second one is mainly going from emotional abuse to substance misuse
through dimensions of impulsivity and motor hostility (Etain et al. 2017c). Marwaha
et al. have subsequently replicated this model in 2019 who demonstrated that
affective instability significantly mediated the associations between childhood
abuse and earlier age of onset, the number of depressive and manic episodes/illness
year, anxiety disorders, and rapid cycling. Furthermore, impulsivity significantly
mediated the associations between childhood abuse and manic episodes/illness year,
anxiety disorders, rapid cycling, suicidal behavior, and substance misuse (Marwaha
et al. 2019).

Finally, patients with BD frequently experience psychotic features (delusions or
hallucinations) during mood episodes, this being potentially associated with the
exposure to childhood maltreatment (Agnew-Blais and Danese 2016; Upthegrove
et al. 2015). Incorporating a measure of delusional beliefs as a trait for proneness to
psychosis, a path analysis demonstrated that emotional and physical abuse and
cannabis misuse were each directly and independently associated with delusional
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beliefs that in turn were strongly associated with psychotic features during mood
episodes (Etain et al. 2017a).

Of note, these associations between childhood maltreatment and dimensions of
psychopathology are likely to be rather unspecific to BD, because it is also observed
in other psychiatric conditions. As an example, patients with borderline personality
or with attention deficit with hyperactivity disorder also presented with high levels of
impulsivity and emotional deregulation but also with high rates of reported child-
hood maltreatment (Porter et al. 2020; Sugaya et al. 2012). Hence, a same environ-
mental risk factor can lead to similar increases of dimensional traits in various
psychiatric conditions that share these dimensions of psychopathology (Richard-
Lepouriel et al. 2016, 2019).

3.2 Childhood Maltreatment and Cognition in Bipolar
Disorders

A small number of independent studies has linked childhood maltreatment to worse
cognitive functioning measured in adulthood in BD. Childhood maltreatment has
been associated with decreased general cognitive abilities as measured by the
Wechsler Abbreviated Scale of Intelligence (Martins et al. 2019), poor cognitive
performance (Jimenez et al. 2017), poorer cognitive performance in patients on
cognitive measures of IQ, auditory attention, and verbal and working memory
(Bucker et al. 2013).

There are also two reviews on this topic in BD and schizophrenia. The first one
suggested that patients who experienced childhood maltreatment displayed deficits
in general cognitive ability as compared to those without such exposure
(Dauvermann and Donohoe 2019). The second one focused on social cognition in
association with early life stress in major psychiatric disorders (Rokita et al. 2018). It
concluded in favor of an association between early childhood social experience,
including both insecure attachment and adversity relating to neglect or abuse and
poorer social cognitive performance.

4 Childhood Maltreatment as Part of a Multiple Hit Model
of Susceptibility

When exposed to childhood maltreatment, a lot of individuals will fortunately not
develop any severe psychiatric disorder, thus being qualified as “resilient.” Those
individuals who have been exposed to childhood maltreatment and are not resilient
may develop a wide range of possible psychiatric disorders (Sugaya et al. 2012).
Hence, it is not known (1) why only some exposed individuals go on to develop BD
and (2) why they will develop BD and not another psychiatric condition, such as
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schizophrenia, for example. This heterogeneity in trajectories of susceptibility can be
possibly explained by the combined occurrences: a constellation of different genetic
and environmental factors and the complex interactions between all these risk
factors. Different trajectories might thus be explained by the exposure to different
environmental risk factors, a different genetic background, and the interactions
between these. Multiple hit models of vulnerability have been thus proposed to
take into account resilient trajectories, multiple exposures to various types of
environmental factors at different periods of the neurodevelopment, and their inter-
actions with the genetic background (Cannon et al. 2014).

4.1 Interactions Between Childhood Maltreatment
and the Genetic Susceptibility to Bipolar Disorders

Genetic variants in multiple genes are supposed to interact with childhood maltreat-
ment to increase the risk of developing BD and/or a more severe clinical expression
of BD (Aas et al. 2016a; Etain et al. 2008). In this context, a moderation effect is
hypothesized, according to which the genetic background of the individual condi-
tions the response to the environmental factor (i.e., childhood trauma or maltreat-
ment) on the phenotype.

A review by Rudolf Uher (2014) and a more recent one by Misiak et al. (2018)
have suggested several interactions between variants of candidate genes and child-
hood maltreatment or early life stress on BD and/or on the clinical expression of BD
(mainly age at onset of BD, suicidal behaviors, or cognitive functioning). Such
proposed candidate genes were mainly the serotonin transporter gene (SLC6A4:
solute carrier family 6 (neurotransmitter transporter, serotonin), member 4), the
BDNF (brain-derived neurotrophic factor) gene and a few candidate genes involved
in the HPA axis or immune-inflammatory processes. Several examples can highlight
the fact that genetic variants in some candidate genes may moderate the effect of
childhood maltreatment on the clinical expression of BD.

Earlier studies found complex interactions between sexual abuse, cannabis use,
and SLCO6A4 short/long variant on psychotic features in patients with BD
(De Pradier et al. 2010). Etain et al. found that SLC6A4 interacted with childhood
maltreatment to decrease the age at onset of BD in individuals who were homozy-
gous for the short variant of this gene (SHTT-LPR) (Etain et al. 2015). Oliveira et al.
found that some genetic variants of the TLR2 (toll-like receptor 2) gene interacted
with sexual abuse to decrease the age at onset of BD (Oliveira et al. 2015). It has also
been suggested that childhood sexual abuse associated with earlier BD onset age in
BDNF Met (methionine) allele carriers (Miller et al. 2013). Finally, Anand et al.
(2015) demonstrated a relationship between childhood maltreatment and SNPs in or
near genes coding for calcium channel activity-related proteins and an earlier age at
onset of BD (Anand et al. 2015).
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Regarding suicidal behaviors in BD, it has been shown significant effects of
SHTT-LPR on the links between early life stress and suicidal behaviors among short
allele carriers, but not among homozygotes for the long variant in patients with BD
(Benedetti et al. 2014). A lifetime history of attempted suicide was associated with
exposure to early life stress, with CLOCK (Circadian Locomotor Output Cycles
Kaput) rs1801260*C carriers having the highest effects of early stress exposure on
the probability of attempting suicide (Benedetti et al. 2015). Finally, no interaction
was observed on suicidal behaviors in BD between childhood maltreatment and
genetic variability in CRH-BP (corticotropin-releasing hormone-binding protein)
and FKBP5 (FK506 binding protein 5) genes (two genes involved in the cortisol/
stress pathway) (Segura et al. 2019).

Regarding cognitive functioning, the low-activity Met allele of the BDNF gene
and the epsilon4 allele of the apolipoprotein E gene interacted with sexual abuse to
decrease the performance to memory tests (Savitz et al. 2007). In a mixed sample of
patients with schizophrenia spectrum disorders or BD, carriers of the low-activity
Met allele of the BDNF gene and exposed to higher levels of childhood abuse
(mainly physical abuse and emotional abuse) showed poorer cognitive functioning
compared to the Val/Val (Valine) homozygotes (Aas et al. 2013b).

Beyond the candidate genes approach, genome-wide association studies (GWAS)
in BD have identified many loci that are likely to contain variants in genes implicated
in the vulnerability to BD. All these loci may provide potential new candidates to be
studied in interaction with early life stress or childhood maltreatment in
BD. However, the literature in this domain remains scarce. More recently, due to
the limitations inherent to the selection of candidate genes, approaches that focus on
polygenic risk scores (PRS) for various phenotypes (mainly BD and schizophrenia)
have been proposed. The first study of this kind has included a sample of 402 patients
with BD from Norway and France. All participants were assessed using the CTQ
(Childhood Trauma Questionnaire) and characterized by a PRS for BD being
calculated from previous GWAS data as part of the PGC (Psychiatric Genomics
Consortium) (Aas et al. 2020). This study has suggested an interaction between
childhood maltreatment and the PRS for BD on rapid cycling. No further interactions
between PRS for BD and childhood maltreatment were observed for other clinical
characteristics (age at onset, suicide attempts, number of mood episodes, mixed
features, substance use disorders, and psychotic symptoms). To date, these results
remain preliminary until replicated in independent samples but highlight the fact that
PRS may offer a more comprehensive way to study the interactions between
childhood maltreatment and the genetic background of individuals on the clinical
expression of BD.
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4.2 Interactions Between Childhood Maltreatment and Later
Stressors in Bipolar Disorders

A two-hit model of vulnerability for developing a severe mental disorder has been
proposed in psychosis (Pruessner et al. 2017), as well as in BD (Aas et al. 2016b).
This model includes the exposure to prenatal or postnatal stressors interacting with
genetic factors to “prime” the brain for psychopathology. Further stressors during
adolescence or young adulthood (such as substance misuse or latter stressful events)
may serve to convert the vulnerability into a disorder. In BD, the interaction between
childhood maltreatment and susceptibility genes may predispose the individual to
subtle changes in certain biological and physiopathological processes linked to the
disorder (see the previous paragraph about maltreatment/gene interactions in BD). In
this context, cannabis misuse during adolescence and later life stressful events may
act together and reveal this susceptibility and/or increasing the severity of the
disorder.

We have previously published a study showing that both childhood maltreatment
and cannabis misuse increase the rates for rapid cycling, earlier age at onset, and
suicide attempts beyond that of each risk factors taken alone (Aas et al. 2013a), thus
supporting this two-hit model in BD. We have previously postulated that a putative
mechanism of the co-occurrence of childhood maltreatment and cannabis abuse
could be related to their opposite effects on the hypothalamic-pituitary-adrenal
(HPA) axis (Heim et al. 2008; van Leeuwen et al. 2011), with a reduction of HPA
axis functioning in substance abusers, while a history of childhood maltreatment has
been linked to an increased HPA axis activity (Aas et al. 2019c¢). Hence, it could be
that cannabis or substance use in individuals with a history of childhood maltreat-
ment can be viewed as self-medication to “regulate” the HPA axis, in addition to the
emotional turmoil (e.g., as shown by higher affect lability) caused by the childhood
maltreatment events.

Numerous studies have also investigated whether stressful adulthood life events
precede the onset of mood episodes in BD (Cohen et al. 2004; Johnson and Roberts
1995; Swendsen et al. 1995). For example, the study by Cohen et al. (2004)
concluded that high levels of stressful life events in adulthood predict depressive
recurrence over 12 months (Cohen et al. 2004). Also, Swendsen et al. (1995) found
that stressful life events predicted more severe clinical features for over 12 months
(Swendsen et al. 1995). We have recently shown that patients with BD and/or
psychosis with childhood maltreatment experiences have higher cortisol in hair
compared to patients without childhood maltreatment experiences, suggesting
higher stress levels in adulthood in those with childhood maltreatment. Interestingly
both a history of childhood maltreatment and higher hair cortisol were associated
with more severe current symptoms and poorer functioning. It could be proposed
that childhood maltreatment sensitizes the HPA axis in the way that later life
experiences are perceived as more stressful. We hypothesize that this is mediated
by long-term changes in affect regulation and poorer coping mechanisms following
childhood maltreatment experiences in BD. As discussed in previous paragraphs,
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childhood maltreatment indeed is associated with long-term changes in affect regu-
lation, impulse control, as well as cognition that might reduce in turn the ability to
cope with later stressors.

5 Biological Correlates of Childhood Maltreatment
in Bipolar Disorders

5.1 Childhood Maltreatment and Neuroimaging in Bipolar
Disorders

Childhood maltreatment is, by definition, occurring during a neurodevelopmental
period that is critical for brain maturation and the future effective regulation of
emotional and cognitive processes. Several meta-analyses have been published to
characterize the neural correlates of the exposure to childhood maltreatment in
clinical and non-clinical samples.

A meta-analysis of published whole-brain voxel-based morphometry studies in
childhood maltreatment showed that individuals who reported to have been exposed
to childhood maltreatment had significantly smaller gray matter volumes in some
brain areas (right orbitofrontal/superior temporal gyrus, amygdala, insula, and para-
hippocampal, middle temporal gyri, and left inferior frontal and postcentral gyri) but
also larger gray matter volumes in other brain areas (right superior frontal and left
middle occipital gyri) (Lim et al. 2014). A meta-analysis of structural magnetic
resonance imaging studies of adults with a history of childhood maltreatment
showed that individuals with childhood maltreatment had smaller hippocampus
and amygdala volumes bilaterally and abnormal grey matter volumes in
prefrontal-limbic brain regions (Paquola et al. 2016). Finally, the exposure to
childhood maltreatment significantly correlated with an increased activation (left
superior frontal gyrus, left middle temporal gyrus) and a decreased activation (left
superior parietal lobule, left hippocampus) of some brain structures as measured by
fMRI in adults (Heany et al. 2018).

The previously mentioned studies have been performed independently of the
clinical status for any kind of psychiatric disorders. To date, only a few studies are
available specifically in BD. A study using voxel-based morphometry compared
grey matter volumes in association with the Childhood Trauma Questionnaire in
euthymic BD type I patients and healthy controls. Grey matter volumes negatively
correlated with several subtypes of childhood maltreatment (physical abuse, physical
neglect, emotional neglect), mainly in the right dorsolateral prefrontal cortex and
right thalamus (Duarte et al. 2016). A large sample of 105 outpatients with BD and
113 healthy controls have been assessed using the Childhood Trauma Questionnaire
and high-resolution magnetic resonance imaging and demonstrated that childhood
maltreatment was associated with increased bilateral volumes in patients with BD
(amygdala, hippocampus) (Janiri et al. 2017).
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A multimodal MRI (T1, diffusion weighted, and resting state fMRI) study was
performed in patients with BD and healthy controls. The Childhood Trauma Ques-
tionnaires total score was negatively correlated with amygdala volumes, the
prefronto-limbic functional connectivity, and the uncinate fractional anisotropy.
Only physical and emotional neglects affected the neural parameters (Souza-Queiroz
et al. 2016). Another study examined the association between childhood abuse and
neglect on white matter integrity using diffusion tensor imaging (DTI), quantified as
fractional anisotropy (FA), in 251 patients with BD type I and 163 healthy controls.
Patients with BD and childhood abuse had lower FA in widespread regions of the
brain as compared to patients without childhood abuse. Moreover, differences in
mean FA significantly mediated the association between childhood abuse and BD
(Stevelink et al. 2018). These studies might thus suggest lower integrity of white
matter microstructure across the brain in patients with BD when exposed to child-
hood maltreatment.

In a mixed sample of patients with schizophrenia or bipolar spectrum disorders
who have completed the Childhood Trauma Questionnaire, fMRI was used to
measure brain activation during a presentation task of faces with negative or positive
emotional expressions. After the scanner session, patients also performed emotional
ratings of the same faces. Higher levels of childhood maltreatment were associated
with stronger differentiation in brain responses to negative compared with positive
faces (right angular gyrus, supramarginal gyrus, middle temporal gyrus, lateral
occipital cortex), thus suggesting a negativity bias in the assessment of emotional
valence of faces when exposed to childhood maltreatment (Aas et al. 2017b).

Interestingly, a few studies have used brain imaging (MRI) in association with
genetic markers and measures of childhood maltreatment. In a mixed sample of
patients with schizophrenia spectrum disorders or BD, BDNF gene Met carriers —
when exposed to sexual abuse — had reduced right hippocampal volume and larger
right and left lateral ventricles (Aas et al. 2013b). Furthermore, in the same sample,
BDNF gene Met carriers reporting high levels of childhood maltreatment (specifi-
cally sexual or physical abuse) had significantly reduced hippocampal subfield
volumes CA2/3 and CA4 dentate gyrus (Aas et al. 2014b).

Altogether, these studies highlight the fact that childhood maltreatment might
deeply modify brain structures and circuits, possibly leading to an overactivation of
the limbic system and a decreased ability of the prefrontal cortex to regulate
emotions due to lower connectivity between limbic and prefrontal brain areas.

5.2 Childhood Maltreatment and Peripheral Blood
Biomarkers in Bipolar Disorders

Several studies have attempted at identifying a peripheral signature of the exposure
to childhood maltreatment in patients with BD. This has mainly involved the study
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of BDNF plasma levels, levels of several cytokines or interleukins, and telomere
length.

Brain-derived neurotrophic factor (BDNF) promotes neuronal growth and differ-
entiation during brain development and increase synaptic plasticity and maintenance
of neurons in adult life (Nuernberg et al. 2016). It crosses the blood-brain barrier, and
peripheral levels are highly correlated with levels in the cerebrospinal fluid
(Fernandes et al. 2015). For example, early maltreatment was negatively associated
with BDNF serum levels (Benedetti et al. 2017), and the SHTT-LPR significantly
influenced the relationship between early maltreatment and adult BDNF levels, due
to a significant relationship between maltreatment and BDNF in SHTT-LPR*short
allele carriers, but not among long/long homozygotes (Benedetti et al. 2017).
Patients with schizophrenia spectrum disorders or BD who have been exposed to
childhood sexual abuse showed decreased plasma BDNF levels as compared to
those without abuse (Aas et al. 2019a). Furthermore, a history of childhood mal-
treatment was associated with significantly reduced BDNF mRNA level in the blood
(Aas et al. 2014b).

In a mixed sample of patients with schizophrenia/schizoaffective disorder, psy-
chotic BD, and healthy controls, serum levels of interleukin 6 (IL-6), tumor necrosis
factor-a (TNF-a), and C-reactive protein (CRP) were quantified and correlated with
scores obtained with the Childhood Trauma Questionnaire. The exposure to sexual
abuse was positively associated with levels of CRP in the schizophrenia group, but
there were no significant associations between any form of maltreatment exposure
and cytokine levels in the BD groups or healthy controls (Quide et al. 2019). This
contrasts with the results obtained in a similar sample of patients with schizophrenia
or BD spectrum disorders and healthy controls in which plasma levels of inflamma-
tory markers (high-sensitivity C-reactive protein (hs-CRP), soluble tumor necrosis
factor receptor type 1 (TNFR-R1), glycoprotein 130 (gp130)) were studied in
association with the Childhood Trauma Questionnaire. The severity of childhood
abuse (up to three types of abuse: sexual abuse, physical abuse, and emotional abuse)
was associated with hs-CRP (Aas et al. 2017a). The levels of high-sensitivity
C-reactive protein (hs-CRP) were also studied in association with the Childhood
Trauma Questionnaire in a sample of 92 patients with BD type I and II and
142 healthy controls. Around 55% of the variance in hs-CRP was explained by
cumulative and independent effects of age, BMI, and childhood maltreatment,
especially sexual abuse (Moraes et al. 2017). Of note, independently of psychiatric
diagnoses, childhood maltreatment has been shown to induce long-term modifica-
tions in inflammation processes in several independent meta-analyses (Baumeister
et al. 2016; Coelho et al. 2014; Tursich et al. 2014).

Human telomeres are composed of tandem repeats of the TTAGGG sequence and
average between 6 and 12 kilobases (kb) in length (Aubert and Lansdorp 2008;
Yamaguchi et al. 2005). When telomeres become critically short, the cellular
proliferation is stopped, and the risk of cellular apoptosis is increased, which
eventually compromises tissue renewal capacity and function (Blasco 2007). Telo-
mere length (TL) may, therefore, represent a biomarker of the “molecular clock” that
contributes to cellular ageing and altered physical health. A study measured TL



292 B. Etain and M. Aas

using quantitative polymerase chain reaction in a sample of 1,024 individuals
(373 with schizophrenia, 249 with BD, and 402 healthy controls). Patients who
reported a history of childhood sexual, physical, or emotional abuse as measured by
the Childhood Trauma Questionnaire had shorter TL as compared to patients
without such early life stress and to healthy controls (Aas et al. 2019b). These results
are consistent with those reported by three previous meta-analyses performed inde-
pendently of the psychiatric clinical status of the participants and demonstrating a
significant association between childhood maltreatment or early life stress and
accelerated telomere erosion in adulthood (Hanssen et al. 2017; Li et al. 2017,
Ridout et al. 2018).

All these results may be interpreted as an imbalance between higher inflammatory
processes and lower neuroplasticity in the peripheral blood, alongside with acceler-
ated ageing in the case of exposure to childhood maltreatment. However, more
studies are explicitly required in BD to better characterize the molecular signature
of early life stress at the peripheral blood level, given the fact that studies remain
scare. Indeed, the results might be not specific to BD since also reported in other
psychiatric conditions but also the general population, and further studies should
explore whether these phenomena are simply similar as those in the general popu-
lation or amplified (i.e., of greater magnitude) in BD.

5.3 Epigenetic Alterations Linked to Childhood Maltreatment
in Bipolar Disorders

Epigenetic mechanisms refer to a variety of molecular mechanisms that can modu-
late gene expression without any modifications of the DNA sequence. They repre-
sent adaptive mechanisms that are involved in response to stressors and lead to subtle
modifications of gene expression, primarily through DNA methylation and histone
modifications. Even though rare are the data coming specifically from samples of
individuals with BD, a large body of evidence suggested that childhood maltreat-
ment dramatically alters epigenetic processes and in turn can lead to modifications of
gene expression.

A recent review of the literature has suggested that, in mood disorders, the
methylation level of the glucocorticoid receptor NR3C1 gene and the correlation
with the level of childhood maltreatment is robust. Alterations of the level of
methylation in other genes were also suggested in association with childhood
maltreatment, even though with less robust findings such as for the SLC6A4,
BDNF, and FKBP5 genes (Nothling et al. 2019). Several studies have used large
clinical or non-clinical samples and whole genome DNA methylation approaches to
characterize the regions of the genome that were the most differentially methylated
in the presence of an history of childhood maltreatment. In two large cohorts of
women, it has been shown that several regions of the genome (obtained from
peripheral blood or buccal cells) were differentially methylated according to several
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measures of childhood early stress (life adverse events or parental death as exam-
ples). However, the level of replication between cohorts was very low (Houtepen
et al. 2018). A similar study quantified DNA methylation across the genome in
buccal epithelial cell samples from a high-risk sample of inner-city youth and
identified some highly differentially methylated regions of the genome as being
associated with childhood maltreatment (as examples, physical abuse and PSEN2
gene or sexual abuse and GRIN2D gene). The results also demonstrated significant
enrichment in differentially methylated genes encoding for proteins involved in
neuronal systems (Cecil et al. 2016).

Of note, epigenetic signatures can also be used to calculate the epigenetic age that
is a marker of accelerated ageing. Accelerated aging can indeed be defined by DNA
methylation-based estimates of cellular age that exceed chronological age. Some
data are suggesting that traumatic stress is associated with advanced epigenetic age
(Wolf et al. 2018).

To date, these epigenetic mechanisms remain insufficiently characterized specif-
ically in patients with BD. Indeed, while several reviews have highlighted that the
levels of DNA methylation (whole genome or within candidate genes) may be
abnormal in patients with BD as compared to healthy controls, they did not report
the associations between these abnormalities and the exposure to early life stress
(Teroganova et al. 2016). There are also some intriguing results suggesting that
childhood adversity was associated with increased KITLG (KIT ligand) gene meth-
ylation in healthy individuals, but not patients with BD (He et al. 2018). Neverthe-
less, childhood maltreatment is suggested to induce long-lasting effects on several
biological pathways that are important for the physiopathology of BD through deep
modifications of epigenetic processes.

6 Implications for Clinical Practice and Treatment
of Bipolar Disorders

Up to 60% of patients with BD have experienced a history of childhood maltreat-
ment, which is associated with higher relapse rates, greater episode severity, and a
higher risk of psychiatric and physical comorbidity. As such, these individuals
would require close monitoring and more intensive care management because highly
vulnerable. Although the long-term negative effects of childhood maltreatment in
BD have received more attention over the last years, physical and sexual abuses
(in childhood or adulthood) are often inadequately assessed in psychiatric clinics
(Read and Fraser 1998). The main recommendation would be to propose a system-
atic assessment of childhood maltreatment for any patients with BD or at least for
those with the most unstable and comorbid form of BD.

Regarding medications, there are almost no data about the response to psycho-
tropic according to the exposure to childhood maltreatment in patients with BD. One
study has found no association between childhood maltreatment and response to
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lithium in BD (Cakir et al. 2016), while a second one found that physical abuse
correlated with a lower response to lithium in BD (Etain et al. 2017b). There are no
data regarding the response to atypical antipsychotics and anticonvulsants according
to a previous history of childhood maltreatment, hence preventing any recommen-
dations that could be proposed for personalizing treatments for these patients who
have suffered from childhood maltreatment.

Trauma-focused psychosocial and psychotherapeutically intervention strategies
for BD are, therefore, pivotal, but studies of efficacy are currently almost absent in
BD. Thompson et al. (2014) suggested including psychotherapy for trauma victims
focusing on targeting the dissociative experiences that can follow childhood mal-
treatment experiences, specifically coping strategies, body awareness/mindfulness
techniques, and stress management, was suggested. Interestingly a recent study
suggested that eye movement desensitization and reprocessing (EMDR) can reduce
affective episodes, affective symptoms, and functional, cognitive, and trauma symp-
toms (Moreno-Alcazar et al. 2017). Some study protocols have been published for
the use of EMDR in individuals with BD, with planned secondary outcomes
concerning functioning (Moreno-Alcazar et al. 2017). As discussed in Aas et al.
(2016a), other types of psychotherapy for trauma victims would be trauma-focused
cognitive behavioral therapy [CBT] for sexually abused children (Ehring et al.
2014). Based on the research showing that emotional dysregulation is one of the
key long-term effects of childhood maltreatment in BD, we also suggest that
interventions target affective lability in these patients specifically. The challenge
for the next years will be to fill the gap between research on this field and routine
practice since recommendations for managing this specific population are lacking. In
particular, the knowledge is scare on which psychotherapies to provide or which
targets therapists should focus on, as well as how childhood maltreatment could
explain the resistance to mood stabilizers.

7 Conclusions

Patients with BD report more often childhood maltreatment experiences than the
general population. They are also presenting, when exposed, a much more severe
disorder over time, including an earlier onset, more mood episodes, more frequent
suicide attempts, rapid cycling and higher risks of having a comorbid diagnosis with
another psychiatric disorder, and a higher medical burden. The association between
childhood maltreatment and poor outcomes in BD is suggested to be mediated
through dimensions of psychopathology such as affective lability or impulsivity/
hostility. Childhood maltreatment interacts with other environmental stressors (can-
nabis use, later stressors in life) but also with the genetic background of individuals
to draw a trajectory of vulnerability that goes from early life stress to later severe
BD. Childhood maltreatment could lead to psychopathology by altering brain
structures and circuits, epigenetic mechanisms, and peripheral biomarkers. How-
ever, these long-lasting biological correlates of childhood maltreatment are probably
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not specific to BD but ubiquitously observed in many other psychiatric disorders.
The specific recommendations for the care management of these vulnerable patients
with BD and childhood maltreatment remain to be written. Given the heightened
proneness to relapses and unstable BD, these patients should be the subjects of
careful clinical scrutiny. However, to date, no specific recommendation can be made,
except the systematic screening of childhood maltreatment, at least for those with a
more severe, unstable, comorbid, or relapsing course. Given the devastating clinical
consequences of childhood maltreatment in the prognosis and course of BD, we
recommend need for further research about evidence-based interventions that target
the consequences of childhood maltreatment in BD.
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Abstract The biological bases of bipolar disorder include aspects related, among
others, to neurohormonal pathways, neurotransmission, signal transduction, regula-
tion of gene expression, oxidative stress, neuroplasticity, and changes in the immune
system. There is still a gap in understanding its complex neurobiology and, conse-
quently, developing new treatments. Multiple factors probably interact in this com-
plex equation of pathophysiology of bipolar disorder, such as genetic, biochemical,
psychosocial, and environmental stress events, correlating with the development and
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severity of the bipolar disorder. These mechanisms can interact to exacerbate
inflammation, impair neurogenesis, and increase oxidative stress damage, cellular
mitochondrial dysfunction, changes in neurotrophins and in epigenetic mechanisms,
neuroendocrine dysfunction, activation of neuronal death pathways, and dysfunction
in neurotransmission systems. In this review, we explore the up-to-date knowledge
of the neurobiological underpinnings of bipolar disorders. The difficulty in devel-
oping new drugs for bipolar disorder is very much associated with the lack of
knowledge about the precise pathophysiology of this disorder. Pharmacological
treatment for bipolar patients is vital; to progress to effective medications, it is
essential to understand the neurobiology in bipolar patients better and identify
novel therapeutic targets.

Keywords Bipolar disorder - Depression - Mania - Targets - Treatment

1 Introduction

Although current therapeutic agents for bipolar disorder are valuable, long-term
response for most of the bipolar patients remains low (Gitlin et al. 1995). In general,
treatment for bipolar disorder, can be challenging to manage, as treatments that act
on manic/hypomanic episodes can lead to a depressive episode and the use of
antidepressants can cause manic or hypomanic mood episodes (Geddes and
Miklowitz 2013). Lithium is considered the gold standard drug for all phases of
bipolar disorder (L6pez-Muiioz et al. 2018).

Lithium, so far, is the only one with benefit in both poles and efficacy also for
suicidal behavior (Geddes and Miklowitz 2013). Therefore, the investigation of
potential new therapeutic goals is a priority. In this review, we explore the up-to-
date knowledge of the neurobiology bases of bipolar disorders and the neurobio-
logical mechanisms of dysfunction in a wide range of pathways, including:
glutamatergic dysfunction, oxidative stress, mitochondrial dysfunction, impaired
neurogenesis, increased inflammation, and apoptosis. The difficulty in the devel-
opment of new drugs for bipolar patients is associated with a lack of knowledge
about the precise pathophysiology of this disorder (Lund et al. 2012). Investigating
these new pathophysiology systems purportedly related to the complexity of the
neuronal systems in bipolar patients could improve our knowledge of the complex
mechanisms related to the action of psychotropic drugs, as well as the neurobiol-
ogy in bipolar patients (Fig. 1).
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Fig. 1 The diagram provides a useful model for understanding the factors that contribute to
planning clinical management. Therefore, a broad range of treatments is usually needed to treat
bipolar disorders satisfactorily, adapted from Malhi et al. (2015). Illustrations are courtesy of
Romayne Gadelrab

2 Hypothalamic-Pituitary-Adrenal Axis (HPA)

It is believed that disturbance of the hormonal stress system (the hypothalamic-
pituitary-adrenal axis) can cause cognitive problems and worsen depressive symp-
toms in bipolar disorder (Watson et al. 2004) and can predict an inadequate clinical
response to pharmacological treatments (Juruena et al. 2009a). One example of this
is suggested in animal models, where a dysregulation in the HPA axis has an impact
on serotonergic medications (Gartside et al. 2003).

The end product of the HPA axis is cortisol, which mediates its effects via two
main receptors, the mineralocorticoid receptor (MR) and the glucocorticoid receptor
(GR) (Juruena 2014). MR receptors modulate hormone release and complex behav-
ior, such as emotion, memory, and sleep. In humans, the role of MR and GR
receptors in the neurobiology of severe mental disorders has not been sufficiently
characterized. However, recent research findings raise possibilities for new pharma-
cotherapies via modulation of the function of these receptors to normalize effects of
cortisol and restore HPA axis balance (Geddes and Miklowitz 2013).
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2.1 Treatments Targeting the HPA Axis

The effects of exogenous steroids on mood, including the potential to both elevate
and lower mood, and to exacerbate mood disorders, are widely known. From a
therapeutic standpoint, previous studies have shown that spironolactone, a mineral-
ocorticoid receptor antagonist, can have antidepressant effects and can also maintain
or improve cognition and memory (Murck et al. 2012). Hendler (1978) first
described the therapeutic effects of spironolactone for prophylaxis in a case series
of bipolar patients: after replacing lithium with spironolactone, five of the six
patients were well maintained for at least 1 year (Hendler 1978). Some studies
have demonstrated the therapeutic impact of spironolactone on affective symptoms
in women with premenstrual syndrome (O’Brien et al. 1979; Wang et al. 1995) and
eating disorders (Wernze 2000) and bipolar patients without remission, decreasing
the sensitivity to stressful life events (Juruena et al. 2009).

Mifepristone is an antagonist of the glucocorticoid receptor and preliminary
evidence suggested potential cognitive enhancing properties (Young et al. 2004).
A larger RCT of adjunctive mifepristone failed to demonstrate a significant improve-
ment in depressive symptoms in bipolar depression, although mifepristone was
associated with improvement in cognitive function — and specifically spatial working
memory (Young et al. 2004; Watson et al. 2012).

Ketoconazole and metyrapone, inhibitors of glucocorticoid synthesis, have also
been investigated in bipolar disorder. In a trial with a very small sample in bipolar
depression, with a treatment-resistant history, ketoconazole led to significant
improvement in the severity of depression, but not mania (Brown et al. 2001).
However, no RCTs have been performed.

A Cochrane review summarized the findings from antiglucocorticoid treatments
for mood disorders (Gallagher et al. 2008). This comprised nine studies (three in
psychotic major depression, five in non-psychotic major depression, and one in
patients with bipolar depression); the authors described a significant reduction in
the severity of depressive symptoms with antiglucocorticoid treatments.

3 Mitochondrial Dysfunction and Oxidative Stress
in the Neurobiology of Bipolar

There is increasing data in the literature describing oxidative stress in the neurobi-
ology of bipolar disorder. Corroborating the involvement of mitochondrial dysfunc-
tion in the pathophysiology of bipolar disorders, a study demonstrated that bipolar
patients have an imbalance between the processes of mitochondrial fusion and
fission (Scaini et al. 2017) observed by increased protein levels of fission protein
(Fis-1) and decreased levels of fusion proteins (Mfn-2 and Opa-1), suggesting that
the process of mitochondrial dynamics in patients with bipolar disorder is dysfunc-
tional, which may increase mitochondrial fragmentation (Scaini et al. 2017). In
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addition, the same study indicated that the changes observed peripherally were
directly correlated with functional decline in bipolar patients (Scaini et al. 2017).
Effects of lithium in redox systems may have this effect in psychopathological
disorders (Khairova et al. 2012).

3.1 Oxidative Stress and Pharmacological Approaches

Several clinical and preclinical studies have suggested the involvement of oxidative
stress in bipolar disorders (Frey et al. 2006). Mitochondrial dysfunction has been
described as the main triggering agent of this system with a consequent impairment
in cellular energy metabolism (Berk et al. 2011b). An abnormal cellular energy state
can lead to loss of neuronal function and plasticity and cognitive and behavioral
changes characteristic of bipolar disorders (Kato 2007).

Several studies have found elevated levels of malondialdehyde (MDA) and
carbonyl groups in the blood of patients with bipolar disorders (Descamps-Latscha
et al. 2001). Postmortem studies have shown high levels of carbonyl, 4-HNE, and
8-ISSO groups in bipolar patients (Imai and Nakagawa 2003; Wang et al. 2009). In
addition, the antioxidant defense system also appears to be altered in bipolar
patients, even in the early stages of the disorder. A study detected an increase in
glutathione (GST) in bipolar patients in the early stages of the disorder (Andreazza
et al. 2009). The superoxide dismutase (SOD) enzyme has also been found to be
increased in the blood of bipolar patients during episodes of mania and depression
(Andreazza et al. 2010).

3.2 Alternative and Experimental Treatments Targeting
Oxidative Stress

N-acetylcysteine (NAC) has been investigated in the treatment of acute and main-
tenance treatment of bipolar disorder. NAC is an immediate precursor to glutathione,
an antioxidant protein with a significant role in the removal of numerous reactive
oxygen species, levels of which are reduced in bipolar disorder (Rosa et al. 2014). In
the first placebo-controlled RCT, adjunctive NAC treatment resulted in a significant
improvement in depressive symptoms over placebo in bipolar patients at the main-
tenance treatment stage (Berk et al. 2008). Studying a subgroup analysis of bipolar
patients in a depressive phase at baseline, the NAC treatment group showed signif-
icant improvements in depressive symptoms (eight of ten patients on NAC had
treatment response at endpoint), alongside measures of executive function and QoL
(Magalhaes et al. 2011). A further open-label study of 149 individuals with bipolar
depression again showed adjunctive NAC treatment led to significant and robust
reductions in depression scores and improvements in functioning and quality of life
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(Berk et al. 2011a). However, more recently, a large RCT found no difference
between adjunctive NAC and placebo in bipolar depression in terms of reduction
of depressive symptoms at the 16-week endpoint (Berk et al. 2019).

Creatine is the precursor of phosphocreatine (PCr), which has an important role in
brain energy homeostasis through the phosphocreatine circuit and has been shown to
have antioxidant properties (Pereira et al. 2018). In a small sample of patients with
unipolar and bipolar treatment-resistant depression, open label adjunctive treatment
with creatine monohydrate led to significantly improved depressive symptoms;
however, in both bipolar disorder patients, there was a momentary switch to elevated
mood (Roitman et al. 2007).

In a placebo-controlled RCT evaluating creatine monohydrate as an added
treatment in bipolar disorder in a depressive episode, the patients did not show
improvement in depressive symptom scores. However, the study did find significant
superiority of creatine augmentation over placebo using remission criteria (Toniolo
et al. 2018).

Cytidine is a pyrimidine with the main function on phospholipid homeostasis and
membrane balance, which potentially alleviates mitochondrial dysfunction and
regulates dysfunctional glia-neuronal glutamatergic cycling in bipolar disorder. In
a 12-week RCT of 35 individuals with bipolar depression, adjunctive cytidine
resulted in an earlier decrease in depressive severity alongside a decrease in gluta-
mate/glutamine levels as measured by proton magnetic resonance spectroscopy
("H-MRS) (Yoon et al. 2009).

4 Immune System in Bipolar Disorder

It is known that multiple factors related to the immune system may be involved in the
pathophysiology of bipolar disorder, including tumor necrosis factor-alpha (TNF-o)
and interleukins (IL). These mechanisms, in turn, promote deleterious effects that
contribute to exaggerated inflammation (Carvalho et al. 2013). Studies have
suggested that the pathophysiology of bipolar disorder may be related to changes
in the immune system, with mood episodes being characterized as pro-inflammatory
states. A pro-inflammatory increase in cytokines has been described in patients with
bipolar disorders, mainly TNF-a. In addition, IL-2, IL-1f, IL-4, IL-6, and IL-10
concentrations are elevated in bipolar patients (Modabbernia et al. 2013). Investiga-
tions about inflammation in bipolar disorder have significantly increased in the last
years, showing the importance of the immune system in the neurobiology of bipolar
disorder, but with variable results regarding the type of episode, the effect of
treatments, and the progression of the disorder (Leboyer et al. 2012).

Horrobin and Lieb (1981) were the first to link immunological disorders with
bipolar disorder; the authors hypothesize that relapses of mood episodes in bipolar
patients would be driven by the immune system as well as in other inflammatory
diseases such as multiple sclerosis (Maes 2011; Drexhage et al. 2010).
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Specifically, alterations in the arachidonic acid (AA) signalling pathway
and regulation of cyclooxygenase (COX)-generated metabolites including prosta-
glandins and thromboxanes have been implicated in the neurobiology of bipolar
patients, and targeting AA pathway may be a potential therapeutic approach (Rao
and Rapoport 2009). A postmortem brain study of bipolar patients showed changes
in the AA metabolism cascade (Rao et al. 2010). As well as a significant increase in
pro-inflammatory and anti-inflammatory cytokines, they have been consistently
reported in patients with bipolar disorder (Modabbernia et al. 2013). The study
suggests that pro-inflammatory cytokines are increased regardless of the mood
episode of patients with bipolar disorder, as well as the occurrence of a reduction
in anti-inflammatory cytokines (Barbosa et al. 2014).

Studies have highlighted TNF-a as an important marker of bipolar progression,
with a significant increase in patients with a chronic history when compared to first-
episode bipolar patients (Tatay-Manteiga et al. 2017). These studies reinforce the
presence of changes in inflammatory biomarkers in bipolar patients (Modabbernia
et al. 2013).

4.1 Inflammation and Treatment in Bipolar Disorders

The AA cascade has been the subject of some studies, and it may be the common
route of action of several medications used to treat bipolar patients, for example,
anticonvulsants (sodium valproate and carbamazepine) and lithium (Rao et al.
2008). Possible effectiveness of adjuvant celecoxib treatment in both poles of
bipolar patients has also been reported, suggesting an essential impact of the
inflammation pathway (Arabzadeh et al. 2015; Mousavi et al. 2017).

Reports of lithium’s anti-inflammatory properties may contribute to its therapeu-
tic efficacy. However, data demonstrated in the literature are contradictory about the
effects of lithium on pro- or anti-inflammatory markers (Rapaport and Manji 2001).
In pre-clinical studies, chronic lithium treatment reduced levels of motor impulsivity,
plasma levels of IL-1p, IL-10 and RANTES (CCL-5) were reduced selectively
within the orbitofrontal cortex of lithium-treated rats (Adams et al. 2020). These
findings demonstrate that lithium may improve impulse control deficits in clinical
populations decreasing the pro-inflammatory signalling on neuronal activity, partic-
ularly within the orbitofrontal cortex (Adams et al. 2020). Studies evaluated the
action of the medications utilized in bipolar patients and suggest that the AA
cascade, as well as the decreased activity of cyclooxygenase 2 (COX-2) and
prostaglandin E2 (PGE2), can be a common target in the mood-stabilizing action
of these drugs (Bosetti et al. 2002). A further study demonstrated that bipolar
patients who showed a poor response to lithium had increased levels of TNF-a
compared to those with a good response (Guloksuz et al. 2012) (Fig. 2).
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4.2 Alternative and Experimental Treatments
and Inflammation

Among non-steroidal anti-inflammatories (NSAIDs), there is the class of those
specific inhibitors of COX-2; among these drugs is celecoxib. COX isoenzymes
have a role as precursors of prostaglandin, thromboxanes, and prostacyclins. Pros-
taglandins are autacoid mediators with influence in most of the neurophysiological
or pathophysiological progressions through the membrane receptors connected to
the G-protein (Fitzpatrick 2004).

A meta-analysis examining the antidepressant effects of adjunctive anti-inflam-
matory agents in mood disorders, including MDD and bipolar disorder, found a
moderate to large effect size (Husain et al. 2017). Interestingly, this meta-analysis
also showed a significant reduction in manic symptoms when pooling the results of
adjunctive anti-inflammatories (NSAIDs and NAC) in bipolar disorder.

The use of omega-3 fatty acids (naturally occurring anti-inflammatory molecules)
in bipolar depression is restricted with one meta-analysis of five RCTs indicating a
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significant outcome in favor of omega-3 over placebo with moderate effect size
(Sarris et al. 2012).

In a RCT with bipolar patients using celecoxib controlled with placebo, the
authors found a significant decrease in TNF-a levels. However, in this study, there
was no significant difference in the levels of IL-1P, IL-6, and high-sensitivity
C-reactive protein (Kargar et al. 2014). This study evaluated inflammatory markers
in the use of celecoxib. Although several studies are correlating bipolar disorder
progression with inflammatory markers, the data are still controversial, highlighting
the importance of new research in this area (Giridharan et al. 2019). Overall, these
studies demonstrate strong evidence of inflammation in bipolar disorder leading to
new therapeutic targets, such as the use of anti-inflammatory drugs, highlighting
celecoxib and the AA pathway involved in the action of this drug (Husain et al.
2016).

A meta-analysis including three RCTs (n = 121) showed a significant effect on
Young Mania Rating Scale scores from patients with bipolar disorder receiving
adjunctive celecoxib treatment compared with placebo (Bavaresco et al. 2019). An
RCT of adjunctive celecoxib in treatment-resistant bipolar depression found higher
response and remission rates in the celecoxib than in the placebo arm (Halaris et al.
2020).

Minocycline is a second-generation tetracycline with anti-inflammatory proper-
ties. The effects of minocycline in combination with aspirin have also been exam-
ined in an RCT in bipolar depression that showed a significantly higher sustained
clinical response rate in the minocycline and aspirin-treated group compared with
placebo (Savitz et al. 2018).

A study investigating minocycline for bipolar depression patients demonstrated a
significant effect size in reducing depressive symptoms (Soczynska et al. 2017).
Remarkably, the clinical trials indicate that this second-generation tetracycline has
more significant effects in bipolar disorder subjects with higher inflammatory indi-
cators which highlights the need for inflammatory analysis +/— stratification in
forthcoming RCTs of minocycline in bipolar patients. However, the largest and
most recent RCT (n-266) in bipolar I and II and unipolar depression did not find a
significant effect comparing placebo with celecoxib or minocycline (Husain et al.
2020). Husain et al. (2020) conclude that a possible therapeutic effect should not be
considered in bipolar depression. Notwithstanding this negative finding, anti-inflam-
matory treatments are becoming a promising alternative for use in psychiatry.

5 Neurotrophins and Bipolar

In the middle of the twentieth century, the first neurotrophin, the nerve growth factor
(NGF), was identified. This discovery broadened the horizon of neurobiology for the
identification and elucidation of cellular functions. Almost 30 years after the iden-
tification of NGF, the prototype of neurotrophins for neurons of the autonomic
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nervous system was isolated, a homologue of NGF, which was called brain-derived
neurotrophic factor (BDNF) (Lessmann et al. 2003).

Recent studies indicate that impairment of neuroplasticity and neuronal survival
are the main events involved in the pathogenesis of bipolar disorders. These events
are influenced by several factors, such as the harmonic action of neurotransmitters,
hormones, neurotrophins, and inflammatory mediators, such as cytokines (Brietzke
and Kapczinski 2008).

It has been shown that high levels of cortisol, released due to stress, can cause
damage to the membranes of neuronal mitochondria, especially in patients with
bipolar disorder, leading to the release of toxic compounds and culminating in
changes in the structure of the DNA molecule in nucleus of these cells. All of this
transformation triggers apoptosis mechanisms (Berk et al. 2011b).

5.1 Neurotrophins and Bipolar Treatment

The family of tyrosine kinase (Trk) receptors is composed of three receptors that can
be activated by one or more neurotrophins: NGF, BDNF, NT-3, and NT-4/5. In
studies on depression models, antidepressants increase TrkB signaling, which is
dependent on the concentration of BDNF (Saarelainen et al. 2003). Antidepressants
and mood stabilizers can increase serum BDNF levels (Frey et al. 2006). Chronic
administration of antidepressants increases the expression of BDNF in the hippo-
campus, as well as in the CPF (Duman et al. 2000). Chronic treatment with lithium or
sodium valproate demonstrated higher BDNF expression in preclinical studies
(Fukumoto et al. 2001).

Several studies have suggested that BDNF/TrkB induction is one of the mecha-
nisms responsible for the therapeutic effects of antipsychotics, mood stabilizers, and
antidepressants (Coyle and Duman 2003; Nibuya et al. 1995). For example, it has
been shown that the use of lithium modulates the phosphorylation of the TrkB and
CREB receptors (Rantamaki et al. 2006). Studies show that the neuroprotective
characteristics of lithium or sodium valproate may be responsible for its therapeutic
effects, and one of the mechanisms involved would be the release of neurotrophins
(Rosa et al. 2006; Laeng et al. 2004).

It has been proposed that the augmented expression of BDNF can trigger the
neuroprotective properties of lithium and valproate (de Sousa et al. 2011; Hu et al.
2010).

Chronic treatment with lithium or sodium valproate produces protective effects
against excitotoxicity and cell death induced by glutamate (Shao et al. 2005).
Regarding BDNF, there is much evidence regarding its long-term role in synaptic
plasticity in the hippocampus and neocortex. The application of exogenous BDNF
enhances presynaptic efficacy by increasing the release of glutamate in excitatory
synapses (Lessmann et al. 2003).
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6 Bipolar Disorder and the Glutamatergic System

For a long time, the monoaminergic hypothesis explained both the neurobiology of
bipolar disorders and the mechanisms of action of psychotropic drugs. Glutamate is
related to a diversity of crucial functions including synaptic plasticity, learning, and
memory (Riedel et al. 2003). This neurotransmitter acts on two classes of receptors:
ionotropic and metabotropic. There are three types of ionotropic glutamate receptors:
a-amino acid-3-hydroxy-5-methylisoxazol-4-proprionic (AMPA), N-methyl-D-
aspartate (NMDA), and kainate. These three proteins are ion channels that, when
activated, generate postsynaptic excitatory potential (Kew and Kemp 2005).
Metabotropic receptors are not ion channels and are not exclusively located in the
synapse region. When they bind to glutamate, they activate the G-protein, which is
responsible for sending the message into the cell (Baudry et al. 2012).

Although all glutamate receptors respond to the same neurotransmitter, they
perform very different functions (Jun et al. 2014). In physiological situations,
ionotropic and metabotropic receptors regulate neurotransmission through excitatory
synapses and modulate various neurophysiological functions in the brain, which
include synaptic plasticity, mood, learning, and memory (Kew and Kemp 2005).

Several researchers have shown changes in glutamate receptors in the brain of
patients with bipolar disorders, with decreased expression of NMDA receptor in the
hippocampus and the prefrontal cortex of bipolar patients (McCullumsmith et al.
2007; Beneyto and Meador-Woodruff 2008). These functionally different receptors
can be co-expressed in individual synapses, allowing precise temporal modulation of
postsynaptic excitability and plasticity (Scheethals and MacGillavry 2018). Recently,
the NMDA receptor has been associated with the sociability and pathogenesis of
autism spectrum disorder, which encourages further studies for the therapeutic explo-
ration of the modulation of this receptor (Burket and Deutsch 2019).

6.1 Glutamate Neurotransmission and Bipolar Treatment

Several pharmacological approaches used in the treatment of psychiatric disorders
act on the glutamatergic system. Significant evidence for the role of glutamate in
bipolar disorder emerged from pharmacological interventions; for example,
lamotrigine, an anticonvulsant also used in bipolar depression pharmacotherapy,
indirectly inhibits the release of glutamate (Leach et al. 1991). Lithium is the gold
standard mood stabilizer; it leads to an acute increase in the concentration of
glutamate in the synapse and the chronic upregulation of transporter activity; its
chronic use seems to promote the stabilization of excitatory neurotransmission
(Li et al. 2002). Lithium attenuates the release of Ca** after acting on mGlIuR1 and
mGIuRS receptors (Machado-Vieira et al. 2012; Sourial-Bassillious et al. 2009). As
previously described, mitochondrial dynamics involve not only the processes of
fission and fusion but also the movement of mitochondria through neurons, a process



314 M. F. Juruena et al.

influenced by the concentration of ATP and Ca2+, with lithium’s influence (Curtis
etal. 2011). In addition to changes in ATP levels, as already mentioned, studies have
pointed out that bipolar patients show changes in intracellular Ca** signaling,
causing an increase in cytosolic Ca®* concentrations, related to excitotoxicity,
decreased mitochondrial viability, and, ultimately, cell death (Mehta et al. 2013).
The neuroprotective effects of lithium against the excitotoxicity of glutamate influ-
ences BDNF. Antipsychotics and anticonvulsants reduce glutamate in the central
nervous system (Sitges et al. 2007; Juruena et al. 2009b; McLoughlin et al. 2009;
Paraskevas et al. 2006; de la Fuente-Sandoval et al. 2013).

6.2 Alternative and Experimental Treatments Targeting
the Glutamatergic System

6.2.1 Ketamine

Several studies have shown that glutamate-mediated synaptic plasticity is involved
in bipolar pharmacotherapy. In addition, ketamine (an NMDA antagonist) has
attracted attention for its rapid antidepressant activity, including in patients with
bipolar depression (Zarate et al. 2012)

Ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist with signifi-
cant evidence to treat both unipolar and bipolar depression, including in treatment-
resistant cases (Coyle and Laws 2015). In an RCT crossover add-on study of
18 individuals with treatment-resistant bipolar depression (continued on lithium or
valproate), following a single ketamine infusion (0.5 mg/kg over 40 min), depressive
symptoms significantly decreased within 40 min compared with placebo, the effect
lasting up to day 3 (Diazgranados et al. 2010). There was a notable response rate,
with approximately 70% of subjects responding to ketamine. Acute dissociative
symptoms were the most common side effect; otherwise ketamine at this dose was
generally well tolerated. These findings were replicated in a similar clinical trial with
treatment-resistant bipolar depression, which again showed a single ketamine infu-
sion led to rapid, robust antidepressant effects, alongside significant improvements
in suicidal ideation (Zarate et al. 2012). Although the antidepressant effects of
ketamine are transient, the response may be maintained with repeated infusions
(Diamond et al. 2014). Other forms of administration (oral, sublingual, intranasal,
intramuscular, subcutaneous) may demonstrate more viable alternatives for repeated
dosing. Nevertheless, additional research is required to fully assess and compare the
safety and effectiveness of repeated dosing across different routes.

6.2.2 Memantine

Memantine is a non-competitive NMDA antagonist which, unlike ketamine, does
not produce dissociative side effects at therapeutic doses. In a small RCT of
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memantine augmentation of lamotrigine in bipolar depression, although a primary
benefit of memantine over placebo was demonstrated at 4 weeks, this effect was not
maintained at the 8-week primary endpoint (Anand et al. 2012). A subsequent larger
RCT exploring memantine augmentation to valproate in bipolar I depression again
found no significant benefit over placebo in terms of response in the severity of
depression (Lee et al. 2014). Of interest, this study found that TNF-a levels were
decreased in the memantine arm, suggesting a potential anti-inflammatory mecha-
nism. An open-label pilot trial in individuals with acute mania associated with
bipolar I disorder found memantine monotherapy to have anti-manic effects at
3 weeks (Keck et al. 2009); however, larger RCTs are required to explore this
further.

6.2.3 Riluzole

Riluzole is an NDMA modulator that is licensed for amyotrophic lateral sclerosis
(ALS) treatment, acting to increase glutamatergic reuptake and enhance the produc-
tion of neural growth factors, including BDNF (Bellingham 2011). Preliminary
results in acute bipolar depression, in an open trial with riluzole added to lithium,
found a significant treatment effect at 4 weeks with no switch observed and good
tolerability (Zarate et al. 2005). However, in a subsequent RCT of 19 subjects with
acute bipolar depression, there were no significant differences in depressive symp-
toms between riluzole monotherapy and placebo groups (Park et al. 2017).

7 Bipolar Disorder and the Cholinergic System

The cholinergic-adrenergic hypothesis of bipolar disorder was first proposed many
decades ago (Janowsky et al. 1972) and suggested that mania was associated with an
adrenergic predominance, while depression was associated with a central cholinergic
predominance. Since this initial hypothesis, converging evidence has supported
cholinergic dysfunction in bipolar disorder. A positron emission tomography
(PET) study demonstrated decreased muscarinic type 2 (M2) binding in bipolar
patients (Cannon et al. 2006); another study has reported reduced muscarinic
receptor binding (M2 and M3) in the prefrontal cortex in bipolar patients (Gibbons
et al. 2009).

7.1 Treatments Targeting the Cholinergic System

The short-acting acetylcholinesterase inhibitor physostigmine has been shown to
lead to rapid but temporary reductions in manic symptoms in a few small case series
(Davis et al. 1978). Augmentation with donepezil, a long-acting acetylcholinesterase



316 M. F. Juruena et al.

inhibitor, was also shown to lead to marked reductions in mania in a small case series
(Burt et al. 1999). However, a subsequent small RCT failed to show any significant
benefit of adjunctive donepezil over placebo in treatment for refractory manic
symptoms (Eden Evins et al. 2006).

Scopolamine, a muscarinic receptor antagonist and NMDA modulator, has also
been examined for potential treatment of bipolar patients. In a double-blind RCT,
including subjects with both major depressive disorder and bipolar depression,
scopolamine administration led to a significant rapid and robust antidepressant
response (Furey and Drevets 2006). An RCT (SCOPE-BD) is studying scopolamine
in bipolar patients in a depressive episode (Hallahan n.d., ClinicalTrials.gov ID:
NCT04211961).

8 Bipolar Disorder and the Melatonergic System

Melatonin is a vital hormone in the brain that is responsible for the regulation of
circadian rhythms but also has essential roles in metabolic, immune, antioxidative,
and mitochondrial functioning (Claustrat et al. 2005). Melatonin exerts its effects
primarily through the MT,; and MT, G-protein-coupled receptors.

There is accumulating evidence on the role of the melatonin system in bipolar
disorder, with studies reporting changes in patters on melatonin secretion and
supersensitivity of light-induced melatonin suppression (Lanfumey et al. 2013).

8.1 Treatments Targeting the Melatonergic System

Agomelatine is a potent MT; and MT, agonist and SHT-2C antagonist and also acts
to increase dopamine and noradrenaline levels (Guardiola-Lemaitre et al. 2014). A
clinical trial in bipolar depression with agomelatine found that 81% of patients
showed greater than 50% response in HAM-D score after 6 weeks (Calabrese
et al. 2007); however, a larger RCT subsequently did not find a difference in
depressive severity between agomelatine or placebo adjunctive therapy (Yatham
et al. 2016).

Ramelteon is an MT; and MT, agonist, which has been shown to improve
depressive symptoms in bipolar disorder with sleep problems (McElroy et al.
2011). Further work has shown ramelteon to be effective in maintaining mood
stability in euthymic bipolar disorder individuals with sleep disturbances (Norris
et al. 2013). Most recently a phase 3 RCT examining the efficacy and safety of
adjunctive ramelteon as a maintenance treatment in bipolar disorder failed to show
the efficacy of ramelteon in preventing relapse in bipolar subjects (Mahableshwarkar
et al. 2017).
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9 Conclusion

In the face of the complex symptomatology of bipolar disorder, there is still a hiatus
in the understanding of its more complex neurobiology and, accordingly, in the
treatment of bipolar disorder. Understanding new biological pathways will provide
data with potential for clinical translation. This update of the neurobiological bases
shows multiple factors probably interact in this complex equation of pathophysiol-
ogy of bipolar disorder, such as genetic, biochemical, psychosocial, and environ-
mental stress events, correlating with the development and severity of the bipolar
disorder. Developing new pharmacological treatment for bipolar patients is crucial;
however, new effective medications can only be developed when we understand
better the neurobiology of bipolar disorder and find novel targets such as those
described in this chapter.
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