Chapter 6
Understanding the Neurobiology of Bipolar
Depression

Araba F. Chintoh and L. Trevor Young

Abstract Despite the extensive research in the field, the precise etiology of bipolar
disorder (BD) is not clear; neither, then, is our understanding of the pathogenesis of
bipolar depression. What we do know is largely gleaned from investigations of
patients with BD irrespective of their mood state. The most consistent neuropath-
ological findings include structural, cellular, and functional changes in cortical and
limbic regions, and most explanations for the illness involve pathways that ulti-
mately result in cerebral atrophy and cell loss. Though many theories have been
proposed, here, the focus is on the current leading hypotheses of mitochondrial
involvement, oxidative stress, the role of inflammation, and neurotrophic factors.
Future research is required with a specific focus on the depressive phase of BD in
addition to the study of biomarkers to aid clinicians in the diagnosis and targeted
treatment of bipolar depression.
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6.1 Understanding the Neurobiology of Bipolar Depression

Despite extensive research in the field, the precise etiology of bipolar disorder
(BD) is not clear. Neither, then, do we have a fulsome understanding of the
neurobiology of bipolar depression. Some insights have been gained from knowl-
edge of the mechanisms associated with major depressive disorder (MDD); how-
ever, it is largely believed that bipolar depression is unique because of its
differential response to conventional antidepressant treatment as well as its diver-
gent prognosis and course of illness. Our understanding of the pathogenesis of
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bipolar depression comes from the investigation of patients with BD irrespective of
their mood state. Few studies focus exclusively on bipolar depression. Subse-
quently, the existing literature exploring the neurobiology of BD is robust but can
be piecemeal with respect to the depressive state. This chapter will feature key areas
of research into the pathophysiology of BD, taking the opportunity to highlight
depression-specific findings where available.

Though many theories have been proposed, here, the focus is on the current
leading hypotheses of mitochondrial involvement, oxidative stress, the role of
inflammation, and neurotrophic factors. Other hypotheses have implicated the
serotonergic system and neurotransmitter dysfunction (see Wang and Young
(2009) for review) but will not be discussed here in detail. The preceding chapter
provides an in-depth discussion of genetic factors implicated in bipolar depression
and so will not be reviewed again here.

We begin with a review of the neuropathological features of BD since most
explanations for the illness involve pathways that ultimately result in cerebral
atrophy and cell loss. Finally, we attend to the future of research in this field,
highlighting the need for biomarkers to guide diagnosis and treatment of this
complex illness.

6.2 Neuropathological Studies Reveal Cellular Loss
in Cerebral Cortical and Limbic Regions

Structural, cellular, and functional changes have long been observed in the brains of
patients with BD. These changes are often classified based on region, allowing
researchers to postulate relationships between neuroanatomy and behavioral corre-
lates of BD. The neural basis of affective states includes the subcortical limbic
system as well as cortical regions like the anterior cingulate cortex (ACC) and
dorsolateral prefrontal cortex (dIPFC). The limbic system comprises primitive
structures (e.g., amygdala, hippocampus, thalamus) essential to one’s ability to
perceive, process, and create memories about emotions and experiences with
emotional valence (Janak and Tye 2015). The cerebral cortex is implicated in
emotion through its extensive connections to the limbic system and other brain
regions. In the cortex, complex sensory information is processed and, through its
connections, the cortex is believed to modulate one’s experience of emotion
(Salzman and Fusi 2010). In BD, neuroanatomical abnormalities are observed in
both limbic and cortical areas, and these changes are fundamental to understanding
the neurobiology of the illness.

The amygdala is widely understood to be the seat of our emotions and is
necessarily implicated in BD, with its prominent affective states. Using MRI to
estimate amygdala volume, Hartberg and colleagues (2015) recently reported a
decrease in left amygdala volume in patients with BD not treated with lithium.
These researchers note that lithium-treated patients displayed larger amygdalar
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volumes, suggesting a neuroprotective effect for lithium. This study corroborates
other evidence linking amygdala structure to BD (Foland-Ross et al. 2012; Inal-
Emiroglu et al. 2015; Kittel-Schneider et al. 2015). Previous reports investigating
volumes and neurons in amygdala of postmortem specimens highlight a decrease in
the size of neuronal cell bodies as well as decreased density of neurons in certain
nuclei of the amygdala.

The hippocampus is known for its role in memory, and the thalamus is known as
arelay station between cortical and subcortical regions; however, both regions play
a key role in regulating emotion and have been implicated in the neurobiology of
BD. Postmortem brain samples from patients with BD have smaller CA1 pyramidal
hippocampal neurons compared to a control population (Liu et al. 2007). Some
reports support a reduction in thalamic volume and support cells in BD patients
(Bielau et al. 2005; Byne et al. 2008). In contrast, there is compelling evidence for
decreased hippocampal volume in MDD coming from both imaging and postmor-
tem brain studies (Campbell and Macqueen 2004). This potentially highlights
different pathophysiological mechanisms in MDD vs. BD.

The ACC is thought to be a hub in the network between our cortical cognitive
capacity and our subcortical limbic emotional experiences, and the subgenual
region of the ACC (sgACC) is particularly implicated in emotion regulation
(Ghaznavi and Deckersbach 2012). In patients with bipolar depression, gray matter
volume, blood flow, and metabolism in the sgACC are decreased. Early investiga-
tion of postmortem ACC specimens from BD patients revealed a deficit in both the
number and density of glia cells, i.e., the nonneuronal cells that play a supportive
function in the central nervous system facilitating neuronal growth and differenti-
ation (Wake et al. 2013). Notably, the structural changes observed in the sgACC
were present in patients with a family history of BD at the outset of their illness
(Hirayasu et al. 1999). Further, recent imaging analyses highlight the functional
connectivity between brain regions and note that the children of patients with BD
are more likely to exhibit atypical connection patterns between cortical neurons
(including the sgACC) and subcortical areas (Singh et al. 2014). Taken together,
these findings suggest that pathophysiologic changes in patients with this disorder
are not entirely due to the damaging effect of repeated mood episodes but can be
present at the outset of the illness. Here again, lithium treatment is associated with a
reversal in the sgACC gray matter volume deficits observed in patients with BD
(Moore et al. 2009). In addition, response to ketamine—whose novel therapeutic
use shows efficacy in treatment-resistant depression—is linked to sgACC activity
in patients with bipolar depression (Nugent et al. 2014) (Fig. 6.1).

The dIPFC is implicated in attention and executive functioning—patients with
BD have long been known to have decreased performance on tasks that require
these cognitive capacities (Rubinsztein et al. 2006; Taylor and Abrams 1987). The
dIPFC has also been identified as a central locus in the cortical emotional
processing network that plays a role in cognitive reappraisals of emotionally salient
events (Morawetz et al. 2016). Thus, it is expected that the dIPFC is a region
fundamental to the pathophysiology of BD where maladaptive affect regulation and
extreme appraisals of affective states are key deficits (Palmier-Claus et al. 2015).
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Fig. 6.1 Areas where regional metabolic rate of glucose (r'MRGlu) following placebo infusion

was significantly correlated with percent improvement in Montgomery—Asberg Depression Rating
Scale (MADRS) score following ketamine administration. Crosshair is centered on the finding in
the subgenual anterior cingulate cortex (sgACC), but the cluster with the peak voxel is in the dorsal
cingulate. Image threshold at p < 0.05 uncorrected. The extent threshold was set such that only the
clusters remaining significant after correction for multiple comparisons (Pcorrecteqd < 0.01) are
shown (Nugent et al. 2014). Reprinted with permission from Nugent et al. (2014), Fig. 2

Indeed, patients with BD display deficient connections between the dIPFC and
subcortical limbic regions, suggesting a possible mechanism for emotion
dysregulation in BD (Radaelli et al. 2015).

Examination of the cellular architecture of the dIPFC found decreased density of
glial cells in certain cortical layers of brain specimens of BD patients. Studies also
observed a significant reduction in the number of pyramidal neurons with a trend
towards decreased neuron size. Subsequent studies inspecting postmortem samples
corroborated these results. MRI quantifying volume of gray matter showed
decreased dIPFC volumes in children and adolescents with BD (Adleman
et al. 2012), suggesting that these structural changes may underlie the pathogenesis
of BD.
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These above-noted structural abnormalities are widely accepted as fundamental
to the pathology of BD, though the mechanisms that underlie these changes remain
unclear. In the next section, we describe some of the potential models that lead to
cell loss including work from our own laboratory.

6.3 Proposed Mechanisms Underlying Cortical and Limbic
Cell Loss

The proposed mechanisms thought to underlie these structural brain changes fall
loosely into two categories: (1) processes that increase destruction of neuronal cells
or (2) processes with dysfunctional neuroprotective mechanisms. We begin by
examining the role of mitochondrial dysfunction and the destructive impact of
oxidative stress and then explore the role of inflammation before concluding with
a discussion of neurotrophic factors.

6.3.1 The Role of Mitochondrial Dysfunction

The past 20 years have seen a growing literature supporting the concept of dys-
functional mitochondrial energy metabolism in the pathogenesis of
BD. Mitochondria are ubiquitous organelles providing cellular energy in the form
of adenosine triphosphate (ATP). Energy is created via the process of oxidative
phosphorylation, i.e., the transfer of electrons via mitochondrial membrane proteins
(the mitochondrial electron transport chain (mETC)) and creation of a proton
gradient. The mETC is a series of protein complexes (I-V) situated in the inner
mitochondrial membrane. Protons are shuttled across these complexes and the
resulting electrochemical gradient allows for the transfer of electrons to an oxygen
molecule (i.e., reduction of oxygen) and the creation of ATP.

Reactive oxygen species (ROS) are formed as a byproduct of oxidative phos-
phorylation. These compounds have both physiological and pathological functions.
In our normal physiological state, we utilize endogenous antioxidants to counteract
the pathological or harmful effects of a buildup of ROS. Human brain tissue is
specifically susceptible to ROS damage because of its high oxygen content and
ROS overproduction; alternately, ROS that overwhelm the endogenous antioxi-
dants can create neuronal damage specifically targeting lipids (key in neuronal
membranes), proteins, and DNA (Moniczewski et al. 2015). The pathological
effects of ROS, or oxidative stress, are reflected via a number of peripheral and
central indicators and are associated with the pathophysiology of BD. ROS levels
are elevated in BD, and it has been suggested that this likely reflects deficient
energy metabolism resulting from mitochondrial dysfunction (Wang 2007). Many
lines of evidence highlight a role for mitochondrial dysfunction in BD; for instance,
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the mitochondria of patients with BD exhibit morphological changes and distribu-
tional abnormalities within cells (Cataldo et al. 2010).

Patients differentially express genes related to energy metabolism with
decreased expression of genes encoding for certain mitochondrial subunits, and
downregulation of mitochondrial genes has been observed (Kato 2007; Naydenov
et al. 2007; Sun et al. 2006; Washizuka et al. 2005). In depressed patients with BD,
there is evidence for an increase in the expression of genes encoding for the
mitochondrial ETC that is hypothesized to reflect an increase in turnover of
mitochondria in this population (Beech et al. 2010).

Increased lactate levels have been found in brain tissue and cerebrospinal fluid
from patients (Kato et al. 1992; Regenold et al. 2009). Earlier research by Kato and
colleagues identified decreased intracellular pH in patients with BD, while a
significant increase in pH was observed in patients during a depressive state
(Kato et al. 1992). Low pH is associated with an increase in lactate—the byproduct
of anaerobic glycolysis, which is the alternative energy-generating process arising
when the function of mitochondria is reduced. The process of oxidative phosphor-
ylation in mitochondria is meant to be the main source of cerebral energy, but in
conditions of mitochondrial dysfunction, there can be a shift to anaerobic glycolysis
and, subsequently, an accumulation of lactate. There is some evidence to suggest
that it is the increase in lactate—following a state of mitochondrial dysfunction—
that accounts for the reduced pH in patients with BD. It has been suggested that the
increase in intracellular pH observed during the depressive state might reflect the
brain’s attempt to correct pH imbalance (Kato et al. 1992; Stork and Renshaw
2005).

Phosphocreatine (PCr) is created from creatinine and ATP and functions as an
energy store for use during acute neuronal activity (MacDonald et al. 2006). Chron-
ically decreased levels of PCr are indicative of mitochondrial dysfunction as
evidenced by low brain PCr levels in other known mitochondrial disorders
(Barbiroli et al. 1993; Chaturvedi and Flint Beal 2013; Eleff et al. 1990). Reduc-
tions in PCr have long been noted in BD, with research identifying low focal levels
of PCr in the left frontal lobe of patients in the depressed state (Kato et al. 1994,
1995; Moore et al. 1997).

In all, there is impressive evidence supporting a role for mitochondrial dysfunc-
tion in the pathophysiology of BD. Oxidative stress is implicated as a proposed
mechanism generating the brain atrophy and decreased cell density expressed in the
population. Though data describing associations of oxidative stress and BD are
abundant, the direction of the association remains unknown—does BD create
oxidative stress or does oxidative stress create a milieu in which BD can develop?

6.3.2 Mitochondrial Dysfunction Leads to Oxidative Stress

Lipid peroxidation refers to the specific oxidative stress damage to lipids. This
damage is key in CNS pathology because of the high content of lipids in white
matter in the brain. Thiobarbituric acid reactive substances (TBARS) are
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byproducts of lipid peroxidation that can be quantified from serum samples.
Elevated serum levels of TBARS were quantified from a population of BD patients
in various affective states (i.e., mania, depression, and euthymia (Andreazza
et al. 2007a; Kunz et al. 2008)). Marked elevations were noted in manic patients,
though levels in depressed patients were also increased (Kunz et al. 2008).
Bannerjee and colleagues investigated the effects of lithium on TBARS and
found that BD patients had elevated serum TBARS and that lithium treatment
significantly reduced markers of lipid peroxidation (Banerjee et al. 2012).

4-Hydroxy-2-nonenal (4-HNE), another marker of lipid peroxidation, is signif-
icantly increased in the postmortem brain specimens of patients with BD (Wang
et al. 2009). Notably, the 4-HNE was sampled from cells of the ACC—a region
with noted structural deficits and highlighted as key in the pathogenesis of BD
(discussed above in Sect. 6.1.1). This postmortem sample included patients who
had received pharmacological treatment for BD; however, subsequent analysis
suggest that the differences identified were indicative of the pathological process
in BD rather than changes induced by chronic medication (Wang et al. 2009).
Malondialdehyde (MDA) is created when ROS degrade cellular lipid components,
and peripheral serum levels of MDA are increased in patients with BD compared to
nonpsychiatric controls (Can et al. 2011). Interestingly, post hoc analyses that
stratified patients by medication subtype found that those on a combination of
antidepressant and antipsychotic medication (a popular combination in bipolar
depression) exhibited decreased serum MDA values. In addition, the impact of
antipsychotics and antidepressants suggest that they modulate antioxidant capacity
to combat oxidative stress (Tang and Wang 2013). Recent evidence links lipid
peroxidation measured peripherally to changes in white matter tracts, which may
underscore the importance of this process to the pathophysiology of BD (Versace
et al. 2014). These findings also identify a potential biomarker to be measured in
blood and might specifically reflect changes in brain in this disorder (Fig. 6.2).

Similarly, proteins are vulnerable to oxidative stress damage that can be mea-
sured by protein carbonylation, and when ROS attack amino acid side chains of
proteins, 3-nitrotyrosine (3-NT) is formed. Increased levels of protein carbonyla-
tion (i.e., oxidative stress damage of proteins) have been detected in BD patients in
anumber of studies. Kapczinski and colleagues quantified serum levels of 3-NT and
found a positive correlation with BD patients in a depressive state (Kapczinski
et al. 2011).

8-Hydroxy-2-deoxyguanosine (8-OHdG) is measured to detect ROS-induced
DNA damage. Levels of 8-OHdG are elevated in patients with BD and correlate
positively to number of previous manic episodes (Soeiro-de-Souza et al. 2013).
Longitudinal observation of 8-OHdG levels across the affective states in BD found
elevations in 8-OHdG at baseline, six months, and 12 months, independent of
symptomatology (Munkholm et al. 2015). Other studies corroborate the finding of
increased oxidative damage to nucleic acids of DNA and RNA (D’Addario
et al. 2012; Dell’Osso et al. 2014; Huzayyin et al. 2014).
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Fig. 6.2 Panel (a). The posterior distribution of each white matter (WM) tract is displayed in
isosurface mode. The forceps minor and major are represented in red; the anterior thalamic
radiation in yellow; the angular bundle of the cingulum in light green; the cingulate gyrus of the
cingulum in emerald green; the cortico-spinal tract in purple; the inferior longitudinal fasciculus in
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Fig. 6.2 (continued) orange; the arcuate bundle of the superior longitudinal fasciculus in aqua-
marine; the I1I bundle of the superior longitudinal fasciculus in gray; and the uncinate fasciculus in
blue. All fibers were thresholded at 20 % of their maximum. The background image depicts the
fractional anisotropy (FA) image in color-code convention in one of our participants: voxels with a
red color define left-to-right oriented fibers; voxels with a blue color define inferior-to-superior
oriented fibers; and voxels with a green color define anterior-to-posterior oriented fibers. The
isosurface superimposed on the sagittal view of the colored FA image shows the characteristic
anterior—posterior alignment of the cingulum (green voxels) and the origin of the forceps minor
and major (red voxels in the genu and splenium of the corpus callosum). Panel (b). Error bar graphs
depict the between-group differences in central measures (fop; FA in the left corner and radial
diffusivity (RD) in the right corner) across all WM tracts and in peripheral measures (bottom; lipid
hydroperoxides (LPH) in the left corner and 4-HNE in the right corner) in 24 currently euthymic
patients with bipolar disorder (BD) and 19 gender-matched healthy controls (CONT). Panel (c).
Scatter plot graphs represent the linear relationship between mean FA (left) and mean RD (right)
and LPH across all study participants in the forceps minor. Reprinted with permission from
Versace et al. (2014), Fig. 1

There is strong evidence to support the notion of increased oxidative damage in
BD. Many findings are generally applicable to the illness while others show
selective changes for the depressed state.

6.3.3 Decreased Antioxidant Capacity F acilitates Oxidative
Stress Damage

Oxidative stress damage can be magnified by deficient antioxidant capacity. Some of
our endogenous antioxidants include superoxide dismutase (SOD), catalase, and
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glutathione (Soczynska et al. 2008), and abnormalities in antioxidant activity have
been reported in patients with BD. Though it is reasonable to expect deficient
antioxidant activity if oxidative stress damage were to underlie the pathogenesis
of bipolar depression, some research demonstrates an increase in antioxidant activ-
ity. Andreazza and colleagues identified increases in SOD activity in BD patients
during affective states (both depressed and manic) though not during euthymia
(Andreazza et al. 2007a). Similar results have been replicated (Kuloglu
et al. 2002; Kunz et al. 2008). The authors conceptualize this increase in SOD
activity as an overall deficient state of antioxidant capacity responding to the
increased oxidative stress during an affective (e.g., depressive) episode. Other
studies have reported lower levels of SOD in bipolar depression. Selek and col-
leagues found that SOD levels were significantly lower in patients with bipolar
depression compared to controls, and though these levels improved over the course
of pharmacological treatment, they did not reach the baseline levels in the control
group (Selek et al. 2008). As the brain has limited levels of SOD and catalase,
glutathione plays a primary role as an antioxidant, and literature supports abnormal-
ities of this antioxidant in BD patients (Bengesser et al. 2015; Gawryluk et al. 2011).

It follows, then, that bolstering antioxidant capacity provides a potential treat-
ment option for bipolar depression. N-acetylcysteine (NAC) is a compound that
creates the precursor to glutathione, and administration of NAC can be used to
increase physiological stores of this antioxidant. In one study, patients with bipolar
depression had their maintenance medication augmented with NAC for eight weeks
(Berk et al. 2008) and displayed a significant reduction in depressive symptoms.
These patients were then followed in a randomized, placebo-controlled trial divided
into two groups: one receiving NAC daily for six months and the other placebo. The
NAC group had a prolonged reduction in depressive symptoms (Berk et al. 2011).
Another small study of BD patients supports these data; higher remission rates for
affective symptoms were observed in the NAC-treated patients vs. their control
group (Magalhaes et al. 2011).

6.3.4 Opveractive Inflammatory Pathways Are Implicated
in BD

We now turn our focus to the role of inflammation in BD. This theory is salient in
bipolar depression specifically because the link between markers of inflammation
and clinical states of depression has long been known. There has been extensive
research investigating the role of inflammation and cytokines in MDD (see
Zunszain et al. (2011) for a review), with more recent interest in BD. It is not yet
clear if inflammation has a causative role in the pathogenesis of BD or if manic and
depressive episodes chronically activate the immune system, which then gets
identified by alterations in central and peripheral inflammatory markers. Regard-
less, the role of inflammation is receiving considerable attention in the field, as it is
linked with affective episodes, oxidative stress, and the medical comorbidities
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common in patients with BD. Given the growing research indicating the importance
of the inflammatory process, we take the opportunity to explore the literature here.

C-reactive protein (CRP) is an acute phase reactant protein created in the liver
and released into the bloodstream after acute injury, infection, or other systemic
inflammation (Dargel et al. 2015). Clinically, serum CRP is measured to detect an
acute inflammatory response or to monitor the condition of someone with a chronic
inflammatory illness. Overall, the literature robustly supports elevations of CRP in
BD. Most data highlight a positive correlation between serum CRP and manic
episodes, and there are reports of a similar association in the depressive phase of the
illness (Cunha et al. 2008; Dargel et al. 2015; De Berardis et al. 2008; Dickerson
et al. 2007, 2013; Goldstein et al. 2011).

Cytokines are another class of proteins that are implicated in inflammatory
states. Every cell has the capacity to generate this heterogeneous group of proteins
though specific immune-related cells can enhance their production (e.g., lympho-
cytes) (Miiller and Schwarz 2007). Cytokines can have varied effects depending on
their physiological targets, and these potent molecules tend to be classified as
proinflammatory (i.e., inducing inflammatory responses) or anti-inflammatory.
Alterations in circulating cytokines have been recorded in both manic and
depressed patients with BD with literature supporting a positive association
between proinflammatory cytokines and mood episodes (Goldstein et al. 2011;
Modabbernia et al. 2013; Rao et al. 2010; Su et al. 2011). A comprehensive
meta-analysis of research quantifying peripheral levels of proinflammatory markers
found evidence for elevated levels of cytokines, including tumor necrosis factor
alpha (TNF-a) and interleukin-4 (IL-4) (Munkholm et al. 2013). The studies
appraised included manic, depressed, and euthymic patients. Other data support
differences between these markers based on affective valence, where CRP and
soluble IL-2 receptor (sIL-2R) are consistently elevated in manic episodes, and IL-6
and TNF-a tend to be higher in depressive states (Cunha et al. 2008; De Berardis
et al. 2008; Ortiz-Dominguez et al. 2007).

Pharmacological treatments have varied effects on these inflammatory markers.
Lithium treatment has been implicated as anti-inflammatory, given that a compar-
ison between treated and untreated patients revealed lower levels of cytokines in the
lithium group (Boufidou et al. 2004). Interestingly, in vitro models using cells from
a normal control sample revealed a proinflammatory effect of lithium treatment
(Knijff et al. 2007; Petersein et al. 2015) though other preclinical models identified
a reduction in cytokines with valproic acid (Himmerich et al. 2014).

The role of inflammation in BD is strengthened by acknowledgement of the high
prevalence of certain medical conditions in this population. BD is highly comorbid
with cardiovascular disease and type 2 diabetes mellitus, at rates exceeding those
found in MDD (Angst et al. 2002; Birkenaes et al. 2007). This morbidity, and
subsequent increased mortality, is not immediately related to the factors common in
severe and persistent mental illness (e.g., suicide, exposure to medications, low
income, physical inactivity, obesity, etc.). Inflammation is implicated in the path-
ogenesis of both cardiovascular disease and insulin resistance and, increasingly,
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research is linking these altered inflammatory networks to those that might underlie
BD (Goldstein and Young 2013).

In terms of mechanism, recent research links the overactivation of inflammatory
pathways to oxidative stress. Studies suggest that the overproduction of ROS by the
dysfunctional mitochondrial membrane protein, complex I, can stimulate inflam-
matory networks and increase levels of proinflammatory cytokines. The nod-like
receptor pyrin domain containing 3 (NLRP3) inflammasome is hypothesized as one
mechanism for this activation. The NLRP3 inflammasome is a protein complex that
can gauge oxidative species. In the presence of ROS, NLRP3 activates downstream
inflammatory processes via the enzyme, caspase-1 (LOopez-Armada et al. 2013).
When ROS production is blocked, there is no activation of the NLRP3
inflammasome (Zhou et al. 2011). New research from our lab identified increases
in NLRP3 components specific to mitochondrial samples from patients with BD but
not in other brain or cytoplasmic samples (Kim, HK et al., in preparation). These
findings implicate both oxidative stress and increased activation of the
inflammasome in the pathophysiology of BD.

6.3.5 Oxidative Stress and Inflammation Can Accelerate
Apoptosis

Growing literature highlights the process of apoptosis as central to the morphologic
changes in the brains of patients with BD and oxidative stress. Its subsequent
activation of inflammation has a significant impact on this critical cellular pathway.
Apoptosis is the programmed process of cell death involving an ordered process
with many steps, including cell shrinkage, dissociation of nuclear components,
labeling the cell for destruction, and removal by phagocytosis. Dysregulated apo-
ptotic pathways have been postulated as the mechanism leading to the cell loss and
brain atrophy seen in the brains of patients with BD (Gigante et al. 2011). Reduc-
tions in nuclear size and DNA fragmentation have been observed at higher rates in
patient samples than control populations (Buttner et al. 2007; Munkholm
et al. 2015; Uranova et al. 2001). Further, the amount of DNA damage observed
was positively correlated with depressive symptoms (Andreazza et al. 2007b).

A number of proteins regulate apoptosis. B-cell lymphoma 2 (Bcl-2) denotes one
family of these proteins, and Bcl-2 proteins are considered antiapoptotic—thus
protective of neuronal cells. Brain-derived neurotrophic factor (BDNF), a
neurotrophin, is also considered an antiapoptotic factor. Proapoptotic compounds
include caspase-3, caspase-9, Bcl-2-associated death promotor (BAD), and Bcl-2-
associated X protein (BAX). Analysis of prefrontal cortical samples from brains of
patients with BD revealed abnormal apoptotic pathways (Kim et al. 2010); specif-
ically, the authors identified a decrease in protective, antiapoptotic factors (i.e.,
Bcl-2 and BDNF) and an increase in the expression of proapoptotic factors (i.e.,
BAX, BAD, caspase-3, and 9).
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The link between BD and medical comorbidities was introduced in the section
above. Here, we highlight the association because of the role of apoptosis in cellular
aging. Telomere length is one indication of cellular aging as telomeres are regions
on genetic material that shorten with each cell division in the life cycle; abnormal
apoptotic pathways, as well as oxidative stress, are known to induce pathological
shortening of telomeres (Lindqvist et al. 2015). BD patients have notably shortened
telomeres (Lima et al. 2015), and one study provides evidence for a negative
correlation between telomere length and number of depressive episodes in BD-II
patients (Elvsashagen et al. 2011). The concept of apoptosis-induced cellular aging
synthesizes the morphological changes, mitochondrial dysfunction, inflammatory
associations, and clinical comorbidities seen in BD. Future research will have to
investigate and integrate knowledge about the impact of affective states within this
model.

6.3.6 Growth Factors Are Implicated in Both Oxidative
Stress and Inflammatory Models of BD

Dysfunctional neurotrophic factors are another potential mechanism by which
cellular atrophy may occur. In general, neurotrophic factors are proteins responsible
for the growth and maintenance of neurons and their support cells. They act by
binding to tyrosine kinase receptors and initiating a cascade of events that inhibits
apoptotic pathways. This suggests an alternative or potentially synergistic mecha-
nism underlying the cell loss and brain atrophy observed in the brains of patients
with BD. The neurotrophins of the nerve growth family are heterogenous and
include BDNF, neurotrophin-3 (NT-3), and NT-4/5. Glial cell line-derived
neurotrophic factor (GDNF) and vascular endothelial growth factor (VEGF) are
other growth factors connected to the progression of mood disorders. To date, the
bulk of the research has focused on BDNF in BD, though evidence does implicate a
role for other growth factors.

BDNF is the most widely studied neurotrophin, and is implicated in the neuro-
biology of BD via a number of proposed mechanisms. BDNF is a key protein in
regulating the survival of neurons in both the central and peripheral nervous system.
As a growth factor, BDNF plays a role in promoting the development and differ-
entiation of neurons and synapses. It is also negatively correlated with measures of
oxidative stress (Kapczinski et al. 2008). The concept of neuronal growth and
survival is fundamental and underlies the idea that low levels of BDNF create an
inability to protect the survival or promote the growth of neurons in the brain areas
implicated in BD (Hashimoto 2010). Patients with the BDNF polymorphism gene
(resulting in deficient BDNF activity) had the smallest hippocampal volumes
compared to patients homozygous for the gene and nonpsychiatric controls
(Chepenik et al. 2009). Other data demonstrate decreased volume of the ACC in
patients carrying the polymorphism gene vs. homozygotes (Matsuo et al. 2009). It
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has also been suggested that dysfunctional BDNF activity prevents neuroplasticity
and malformation of specific cortical and subcortical regions, given that the BDNF
polymorphism gene is associated with childhood, adolescent, and early onset BD
(Inal-Emiroglu et al. 2015). Decreased peripheral BDNF levels have been observed
during both episodes of depression and mania (de Oliveira et al. 2009; Fernandes
et al. 2009, 2011; Machado-Vieira et al. 2007). Finally, there exist data to support
the notion that BDNF levels improve with pharmacotherapy (Dwivedi and Zhang
2015; Yasuda et al. 2009). Of interest, ECT—one of the few known effective
options for treatment resistant depression in BD—increases BDNF in multiple
brain areas and, further, chronic convulsive stimuli can generate regrowth of
neurons.

Levels of NT-3 and NT-4/5 are increased in manic and depressive episodes
(Loch et al. 2015; Rybakowski et al. 2013; Walz et al. 2007). Loch and colleagues
specifically investigated depressed patients with BD who were medication free at
the time of study entry. Their baseline levels of NT-3 and NT-4/5 were elevated
compared to healthy controls, and these levels did not change significantly after
six weeks of lithium treatment (Loch et al. 2015).

GDNF has been investigated in BD with mixed results. Some studies reported a
decrease of this neurotrophin in BD patients during manic and depressive phases
(Takebayashi et al. 2006; Zhang et al. 2010), while others reported an increase or no
difference compared to euthymic patients or healthy controls (Otsuki et al. 2008;
Rosa et al. 2006; Rybakowski et al. 2013; Tunca et al. 2015).

VEGF is not a neurotrophic factor, but a growth factor involved in the develop-
ment and proliferation of blood vessels. It is believed that VEGF is implicated in
CNS diseases through its impact on cerebral vasculature (Scola and Andreazza
2015). In BD, there is evidence to support increased peripheral levels of VEGF (Lee
and Kim 2012; Shibata et al. 2013) and a role for VEGF in response to treatments
specific to bipolar depression. The association of VEGF and BD can be linked to
our earlier discussion of inflammation and cardiovascular comorbidity.
Vasculogenesis and endothelial dysfunction are implicated in the pathophysiology
of cardiovascular disease (with a role for both VEGF and BDNF), and the hope is
that future research will elucidate how these changes in growth factors are involved
in the pathogenesis of both these physical and mental illnesses (Goldstein and
Young 2013).

6.4 Neurobiology of BD: The Past, Present, and Future

Over 20 years ago, Post proposed the “kindling” hypothesis of BD (Post 1992). He
acknowledged that psychosocial stressors are important as triggers for mood epi-
sodes in early BD and theorized that subsequent neuropathological and genetic
changes could sensitize the brain, resulting in autonomously triggered mood epi-
sodes later in the illness. This work integrated biopsychosocial evidence available
at the time and presented a comprehensive theory for the neurobiology of BD.
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Table 1. Clinical staging in bipolar disorder.
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Latent At risk for developing BD, Polymorphisms that No impairment 4 Exposure to Good prognosis
positive family history, confer susceptibility pathogens when protected
mood or anxiety 1o BD from pathogens
symptoms without criteria
for threshold BD
I Well-defined periods of T TNF-a No impairment Mood stabilzer Good prognosis with
euthymia without overt T 3-nytrotyrosine monotherapy; careful prophylaxis
psychiatric symptoms psychoeducation
Il Symptoms in interepisodic T TNF-a Transient impairment  Combined treatment  Prognosis depends on
periods related to 1 BDNF (pharmacotherapy + how well comorbidities
comorbidities T 3-nytrotyrosine psychotherapy; focus  can be managed. Worse
on the treatment of than stage |
comorbidities)
m Marked impairment in Morphometric changes  Severe cognitive Complex regimens Reserved prognosis;
cognition and functioning in brain may be present  impairment associated usually required; rescue therapy required
TTNF-a with functioning consider innovative
1 BDNF impairment (unable to strategies
T 3-nytrotyrosine work or very impaired
performance)
L Unable to live Ventricular enlargement  Cognitive impairment  Palliative; Poor prognosis

autonomously owing to

and/or white matter

prevents patients

daycare center

cognitive and functional  hyperintensities from living
impairment T TNF-a independently
1 BDNF

T Glutathione reductase
and transferase
T 3-nytrotyrosine

BD: Bipolar disorder, BDNF: Brain-derived neurotrophic factor

Fig. 6.3 Reprinted with permission from Kapczinski et al. (2009), Table 1

In the intervening years, however, advances in research techniques both in
psychiatry and other fields have given rise to the staging model of BD (Kapczinski
et al. 2014). In a similar fashion, this model aims to integrate the many dimensions
of BD and outlines a series of progressive stages from a latent phase to the
significantly symptomatic Stage IV, where patients have substantial functional,
clinical, and cognitive impairments (Fig. 6.3). The model is presented as a means
to target and predict response to treatment. Indeed, one common criticism in the
field of psychiatry is that our diagnostic structure relies largely on patients’
accounts of their subjective experience and collateral interpretations of behavior
change, as well as our own clinical observations. This diagnostic process can lead to
misdiagnosis and inefficient or inappropriate treatment. Undertreating bipolar
depression has a significant impact on both patients and their support networks as
sustained depressive symptoms can be incredibly debilitating.

Peripheral biomarkers are fundamental to the staging model, as the hope is that
they can be used to identify the neuroprogression at different stages of BD. The
concept of biomarkers is at the forefront of research now with a global acknowl-
edgement of a need for biologically valid markers that can aid in early identifica-
tion, diagnosis, and treatment of those with mental illness. The neurobiological
pathways described in this chapter highlight some of the most promising areas for
future development. Markers of oxidative stress, lipid peroxidation, protein car-
bonylation, inflammation, apoptosis, and neurotrophin status are all potential areas
for investigation.
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6.5 Summary

Knowledge about the neurobiology of bipolar depression is gleaned largely from
what is known about the pathophysiology of BD in general. Cell loss and brain
atrophy in cortical and limbic areas are consistent findings and specific to
BD. Though the mechanisms underlying these morphological changes are not
fully understood, promising hypotheses include oxidative stress induced by mito-
chondrial dysfunction and dysregulated inflammatory processes. These potential
mechanisms are thought to lead to an increase in apoptosis. Neurotrophins are also
implicated in the pathophysiology of BD with links to both oxidative stress and
inflammation. The future of this field will depend on research with a specific focus
on the depressive phase of BD as well as the study of biomarkers to aid clinicians in
the diagnosis and targeted treatment of bipolar depression.
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