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Lay Abstract

Bipolar disorder (BD) is a mental health disorder characterized by rotating periods
of depression and mania, which is when the individual experiences symptoms of extreme
energy or irritability. Scientific studies investigating BD have shown abnormalities in the
brain, compared to healthy individuals. These changes have been related to many deficits
observed in BD such as cognitive impairments. Changes in the brain can be difficult to
assess due to the need of medical imaging such as magnetic resonance imaging. As a
result, it is crucial we find alternative methods to assess these changes. Biological
markers in the blood may be able to provide an accessible and comparatively cheaper way
to attempt to analyze changes in the brain. This thesis explores the association between
blood-based biomarkers and changes in the brain. Specifically, we discuss in detail all the
markers that have been studied in relation to changes in white matter and myelin content
and further introduce two additional markers that were different in individuals with BD
compared to healthy individuals. This thesis provides preliminary data that can help to
better understand the biological basis of BD, specifically how certain mechanisms can
potentially be associated with changes in the brain and how to evaluate these alterations

through blood.
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Abstract
Introduction: Bipolar disorder (BD) has widely been reported to display deficits in brain

morphology, specifically abnormalities in white matter (WM) and myelin content. These
deficits have been hypothesized to underlie cognitive dysfunction in domains such as
verbal memory and executive function, which stresses the need to better understand the
pathophysiology of these deficits and BD. Blood-based biomarkers provide an accessible
route to analyze biological differences observed in BD compared to healthy control (HC),
such as WM deficits. In this thesis, we first describe the extant literature thus far that has
investigated any blood-based biomarkers related to WM and myelin content in BD to
demonstrate the associations that have been reported to stress the possibility of using
blood-based biomarkers as a proxy for WM deficits. We then expand on the literature by
examining the association between peripheral neurofilament light chain (NfL) and
intracortical myelin content (ICM). We then conclude by examining a novel biomarker,
mesencephalic astrocyte-derived neurotrophic factor (MANF), which has been shown to
reduce endoplasmic reticulum (ER) stress in BD. ER stress has previously been observed

to reduce cellular resilience and increase cell death in BD.

Results: Based on our analysis, a wide range of blood-based biomarkers, including

markers within the innate immune response, cytokines, and oxidative stress, were
associated with neuroimaging markers of WM and myelin content in BD. Furthermore,
NfL was associated with areas of the brain that have previously been observed to display

deficits in ICM. In addition, NfL was significantly increased in BD compared to HC,
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providing further evidence of a neurodegenerative process in BD. Lastly, MANF was
reduced in individuals in a depressive phase of BD compared to HC and euthymic
individuals, suggesting an inadequate response to ER stress and further supporting the

literature that BD is associated with increased ER stress.

Conclusion: The results of this thesis underscore the significant role of blood-based

biomarkers in better understanding BD pathophysiology. The identification of key
differences in blood-based biomarkers in BD compared to HC, and their association with
brain morphology, particularly myelin integrity, can help to improve our understanding of
BD and encourages further studies. This thesis expands on current literature and provides
novel findings regarding peripheral markers in BD pathophysiology, and that blood-based

biomarkers may serve as a proxy for central changes.

Keywords: Blood-based biomarkers, bipolar disorder, myelin, endoplasmic reticulum

stress, neurofilament light chain, neurodegeneration, intracortical myelin, mesencephalic

astrocyte-derived neurotrophic factor
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Chapter 1: Introduction

1.1 Bipolar Disorder Overview

Bipolar disorder (BD) is a chronic and detrimental neuropsychiatric disorder
characterized by alternating episodes of depression and mania’hypomania (Grande et al.,
2016). Roughly 3% of the world's population is diagnosed with BD and it is among the
top 20 disease causes of disability in the world (Merikangas et al., 2011; Virgo et al.,
2016). In addition, BD is often comorbid with other medical conditions and psychiatric
disorders; this can include chronic disorders such as type 2 diabetes, obesity,
cardiovascular disease, migraines, personality disorders, and attention deficit-
hyperactivity disorder (Carvalho et al., 2020; Rowland et al., 2018). Furthermore,
individuals with BD are also at risk of developing anxiety and substance use disorders
(Carvalho et al., 2020). The disruption in mood and the presence of comorbid conditions
can worsen prognosis and disease burden on the individual and their families, stressing

the need to better understand the pathophysiology of BD.

BD onset peaks around the ages of 15-24 (Miiller-Oerlinghausen et al., 2002) and is
currently diagnosed in Canada using the American Psychiatric Association’s Diagnostic
and Statistical Manual of Mental Disorders (DSM 5-TR, 2022). Using the DSM, the
clinician assesses the presenting symptoms, which are then categorized to determine the
presence of one of three distinct diagnoses: bipolar I, bipolar II, and cyclothymic disorder.

For an individual to be diagnosed with BD I, the individual must have experienced a
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manic episode, with a duration of at least one week, where the individual experienced
extreme energy or irritability almost every day for most of the day. The person must also
demonstrate at least three of the following symptoms: reduced need for sleep despite
diminished sleep, rapid speech, distractibility, inability to control thoughts that are
quickly changing from one topic to another while speaking, increased risk-taking and
impulsive behaviours, and increased motor activity such as feeling restless. Individuals
with BD I can also experience periods of depressive/hypomanic mood. Regarding BD 11,
the individual must have experienced a minimum of one major depressive episode and
one hypomanic episode. Hypomania is a less severe version of a manic episode, needing
only to last four days to meet diagnostic criteria. A major depressive episode is
characterized by severe bouts of despair or sadness for at least two weeks. Lastly,
individuals with cyclothymic disorder frequently experience less severe episodes of
hypomania and depressive symptoms, which fail to meet the criteria for hypomanic and
depressive episodes seen in BD I and II. (American Psychiatric Association,

2013).

Currently, BD is primarily treated through pharmacological intervention using
medications often referred as “mood stabilizers,” such as lithium and atypical
antipsychotics, as well as with antidepressants. Since BD is a lifelong disorder, one of the
focuses of treatment is to prevent the individual from experiencing severe mood episodes.
Psychotherapy can be used in addition to medication to educate the individual and their

family regarding the disorder, symptom management, identifying triggers, and to increase
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medication adherence. While current treatments have been shown to improve BD
symptomology and prognosis (Geddes & Miklowitz, 2013), how the medications work
has yet to be fully understood, and the exploration of biological correlates of BD is

heavily needed to improve current interventions and guide new targeted drug discoveries.

1.2 Cognitive Deficits in BD

Among the many symptoms experienced by individuals with BD, cognitive deficits
have been thoroughly investigated and are associated with the severity of the disorder,
clinical outcomes such as hospitalization and number of mood episodes, and overall
quality of life (Robinson et al., 2006; Sanchez-Moreno et al., 2009). A previous meta-
analysis reported that cognitive domains, including memory, attention, executive
functioning, and processing speed are negatively impacted during manic and depressive
episodes. Interestingly, these deficits persist even during euthymia, a term that describes a
stable mood state when symptoms are in remission. This suggests that these cognitive
deficits are more trait-like characteristics of these disorders rather than mood-dependent

symptoms (Cullen et al., 2016).

Cognitive deficits have been associated with functional impairments in many areas of
life. For example, impairment in attention, verbal memory, and executive functioning
have been associated with decreased academic and workplace performance.

Unsurprisingly, these deficits have also been associated with unemployment and
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negatively impact students' ability to perform well academically (Depp et al., 2012;
Sanchez-Moreno et al., 2009). In addition, cognitive impairment is also associated with
lower scores in quality-of-life scales, contributing to decreased independence, fewer
social interactions and decreased satisfaction towards overall quality of life (Sanchez-

Moreno et al., 2009).

As dementia is a cognitive-related domain, emerging literature investigating the
progression of BD in later life suggests that individuals with BD may be at increased risk
of developing dementia compared to healthy control (HC) (Diniz et al., 2017). Previous
studies analyzing the prevalence of dementia in BD have also reported that older adults
with BD had a much higher rate of dementia, which may be a result of the chronic
inflammation and oxidative stress observed in BD and potential side effects of medication
such as antipsychotics, which can negatively impact cognition over long term use (Diniz
et al., 2017; Coupland et al., 2019). As a result, the pathophysiology of the deficits seen in

BD needs to be further studied to improve the quality of life of these individuals.

With overall quality of life being negatively impacted, it is understandable why
individuals with BD are also at a much higher risk of committing suicide. A recent review
in 2019 by Dome et al. reported that individuals with BD have a lifetime risk of suicide
that is 10-30 times higher than HC; approximately 20% of untreated individuals with BD
die by suicide. Furthermore, a 2020 meta-analysis by Hawton et al. found that the risk of

suicide is highest during episodes of depression and mixed episodes, which is further
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exacerbated when the individual experiences significant bouts of impulsivity and
hopelessness. Additional risk factors reported include comorbid substance use, previous
suicide attempts, and rapid cycling of mood (Hawton et al., 2020). The consequences of
BD and its impact on society can't be understated. Individuals with BD can experience a
great deal of stigma and interpersonal conflicts, and the haphazard onset of mood

episodes can also increase social isolation and reduce social support.

1.3 Neuroimaging in BD

Recent studies investigating brain morphology in individuals with BD have provided
insights into structural differences within specific brain regions compared to HC (Hibar et
al., 2016). In general, larger ventricles have been reported in BD and overall reductions in
grey matter volume in areas such as the thalamus, anterior cingulate cortex, and the
hippocampus have been found (Hibar et al., 2016). In addition, there are also reductions
in the left anterior cingulate cortex, while the left amygdala has been reported to be

increased in volume (Sassi et al., 2004; Chen et al., 2004).

One of the most consistent morphological deficits seen in BD is in white matter
(WM), which primarily comprises axon bundles covered systematically by myelin
(Koshiyama, et al., 2020; Wise et al., 2016). WM is located beneath the grey matter and
connects neurons from different brain regions, which serves as a mechanism through
which brain areas can communicate with one another. Within the central nervous system,

myelin is created by oligodendrocytes, a type of glial cell supporting neuronal function
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(Fields, 2010). Myelin primarily comprises hydrophobic phospholipids and other proteins
that cause myelin to have insulating properties. As a result of the composition, myelin is

essential for signal conduction and velocity (Fields, 2010; Nave & Werner, 2014).

Studies investigating deficits in WM and myelin content have consistently reported
white matter hyperintensities (WMHs) found within deep WM compared to
periventricular regions (Silva et al., 2024). WMHs are lesions that are found at
significantly higher rates in BD compared to healthy individuals, who show less instances
of WMHs (Silva et al., 2024). Occurrences of WMHs in BD have been associated with
worse illness severity, higher rates of hospitalization, and higher resistance to
pharmacological intervention (Breeze et al., 2003; Moore et al., 2003). WM deficits are
commonly investigated using two different imaging techniques, magnetic resonance
imaging (MRI), and diffusion tensor imaging (DTI). DTI is an imaging technique that
focuses on the diffusion of water molecules in tissue and provides several indicators of
the structural integrity of the tissue (O'Donnell & Westin, 2011). Compared to healthy
individuals, several large WM networks are affected in BD; the corpus callosum in BD,
which is a structure that connects the two hemispheres and allows for the cross-
communication between the hemispheres, consistently shows reductions in size in BD

individuals (Sarrazin et al., 2015; Wang et al., 2008; Loyd et al., 2014).

While much of the research in BD has primarily focused on myelin content found
within WM, recent studies have provided insight regarding myelin content found within

the cortex, called intracortical myelin (ICM; Sehmbi et al., 2019). Recent studies have
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demonstrated abnormalities in ICM trajectory in BD compared to healthy individuals.
Specifically, ICM in healthy individuals over time follows an inverted U trajectory,
indicating a period where ICM is increased before decreasing as the person ages. In BD,
however, ICM trajectory is more flattened, suggesting deficits in ICM maturation during
a time where ICM levels should be increased (Sehmbi et al., 2019). The association
between ICM and cognitive deficits, specifically verbal memory, has also been reported

previously in BD (Sehmbi et al., 2018).

The existing literature suggests the possibility that changes in brain morphology
may be associated with BD; however, the exact cause of these changes are yet to be
elucidated. It is of much debate whether these changes are the result of BD or cause BD,

and what mechanisms underlie these changes.

1.4 Blood Markers in BD

The need to improve our current understanding of the biological basis of BD is
critical. BD is diagnosed based on symptom presentation during clinical interviews. This
can potentially lead to a misdiagnosis, where BD may initially be misdiagnosed as other
psychiatric illness due to symptom overlap with other disorders, such as major depressive
disorder (MDD), schizophrenia, and anxiety disorders (Post et al., 2010). As a result, this
can delay and prevent the individual from receiving the correct treatment, worsening BD

prognosis (Post et al., 2010). In addition, there is no cure for BD, and treatment primarily
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focuses on managing symptoms and preventing mood episodes from occurring. Thus,
given the risk of misdiagnosis and delayed treatment, it is crucial to investigate the
biological underpinning of BD to discover more objective measures that can supplement
current diagnostic and treatment plans (Post et al., 2010). This can improve the overall
treatment of BD, from diagnosis to treatment to a potential cure in the future. Peripheral
blood-based biomarkers provide an accessible and objective route to investigate

alterations in biological markers that may underlie BD pathophysiology.

Given that BD is a chronic and lifelong disorder that can vary in severity and mood
episodes, having a profile of blood markers that can be assessed from a routine blood test
can help clinicians monitor their disease progression, which can ultimately help to
personalize treatment strategies and prevent further relapses. Treatment response can vary
widely between individuals, necessitating the need to find a more accurate way to plan
treatment. For example, if specific markers are identified that change prior to relapse or
help to determine the severity of a future mood episode, early intervention can help to
treat these episodes. It is crucial to investigate blood-based biomarkers as a potential
avenue to understand BD's pathophysiology better and improve diagnosis and treatment

plans.
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1.4.1 Neurotrophic Factors

Neurotrophic factors, which are proteins that help with neuronal development,
maintenance, and function, have been widely investigated in BD (Johnson et al., 2011;
Skaper et al., 2018). Within the BD literature, the most widely investigated neurotrophic
factor is brain-derived neurotrophic factor (BDNF). Studies investigating BDNF function
have reported that it plays a key role in neuroplasticity, memory, learning, and regulating
mood (Grande, Fries, Kunz, & Kapczinski, 2010). BDNF has been reported to be
significantly reduced in individuals with BD compared to HC; specifically, individuals in
manic or depressive states have been shown to have lower BDNF concentration than HC
and euthymic individuals (Fernandes et al., 2011; Monteleone et al., 2008). It is possible
that reduced BDNF may underlie structural changes observed in the brain and cognitive
deficits. For example, previous studies have shown that BDNF level mediated age-related
reduction of hippocampus volume, whereby reduced concentration of serum BDNF was

associated with smaller hippocampus (Erickson et al., 2010).

In addition to BDNF, the role of glial cell line-derived neurotrophic factor (GDNF) in
BD has been another area of focus. GDNF is hypothesized to help maintain and promote
the survival of dopaminergic neurons (Chmielarz et al., 2020). Issues with dopamine
transmission have been widely reported and are hypothesized to have a significant role
during manic episodes, where dopamine transmission is increased (Ashok et al., 2017,

Berk et al., 2007). Similarly, GDNF is reported to be increased during manic episodes
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compared to BDNF and reduced during depressive episodes and euthymia, suggesting a
possible correlation between GDNF and dopamine transmission (Tunca et al., 2014).
Interestingly, an effective response to lithium was associated with reduced GDNF
concentration, further suggesting GDNF's role during manic episodes; GDNF may
underlie the overactivation of dopamine transmission during manic episodes (Idemoto et

al., 2021).

Neurotrophin (NT)-3 is another neurotrophic factor that has been reported to regulate
neuronal growth, differentiation, and transmission particularly in the hippocampus
(Ammendrup-Johnsen et al., 2015). Previous studies investigating NT-3 have reported
significantly higher peripheral serum NT-3 concentrations in individuals with BD in
manic and depressive states compared to HC (Fernandes et al., 2010). Furthermore, NT-3
concentration has also been reported to be associated with the severity of depressive
symptoms and is hypothesized to interact with BDNF through mechanisms such as
increasing BDNF mRNA gene expression (Fernandes et al., 2010; Tseng et al., 2016; Pae
et al., 2008). Given previous evidence demonstrating reduced BDNF concentration in
BD, it is hypothesized that NT-3 is increased to compensate for the reduction of BDNF
(Tseng et al., 2016). Lastly, NT-4/5 is another group of neurotrophic factors belonging to
the same group as NT-3 and has been reported to be increased in BD across manic,
depressive, and euthymic states compared to HC and is hypothesized to alleviate
oxidative stress (Walz et al., 2009). However, a 2014 study investigating NT-4/5 in

individuals with BD either in remission or experiencing a manic episode found lower

10
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concentration in individuals experiencing a manic episode compared to HC,

demonstrating the need to better study these two markers (Barbosa et al., 2014).

1.4.2 Cytokines

One class of blood-based biomarkers extensively studied in BD research are
cytokines. Cytokines are a diverse group of small proteins produced by various cells,
including macrophages, lymphocytes, and mast cells. Cytokines play crucial roles in cell
signalling, inflammation, and regulating the innate immune response (Zhang et al., 2007).
Cytokines can alter cellular function by binding to the cells' receptors, triggering a
cascade of intracellular signalling pathways (Zhang et al., 2007). Several pro-
inflammatory cytokines, such as interleukin (IL)-6, tumour necrosis factor-alpha (TNF-a)
and anti-inflammatory cytokines, including IL-10 and transforming growth factor-beta
(TGF-B), have been extensively studied in BD (Lu et al., 2019; Munkholm et al., 2002;
Sayana et al., 2017). TNF-a and IL-6, in particular, play significant roles in inflammation,
immune response, and cellular apoptosis (Zhang et al., 2007). Over the past decade, much
of the literature investigating pro-inflammatory cytokines has included an extensive
profile of cytokines that often includes TNF-a and IL-6, and their receptors, which have
been observed to be increased in individuals with BD. Specifically, those who are
experiencing a manic or depressed state have displayed an increase in TNF-o and IL-6
concentration as compared to those who are euthymic and HC, suggesting a possible

mood state-dependent increase in these cytokines and the activation of the immune

11
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system during mood episodes (Brietzke et al., 2009; Modabbernia et al., 2013;
Munkholm et al., 2013). An increase in TNF-a and IL-6 can produce additional pro-
inflammatory proteins such as C-reactive protein (CRP; Dantzer et al., 2008). CRP has
been studied extensively in relation to BD and has been reported to be significantly
increased in individuals with BD compared to HC and individuals with MDD (Zhang et
al., 2022). Elevated CRP can increase the risk of factors affecting cardiovascular health
such as metabolic syndrome and obesity, along with also increasing neuroinflammation
(Zhang et al., 2022; Lyu et al., 2023; Dantzer et al., 2008). Increased neuroinflammation
can reduce the availability of neurotransmitters such as serotonin, disrupting serotonergic
signalling and leading to depressive symptoms (Roohi et al., 2021). Increased
inflammation can also induce a neurotoxic environment within the brain that can cause
neuronal cells to lyse and harm brain morphology and cognition (Bauer et al., 2014; Tsai

et al., 2022).

In conjunction with pro-inflammatory cytokines, anti-inflammatory cytokines such as
IL-4 have been well studied with the aim to investigate their intricate relationship with
pro-inflammatory cytokines (Kim et al., 2007). Under normal conditions, anti-
inflammatory cytokines such as IL-4 function to suppress pro-inflammatory cytokine
synthesis and regulate the overactivation of the immune response ensuring a normal
immune response, and to counteract the toxic environment caused by chronic increased
inflammation (Gadani et al., 2012). It is possible that an imbalance between pro- and anti-

inflammatory cytokines during mood episodes is caused by a heightened and potentially

12
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dysregulated immune response that may underlie the disrupted mood symptomology seen
in BD. Interestingly, a 2016 meta-analysis showed that adjunctive anti-inflammatory
treatment reduced depressive symptoms in BD, suggesting that increased inflammation
may contribute to a cascade of factors that underlie depressive symptoms in BD
(Rosenblat et al., 2016). However, it is important to note that there are limitations in this
meta-analysis, such as the small sample size and number of studies included, which
reduces the generalizability of the findings. In addition, certain anti-inflammatory
medications such as infliximab, a TNF-a inhibitor, did not significantly improve BD
depressive symptoms compared to placebo (Mclntyre et al., 2019). The relationship
between pro-inflammatory proteins and BD has been shown to be associated with

complex biological mechanisms, and further investigations is warranted.

1.4.3 Kynurenine Pathway

The kynurenine pathway (KP) is the primary catabolic route of tryptophan (TRP),
with more than 95% of TRP catabolizing down the KP. KP begins when TRP is
catabolized into kynurenine (K'YN), which is then followed by the catabolism of KYN
down the neuroprotective arm or the neurotoxic arm of the KP. Kynurenic acid (KYNA)
comprises the neuroprotective arm, while 3-Hydroxykynurenine (3-HK) followed by
quinolinic acid (QA) forms the neurotoxic arm. KYNA is an antagonist of N-methyl-D-
aspartate (NMDA) receptors, which supports the normal release of glutamate. In contrast,

QA is an agonist for NMDA receptors and promotes excessive release of glutamate. In

13
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addition, both 3-HK and QA have been associated with heightened levels of oxidative
stress (Ameele et al., 2020). Previous studies that investigated KP in BD have found
mixed results when comparing KP metabolites to HC (Ameele et al., 2020; Bartoli et al.,
2020; Inam et al., 2023; Marx et al., 2021). Specifically, some studies have shown that
during manic and depressive phases, the kynurenine pathway is affected by other pro-
inflammatory proteins such as TNF-a and is directed towards producing more catabolites
within the neurotoxic arm compared to the neuroprotective arm, which suggests that there
may be a possible neurotoxic impact in the brain (Ameele et al., 2020). These findings
have also been associated with performance on cognitive tests such as verbal memory,
where an increase in metabolites in the neurotoxic arm of the KP was associated with
worse performance on cognitive tests (Platzer et al., 2017). However, there is conflicting
findings across different meta-analyses; a recent meta-analysis reported no significant
differences between BD and HC, while another reported lower levels of the KP
metabolites compared to HC (Inam et al., 2023; Marx et al, 2021). This suggests that

further studies are required to determine abnormalities within the KP in BD.

1.4.4 Oxidative Stress

Another category of biomarkers reported to be associated with BD pathophysiology
include oxidative stress markers. Oxidative stress refers to the toxic imbalance between
reactive oxygen species and the body's ability to remove it, which can lead to cellular

damage (Pizzino et al., 2017). Common markers that have been found demonstrating
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BD’s association with increased oxidative stress include lipid peroxidation, which is
usually assessed by the level of malondialdehyde (MDA) (Andreazza et al., 2008). MDA
is created as a by-product of lipid peroxidation when reactive oxygen species (ROS)
damage the polyunsaturated fatty acids in the cell membrane (Andreazza et al., 2008).
MDA and other aldehydes are often assessed by measuring thiobarbituric acidic reactive
substances (TBARS) (Garcia et al., 2005). Current evidence, including past meta-
analyses, has reported significantly increased levels of TBARS, lipid peroxidation, and
mitochondrial stress in BD, suggesting weakened cell membrane integrity, which can
negatively alter cellular functioning and lead to apoptosis (Andreazza et al., 2008; Brown
et al., 2014; Park et al., 2022). Similarly, nitric oxide (NO), another oxidative stress
marker, is also shown to be increased in BD. NO is a form of reactive nitrogen species
that plays a role in neurotransmission, hormone release, and blood vessel dilation (Brown
et al., 2014). However, other neurotoxic by-products, such as peroxynitrite, can be created
when excessive NO is produced. NO and peroxynitrite can damage DNA, proteins, and

lipids, which may explain deficits observed in BD (Adam-Vizi et al., 2005).

1.4.5 Cerebral Spinal Fluid vs Blood

While blood-based biomarkers are an accessible option to investigate BD, certain
limitations must be considered. One of the most widely debated topics regarding blood-
based biomarkers is whether they are correlated with the concentration measured in

cerebral spinal fluid (CSF). CSF is a liquid produced by the tissues lining the brain's
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ventricles. It primarily protects the brain, provides nutrients, and removes waste (Sakka et
al., 2011; Veening et al., 2010). Molecules measured in CSF are believed to be amongst
the most reliable metrics regarding the concentration of a specific marker in the brain. As
a result, the reliability of blood-based biomarkers is often assessed based on their

association with their CSF equivalent.

Current literature suggests that the association between markers in blood and CSF can
vary depending on the specific marker and their characteristics. The main route through
which markers can enter the periphery depends on their ability to permeate the blood-
brain barrier. As a result, specific characteristics, such as the size and the polarity of the
molecule, can impact the association between the periphery and CSF (Patel et al., 2015;
Persidsky et al., 2006). Specific markers such as BDNF have been studied in blood and
CSF. A 2010 study reported that BDNF measured in plasma was significantly correlated
to BDNF concentration measured in CSF (r=0.509), as BDNF can freely move through
the blood-brain barrier (Pillai et al., 2010). Another marker that has been investigated in
mood disorders to assess the correlation between CSF and blood include CRP. In
individuals with MDD, plasma CRP concentration was strongly correlated to CRP
concentration in CSF (1=0.855; Felger et al., 2018). Additional markers such as
neurofilament light chain (NfL), which is a cytoskeletal protein responsible for
maintaining neuronal structure, has also been shown to be strongly correlated in blood
and CSF (r=0.72) across diseases that affect the central and peripheral nervous system

including MS, Alzheimer’s disease (ALD), and behavioral variant frontotemporal
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dementia (Alagaratnam et al., 2021). Lastly, glial fibrillary acidic protein, a protein that
helps with maintaining cellular structure, specifically glial cells, has also been reported to
be associated between blood and CSF (1=0.4) in primary progressive MS (Eng et al.,

2000; Abdelhak et al., 2019).

While certain biomarkers across different neurological diseases have been observed
to have moderate to strong correlation between blood and CSF levels, other markers have
shown poor associations; these include inflammatory cytokines. A recent meta-analysis of
21 studies, including 27 inflammatory markers, reported a poor correlation between blood
and CSF levels across diseases such as ALD, post-traumatic stress disorder, and dementia
(r=0.21), with IL-6 and TNF-a showing a slightly higher correlation (r=0.26-0.3; Gigase
et al., 2023). A major limitation in the literature is the lack of studies examining the
association between peripheral and central markers in mood disorders including BD and
MDD, limiting the generalizability of the findings to mood disorders. This may be in part
due to the difficulty in collecting CSF when treating individuals with BD. Collecting CSF
can cause significant medical complications and requires inserting a needle into the spinal
column, making it a challenging procedure to use in clinical settings when treating BD
(Kim et al, 2022). Blood provides a more readily accessible path that must be further
investigated as it can provide crucial information during routine checkups with family

doctors that can also further help other clinicians to treat the individual.
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1.4.6 Difficulty in Finding Reliable Blood Based Biomarkers in BD

While blood-based biomarkers can assist in improving our understanding of BD
pathophysiology, it is essential to understand the difficulty in finding reliable blood-based
biomarkers for BD. To find a biomarker that can be used clinically, it needs to be
validated, meaning the marker must demonstrate a high degree of accuracy, sensitivity,
and specificity regarding the outcome that it intends to represent. It must also demonstrate
a high degree of reproducibility in standardized and cost-effective assays that are
minimally invasive, and it must provide useful information that can be interpreted easily
(Pfaffenseller et al., 2013). For example, increased phosphorylated-tau and amyloid beta
plaques have consistently been reported in individuals with ALD and are hallmarks of
ALD diagnosis (Singh et al., 2024). Based on the literature that has reported similar
findings in ALD, a new blood test has recently been developed that uses plasma
phosphorylated tau 217 for ALD diagnosis (Barthélemy et al., 2024; Ashton et al., 2024).
Unfortunately, a similar biomarker has yet to be found in BD. BD is a highly
heterogeneous disorder that can present differently between individuals and has varying
clinical outcomes, disease prognosis, comorbidities, and treatment response. Due to this,
it is challenging to find blood-based biomarkers that can be used to improve the current
treatment regimen. In addition, symptom overlap between other psychiatric disorders,
such as MDD and schizophrenia, makes it more difficult to find reliable markers. For
example, inflammation has also been noted in MDD and schizophrenia (Yuan et al.,
2019). In addition, while inflammation has repeatedly been reported in BD, studies have

reported conflicting findings regarding proinflammatory cytokines, where common
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proinflammatory cytokines are not significantly increased in BD when controlling for
confounding factors such as BMI (Knight et al., 2023). As a result of the heterogeneity of
BD, it is difficult to find a single biomarker to improve our understanding of BD
pathophysiology. As a result, it is necessary to investigate a wide array of biomarkers
encompassing different processes to develop a profile of blood-based biomarkers to better
grasp BD pathophysiology. Recent studies attempting to develop reliable methods to
assess BD using blood have used a composite of blood markers (Tomasik et al., 2024;
Huang et al., 2023). For example, a recent study investigating 630 metabolic markers
from a dried blood spot analysis found that a panel of 17 specific markers including
ceramide, triglyceride, and TRP betaine was moderately able to differentiate BD from
unipolar depression with an area under the receiver operating characteristic curve of 0.71
(p-value < 0.001; Tomasik et al., 2024) Similarity, another study investigating BD using a
composite blood marker profile including markers such as thyroid stimulating hormone,
eosinophil count, follicle-stimulating hormone, and prolactin was able to develop a model
that was able to differentiate BD and MDD with an area under the curve that ranged
between 0.671 to 0.826 (Huang et al., 2023). These preliminary studies support the need

to investigate a combination of markers to better understand BD pathophysiology.

1.5 Aims and Objectives

The general aim of this thesis was to investigate blood-based biomarkers in BD.
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1. In chapter 2, we conducted a comprehensive systematic review to investigate the
association between all blood-based biomarkers that have been investigated in
conjunction with myelin content in BD. This was to demonstrate the possibility of
using blood-based biomarkers as a proxy to investigate changes in brain
morphology.

2. In chapter 3, we investigated peripheral NfL concentration and its association with
ICM in individuals with BD. ICM requires structural imaging and extensive image
processing that makes it difficult to be useful in clinical settings. As a result, the
aim for chapter 3 was to assess the association between ICM levels and NfL,
which can be quantified in blood.

3. In chapter 4, we investigated the novel biomarker mesocephalic neurotrophic
factor (MANF) and immunoglobulin-binding protein (GRP78) in BD and MDD
using peripheral blood and postmortem brain tissue. The aim of this chapter was to
investigate if MANF concentration and gene expression was altered in mood

disorders.

1.6 Hypotheses

1. Prior to conducting the literature search, we expected that a broad class of blood-
based biomarkers would be associated with changes in myelin content and

integrity in BD.
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2. We hypothesized that peripheral NfL concentration would be associated with ICM
deficits in BD, whereby reduced ICM would be associated with NfLL
concentration. We also hypothesized that NfL concentration would be
significantly higher in BD compared to that of HC.

3. We hypothesized that MANF and GRP78 concentration and gene expression
would be reduced in BD and MDD compared to HC in both blood and

postmortem brain tissue.
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Abstract

Objectives: Evidence from diffusion tensor imaging (DTI) and postmortem studies has
demonstrated white-matter (WM) deficits in bipolar disorder (BD). Changes in peripheral
blood biomarkers have also been observed; however, studies evaluating the potential
relationship between brain alterations and the periphery are scarce. The objective of this
systematic review is to investigate the relationship between blood-based biomarkers and

WM in BD.

Methods: PubMed, Embase, and PsycINFO were used to conduct literature searches.
Cross- sectional or longitudinal studies reporting original data which investigated both a

blood-based biomarker and WM (by neuroimaging) in BD were included.

Results: Of 3,750 studies retrieved, 23 were included. Several classes of biomarkers were
found to have a significant relationship with WM in BD. These included cytokines and
growth factors (interleukin-8 [IL-8], tumor necrosis factor alpha [TNF-a], and insulin-like
growth factor binding protein 3 [IGFBP-3]), innate immune system (natural killer cells
[NK]), metabolic markers (lipid hydroperoxidase, cholesterol, triglycerides), the
kynurenine (Kyn) pathway (5-hydroxyindoleacetic acid, kynurenic acid [Kyna]), and

various gene polymorphisms (serotonin-transporter-linked promoter region).
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Conclusion: This systematic review revealed that blood-based biomarkers are associated
with markers of WM deficits observed in BD. Longitudinal studies investigating the

potential clinical utility of these specific biomarkers are encouraged.

Keywords:

Cytokines; innate immune system; kynurenine; myelin; genetics
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2.1 Introduction

Bipolar disorder (BD) is a lifelong illness characterized by episodes of mania or
hypomania that alternate with episodes of depression,! with a peak age at onset of 15-24
years.? BD affects about 3% of the world’s population and ranks among the top 20
leading disease causes of disability worldwide.>* As the first episode of BD is often
depressive and subsequent depressive episodes typically last longer than manic or
hypomanic episodes, BD is commonly misdiagnosed as major depressive disorder.’

BD is known to be comorbid with several chronic medical conditions, such as metabolic
syndrome, obesity, type 2 diabetes, and migraines.>® Furthermore, psychiatric conditions
such as substance use, anxiety, attention deficit-hyperactivity disorder, and personality
disorders have been found to be associated with BD, all of which may increase the burden

of illness and worsen prognosis.®

Individuals with BD have been found to experience difficulties in cognitive
functioning and emotional processing — observations that suggest underlying
abnormalities in brain anatomy, structure, and function.” While the precise etiologies of
BD are not known, evidence from numerous functional magnetic resonance imaging
(fMRI) studies have shown that functional connectivity is impaired in BD,” and
postmortem and diffusion tensor imaging (DTI) studies have demonstrated
microstructural abnormalities in white matter (WM).” !0 Interestingly, deficits in WM

microstructure have been found to correlate with poorer performance in attention,
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working memory, information processing, psychomotor coordination, and executive
function, suggesting a possible mechanism through which cognitive deficits may

occur.®!1

While neuroimaging studies have provided critical information on underlying
pathophysiologic processes in BD, this technology is relatively expensive and is not
readily accessible in most clinical settings. Blood-based biomarkers — which includes
different classes of cytokines such as interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNF-a), oxidative stress markers, and innate immune system markers — have also been
of interest in understanding the physiological basis and consequences of BD.!*-

4 However, whether blood-based biomarkers are a reliable source to assess changes
within the brain is an ongoing debate. Several studies have demonstrated some correlation
between biomarkers in blood and cerebrospinal fluid (CSF) in mood disorders, providing
some validity for the use of peripheral markers. For example, significant associations
between blood and CSF markers have been observed for brain-derived neurotrophic
factor and metabolites within the kynurenine (Kyn) pathway.!>!6 In addition, the blood—
brain barrier, a system of endothelial cells that regulates the passage of substances into
and out of the brain and spinal cord, may have abnormally high permeability in
individuals with BD, which would allow small molecules from the periphery to enter the
brain.!” Furthermore, peripheral blood is more accessible than CSF, and the fact that
specific blood markers are associated with their CSF levels suggests there may be an

association between blood-based biomarkers and WM. Unfortunately, there is still limited
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research on the relationship between the brain and the periphery. Investigating this
relationship further can help to improve our knowledge of BD, since biochemical
compounds within the body may serve as the basis for the morphological changes
observed in the brain.!® Thus, the objective of this systematic review is to investigate the
association between blood-based biomarkers and WM abnormalities in BD, setting the
stage for future studies to test the clinical utility of peripheral markers (e.g., prediction of

treatment response, risk stratification, etc.).

2.2 Methods

This systematic review follows the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines and is registered with the International

Prospective Register of Systematic Reviews (PROSPERO) under ID CRD42021279246.

2.2.1 Search Strategy

The PubMed, Embase, and PsycINFO databases were searched without date,
language, or geographical restrictions. The search was conducted on August 1, 2023,
using the following syntax: (neuroinflammation OR pro-inflammatory OR inflammation
OR microglia activation OR cytokines OR microgl* OR astrocyt* OR astrogli* OR
chemokine* OR interleukin OR kynurenin* OR oxidative stress OR biological markers

OR biological marker OR biomarker OR blood biomarker) AND (bipolar disorder OR

48



Ph.D. Thesis — M.I. Ali; McMaster University — Neuroscience

bipolar disorders OR affective disorder OR affective disorders OR manic OR mania OR
cyclothymic OR manic-depressive disorder OR hypomanic OR hypomania OR

depression OR depress*) AND (white matter OR myelin OR oligodendro* OR axon*).

2.2.2 Eligibility Criteria

In this systematic review, cross-sectional or longitudinal studies reporting original
data which investigated both a blood-based biomarker and WM neuroimaging in BD
samples were included. Reviews, randomized and nonrandomized controlled trials, case

reports, abstracts, conference presentations, and editorials were excluded.

The studies retrieved in the literature search were evaluated independently by two
blinded reviewers (MA and RH) using Rayyan software!® to determine if they met the
predefined inclusion criteria. Any conflicts between the reviewers were resolved by a
third-party reviewer (BWA). The reference lists of the included studies were also

assessed.

2.2.3 Data Extraction

The following data were extracted from each paper by two researchers (MA and

RH): name, country, year, aim of the study, participant information (e.g., sample size,
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control vs. BD), blood biomarker assessed, and main result regarding the relationship

between the blood marker and brain WM and/or myelin content in BD.

2.3 Results

2.3.1 Selection of studies

The literature search yielded 3,746 studies, of which 1,009 were duplicates. Hand
searches were also conducted (n=4). Ultimately, 2,741 articles were screened, of which
2,713 were excluded based on publication type, study outcome, and/or design. Twenty-
eight potentially eligible studies were reviewed in full; five of these were deemed
ineligible as they did not include both a blood-based biomarker and WM neuroimaging.
Thus, 23 studies were included in the current systematic review. The PRISMA flow

diagram is shown in Figure 1.

2.3.2 Study Characteristics

Among the 23 studies included, publication dates ranged from 2008 to 2023.
Sixteen studies were conducted in Italy, three in the United States or Canada, and one
each in Spain, the Republic of Korea, China, and Brazil. Total sample sizes ranged from
31 to 200 participants. All studies assessed the association between blood-based

biomarkers and a neuroimaging technique measuring WM and myelin content in BD. The
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characteristics of the included studies are described in Table 1. Quality assessment of the
included studies was conducted using the Newcastle-Ottawa Scale (NOS), as shown in

Table 2.

2.3.3 White matter and blood-based biomarkers in bipolar disorder

2.3.3.1 Tryptophan breakdown

Three studies investigated the relationship between tryptophan (Trp) breakdown
and WM dysfunction in BD.?%2%3% All three investigated measures of WM, using either
magnetic resonance imaging (MRI) or DTI, focusing on axial, mean, and radial

diffusivity (RD) and fractional anisotropy (FA).

Poletti et al.>* analyzed peripheral levels of Trp, Kyn, and Trp-to-Kyn ratios in
relation to gray-matter and WM volume in BD and healthy controls. The samples
included 72 participants with BD and 33 healthy controls, who were imaged using a 3T
Philips scanner to determine gray- and WM volume. MRI analysis demonstrated
significant negative associations between Kyn/Trp ratio and the volume of multiple brain
regions including the amygdala, corpus callosum, and cortical thickness in frontoparietal
regions. An earlier study conducted by Poletti et al.?? investigated peripheral levels of Trp
and several catabolites including Kyn, kynurenic acid (Kyna), 3-hydroxykynurenine (3-
HK), and 5-hydroxyindoleacetic acid (5-HIAA) in 22 participants with BD and 15

healthy controls. WM integrity was assessed using DTI and tract-based spatial statistics
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with threshold-free cluster enhancement. Their analysis found reduced levels of Kyna and
5-HIAA in BD, which demonstrated a significant association with multiple WM regions
including the cingulum bundle, inferior and superior longitudinal fasciculus, corpus
callosum, uncus, anterior thalamic radiation, and corona radiata. Lastly, Comai et al.*
investigated the relationship between the Kyn pathway, cytokines, and WM in BD and
unipolar depression. Their sample included 100 participants with unipolar depression and
66 with BD. To assess WM integrity, the investigators used DT-MRI and analyzed 27
different markers (Table 1). A negative association was found between Kyn/Trp ratio and
the corpus callosum, body of the corpus callosum, inferior fronto-occipital fasciculus,
corticospinal tract, and external capsule. In addition, Trp was found to have a negative
association with FA in the external capsule, corpus callosum, and body of the corpus
callosum. Regarding the cytokines of interest, only IL-1 was found to be negatively

associated with WM tracts, which included the corpus callosum and inferior fronto-

occipital fasciculus

2.3.3.2 Polymorphisms

Four studies investigated the relationship between genetic polymorphisms and

WM microstructure in BD.23:27:35.36

1.36

Benedetti et al.”° investigated the effects of the serotonin-transporter-linked

promoter region polymorphism (5-HTTLPR) on WM microstructure in BD. The sample
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included 140 inpatients during a depressive episode. Participants who carried the short
allele of the 5S-HTTLPR polymorphism demonstrated significantly higher RD and mean
diffusivity (MD) in comparison to homozygotes of the long allele for the serotonin
transporter gene, which is more common. Higher RD and MD that is perpendicular to the
main axis of a WM tract is believed to represent increased space between WM fibers,
which may be due to demyelination. Poletti et al.?> investigated gene polymorphisms in
sterol regulatory element binding protein transcriptional factors 1 and 2 (SREBF-1 and
SREBF-2), which regulate cholesterol and lipid metabolism. The study sample included
93 participants with BD who were imaged using DTI. In several brain regions, including
the cingulum, corpus callosum, superior and inferior longitudinal fasciculi, and anterior
thalamic radiation, the rs1052717 A/A genotype was associated with increased RD and
reduced FA, which demonstrate a potential role of the SREB pathway in the
demyelination process in BD. FA represents the degree of anisotropic diffusion, which is
hypothesized to reflects the degree of myelination and the integrity of WM tracts. Thus,
lower FA values are believed to reflect lower levels of myelin.* Bollettini et al.?’
investigated CLOCK 3111 T/C and Period3 (PER3) polymorphisms and DTI measures of
WM microstructure in 140 participants with BD type 1. They performed tract-based
spatial statistics analysis on DTI measures of WM for each of the polymorphisms of
interest. Their results demonstrated that individuals with the CLOCK C variant, in
comparison to CLOCK T homozygotes, displayed a widespread increase of MD in

multiple WM tracts. In addition, participants who were PER3 4/4 homozygotes in
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comparison to those who were PER3 5/5 homozygotes had significantly increased RD

and decreased FA in multiple WM tracts, which represents lower levels of myelination.

Lastly, Benedetti et al.®

investigated the relationship between long-term lithium
use and the GSK3-f promoter rs334558 polymorphism on WM microstructure in BD.
Their sample included 70 participants with BD in a current depressive episode, who were
imaged using DTI. Their results demonstrated that the GSK3-f3 rs334558*C gene-
promoter variants and long-term lithium use increased axial diffusivity (AD) in many
WM tracts such as the corpus callosum, forceps major, anterior and posterior cingulum
bundle bilaterally including its hippocampal part, left superior and inferior longitudinal
fasciculus, left inferior fronto-occipital fasciculus, bilateral corticospinal tract, left
posterior thalamic radiation, and bilateral superior and posterior corona radiata. AD value
represents the integrity of axons and the myelin sheath; lower values are thought to reflect
axonal loss and/or loss of bundle coherence. These results suggest that the presence of the

polymorphism in conjunction with lithium use reduces the activity of GSK3-f, which has

been observed to negatively impact imaging markers of WM integrity.

2.3.3.3 Gene Expression

Two studies investigated the association between WM structure and several genes,
including Homerl and IL-1 cluster genes. Benedetti et al.>* investigated the AA risk

genotype of the Homer rs7713917 A>G SNP in 199 inpatients during a major depressive
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episode. Of the 199, 147 were imaged using structural MRI, 50 with blood oxygenation
level dependent (BOLD) functional MRI, and 122 with DTI to measure FA, RD, and MD.
Patients who had the AA genotype displayed lower FA in bilateral frontal WM tracts
including the body of the corpus callosum, superior longitudinal fasciculus, forceps
minor, right cingulum (including hippocampal regions), and in the left hemisphere, the
uncinate fasciculus, anterior thalamic radiation, inferior fronto-occipital fasciculus, and
anterior and superior corona radiata. Papiol et al.?® examined the relationship between IL-
1 cluster (chromosome 2q13) genetic variability, specifically IL-1B and IL-1RN genes,
and brain morphology in 20 participants with BD. The participants were imaged using
structural MRI to obtain data for whole brain gray matter and WM. There were no

significant associations between the cluster of genes and brain WM.

2.3.3.4 Innate Immune System

Three studies investigated the relationship between the innate immune system and
WM integrity in BD.2!3%3! All three of these found significant relationships between
circulating levels of cells involved in the innate immune system and WM integrity. Furlan

et al.2!

explored the relationship between levels of circulating natural killer (NK) cells and
WM microstructure in patients with BD. The study included 30 patients with BD and 36
healthy controls. Researchers conducted multiparameter cytofluorometry analysis of NK

(CD56+) subpopulations, as well as DTI and tract-based spatial statistics. Circulating NK

cells had a positive association with DTI measures of FA; specifically, CD56+TNFa+,
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CD56+INFg+, and CD56+GMCSF+ cells correlated positively with FA measures, and

inversely with RD and MD measures.

Magioncalda et al.’® investigated the relationship between peripheral blood levels
of CD4+ and CD+ T cells (and their subpopulations and cytokines) and WM structure.
These factors were further investigated across each mood state of BD. The study sample
consisted of 60 patients with BD, of which 20 were in mania, 20 in depression, and 20
euthymic. The study also included 20 healthy controls. There was a significant direct
relationship between decreased FA values and reduced frequencies of circulating CD8+
terminal effector memory and CDS + interferon gamma (IFNy) + T cells. Further, there
was an inverse relationship between increased RD values and reduced frequencies of
these same cell subpopulations. Finally, there was a specific correlation between FA-RD
abnormalities in the body of the corpus callosum and left superior corona radiata with
reduced circulating CD8+ terminal effector memory and CD8 + IFNy + T cells in the
manic phase. These relationships were not found in patients who were in the depressed or

euthymic phases. Poletti et al.’!

studied the relationship between T helper cells and WM
structure in 25 depressed individuals with BD and 21 healthy participants. The study used
flow cytometric analyses to determine percentages of T helper cells and their
subpopulations, and DTI with tract-based spatial statistics to analyze WM structure. A

positive correlation between the frequency of circulating proinflammatory Th17 cells and

FA was observed in patients and healthy controls alike, while the frequency of circulating
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anti-inflammatory T regulatory cells correlated positively with higher RD and MD in

patients.

2.3.3.5 Metabolic Markers

Three studies investigated the relationship between body mass index (BMI) and
indexes of WM integrity. Mazza et al.>* investigated the relationship between BMI and
WM abnormalities in 164 depressed participants with BD. The authors calculated the
participants’ BMI, measured serum triglycerides, glucose, and cholesterol, and performed
DTI. BMI was found to correlate negatively with WM. Specifically, BMI correlated
negatively with FA in several WM tracts in the brain such as the bilateral anterior
thalamic radiation, bilateral anterior corona radiata, and right inferior fronto-occipital
fasciculus, and positively with RD and MD in the corpus callosum. A positive correlation
was also found between BMI and AD in the left superior corona radiata and the left
anterior thalamic radiation. Versace et al.!® investigated the relationship between
peripheral measures of lipid peroxidation (serum measures of lipid damage) and WM
integrity. The study sample consisted of 24 patients with BD and 19 healthy controls.
Researchers conducted DTI and probabilistic tractography to compare FA, RD, and
longitudinal diffusivity (L1), and examined serum lipid peroxidation via levels of lipid
hydroperoxides (LPH, an early-stage biomarker of lipid peroxidation) and 4-hydroxy-2-
nonenal (4-HNE, a late-stage biomarker of lipid peroxidation). Analysis revealed that

patients with BD showed significantly greater RD and reduced RA overall compared to
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controls. LPH variance was found to explain 59% of the variance in FA, and 51% of the

variance in RD in WM tracts. There were no differences between groups in 4-HNE levels.

Lastly, Reckziegel et al.>

investigated BMI and C-reactive protein (CRP) and its
association with WM in 35 participants with BD and 66 healthy controls. They measured
WM integrity using DTI, focusing on FA. BMI was able to predict FA in several brain
regions in the BD group, but when CRP was added to the analysis, it did not mediate the

association between BMI and FA.

2.3.3.6 Cytokines and Growth Factors

Five studies investigated the relationship between cytokines and WM in BD.
Across the five studies, certain cytokines were found to be associated with WM, while
others were not. Specifically, Benedetti et al.> investigated 22 different analytes in the
serum of 31 participants with BD who had experienced a major depressive episode. The
authors used DTI and whole brain tract-based spatial statistics with threshold-free cluster
enhancement to measure WM integrity, focusing on AD, RD, MD, and FA. Their results
found IL-8, TNF-a, IFN-y and IL-10, and the growth factors insulin-like growth factor-
binding protein 2 (IGFBP-2) and platelet-derived growth factor-BB (PDGF-BB) were
significantly correlated with higher RD, MD, and lower FA in many WM tracts within the
brain. These regions included the superior and inferior longitudinal fasciculi, inferior

fronto-occipital fasciculi, cingulum, uncinate, forceps, thalamic radiation, corona radiata,
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corpus callosum, and internal capsule. Poletti et al.** investigated the association between
adverse childhood experiences, inflammatory markers, and WM integrity using DT-MRI.
The sample included 200 participants (100 MDD and 100 BD) and several classes of
markers were investigated (Table 1). The authors analysis found that CCL3 was
correlated with lower FA in the anterior corona radiata, anterior thalamic radiation,
uncinate fasciculus, interior fronto-occipital fasciculus, and forceps minor. In addition,
IL-2 was also found to be associated with reduced FA in the corpus callosum, corona
radiata, forceps minor, corticospinal tract, and superior longitudinal fasciculus. Bond et
al.*! investigated total peripheral inflammation and WM in 25 BD participants and 14
healthy controls using 3T-MRI. They assessed seven proinflammatory cytokines (TNF-a,
IFN-y, monocyte chemoattractant protein-1, IL-1a, IL-2, IL-6, and IL-8) and two anti-
inflammatory cytokines (IL-4 and IL-10) in serum. In the BD sample, increased total
inflammation predicted lower left frontal lobe and bilateral temporal lobe WM volume.
Lotrich et al.? investigated the relationship between WM and serum IL-1 receptor
antagonist (IL-1RA) in 21 euthymic BD participants and 26 control participants. The
researchers used DTI to obtain data regarding myelin integrity with a focus on FA. Their
results demonstrated no correlation between FA and IL-1RA. Lastly, Jiang et al.*?
investigated inflammatory cytokines and WM integrity in BD participants who had
attempted suicide. The sample included 36 BD participants and 26 healthy controls. The
authors used DTI to measure WM integrity and assessed plasma levels of TNF-a, IL-3,
and IL-6; they found no significant association with plasma inflammatory markers and

WM integrity in BD.
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2.3.3.7 Other Markers

Three studies investigated the relationship between WM structure and other
peripheral biomarkers that do not fit into one of the previously discussed categories. Han
et al.?® examined the relationship between single nucleotide variants (SNVs) from whole-
exome sequencing (WES) and WM tract integrity in patients with BD. The study sample
consisted of 53 patients with BD and 82 healthy controls. The researchers performed
WES for genomic DNA obtained from peripheral blood samples, and DTI to obtain WM
integrity measures (FA, MD, RD, and AD). This study found that one SNP in the lysine
methyltransferase 2C gene (KMT2C) was significantly associated with DTI parameters of
WM tracts. This gene regulates histone H2 lysine 4 methylation involved in chromatin
remodeling. Specifically, T-allele homozygosity of KMT2C rs4639425 was associated
with widespread impairment of WM integrity as assessed by RD, MD, and FA. Mazza et
al.3” examined insulin resistance and WM microstructure in 92 BD participants using DTI
and fMRI, where they focused on FA, RD, and MD. The study examined serum insulin
and glucagon levels and found that insulin was negatively associated with FA and
positively correlated with MD and RD. The brain regions found to be associated with
insulin included the superior longitudinal fasciculus, superior and inferior fronto-occipital
fasciculus, corpus callosum, corticospinal tract, corona radiata, and uncinate fasciculus.
Finally, Aggio et al.*! examined the relationship between neurofilament light chain (NfL)
and WM in BD. The study included 45 depressed individuals with BD and 29 healthy

controls. The authors used DTI to measure WM microstructure and tract-based spatial
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statistics to analyze the diffusion data. Their analysis demonstrated a significant positive
association between NfL and AD in several tracts within a large cluster, including the
superior and inferior longitudinal fasciculus, thalamic radiation, cingulum, corpus

callosum, forceps major and minor, corona radiata, and internal and external capsule.

2.4 Discussion

This systematic review included 23 studies that covered a wide range of blood-
based biomarkers and their association with WM in BD. To our knowledge, this is the
first systematic review to combine all data in the published literature to further understand
the relationship between WM deficits and blood-based biomarkers in BD. In summary,
several peripheral biomarkers have been found to be associated with WM integrity in BD

(Table 3).

2.4.1 Tryptophan Breakdown

The studies that investigated Trp breakdown found an association between several
catabolites and WM integrity in BD participants, suggesting a possible route for WM
deficits to develop over time. The primary catabolic route for Trp is the Kyn pathway,
with > 95% of Trp being converted into Kyn. The pathway begins with Trp, which is
either converted into 5-HT or Kyn; Kyn is then converted either down the neurotoxic arm

or the neuroprotective arm of the pathway. The neuroprotective arm includes Kyna, while
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the neurotoxic arm includes 3-HK and quinolinic acid (QA). Kyna acts as an antagonist
of NMDA receptors, which allows for the normal release of glutamate. However, 3-HK
and QA have been linked to increased levels of oxidative stress and QA serves as an
agonist for NMDA receptors, which promotes over-release of glutamate.*> Several studies
that have investigated the Kyn pathway in BD have found altered levels of its catabolites
in comparison to controls.*>*¢ Catabolites within the neurotoxic arm are found at higher
levels than those of the neuroprotective arm, suggesting a possible neurotoxic effect in the
brain.**> Given the reduced levels of Kyna and the higher conversion of Trp to Kyn,
damage to WM is expected in individuals with BD. This may be due to increased
oxidative stress and an overabundance of glutamate caused by the imbalance of

neurotoxic/neuroprotective catabolites, which leads to excitotoxicity and WM injury.

2.4.2 Polymorphisms and Gene Expression

While each of the studies that investigated polymorphisms focused on different
ones, significant correlations were found between the polymorphisms addressed and WM
in BD, which suggests that polymorphism likely has a role in WM microstructure in BD.
5-HTTLPR is a polymorphism within the promotor region of the serotonin transporter
encoding gene which has two different variants, long and short. Whether an individual
has the long variant or short variant has an impact on the efficacy of serotonin
transporters. For example, the short variant results in significantly less serotonin being

transported back to the presynaptic neuron in comparison to the long variant, which
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results in excess serotonin being left in the synaptic cleft to interact with serotonin
receptors.*’” As a result, individuals carrying the short variant have been found to display
more anxiety-related traits, increased chances of developing suicidal ideation and
attempts, and depression.*®* This imbalance of serotonin in the synaptic cleft may also

explain the correlation found in the study by Benedetti et al.>

The Homer family proteins are primarily located in the postsynaptic density
(PSD) at glutamatergic excitatory synapses and are coded by three different genes. Homer
variants such as homer1 are involved in serotonin-glutamate cross talk.50 Various studies,
such as Benedetti et al.,’® have shown that genes affecting serotonin affect WM; thus, it is

possible that Homer variants such as homer1 might affect WM through this interaction.

Poletti et al.?® investigated the relationship between the SREBP pathway and
myelin in BD. Lipids are essential for the synthesis and maintenance of myelin, as it is
primarily composed of lipids and proteins. Cholesterol, one of the primary lipids required
to produce myelin, is regulated by SREBP2, while SREBP1 regulates the expression of
triglycerides, fatty acids, and phospholipids.>! With synthesis of myelin being heavily
dependent on lipids such as cholesterol and the SREBP pathway regulating the production
of lipids, this may explain why Polleti et al.?> found a correlation between SREBP and

WM in BD.
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Bollettini et al.2” found a significant relationship between DTI measures of WM
and clock gene polymorphisms in CLOCK 3111 T/C and PER3 in BD. These clock genes
have been found to affect sleep; specifically, individuals who are homozygotes of PER3
4/4 have been shown to sleep later in the evening and have a diminished sleep pressure.>
In addition, individuals with BD who are carriers of the CLOCK rs1801260*C allele have
also been shown to have late sleep onset and insomnia.>® With sleep having a critical role
in promoting myelination and oligodendrocyte precursor cell proliferation,>*
polymorphisms in genes that regulate sleep quality may potentially harm WM through

disrupted sleep patterns.

Benedetti et al.* investigated the GSK3-B promoter rs334558 polymorphism and
WM in BD. GSK3-f has multiple roles in cell function, which include cell growth,
differentiation, motility, and apoptosis. Increasing the activity of GSK3-f has been shown
to increase neuronal apoptosis, while decreasing its function has been found to be
neuroprotective.’® The GSK3-B promoter rs334558 polymorphism and long-term lithium
use were found to be associated with lower expression of GSK3-f, which provides a
potential mechanism through which the polymorphism and lithium use, combined,

increased AD through inhibition of GSK3-f.
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2.4.3 Cytokines and Growth Factors

Several cytokines and growth factors — namely, IL-1[3, IL-2, IL-8, TNF-a, IFN-y,
IL-10, C-C motif ligand 3 (CCL3), IGFBP-2, and PDGF-BB — were found to be
associated with WM, which suggests that these classes of molecules likely have a role in
WM integrity in BD.? Cytokines and growth factors have critical roles in cellular
communication, growth, and maintenance. Specifically, certain cytokines can affect
oligodendrocyte biology. For example, oligodendrocyte progenitor differentiation and
survival can be inhibited by pro-inflammatory cytokines such as TNF-a, which can exert
cytotoxic effects.’>>¢ IFN-y can also have a detrimental impact on WM by altering
metabolic function in oligodendrocytes and reducing the expression of myelin proteins,

leading to cell death.’

2.4.4 Metabolic Markers

Mazza et al.** found a relationship between serum triglycerides, glucose, and
cholesterol and WM integrity in BD, specifically in patients currently in a depressive
episode. These findings support a relationship between BMI and WM integrity in BD, as
BMI correlates directly with markers of metabolism such as serum glucose, triglyceride,
and cholesterol levels. Thus, the relationship between serum markers and WM integrity in
BD may suggest that the underlying processes regulating peripheral levels of these
substances may also contribute to the relationship between BMI and WM changes in BD.

Obesity overall is known to be a pro-inflammatory state. One mechanism linking obesity
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with WM changes in BD may be the direct effect of inflammation on WM integrity, as
seen by Benedetti et al.,>* who found a correlation between inflammatory cytokines and
WM alterations in BD. Adipose tissue has been found to function as an endocrine organ
by secreting pro-inflammatory factors,>® possibly contributing to the relationship between

obesity and WM abnormalities in BD.

Another underlying process may be attributed to insulin resistance seen in
diabetes mellitus, a common comorbidity associated with BD. Insulin resistance leads to
impaired glucose metabolism and thus elevated peripheral levels of glucose. Insulin
receptors are found throughout the brain and are known to play a role in synaptic
plasticity and cognitive functions,33 suggesting that their dysregulation may contribute to

WM changes seen in BD.

Furthermore, the CNS is high in cholesterol, especially within WM. Unlike
regular plasma cholesterol, oxysterols, which are end products of cholesterol oxidation,
have been found to cross the blood-brain barrier and disrupt the balance of normal
cholesterol in the brain, and have been suggested to play a role in numerous neurologic
diseases, such as Alzheimer's dementia.>-%° Thus, cholesterol oxidation may directly
contribute to the relationship between elevated BMI and WM changes in BD, since
elevated BMI has been linked to increased oxidative stress early in life.®! This further
coincides with the findings of Versace et al.,'® who looked at markers of lipid

peroxidation and found they can explain variance in markers of WM integrity.
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On the other hand, Reckziegel et al.’? found no association between CRP, a
marker of peripheral inflammation directly related to BMI, and WM microstructure in
BD. However, this study looked at BD patients in a euthymic state, rather than in a manic
or depressed state. It is possible that inflammation is increased in manic or depressed

states, but not in euthymic states, which may have contributed to the lack of association.®?

2.4.5 Innate Immune System

The immune system and its constituent immune cells are central in organizing the
inflammatory response. T cells are also known to have brain-supporting functions as well
as putatively play a role in various neurodegenerative disorders.®* As BD has been
consistently associated with increased levels of inflammation, the assumption follows that
immune cells very likely play a role in mediating this inflammation and, in turn, altering
WM structure in BD. Poletti et al.3! found that proinflammatory Th17 cells (subset of
CD4+ T cells) correlated with higher FA in patients currently in a depressive episode (as
well as in controls), suggesting increased WM coherence. They further found anti-
inflammatory Treg cells (subset of CD4+ T cells) to correlate with reduced WM integrity
in BD patients in a depressive episode. These findings appear counterintuitive, as it was
expected that WM abnormalities in BD would be associated with the pro-inflammatory
markers. Thus, this may suggest that Th17 cells are not purely brain-destructive, but
instead may play a beneficial role in maintaining structural and functional brain

integrity.>!
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Furlan et al.?! chose instead to look at NK cells, a subset of the innate immune
system that have been found to be affected by stress and depression, as well as play a role
in both neurotoxicity and neuroprotection via cytokine production. This study found that
multiple cytokine-producing NK cell subpopulations correlated positively with WM
integrity in patients with BD. This suggests that NK cells and their cytokines play a
protective role in BD. Interestingly, this study further found that duration of lithium
treatment correlated with increased levels of cytokine-producing NK cells, suggesting
these cells may play a role in mediating the beneficial effects of lithium on FA and, thus,

on WM integrity in BD.

Magioncalda et al.’® found that, in patients in a current manic episode, increased
CD4+, and decreased CD8+ terminal effector cells correlated with WM abnormalities.
CD4+ cells are able to activate CD8+ T cell subpopulations, while CD8+ terminal
effector memory cells are prone to migration in peripheral tissues. Thus, these findings
suggest early CD4+ cell activation leads to activation of CD8+ cells, which then
accumulate in CNS tissue and damage WM. This accumulation within the CNS might
account for the decreased peripheral levels of these cells noted in patients with BD,

suggesting that CD8+ terminal effector cells contribute to WM abnormalities in BD.%

While many of the studies reviewed in this paper found a significant relationship
between blood-based biomarkers and WM in BD, it is important to understand that these

biomarkers were measured in the periphery. This limits our understanding of how they
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may act in the brain. In addition, few investigated the same biomarker in relation to WM
in BD, which precluded a meta-analysis. The studies included in this review found
significant correlations between blood-based biomarkers and WM in BD; however,
causality cannot be inferred, since they were correlational studies. In addition, most
included studies (~ 70%) were conducted in Italy, which limits the generalizability of
their findings to the rest of the world. While these limitations do exist, this paper reviews
clear correlations that have been found between WM and blood-based biomarkers, which
should further our understanding of the pathophysiological process underlying WM

deficits in BD.

2.4.6 Medication Use

Many participants with BD in the included studies were on a variety of
medications, which included antidepressants, antipsychotics, and mood stabilizers.
Lithium has been shown to have neuroprotective properties, with positive effects on brain
morphology (such as reducing the risk of dementia and attenuating cognitive decline).%> A
recent systematic review investigating lithium and WM integrity further demonstrated
that long-term use of lithium helped maintain and improve WM integrity in BD.%® Thus, it
is conceivable that medication use may influence the relationship between blood-based
biomarkers and WM in BD. It is important to note that, although the majority of studies
included medicated participants, many of the studies controlled for medication status in

their analyses.
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This review summarized the wide range of blood-based biomarkers that have been
investigated as possible proxies of WM damage in BD. During periods of inflammation,
there is often an increase in pro-inflammatory cytokines such TNF-a, which has cytotoxic
effects on oligodendrocytes, neurons, and glial cells. The increase in certain cytokines
may also cause a cascade of events that include increased oxidative stress mediated by
free radicals and an overactivated immune response by activation of T cells and
monocytes. Changes in these markers can also affect the expression of certain genes that
are required for the maintenance of myelin content and cause mutations within these
genes. Through this potential pathway involving different classes of biomarkers, WM
deficits may occur in BD. By improving our understanding of the many blood-based
biomarkers and their relationship to WM, current treatment paradigms can be improved,
and blood testing may become an easy, accessible method to potentially track changes in

WM.
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2.7 Figures and Tables
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Table 1: Characteristics of included studies evaluating blood-based biomarkers and neuroimaging
techniques of white matter integrity.

First Study Title Sample Assessments | Peripheral WM Were
author, (Country) Information Neuroimagi | Marker association Participants
year sample Size, ng Medicated
Control vs Bd
Furlan et Natural killer cells BD: 30 DTI, fMRI NK cells 1 FA Yes
al., 2019 protect white matter | HC: 36
integrity in bipolar CD56+,TNFa+, 1 FA
disorder (Italy) IFNg+, GMCSF+ | | RD and MD
Poletti et Kynurenine BD: 22 DTI KynA | RD, MD Yes
al., 2018 pathway and white | HC: 15
matter 5-HIAA 1 AD, RD, and
microstructure in MD
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bipolar disorder
(Italy)

Trp, Kyn, 3-HK

No association

Benedetti | Inflammatory BD: 31 DTI TNF-a, IL-8, IFN- | | FA Yes
etal., cytokines influence | HC: 0 g, IL-10 1 MD and RD
2016 measures of white (cytokines),
matter integrity in IGFBP2 and
bipolar disorder PDGF-BB (growth
(Italy) factors)
IL-5, IL-6, IL-7, No association
IL-8, MCP1,
CXCL10, PTX3,
G-CSF, VCAM-1,
ICAM-1, IL-1RA,
IL-2RA, BDNF,
S100B, SCF, EGF,
VEGF
Poletti et Grey and white BD: 72 DTI Kyn/Trp-ratio | FA (in Yes
al., 2019 matter structure HC: 36 depressed
associates with the group)
activation of the
tryptophan to Kyn 1 FA (in manic
kynurenine group)
pathway in bipolar
disorder (Italy)
Trp No association
Poletti et SREBF-2 BD: 93 DTI SREBF-2 A | FA (compared | Yes
al., 2016 polymorphism HC: 0 homozygotes to G carriers)
influences white 1T RD
matter (compared to G
microstructure in homozygotes)
bipolar disorder SREBF-1 No association
(Italy) polymorphism
Han et al., | Whole-exome BD: 53 DTl and T1- | T allele | FA Yes
2019 sequencing HC: 82 weighted homozygote of 1 MD and RD
identifies variants KMT2C
associated with rs4639425

structural MRI
markers in patients
with bipolar
disorders (Korea)
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Bollettini | Clock genes BD: 140 DTI CLOCK T MD Yes
et al., associated with HC: 0 rs1801260*C (compared to
2017 white matter carriers T/T
integrity in homozygotes)
depressed bipolar PER3-4/4 1T RD
patients (Italy) homozygotes (compared to
PER3-5/5
homozygotes)
| FA (compared
to PER3-5/5
homozygotes)
Papiol et Gray matter deficits | BD: 20 DTI IL-1 cluster No association | Yes
al., 2008 in bipolar disorder | HC: 45 genetic variability
are associated with
genetic variability
at interleukin-1 beta
gene (2q13) (Spain)
Lotrich et | The relationship BD: 21 DTI IL-IRA No association | NA
al., 2014 between HC: 26
interleukin-1
receptor antagonist
and cognitive
function in older
adults with bipolar
disorder (USA)
Magioncal | White matter BD: 60 DTI CD8+ terminally 1 FA (in mania) | Yes
daetal., microstructure HC: 20 differentiated | RD (in
2018 alterations correlate effector memory mania)
with terminally and
differentiated CD8+ CD8+IFNg+ T
effector T cell cells
depletion in the
peripheral blood in
mania: combined
DTI and CD4+ Tcellsand | No association
immunological subpopulations
investigation in the CD8+ effector
different phases of memory T cells
bipolar disorder
(Italy)
Poletti et Th17 cells correlate | BD: 25 DTI amd CD4+CCR6+CXC | 1 FA Yes
al., 2017 positively to the HC: 21 fMRI R3CCR4+CCR10
structural and CD161+ (TH17)
functional integrity cells
of the brain in
bipolar depression CD4+CD25+FoxP | 1 RD and MD

and healthy controls
(Italy)

3 (Treg) cells

Th1, Th2, Th22
cells

No association
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Reckziege
letal.,
2022

Bipolar disorder: an
association of body
mass index and
cingulate gyrus
fractional
anisotropy not
mediated by
systemic
inflammation
(Brazil)

BD: 35
HC: 66

DTI

CRP

No association

Yes

Mazza et
al., 2017

Body mass index
associates with
white matter
microstructure in
bipolar depression

(Italy)

BD: 164
HC: 0

DTI

Serum
triglycerides

| FA
1 AD, RD, and
MD

Serum glucose

| FA
1 RD and MD

Serum cholesterol

| FA

Yes

Benedetti
etal.,
2018

Homer 1 gene
variant influences
brain structure and
function, lithium
effects on white
matter, and
antidepressant
response in bipolar
disorder: A
multimodal genetic
imaging study
(Italy)

BD: 199
HC: 0

structural
MRI of grey
and white
matter, and
50 with
BOLD
functional
MRI of
emotional
processing,
and DTI

Rs7713917 AA
homozygotes

| FA (compared
to rs7713917*G
carriers)

Yes

Versace et
al., 2014

Elevated serum
measures of lipid
peroxidation and
abnormal prefrontal
white matter in
euthymic bipolar
adults: toward
peripheral
biomarkers of
bipolar disorder
(US + Canada)

BD: 43
HC: 19

DTI

LPH (lipid
hydroperoxides)

| FA
1RD

4-hydroxy-2-
nonenal (4-HNE)

No association

Yes

Benedetti
etal.,
2013

Lithium and GSK3-
B Promoter Gene
Variants Influence
White Matter
Microstructure in
Bipolar Disorder

(Italy)

BD: 70
HC:0

DTI

GSK3 rs334558*C
variant

1 AD and MD
(compared to
T/T
homozygotes)

Yes
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Benedetti | White matter BD: 140 DTI 5-HTTLPR*s 1 RD and MD Yes
et al., microstructure in HC: 0 carriers (compared to I/l
2015 bipolar disorder is homozygotes)
influenced by the
serotonin
transporter gene
polymorphism 5-
HTTLPR (Italy)
Mazza et Insulin resistance BD: 92 DTI and Insulin |FA Yes
al., 2023 disrupts white HC: 0 fMRI 1 RD and MD
matter
microstructure and
amplitude of Glucagon No Association
functional
spontaneous
activity in bipolar
disorder (Italy)
Aggio et Neurofilaments BD: 45 DTI Neurofilament 1T AD Yes
al., 2022 light: Possible HC: 29 Light Chain
biomarker of brain
modifications in
bipolar disorder
(Italy)
Comai et Selective MDD: 100 DT-MRI IL—-1B, Trp, Kyn | FA Yes
al., 2022 association of BD: 66
cytokine levels and
kynurenine/tryptop
han ratio with IL-Ira, IL-2, IL4, | No Association
alterations in white IL-6, IL-8, IL-9,
matter , IL-10, IL-12, TL-
mlcrostructure In 13, IL-15, IL-17,
blpolar but not in IFNy , TNFa,
unipolar depression CCL2, CCL3,
(Italy) CCL4, CCL5,
CCLI11, C-X-C
motif chemokine
CXCL10, FGF, G-
CSF, GM-CSF,
PDGF-B, VEGF
Poletti et Long-term effect of | MDD: 100 DT-MRI IL-2, CCL3 | FA Yes
al., 2022 childhood trauma: BD: 100
Role of
inflammation and 1L-1 B, IL-1ro, IL- No Association

white matter in
mood disorders
(Italy

4, 1L-5, IL-6, IL-7,
IL-8, IL-9, IL-10,
IL-12,1L-13, IL-
15, IL-17, IFNy,
TNF-a, CCL3,
CCL4, CCL5,
CCL11, CXCL10,
FGF basic, G-CSF,
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GM-CSF, PDGF-
B, VEGF

Bond et Association of total | BD: 25 3T-MRI TNF-a, IFNy, | WM Yes
al., 2022 peripheral HC: 14 MCP-1, IL-1a, IL-
inflammation with 2, I1L-6, IL-8, 1L-4,
lower frontal and IL-10

temporal lobe
volumes in early-
stage bipolar
disorder: A proof-
of-concept study
(Canada)

Jiang et Altered levels of BD: 38 DTI IL-1b, IL-6, TNF- | No Association | Yes
al., 2022 plasma HC: 26 a
inflammatory
cytokines and white
matter integrity in
bipolar disorder
patients with
suicide attempts
(China)

Legend:

FA: Fractional anisotropy, RD: Radial Diffusivity, MD: Mean Diffusivity, AD: Axial Diffusivity, WM: White
Matter, Trp: Tryptophan, Kyn: Kynurenine, 3-HK: 3-hydroxykynurenine, Kyna: Kynurenic Acid, 5-HIAA: 5-
hydroxy indole acetic acid, 5S-HTTLPR: serotonin-transporter-linked promoter region, SREBF-2: sterol
regulatory element binding transcription factor 2, CLOCK 311: Circadian Locomotor Output Cycles Kaput,
PER3: Period3 , GSK3-B: Glycogen synthase kinase-3 beta, Crp: C-reactive protein, NK: Natural Killer, CD:
neural cell adhesion molecule, TNF-a: Tumor necrosis factor alpha, INFg: Interferon gamma, GMCSF:
Granulocyte-macrophage colony-stimulating factor, T cells: Thymus derived cells, Th: T helper, IL: Interleukin,
IGFBP2: Insulin-like growth factor-binding protein 2, PDGF-BB: Platelet Derived Growth Factor: MCP1:
Monocyte chemoattractant protein-1, CXCL10: C—X—C motif chemokine 10, PTX: Pentraxin-related protein,
G-CSF: Granulocyte colony-stimulating factor, VCAM-1: Vascular cell adhesion protein 1, ICAM: Intercellular
Adhesion Molecule 1, RA: Receptor Antagonist, BDNF: Brain-derived neurotrophic factor, S100B: S100
Calcium Binding Protein B, SCF: Stem Cell Factor, EGF: Epidermal Growth Factor, VEGF: Vascular
Endothelial Growth Factor, LPH: lipid hydroperoxides, 4-HNE: 4-hydroxy-2-nonenal, KMT2C: lysine
methyltransferase 2C, C—C motif ligand: CCL, fibroblast growth factor: (FGF), Granulocyte Colony
Stimulating Factor: G-CSF, Granulocyte Macrophage Colony Stimulating Factor: GM-CSF, Platelet-Derived
Growth Factor Beta: PDGF-B, NfL: Neurofilament Light Chain
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Table 2: Quality assessment of studies included using the Newcastle — Ottawa Assessment Scale.

Manuscript Title

Representativeness

Selected
Group

Sample
Size

Diagnosis

Groups

Measurement
Method

Statistical
Test

Total

Natural killer cells
protect white matter
integrity in bipolar
disorder

1

Kynurenine pathway
and white matter
microstructure in
bipolar disorder

Inflammatory
cytokines influence
measures of white
matter integrity in
Bipolar Disorder
(Italy)

Grey and white
matter structure
associates with the
activation of the
tryptophan to
kynurenine pathway
in bipolar disorder

SREBF-2
polymorphism
influences white
matter
microstructure in
bipolar disorder

Whole-exome
sequencing identifies
variants associated
with structural MRI
markers in patients
with bipolar
disorders

Clock genes
associated with white
matter integrity in
depressed bipolar
patients

Gray matter deficits
in bipolar disorder
are associated with
genetic variability at
interleukin-1 beta
gene (2q13)

The relationship
between interleukin-
1 receptor antagonist

and cognitive
function in older
adults with bipolar
disorder

White matter
microstructure
alterations correlate
with terminally
differentiated CD8+
effector T cell
depletion in the
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peripheral blood in
mania: combined
DTI and
immunological
investigation in the
different phases of
bipolar disorder

Th17 cells correlate
positively to the
structural and
functional integrity
of the brain in
bipolar depression
and healthy controls

Bipolar disorder: an
association of body
mass index and
cingulate gyrus
fractional anisotropy
not mediated by
systemic
inflammation

Body mass index
associates with white
matter
microstructure in
bipolar depression

Homer 1 gene
variant influences
brain structure and

function, lithium
effects on white
matter, and
antidepressant
response in bipolar
disorder: A
multimodal genetic
imaging study

Elevated serum
measures of lipid
peroxidation and

abnormal prefrontal
white matter in
euthymic bipolar
adults: toward
peripheral
biomarkers of
bipolar disorder

Lithium and GSK3-
Promoter Gene
Variants Influence
White Matter
Microstructure in
Bipolar Disorder

White matter
microstructure in
bipolar disorder is
influenced by the

serotonin transporter
gene polymorphism
S-HTTLPR

Insulin resistance
disrupts white matter
microstructure and
amplitude of
functional
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spontaneous activity
in bipolar disorder

Neurofilaments light: | 1
Possible biomarker
of brain
modifications in
bipolar disorder

Selective association | 1
of cytokine levels
and
kynurenine/tryptopha
n ratio with
alterations in white
matter
microstructure in
bipolar but not in
unipolar depression

Long-term effect of | 1
childhood trauma:
Role of inflammation
and white matter in
mood disorders

Association of total 1
peripheral
inflammation with
lower frontal and
temporal lobe
volumes in early-
stage bipolar
disorder: A proof-of-
concept study

Altered levels of 1
plasma inflammatory
cytokines and white
matter integrity in
Bipolar Disorder
patients with suicide
attempt

Adapted from: Modesti PA, Reboldi G, Cappuccio FP, Agyemang C, Remuzzi G, Rapi S, Perruolo E, Parati G; ESH
Working Group on CV Risk in Low Resource Settings. Panethnic Differences in Blood Pressure in Europe: A
Systematic Review and Meta-Analysis. PLoS One. 2016 Jan 25;11(1):e0147601.

Table 3: Summary of associations found between blood-based markers and white matter in each

category discussed. (*) signifies a significant association with neuroimaging markers of White

Matter.
Biomarker Group Correlation to White Matter
Tryptophan Breakdown Trp, Kyn, 3-HK, 5-HIAA* and Kyna*, Kyn/Trp*
Polymorphisms 5-HTTLPR*, SREBF-2 - rs1052717 A/A*, CLOCK 3111 C
variant*, PER3 4/4*  GSK3-f rs334558*C*, Clock T
variant, PER3 5/5
Metabolic Markers serum triglycerides*, glucose*, cholesterol*, Crp, LPH*
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Innate Immune System NK cells*: CD56+TNF o,+, CD56+INFg+, and
CD56+GMCSF+, CD8+ terminal effector memory and
CD8+IFNg+ T cells*, Th17 cells*

Cytokines and Growth factors
IL-8*, TNF-o*, IFN-y*, IL-10*, IGFBP2*, PDGF-BB*, IL-
5, IL-6, IL-7, IL-8, MCP1, CXCL10, PTX3, G-CSF,
VCAM-1, ICAM-1, IL-1RA, IL-2RA, BDNF, S100B, SCF,
EGF, VEGF, IL-1RA, IL-1p*, IL-1ra, IL-2*, IL-4, IL-9, IL-
10, IL-12, IL-13, IL-15, IL-17, CCL2, CCL3*, CCLA4,
CCL5, CCL11, FGF, G-CSF, GM-CSF, PDGF-B

Gene Expression Homer rs7713917 A>G — AA risk genotype*, Interleukin-1
(IL-1) cluster (chromosome 2q13)

Other 4-HNE, KMT2C*, NfL*, Insulin*, Glucagon

Legend:

Trp: Tryptophan, Kyn: Kynurenine, 3-HK: 3-hydroxykynurenine, Kyna: Kynurenic Acid, 5-
HIAA: 5-hydroxy indole acetic acid, 5-HTTLPR: serotonin-transporter-linked promoter region,
SREBF-2: sterol regulatory element binding transcription factor 2, CLOCK 311: Circadian
Locomotor Output Cycles Kaput, PER3: Period3 , GSK3-B: Glycogen synthase kinase-3 beta,
Crp: C-reactive protein, NK: Natural Killer, CD: neural cell adhesion molecule, TNF-a: Tumor
necrosis factor alpha, INFg: Interferon gamma, GMCSF: Granulocyte-macrophage colony-
stimulating factor, T cells: Thymus derived cells, Th: T helper, IL: Interleukin, IGFBP2: Insulin-
like growth factor-binding protein 2, PDGF-BB: Platelet Derived Growth Factor: MCP1:
Monocyte chemoattractant protein-1, CXCL10: C—X—C motif chemokine 10, PTX: Pentraxin-
related protein, G-CSF: Granulocyte colony-stimulating factor, VCAM-1: Vascular cell adhesion
protein 1, ICAM: Intercellular Adhesion Molecule 1, RA: Receptor Antagonist, BDNF: Brain-
derived neurotrophic factor, SI00B: S100 Calcium Binding Protein B, SCF: Stem Cell Factor,
EGF: Epidermal Growth Factor, VEGF: Vascular Endothelial Growth Factor, LPH: lipid
hydroperoxides, 4-HNE: 4-hydroxy-2-nonenal, KMT2C: lysine methyltransferase 2C, C—C motif
ligand: CCL, fibroblast growth factor: (FGF), Granulocyte Colony Stimulating Factor: G-CSF,
Granulocyte Macrophage Colony Stimulating Factor: GM-CSF, Platelet-Derived Growth Factor
Beta: PDGF-B, NfL: Neurofilament Light Chain
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Abstract

Background: Neurofilament light chain (NfL) is a cytoskeletal protein that supports
neuronal structure. Blood NfL levels are reported to be higher in diseases where myelin is
damaged. Studies investigating intracortical myelin (ICM) in bipolar disorder (BD) have
reported deficits in ICM maturation over age. This study investigated the association

between ICM and peripheral blood NfL levels in BD.

Methods: NfL was quantified using a high sensitivity ELISA kit in 72 BD and 71 healthy
control (HC) participants. T-test was used to determine group difference in NfL levels
between BD and HC, and ridge regression was performed to analyze NfL and ICM
association in six brain regions that demonstrated ICM deficits including the dorsolateral
motor cortex, dorsomedial motor cortex, dorsolateral premotor cortex, dorsomedial
premotor cortex, caudal dorsolateral prefrontal cortex, caudal dorsomedial prefrontal
cortex, and age in BD only. Regions within the occipital lobe and cingulum was also

analyzed as control regions.

Results: BD individuals had higher serum NfL concentration compared to HC (p= 0.001).
The ridge regression analysis including the six brain regions and age explained 26% of
the variance in NfL concentration, while the occipital lobe and cingulum along with age

explained only 7% and 2% of the variance, respectively.

Limitations: This was a cross-sectional correlational study so causation cannot be
inferred. Also, this study focused in a limited number of brain regions previously

associated with changes in ICM in BD.

Conclusion: This is the first study to investigate the relationship between ICM and NfL in
BD and corroborates previous research, which found increased NfL in CSF and blood in
BD compared to HC. This demonstrates the potential utility of NfL as a marker of brain
morphology deficits in BD.
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Keywords
Bipolar Disorder, Myelin, Biomarkers, Neurofilament Light Chain, Intracortical Myelin
Highlights

e Blood level of Neurofilament light chain was increased in bipolar disorder.
e Blood level of Neurofilament light chain was associated with intracortical myelin.

e Higher neurofilament light chain may indicate myelin deficits in bipolar disorder.
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3.1 Introduction

Bipolar disorder (BD) is a severe and lifelong psychiatric disorder that affects
about 1 to 3 percent of the world population (Merikangas et al., 2011) and is characterized
by alternating episodes of depression, mania, and hypomania (Grande et al., 2016).
Comorbidity with other psychiatric disorders, such as anxiety, substance use, and
attention deficit hyperactivity disorder, can further impact the quality of life and disease
outcome in individuals with BD (Carvalho et al., 2020). Clinical studies have also
consistently found that BD is associated with cognitive impairment, with deficits in
multiple cognitive domains, including verbal memory, executive function, processing
speed, and attention (Martinez-Aran et al., 2004). These cognitive deficits have been
found to be associated with worse psychosocial functioning, which can worsen BD

prognosis (Burdick et al., 2010).

Neuroimaging and postmortem studies in BD have attempted to investigate the
physiological basis of BD and have consistently found white matter (WM) abnormalities
(Benedetti et al., 2014; Poletti et al., 2015; Uranova et al., 2004; Tkachev et al., 2003),
which have been associated with impaired attention, information processing, working
memory, and executive functioning (Masuda et al., 2020; Poletti et al., 2015). WM
primarily comprises myelinated axons, which are long nerve fibres systematically

covered by myelin that serve as an electrical insulator to accelerate and strengthen signal
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propagation. The myelin that encapsulates axons is produced by oligodendrocytes and is
essential for signal conduction, allowing different brain regions to communicate with one
another and can be found throughout the brain (Sehmbi et al., 2019; Nave et al., 2010). In
a recent study investigating the relationship between WM and measures of cognitive
function found that in individuals with BD, sustained attention cognitive scores were
correlated with lower fractional anisotropy (FA) within the body of the corpus callosum.
It was hypothesized that morphological abnormalities within the corpus callosum might
be associated with deficits with attention, specifically sustained attention (Masuda et al.,
2020). In addition, another study investigated the association between diffusion tensor
imaging (DTI) measures of WM and cognitive function in BD found that the FA of
several WM association fibers including inferior and superior longitudinal fasciculus,
inferior fronto-occipital fasciculus, cingulum bundle, corpus callosum, and corona radiata
were positively associated with cognitive measures of working memory, information
processing, executive functions, attention, and psychomotor coordination (Poletti et al.,
2015). In addition to deep white matter tracts, intracortical myelin content (ICM), found
within the cerebral cortex, has been of interest and was found to be correlated with
cognitive function in BD, specifically to response inhibition and verbal memory (Sehmbi
et al., 2018). A study investigating ICM in individuals with BD found that the age-related
trajectory of ICM over time significantly deviated from that of healthy controls (HC)

(Sehmbi et al., 2019). Using signal intensity from magnetic resonance imaging (MRI) as a
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measure of ICM content, young adults without psychiatric disorders displayed an
inverted-U quadratic trajectory of ICM signal across age, which represents the
physiological ICM maturation before declining in the later stages of life. In contrast,
individuals with BD displayed a more flatten age-related trajectory of ICM signal,

potentially signifying deficits in ICM maturation (Sehmbi et al., 2019).

With deficits observed in ICM maturation in young adults with BD and ICM also
found to be associated with cognition, investigating the underlying pathophysiological
mechanisms of ICM deficits is warranted. Neurofilament light chain (NfL) is a
cytoskeletal protein that aids with structural support in neurons and improves nerve
conduction. NfL is found to be expressed at high concentrations in axons but has also
been observed in dendrites and the soma of the neuron (Gaetani et al., 2019; Perrot et al.,
2008). NfL has been of particular interest in neurological diseases such as multiple
sclerosis (MS), amyotrophic lateral sclerosis, Huntington's disease, and Alzheimer's
Disease (ALD) (Benkert et al., 2022; Verde et al., 2021; Sampedro et al., 2021; [llan-Gala
et al., 2021). When there is damage to WM through possible neurodegenerative or
neuroinflammatory mechanisms, NfL release is shown to be increased. As a result, in
many of these neurodegenerative diseases, NfL has been proposed as a biomarker of the
severity of WM tissue damage. In MS, for instance, NfL has consistently been found to be

at a higher concentration in comparison to HC and was also further found to be associated
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with cognitive deficits in MS, exemplifying the possibility of using NfL as a marker of
disease severity and predicting disease prognosis (Mattioli et al., 2020; Ning et al., 2022).
In addition to neurological diseases, NfL concentration has been observed to be increased
in individuals who experience traumatic brain injury as measured in CSF and blood,
further suggesting that NfL is released as a response to axonal damage (Gao et al., 2020).
With much of the findings of NfL focusing on neurodegenerative disorders, there is
increasing interest in NfL in mood disorders since WM deficits have been consistently
reported in BD, stressing the possibility that NfL. may also be increased in BD and that
NfL may be a potential marker of brain WM deficits. In a previous study investigating
NfL concentration in the cerebral spinal fluid (CSF) of individuals with BD reported that
individuals with BD had significantly higher NfL concentration when compared to HC
(Jakobsson et al., 2014). In addition, a recent study by Aggio et al. (2022) found
significantly higher levels of plasma NfL in BD than in HC. They interestingly also found
a significant positive association between NfL and DTI markers of WM integrity in a
large cluster of WM tracts, which include corpus callosum, superior and inferior
longitudinal fasciculus, cingulum, corona radiata, internal and external capsule thalamic
radiation, forceps major and minor. Given the subcortical DTI WM deficits findings, NfL.

is a novel biomarker of interest to investigate deficits observed in BD, specifically ICM.
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The present study aimed to investigate the association between serum NfL and
ICM in BD. With much of the existing literature indicating NfL to be increased in
diseases characterized by WM deficits, we hypothesized that NfL would be significantly
increased in BD compared to HC, and higher serum NfL concentration would be

associated with deficits of ICM.

3.2 Methods

3.2.1 Participants

143 participants aged between 17-45, 72 individuals with BD type [ and 71 HC
were included in this study. The participants were recruited from community
advertisements in Hamilton, Ontario, Canada and study posters posted at St. Joseph’s
Hospital and McMaster University between 2013-16. The structured clinical interview
for DSM-1V was completed by each participant to confirm BD diagnosis. HC participants
were confirmed not to have any current or lifetime axis I psychiatric conditions.
Similarly, BD type I participants without any current axis I psychiatric comorbidities
were included. Because comorbid psychiatric conditions are common in BD, the presence
of lifetime comorbid psychiatric disorders were allowed. Participants were excluded from
the study if they had any current unstable inflammatory or medical conditions, previous
or present history of neurological disorders, substance or alcohol use disorder within the

last year or any contraindications in the MRI scans. The Hamilton Integrated Research
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Ethics Board (HiREB) approved this study (#13-456) and all study participants provided

signed informed consent before study entry.

3.2.2 Imaging

Each participant was imaged using a 3 T General Electric scanner (software
version 22.0) with a transmit radio frequency body coil along with a 32 channel receive
only radio frequency coil designed for the head. This was used to create Ti-weighted
images that have been shown to be enhanced for intracortical contrast (Bock et al., 2013;
Rowley et al., 2015). The MR images from each participant were obtained with 1 mm
isotropic resolution. Approximately 35 minutes was required to complete the imaging
protocol. The following protocol summarized below is described in greater detail in a

previously published study conducted in our lab (Rowley et al., 2015).

3.2.3 Anatomical Reference Image

In order to create a 3D Ti-weighted image of the head, which would be used as an
anatomical reference to register images, a 3D inversion-recovery gradient echo sequence
was used (GE 3D BRAVO). The sequence parameters were inversion time =450 ms,

TE =3.2 ms, TR in acquisition block = 8.4 ms, flip angle in acquisition block = 12°, field

of view (FOV)=25.6 x 25.6 x 25.6 cm, linear phase encoding, Autocalibrating
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Reconstruction for Cartesian imaging (ARC) parallel imaging factor of 2 in the second

phase encode direction, Number of averages = 1, time =5 min 32 s.

3.2.4 High Intracortical Contrast T1-Weighted Image

In addition to the anatomical reference image, an additional 3D T;-weighted
image of the head was obtained with a isotropic resolution of 1 mm. To increase
intracortical contrast, four separate images were obtained using an inversion-recovery
gradient echo sequence (GE 3D BRAVO). The parameters of the sequence were as
follows: inversion time = 1100 ms, Time between end of acquisition block and next 180°
pulse (TD) = 1000 ms, TE = 3.2 ms, TR in acquisition block = 8.4 ms, flip angle in
acquisition block = 12°, FOV = 24.0 x 10.0 (selective slab in left/right direction) x 24.0
cm, matrix = 240 % 100 x 240, centric phase encoding, ARC factor 2 in second phase-
encoding direction, Number of averages = 1, time = 5 min 53 s. Each hemisphere was

imaged separately twice in order to increase intracortical contrast and reduce noise.

3.2.5 Ratio Image

In order to rectify any B intensity inhomogeneity within the Ti-weighted images,
another 3D proton density image of the whole head was obtained using a 3D gradient
echo sequence (GE 3D SPGR). The parameters of this imaging sequence were as follows:

TE =3.1 ms, TR =7.9 ms, flip angle =4°, FOV =24.0 x 17.4 x 24.0 cm, number of
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averages = 1, time =5 min 29 s. Using a 6-parameter rigid transform that was filtered with
a 3D median filter (5 x 5 x 5 mm kernel size), the image was registered to the T1 weighted

image and divided to produce the ratio image.

3.2.6 Image Processing

The images were processed in the software MIPAV v7.0.1 (mipav.cit.nih.gov).
Within MIPAV v7.0.1, the following plugins were used: TOADS-CRUISE vR3c
(www.nitrc.org/projects/toads-cruise/), and CBS High-Res Brain Processing Tools

Version v3.0 (www.nitrc.org/projects/cbs-tools/), JIST v3.0 (www.nitrc.org/projects/jist/),

plug-ins, and Amira v5.2 software (Visage Imaging).

In order to map ICM content within the cortex, each MR image was processed by
locating the grey matter/white matter boundary and the pial surface of the cortex. A new
surface in the middle of these two regions was calculated using the distance field
algorithm available as a plugin in MIPAV. The signal intensity from the ratio image was

then mapped onto this new surface to represent ICM (Sehmbi et al., 2019).
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3.2.7 Serum NfL Quantification

28 milliliters of blood were withdrawn from all study participants by venipuncture
in a free-anticoagulant vacuum tube. The blood was centrifuged at 3000rpm for 15min at
4°C to extract the serum, which was then aliquoted, and stored at -80°C until further
analysis. The NfL concentration was measured using a high-sensitivity enzyme-linked
immunosorbent assay (ELISA) kit (OKCDO01380; Aviva Systems Biology, San Diego,
CA) according to the manufacturer’s protocol. In summary, 100 pL of diluted serum or
standard diluent was added into a 96-well plate pre-coated with an antibody specific to
NfL and incubated for one hour at 37°C to allow for binding. After one hour, the
standards and samples were removed, and an NfL-specific biotinylated detector antibody
was added to every well and was again incubated for one hour at 37°C. This was followed
by three cycles of washing, and then avidin-peroxidase conjugate was added to each well
and incubated for 30 minutes at 37°C. Afterwards, another five cycles of washing were
performed to remove the unbound conjugate. An enzymatic reaction was then induced by
adding the 3,3',5,5’-tetramethylbenzidine substrate. Plates were then incubated for 20
minutes, followed by the addition of 50 pL stop solution to each well. NfL concentration
was quantified by absorbance at 450 nm and 540 nm in a microplate reader (EPOCH 2
microplate spectrophotometer, BioTek, Vermont, USA). The concentration is expressed in

pg/mL. Furthermore, all samples were run in duplicates with an intra assay variability of
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<10% and the researchers were also blinded regarding the clinical information of the

samples used.

3.2.8 Regions of Interest

A prior study conducted in our lab using the same participants as this study
showed that the motor and premotor brain regions were amongst brain regions that had
the largest effect size in age-related trajectory of ICM between BD and HC (2 > 0.05),
which is hypothesized to demonstrate areas of I[CM deficit. Furthermore, the left
hemisphere also demonstrated a larger left lateralization of ICM deficits compared to the
right hemisphere (Sehmbi et al., 2019). This finding is consistent with a previous study by
Jorgensen et al. (2016), which used a 1.5 T scanner to analyze Ti-weighted grey-
matter/white-matter contrast in BD and observed increased contrast primarily in the left
central sulcus, which is along the primary motor cortex. Jorgensen et al., (2016) suggested
that increased contrast may be due to lower gray matter signal intensity, which may
indicate reduced intracortical myelin. In addition, they reported higher contrast, primarily
within the left hemisphere in BD. This also corroborates with a larger study investigating
cortical abnormalities, which found the strongest effects in brain regions within the left
hemisphere (Hibar et al., 2018). Based on those findings, six specific brain regions on the
left hemisphere were selected as regions of interest prior to any statistical analysis, which
include the dorsolateral motor cortex, dorsomedial motor cortex, dorsolateral premotor

cortex, dorsomedial premotor cortex, caudal dorsolateral prefrontal cortex, and caudal
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dorsomedial prefrontal cortex. The motor and premotor regions within the left hemisphere
were selected due to their large effect size as observed in our previous study, while the
caudal dorsolateral prefrontal cortex and caudal dorsomedial prefrontal cortex were
selected based on their proximity to the motor and premotor cortex and effect size. Lastly,
we selected 5 regions of the brain that are within the occipital lobe and cingulum, which
include the lateral visual cortex, superior visual cortex, posterior cingulate cortex, mid
cingulate cortex, and anterior cingulate cortex. These brain regions were observed in our
previous study to have extremely small effect sizes (n2 < 0.05), suggesting little to no
ICM deficits (Sehmbi et al., 2019). As a result, these brain regions were selected as
reference regions to potentially demonstrate that brain regions that may not have deficits
in ICM would have an insignificant association with NfL. Lastly, this analysis was only
conducted on the BD group as previous studies have reported non-significant correlation
between NfL and white or gray matter pathology in HC, which likely may be due to the

low concentration of NfL in HC (Aggio et al., 2022; Jakimovski et al., 2019).

3.2.9 Statistical Analysis

The continuous variables were tested for normality using the Shapiro-Wilk test.
The homogeneity of variances was tested using the Bartlett test. If continuous variables
were not normally distributed, logarithmic transformation was used to transform the data

to achieve normality. A t-test was used to examine differences in NfL levels between BD
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and HC. In addition, Pearson’s correlation was conducted to assess the associations
between NfL and clinical features such as the number of previous mood episodes and
mood symptom scales (Montgomery—Asberg Depression Rating Scale and Young Mania
Rating Scale). Furthermore, NfL was analyzed in relation to several cognitive tests,
including the Wechsler Abbreviated Scale of Intelligence 2-subtest Intelligence Quotient
test, the Weschler Test of Adult Reading, and the paper-and-pencil Trails B assessment for
executive function. Lastly, due to the high degree of collinearity amongst the brain
regions, ridge regression (RR) model was used to assess the influence of the brain regions
on NfL concentration in BD. RR is a specific type of linear regression that is used when
multicollinearity is present amongst predictor variables (Hoerl & Kennard, 1970). When
multicollinearity is present, it can inflate the standard errors of regression coefficients
leading to misleading conclusions. RR remedies this by adding a penalty term to the loss
function, shrinking the coefficient to 0, which reduces their variance and mitigates issues

with multicollinearity (Hoerl & Kennard, 1970).

3.3 Results

Participants in the BD group and HC group were matched by sex and age. The
final sample included 72 BD participants and 71 HC participants. 56% of the total
population was female, with ~55% of the BD group being female and ~59% of the HC

being female. See Table 1 for the participant demographics.
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Serum levels of NfL were significantly higher in individuals with BD compared to
those of HC (p = 0.001). No significant associations were found between NfL. and number
of mood episodes, mood symptom scales, and cognitive and functioning assessments (p-
value > 0.05, data not shown). The RR model including dorsolateral motor cortex,
dorsomedial motor cortex, dorsolateral premotor cortex, dorsomedial premotor cortex,
caudal dorsolateral prefrontal cortex, caudal dorsomedial prefrontal cortex, and age
displayed predictive capability. Specifically, the model had a R? value of 0.26. The RR
model including the lateral visual cortex, superior visual cortex, and age displayed poor
predictive capability. Specifically, the model had a R? value of 0.07. The RR model
including the posterior cingulate cortex, mid cingulate cortex, anterior cingulate cortex,
and age had a R?value of 0.02. Since age has been previously shown to affect NfL
concentration, age was added as a predictor in each of the models (Meeker et al., 2022;
Beydoun et al., 2023). The R? value represents how well the model is able to explain the

variability of the outcome variable.

3.4 Discussion

NfL levels was found to be significantly associated with ICM content in regions of
the brain that had previously demonstrated deficits in ICM, including the dorsolateral
motor cortex, dorsomedial motor cortex, dorsolateral premotor cortex, and dorsomedial

premotor cortex, caudal dorsolateral prefrontal cortex, caudal dorsomedial prefrontal
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cortex, and age which predicted 26% of the variability of NfL concentration. It was
further found that the RR model with the caudal medial visual cortex, superior visual
cortex and age had poor predictability (7%). Similarly, the RR model that had the
posterior cingulate cortex, mid cingulate cortex, anterior cingulate cortex, and age also
had poor predictability (2%). This suggests NfL was not associated with regions of the
brain that did not previously demonstrate deficits in ICM (Sehmbi et al., 2019).
Furthermore, this study replicated previous research that reported significantly higher
concentration of NfL in individuals with BD compared to HC in CSF and blood
(Jakobsson et al., 2014; Aggio et al., 2022). Similarly, a 2020 study investigating plasma
NfL concentration in individuals with major depressive disorder (MDD) and HC found

significantly higher NfL concentration in MDD (Chen et al., 2022).

NfL is a subunit of neurofilaments, which are cytoskeletal proteins located within
the cytoplasm of neurons. NfL helps to maintain neuronal structure and support axonal
growth and under normal conditions, NfL is released in low concentrations into the CSF
and the periphery. Recent studies have shown that higher levels of NfL are released later
in life, suggesting a potential age dependent release of NfL as cellular damage
accumulates over time (Meeker et al., 2022; Beydoun et al., 2023). However, when
significant damage occurs to axons due to potential inflammatory or neurodegenerative

processes, a greater amount of NfL is released, likely due to greater damage to axons.
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Both serum and plasma NfL concentration have been found to be associated with DTI
measures of WM integrity in individuals with AD including fractional anisotropy, axial
diffusivity, mean diffusivity, and radial diffusivity in large brain WM tracts (Schultz et al.,
2020; Nabizadeh et al., 2022). Across diseases, NfL is considered a useful biomarker that
can distinguish frontotemporal dementia from HC and other diseases such as ALD, BD,
MDD, and schizophrenia (Al Shweiki et al., 2019; Karantali et al., 2019). Furthermore,
increased NfL has also been reported to be increased in individuals with coronary heart
disease and has predictive value regarding cardiovascular outcomes including stroke and
cardiovascular related death (Amrein et al., 2023). Lastly, NfL was also reported to be
positively correlated with total white matter hyperintensities (WMH), which are brain
white matter lesions, further strengthening the association between NfL and myelin
damage (Meeker et al., 2022). Based on this, peripheral NfL has potential as a biomarker

of brain/white matter damage in brain disorders.

As mentioned above, our results coincide with a previous study conducted in our
lab where the dorsolateral motor cortex, dorsomedial motor cortex, and dorsomedial
premotor cortex had moderate to large effect sizes (n2), which served as an estimate of
the strength of the interaction between ICM and age (Sehmbi et al., 2019). A larger n2
may indicate regions of most robust differences in I[CM between BD and HC. As a result,

it is expected that NfL would be associated with regions with moderate to large 2, which
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was found in this study. In addition, brain regions, including the caudal medial visual
cortex and superior visual cortex, which had an 12 close to 0, were found to have poor
predictability indicating that NfL was only found to be associated with regions that may

have differences in ICM between BD and HC.

Studies that have investigated NfL and WM integrity along with the present study
may be an extension of studies that have found deficits in WM integrity and increased
levels of proinflammatory cytokines and lipid peroxidation in BD (Benedetti et al., 2016;
Versace et al., 2014). Several proinflammatory cytokines have been found to be
associated with WM integrity in BD, including interleukin-8, TNF-alpha, interleukin-10,
and interferon-gamma (Benedetti et al., 2016). Cytokines can negatively impact
oligodendrocyte biology, thereby potentially increasing NfL levels in BD (Su et al., 2011;
Wang et al., 2014; Popko et al., 1999). Several cytokines, such as TNF-alpha, can exert
cytotoxic effects and inhibit the differentiation and survivability of oligodendrocytes (Su
et al., 2011; Wang et al., 2014). In addition, interferon-gamma can alter metabolic
function in oligodendrocytes and reduce the expression of myelin proteins resulting in
cell death (Popko et al., 1999). Lastly, increased inflammatory cytokines such as
interleukin 6 and TNF-alpha can also induce oxidative stress through the stimulation of
reactive oxygen species (ROS), which are highly reactive molecules that contain a

minimum of one oxygen that has one or more unpaired electrons (Lee et al., 2017; Ray et
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al., 2012). When there is an overabundance of ROS, it can initiate lipid peroxidation,
which damages the lipids constituting the cell wall in white matter. This was observed in
a previous study that found increased levels of lipid hydroperoxides in BD and was also
found to be associated with white matter tracts (Versace et al., 2014). As a result,
increased levels of ROS can signify early damage to WM and may cause increased NfL to

be released.

While this study found a significant relationship between NfL and ICM, some
limitations exist. Firstly, this study was cross-sectional. A longitudinal study is required to
investigate if NfL concentrations fluctuate according to changes in ICM trajectories. In
addition, this study used serum for the analysis. Ideally, CSF would be preferred but is
much more challenging to obtain than blood. Notably, studies have shown an association
between NfL levels measured in the periphery and in the CSF across diseases such as MS
and ALD (Kuhle et al., 2016; Sanchez-Valle et al., 2018). A recent meta-analysis
examining NfL concentration in mood disorders reported significantly higher NfL
concentration in BD compared to HC, however, further sub analysis demonstrated non-
significant differences when using more sensitive techniques. As a result, further studies
should investigate NfL using more sensitive techniques such as SIMOA, which would
provide a more accurate interpretation of this association (Kang et al., 2024). Lastly,

many of the participants were medicated including lithium, antipsychotics, and
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antidepressants, which can potentially affect the association between NfL and ICM.
Specifically, medication such as lithium has been observed to positively affect brain
morphology in BD (Necus et al., 2019; Hafeman et al., 2012). However, significant
associations were found despite participants being medicated, which demonstrates NfL’s

association with markers of brain morphology deficits.

NfL has widely been studied as a critical biomarker of several neurodegenerative
diseases. Across several diseases such multiple system atrophy (MSA), ALD, and frontal
temporal lobe dementia, NfL has been shown to have predictive value to determine
clinical progression and severity (Chelban et al., 2022; Sanchez-Valle et al., 2018; Rohrer
et al., 2016). In a recent study investigating plasma NfL concentration in individuals with
MSA, baseline plasma NfL concentration was a good predictor of clinical progression,
brain atrophy, and likelihood of survival (Chelban et al., 2022). Similarly in
frontotemporal dementia, serum NfL concentration was observed to be significantly
associated with brain atrophy rate and is hypothesized to also be associated with the
intensity of the disease (Rohrer et al., 2016). Given the positive association of NfL across
multiple brain-related diseases, this has recently sparked great interest in NfL as a
potential marker of progression, severity and/or prognostic value in neuropsychiatric

disorders.
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In conclusion, this study demonstrates the possibility of using NfL as a marker of
morphological WM changes within the brain in individuals with BD. Further studies
investigating the potential prognostic utility of NfL for clinical progression are highly

encouraged.
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3.11 Figures and Tables
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Figure 1. Comparison of neurofilament light chain (NfL) levels between bipolar disorder (BD)
and healthy control (HC) participants (*p-value < 0.01).

Table 1. Demographics of Bipolar Disorder (BD) and Healthy Control (HC) participants.

BD (n=72) HC (n=71) p-value
Age 31.88(7.61) 31(8.34) 0.479
Sex (F) 39 42 0.432
Education Years 16.09(3.07) 15.87(2.75) 0.423
Age of First Episode 16.35(5.66) NA
Duration of Illness 15.25(7.41) NA
Mood State
Euthymic 58
Depressed 6
Manic/Hypomanic 5
Others 3
MADRS 7.23 (8.57)
YMRS 3.52(4.89)
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Number of Episodes
Depressed
Manic
Mixed
Medication
Lithium
Antidepressants
Anti-Psychotics
Mood Stabilizers
NfL Concentration

(pg/mL)

17.31(19.45)
3.93(6.66)
2.53(7.25)

20
24
38
28
202.82(126.61) 144.79(85.66)

0.001

*Date shown as mean (standard deviation). Wilcoxon test was performed for the demographic

analysis. MADRS = Montgomery—Asberg Depression Rating Scale, YMRS = Young Mania

Rating Scale
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Abstract

Background: Bipolar disorder (BD) has been associated with impaired cellular resilience.
Recent studies have shown abnormalities in the unfolded protein response (UPR) in BD.
The UPR is the cellular response to endoplasmic reticulum (ER) stress. Mesencephalic
astrocyte-derived neurotrophic factor (MANF), a trophic factor, decreases ER stress by
modulating the UPR. The objective of this study is to investigate the MANF-ER stress

pathway in BD and major depressive disorder (MDD) compared to healthy controls (HC).

Methods: MANF protein concentration and MANF and GRP78 gene expression were
assessed in peripheral blood from individuals with BD, MDD and HC (protein: 40 BD, 55
MDD, 55 HC; gene expression: 52 BD, 61 MDD, 69 HC). MANF protein and gene
expression along with GRP78 gene expression were also analyzed in postmortem brain
tissue (20 BD, 20 MDD, 19 HC). MANF protein was quantified using an ELISA assay
while quantitative polymerase chain reaction was used for MANF and GRP78 gene

expression.

Results: Peripheral MANF protein levels were reduced in individuals with BD in a
depressive state compared to controls (p=0.031) and euthymic BD participants (p=0.013).
No significant differences in MANF or GRP78 gene expression were observed in BD
irrespective of mood state, or MDD compared to HC (all p>0.05). No differences were
observed regarding MANF/GRP78 protein or gene expression levels in postmortem tissue

(p>0.05).
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Conclusion: Individuals with BD who were in an acute depressive phase were found to
have reduced peripheral MANF levels potentially signifying abnormal UPR and

supporting the notion that BD is associated with increased ER stress.

Keywords

Bipolar disorder, mood disorders, endoplasmic reticulum (ER) stress, MANF, UPR,

MDD, GRP78

Significance Statement

Bipolar disorder (BD) and major depressive disorder (MDD) are complex mood disorders
that have been associated with reduced cellular resilience. Recent evidence suggests
endoplasmic reticulum (ER) stress can harm cellular resilience and is involved in mood
disorder pathophysiology, highlighting the need to further understand the cellular stress
responses. Stress within the ER can lead to cellular apoptosis and may contribute to the
emergence of symptoms observed in mood disorders. Here, we focused on peripheral and
central MANF protein concentration and gene expression in individuals with BD and
MDD. We found reduced peripheral MANF protein concentration in individuals with BD
who were in a depressive state. Given that BD is often associated with ER stress, MANF
was expected to be increased as MANF has been found to alleviate ER stress; however,
MANF was found to be reduced, signifying a possible systemic blunted response to ER

stress.
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4.1 Introduction

Bipolar disorder (BD) is characterized by alternating episodes of mania,
depression, and hypomania (Grande et al., 2016). BD impacts approximately 2-4% of the
world population (Merikangas et al., 2011) and is often comorbid with other diseases,
impacting the quality of life and psychosocial functioning (Carvalho et al., 2020).
Neuroanatomical studies have consistently demonstrated deficits in brain morphology,
such as reduced gray matter volume in brain regions such as the hippocampus (Tsai et al.,
2019) and white matter deficits, which have been associated with cognitive deficits
(Benedetti et al., 2014; Poletti et al., 2015). Studies have also found that deficits in brain
morphology are correlated with blood markers. For example, catabolites of the
kynurenine pathway in the blood of individuals with BD, which is the primary catabolic
route for tryptophan, are associated with diffusion tensor imaging markers of white matter
damage in several brain regions such as the amygdala and corpus callosum (Poletti et al.,
2018; Poletti et al., 2019). In addition, increased proinflammatory cytokines such as
tumour necrosis alpha have been reported to be correlated with white matter volume in
several brain regions, including the frontal and temporal lobe, in individuals with BD
(Benedetti et al., 2016; Bond et al., 2022). Alterations in homeostasis caused by markers
such as increased proinflammatory cytokines may significantly impact brain morphology
in BD due to impaired cellular resilience. Several studies investigating cellular resilience
in peripheral blood mononuclear cells, such as the lymphocytes of individuals with BD,

found that in response to stress, more cells were found to be in the early stages of
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apoptosis and more likely to die compared to cells collected from healthy individuals
(Fries et al., 2014; Pietruczuk et al., 2018). These findings suggest that there may be
underlying abnormalities in the cell's ability to appropriately respond to changes in their
environment, leading to increased cellular apoptosis and potentially being associated with
the deficits observed in neuroanatomical studies. This stresses the need to understand
better the pathways and cellular organelles responsible for maintaining cellular

homeostasis in BD to elucidate our knowledge of the pathophysiology.

The endoplasmic reticulum (ER) is a cellular organelle responsible for protein
synthesis, folding and transport, as well as lipid metabolism (Schwarz et al., 2015).
Recent studies investigating alterations in ER function and ER stress proteins in mood
disorders including BD and major depressive disorder (MDD) have reported abnormality
in gene expression related to ER function and ER stress response in cells such as
lymphoblastoid and leukocyte-derived RNA samples (Hayashi et al., 2009; Kowalczyk et
al., 2021; Nevell et al., 2014). The ER is highly sensitive to perturbation in ER
homeostasis, which has led to evolutionary adaptations to maintain ER functionality and
cellular integrity. One such mechanism is the unfolded protein response (UPR). ER
integrity can be compromised by a cascade of factors such as hypoxia, Ca2+ depletion, or
altered glycosylation, which leads to an accumulation of misfolded proteins, and
activation of the UPR. UPR functions through three principal transmembrane proteins:
Inositol-Requiring Enzyme 1 (IRE1), Protein Kinase RNA-like ER Kinase (PERK) and

Activating Transcription Factor 6 (ATF6); it is further regulated by chaperone proteins
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such as immunoglobulin-binding protein (BiP/GRP78) (Read et al., 2021; Kaufman et al.,
2002). When there is an accumulation of unfolded protein, GRP78 is released into the ER
lumen from the IRE1, PERK, and ATF6 receptors, which activates signalling pathways
that begin a cascade of events to attempt to restore homeostasis (Read et al., 2021;
Sidrauski et al., 1997). These events include the phosphorylation of eukaryotic translation
initiation factor 2a (elF2a) at serine 51, which reduces overall protein folding (Scheuner
et al., 2001). Through these proteins, UPR attempts to remedy alterations in function
through the reductions of protein translation, protein folding, and the removal of
misfolded proteins. However, if UPR fails to reduce misfolded proteins, the c-Jun N-
terminal kinase (JNK) pathway is activated, which leads to cellular apoptosis. In addition,
C/EBP homologous protein (CHOP) expression - a transcription factor - is also increased,
resulting in reduced expression of anti-apoptotic B cell lymphoma-2 (Bcl-2) proteins and
increased expression of pro-apoptotic molecules including death receptor 5 (DR5) and

tribbles homologue 3 (TRB3) (Read et al., 2021).

Mesencephalic astrocyte-derived neurotrophic (MANF) is a trophic factor
belonging to a group of neurotrophic proteins responsible for regulating neuronal
survivability (Yang et al., 2018). It has been observed to protect neurons within the
midbrain in animal models of Parkinson's disease (Eesmaa et al., 2021; Glembotski et al.,
2012). Studies investigating MANF have shown that it is secreted within the ER lumen
and that MANF gene expression and protein synthesis are upregulated during ER stress

(Eesmaa et al., 2021). While the exact mechanism through which MANF functions is
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unknown, it is hypothesized that it is a cofactor of GRP78 as it interacts with GRP78's
nucleotide-binding domain and has an antiapoptotic function (Eesmaa et al., 2021).
Therefore, when ER stress occurs, the UPR is activated and MANF and GRP78 are
upregulated to attempt to restore balance and prevent further cellular dysfunction
(Apostolou et al., 2008; Huang et al., 2016). In a recent study from our group
investigating the relationship between MANF and lithium use in rat models, we found
that lithium treatment increased mRNA MANF expression in the brain tissue dissected
from the prefrontal cortex and striatum (Abu-Hijleh et al., 2021), revealing another
potential pathway that may be involved in the mood stabilizing and neuroprotective
effects of lithium. However, no studies have examined the MANF pathway in BD,
highlighting the need and the novelty to further investigate MANF in individuals with BD

and potentially inform new treatment pathways for drug discovery in BD.

The present study investigated the gene expression of MANF and GRP78 and the
concentration of MANF protein levels in human blood samples and in postmortem brain
tissue from individuals diagnosed with BD across different mood states (euthymic,
depressed, manic/hypomanic), MDD, and healthy individuals. Given that ER stress has
been previously reported in BD (Bengesser et al., 2016), we hypothesize that there is
abnormally reduced MANF and GRP78 gene expression in BD and MDD compared to
healthy individuals. Furthermore, we hypothesize significantly lower MANF protein

concentration in BD and MDD compared to healthy individuals.
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4.2 Methods

4.2.1 Subjects

A group of young adults nested from a large population-based study based in
Pelotas, a city in Southern Brazil, was used for this study. For this nested investigation,
we selected BD and MDD participants (serum analysis n = 40 BD and 55 MDD, gene
expression n = 52 BD and 61 MDD) which were recruited during the second wave of the
population-based study conducted between 2012 and 2014 (Jansen et al., 2013). Since
MDD shares some symptomatic characteristics with BD and has also been shown to be
associated with ER stress, MDD was investigated (Kowalczyk et al., 2021; Nevell et al.,
2014). The inclusion criteria for BD and MDD groups included individuals that were
diagnosed with BD or MDD, according to the DSM-IV(Sheehan et al., 1998; Amorim et
al., 2000). Lastly, healthy control (HC) individuals were also recruited (serum analysis n
=55, gene expression n = 69). The inclusion criteria used for HC included: (1) no mood
disorders diagnosis (MDD or BD), (2) no anxiety disorder diagnosis (agoraphobia, social
phobia, specific phobia, panic disorder or Generalized Anxiety Disorder), (3) no diagnosis
of Obsessive Compulsive Disorder, (4) no diagnosis of Posttraumatic Stress Disorder, (4)
no diagnosis of Attention Deficit Hyperactivity Disorder, (5) no current suicide risk, (6)
did not present any lifetime psychotic symptoms, (7) not currently abusing or depending

on illicit drugs.
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Manic and depressive symptoms were assessed using the Young Mania Rating
Scale (YMRS) (Vilela et al., 2005) and The Montgomery—Asberg Depression Rating
Scale (MADRS) (Davidson et al., 1986), respectively. Master’s and Ph.D. level trained
psychologists conducted all psychological assessments. All participants provided written
consent prior to inclusion and the Research Ethics Committee of the Universidade
Catolica de Pelotas (UCPel) approved this study under the protocol number 2008/118.
Postmortem human brain tissue from the hippocampus and the prefrontal cortex from 20
participants with BD, 20 participants with MDD, and 19 HC were also assessed. The
tissue sample was acquired from the Douglas Bell Canadian Brain Bank in Montreal,
Canada. BD and MDD diagnosis was determined by psychological autopsies using the
Structured Clinical Interview for the DSM-IV axis 1. HC participants included
individuals who had died due to natural causes or accidents and had no prior psychiatric
conditions. This study was approved by the Hamilton Integrated Research Ethics Board,
and written consent was provided by the next of kin and the Douglas Institute Research

Ethics Board (#11267).

4.2.2 Tissue Preparation

The tissue samples from the prefrontal cortex and hippocampus were dissected
and stored at -80°C until analysis. Before protein analysis, ~100 mg of the prefrontal
cortex and the hippocampus were subdivided into sections weighing ~40-60 mg and

placed on ice. For protein extraction, 400 uL of cold N-PER lysis buffer was used per the
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manufacturer’s protocol. Samples used for protein analysis were sonicated and
centrifuged at 10,000 g for 10 minutes at 4°C to extract the supernatant while excluding
cellular debris. Protein concentration was determined using the Pierce 660nm assay with

bovine serum albumin (BSA) standards (ThermoFisher Scientific, Inc.).

4.2.3 Blood Collection

For the peripheral protein analysis, an anticoagulant-free vacuum tube was used to
draw ten milliliters of blood from each participant between 8§ am-11 am. Serum was
extracted within 2 hours by centrifugation at 4000 g for 15 minutes. The serum was stored

at -80°C until analysis.

4.2.4. MANF protein assay

A high-sensitivity enzyme-linked immunosorbent assay (ELISA) kit (AB215417;
ABCAM, San Diego, CA) was used to determine MANF concentration in serum and
postmortem tissue according to the manufacturer’s protocol. In summary, 100 pL of
diluted serum/supernatant or standard diluent was added into a 96-well plate pre-coated
with an antibody specific to MANF and incubated for one hour on a microwell plate
shaker at 300 rpm to allow for binding. After one hour, the standards and samples were
discarded and washed 4 times using 300 pL of provided buffers. This was followed by the

addition of 100 pL of MANF enzyme conjugate working solution in each well and was
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then incubated again for 1 hour at 300 rpm on a microwell plate shaker. After 1 hour, the
solution was discarded and 4 more cycles of washing using 300 pL of the provided wash
buffer were performed. After, 100 pL of substrate solution was added and incubated for
20 minutes on a microwell plate shaker at 300 rpm while protected from light, followed
by addition of the stop solution. MANF levels were determined by absorbance at 450 nm
using a microplate reader (EPOCH 2 microplate spectrophotometer, BioTek, Vermont,
USA), converting absorbance to concentration using a standard curve that demonstrated a
linear relationship between optical density and MANF concentration (R?>0.95). The
samples were run in duplicates and intra-assay coefficient was <10%. The results are

expressed in ng/mL.

4.2.5 RNA Extraction and Quantitative Real-Time PCR for Postmortem Tissue

RNA concentration and purity were determined using a NanoDrop ONE
spectrophotometer. All samples used for cDNA synthesis had an A260/A280 and
A260/230 ratio between 1.8 and 2.2. QScript (95048; Quantabio, USA) was used to
synthesize equal amounts of cDNA from DNAse-treated RNA samples as per the
manufacturer’s instructions. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) reactions using SYBR green master mix (BIORAD) were performed to
determine the relative mRNA expression of MANF with B-actin (ACTB) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as housekeeping genes (Table 1).

The cDNA was run in duplicates and amplified for 40 cycles using the CFX96 Real-Time
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System (BioRad). Relative gene expression was then calculated using the 2-AACt method

described by Schmittgen and Livak (Schmittgen & Livak, 2008).

4.2.6 RNA Extraction and Quantitative Real-Time PCR for Human Blood

Total RNA was extracted from 2mL of blood collected in Paxgene blood RNA
tubes (762165; Qiagen, USA) using the Paxgene blood RNA kit (762164; Qiagen, USA).
The extracted RNA was treated with DNase, and its purity was tested using A260/A280
method on a microplate reader (EPOCH 2 microplate spectrophotometer, BioTek,
Vermont, USA). All treated RNA used for cDNA synthesis had a A260/A280 ratio
between 1.8 and 2.2. The treated RNA was used to produce equal amounts of cDNA using
Qscript (95048; Quantabio, USA) as per the manufacturer’s protocol. RT-qPCR reactions
were performed using SYBR green master mix (1725271; BIORAD, USA) to analyze the
mRNA expression of two genes of interest, MANF and GRP78. TATA-box binding
protein (TBP) and ACTB were used as housekeeping genes. All samples were analyzed
using triplicate technical replicates and amplified for 40 cycles using the QuantStudio 7
Pro Real-Time PCR System (Applied Biosystems, USA). The ThermoFisher Cloud
Relative Quantification analysis module was used to calculate the relative gene
expression of each gene using the 2— AACt method as described by Schmittgen and Livak
(Schmittgen & Livak, 2008). The human oligo-dT primer sequences used for RT-qPCR

(5”—3’) are described in Table 1.
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4.2.7 Statistical analysis

The GraphPad Prism 9 was used for postmortem tissue analysis, the Statistical
Package for the Social Sciences (SPSS) version 26.0 was used for peripheral protein
analysis, and Rstudio was used to conduct peripheral gene expression analysis. The
continuous variables were tested for normality using the Shapiro-Wilk test, and the
Bartlett test was used to test for homogeneity of variances. Differences in protein or
mRNA expression in the postmortem tissue between BD, MDD, and HC were determined
using a two-way analysis of variance (ANOVA) with Dunnett’s and Tukey’s post-hoc
tests. Tukey’s post hoc test was used to determine difference between BD and MDD
compared to HC, while Dunnett’s post hoc test was performed to determine differences
between BD and MDD. For all peripheral analysis, the BD group was analyzed as one
group including all mood states; however, the data were also further analyzed by mood
states to determine if differences amongst and between mood states and HC existed.
Logarithmic transformations were used to normalize peripheral MANF protein data since
the data did not present a normal distribution. An ANOVA with Bonferroni post hoc tests
was conducted to determine if there were any significant differences in protein
concentration between BD, BD mood states, MDD, and HC. Furthermore, a Kruskal-
Wallis test with sex as a covariate was used to determine differences in mRNA MANF

and GRP78 expression in the periphery between BD, BD mood states, MDD, and HC.
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4.3 Results

Participants within the BD, MDD, and HC groups were matched by sex, age,
BMI, and years of education for the peripheral protein analysis; participants within the
three groups were matched by age, BMI, and years of education for the peripheral gene
expression analysis. The average age for the peripheral analysis was approximately 25
years old, and both MDD and BD groups had participants that were treated with
psychotropic medication. The average age for the postmortem analysis was approximately
45-49 years old (see Table 2 for a complete breakdown of participant demographics).
We found reduced MANF serum levels in BD participants compared to that of HC in
agreement with our hypothesis. Specifically, individuals with BD in a depressive state had
a lower serum MANF concentration in comparison to HC (p=0.031) and euthymic BD
participants (p=0.013; see Figure 1). In addition, there was no significant increase in
peripheral MANF or GRP78 gene expression in BD or MDD compared to HC
participants even when controlling for sex (p> 0.05, Figure 2A-B). Similarly, no
significant increase was observed regarding MANF protein or MANF and GRP78 gene

expression levels in postmortem tissue (Figure 3A-C, p> 0.05; Figure 3A).

4 .4 Discussion

When comparing individuals with BD in a depressive episode to HC, we found a

reduction of peripheral MANF protein concentration and no changes in peripheral MANF
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or GRP78 gene expression. In the postmortem brain tissue comparing BD and MDD to
HC, there was no change in MANF protein levels and MANF or GRP78 gene expression.
These findings may corroborate existing research that has demonstrated abnormalities
within the ER stress response in mood disorders (Hayashi et al., 2009; Pfaffenseller et al.,
2014). It is noteworthy that reduced MANTF protein concentration was only observed
when the BD group was stratified by mood state, with individuals with BD who were in a
depressed state showing lower peripheral MANF concentrations compared to HC and
those who were euthymic. It is therefore possible that depressive states in particular may
be accompanied by alterations in UPR. Given that MANF protein concentration was
lower and MANF/GRP78 gene expression remained unchanged, it is feasible that the
observed results indicate abnormalities during protein translation in which gene
transcription is unaltered but proteins are not being synthesized in sufficient amounts.
This can potentially stem from a reduction of ribosomes and other proteins responsible
for protein translation and protein modification within the cytoplasm (Jishi et al., 2020).
Furthermore, it is possible that certain medications used to treat BD can hinder protein
translation by affecting ribosomal function. This explanation is consistent with a recent
study investigating the effects of commonly used psychotropic interventions including
aripiprazole, clozapine, and lithium on human neuronal-like pluripotent cells, which
identified that certain medications used to treat BD can significantly decrease ribosomal
gene expression and overall protein synthesis within the cytosol (Liu et al., 2022). As a
result, if there is a reduction in ribosomes and other proteins responsible for protein

synthesis, it is possible that this mechanism may reduce MANF protein abundance.
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However, the relationship between protein synthesis and gene expression regarding
MANTF has not been investigated in BD and is therefore warranted to better understand

deficits within the UPR pathway.

A strength of this study is the use of both postmortem brain tissue and peripheral
blood to investigate MANF and GRP78 in BD, MDD, and HC. There is much debate
regarding the correlation between markers analyzed within the periphery and the brain.
For example, a recent meta-analysis reported a weak correlation between the abundance
of inflammatory cytokines within the periphery and CSF, although the association was
stronger in individuals with autoimmune diseases and those aged 50 years and above. In
addition, it has been reported that other signalling proteins such as neurofilament light
chain were strongly correlated between the periphery and CSF (Gigase et al., 2023). As a
result, it seems that there are varying levels of associations between peripheral and central
biomarkers, which is why it is important to analyze biomarkers within both the periphery

and the brain.

Under ideal conditions, MANF has been observed to protect neuronal cells from
death (Yang et al., 2014). A recent study investigating the role of MANF in response to
amyloid - peptide (AP) in neuronal cells and the brains of APP/PS1 transgenic mice
(serving as a model of Alzheimer's disease [ALD]), found MANF expression to be
increased in response to exposure to AP, a protein reported to cause the death of neuronal

cells through increased ER stress and a key characteristic of ALD. The increase in MANF
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expression and recombination human MANF treatment reduced AB-induced cell death.
Furthermore, MANF protection against cytotoxicity caused by AP was also associated
with the reduction of ER stress, as demonstrated by the inhibition of apoptosis-inducing
proteins such as CHOP, caspase-3, and other UPR-related molecules including ATF6,
GRP78, phosphorylated-IRE1, phosphorylated-elF2a, XBP1s, and ATF4. Lastly, it was
also observed that MANF knockout cells had increased levels of these proteins, which
suggests that MANF may function by inhibiting these proteins to alleviate ER stress (Xu
et al., 2019). While the study discussed above pertains to ALD, MANF is a novel
biomarker that is of recent interest in BD, which is why further studies investigating the
mechanisms through which MANF functions in BD are encouraged. Additionally, ALD
and BD share an association with each other, which may provide some insight into the
potential mechanism through which MANF should be functioning in BD. For example, a
recent genome-wide association study investigating the association between ALD and BD
reported a polygenic overlap between the two diseases, which suggests shared genetic
influences that could explain the physiological basis of ALD and BD (Drange et al.,
2019). In addition, individuals diagnosed with BD are at high risk of developing ALD,
which further suggests an association between ALD and BD (Diniz et al., 2017; Velosa et

al., 2020).

While studies in other diseases have demonstrated ideal MANF functioning
during ER stress, studies of UPR in BD provide insight on UPR deficits and in turn

demonstrate how increased ER stress occurs in the disorder. A study by Pfaffenseller et al.
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(2014) analyzed UPR in BD using lymphocytes treated with tunicamycin, which induces
ER stress by inhibiting glycosylation. Cells from the control group exposed to
tunicamycin showed significant differences in protein levels of the UPR markers GRP78,
CHOP, and elF2a-P; however, there was no change in these markers in the BD group, and
post-exposure to tunicamycin led to a two-fold increase in cell death compared to
lymphocytes from HC alluding to a failure/deficit in the pro-survival UPR in response to
ER stress in BD (Pfaffenseller et al., 2014). Another study investigating the ER stress
response in BD reported that the expression of genes responsible for protein folding (e.g.
XBP1, GRP78, calreticulin (CALR), and CHOP) were altered in BD, leading to an
insufficient response to ER stress (Hayashi et al., 2009). Based on the findings by
Pfaffenseller et al. (2014) and Hayashi et al. (2009), there may be some deficits in UPR
during times of increased stress, which may occur during a depressive phase. This also
coincides with our findings, which also suggest abnormalities in the UPR as there was no
significant change in GRP78 gene expression in BD compared to HC and MANF
abundance was also either unchanged (peripheral and postmortem gene expression) or

lower (peripheral protein levels).

A number of limitations need to be considered when interpreting the results of our
study. Firstly, causation cannot be inferred since this is a cross-sectional study. A
longitudinal study examining MANF levels across different mood states and time (e.g.
mood "switches’’) would allow for a better understanding of the relationship between

MANTF and bipolar depression. In addition, BD participants were medicated with a
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combination of psychotropic medications, which may impact MANF levels given that
medications such as lithium have been reported to interact with MANF pathway (Abu-
Hijleh et al., 2021). Furthermore, we did not have enough samples of individuals with
MDD who were in a depressive state as many were in remission, preventing us from
stratifying the participants into subgroups to determine if mood states affected MANF and
GRP78 levels within MDD. Additionally, the stability and reliability of MANF in blood
and postmortem tissue from individuals with BD have yet to be investigated. As a result,
future technical papers investigating the stability of MANF such as the half-life in blood
and postmortem tissue needs to be assessed along with testing the impact of different
freezer condition, multiple freeze-thaw cycles, and if time of day during blood draw
impacts MANF concentration. Lastly, the sample was not matched by sex in the
peripheral gene expression analysis; however, even when controlling for sex, no
significant differences were found between the groups. Despite these limitations, this is
the first study using both peripheral and postmortem brain tissue to analyze MANF
protein levels and MANF and GRP78 gene expression in a well-characterized population-

based sample of young adults from the community.

In conclusion, this study found lower peripheral levels of MANF during acute
depressive state in BD. Longitudinal studies following the same individuals across
different mood states are needed to confirm or refute this initial finding. Given recent
evidence that lithium increases MANF levels (Abu-Hijleh et al., 2021), the study of

MANTF as a potential protective pathway in BD is encouraging.
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4.11 Figures and Tables
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Figure 1. Serum MANF protein concentration across bipolar disorder, major depressive disorder,
and healthy control groups. Error bars represent SEM.
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Figure 2 A: Comparison of relative quantification of peripheral MANF bipolar disorder (BD),
major depressive disorder (MDD), and healthy control groups (HC). Error bars represent SEM.
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Figure 2B: Comparison of relative quantification of peripheral GRP78 between BD, MDD, and
HC. Error bars represent SEM.
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Figure 3. A) MANF protein concentration in the prefrontal cortex (PFC) and the hippocampus in
individuals with bipolar disorder (BD), major depressive disorder (MDD), and healthy control
groups (HC)
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Figure 3. B) MANF gene expression in the PFC and the hippocampus in individuals with BD,
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Figure 3. C) GRP78 gene expression in the PFC and the hippocampus in individuals with BD,
MDD, and HC. Error bars represent SEM.

Table 1. List of Human oligo-dT primer sequences used for RT-qPCR (5° - 3”)

Genes Forward Primer Reverse Primer

ACTB ACA GAG CCT CGC CTT TG CCTTGC ACATGC CGG AG

TBP CAG CAACTTCCTCAATTCCTITG | GCTGTTTAACTT CGCTTC CG
GAPDH ACATCG CTCAGACACCATG TGT AGT TGA GGT CAATGAAGG G
GRP78 GTG CCTACCAAGAAGTCT CAG CCA GTC AGATCA AAT GTACCCA
MANF TCA CAT TCT CAC CAG CCACT CAG GTC GAT CTG CTT GTC ATA C
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Table 2. Participant clinical and demographic characteristics

Control BD MDD p-value
Blood Protein Analysis
Age 25.35(2.29) 25.88 (2.27) 25.76 (2.17) 0.335
Sex (M/F) 25/30 11/29 25/30 0.141
Years of Education 10.67 (2.76) 9.70 (2.59) 9.75 (1.98) 0.300
BMI 26.60 (6.14) 28.30 (5.75) 25.66 (4.57) 0.136
Clinical Assessment
MADRS 0 (0-2.00) 7.53.0-12.0) 2.0 (0.0 —4.00) <0.001
FAST 45(2.0-8.25) 12.5(8.0-24.5) 7.5(3.0-12.0) <0.001
BRIAN 24.11 (4.98) 38.00 (12.17) 27.20 (6.75) <0.001
MOCA 23.31 (3.34) 22.00 (3.82) 23.39 (3.27) 0.116
Medication
Mood Stabilizer - 2(9.1) 5(15.6) 0.938
Antidepressants - 16 (72.7) 18 (56.3) 0.565
Antipsychotics - - 3094 0.659
Antianxiolytic - 7 (31.8) 17 (53.1) 0.459
2+ psychiatric 5(26.3) 9(33.3) 0.814
intervention
Blood Gene Expression
Analysis
Age 25.99 (2.13) 25.75 (2.195) 25.57 (2.24) 0.559
Sex (M/F) 31/38 12/40 13/48 0.005
Years of Education 10.91 (3.59) 9.72(3.16) 10.50 (3.44) 0.161
BMI 25.61 (5.68) 28.60 (6.15) 26.40 (5.74) 0.058
Clinical Assessment
MADRS 0.0 (0.0-4.0) 12.0 (2.0 -18.0) 8.0 (2.0 -16.0) <0.001
FAST 6.0 (3.0-10.0) 11.0 (7.0-23.0) 12.5(5.0-19.75) <0.001
BRIAN 25.34 (6.67) 35.43 (11.02) 33.18 (11.21) <0.001
MOCA 23.32 (3.68) 22.12 (3.94) 22.66 (3.45) 0.201
Medication
Mood Stabilizer - 4 (13.3) 4 (13.3) 0.580
Antidepressants 6 (66.7) 19 (63.3) 22 (73.3) 0.836
Antipsychotics - 5(16.7) 3(10.0) 0.675
Antianxiolytic 3(33.3) 16 (53.3) 15 (50.0) 0.778
2+ psychiatric 2 (14.3) 10 (37.0) 10 (40.0)
intervention
Postmortem
Age 49.63 (2.43) 45.80 (3.36) 49.85 (1.53) 0.23
Sex (M/F) 16/3 9/11 17/3 N.A
PMI 47.83 (4.25) 46.33 (3.94) 62.99 (5.99) 0.09
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Cause of Death
Suicide
Accident
Natural
Medication (last 3
months)
Mood Stabilizer
Antidepressants
Antipsychotics
Antianxiolytic
2+ psychiatric
intervention
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Age, years of education: data is shown as mean + standard deviation. MADRS, FAST: data is
shown as median and interquartile range (25-75 percentiles). MADRS: Montgomery—Asberg
Depression Rating Scale; FAST: Functioning Assessment Short Test, BRIAN: Biological

Rhythms Interview Assessment in Neuropsychiatry; MOCA: Montreal Cognitive Assessment;

PMI: Postmortem Interval; F: female; M: male; BMI: Body Mass Index
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Chapter 5: Discussions

5.1 Summary of Findings

This thesis examined blood-based biomarkers in individuals with BD to assess
differences in concentration compared to HC and their association with myelin content.
Blood-based biomarkers may be able to provide an accessible method in the future to help
clinicians evaluate disease progression and personalize treatment as more studies continue
to investigate blood-based biomarkers. Evidence within the last two decades has provided
the foundation upon which more targeted approaches to investigating novel markers can
flourish. Recently, researchers have identified some promising prospects regarding
different blood-based biomarkers, as described in Chapter 2. However, the challenge
remains the same regarding the heterogeneity of results. BD, in itself, is a heterogeneous
disorder, in that the symptoms can heavily fluctuate heavily between individuals,
potentially explaining the inconsistencies observed between different studies assessing the
same marker. Additional confounding variables can contribute to conflicting findings
observed in the literature, such as comorbidities, lifestyle, BMI, adverse childhood
experience, and genetics (Forty et al., 2014; Park et al., 2020; He et al., 2023; Kambey et
al., 2023). Different variations of these variables across different populations can impact
the biomarkers of interest and result in the conflicting results that are observed within the
literature. This alludes to the need to explore additional biomarkers that have yet to be
investigated, and the fact that a single biomarker will likely not be sufficient to improve

BD care; instead, a combination of biomarkers will be likely needed. The studies
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described in this thesis investigate two new biomarkers that have yet to be thoroughly
addressed within the BD literature, potentially providing new avenues to investigate BD

pathophysiology.

Chapter 2 of this thesis describes the existing literature investigating any blood-
based biomarker in relation to myelin integrity in BD as determined through
neuroimaging techniques such as diffusion tensor imaging (DTI) and magnetic resonance
imaging (MRI). This chapter highlights the many different classes of biomarkers that
have been shown to be associated with brain morphology in BD, such as inflammatory,
innate immune system, and genetic markers. Based on the findings of this paper, it
becomes apparent that deficits often reported in BD, such as alterations in brain
morphology, specifically myelin degradation, are likely associated with a combination of
different classes of biomarkers that are part of a much larger and intricate pathway that
causes the damage that we observe. For example, the interplay between markers within
the innate immune system, pro-inflammatory cytokines, and oxidative stress can create a
neurotoxic environment within the brain that can harm myelin integrity. Specifically,
when the innate immune system is activated, it induces the release of pro-inflammatory
cytokines, which can harm oligodendrocytes and induce reactive oxygen species, further
harming myelin content through lipid peroxidation (Jones et al., 2013; Versace et al.,
2014; Su et al., 2011; Berk et al., 2011). We also critically assessed the quality of the
individual papers in this systematic review and classified the studies into distinct groups

of biomarkers to demonstrate the broad classes that can impact brain morphology in BD.
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Chapter 3 of this thesis expanded on the blood-based biomarker and myelin
content literature by investigating neurofilament light chain (NfL). This new biomarker
has been recently receiving attention within the mood disorder literature. NfL, a type of
cytoskeleton that helps to maintain cellular structure and is expressed in axons and the
neuronal body, has been heavily investigated in neurodegenerative diseases such as MS
and ALD (Gaetani et al., 2019; Perrot et al., 2008; Benkert et al., 2022; Illan-Gala et al.,
2021). In diseases characterized by damage to myelin, increases in NfL have consistently
been reported as a marker of disease progression and severity (Benkert et al., 2022; Illan-
Gala et al., 2021). Given that white matter is among the most widely reported deficits, it
warrants the need to investigate NfL in BD (Silva et al., 2024). Jakobsson et al. was the
first to study NfL in BD in 2014 using CSF. The authors reported significantly higher NfL
levels in BD compared to HC. However, many aspects of NfL’s role in BD and its
association with other deficits have yet to be investigated since that initial study. Only
within the last 2-3 years has NfL been investigated again in BD and its relationship to
myelin. As a result, we chose to build on top of past research that has reported on NfL.
This study had two primary goals: to determine if there was an association between NfLL
and myelin content within the cortex and to replicate previous studies that reported
increased NfL concentration (Jakobsson et al., 2014). To investigate this association, we
used serum collected from individuals with BD and HC to quantify NfL concentration
using a high-sensitivity ELISA kit and assessed intracortical myelin (ICM) using MRI.
Using ridge regression analysis to control for multicollinearity, we found that ICM

explained approximately 26% of the variance observed in NfL concentration in serum.
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Lastly, we also replicated past findings, where we found that individuals with BD had

significantly higher concentrations of NfL than HC.

In Chapter 4 of this thesis, we investigated a novel biomarker that has yet to be
investigated in individuals with BD and MDD. Recent studies have provided some
evidence of endoplasmic reticulum (ER) stress and impaired cellular resilience in BD.
With increased ER stress, there is an overproduction of misfolded proteins, which the ER
cannot remedy due to abnormal unfolded protein response (Hayashi et al., 2009;
Pfaffenseller et al., 2014). A recent study conducted by a collaborator in this study found
that lithium increased MANF concentration in rats, suggesting a potential pathway
through which lithium functions to stabilize mood (Abu-Hijleh et al., 2020). Based on
this, we investigated MANF and GRP78, another molecule that works in tandem with
MANF to maintain normal UPR (Eesmaa et al., 2021). Using serum samples and
postmortem brain tissue collected from individuals with BD, MDD, and HC, we
quantified MANF and GRP78 protein concentration and gene expression. Our analysis
found peripheral MANF protein concentration to be reduced in individuals with BD in a
depressive state compared to euthymic BD participants and HC. Furthermore, no
significant differences in MANF or GRP78 gene expression were found in BD and MDD
compared to HC, regardless of mood state. In the postmortem tissue, MANF and GRP78
protein and gene expression levels were not significantly different between groups. Our
results suggest abnormalities within the UPR as indicated by the reduced peripheral

MANF levels in individuals with BD during a depressed state and no significant increase
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in protein or gene expression levels in BD or MDD compared to HC. Since ER stress has
been well documented in previous studies, it is expected that MANF and GRP78 should
be increased to attempt to remedy ER stress, but this was not observed (Hayashi et al.,
2009; Pfaffenseller et al., 2014). As a result, our study provides preliminary evidence that
suggests mood disorders, specifically BD, may be associated with ER stress and impaired

ER stress response.

5.2 Significance of overall findings

The primary findings of this thesis support the notion that BD is associated with
changes in blood-based biomarkers compared to that of HC (Chapters 3-4). Furthermore,
the results from the systematic review in Chapter 2 and the association found between
NfL and ICM in Chapter 3 suggest that it is feasible that blood-based biomarkers provide
helpful information regarding changes observed in brain morphology, specifically myelin

content.

Furthermore, the systematic review discussed in Chapter 2 compiled and
expanded on all existing studies up until 2023 that investigated blood-based biomarkers
and myelin content in BD. This is significant because it can aid in enhancing our
understanding of the relationship between the biomarkers investigated and myelin content
in BD, based on the most updated literature in the field. More importantly, it can help to

identify gaps in the literature and highlights markers that warrant further study.
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Additionally, the results demonstrate the need to replicate findings from individual
studies, as a meta-analysis was not performed due to the lack of multiple studies
investigating the same biomarkers. The findings discussed in this chapter also align with
other papers investigating aspects of brain morphology such as grey matter volume in
conjunction with peripheral markers in BD, which adds further support to the notion that
blood-based biomarkers may be able to serve as a proxy to changes in brain morphology
in BD. For example, previous studies investigating pro-inflammatory markers such as
sIL-6R was associated with grey matter volume in different brain regions, including the
superior frontal gyrus, fusiform gyrus, cerebellum, putamen, precentral gyrus, pre-cuneus,
and insula. In addition, increased peripheral sIL-6R concentration was associated with
increased cortex thinning in regions such as the temporal gyrus (Bai et al., 2020; Tu et al.,
2017). Increased IFN-y, another pro-inflammatory cytokine, has also been negatively
associated with the volume of the right medial-orbito-frontal cortex (Mohite et al., 2022).
Furthermore, the ratio between kynurenine and tryptophan and immune cells such as
natural killer and T-helper cells has been reported to be associated with reduced amygdala
volume and reduced activity within the prefrontal cortex (Poletti et al., 2019). This is
significant since these are brain regions associated with affective processing, including
emotion (Poletti et al., 2019). As discussed in Chapter 2, along with the many other
papers such as those mentioned here, demonstrates the significant association between
blood-based biomarkers and changes in brain morphology and cognition.

However, there are many other biomarkers that may be associated with these

changes that have yet to be investigated and may offer promising avenues to better
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understand BD. For example, cellular impairment and toxicity due to mitochondrial
dysfunction and abnormal functioning of the hypothalamic-pituitary-adrenal axis may
lead to neurotoxicity (Pfaffenseller et al., 2013). Specifically, previous studies have
shown that BD is associated with an inability to suppress the release of cortisol using
dexamethasone suppression test (Daban et al., 2005). During times of high stress periods,
cortisol is released in excess and continues to be released post stress event, which in part
can potentially explain studies that have demonstrated higher levels of cortisol in BD
compared to controls (Nascimento et al., 2020; Milo et al., 2024). Previous studies
investigating the consequence of long-term exposure to stress and glucocorticoids using
animal models and in-vitro techniques reported that abnormal exposure to glucocorticoids
can negatively harm mitochondrial function, resulting in cellular apoptosis (Du et al.,
2009; Gong et al., 2011). In addition, glucocorticoid may also amplify the negative
consequences of pro-inflammatory proteins such as those mentioned in the systematic
review and induce cellular toxicity, which can also harm neuronal function (Pfaffenseller

etal., 2013).

Furthermore, issues with ER function may also underlie changes in brain
morphology. Recent studies have provided evidence that suggests that ER stress and the
UPR initiates and regulates the innate immune response by means of activating
interleukin-23, NLR family pyrin domain containing 3 inflammasome, and the interferon
regulatory factor 3 transcription factor, which activates type I interferons (Perner &

Kriiger, 2022; Liu et al., 2012). These proteins are responsible for the proper functioning
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of the innate immune response. As a result, it is possible that issues with ER stress and the
UPR in BD may result in a dysfunctional innate immune response that may harm the cell.
However, these associations have yet to be investigated in BD and can build on to the
findings reported in the systematic review between the innate immune system,

inflammation, and myelin content in BD.

In Chapter 3, we found that NfL concentration was increased in BD compared to
HC and that ICM deficits were associated with NfL levels in BD. This is consistent with
previous reports showing that NfL is increased in blood and CSF and is also associated
with myelin content in BD (Aggio et al., 2022; Jakobsson et al., 2014). The significance
of this study is twofold. First, much of the literature investigating NfL in BD is in
conjunction with deep white matter tracts, which has shown significant correlations
between NfL and large clusters of WM tracts that included regions such as the superior
and inferior longitudinal fasciculus, thalamic radiation, cingulum, corpus callosum,
forceps major and minor, corona radiata, and external and internal capsule (Aggio et al.,
2022). However, it is essential to note that myelin content within the brain is also present
within the cortex and previous reports have shown alterations in ICM in BD (Sehmbi et
al., 2019). As a result, our results are important because they demonstrate that NfL is not
simply a measure of changes to deep white matter tract but that it is also associated with
myelin content in other regions of the brain, suggesting that NfL may be representative of
myelin integrity within many regions of the brain that are impacted in BD. Secondly, our

findings support the idea that there may be underlying mechanisms responsible for
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neuronal damage in BD. NfL concentration has repeatedly been reported to be
significantly increased in diseases where neuronal integrity is harmed, the most prominent
being MS, which is characterized by damage to myelin sheaths (Barro et al., 2020).
Similarly, BD has been hypothesized to be associated with processes that may underlie
changes to grey matter volume and WM integrity (Zovetti et al., 2023). As a result,
increased NfL concentration provides further evidence that BD may be associated with
similar pathways that are activated in other diseases such as MS, albeit to a lesser extent.
Interestingly, NfL concentration has previously been reported to be increased in children
and adolescents with BD compared to HC, suggesting that mechanisms harming brain
tissue integrity may be occurring early in life, potentially underlying BD etiology (Ceylan

etal., 2023).

Lastly, Chapter 4 focused on MANF, which are proteins that play a role in the
UPR (Eesmaa et al., 2021). We found reduced levels of peripheral serum MANF levels in
BD comparted to HC. This is significant since ER stress has been reported in BD and
MDD, which suggests that there may be issues with the cells’ ability to adequately
respond to ER stress, which can underlie the pathophysiology of BD and MDD (Hayashi
et al., 2009; Pfaffenseller et al., 2014; Mao et al., 2019). In addition, an earlier study from
our group demonstrated that lithium increased MANF concentration in rat models of BD,
which suggests a possible mechanism through which lithium has been shown to have
neuroprotective properties in BD (Abu-Hijleh et al., 2020). Based on our results, MANF

may be a promising new target for novel therapeutic interventions.
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Interestingly, we only found significantly reduced MANF concentration in BD
individuals who were depressed compared to HC and euthymic individuals. This is
significant because it demonstrates the need to focus on the different mood states in BD to
better understand the disorder. Our results suggests that different biological mechanisms,
such as UPR, may be dysregulated depending on the specific mood state. Previous studies
comparing peripheral markers between manic and depressed states have shown alteration
in biomarkers such as cytokines. Specifically, one study comparing mood states in BD
reported increased peripheral blood levels of IL-6, IL-2 and IL-4 during manic episodes
while only IL-6 was increased during depressive episodes compared to HC (Brietzke et
al., 2009). Similarly, another study that compared individuals with BD experiencing a
manic phase and individuals experiencing a depressive episode found that individuals
within the manic group had higher serum IL-4 and lower IL-6 and IL-1 concentration
compared to BD individuals experiencing a depressive episode (Ortiz et al., 2007). In
addition to cytokines, other markers have shown to be at varying concentrations during
manic and depressive episodes such as BDNF (Rabie et al., 2014). While BDNF is
reported to be lower in both manic and depressed episodes when compared to HC, a
previous study found significantly different levels of BDNF between manic and depressed
states within BD (Rabie et al., 2014). Likewise, serum catalase, which is a protein
responsible for regulating hydrogen peroxidase and oxidative stress, was reported to be
reduced during manic episodes but not during depressive episodes compared to HC

(Andreazza et al., 2007).
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Based on previous studies and the preliminary findings reported in chapter 4 of
this thesis, it is likely that different mechanisms may be activated during different mood
states. As a result, it would be important for new studies to investigate differences in
blood-based biomarkers across mood states to better understand the pathophysiology of

BD.

5.3 Strengths

The primary strength of Chapter 2 is the comprehensiveness of the systematic
review. It includes every type of blood-based biomarker we found that has been
investigated with myelin content in BD until August 1, 2023. We further describe the
potential mechanisms through which the associations reported are based. As a result, this
systematic review provides readers with a foundation for understanding the association
found thus far regarding the relationship between blood-based biomarkers and myelin
content in BD. This can help guide future studies to further expand on previously reported
associations to investigate the relationship between the periphery and the brain. Lastly,
there is a lack of reviews summarizing the association between the peripheral markers

and the brain, making this the only review compiling all existing literature on this topic.

The primary strength of Chapter 3 is the imaging technique used to assess ICM
throughout the entire brain. The imaging protocol used in this study has previously been

validated using histological specimens and published by our group, demonstrating that
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this protocol is sensitive to ICM, even in brain regions that are not heavily myelinated
(Bock et al., 2013). In addition, unlike many blood-based biomarkers, which have been
shown to be poorly correlated between the periphery and CSF, NfL is strongly correlated,
further strengthening the association found (Alagaratnam et al., 2021). Lastly, this study
serves as a foundation to demonstrate the association between peripheral markers and

ICM deficits in BD, which is heavily understudied.

The primary strength of Chapter 4 is the use of blood and postmortem brain tissue
to assess MANF and GRP78. As described in the introduction, much debate exists
regarding the association between markers measured in the periphery and the brain. By
investigating MANF and GRP78 in blood and postmortem brain tissue, we can assess
abnormalities peripherally and centrally and compare them to determine if there are
similar patterns. Another strength of this study is that we quantified protein concentration
and gene expression. This allows us to better assess where the abnormalities may
originate from. In Chapter 4, we alluded to the possibility that since gene expression was
not altered, there may be issues with protein translation, which was possible to assess

since we investigated both protein concentration and gene expression levels.

5.4 Limitations

While this thesis has provided evidence suggesting differences in blood-based

biomarkers in BD compared to HC and that blood-based biomarkers are also related to
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brain morphology, these results must be understood while considering their limitations.
The individual limitations for each chapter are described in detail in their respective
chapters, but here we discuss shared limitations. Firstly, chapters 3 and 4 are cross-
sectional, with chapter 2 including primarily cross-sectional studies in the review. This
prevents us from inferring any causality, as it is not possible with the current design
utilized to determine the directionality of the relationship. For example, the systematic
review described the association between many blood-based biomarkers and myelin
content in BD. However, we cannot conclusively describe that the specific biomarkers are
causing the changes we observe in the brain. It is also possible that the deficits within the
brain are causing the changes we see in blood. As a result, the cross-sectional design

precludes any causal inferences to be made based on the evidence presented in this thesis.

In Chapters 3 and 4, the samples included participants who were medicated with
psychotropic drugs prior to sample collection. This could confound the findings we
reported, as certain medications, such as lithium, can alter protein concentration (Nassar
et al., 2014). For example, previous studies have reported that lithium can have anti-
inflammatory properties and reduce the concentration of pro-inflammatory cytokines such
as TNF-a and IL-1b while also increasing the concentration of IL-10 (Nassar et al.,
2014). A previous study from our group also showed that lithium use in BD rat models
increased MANF concentration (Abu-Hijleh et al., 2021). As a result, by including
medicated participants who may be using a combination of medications to control their

symptoms, the medications themselves could be the reason we saw the associations we
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reported. In contrast, the impact of medication on NfL concentration has yet to be
investigated in BD; future studies are needed. A previous study investigating peripheral
NfL concentration in treatment resistant depression reported that increased baseline NfL
concentration was associated with worse depressive symptoms as assessed by the
Hamilton Depression Rating Scale following low-dose ketamine treatment. In addition,
individuals with treatment resistant depression also had higher NfL concentration
compared to HC (Lin et al., 2023). Studies in BD that measure NfL concentration in
relation to drug type, level, and response, should be investigated as it can contribute
important information to the understanding and potential utility of NfL in BD treatment

planning.

Furthermore, we did not stratify the population by mood state for BD in Chapter
3, which may have prevented us from detecting an association between NfL and the mood
symptom scales and the cognitive and functioning assessments. Previous studies have
reported cognitive deficits across manic, depressive, and euthymic episodes in individuals
with BD compared to HC, specifically in cognitive domains such as processing speed,
sustained attention, verbal memory, and executive functioning (Little et al., 2023;
Latalova et al., 2011). As a result, the finding that NfLL concentration was not associated
with the cognitive tests in Chapter 3 was unexpected and should be further investigated
across the different mood states. It is possible that NfL in BD may not be a marker
associated with cognitive deficits, or that the cognitive deficits were not severe enough in

our sample for an association to be found, but further studies are required to make this
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conclusion. Similarly in Chapter 4, we were unable to stratify the BD group according to
different mood states for the postmortem analysis due to small sample size and the MDD
group for the peripheral and postmortem analysis due to most participants being in
remission. Since previous studies have demonstrated changes in biomarkers according to
mood state similar to what we found in regards to MANF concentration in Chapter 4,
assessing and comparing changes across mood state is important (Brietzke et al., 2009;

Modabbernia et al., 2013; Munkholm et al., 2013).

5.5 Future directions

One of the primary goals of scientific pursuit in the medical field is to improve
our knowledge regarding the disease of interest and to develop new treatments to help
individuals experiencing detrimental medical burdens such as BD. The findings of this
thesis provide preliminary results that encourages further studies investigating the roles of
NfL, MANF, and GRP78, and their clinical utility. The results presented in this thesis can
serve as the basis for future studies that may allow for the development of new methods
to assess disease progression and develop novel treatments. For example, NfL has widely
been studied as a marker of disease severity, progression, and treatment response in
neurological disorders such as multiple sclerosis (Barro et al., 2020). In individuals with
multiple sclerosis, NfL is associated with the extent of brain damage as observed in MRI
and has been shown to have prognostic value by predicting the extent of future brain

damage that will occur up to 10 years from baseline NfL concentration (Canto et al.,
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2019). More importantly, in the context of BD, individuals who develop ALD have been
shown to have higher levels of NfL in blood 9-15 years before symptom onset (Barro et
al., 2020). This is relevant to the field as individuals with BD are at an increased risk of
developing dementia (Diniz et al., 2017). Based on this, NfL may be used as a potential
marker to identify individuals with BD who are significantly more at risk of developing
dementia-based disorders. In addition to NfL, MANF has been widely studied in animal
models of diseases, including Parkinson’s disease (PD), ALD, and stroke. In these
models, MANF has consistently been reported to be beneficial in attenuating the harmful
consequences of these diseases (Sivakumar & Krishnan, 2023). For example, the delivery
of MANF after inducing an ischemic stroke in rats significantly promoted functional
recovery (Mitlik et al., 2018). In addition, MANF has been reported to promote the
survival of dopaminergic neurons in PD and reduce neurotoxicity in ALD (Petrova et al.,
2003; Xu et al., 2019). Based on the existing research, it may be feasible that MANF may
be a new target of interest for future pharmacological intervention, given its potential

beneficial role in neuronal health.

Despite the encouraging results discussed in this thesis, much more work needs to
be done regarding the markers mentioned above. For example, a common constraint, as
discussed in the Limitations section, is that the studies were cross-sectional, which is why
longitudinal studies must be performed. It is critical to know how NfL and MANF change
over an extensive period while assessing how these markers change as individuals cycle

through different mood states. Examining changes in concentration through different
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mood cycles can help predict and become aware of certain biological processes that occur
during specific mood states. In neurological conditions such as MS and TBI, NfL is

associated with state-dependent pathological changes such as neuronal damage (Barro et

al., 2020; Bavato et al., 2024).

Furthermore, these markers should also be assessed with other clinical outcome
variables such as symptom severity and cognitive function. In neurological diseases, NfL
is associated with self-reports of depression (Bavato et al., 2024). Interestingly, higher
NfL concentration is correlated with cognitive dysfunction, including executive function
and processing speed (Bavato et al., 2021; Chen et al., 2022). As a result, this should be
further investigated in BD since our sample was primarily euthymic, which may have
prevented us from finding an association. Given the novelty of MANF and our study
being the first to investigate MANF in BD and MDD, these associations should also be
explored with MANF and GRP78 along with brain morphology. As increased ER stress
leads to cellular apoptosis, it is conceivable that increased ER stress might contribute to

the underlying mechanisms that can harm brain tissue (Pfaffenseller et al., 2014).

In addition, many of the participants in Chapters 3 and 4 were medicated and as
previously discussed, medication use can affect peripheral biomarkers, so it is highly
suggested that the concentrations of the markers discussed are compared between
medicated and medication naive individuals to assess their levels without medical

intervention (Nassar et al., 2014).
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Lastly, additional confounding variables need to be considered regarding NfL and
MANTF in future studies. For example, NfL is reported to increase due to several factors
including poor cardiovascular health, substance abuse, head trauma, and peripheral
nervous system damage (Bavato et al., 2024). While participants were excluded if they
presented with current or previous neurological disorders and head trauma, individuals
were only excluded if they had a history of substance abuse that occurred within the past
year. It is possible that earlier substance abuse can potentially influence NfL
concentration, which could have contributed to the increased NfL concentration we
observed in Chapter 3 (Chung et al., 2024). Similarly, a recent systematic review
investigating the association between substance abuse and ER stress and the UPR found
that the neuropsychiatric effects of drugs including cocaine, alcohol, and
methamphetamine was associated with increased ER stress. Specifically, deficits in
memory, learning, and executive function due to drug abuse was associated with
continuous ER stress (Yang et al., 2024). Specific studies investigating substance abuse
and MANF is limited but given the role of MANF in the ER stress pathway, it would be
important for future studies to determine the role of substance abuse on MANF
concentration. Furthermore, factors such as BMI should also be considered given that
previous studies have reported that BMI can influence NfL concentration due to blood
volume dilution, whereby increased BMI is associated with reduced NfL concentration
(Bavato et al., 2024). In contrast, higher BMI is associated with increased ER stress,

which can affect UPR protein concentrations (Fernandes-da-Silva et al., 2021). As a
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result, variables such as those mentioned here can potentially influence both NfL and
MANTF concentration, which is why it is important that future studies incorporate these

variables in their analysis.

5.6 Conclusion

Very few studies have investigated NfL, MANF, and GRP78 in BD, with even
fewer investigating their correlation to other aspects of BD, such as brain morphology. In
this thesis, we demonstrated that a broad class of blood-based biomarkers is associated
with myelin content in BD and that peripheral concentrations of NfL and MANF are
different from those of HC, suggesting increased neurodegeneration and ER stress in BD.
Based on our results, we encourage future studies to investigate these markers to better

understand their role in the pathophysiology of BD.
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