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Lay Abstract

Bipolar disorder is associated with neurobiological changes, including cortical
abnormalities, contributing to a greater disorder burden. Cortical myelination changes
throughout the lifetime and larger deficits are found in individuals with bipolar disorder.
However, the role of genetics in these intracortical myelin deficits is largely unknown.
This thesis investigates how intracortical myelin content in various regions of the cortex
is impacted by age, bipolar disorder diagnosis, and neuregulin gene variants. The goal of
this research is to contribute to a better understanding of how genetics and age impact
intracortical myelin in bipolar disorder to better understand the neurobiological changes

of the disorder.
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Abstract

Introduction: Bipolar disorder is associated with cortical abnormalities, including
deficits in intracortical myelination. Intracortical myelin follows an inverted-U trajectory
over the lifetime, but this trajectory is blunted in individuals with bipolar disorder. Little
is understood about which genetic factors contribute to these deficits. Neuregulin-1, a
cell-signalling protein, has been shown to contribute to cortical abnormalities and
increase susceptibility to related disorders. Assessing the prevalence of neuregulin-1
polymorphisms, notably 16994992, in bipolar disorder may elucidate the genetic
contributors of intracortical myelin deficits and increase our understanding of factors
causing susceptibility to bipolar disorder.

Methods: 67 participants with bipolar disorder type I and 75 healthy control participants
were included. Ti-weighted MRI images were collected and processed to create R;
cortical maps, a proxy measure of intracortical myelin. Participant blood samples were
genotyped at the rs6994992 locus. Linear models were used to test whether intracortical
myelin can be predicted by age, bipolar diagnosis and NRG/ genotype.

Results: Intracortical myelin is significantly predicted by age, diagnosis and genotype
together in the motor cortex (left: R = 0.09, p < 0.01, right: R? = 0.06, p < 0.05), the right
premotor cortex (R? = 0.095, p < 0.001), and the right inferior frontal cortex (R? = 0.098,
p <0.001). Age is a significant individual predictor of intracortical myelin in the right
dorsal anterior cingulate cortex, the bilateral motor cortex, the right premotor cortex, and

the right inferior frontal cortex.
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Conclusions and Future Directions: Our study suggests that the right premotor, bilateral
primary motor, and right inferior frontal cortices are regions of interest for understanding
how intracortical myelin changes throughout the lifetime, especially in bipolar disorder.
Future work should examine the impact of polygenic risk scores of bipolar disorder on

intracortical myelin.
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CHAPTER 1 - INTRODUCTION
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1.1 Bipolar Disorder

1.1.1 Introduction to bipolar disorder

Bipolar disorder is a neuropsychiatric disorder with severe adverse clinical and
functional outcomes characterized by periods of disturbed mood ranging from severe
mania to depression (American Psychiatric Association, 2013). Bipolar disorder is the
17th leading cause of disability worldwide (Vigo et al., 2016), with a lifetime prevalence
of 2.4% (Merikangas et al., 2011). Clinically, bipolar disorder is distinguished into three
primary subtypes: bipolar disorder type I, bipolar disorder type II, and cyclothymic
disorder. These distinctions are made depending on the type of mood episode an
individual experiences. Bipolar disorder type I is characterized by manic episodes and
possible depressive episodes. Bipolar disorder type II is characterized by depressive
episodes and less severe manic episodes known as hypomanic episodes. Individuals with
cyclothymia experience cyclical periods of mood disruptions that are less severe than
other subtypes of bipolar disorder. It is also possible for individuals with bipolar disorder
to experience mixed episodes in which they meet the criteria for a depressive episode and
a manic episode simultaneously. According to DSM-5 criteria, individuals can meet the
criteria for a mood episode if symptoms are present for one week for a manic episode and

two weeks for a depressive episode (American Psychiatric Association, 2013).

When individuals with bipolar disorder are not in a current mood episode, they

enter into a state of clinical remission known as euthymia, which may be associated with
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subsyndromal mood symptoms (American Psychiatric Association, 2013). However,
despite not experiencing significant clinical symptoms, euthymic individuals experience
neuropsychological and functional deficits that contribute to a lifelong burden of bipolar
disorder. These impairments and residual symptoms are observed even after the remission
of clinical mood episodes (Samalin et al., 2016). Often, individuals who experience
clinical euthymia are unable to return to premorbid levels of functioning (Sanchez-
Moreno et al., 2009). The average age of onset of bipolar disorder is 25 years, although
onset during childhood has been observed and is often associated with a worsened

prognosis (Baldessarini et al., 2010; Joslyn et al., 2016).

Bipolar disorder can be accompanied by comorbid psychiatric conditions,
including anxiety, borderline personality disorder and attention deficit hyperactivity
disorder (Frias et al., 2016; Nierenberg et al., 2005; Simon et al., 2004). Anxiety disorders
are the most common comorbid disorder for individuals with bipolar disorder, with an
estimated prevalence of 45% (Pavlova et al., 2015). These high rates of comorbidity can
increase the burden of illness for individuals with bipolar disorder and contribute to
difficulty in diagnosis and treatment. Another common comorbid feature of bipolar
disorder is the presence of psychotic symptoms, such as hallucinations, which occur in an
estimated 35-60% of manic episodes (Dunayevich & Keck, 2000). These symptoms in
individuals with bipolar disorder contribute to deficits in psychosocial functioning and
neurocognition and have been associated with cortical thinning, among other brain

changes (Bora, 2018; Hibar et al., 2018; Levy et al., 2013). Together, comorbidities
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contribute to the burden of bipolar disorder throughout the lifetime and lead to a

worsened illness prognosis.

1.1.2 The role of genetics in bipolar disorder

Bipolar disorder has been shown to have a high degree of genetic heritability that
contributes to the risk of developing the disorder. Studies performed on monozygotic
twins indicate that heritability is estimated at 70-90% (Smoller & Finn, 2003). A portion
of this estimated heritability can be explained by single-nucleotide polymorphisms
(SNPs), minor changes in an individual's genome. Results from genome-wide association
studies (GWAS) assessing the genetic risk for bipolar disorder estimate that 25% of the
heritability of bipolar disorder can be explained by the combined effect of common
variants (Gordovez & McMahon, 2020; Stahl et al., 2019). In particular, SNPs have small
effect sizes but interact with the environment to contribute to a large portion of the risk of
developing bipolar disorder (Gordovez & McMahon, 2020). However, one recent GWAS
highlights that only 8% of the heritability of bipolar disorder can be explained by SNPs
that have already been identified and that larger sample sizes are necessary to determine

additional SNPs involved in the risk of developing bipolar disorder (Stahl et al., 2019).

These genetic variants can alter the expression of various bipolar-associated
genes, contributing to structural and functional neurobiological changes. For example,
altered expression of myelin-related genes in the prefrontal cortex has been observed in

bipolar disorder, along with a measurable decrease in the number of oligodendrocytes
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(Kim & Webster, 2010; Savitz et al., 2014; Tkachev et al., 2003). Abnormal expression of
myelin-associated genes contributes to altered connectivity between the prefrontal cortex
and subcortical regions, further hindering functioning in bipolar disorder (Bellani et al.,

2016; Tkachev et al., 2003).

1.1.3 Structural brain changes in bipolar disorder

The period of early to mid-adulthood is a time of psychological vulnerability
when individuals, on average, are more likely to develop bipolar disorder (Baldessarini et
al., 2010). During this time, the cerebral cortex is also undergoing important structural
development, including the development of cortical myelin (Grydeland et al., 2013). The
onset of bipolar disorder during this essential neurodevelopmental period can lead to
deficits in the structure and function of the cortex (Gogtay et al., 2004). Within deep
white matter tracts of the brain, bipolar disorder has been associated with altered
integrity, density, and volume of white matter (Favre et al., 2019; Houenou et al., 2007;
Sussmann et al., 2009). Grey matter alterations have also been observed in bipolar
disorder studies, finding decreased volume in various regions of the cerebral cortex

associated with bipolar disorder (Selvaraj et al., 2012; Wise et al., 2017).

These neurobiological abnormalities, located in areas related to bipolar disorder,
have been associated with adverse outcomes of the disorder, including deficits in
neurocognition and severity of symptoms (Nery et al., 2009; Poletti et al., 2015). The

heritability of bipolar disorder extends to these white matter abnormalities, with some



Master’s Thesis - Katrina Kidd McMaster University - Neuroscience

studies finding that white matter deficits are found in unaffected relatives of those with
bipolar disorder (McDonald et al., 2004). However, the directionality of these
relationships is yet to be elucidated. Some white matter abnormalities may convey
susceptibility to developing the disorder, while others may result from the disorder,

contributing to the lifetime illness burden (Hajek et al., 2005).
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1.2 Intracortical Myelination

1.2.1 Functions of myelination

Myelin sheaths are a type of tissue found in the nervous systems that wrap around
neuronal axons to insulate and increase conduction velocity through a process known as
saltatory conduction (Morell & Quarles, 1999). Myelin primarily comprises lipids (70-
85%) with a high cholesterol content, allowing the sheaths to form a barrier between the
axon and surrounding interstitial fluid (O’Brien, 1965; Quarles et al., 2006). In the central
nervous system (CNS), myelin sheaths are formed from oligodendrocytes, a type of glial
cell that supports neurons. In the peripheral nervous system, these sheaths are made from
different neuroglia known as Schwann cells (Morell & Quarles, 1999). In both systems,
the individual cells wrap around neuronal axons to form an insulating barrier that speeds
conduction velocity by increasing axon membrane thickness and limiting ion leakage

(Haines, 2001; Ohvo-Rekila et al., 2002).

In the CNS, myelin density is greatest in primary sensory and motor regions that
require quick signalling (Sanides, 1969). In opposition, association areas for higher-order
processes are the most lightly myelinated regions. In addition to regional variability,
myelination in the brain is also depth-dependent. Findings from post-mortem studies
indicate that deeper layers of the cortex (IV-VI) are the most heavily myelinated in
comparison to shallow cortical regions (I-III), which are more lightly myelinated (Glasser
& Van Essen, 2011). Deep white matter tracts in the brain are composed of large amounts

of myelin, which allow them to send signals between brain regions quickly. However,
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myelin is also found in smaller amounts outside of these white matter tracts in grey matter
and subcortical brain structures. In these regions, myelinated axons are less involved in
quick signal transduction and instead play a role in other neural activities, including
synaptic plasticity (Timmler & Simons, 2019). Through this role, myelination increases
the capacity for learning and promotes memory recall (McKenzie et al., 2014; Pan et al.,

2020).

Oligodendrocytes in the CNS are developed from oligodendrocyte progenitor cells
(OPC) through a process of proliferation, migration, and differentiation to form mature
myelin sheaths (Bradl & Lassmann, 2010). Essential proteins, including myelin basic
protein, regulate myelin formation by oligodendrocytes. The degree of myelination, axon
size and myelin thickness can be regulated by the expression of these proteins (Shine et
al., 1992). Myelination is strictly coordinated by various genetic signalling cascades,
particularly during fetal development and throughout the lifetime. Small mutations in
these cascades can drastically affect signal transduction throughout the brain (Schmitt et

al., 2020).

1.2.2 Intracortical myelination

Intracortical myelin (ICM) consists of myelinated fibres within the grey matter of
the cerebral cortex that aid in neuronal metabolic support and synaptic plasticity
(Micheva et al., 2016; Timmler & Simons, 2019). The thickness of the cerebral cortex

reflects not only the density of neurons but also glial cell density, including
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oligodendrocytes (Zatorre et al., 2012). Cortical thickness is thus a measure of interest
when studying myelin. As mentioned previously, myelin is regionally dependent in the
cortex. ICM density is greatest in primary sensory and motor regions but lightest in
association areas, such as the insula and cingulate cortex, indicating that myelin density is
influenced by function (Nieuwenhuys, 2013). Once heavy myelination is established in
motor and sensory regions, it remains resistant to change to perform basic human
functions. Conversely, light myelination in association areas is necessary to allow these
regions to change in response to experience (Glasser et al., 2014). In healthy individuals,
our group has shown that there are no sex differences in ICM after taking into account

differences in intracranial volume (Rowley et al., 2017).

Rather than playing a role in salutatory conduction, ICM alters signal transduction
by synchronizing the conduction velocity of an entire neuronal network (Pajevic et al.,
2014). ICM also benefits synaptic remodelling in the cortex by acting as a growth
inhibitor. It does so by releasing myelin-associated inhibitors, which prevent the growth
of harmful synaptic connections and impede the regeneration of neurons in an experience-
dependent manner (Filbin, 2003; McGee et al., 2005). This is proposed to be beneficial in
lightly myelinated grey matter regions of the cortex to improve efficiencies of synaptic

remodelling (Timmler & Simons, 2019).
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1.2.3 Intracortical myelin trajectory over the lifetime

ICM in humans develops through a long process that extends into middle age and
occurs in a regional and depth-dependent manner. Specifically, intracortical myelination
occurs over the lifetime in a reproducible inverted “U”-shaped trajectory (Grydeland et
al., 2013; Rowley et al., 2017). The amount of myelination in the cortex increases rapidly
throughout adolescence and early adulthood, reaching its peak around the fourth decade.
During middle life, this trajectory reaches a plateau wherein the amount of myelin in the
cortex is relatively constant. Finally, in the sixth decade, the amount of myelination in the

cortex experiences a rapid decline (Grydeland et al., 2013).

Although the rate of myelination is consistent across cortical depths, the time at
which myelination begins and peaks differs across cortical regions. For example, the
visual and cingulate association areas are the last to begin myelination but reach their
peak amount of myelin earliest among cortical regions. The frontal and temporal lobes
begin heavy myelination later in development and reach their peak after the cingulate
cortices (Bartzokis et al., 2001). This is in contrast to motor regions, which begin heavy
myelination first in the cortex but reach peak myelination last (Rowley et al., 2017;
Westlye et al., 2010). This age trajectory has been assessed across all cortical depths, and

the pattern remains consistent (Rowley et al., 2017).
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1.2.4 Impacts of psychiatric illness on intracortical myelin

Cortical thickness and the density of neurons and glial cells within have long been
neurobiological markers of interest for psychiatric illness. Extensive research has shown
that cortical thinning occurs in individuals suffering from various psychiatric disorders,
including bipolar disorder and schizophrenia (Hanford et al., 2016; Kuperberg et al.,
2003). Previously, cortical thinning was believed to be a direct reflection of neuronal
density but is now known also to reflect the density of oligodendrocytes and, thus, myelin
in the cortex (Zatorre et al., 2012). Post-mortem studies assessing the density of cells in
the cortex have identified that individuals with mood disorders have a lower ratio of
oligodendrocytes and neurons than is observed in psychologically healthy individuals
(Ongiir et al., 1998). Studies assessing ICM in vivo have confirmed these oligodendrocyte
deficits and show that myelin is disrupted in individuals with various psychiatric
disorders (Bartzokis et al., 2009; Jorgensen et al., 2016). Together, these findings indicate
that ICM deficits are a reproducible marker of psychiatric illness. Worsened clinical
outcomes of psychiatric disorders are also predicted to be risk factors for ICM deficits.
Recent studies have found that the duration of illness, age of onset, and certain
medication usage are associated with bipolar disorder (Sehmbi et al., 2019). However,

more research is needed in this area to confirm the direction of these relationships.

ICM deficits have been primarily shown in bipolar disorder and schizophrenia,

with recent studies suggesting that these deficits extend to other disorders, including
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major depressive disorder (MDD) (Sacchet & Gotlib, 2017) and alcohol use disorder
(Morris et al., 2022). However, the findings with respect to these disorders are limited. In
schizophrenia, post-mortem histological studies assessing cortical myelination have found
that the density of oligodendrocytes is decreased compared to healthy individuals, with
one study estimating 22% reductions in the frontal lobe (Hof et al., 2002). These findings
have been confirmed through in vivo imaging studies, which show that the amount of
myelination, approximated based on the signal of cholesterol of myelin in the cortex, is
decreased in schizophrenia (Tishler et al., 2018; Wei et al., 2020). Similar ICM deficits
are observed in bipolar disorder, with post-mortem histology studies finding reductions in
oligodendrocyte density in individuals with the disorder (Lake et al., 2017) and in vivo
imaging studies finding region and depth-specific reductions in ICM related to bipolar
disorder (Jorgensen et al., 2016; Rowley et al., 2015). ICM deficits in bipolar disorder are
associated with psychosocial functioning (Sehmbi et al., 2022) and deficits in various

domains of cognitive functioning (Sehmbi et al., 2018).

Additionally, the inverted U-shaped trajectory of the Ti-weighted (T1w) signal is
blunted in individuals with bipolar disorder (Sehmbi et al., 2019). These individuals reach
their peak amount of myelination earlier than psychologically healthy individuals. In
addition, the amount of myelin in the cortex at the peak is less than in individuals without
psychiatric illness. This blunting of the myelin trajectory throughout the lifetime has also

been observed in individuals with schizophrenia (Bartzokis et al., 2009, 2012). In these
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individuals, the peak amount of myelin in specific cortical regions is reached earlier than

in healthy controls, with a similar blunted effect to those with bipolar disorder.

Past research has shown that brain structural deficits are widespread and found to
differ across the left and right hemispheres. The lateralization of deficits in bipolar
disorder is an area that has been widely debated. The literature tends to indicate that the
right hemisphere is impacted more heavily by bipolar disorder. For example, one study
assessing white matter abnormalities in psychiatric illness found more abnormalities in
the right hemisphere of individuals with bipolar disorder (Ho et al., 2017). However,
other studies oppose the propensity towards right hemisphere abnormalities by showing
that individuals with bipolar disorder have increased activation in the left hemisphere in
the prefrontal cortex (Altshuler et al., 2008) and cingulate cortex (Blumberg et al., 2000).

These conflicting results emphasize the importance of assessing brain regions bilaterally.

1.2.5 Ex-vivo methods of estimating intracortical myelin

Studies assessing the myeloarchitecture of the human cerebral cortex have relied
heavily on the use of post-mortem tissue. Through these studies, staining
oligodendrocytes has allowed for estimations of the amount of ICM in the cortex (Carriel
et al., 2017). This myelin staining has contributed to the fundamental understanding of the
age trajectory of myelin that was later fortified via imaging methods (Kemper, 1994).
Post-mortem cytology data shows that the rate of intracortical oligodendrocyte

development increases in healthy individuals into adulthood, but in schizophrenia, this
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number is decreased, reaching its peak in earlier adulthood than in psychologically

healthy individuals (Vostrikov et al., 2007).

These ex-vivo assessments have also allowed for the association between myelin
amounts in the cortex and gene expression to identify markers of myelin deficits. Cortical
thickness has been shown to be under extensive genetic influence, with estimates of up to
50% of individual differences in cortical thickness resulting from genetic factors (Schmitt
et al., 2020). Expression of myelin-related genes is downregulated in the prefrontal cortex
of individuals with bipolar disorder and schizophrenia (Tkachev et al., 2003). Also,
mutations in myelin signalling genes have been found to alter the expression and
functioning of proteins that produce myelin in the cortex, possibly contributing to

observed deficits (Shine et al., 1992).

Post-mortem histology staining of cortical myelin has since been compared with
in vivo imaging to confirm that observed decreases in the number of oligodendrocytes are

also reflected in the tissue properties of current imaging techniques (Bock et al., 2009).

1.2.6 In vivo imaging to estimate intracortical myelin

Initial in vivo imaging of cortical myelin was done using inversion recovery (IR)
and proton density (PD) MRI images to find the boundary between white matter and grey
matter in the cortex (Bartzokis et al., 2009). These IR images are sensitive to the contrast

created by cholesterol and take advantage of the fact that myelin contains the greatest
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cholesterol concentration compared to other tissue types in the cortex. IR images were

used as a proxy measure of white matter within the cerebral cortex, now known to reflect
myelin (Bartzokis et al., 1993). The addition of PD images was done to identify the grey
matter boundary of the cortex. These image contrasts were used to identify the boundary

between white and grey matter and are a proxy measure of ICM (Bartzokis et al., 2009).

Newer methods developed to map ICM include a quantitative MRI sequence that
measures a parameter sensitive to myelin, including T (Marques & Gruetter, 2013;
Sereno et al., 2013). One such method was developed by Glasser and Van Essen, which
involves creating a ratio image of Ti-weighted and T>-weighted MRI images (T1w/Taw)
(Glasser & Van Essen, 2011). This method of dividing one image by the other allows for
correcting MRI-related image intensity bias fields and increasing the contrast-to-noise
ratio of myelin. However, Tiw/T>w is a relative measure of approximating myelin content
and transmit field biases cannot be fully eliminated from the ratio image. This method
also depends on the exact sequence setting used during imaging, leading to variability

between studies (Nerland et al., 2021).

A more direct measure of approximating myelin is longitudinal relaxation rate
(R1), the inverse of T signal intensity. Variation in R; has been shown to reflect water
content within myelin, and comparisons between ex-vivo and in vivo studies confirm the
accuracy of R; as a measure of myelin content (Schmierer et al., 2004). R; surface maps

can be formed using T images conducted with a qualitative sequence optimized to
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maximize intracortical contrast (Bock et al., 2013). These images can be reconstructed

into surface maps that approximate the amount of myelin in the whole brain.

Studies comparing methods of in vivo myelin imaging have shown that while
Ti1w/T2w and R both measure myelin, the two methods are sensitive to different myelin
properties. One study concludes that Tiw/Tow signal contrast properties are preferable for
cortical-based segmentation, while R; mapping is preferred for cohort-based studies when
assessing varying cortical properties (Shams et al., 2019). For this reason, the current

study utilizes R; surface maps with contrast optimized for myelin imaging.
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1.3 Neuregulin-1

1.3.1 Neuregulin-1 and nervous system development

Neuregulins are a family of epidermal growth factor (EGF)-like membrane
glycoproteins. These proteins are divided into six groups (NRG 1-6), encoded by different
genes. The largest of these genes, and one of the longest in the human genome, is NRG!
(Falls, 2003). This gene spans 2.6 million base pairs and is located on the eighth
chromosome (Chou & Ozaki, 2010). The neuregulin-1 (Nrg-1) proteins encoded by this
gene are involved in various functions related to the development and proper functioning
of the nervous system. These proteins are involved in the proliferation of various cell
types for the formation of organ tissues, including the development of neurons and glial
cells in the CNS and the formation of synapses (Harrison & Law, 2006). In the CNS,
Nrg-1 is involved in the proliferation and differentiation of oligodendrocytes, which form
myelin sheaths. After the initial formation of the nervous systems during development,
these proteins have widespread roles in cell-cell signalling and synaptic plasticity (Kataria
et al., 2019). NRG1 is expressed consistently across cortical regions and depths, but
particularly, mRNA expression is increased in the prefrontal cortex (Law et al., 2004).
NRG] transcripts are expressed in the cytoplasm of cells in the CNS where they are
transcribed to express Nrg-1 proteins which are then able to impact neuronal functioning

(Shamir & Buonanno, 2010).
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The presence of regulatory elements in the 5’ promoter region of NRG/ allows for
alternative splicing of the coding DNA, which leads to the formation of over 30 different
isoforms in the human genome, categorized into six groups (type I-VI) (Kataria et al.,
2019; Tan et al., 2007). Each type of Nrg-1 protein differs in its structure and function
and is expressed in a tissue-specific manner (Liu et al., 2011). Although the types of Nrg-
1 differ in structure and function, they all share a common EGF-like domain that allows
them to bind to tyrosine kinase receptors (Falls, 2003). One class of receptors that bind to
Nrg-1 is the ErbB class of tyrosine kinase receptors, particularly ErbB4, through which
they regulate downstream signalling cascades and, through this, modulate synaptic
transmission (Ledonne & Mercuri, 2020). This allows Nrg-1 to play a role in signalling
pathways, including glutamate (Ozaki et al., 1997), GABA (Rieff et al., 1999), and
acetylcholine (Liu et al., 2001). With regards to glutamate, binding of Nrg-1 to ErbB4
allows for the expression of the NR2C subunit of N-methyl-D-aspartic acid (NMDA)
receptors, which is necessary for the neurotransmission of glutamate in the CNS (Ozaki et
al., 1997). The NRGI/ERBB pathway has also been implicated in dopamine signalling,
which is altered upon the knockout of the ERBB4 gene. One study assessing transgenic
mice proposes that NRG gene variants that increase protein expression may contribute to
white matter deficits observed in psychiatric illness. Increased excitation caused by
upregulated Nrg-1 expression can cause dopamine receptors and transporters to
upregulate production to produce a compensatory response that may contribute to white

matter abnormalities (Roy et al., 2007). Variants of Nrg-1, through alterations in synaptic
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transmission, have also been shown to impact cognitive functioning in individuals

suffering from psychiatric disorders (Rolstad et al., 2015; Stefanis et al., 2007).

1.3.2 Neuregulin-1 and psychiatric illness

NRG] has been identified as a risk gene for the development of various adverse
outcomes, including psychiatric illness. This relationship was first identified in
individuals with schizophrenia, and since then, candidate-gene studies have replicated
findings that NRG variants confer risk for the disorder (Li et al., 2006). Family studies
conducted on individuals with schizophrenia and their unaffected relatives have found a
shared genetic variation in the NRG1 gene that contributes to the heritability of the
disorder (Mostaid et al., 2016). The genetic variants associated with schizophrenia are
most often found in the NRG! type II and IV isoforms and often in the upstream
regulatory region of the gene, leading to altered expression levels (Harrison & Law,
2006). NRG1 was first identified as a risk gene for schizophrenia in a study that assessed
the impact of one haplotype on schizophrenia risk in an Icelandic population (Stefansson
et al., 2002). This haplotype, named HAPick, includes 12 SNPs and four microsatellite
markers that were found to increase susceptibility to schizophrenia. This haplotype has
since been confirmed in various populations, including Scottish (Stefansson et al., 2003),
Dutch (Bakker et al., 2004), Japanese (Fukui et al., 2006), and Indian (Kukshal et al.,

2013).
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Research on the risk of NRGI genetic variation for developing psychiatric
disorders has extended beyond schizophrenia. NRG1 has also been found to contribute to
the risk of developing bipolar disorder (Cao et al., 2014) and MDD (Wen et al., 2016). In
addition to mood disorders, recent research has indicated a potential role of NRG1
variants in the risk of anxiety disorders, including post-traumatic stress disorder (PTSD)
(Luo et al., 2020). NRG1 has also been associated with psychiatric symptoms, particularly
symptoms of psychosis, in individuals with schizophrenia and bipolar disorder (Goes et

al., 2009; Hall et al., 2006).

1.3.3 Neuregulin-1-associated structural and functional brain changes

Variation in the NRG/ gene is associated with alterations in the structure and
functional connectivity of the brain. Structurally, polymorphisms in NRG1 have been
shown to decrease white matter integrity and density both in individuals with and without
a history of psychiatric illness (Duan et al., 2021; McIntosh et al., 2008; Winterer et al.,
2008). In schizophrenia, the HAPick haplotype has been associated with decreased white
matter volume in regions of the cortex, brainstem and cerebellum (Cannon et al., 2012).
SNPs located in the gene have been associated with decreased white matter integrity and
density in individuals with schizophrenia, bipolar disorder and MDD compared to
psychologically healthy individuals (Duan et al., 2021). NRG! variants are also associated

with decreased grey matter volume in healthy individuals (Barnes et al., 2012).
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Alterations in functional connectivity have also been associated with NRG
variants in bipolar disorder and schizophrenia. Specifically, individuals carrying NRG1
variants show increased activation in cortical regions associated with bipolar disorder and
schizophrenia, which is only observed in individuals with these diagnoses (Mechelli et
al., 2008). Other studies have found that NRG variants show decreased functional

connectivity in the prefrontal cortex and limbic system (Marlinge et al., 2014).

1.3.4 Neuregulin-1 rs6994992 polymorphism

One marker from the HAPicg haplotype that has received particular attention with
respect to psychiatric disorders is the single nucleotide polymorphism rs6994992, also
known as SNP8NRG243177. Since the discovery of the haplotype, the relationship
between rs6994992 and schizophrenia has been replicated in multiple studies, showing
the consistency of the relationship (Li et al., 2006). This marker has been isolated as a
major susceptibility factor for adverse outcomes of psychiatric illness, including the
presence of structural and functional abnormalities in the cerebral cortex (Barnes et al.,

2012; Zhang et al., 2019) and deficits in cognitive functioning (Stefanis et al., 2007).

Rs6994992 is a single nucleotide substitution polymorphism in the promoter
region of type IV NRGI located 1.2 kb upstream of the transcriptional start site (Law et
al., 2006). In individuals with this polymorphism, a cytosine (C) nucleotide is substituted
by a thymine (T) nucleotide. Substitution of the T allele in the promoter region increases

the expression of type IV Nrg-1 mRNA (Moon et al., 2011). Studies performed on post-
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mortem human brain tissue have found that heterozygous individuals (genotype C/T)
exhibit 21% more Nrg-1 mRNA than individuals homozygous for the common allele
(genotype C/C). Individuals who are homozygous for the minor allele (genotype T/T)
exhibit the greatest expression of Nrg-1 mRNA, with 49% more than those that are
homozygous for the common allele (Law et al., 2006). This indicates that the rs6994992
polymorphism exhibits an allele dose-dependent effect, where with a greater number of
risk alleles present, the expression increases. These allele dosage effects have also been
found for adverse outcomes of 156994992 Specifically, one study assessing functional
connectivity in individuals with the rs6994992 genotype found that connectivity was
disrupted in individuals with one copy of the risk allele (C/T) and increasingly disrupted

in those with two copies (T/T) (Zhang et al., 2019).

1.3.5 Risk outcomes of rs6994992

Research has shown that individuals carrying a T allele at the rs6994992 locus are
more susceptible to developing psychiatric disorders, including schizophrenia (Li et al.,
2006), bipolar disorder (Green et al., 2005), MDD (Moon et al., 2011), and psychotic
symptoms (Bousman et al., 2014; Hall et al., 2006). The risk allele is associated with
worse functional and neurobiological outcomes for individuals with these disorders than

individuals without psychiatric diagnoses (Stefanis et al., 2007; Zhang et al., 2019).

The risk genotype of 1s6994992 has been associated consistently with structural

and functional brain changes. In individuals with schizophrenia, the T/T genotype has
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been associated with decreased prefrontal activation (Hall et al., 2006). This risk for
adverse outcomes extends to unaffected family members of individuals with
schizophrenia, indicating that these adverse outcomes have a genetic basis. In these
family members, the rs6994992 risk allele has been significantly associated with
increased psychosocial stress, among other outcomes (Kéri et al., 2009). For
psychologically healthy individuals, the presence of the risk allele is also associated with
abnormalities in the structure and function of the brain. Previous studies have found
decreases in white matter integrity in thalamic radiation (Sprooten et al., 2009) and
medial frontal white matter (Winterer et al., 2008). Research assessing structural changes
in healthy individuals shows decreased white and grey matter volumes in various regions
of the cerebral cortex (Barnes et al., 2012) and reduced white matter density in the
internal capsule (Mclntosh et al., 2008). Functional studies have also found that the T
allele is associated with disruption of network connectivity modulation (Lubeiro et al.,

2017) and disruption of whole-brain functional connectivity (Zhang et al., 2019).

Although the findings assessing the impact of rs6994992 in schizophrenia have
been consistently replicated, the findings concerning bipolar disorder and other mood
disorders are conflicting (Li et al., 2006). Some studies failed to find a significant
association between the risk allele and bipolar disorder (Diez et al., 2014; Georgieva et
al., 2008). In contrast, others found that the rs6994992 risk genotype is significantly
associated with bipolar disorder (Green et al., 2005; Gutiérrez-Fernandez et al., 2014). As

for research regarding structural and functional changes related to the rs6994992
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genotype, some studies have found no significant associations between the risk genotype
and various structural brain changes (Suarez-Pinilla et al., 2015) despite others finding
that the T allele significantly alters the structure and functional connectivity of the cortex
(MclIntosh et al., 2008; Zhang et al., 2019). This heterogeneity of results emphasizes the
need for further study to elucidate the role that neuregulin-1 plays in the structural

development of the cerebral cortex.
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1.4 Salience Network

As mentioned previously, individuals with bipolar disorder display functional
connectivity abnormalities in specific brain areas that contribute to deficits in functioning,
including cognition. Three primary networks are involved in neurocognitive processing:
the default mode network, the central executive network, and the salience network. One
theory of neurocognitive dysfunction, known as the triple network model, predicts that
abnormalities in one of these networks lead to dysregulation of all three networks and
overall deficits in cognitive functioning (Menon, 2011). Dysfunction in these three
networks has been associated with neuropsychiatric disorders, possibly contributing to
deficits in neurocognition that are commonly observed in these disorders. In one of these
networks, the salience network, deficits in various regions have been associated with
bipolar disorder (Vargas et al., 2013; Wessa et al., 2007) and schizophrenia (Chen et al.,
2016; White et al., 2013). The salience network serves as a mediator between the default
mode network and the central executive network, controlling the activation of each
network by assessing the level of subjective salience of a stimulus and dictating the level

of attention necessary (Goulden et al., 2014; Sridharan et al., 2008).

The salience network is anchored in the dorsal anterior cingulate cortex (dACC)
and the anterior insular cortex (AIC), also known as the fronto-insular cortex (FIC), with
nodes that extend into subcortical regions of the brain, including the thalamus,

hippocampus, periaqueductal gray and amygdala (Seeley et al., 2007). Through activating
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these regions, the salience network can access working memory to determine where to
supply attentional resources (Luo et al., 2014). The regions of the salience network thus
contribute to emotion processing and regulation of autonomic functions by integrating
sensory information with internal bodily state signals (Seeley et al., 2007). The regions of
the salience network, particularly the dACC and AIC, are functionally connected with
each other more than any other brain regions. This coordination between salience network
regions allows information to be communicated to surrounding brain areas. The dACC
and AIC are functionally connected to brain regions involved in cognition and other
higher-order processes but show negative functional connectivity with regions involved in
primary motor control (Cauda et al., 2011; Margulies et al., 2007). This disconnect in
function is reflected by a difference in structure wherein the ACC and AIC are two of the
most lightly myelinated regions of the cerebral cortex in contrast to the primary motor

cortex, which is one of the most heavily myelinated (Glasser & Van Essen, 2011).

The salience network has been implicated as a potentially interesting network of
brain regions implicated in psychiatric illnesses, including bipolar disorder. Past research
has found that connectivity between the default mode network and the salience network is
disrupted in individuals with bipolar disorder (Gong et al., 2019; Lopez-Larson et al.,
2017). Assessments of cortical structure have found that cortical regions of the salience
network, including the ACC and AIC, show grey matter deficits in individuals with

schizophrenia (Bennett, 2011) and healthy individuals (Barnes et al., 2012). Decreased
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white matter integrity has also been found in the ACC in individuals with schizophrenia

(Wang et al., 2009) and white matter volume in healthy individuals (Barnes et al., 2012).

Similar to how cortical thickness is under genetic influence, these observed
deficits in white and grey matter are altered by genetic variation. NRG/ is one gene
contributing to structural abnormalities observed in individuals with and without
psychiatric illness. Notably, the rs6994992 risk allele has been associated with decreased
white and grey matter volumes in the ACC (Barnes et al., 2012), and a different risk SNP
of NRG1, rs35753505, has shown abnormal white matter integrity in the ACC (Wang et

al., 2009).

Due to their role in psychiatric illness and relationship to NRGI gene variants, the

cortical regions of the salience network are potentially interesting to consider as regions

of interest for assessing the genetic impacts of bipolar disorder on changes in ICM.
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1.5 Aims and Hypotheses

The current study attempts to connect past research done on the role of bipolar
disorder in intracortical myelination to recent findings on the detriment of neuregulin
genetic variation toward cortical development. This study seeks to determine the role of
age, bipolar disorder diagnosis and NRG1 rs6994992 genotype on intracortical myelin in
the cortical regions of the salience network, the dACC and AIC. In particular, this study
identifies the role of the rs6994992 genotype in the relationship between bipolar disorder
and intracortical myelination. Additionally, we intend to explore whether the NRG1

1$6994992 genotype impacts regions outside of this network.

This study seeks to answer two questions:
1) Is intracortical myelination in the cortical regions of the salience network (dACC
and AIC) predicted by age, bipolar disorder diagnosis, and rs6994992 genotype as
a moderating variable?
2) Are there additional cortical regions where ICM is predicted by age, diagnosis and

16994992 genotype?

For the first research question, it is hypothesized that age, diagnosis and genotype
will significantly predict variation in ICM and that the rs6994992 genotype will moderate
the relationship between bipolar disorder and intracortical myelination in the regions of

the salience network. Specifically, it is predicted that individuals carrying the T-risk allele
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of rs6994992 will show greater ICM deficits in the cortical regions of the salience
network and that the relationship between bipolar disorder and ICM will be better
explained by the consideration of the 16994992 genotype as a moderating factor. The
second research question will be a whole-brain exploratory analysis to identify additional
cortical regions outside the salience network that our predictive factors of interest may

impact.

The intention in assessing the moderating risk of genotype is based on findings
from previous studies that assessed the impact of polymorphism genotype on an outcome
measure in psychiatric illness. In the current study, rs6994992 genotype is predicted to
contribute to deficits in intracortical myelination through the previously established
impact of bipolar disorder. It is believed that risk polymorphisms of neuregulin in
individuals with bipolar disorder, and through this, an increased expression of NRG/,
may account for a small portion of the variation in the relationship between bipolar
disorder and ICM, contributing to the observed deficits in ICM. When acting through its
contributions to bipolar disorder, the rs6994992 T allele is predicted to significantly
impact ICM deficits, specifically in lightly myelinated cortical regions of the salience
network. By addressing these research questions, the hope is to begin elucidating the
impact that neuregulin-1 genetic variation may have on intracortical myelin in bipolar

disorder.
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CHAPTER 2 - METHODS
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2.1 Participants

77 participants with BD type I and 76 healthy controls aged 16-45 were recruited
from five research sites across Canada (McMaster University, Queens University,
University Health Network, Dalhousie University, and University of Calgary).
Participants gave written informed consent to take part in the study. The study was
approved by the ethics committees of St. Joseph’s Healthcare Hamilton and Hamilton

Health Sciences (Project # 20004997).

Participants were included in the study if they were i) between the ages of 16-45
and ii) female participants were premenopausal. Participants were excluded if they: 1) had
an unstable general medical condition, ii) had any contra-indications for MRI, iii) were
pregnant or intended to become pregnant during study participation, or iv) had a history
of neurological disorders, including head trauma resulting in loss of consciousness and
severe migraines. Participants were included in the control group if they had no current or
lifetime psychiatric conditions. Participants were included in the bipolar disorder group if:
1) they had a diagnosis of BD type-1 and ii) at the time of assessment, were in a euthymic
state with no changes in medications for at least two months. Participants were excluded
from the bipolar disorder group if they had i) a current manic/hypomanic episode or a
current major depressive episode or ii) a current comorbid psychiatric disorder except for

anxiety disorders.
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2.2 Study Design

Participants were invited to participate in a longitudinal study assessing various
outcomes of bipolar disorder at three time points: baseline, one-year and two-year follow-
ups. The current analysis focuses on information collected at the baseline visit. During the
initial visit, participants were first assessed for psychiatric diagnoses and demographic
information through a structured questionnaire administered by a trained research
assistant. Following clinical data collection, participants completed a comprehensive
neuropsychological battery to assess various domains of cognitive functioning.
Afterward, Ti-weighted MRI images and peripheral blood samples were collected. If, for
various reasons, a participant could only complete a portion of the study during their visit,

the remaining sections were rescheduled if possible.

2.3 Clinical Assessments

The Structured Clinical Interview for the DSM-V (SCID-5) was used to determine
psychiatric diagnoses (First, 2002). For participants in the bipolar disorder group,
information was collected regarding the age of illness onset and the number of episodes.
The duration of illness was then calculated by subtracting the age of onset from the
participant's age at the study visit. The Montgomery-Asberg Depression Rating Scale
(MADRS) was administered to assess the severity of depressive symptoms (Montgomery
& Asberg, 1979). The Young Mania Rating Scale (YMRS) was administered to assess the

presence and severity of mania and associated symptoms (Young et al., 1978). The
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Functioning Assessment Short Test (FAST) was administered to assess functional

impairment in participants with bipolar disorder (Rosa et al., 2007).

2.4 NRG1 Genotyping

2.4.1 Blood Collection

Peripheral blood was collected from participants following the MRI scan. Blood
for DNA extraction was collected in tubes containing an anticoagulant agent - K2 EDTA.
Blood samples were collected and processed by a trained phlebotomist. Blood collected

for DNA extraction was stored at -80°C until extraction could take place.

2.4.2 DNA Extraction

DNA was extracted from peripheral whole blood using Qiagen's QIAamp DNA
Midi Kit (cat. no. 51194). 1000nL BRAND micropipettes and 1000uL pipette tips from
Thermo Fisher and Axygen brands were used throughout DNA extraction. Before
beginning the experiment, all buffers and reagents were prepared according to package
instructions using distilled water for protease and 100% ethanol for buffers. The 2mL
protocol was followed, extracting two vials of DNA for each participant, according to
manufacturer instructions. Briefly, a protease enzyme was pipetted into two test tubes for
cell lysis, followed by 2 mL of whole blood. For tubes that contained less than 2mL of
blood, phosphate-buffered saline was added to the sample to bring the volume to 2mL.
The lysing process continued by heating samples at 70°C for 10 minutes. Following

incubation, ethanol was added to the samples to aid the DNA in column binding. The
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samples were run through a column once in a brief centrifugation step to bind the DNA to
the column filter and remove excess RNA and proteins. Two additional centrifugation
steps removed residual contaminants from the column by adding two wash buffers.
Finally, an elution buffer was used to remove the purified DNA from the column filter
through centrifugation. DNA was re-eluted through the column to obtain the maximum
concentration in a final centrifugation step. DNA was extracted from test tubes and placed

into microcentrifuge tubes for long-term storage at -80°C.

2.4.3 DNA Quantification

Following the extraction procedure and before storage, DNA was quantified using
the Agilent BioTek Epoch 2 Microplate Spectrophotometer with the Take3 Multi-Volume
Plate. The instrument calculated the concentration of DNA from 260 nm absorbance
according to the Beer-Lambert Law (Swinehart, 1962). The 260/280 ratio was used to
evaluate DNA purity, and an optical density ratio of 1.8-2.0 was used as a cut-off.
Typically, ratio values lower than 1.7 indicate the presence of contaminants such as
proteins. Thus, a ratio of 1.8 was considered ideal for DNA extraction, and a ratio up to
2.0 was considered sufficiently pure (Khare et al., 2014). All samples were within this

purity range; thus, no samples were excluded from the final analysis due to impurity.

2.4.4 Genotyping of rs6994992
Genotyping of the NRGI polymorphism rs6994992 was completed using real-time

polymerase chain reaction (RT-PCR). The TagMan Predesigned SNP Genotyping Assay

34



Master’s Thesis - Katrina Kidd McMaster University - Neuroscience

was used to assess allele genotype (Assay ID: C_ 22019 10). The primer context
sequence was [VIC/FAM]
AAGCACCATGCAGGGTTCAAGTGAA[C/T]GTATACTGGAGGCCAGACCTGCCCA.
The assay made use of Taq polymerase for primer extension. A total reaction volume of
25uL was used containing 8ng of genomic DNA, 1.25uL of 20X assay, and 12.5uL of
ThermoFisher Genotyping Master Mix (2X concentration). The cycling conditions were
as follows: 10 minutes at 95°C for enzyme activation, then 40 cycles at 95°C for 15
seconds (denaturation) and 60°C for one minute (annealing/extension). The RT-PCR
system used in this experiment was the QuantStudio 7 Flex Real-Time PCR System, with

samples loaded into a 96-well plate in triplicate.

2.4.5 PCR Procedure

Prior to the experiment, the lab bench and all equipment were cleaned using
DNAZap solution to eliminate potential contaminating DNA from surfaces (Applied
BioSciences). DNA samples were thawed, vortexed and centrifuged at 800xg for one
minute before dilution. Serial dilutions were performed on DNA samples with a starting
volume of 10uL taken from each DNA sample. Two sets of dilutions were completed to
achieve a final amount of 8ng of DNA in a volume of 1.25 pL and a final concentration
of 0.2 ng/uL of DNA in the reaction volume of 25uL, as recommended by the TagMan
SNP Assay Procedure. Nuclease-free water was used for all dilutions of DNA and assays.
Samples were loaded onto a 96-well plate in triplicates. Each plate included a negative

no-template control to allow for comparison of fluorescence from wells containing
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template DNA. Gilson brand micropipettes of various volumes and corresponding Gilson

pipette tips were used throughout the PCR procedure.

2.5 Magnetic Resonance Imaging (MRI)

Whole-brain, 3D magnetic resonance images (MRIs) were collected to produce
longitudinal relaxation rate (R1) maps of each subject’s brain. These Ri maps were then
used to reconstruct cortical surfaces for all ICM analyses. Images were collected on 3

Tesla MRI systems at each of the sites which are described in Table 1.

Table 1. MRI scanner specifications for each research site included in the analysis

This table outlines the MRI scanners used at each site in this study, the software used on

each scanner, and the details of the radiofrequency coil.

Transmit Receive
. Scanner/ . ]
Site Vendor . Radiofrequency Radiofrequency
Software Version . .
Coil Coil
General . 32-channel phased-
) Discovery 750 . .
McMaster Electric . Body Coil (GE) array head coil (MR
version 25.0
(GE) Instruments)
. 32-channel phased-
. General | Discovery 750 . .
B 1 (GE h 1 (MR
Dalhousie Electric | version 25.0 RO2 ody Coil (GE) array head coil (
Instruments)
Queen Siemen Tim Trio version | Body Coil 32-channel phased-
Heens CHeNS T yB19A (Siemens) array head coil (?)
12-ch, 1 phased-
Cal General | Discovery 750 | 5 1 i1 (GE) arrac inn: pa aselc.:lr
dgary Electric version 25 R02 ody £0 . Y Tieurovasen
coil (GE)
University . .
P 32 ch 1 phased-
Health Siemens S r;srr;al\zle{rsi;rll Body Coil (?) arr: ?121213 foiils(i)
Network yng Y ’
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2.5.1 Anatomical Reference Imaging
A 3D inversion-recovery gradient-echo Ti-weighted anatomical image
(Anatomical) with 1 mm isotropic resolution was collected at each site to be used for

registering and segmenting images.

For GE sites, the following sequence was conducted: (3D BRAVO sequence)
[Inversion time = 450 ms, TE = 3.1 ms, TR in acquisition block = 7.9 ms, flip angle in
acquisition block = 12°, field of view (FOV) = 24.0 x 24.0 x 18.0 cm, matrix = 240
(readout) x 240 (first phase encode) x 180 (second phase encode), centric phase encoding,
Autocalibrating 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].

For Siemens sites, the following sequence was conducted: (tfl sequence)
[Inversion time = 900 ms, TE = 3.0 ms, TR in acquisition block = 7.1 ms, flip angle in
acquisition block = 9°, field of view FOV = 25.6 x 25.6 x 17.6 cm, matrix = 256 (readout)
X 256 (first phase encode) x 176 (second phase encode), linear phase encoding, GRAPPA
parallel imaging factor of 2 in the second phase encode direction, Reference lines = 32,

Number of averages = 1, time = 5 min 30s].

2.5.2 Images for R Maps
Two images were collected to calculate R; maps. The first was a 3D inversion-

recovery gradient echo image (/nversion) with 1 mm isotropic resolution optimized to
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maximize intracortical contrast and the second was a 3D gradient echo image with 1mm
isotropic resolution with no inversion pulse optimized to minimize intracortical contrast

(No_Inversion).

The Inversion images at GE sites were conducted as follows: (3D BRAVO)
[Inversion time = 1100 ms, time between end of acquisition block and next 180° pulse =
1000 ms, TE = 3.1 ms, TR in acquisition block = 7.6 ms, flip angle in acquisition block =
12°, FOV =24.0 x 18.0 x 24.0 cm, matrix = 240 (readout) x 180 (first phase encode) x
240 (second phase encode), 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 to increase intracortical contrast as this reduced the matrix dimension
in the first phase-encoding direction in the sequence allowing for a shortened acquisition
block following the inversion pulse. This is analogous to using multiple segments in a
magnetization-prepared rapidly acquired gradient echo sequence (MP-RAGE)
(Deichmann et al., 2000), where the shorter acquisition block improves contrast. The
reduced FOV was applied in this study as a true MPRAGE sequence was not available on
our scanner. The long TD in the sequence provided increased intracortical contrast (Bock
et al., 2013). Each hemisphere was imaged twice to increase the contrast-to-noise ratio.
The four images took 24 minutes in total to acquire. Each of the four separate images was
registered to the Anatomical reference image via a 6-parameter rigid transformation with

sinc resampling using the FLIRT tool in FSL (Jenkinson et al., 2012) Version 5.0
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(fsl.fmrib.ox.ac.uk/fsl/). The magnitude images were then summed to create the final

image of the whole head.

At Siemens sites the Inversion images were conducted as: (tfl sequence)
[Inversion time = 1100 ms, time between end of acquisition block and next 180° pulse =
988 ms, TE = 2.0 ms, TR in acquisition block = 6.1 ms, flip angle in acquisition block =
12°, FOV =25.6 x 25.6 x 17.6 cm, matrix = 256 (readout) x 256 (first phase encode) x
176 (second phase encode), linear phase encoding, GRAPPA parallel imaging factor of 2
in the second phase encode direction, Reference lines = 32, Number of averages = 1, time
= 8 min 14 s]. Two brain images were collected for a total imaging time of approximately
16 minutes and registered to the Anatomical reference image via a 6-parameter rigid
transformation with sinc resampling using the FLIRT tool in FSL. The magnitude images

were then summed to create the final image of the whole head.

The No_Inversion images at GE sites were conducted as: (SPGR sequence) [TE =
3.1 ms, TR = 7.9 ms, flip angle = 4°, field of view (FOV) = 24.0 x 24.0 x 18.0 cm, matrix
= 240 (readout) x 240 (first phase encode) x 180 (second phase encode), linear phase
encoding, ARC parallel imaging factor of 2 in the second phase encode direction,

Number of averages=1, time = 5 min 32 s].

At Siemens sites, these No_Inversion images were conducted as (SPGR sequence)

[TE =3.1 ms, TR = 6.1 ms, flip angle = 4°, field of view FOV =25.6 x 25.6 x 17.6 cm,
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matrix = 256 (readout) x 256 (first phase encode) x 176 (second phase encode), linear
phase encoding, GRAPPA parallel imaging factor of 2 in the second phase encode

direction, Reference lines = 32, Number of averages = 1, time = 2 min 29 s].

2.5.3 Transmit By field maps

Images were collected to create transmit B field maps (B;* map). The GE B;*
maps were created using the Bloch-Siegert method (Sacolick et al., 2010) and the
Siemens maps were created using two 2D echo-planar images (EPI) at flip angles of 60°

and 120° respectively.

At GE sites, the B; map sequence was: [TE = 12.3 ms, TR = 16 ms, Flip angle =
15°, FOV =24.0 x 24.0 x 17.6 cm, matrix = 64 (readout) x 64 (first phase encode) x 36
(slices), Number of averages = 1, time =2 min 18 s]. The Bi* map is calculated on the

scanner and the outputs are the B1" map and a magnitude image in the same space.
p p g g p

At Siemens sites the sequence was: (ep_seg_se) [TE =46 ms, TR = 5000 ms, EPI
factor = 9, echo spacing = 4.2 ms, Flip angle = 60° and 120°, FOV =25.6 x 25.6. x 14.4
cm, matrix = 64 (readout) x 64 (first phase encode) x 36 (slices), number of averages = 1,

time = 2 min 50 s to acquire images at both flip angles].
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Both the 60° and 120° images were registered to Anatomical via a 6-parameter
rigid transformation with sinc resampling using the FLIRT tool in FSL. The two images

were used to create B;”_map using the method described in (Boudreau et al., 2017).

Following the imaging and post-processing above, Anatomical, Inversion,
No_Inversion, and B;" map were all in scanner space, rigidly aligned to Anatomical.
Anatomical was then rigidly aligned to the MNI 152 atlas (Fonov et al., 2009) via a 6-
parameter rigid transform with sinc resampling. The calculated transform was applied to
Inversion, No_Inversion, and B;*_map with sinc resampling to ensure that each subject’s

images were in the same orientation. We will call this space MNI 152 rigid.

2.5.4 R1 Map Creation
To create the R; maps, look up tables (LUTs) were calculated based on numerical
simulations of the Bloch equations for the sequences used to create the /nversion and

No_inversion images on either the GE or Siemens MRIs.

This uses a single-pool model consisting of the transverse magnetizations of the

water pool (M#, M{), the longitudinal magnetizations of the water pool (M%).

dM§

= —R, M§ - 2nAM (1)
dM{
th = —RyuM{ + 2nAME - w M4 2)
dM
d—tZ = Ry ,(M& — M{) + w, M# 3)
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The evaluation of this set of coupled equations requires the knowledge of the
following variables: the equilibrium longitudinal magnetization of the free water pool
(M§'), the longitudinal magnetization relaxation rates R4 (1/T14), the transverse
magnetization relaxation rates R4, and the intensity of the applied RF field (w;). This can

be converted into an evolution matrix in the form:

R,y -2mA 0
E == 2T[A _RZA —(1)1
0 w1 —Ryy

2.5.5 RF Excitation, Readout, and Gradient Spoiling

Simulations were run over 201 isochromats, as that was previously suggested to
be a sufficient number to provide stable results when tracking spoiling and spin diffusion
(Yarnykh, 2010). We assume that all isochromats occupy a single voxel and lie at equally
spaced points along the readout direction, each with a magnetization vector M, = [ M%;

M M4

RF spoiling with phase increment ¢, and excitation by flip angle o, was calculated

using a rotational matrix for the water pool:

R(a, ¢)
cos(a) + (1 — cos(a))cos?(¢p) (1 — cos(@)) = sin(p) = cos(¢p) —sin(a) * sin(p)
= |(1 = cos(a)) * sin(¢) * cos(¢p) cos(a) + (1 — cos(a)) * sin®(¢)  sin(a) * cos(¢)

sin(a) * sin(¢p) —sin(a) * cos(¢) cos(a)
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The phase is incremented with each excitation pulse, using an incremental value

do, calculated as:
b= 1 +(G—1o,j=12,3,..

The RF spoiling increment was set to 117 degrees for GE, and 50 degrees for

Siemens. The resulting magnetization following an excitation pulse is:
M, = R(a, ) * My_4
Gradient spoiling and spin diffusion were calculated using the complex valued

combination of My Mg (M.). Gradient spoiling resulted in an updated M | :

M ;= M, *exp(iyGxtg)

Where vy is the gyromagnetic ratio, G is the gradient field strength (mT/m), x is the
distance from the reference point (where G = 0, varying across the isochromats), and ¢ is

the duration of the spoiling gradient.

Spin diffusion was calculated using the previously proposed circular convolution
of isochromatic magnetization (Gudbjartsson & Patz, 1995a, 1995b). This involves

convolving M 1 with a correction kernel c(x,?):

c(x,t) =

1 —x? y2G%t® iyGx
exp - +
4Dt 4Dt 12 2t
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Where ¢ is the timestep that the diffusion occurs over, and D is the diffusion
coefficient, which is a property of the tissue. The diffusion coefficient was assumed to be
le-3 mm?/s. Spin diffusion was modelled along the single gradient spoiling direction, if
the time step was >3 ms and considered to be negligible for smaller time steps. If a
gradient was applied as a portion of a longer timestep, then the gradient strength was
normalized to provide the same area over the larger time step. Diffusion of MZwas also

employed, using the same convolution method, while setting G = 0.

After the excitation, spoiling and spin diffusion calculations, we calculate the spin
evolution using the evolution matrix (E) derived from the Bloch-McConnel equations,
with saturation and excitation variables set to 0. The magnetization at the next time step

can be calculated as:

M, pe = exp(EAt) M, + E-Y(exp(EAt) = 1) - B

Where E is the evolution matrix, ¢ is the timestep, I is the identity matrix, and B =

[ 0;0; RlAMéq(t=0)} RlBMg(t=O); 0].

2.5.6 Look-up Table Generation

The above simulations were solved over a range of T| and B;" values for the
Inversion and No_inversion sequences for both scanner vendors (GE and Siemens). A
gradient spoiling strength of 24 mT/m was assumed for GE, and 22 mT/m for Siemens,

with an effective spoiling duration of 1.8 ms. The inversion efficiency was set to 96% for
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the inversion pulses. All scans were simulated for five seconds of dummy scans. As
simulations of RF spoiling and gradient spoiling can provide fluctuations in values, the

signal was averaged over the values extracted from the 20 subsequent simulated TRs.

The Inversion sequence on the GE scanner used centric encoding, with the image
value taken as the first simulated excitation pulse in the readout. For the Siemens
Inversion sequence, the signal was taken as the signal value at the midpoint of the readout
(176/2). The simulated signal value was the magnitude of the XY magnetization

components following the application of the excitation pulse.

One site (University Health Network) had different TE’s for the Inversion and
No_inversion scans. To mitigate this issue, the simulated signals were multiplied by exp(-
TE / T2*), where T>* was assumed to be 60 ms. The TE for the No_inversion and the

Inversion scans was 2.96 ms and 2.01 ms, respectively, at this site.

The LUT was built to take the ratio of the Inversion to No_inversion scans and the
B;" _map as input, returning a Ty value. The R; map was calculated as 1/T| and was in

MNI 152 rigid space.

2.5.7 Brain Volume Segmentation and Cortical Surface Reconstruction
Anatomical in MNI 152 rigid space was used as input to the Freesurfer image

analysis suite, which is documented and freely available for download online
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(http:/surfer.nmr.mgh.harvard.edu/). This segmented regional brain volumes (Fischl et

al., 2002) in each subject’s brain according to the aseg atlas. Region-of-interest (ROI)
measurements of R; in the various regions identified by Freesurfer in Anatomical were
calculated by averaging over voxels in each subject’s corresponding R; map in Matlab

Version 9.12.0 (https://www.mathworks.com/products/matlab.html). During the

procedure, brainmask.mgz was manually inspected and edited in each subject to remove
dura matter that was originally included in the mask such that the pial/CSF boundary was

properly identified.

Anatomical was further used to reconstruct a middle-depth cortical surface
following the methods outlined for the Human Connectome Project (Glasser et al., 2013).
Briefly, the pial and white matter surfaces from Freesurfer in MNI 152 rigid space were
used as inputs to the surface-average command in the Connectome Workbench version

1.3.2 (https://www.humanconnectome.org/software/connectome-workbench) to generate

a middle-depth surface in MNI 152 rigid space. The R; values from B;* map in

MNI 152 rigid space were then sampled onto the middle-depth surface using the -
volume-to-surface-mapping command in Connectome Workbench using the myelin-style
approach with a sigma of 2.3. The values were transferred to the corresponding middle-
depth surface in the standard FS 32k LR surface space. Finally, mean ROI R; values for
cortical regions defined from a multi-modal parcellation of the cerebral cortex (Glasser et
al., 2016) were calculated for each subject using the -cifti-parcellate command in the

Connectome Workbench.
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2.5.8 Ratio Scaling Cortical Corrections

Two participants completed a scan at each site within two months of time, known
as the travelling heads scans. Examining the travelling heads scans, R; values from the
Siemens sites most closely resembled previous findings using 3.0T scanners (Bojorquez
et al., 2017; Karakuzu et al., 2022; Marques et al., 2010; Weiskopf et al., 2013; Wright et
al., 2008). Hence, harmonization techniques were employed to match the GE scanners'

data to the Queens site.

For comparisons across sites, the travelling head Anatomical images were non-
linearly registered to the MNI152 standard space and transforms were applied to all
images. These images will be referred to as MNI152n; space. A set of R maps were
created by multiplying a scaling factor to the 7;wHC/TwHC ratio maps in both
MNI 152 NL and MNI 152 rigid space. These scaling factors ranged from 0.82 to 1.10

for the McMaster site and 0.82 to 1.00 for both Dalhousie and Calgary.

For the GE sites, mean cortical surface ROI R;s were calculated for each of the
scaled R; maps from the travelling head scans. Histograms of 360 mean R;s, one for each
ROI, were compared. The scaling factor that led to the most overlap with the Siemens site
was chosen as an optimal cortical scaling factor. Optimal scaling factors were 0.98 for
McMaster and 0.90 for Dalhousie and Calgary. Mean cortical Ris computed after scaling
the TiIwHC/T1wLC ratio maps by their site-specific scaling factors were used in cortical

analyses. Ratio scaling was completed in MATLAB version 9.12.0.
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2.5.9 Regions of Interest

The whole brain myelin signal was parcellated into regions of interest using the
MSMALII atlas, with each hemisphere divided into 180 regions (Glasser et al., 2016).
Based on past research, the dorsal anterior cingulate cortex (dACC) and the anterior
insular cortex (AIC) were selected as regions of interest to focus on in this analysis. Six
ROIs from the MSMALI atlas were averaged to represent the dACC: 33pr, a24pr, p32pr,
d32, a32pr, p24. Four regions from the atlas were averaged to represent the AIC: MI, Pir,
AVI, and AAIC. ROIs were averaged separately for the left and right hemispheres to
observe lateralization effects. The primary motor cortex was selected as a negative
control region to compare the results with that of the salience network regions. This
region was selected due to its high amount of myelination compared to other brain
regions and because it has been shown to be functionally disconnected from the regions
of the salience network (Glasser & Van Essen, 2011). From the MSMALII atlas, the

primary motor cortex was parcellated and represented as area 4.

2.6 Statistical Analyses

2.6.1 Missing Data

Multiple participants were excluded from the final analysis if data were missing
for any of the included outcomes. Multiple whole-blood samples were missing and unable
to be retrieved for DNA extraction and genotyping. For the participants with additional
time points (n=21), the whole blood from a follow-up visit was used to replace missing

baseline samples. This was done because DNA was assessed for NRGI SNP genotype, a
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factor that does not change with time and, thus, would be the same at each visit.
Participants were excluded from the final analysis (n=4) if they were missing baseline
whole blood samples and did not have a follow-up visit available with blood samples to
use for the analysis. For imaging, participants were excluded if MRI images were
incomplete or the quality was unusable for processing (n=2). Additionally, after data
collection, multiple participants were found to have ineligible comorbidities or a primary
diagnosis of bipolar disorder type II and thus were excluded (n=7). After excluding these
participants, the final analyses consisted of 142 participants, 67 with diagnoses of bipolar

disorder type I and 75 healthy controls.

2.6.2 Demographic and Clinical Analyses

Bipolar disorder and healthy control groups were assessed for differences in
various demographic variables, including age, sex, and years of education. Comparisons
were also made for clinical variables, including the severity of depressive symptoms
(measured by MADRS), manic symptoms (measured by YMRS), and a measure of
overall functioning (measured by FAST). For continuous variables, independent samples
t-tests were conducted to determine whether variables were significantly different
between the two groups. Categorical variables were assessed for differences using the
Chi-square test. Significance was reported as p-values, with a threshold of p<0.05

indicating statistical significance.
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2.6.3 Allelic Separation Analysis

PCR plates were analyzed using Applied Biosciences Design and Analysis version

2.6 (https://www.thermofisher.com/ca/en/home/technical-resources/software-

downloads/quantstudio-6-7-pro-real-time-pcr-system.html) to determine participants’

genotypes. All PCR data was added to the Thermo Fisher Connect Platform to compile
genotype information and export the allelic discrimination plot. Once analyzed, the
genotyping data was exported and assessed for significant differences using R version

4.2.3 (https://cran.rstudio.com/).

Due to a small number of participants with the T/T genotype in the bipolar
disorder group (n=4), a dominance model of allelic discrimination was chosen, combining
all participants carrying a T allele into one group (C/T, T/T) and comparing to individuals
not carrying the T allele (C/C genotype). This method is similar to past studies assessing
the impact of rs6994992 genotype on brain structural changes (Barnes et al., 2012; Wang
et al., 2009). A Chi-square test was performed to assess whether the frequency of the C/C
genotype and C/T, T/T genotypes significantly differed between bipolar disorder and
healthy control subjects. Hardy-Weinberg equilibrium was assessed for each group
separately and for the whole sample using the Chi-square test for sample sizes > 5 and

Fisher’s exact test for sample sizes < 5.
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2.6.4 A priori analysis - age, bipolar disorder, and genotype as predictors of ICM

Multiple linear regressions were used to predict changes in ICM with age,
diagnosis, and genotype included as predictive factors. Sex was not included as a
predictive factor of ICM because past research has shown that sex does not significantly
impact ICM (Rowley et al., 2017).

ICM ~ age + diagnosis + genotype

All assumptions of linear regression were evaluated before analyzing the data to
ensure each assumption was met. The assumption of linearity was evaluated by
examining the residuals versus predicted values. The Shapiro-Wilk test was used to assess
the normality of residuals. The non-constant error variance test was used to evaluate the
homoscedasticity assumption. The Durbin-Watson test was used to assess for significant

autocorrelations, thus testing the independence assumption.

The regression analysis was conducted initially to predict changes in ICM in the
dACC and AIC in two separate regression models, with R; signal intensity averaged
across multiple ROIs corresponding to each region and separate models for each
hemisphere. The analysis was then performed again for the primary motor cortex to use
as a negative control comparison. For each of these six regression analyses, an additional
model was created, which included an interaction term between diagnosis and genotype.

ICM ~ age + diagnosis + genotype + diagnosis*genotype
An analysis of variance (ANOVA) was then conducted, comparing the model with

and without the inclusion of the interaction term. This was done to determine whether
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genotype significantly moderates the relationship between group diagnosis and ICM. All

statistical analyses were performed in R version 4.2.3 (https://cran.rstudio.com/). A

significance level of p<0.05 was required for significance in this hypothesis-driven
analysis. The effect size was calculated for significant predictor variables, measured using

partial eta squared (n?).

2.6.5 Exploratory analysis of cortical regions associated with age, diagnosis and genotype
An exploratory analysis was performed on the remaining regions of interest to
identify if ICM in any cortical regions outside the salience network was significantly
predicted by age, diagnosis and genotype. The ROIs were averaged into 22 regions,
bilaterally for a total of 44 regions, determined by the MSMALII atlas according to the
functional connectivity of regions and structural architecture (Glasser et al., 2016). ROIs
corresponding to the dACC, AIC, and primary motor cortex included in the hypothesized
analyses were excluded from the sections in this exploratory analysis. A linear regression
was conducted for each region with ICM as the response variable and age, diagnosis, and
genotype as predictor variables. P-values were corrected for multiple comparisons. A
threshold of 0.00114 (a = 0.05/44 tests) was used to determine statistical significance.

Partial eta squared (np?) is reported as a measure of effect size.

2.6.6 Power Analysis
A power analysis was completed on each linear regression model for the

hypothesis and exploratory analyses. This was done using the f? power test for linear
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models. Cohen’s {2 was calculated for each model’s predictor terms and inputted as the
measure of effect size for the power analysis. A significance level of 0.05 was used for

hypothesized linear models and 0.00114 for exploratory models.
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3.1 Participant Characteristics

The final analysis included 67 participants in the bipolar disorder group and 75
participants in the healthy control group. The demographic and clinical characteristics of
the sample are summarized in Table 2. The average age for bipolar disorder participants
was 32.2 years (SD = 7.6, range 19-45), and for healthy controls was 27 years (SD = 7.2,
range 16-42). The bipolar disorder and control groups did not significantly differ for sex
(p =0.926) or years of education (p = 0.09). However, the bipolar disorder group had a
higher average age than the control group (p < 0.001). Due to this difference between
groups, age was included as a variable in all models assessing ICM. For clinical variables,
participants in the bipolar disorder group had significantly higher scores than healthy
controls for depressive symptoms (MADRS score; p <0.001), manic symptoms (YMRS

score; p < 0.001), and overall functioning (FAST score; p < 0.001).

Table 2. Demographic and clinical characteristics of study participants, separated
by group

Summary of demographic and clinical characteristics according to group status (bipolar
disorder and healthy controls). Mean + standard deviation values are reported for
continuous variables. Sex is reported as the number and percentage of female participants.
Genotype is reported as a ratio of individuals with C/C genotype to those carrying a T
allele (C/T, T/T). The difference between bipolar disorder and healthy controls for each
characteristic are reported with test statistics (¢ or x?) and p-values. (*) indicates

significant differences at a level of 0.05.
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. Bipolar Healthy s
Test statist 1
Characteristic S ol | est statistic| p value
N 67 75
Age, yr 322+7.6 27+7.2 t=4.16 | p<0.0001 *
Female, n (%) 37 (0.544) 42 (0.553) | x*=0.008 | p=0.926
Education, yr 14.6 £2.17 153+£2.53 t=-1.68 p=0.09
Genotype
32:35 22:53 2=15.09 =0.02 *
(C/C: C/T, T/T) X p
Age of onset, yr 183 +£5.77 - - -
Illness duration, yr | 14.2 + 8.62 - - -
Total gumber of 36.9 4+ 45 ] ) )
episodes
Number of 14.7£16.5 i i i
depressive episodes
Numbe.r of manic 784163 ] ] )
episodes
Number of 1194183 i i i
hypomanic episodes
Numbe‘r of mixed 29457 ] ] )
episodes
MADRS 4.7+4.2 1+£1.9 t=6.56 | p<0.0001*
YMRS 1.7£22 03+0.8 t=488 | p<0.0001*
FAST total score 23.5+13.9 7.1+£7.2 t=845 | p<0.0001*
3.2 Power Analysis

The power analysis results for the hypothesized regions indicated that power for
the models ranged from 0.06 to 0.89, with the lowest power occurring in the left AIC and
the highest power estimate in the left primary motor cortex. The power analysis results
for the exploratory models indicated that, after correction, the power of the models ranged
from 0.001 to 0.53. The highest power occurred in the cortical regions that reached

significance. The average statistical power was estimated to be 0.03 in the non-significant
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regions. Statistical power tended to be higher in the right hemisphere than the left

(mean(right) = 0.08, mean(left) = 0.03).

3.3 Allele Frequency

The NRG1 genotypes met the criteria for Hardy Weinberg allele frequency
distribution for the bipolar disorder group (x> = 0.57, p = 0.75), the healthy control group
(x> =0.45, p = 0.80), and the whole sample (x> = 0.60, p = 0.74). The genotype
frequencies for the entire sample were C/C 54, C/T 72, and T/T 16 (Table 3). The
frequency of the T/T genotype individuals was lower than that of the other genotypes in

both the bipolar disorder group and healthy controls.

Table 3. Genotype frequencies of NRG1 SNP rs6994992 for bipolar disorder
participants and healthy controls

Table summarizing the number of participants in the bipolar disorder and healthy control
groups with each genotype. The first three columns indicate the frequency of each
genotype, with the total percentage of each genotype reported in the last row. The fourth
column reports the number of participants in the combined T allele group, representing

both the C/T and T/T genotypes.

C/C C/T T/T C/T, T/T
Bipolar Disorder 32 31 4 35
Healthy Controls 22 41 12 53

38% 50.7% 11.3% 62%
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A dominant model was used to compare genotype frequencies between each
group, with the T allele carriers assessed together to improve statistical power (C/C vs.
C/T, T/T). The results of a Chi-square analysis comparing the number of participants with
and without the T allele between bipolar disorder and healthy control subjects indicates
that the 156994992 C/C genotype frequency is higher in bipolar disorder participants than
in healthy controls (x> = 5.02, p < 0.05). Since allele frequency was shown to be different
between groups, 1s6994992 genotype was included as a variable in all analyses predicting

ICM. The allelic discrimination plot showing the separation of alleles is included in

Figure 1.
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Figure 1. Allelic discrimination plot of rs6994992 genotype for all participants
This plot shows the separation of alleles for the entire participant sample. The y-axis
represents the level of fluorescence corresponding to the T allele, while the x-axis
represents that of the C allele. Points shown in blue represent individuals that are
homozygous for the risk allele (T/T). Points in green represent those that are
heterozygous (C/T). Points in red represent homozygous participants for the common
allele (C/C). Points in black are control samples containing no template DNA for

comparison. Bipolar disorder and healthy control participants are combined in this figure.

3.4 Primary Analysis - genotype, age, and diagnosis as predictors of ICM in the cortical

regions of the salience network

3.4.1 Results in the dorsal anterior cingulate cortex (dAACC)

Multiple linear regressions were performed to assess whether age, genotype and
diagnosis can predict variation in Ry, a proxy measure of ICM, across participants. The
regression results showed that these variables did not significantly predict ICM in the left
dACC (R?=0.005, p = 0.29) or right JACC (R? = 0.016, p = 0.16). Age was a significant
predictor of ICM in the right JACC (p < 0.05, ny? = 0.029), but no other predictive terms
were significant in these models. The model assessing ICM in the left JACC did not meet
the assumption of normally distributed residuals, and the model assessing the right dACC
had significant autocorrelations. Additional linear regressions were conducted for each
region, including an interaction term between diagnosis and genotype

(diagnosis*genotype) to determine the moderating impact of genotype in the relationship
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between diagnosis and ICM. The models with and without the interaction term were
compared through an ANOVA, and results indicate that genotype is not a significant
moderator of the relationship between ICM and diagnosis in the left JACC (p = 0.97) or

right dACC (p = 0.37).

Figure 2 shows the trajectory of R; signal intensity, used as a proxy measure of
ICM, across the lifetime, comparing T allele carriers (C/T, T/T) to non-T-allele carriers
(C/C), with bipolar disorder and healthy control subjects represented separately. Although
genotype and diagnosis were not significant predictors of ICM within the linear models,
the scatter plot indicates a trend that the age trajectory of Ry, a proxy measure of ICM, is
blunted in individuals with bipolar disorder and a C/C genotype compared to healthy
controls. The trajectory of individuals carrying a T allele is comparable between groups.
This trend is observed in the left JACC (Figure 2A) and right dACC (Figure 2B).
However, as mentioned previously, within the model assessing ICM, the
diagnosis*genotype interaction term was not a significant predictor of ICM. Thus, this

trend was not confirmed by our models.
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Figure 2. Scatter plots representing R; signal intensity, a proxy measure of ICM, in
the dorsal anterior cingulate cortex (dACC) as a function of age with comparisons of
genotype and participant group

Figure 2A shows the age trajectory of R in the left JACC, while Figure 2B shows the
trajectory of R in the right dACC. The left panel shows subjects with bipolar disorder,
while the right panel shows healthy control subjects. Orange triangles indicate individual
subjects with a C/T or T/T genotype, and green circles indicate individuals with a C/C
genotype. Linear regression lines are fitted to the data and shading around the line

represents confidence intervals.

3.4.2 Results in the anterior insular cortex (AIC)

The same linear regressions were performed using age, diagnosis, and genotype as
predictor variables of ICM in the anterior insular cortex (AIC), separated bilaterally. The
analyses showed that these variables did not significantly predict ICM in the left AIC (R?
=0.002, p = 0.36) or right AIC (R? = 0.02, p = 0.14). None of the predictor terms reached
significance. The left AIC linear regression did not meet the normality assumption, and
autocorrelations were present in the right AIC. Additional regressions, which included an
interaction term between diagnosis and genotype, were performed to assess whether
NRG1 genotype is a significant moderator in the relationship between bipolar disorder
and ICM. The models with and without the interaction term were compared through an
ANOVA. Results indicated that genotype is not a significant moderator in the left AIC (p

= 0.54) and right AIC (p = 0.32).
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Figure 3 shows the trajectory of the R; signal, used as a proxy measure of ICM,
as a function of age, comparing C/T and T/T genotypes to C/C individuals. Bipolar
disorder and healthy control subjects are represented separately. Similar to the trend
observed for the dACC in Figure 2, in the AIC, the bipolar disorder subjects with the C/C
genotype display an evident blunted age trajectory slope compared to healthy controls

with the same genotype. These trends are observed for the left AIC (Figure 3A) and the

right AIC (Figure 3B).
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Figure 3. Scatter plot representing R; signal intensity, a proxy measure of ICM, in
the anterior insular cortex (AIC) as a function of age with comparisons of genotype
and participant group

Figure 3A shows the age trajectory of Ry in the left AIC, while Figure 3B shows the
trajectory of Ry in the right AIC. The left panel shows subjects with bipolar disorder,
while the right panel shows healthy control subjects. Orange triangles indicate individual
subjects with a C/T or T/T genotype, and green circles indicate individuals with a C/C

genotype. Linear regression lines are fitted to the data and shading around represents

confidence intervals.
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3.4.3 Results in the primary motor cortex

Additional linear regressions were performed with the same predictor variables for
ICM in the bilateral primary motor cortex, which was meant to be a control region outside
the salience network for comparison. The results of the analysis showed that the variables
of age, diagnosis, and genotype together significantly predicted ICM in the left motor
cortex (R? =0.09, p < 0.01) and right motor cortex (R? = 0.06, p < 0.05). Age was a
significant predictor of ICM in the left motor cortex (p < 0.001, np? = 0.091) and right
motor cortex (p < 0.05, np> = 0.043). Both models did not meet the assumption of normal
residuals, and significant autocorrelations were present in the model assessing ICM in the
right motor cortex. Separate regressions were performed with an interaction term between
diagnosis and genotype to assess whether NRG/ genotype is a significant moderator in
the relationship between bipolar disorder and ICM in the motor cortex. The models with
and without the interaction term were compared through an ANOVA. The results of both
analyses indicated that genotype is not a significant moderator in the left motor cortex (p

= 0.60) and right motor cortex (p = 0.63).

Figure 4 shows the trajectory of the R; signal, used as a proxy measure of ICM,
across the lifetime, comparing C/T and T/T genotypes to C/C individuals. Bipolar
disorder and healthy control subjects are shown in separate plots. Figure 4A shows the
results from the left motor cortex, while Figure 4B shows the results from the right motor
cortex. As with the dACC and AIC, the ICM signal age trajectory in the motor cortex was

blunted in bipolar disorder participants with C/C genotype. The age trajectory of subjects
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with C/T and T/T genotypes are comparable between bipolar disorder and healthy control

groups.
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Figure 4. Scatter plot representing R; signal intensity, a proxy measure of ICM, in
the primary motor cortex as a function of age with comparisons of genotype and
participant group

Figure 4A shows the age trajectory of R in the left motor cortex, while Figure 4B shows
the trajectory of R in the right motor cortex. The left panel shows subjects with bipolar
disorder, while the right panel shows healthy control subjects. Orange triangles indicate
individual subjects with a C/T or T/T genotype, and green circles indicate individuals
with a C/C genotype. Linear regression lines are fitted to the data and shading around

represents confidence intervals.

3.5 Exploratory Analysis - additional regions where ICM is predicted by age, diagnosis
and genotype

Regions of interest from the MSMAII atlas were combined into 22 regions based
on shared functional connectivity (Glasser et al., 2016). ICM signal from each ROI was
averaged to form each of the 22 regions, assessed bilaterally, for a total of 44 analyzed
regions. ROIs assessed in the previous hypothesis analysis (regions corresponding to the
dACC, AIC, and primary motor cortex) were not assessed as part of this exploratory
analysis. Linear regressions were performed separately for each region to identify cortical
regions where ICM is predicted by age, diagnosis, and genotype. Corrections were
applied for multiple comparisons. After correction, the normal significance threshold 0.05

became 0.00114 (o = 0.05/44 tests) for model p values. The effect size of each predictive
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term was calculated as partial eta squared (np?). Thirty-five models did not meet the
assumption of normally distributed residuals, three did not meet the assumption of
homoscedasticity, and thirty-one tested significant for autocorrelations. The results of all
models are summarized in Table 4. After correction for multiple comparisons, it was
found that ICM is significantly predicted by age, diagnosis and genotype in the right
premotor cortex (R? = 0.095, p < 0.001) and the right inferior frontal cortex (IFC) (R? =
0.098, p <0.001). Age was a significant predictor in five regions of the left hemisphere
and eight regions of the right hemisphere, including the right premotor (p < 0.001) and
inferior frontal cortices (p < 0.01). Effect sizes for each predictor term are reported in
Table 5. Across all models, partial eta squared calculated for the age term ranged from
0.0012 to 0.086, with the lowest estimate in the left dorsal stream visual cortex and the
highest in the right premotor cortex. For the diagnosis term, the effect size was lowest in
the right early auditory cortex (n,> = 0.0000004), and the largest effect size was found in
the right lateral temporal cortex (np? = 0.027). Finally, the smallest effect size estimate for
the genotype term was in the left orbital and polar frontal cortex (n,> = 0.00002), and the

largest was in the right ventral stream visual cortex (ny> = 0.014).
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Table 4. Results of exploratory analysis assessing the effect of diagnosis and genotype on ICM signal in the cerebral

cortex

Table summarizing the results of linear regression models conducted separately for 44 parcellated regions of the cerebral

cortex. The model p-value and adjusted R? are reported in addition to the p-values of the individual predictors (age, diagnosis

and genotype). Results are reported separately for the regions of the left hemisphere and the right hemisphere. (**) indicates

statistical significance at a level of p=0.00114 for models and (*) at a level of p=0.05 for individual predictors.

Left Hemisphere Right Hemisphere
. Model Diagnosis | Genotype Model Diagnosis | Genotype
t Model A Model A
Section name odel p adjusted R? ge p p p odel p adjusted R? gep p p
Primary Visual Cortex | 0.1442 0.0174 | 0.0893| 03625 | 09425 | 04613 | -0.0029 |0.1830]| 09350 | 04530
Early Visual Cortex 0.1031 00229 | 0.0657| 03288 | 07053 | 02756 0.0064  |0.1600| 03850 | 0.1620
Dorsal Stream Visual Cortex| 04014 | -0.0003 | 0.6880| 0.1550 | 0.9460 | 0.6929 | -0.0111 |0.3400| 05570 | 0.4610
Ventral Stream Visual Cortex] 0.1309 0.0190 | 0.1450| 02120 | 09130 | 02211 00102 |0.1160]| 05900 | 0.1610
+
MT+ Complex and 0.2928 0.0054 |0.2920| 02430 | 09360 | 0.6090 | -0.0083 |02210| 03650 | 0.7570
Neighboring Visual Areas
Somatosensory and Motor
o 0.3215 0.0037 |0.1080| 07190 | 09420 | 0.0882 0.0254  [0.0290%| 0.6980 | 0.6590
P tral Lobul Mi
aracentral Lobular and Mid| ) ), 0.0557  |0.0073*| 05420 | 03782 | 0.0541 00331  [0.0177%| 09431 | 03371
Cingulate Cortex
Premotor Cortex 0.0401 0.0377 _ |0.0077%] 08886 | 07938 |0.0008**| 00954  |0.0004*| 04285 | 0.7750
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Posterior Opercular Cortex | 04727 | -0.0034 ] 0.1390] 0.9900 | 0.9160 | 0.0813 0.0267  |0.0454%] 04495 | 0.6489
Early Auditory Cortex | 0.6124 | -0.0085 | 0.5080| 03760 | 0.8700 | 0.3198 0.0038  |0.0805| 09939 | 0.8555
Auditory Association Cortex| 04384 | -0.0019 | 0.1960| 0.6120 | 0.9500 | 0.0298 00423 0.0258%[ 02673 | 0.8479
Insular andg:;tnetzl Opercular) o 2ci7 | 00133 |o06720| 04870 | 07900 | 02720 00067 |0.1120| 0.8330 | 0.4560
Medial Temporal Cortex | 0.6821 | -0.0107 | 0.4000| 0.7480 | 0.6120 | 0.1932 00125 |0.1330]| 09920 | 0.1660
Lateral Temporal Cortex | 0.3025 0.0048  |03220| 02600 | 0.7890 | 0.0385 0.0384 |0.1846]| 00524 | 0.8644
Temporo-Parieto-Occipital | ) 107 00238 |0.0685| 03003 | 08830 | 0.3262 0.0035 | 0.1130| 0.9370 | 0.4380
Junction
Superior Parietal Cortex | 0.0518 0.0338 | 0.0658| 02080 | 07046 | 0.1368 00183 |0.0682| 07537 | 03338
Inferior Parictal Cortex | 0.0586 00319 |0.0366%| 03449 | 09256 | 0.2695 0.0068  |0.1430| 06460 | 04740
Posterior Cingulate Cortex | 0.0551 0.0328  |0.0364%| 04403 | 05012 | 0.1495 0.0168 |0.1100]| 0.7430 | 02140
Anterior Cingulateand | o/ 1 00030 04620 02930 | 09030 | 0.2609 0.0074 |0.1010| 0.8300 | 0.4920
Medial Prefrontal Cortex
ital and Polar Frontal
Orbita argort(;;r romat 10,5413 20.0060 | 0.1610| 09410 | 0.9550 | 0.0134 0.0543  [0.0033*| 08215 | 0.6058
Inferior Frontal Cortex | 0.2573 0.0076 | 0.0538| 08155 | 07107 |0.0006**| 00984  [0.0011*| 0.1667 | 0.8892
Dorsolateral Prefrontal
orsolateral Frefronta 0.1448 00173 [0.0301%| 09577 | 08612 | 0.0367 00391  [0.0112%| 0.6228 | 09242

Cortex
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Table 5. Effect sizes of predictor variables in exploratory models separated by hemisphere

Table summarizing the effect size of age, diagnosis and genotype as predictive variables of ICM content in 22 regions of the

cerebral cortex, reported separately for left and right hemispheres. Effect size is reported as partial eta squared ().

Left Hemisphere Right Hemisphere
Section name n’ np’ np’ n’ n’ n’
(age) (diagnosis) (genotype) (age) (diagnosis) (genotype)

Primary Visual Cortex 0.0208 0.0060 0.00004 0.0128 0.00005 0.0041

Early Visual Cortex 0.0243 0.0069 0.00104 0.0142 0.0055 0.0141
Dorsal Stream Visual Cortex 0.0012 0.0146 0.00003 0.0066 0.0025 0.00394
Ventral Stream Visual Cortex 0.0153 0.0113 0.00009 0.0178 0.0021 0.0142
MT+ Complex and Neighboring Visual Areas 0.0080 0.0099 0.00005 0.0109 0.0060 0.0007
Somatosensory and Motor Cortex 0.0186 0.0009 0.00004 0.0341 0.0011 0.00142
Paracentral Lobular and Mid Cingulate Cortex 0.0511 0.0027 0.00563 0.0401 0.00004 0.00668
Premotor Cortex 0.0503 0.0001 0.0005 0.0864 0.0045 0.00059

Posterior Opercular Cortex 0.0158 0.000001 0.00008 0.0287 0.0042 0.00151
Early Auditory Cortex 0.0032 0.0057 0.00019 0.0220 0.0000004 0.00024
Auditory Association Cortex 0.0121 0.0019 0.00003 0.0355 0.0089 0.00027
Insular and Frontal Opercular Cortex 0.0013 0.0035 0.00052 0.0182 0.0003 0.00403
Medial Temporal Cortex 0.0051 0.0007 0.00187 0.0163 0.000001 0.01383
Lateral Temporal Cortex 0.0071 0.0092 0.00052 0.0127 0.0270 0.00021
Temporo-Parieto-Occipital Junction 0.0238 0.0078 0.00016 0.0181 0.00005 0.00436
Superior Parietal Cortex 0.0243 0.0115 0.00104 0.0239 0.0007 0.00677
Inferior Parietal Cortex 0.0313 0.0065 0.00006 0.0155 0.0015 0.00372
Posterior Cingulate Cortex 0.0313 0.0043 0.00328 0.0184 0.0008 0.01119
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Anterior Cingulate and Medial Prefrontal Cortex 0.0039 0.0080 0.00011 0.0194 0.0003 0.00343
Orbital and Polar Frontal Cortex 0.0142 0.00004 0.00002 0.0608 0.0004 0.00194
Inferior Frontal Cortex 0.0267 0.0004 0.001 0.0744 0.0138 0.00014
Dorsolateral Prefrontal Cortex 0.0336 0.00002 0.00022 0.0457 0.0018 0.00007
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CHAPTER 4 - DISCUSSION AND CONCLUSIONS
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4.1 Summary of Results

A cross-sectional assessment of intracortical myelin content was conducted in
individuals with bipolar disorder type I to identify the impacts of age, diagnosis and
NRGI 156994992 genotype on ICM content. An initial a priori analysis was conducted to
determine whether R, a proxy measure of ICM, could be significantly predicted by age,
diagnosis, and genotype in the cortical regions of the salience network, the dorsal anterior
cingulate cortex (dACC) and the anterior insular cortex (AIC). A control region, the
primary motor cortex, was also included for comparison. This analysis indicated that the
primary motor cortex was the only region significantly predicted by age, diagnosis, and
genotype. However, ICM in the bilateral primary motor cortex and the right dACC was
significantly predicted by participant age alone, with medium effect sizes in the left motor
cortex (np> = 0.091) and right motor cortex (n,> = 0.043). These models were compared to
models that included an interaction term between diagnosis and genotype to assess
whether genotype was a significant moderator of ICM in our regions of interest. These
analyses suggested that rs6994992 genotype is not a significant moderator of ICM in
these specific regions. A secondary exploratory analysis was conducted to identify if Ry,
and thus ICM, in any other regions of the cerebral cortex, was significantly predicted by
age, diagnosis, and genotype. This analysis significantly predicted ICM content in the
right premotor and inferior frontal cortices (IFC). Age was a significant predictor within

these regions, but diagnosis and genotype were not.
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4.2 The impact of age on ICM

Age as a significant predictor of ICM coincides with previous research regarding
ICM and confirms our prediction that age impacts ICM content across cortical regions.
Our results found that age significantly predicted ICM in the right dACC, bilateral motor
cortex, right premotor cortex, and right IFC. The exploratory analysis additionally
identified five regions in the left hemisphere and eight in the right where age was a

significant predictor. These regions can be found in Table 4.

Grydeland and colleagues (2013) identified that cortical myelin follows an
inverted-U-shaped trajectory over the lifetime in healthy individuals. The cingulate and
insular cortices were two of the most affected regions identified in this study and showed
greater effects in the right hemisphere than the left (Grydeland et al., 2013). The impact
of age on ICM in the ACC has been replicated by our group, finding that ICM in the ACC
follows the typical inverted-U trajectory but that this trajectory is blunted in individuals
with bipolar disorder (Sehmbi et al., 2019). Although past studies have found a large
effect of age on ICM in the ACC, our study only found a significant prediction of age in
the right dACC, with a small effect size (ny> = 0.029). Additionally, although the same
inverted-U trajectory of cortical myelination has been found in the insular cortex in the
past (Grydeland et al., 2013), our assessment of ICM in the AIC was not significant. The
age predictor within these models also did not reach significance but neared significance

in the right AIC (p = 0.07). Our models show larger effect sizes in the right hemisphere of
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the dACC and AIC compared to the left hemisphere, which aligns with past research

assessing cortical myelin in these regions (Grydeland et al., 2013).

The blunted age trajectory of ICM in bipolar disorder has been identified across
cortical regions, including the ACC, but was found to have the largest impact in the
bilateral premotor and primary motor cortices with effect size estimates of 0.1 (Sehmbi et
al., 2019). The results of the current experiment replicate the large effect sizes of age on
ICM in the premotor and primary motor cortices. Age as a predictor of ICM within our
models had the largest effect size in the primary motor cortex (1> = 0.091), followed by

the premotor cortex (np> = 0.086).

Myelin content within the cerebral cortex is higher in primary sensory and motor
regions, notably the primary motor cortex, and lower in association areas, including the
cingulate and insular cortices (Glasser & Van Essen, 2011). Thus, the large magnitude of
ICM deficits in motor regions may result from more myelin within these cortical regions.
Similarly, small magnitudes of age-related ICM effects in the dACC and lack of
association in the AIC may be due to a lower myelin content within these regions. Our
models of the AIC had small effect sizes of the age predictor in the left (n,> = 0.017) and
right (np? = 0.024) insula. These small effect sizes corresponded to low statistical power
in these regions, with the AIC having a power of 0.06-0.23 and the dACC having a power

of 0.1-0.2. Low statistical power in this region likely prevented the age term from
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reaching significance in these lightly myelinated regions where the effect of age on ICM

is less than in primary motor regions.

From the exploratory analysis, the right inferior frontal cortex (IFC) and right
premotor cortex were the only regions where ICM was significantly predicted by age,
diagnosis and genotype, and age alone being a significant predictor. The significance and
large effect size of the premotor cortex (n,> = 0.086) align with the results of the primary
motor cortex and with past research identifying these two regions as having the largest
impact of age on ICM in the cortex (Sehmbi et al., 2019). However, the effect size of the
age predictor in the IFC was comparable to that of the premotor cortex (1> = 0.074) and
one of the largest among cortical regions. This is surprising given that the IFC has not
previously been isolated as a region of interest for age-related ICM deficits. The IFC is
primarily responsible for speech production and language processing, with additional
roles in working memory and executive functioning (Baldo & Dronkers, 2006).
Specifically, the right IFC controls executive functioning during tasks through inhibitory
control mechanisms. Lesions in this region lead to impairments in executive functioning
during response inhibition tasks (Aron et al., 2003). The IFC has been identified as being
altered in individuals with bipolar disorder, contributing to cognitive deficits associated
with the disorder. Even individuals in euthymia show executive functioning task-related
decreases in activation in the IFC compared to healthy controls (Townsend et al., 2012).
Additionally, in individuals with bipolar disorder, a greater duration of illness has been

associated with decreased grey matter volume in the right IFC (Hajek et al., 2013).
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Interestingly, the IFC, compared to other cortical regions, has moderate thickness
but is lightly myelinated within the cortex (Glasser et al., 2016). The myelinated fibres
within this region are localized at the white matter boundary, creating light ICM within
the IFC. Additionally, the grey/white matter contrast, an early measure of myelin content,
decreases longitudinally in the IFC (Salat et al., 2009; Vidal-Pifieiro et al., 2016). Despite
light myelination in this region, our study found that ICM in the IFC is significantly
predicted by age, diagnosis and genotype, and particularly age is a significant predictor of
ICM. The large effect size in this region (1, = 0.074) contrasts other lightly myelinated
regions that we studied, including the dACC and insula. This significant age effect

highlights the IFC as a region of particular interest for future studies on ICM deficits.

Interestingly, the three regions where we found the largest effect of age on ICM -
the right premotor cortex, bilateral primary motor cortex, and right inferior frontal cortex
- are all involved in motor control. The right IFC controls the premotor cortex through its
role in response inhibition, selecting appropriate voluntary movements for the primary
motor cortex to initiate. fMRI studies have shown that the right IFC initiates stopping
using beta-band oscillations on the premotor cortex (Schaum et al., 2021). These two
regions have also been shown to be structurally connected using diffusion tractography
(Swann et al., 2012). Our results reveal the potential role of ICM and age for motor

inhibitory control in the IFC and primary and premotor cortices.
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4.3 The impact of bipolar disorder diagnosis on ICM

Although the diagnosis term was not a significant individual predictor of ICM in
any cortical regions studied, the models including diagnosis as predictors were significant
in the bilateral motor cortex, premotor cortex, and inferior frontal cortex. Past studies
have identified motor dysfunction, particularly impairments in fine motor control, in
individuals with bipolar disorder (Negash et al., 2004). Additionally, motor speed
dysfunction has been identified in both individuals with bipolar disorder who are
euthymic and their unaffected relatives, suggesting motor impairments as a possible
endophenotype of the disorder (Correa-Ghisays et al., 2017). The significant models,
including diagnosis in the motor regions of the cortex, align with what is known about
deficits of fine motor functioning in bipolar disorder. The premotor, primary motor and
inferior frontal cortices are involved in motor inhibitory control, and deficits in these

areas may contribute to deficits in motor function found in the disorder.

4.4 The impact of NRG1 genotype on ICM

One research aim of this study was to identify whether NRG1 genetic variation
moderates the relationship between bipolar disorder and ICM in the salience network. We
found that 16994992 genotype alone is not a significant moderator of this relationship
nor a significant predictor of ICM content in any cortical regions studied. In the
exploratory analysis, the largest effect size of the genotype predictor in the models was
0.01 in various regions of the right hemisphere. These minor effects of the SNP genotype

contribute to low statistical power within the models and lower the possibility of
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identifying a significant effect of the genotype predictor variable. Genotype studies
generally have large sample sizes to compensate for the small effect sizes of individual
SNPs and provide sufficient statistical power. Alternative methods have also been
developed to overcome the low statistical power of small sample sizes, including

calculating polygenic risk scores of multiple a priori SNPs.

As mentioned previously, bipolar disorder is a polygenic disorder with many
genetic factors contributing to the heritability of the disorder. Polymorphisms are only
one of these factors, where the combined impact of known risk SNPs is estimated to
contribute 8% of the heritability of the disorder (Gordovez & McMahon, 2020; Stahl et
al., 2019). Thus, individual SNPs contribute small effect sizes to the risk of developing
bipolar disorder. Findings from past studies assessing structural brain changes associated
with 16994992 in bipolar disorder are conflicting, with some studies finding a significant
impact of the SNP and others not. The results of the current experiment confirm the
heterogeneity of these studies, having been unable to find a significant association of the
SNP with ICM. These conflicting results are also observed for structural brain changes in
bipolar disorder, with some large-scale meta-analyses unable to significantly conclude a
direction of effect due to the heterogeneity between bipolar disorder samples across
studies (Hajek et al., 2005). Of the studies that have assessed the impact of NRG1 risk
variants on brain structural changes, few have found a significant association with bipolar
disorder. Of those that find an association, it has been shown that the magnitude of effect

in bipolar disorder is less than in schizophrenia (Chong et al., 2008). Although NRG1
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SNPs have been established as risk factors for schizophrenia, the magnitude of influence
is not as large in bipolar disorder as in schizophrenia. Other studies that found an
association with bipolar disorder included participants with symptoms of psychosis (Cao
et al., 2014). Psychotic symptoms have been established as a significant risk factor
associated with rs6994992 genotype, and the impact of psychotic symptoms may drive
the significant associations found between bipolar disorder and rs6994992 genotype

(Green et al., 2005).

For the hypothesis-driven analysis, we chose a priori to focus on ICM in the
dACC and AIC because past research indicates these areas are related to NRG1 genotype
and structural brain changes. The ACC has been identified as a region with significant
white matter alterations in healthy individuals and those with various psychiatric
disorders associated with NRG genetic variation. One study by Barnes and colleagues
found that grey matter volume is significantly decreased in the ACC in healthy
individuals carrying an 16994992 T allele (Barnes et al., 2012). Another study by Wang
and colleagues found that white matter integrity in the ACC is significantly reduced in
individuals with schizophrenia with the rs6994992 T allele (Wang et al., 2009). From
these results, it is unlikely that bipolar disorder is the factor driving our differing results.
Instead, it seems that intracortical myelin may be affected by rs6994992 genotype

differently than white matter, contributing to variable results.
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In addition to testing the statistical significance and effect size for predictors of
ICM, scatter plots were created to visualize trends in the data set for future research.
Through this, it is evident that although NRG1 genotype was not a significant predictor of
ICM in our models, the age-related ICM trajectory is altered between genotype groups in
individuals with bipolar disorder. Participants with a C/C genotype have a blunted age
trajectory compared to those carrying a T allele (C/T and T/T genotypes). This pattern is
unexpected given that most past research has identified the T allele as a risk factor for
structural deficits in the cerebral cortex. However, one study of rs6994992 in bipolar
disorder also identified the C allele as a risk factor. In this study, Prata and colleagues
found that the C allele of rs6994992 was associated with mood-incongruent psychotic

features in bipolar disorder (Prata et al., 2009).

Our study found that the frequency of C/C genotypes was significantly higher in
BD than in HC. This indicates that the C/C genotype may be a potential risk factor for
bipolar disorder, in which more individuals with the diagnosis have the C/C genotype,
and those with the genotype have a hindered age-related trajectory of ICM across cortical
regions. Brain structural changes have not previously been associated with the C/C
genotype in bipolar disorder, and thus, no comparisons can be made to our results.
However, we highlight that the C/C genotype may impact ICM in individuals with bipolar

disorder.
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4.5 Limitations and Strengths

Our results should be interpreted in light of the following limitations. Our sample
consisted of 67 bipolar disorder participants and 75 healthy controls. While this sample
size is typical for imaging studies, it contributes to low statistical power for the genotype
term, which generally had low effect sizes (range 0.00002-0.01). A larger sample size,
comparable to other genetic studies, may have allowed the NRG1 genotype term to reach

significance.

Additionally, because of the relative rarity of the T/T genotype, only four
participants in our bipolar disorder group had this genotype. Because of this, and to
maximize statistical power, all individuals carrying a T allele (genotypes C/T and T/T)
were combined into one group, similar to past studies of rs6994992 (Barnes et al., 2012;
Wang et al., 2009). While this benefitted our statistical power, it prevented us from
making conclusions about the nature of allelic separation in our results, and we were
unable to determine whether the effects of genotype are dominant or codominant in our

sample.

Another important limitation to note is that most of our models did not meet the
required assumptions of a linear model. Four of the six models in the hypothesized
analysis did not have normally distributed residuals, and three had significant
autocorrelations. From the exploratory analysis, thirty-five of forty-four models did not

have normally distributed residuals, three had an unequal variance of residuals, and thirty-
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one had significant autocorrelations. The findings of this study should be interpreted with
caution due to these violated assumptions. Future work will focus on finding alternative

statistical tests that better fit the data of this study.

Despite these limitations, this study serves as the first assessment of genetic risk
factors of intracortical myelination using a T1w approach in bipolar disorder type I. Our
findings serve as a basis for important research identifying the role of genetics for ICM in
bipolar disorder. Specifically, we have identified a region not previously associated with
ICM in bipolar disorder, the right inferior frontal cortex, which should be further

investigated.

4.6 Implications for Future Research

Future studies should extend our findings by addressing the potential role of
intracortical myelination in inhibitory motor control, specifically in the right inferior
frontal cortex. Given that impairment of fine motor control is a symptom observed in
some individuals with bipolar disorder (Negash et al., 2004), the inferior frontal cortex
and the highly myelinated premotor and primary motor cortices are of interest for
assessing ICM deficits in bipolar disorder. Additionally, since we found a significant
association between age and ICM in the inferior frontal cortex with moderate effect size,
future studies should identify whether the blunted inverted-U trajectory of ICM across

age in bipolar disorder is replicated in this region.
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Although our study did not find a significant prediction of NRGI genotype on
ICM, future studies should continue this area of research by assessing the combined
impact of multiple known bipolar disorder risk polymorphisms. This can be done using a
polygenic risk score method. In contrast to a candidate gene approach, calculating
polygenic risk scores involves identifying SNPs already known to be associated with
bipolar disorder and weighting them according to their relative effect size. This provides
the benefit of increasing statistical power even in smaller sample sizes and improves the
possibility of finding a significant effect. Concerning intracortical myelin, multiple genes
are known to be involved in the process of cortical myelination while also conferring risk
to bipolar disorder. Many of these genes are involved in different areas of the same
signalling cascades. Future studies assessing ICM deficits in bipolar disorder should
combine NRG1 SNPs with others involved in oligodendrocyte development, weighted

into a polygenic risk score, to improve the predictive capabilities of the SNPs.

Our study visually observed a trend in our dataset in which bipolar disorder
participants with a C/C genotype had a blunted ICM age-related trajectory compared to
healthy control participants. Future studies should identify the potential susceptibility role
of the NRGI C/C genotype for ICM deficits in bipolar disorder. These trends should be

quantitatively tested to determine the magnitude of change in ICM between these groups.
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4.7 Conclusions

Our study found that ICM is predicted by age, bipolar disorder diagnosis, and
NRGI 156994992 genotype in the bilateral primary motor cortex, the right premotor
cortex, and the right inferior frontal cortex. Age is a significant predictor of ICM in the
previously mentioned regions in addition to the right dorsal anterior cingulate cortex.
ICM was not significantly predicted by bipolar diagnosis and NRG1 genotype alone. In a
visual assessment of age-related trajectories of ICM, we observed that bipolar disorder
individuals with a C/C genotype have a blunted slope of their age trajectory compared to
healthy controls with the same genotype. Our findings identify the C/C genotype as a
potential susceptibility factor for ICM deficits in bipolar disorder. We also identify the
right inferior frontal cortex as a region where age significantly impacts ICM. Future
research should extend our findings by assessing the role of ICM in inhibitory motor
control in bipolar disorder, specifically in the right inferior frontal cortex. Additionally,
future research is needed to quantitatively assess whether ICM deficits occur in
individuals with bipolar disorder and a C/C genotype of the NRGI 1s6994992

polymorphism.
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