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ABSTRACT

Post-traumatic stress disorder (PTSD) is a heterogenous psychiatric condition that affects thousands
of individuals each year. Of those who experience this condition, military members including
members of the Canadian Armed Forces (CAF) are particularly vulnerable, demonstrating high
prevalence rates of PTSD-related symptoms. Moreover, individuals with PTSD are at increased risk
for comorbid conditions and are at greater risk for suicide due to the overwhelming, debilitating
nature of PTSD symptoms. In previous research, hyperarousal symptoms associated with PTSD have
been linked to dysregulation in the locus coeruleus norepinephrine (LC-NE) system, a vast
neuromodulatory system responsible for regulating arousal, attention, autonomic and memory-related
functions. Advancements in neuroimaging methods have advanced our ability to study connectivity
in vivo such that small structures like the LC can be further studied in human samples. Specifically,
neuromelanin-sensitive MRI (NM-MRI), a novel, non-invasive neuroimaging method has been
shown to detect changes in neuromelanin (NM)-related signal in both the LC and substantia nigra
(SN). NM is a dark pigment that accumulates over the lifespan in catecholamine-dominant centers
such as the LC and SN and is the by-product of catecholamine oxidation. NM-MRI can be used to
image these centers in vivo due to the paramagnetic properties offered by NM. Furthermore, when
excess cytosolic catecholamine levels are present in select neurons, NM production is thought to be
increased, resulting in increased NM signal from the LC. This could potentially be a marker for
dysregulation as many conditions have been associated with variability of this system. Previously,
NM-MRI has been used in other clinical settings such as in Parkinson’s disease (PD), Alzheimer’s
disease (AD), schizophrenia and depression; however, this current investigation is the first to utilize
this imaging modality in the context of PTSD. Specifically, we hypothesized that increased NM-MRI
signal in the LC would correlate with increasing severity of hyperarousal symptoms in individuals
with PTSD. We also predicted that the opposite would be true for comorbid depression symptom

severity, as reduced LC signal has been previously correlated with clinical measures of comorbid
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depression using NM-MRI. As per our primary hypothesis, we observed a significant positive
correlation between NM-MRI signals in the caudal elements of the LC with hyperarousal symptom
severity in 22 PTSD subjects (= 0.54, p= 0.017; partial correlation controlling for depression
symptom severity, age, and sex). In contrast, we did not find any evidence to support our secondary
hypothesis, because a non-significant trend correlating LC NM-MRI signal and depression symptom
severity was obtained (r=-0.30, p=0.22; partial correlation controlling for hyperarousal severity, age,
and sex). Based on these results, we were able to build on previously conducted work to further
investigate the utility of NM-MRI in the detection of variability in LC-NE system as it pertains to
psychiatric conditions known to show dysregulation of this system such as PTSD. In addition, this
thesis provides further evidence to support the automation of NM-MRI analytical methods, thus
supporting their potential utility for future clinical research. Our findings also provide support for the
use of NM-MRI as a potential measure of NE activity; further, this work provided preliminary
evidence supporting the use of NM-MRI in a clinical, psychiatric setting, where the technique may
serve as a biomarker of PTSD pathology. With these findings in mind, additional validation studies
can be conducted to verify the use of NM-MRI as a biomarker for NE system dysregulation. This
would potentially allow for advancements in targeted treatment options for PTSD, particularly those

targeting the LC-NE system, thus potentially increasing patient stratification and treatment efficacy.
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CHAPTER 1: INTRODUCTION (LITERATURE REVIEW)

1.1.1 Locus Coeruleus — Norepinephrine System

In this chapter I will be discussing the locus coeruleus norepinephrine (LC-NE) system. This system
modulates numerous central and peripheral functions and variability in the function of this system
can be observed in numerous neuropsychiatric conditions such as depression, anxiety, Alzheimer’s
disease (AD) and post-traumatic stress disorder (PTSD), the latter being most relevant to the work

presented here.

More specifically, this chapter will include information about the anatomy and physiology of the
locus coeruleus (LC), the function of this system, its different projections (both efferent and afferent)
and will conclude by considering the clinical significance of the LC-NE system including specific
disorders in which LC-NE dysregulation can be observed. The ultimate purpose of this chapter will
be to introduce this system and how it is relevant to our current work, thus providing rationale for our

hypotheses discussed later.

1.1.2 — Anatomy

The human LC is a small, bilateral brainstem structure located in the rostral pontine tegmentum
(Sharma et al., 2010) adjacent to the floor of the fourth ventricle (Keren et al., 2009). This structure
also occupies part of the midbrain as the rostral end reaches close to the level of the inferior
colliculus (Keren et al., 2009; Sharma et al., 2010). In addition, the LC is thought to have structural
divisions in that, the rostral and caudal parts of the LC may be implicated in different functions (see
below in Section 1.1.4). This indicates that alongside structural divisions there may also be functional
divisions of the LC, thereby, implicating the LC in a wide range of functions (Samuels and Szabadi,

2008; Keren et al., 2009).



In terms of the cytoarchitecture of the LC, the vast majority of neurons in the LC are norepinephrine
(NE)-containing (Dahlstrom and Fuxe, 1964). This makes the LC the central nucleus for NE
projections, thus contributing the vast majority of NE innervation across the brain (Euler, 1946;
Dahlstrom and Fuxe, 1964). There are two notable cell types within the LC, larger multipolar cells,
as well as small fusiform cells (Swanson, 1976; Grzanna and Molliver, 1980; Schwarz and Luo,
2015) and this identification was conducted in rat models as limited cytoarchitecture research has
been conducted in humans. With that being said, one human study conducted by German and
colleagues confirmed that many of the cells were indeed “oval to fusiform in shape” (German et al.,
1988), a finding that was similar to early animal research (Swanson, 1976; Groves and Wilson, 1980;
Grzanna and Molliver, 1980; Gerfen and Sawchenko, 2016). Furthermore, there is a difference in the
distribution of cells with respect to their rostral-caudal orientation within the LC, thus providing
evidence for the proposed topographical and functional organization of this structure (Waterhouse et
al., 1983)!. Finally, many of these cells are pigmented and this pigment was later confirmed to be
neuromelanin (NM), a dark pigment that accumulates in the catecholaminergic cells within the LC
and substania nigra (SN) (German et al., 1988). This feature is also relevant for our current work, and

this will become relevant in Section 1.2.1

Together, this early work has established the association of the LC with a major neurotransmitter
system, the NE system. This work also provided some indication of topographical and functional
organization of the LC. Furthermore, these early reports confirmed that many of the cells in the LC

contained NM, a fundamental observation work presented here.

! This notion of topographical organization will be re-introduced in Section 1.1.4 where I will discuss how different
sub-populations of neurons in the rostral versus caudal portions of the LC are hypothesized to project to different
targets, thus implicating different regions of the LC in different functions. This is an important consideration for the
work presented here as we chose to explore the proposed functional organization of this system in our analysis.



To better understand the size of the LC, several quantification studies have been conducted to
determine the number of cells that make up the LC. Here, such methods utilize the presence of NM,
since, as previously mentioned, the vast majority of LC neurons contain this pigment, thus
differentiating LC cells from cells of surrounding structures (German et al., 1988). Specifically, by
utilizing a neuron-specific stain, pigmented neurons of the LC can be easily identified and then
quantified by a series of serial counts (Brody and Vijayashankar, 1979). On average, 18,000
pigmented cells could be identified in the left LC (Brody and Vijayashankar, 1979; German et al.,
1988). This research was conducted on post-mortem human brain samples and demonstrated the
small size of this structure ex vivo. In addition, researchers from this study also observed that as the
subjects aged, the number of pigmented cells began to decline indicating an age-related loss in LC
neurons (Brody and Vijayashankar, 1979). This is important from a clinical perspective since it has
been well documented that LC cell loss is a known pathology in diseases such as AD and Parkinson’s

Disease (PD).

Quantification studies using immunohistochemical methods (monoamine-specific fluorescence)
found that the majority of neurons in the lower brain stem region were catecholaminergic in nature
(Dahlstrom and Fuxe, 1964). In addition, Baker and colleagues expanded on this finding utilizing
tyrosine hydroxylase immunoreactivity (TH-IR) to confirm not only that the cells in the LC were
catecholaminergic, but specifically they were NE-containing (Baker et al., 1989). From this
observation, the average number of TH-positive cells in the human LC samples were found to be
53,900 and this number was comparable to the number of NM-containing cells (n= 54,896) which

were also found to be TH-positive (Baker et al., 1989). This result confirms that pigmented neurons

2 This decline of pigmented neurons in the LC may indicate early signs of pathology since it is generally accepted
that NM-concentration increases as individuals age. This steady incline of NM occurs until approximately age sixty
before leveling out (Mann and Yates, 1979; Halliday et al., 2006).



of the LC also contained NE, thus linking the LC to the NE neurotransmitter system as well as to NM
(Dahlstrom and Fuxe, 1964; Baker et al., 1989). In addition, TH-IR has also been applied across
species to compare the relative size of the LC between humans and non-human primate groups
(Sharma et al., 2010). This research provided evidence to suggest significant phylogenetic variation
between species thereby supporting the notion that an increased volume of neurons may contribute to
human-specific behavioural changes during evolution and how dysregulation of the LC-NE system
plays a role in human-specific illnesses (i.e. psychiatric conditions) (Sharma et al., 2010). This study
also supports the reliability of TH-IR methods across various species and therefore reinforces its

validity in related studies® (Sharma et al., 2010).

In summary, the above quantification studies have demonstrated the size of the LC relative to other
non-human species. This has allowed us to speculate about the role of the LC in human-related
conditions and ultimately has demonstrated how small this structure is within the human brain by
establishing the true number of cells within this structure. In addition, this research provides support
for the challenges faced by neuroimaging research for investigating this system in-vivo, thus
emphasizing the need for novel imaging modalities such as neuromelanin-sensitive magnetic
resonance imaging (NM-MRI) where structures such as the SN and LC can be independently studied

based on their chemical properties (see Chapter 2 for details).

To conclude, the LC is a small, bilateral midbrain structure that is made up of mostly NM and NE-

containing cells. Using classic staining methods and immunoreactivity, early research was able to

3 TH-IR has also been conducted in rodent models to isolate LC neurons based on their TH contents. The following
references are studies in which this methodology was utilized: (Nestler et al., 1990; Melia et al., 1992; Verma et al.,
20006). The research studies described above and noted previously validates this quantification method across
numerous species thus giving an accurate representation of the true size of the human LC.



quantify the approximate number of cells in the LC, thus allowing us to better understand the size of
this structure. In addition, this early research suggests a strong relationship between the LC and the
NE neurotransmitter system, thus making up a major modulatory system in the human nervous
system. This suggests that alterations in LC function may be linked with dysregulation or imbalance
in the central and/or peripheral NE neurotransmitter system, a fundamental aspect of our current
work. Finally, these studies also provided insight into the different efferent and afferent projections
associated with the LC-NE system and thus can give insights into the possible functions the LC-NE
system may be associated with, including how this system may be implicated in human-related

conditions such as neurodegeneration and psychiatric illness.

1.1.3 — Physiology
In this section, I will discuss the physiology of the LC-NE system. I will examine how the LC has
been shown to modulate different patterns of physiological activity and how these patterns may be

relevant to psychopathology.

The LC is thought to have two patterns of physiological activity: tonic and phasic. Both of these
physiological states can fluctuate from being low or high in activity (Aston-Jones and Bloom, 1981;
Berridge and Waterhouse, 2003) and are synergistically dependent on one another (Howells et al.,
2012). Furthermore, each physiological state can be defined based on its discharge rate and how
much NE is released during their corresponding active states (Aston-Jones and Bloom, 1981;

Devilbiss and Waterhouse, 2011), thus defining when each state is occurring in the brain.

To begin, the tonic physiological state of the LC is defined as the “background” activity level
experienced by the LC. This rate of activity is characterized by slow discharge rates that range from

0.1 to 5.0 Hz (Aston-Jones and Bloom, 1981; Devilbiss and Waterhouse, 2011) and results in a slow



release of NE to various targets (see Section 1.1.4 for details on efferent and afferent projections). In
contrast, heighted tonic activity can be observed during states of increased arousal and from a
pathophysiological perspective, high tonic LC activity has been associated with stress and increasing
levels of anxiety and/or hyperarousal, characteristic features in panic disorders, generalized anxiety
disorder and trauma-related conditions such as PTSD (Berridge and Waterhouse, 2003; Atzori et al.,
2016; McCall et al., 2017). Furthermore, heighted tonic activity of the LC has be suggested to be
directly associated with cortical arousal in that when cortical arousal is heighted, tonic activity
increases, thus causing the release of additional NE as a response (Howells et al., 2010). This is
important since this indicates that anxiety-related and/or hyperarousal symptomology may be
associated with increases in NE release, thus contributing to pathological features observed in
various psychiatric conditions* (Southwick et al., 1999; Sherin and Nemeroff, 2011; Hendrickson and
Raskind, 2016). Additionally, NE receptors have also been shown to have specific binding affinity
with respect to NE release and it has been shown that even receptors with low binding affinity
become activated in periods of distress, providing additional evidence to support increased NE
release at LC targets in times of heighted anxiety or stress (Atzori et al., 2016). Finally, tonic activity
of the LC also seems to correlate with different wakefulness states, and during REM sleep, tonic
activity disappears entirely consistent with the need to dampen cortical arousal during sleep (Aston-
Jones and Bloom, 1981; Takahashi et al., 2010; Hayat et al., 2020). This has been described in

several electrophysiological studies (see previous citation) but is beyond the scope of this thesis.

In contrast, the phasic activity level for the LC is described as a state of spontaneous and fast

discharge rates (10-20Hz) (Devilbiss and Waterhouse, 2011). Specifically, phasic activation of LC

4 Many studies investigating NE concentrations in PTSD have also found increased amounts of NE in the
cerebrospinal fluid of individuals with PTSD, specifically military PTSD (Geracioti et al., 2001; Hendrickson et al.,
2018). This suggests that increased tonic activity of the LC may lead to increase NE release thus contributing to
these altered states of arousal (Howells et al., 2012).



neurons facilitates attentional processes such as in the presence of novel stimuli (Howells et al.,
2012). When this occurs, there is a physiological shift from tonic to phasic firing (Howells et al.,
2012). This allows individuals to 1) bring their attention to the novel stimuli (alert), and 2) focus their
attention on the stimuli (orient) (Posner et al., 2006; Howells et al., 2012) In addition, it has been
found that phasic activation can synergistically depend on the basal tonic activity of the LC,
suggesting that when tonic activity is elevated, as seen with increased arousal, patterns of phasic
activity occur outside their optimal range producing attentional impairments® (Howells et al., 2012).
This has been suggested to lead to increased vigilance, activation of broad scanning attentional
processes and reduced performance on cognitive/behavioural tasks (Aston-Jones and Cohen, 2005;
Howells et al., 2012). These features, alongside hyperarousal are yet other characteristics of
psychiatric conditions such as PTSD, suggesting that altered LC physiology, and consequently

increased NE release may contribute to symptoms of this condition.

1.1.4 — Projections & Functions

Next, I will discuss the different efferent and afferent pathways associated with the LC. The LC
projects widely across the brain, implicating it in numerous biological functions. When these
pathways become dysregulated, this may contribute to the pathogenic features observed in some
neuropsychiatric conditions. As such, by understanding the targets of the LC and the structures that
feedback to the LC, we may begin to understand what happens at a systems level in conditions such

as PTSD where the LC-NE is suggested to be affected.

> During states of distress or anxiety, tonic activity occurs outside its optimal range. As phasic firing also depends on
this optimal range, phasic firing is also affected during time leading to increased NE release (Howells et al., 2012).
This increases cortical arousal, reducing optimal performance in cognitive and/or behavioural tasks contributing to
impairment of this system. Impairment here is only defined as lack of optimal performance on cognitive tasks as
suboptimal arousal (hyperarousal in states of anxiety or hypoarousal in conditions such as attention deficit
hyperactivity disorder) (Howells et al., 2012).



1.1.4 (a): Efferent Projections

Despite its small size, the LC has widespread connections throughout the brain (see Figure 1 for
diagram of LC targets). Using anterograde and retrograde tracing methods, many studies have
delineated the projections to and from the LC. Delineating these pathways helps to understand the
functions of the LC-NE system both centrally and peripherally (Cedarbaum and Aghajanian, 1978;
Waterhouse et al., 1983; Simpson et al., 1997; McCall et al., 2015, 2017; Gerfen and Sawchenko,
2016). In addition, topographical organization may indicate that different subpopulations of neurons
in the LC may project to different targets, implicating different regions of the LC in different
functions (Waterhouse et al., 1983). However, due to the small size of the LC, it has been difficult to
characterize the functional organization of the LC for instance along its rostra-caudal axis,
emphasizing the need for more advanced methodology (i.e. in-vivo projection tracing) (Keren et al.,
2009). Summarized below are the general projections for the LC including both the efferent and
afferent pathways. Also summarized below are the general functional modalities associated with

these pathways, emphasizing those most relevant for the current project.

With respect to the efferent projections of the LC, a study by Szabadi and colleagues in 2013
suggests there are three primary efferent pathways leading out of the LC (Szabadi, 2013; Bari et al.,
2020). First, there is the ascending pathway which contains projections to the cortex, subcortical
limbic structures as well as the thalamus and the other midbrain nuclei (Szabadi, 2013; Bari et al.,
2020; Morris et al., 2020a). This efferent pathway is implicated in emotional memory (van Stegeren,
2008; Tully and Bolshakov, 2010; Jacobs et al., 2020), the stress response (Berridge and Waterhouse,
2003; McCall et al., 2015), autonomic nervous system (ANS) regulation (i.e. both central
parasympathetic and sympathetic functions) (Samuels and Szabadi, 2008), as well as functions
related to the sleep-wake cycle (Berridge and Waterhouse, 2003; Samuels and Szabadi, 2008;

Berridge et al., 2012) and other executive functions (Aston-Jones and Cohen, 2005; Bari et al., 2020).



Due to the vast innervation of this pathway within the prefrontal cortex (PFC), limbic structures and
ANS centers, brain regions critical in regulation of emotion, behavior and stress response (Samuels

and Szabadi, 2008; Szabadi, 2013) dysregulation in this pathway (e.g. enhanced NE release at these
targets), may further contribute to symptoms of psychiatric illness (e.g. hyperarousal in PTSD)

(Geracioti et al., 2001; Morey et al., 2015; Ronzoni et al., 2016; Naegeli et al., 2018).

The other two major pathways projecting from the LC are the descending pathway and the cerebellar
pathway (Szabadi, 2013). Of these two additional pathways, the descending pathway is better
understood (Bari et al., 2020). The descending projections innervate the spinal cord and contribute to
motor outputs (Samuels and Szabadi, 2008; Szabadi, 2013). It is also hypothesized that these
descending projections play a vital role in pain modulation, specifically pain desensitization, as the
NE receptors here have analgesic properties (Westlund and Dan Coulter, 1980; Clark and Proudfit,
1991; Taylor and Westlund, 2017; Bari et al., 2020). In addition, the descending projections are also
thought to mediate peripheral autonomic centers, however, this is less well understood (Samuels and
Szabadi, 2008). In particular, it is suggested that there is a complex relationship between LC
activation and modulation of autonomic physiological responses (i.e. changes in respiration, heart
rate and blood pressure), though this requires further investigation in human samples (Fritschy and
Grzanna, 1990; Bruinstroop et al., 2012). Altogether, based on the number of efferent projections, the
LC has vast neuromodulatory capabilities and when dysregulation of this system occurs, as observed
in numerous disorders, dysfunction of these target areas could account for the altered circuit function

and maladaptive behavior.
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Figure 1: Visual of LC targets. The LC projections are widespread across the brain. Highlighted
here are the three established LC pathways: the ascending pathway, the descending pathway, and the
cerebellar pathway. Other targets of interest include structures of the limbic system, the thalamus,
and hypothalamus. Image was created by the author AM using open access medical illustration

website BioRender.com.

1.1.4 (b): Afferent Projections:

Finally, in terms of afferent projections, many of the innervated centers described above also
feedback to the LC, thereby modulating its physiological activity and altering the release capacity of
NE to LC targets (Aston-Jones et al., 1991; Valentino and Van Bockstaele, 2008). This feedback
network allows for regulation of the LC from other centers which can have both adaptative and

maladaptive effects. For instance, the LC receives vast innervation from the amygdala, a major
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limbic structure involved in regulation of emotions, memory and the stress response (i.e. regulation
of the “fight or flight” response) (Wallace et al., 1989; Charney et al., 1998; McCall et al., 2015).
Specifically, in recent research it has been suggested that upon stress-induced activation, the
amygdala releases corticotropin-releasing factor (CRF) along efferent projections targeting the LC
(Aston-Jones et al., 1991; Weiss et al., 1994; Valentino and Van Bockstaele, 2008)°. This suggests,
that upon interaction with LC CRF receptors, the LC shifts from low tonic activity to heighted tonic
activity, linked to heighted levels of anxiety (Valentino and Van Bockstaele, 2008; Kovacs, 2013;
McCall et al., 2015). In addition, animal research investigating the role of the LC-amygdala
connection in PTSD showed that abnormal increases in NE at the level of the amygdala may underlie
hyperarousal symptomology in PTSD, providing additional evidence to support how interconnected
systems and dysregulation of these systems may contribute to disease pathology (Ronzoni et al.,

2016).

In addition, other structures such as the PFC, regions of the hypothalamus, brainstem, and indirect
afferents from the spinal cord have been observed to project to the LC (Szabadi, 2013). Here, the
PFC is thought to help regulate the tonic activity of the LC, whilst the hypothalamic structures help
coordinate the LC’s role in sleep-wake functions (Szabadi, 2013). Furthermore, brainstem structures
such as the medulla oblongota are thought to feedback to the LC to help regulate autonomic

functions (Kumagai et al., 2012), while populations of neurons in the spinal cord (i.e. the dorsal horn)
send afferents to the LC containing information about pain and other sensory signals (Cedarbaum

and Aghajanian, 1978; Szabadi, 2013).

® CREF is a stress hormone that is released during periods of increased anxiety/stress. It has an important role in
regulating the hypothalamic-pituitary-adrenal (HPA) axis (i.e. initiates the release of cortisol, another key regulator
of the stress response) (Kovacs, 2013).
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In conclusion, this summary further illustrates the complexity of the LC-NE system and how its
numerous projections implicate it in a multitude of brain circuits and reveals the inherent complexity
of downstream effects throughout the brain should the LC-NE system become dysregulated.
Therefore, when investigating neurodegenerative or psychiatric disorders where LC-NE dysfunction

is implicated, interactions with numerous brain regions should be considered.

1.1.5 Clinical Implications

Over the years, several neurodegenerative and psychiatric conditions have been associated with
dysregulation in the LC-NE system. The purpose of this section will be to briefly discuss the clinical
implications of the LC-NE system in neurodegenerative conditions such as AD and PD, with a more
thorough discussion being dedicated to the role of LC-NE dysregulation in psychiatric conditions

such as depression, anxiety, and PTSD.

1.1.5 (a): Neurodegenerative Conditions: Alzheimer’s Disease & Parkinson’s Disease
Alzheimer’s Disease (AD)

AD is a chronic neurological condition characterized by neuronal death, neurofibrillary tangles and
the accumulation of amyloid plaque leading to dementia-like symptoms. Briefly, one hallmark
feature of AD is the loss of neurons, specifically in the LC (Mann, 1983; German et al., 1992;
Manaye et al., 1995; Weinshenker, 2008; Kelly et al., 2017). In fact, research conducted utilizing
post-mortem analyses have found that individuals with greater LC degeneration performed worse on
neuropsychiatric and neurocognitive testing prior to death compared to those with less degeneration
(Kelly et al., 2017). This research provides evidence for the role of the LC-NE system in several
cortical processes including different forms of memory (i.e. working memory, episodic memory and
semantic memory), arousal and attention, thereby implicating this system in the pathogenesis of

neurodegenerative conditions such as AD (Kelly et al., 2017). While AD is not the focus of this
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thesis, it is notable that the methods utilized here (i.e. NM-MRI in the LC) have repeatedly been used

to study this condition’, thus, providing the foundation for the methods utilized in our current work.

Parkinson’s Disease (PD)

In addition, to further illustrate the role of the LC in neurodegeneration, it has also shown that LC
degeneration also occurs in PD, a neurodegenerative condition characterized by motor deficits and
the accumulation of a-synuclein protein in several brain regions (Paredes-Rodriguez et al., 2020). In
this context, degeneration of the LC is thought to occur in the early, asymptomatic stages of the
disease (Braak stage 2) and has been observed in PD-related prodromal conditions such as REM
sleep behaviour disorder (RBD) (Boeve et al., 2007) and Lewy body dementia (Carballo-Carbajal et
al., 2019). This further implicates the LC in the underlying pathology of neurodegenerative
conditions such as AD and PD and as such should be the target of investigation for further study in

these areas of research.

1.1.5 (b): Psychiatric Conditions: Depression, Anxiety, and PTSD

Due to the extensive innervation with limbic structures such as the hippocampus, amygdala,
hypothalamus and the PFC, the LC plays an important role in regulation of the stress response
(Berridge and Waterhouse, 2003; McCall et al., 2015). The LC also innervates brain centers involved
in modulation of the sympathetic and parasympathetic nervous systems, centers that play a vital role
in the “fight-or-flight” response, linked to specific physiological responses (i.e. pupillometric
responses, skin conductance, heart rate, blood pressure, etc.) which can be used as markers for
increased arousal in both the central and peripheral nervous systems (Gutner et al., 2000; Orr and

Roth, 2000; Felmingham et al., 2011; Murphy et al., 2011; Minassian et al., 2014; Cascardi et al.,

7 A summary of the use of NM-MRI in AD research can be found in Section 1.2.4.
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2015). Together, this suggests that when the stress response is dysregulated (i.e. chronic stress), as
commonly seen in psychiatric conditions such as depression, anxiety and PTSD, the LC-NE system
is also implicated in the pathology underlying these conditions and thus should be considered when
establishing biomarkers of these diseases (Morris et al., 2020a)8. In addition, consistent with the
involvement of the LC-NE system in psychiatric illness, numerous studies have investigated
pharmaceutical remedies targeting this system for neuropsychiatric conditions such as depression,
anxiety, and PTSD. To summarize, it has been observed that many of these NE-targeting drugs are
moderately successful at treating symptoms of the above conditions thereby implicating this system
in disease-related pathology (Connor et al., 1999; Southwick et al., 1999; Davidson et al., 2006;
Strawn and Geracioti, 2008; Alexander, 2012; Raskind et al., 2013, 2018; Khachatryan et al., 2016;
Grasser and Javanbakht, 2019; Hendrickson et al., 2021). Below is additional evidence to support the

role of the LC-NE system in both depression, anxiety, as well as PTSD.

In the case of depression, post-mortem research found that individuals with depression had a marked
reduction in NE transporters compared to healthy controls (Klimek et al., 1997). This finding was
found to be consistent with existing pharmacological evidence (i.e. the use of serotonin-
norepinephrine reuptake inhibitors (SNRIs) and norepinephrine-dopamine reuptake inhibitors
(NDRIs) as the first-line agents for the treatment of depression) (Stahl, 1998; Gorman and Kent,
1999; Dionisie et al., 2021), as well as the monoamine hypothesis for depression which states that
marked reduction of monoamine neurotransmitters including NE contribute to depression-related

pathology (Stahl, 1998). Consequently, it should be noted that there are many inconsistencies with

8 Under periods of chronic stress vast cellular and molecular changes occur at the level of the LC (i.e. increases in
NE precursors and NE receptors/transporters at LC targets (Fan et al., 2014), overall increase in NE release and LC
sensitivity to stress (Jedema et al., 2001) etc.) thereby leading to dysregulation of this system in condition such as
anxiety, depression and PTSD where chronic, pathological stress are key characteristic features (Morris et al.,
2020a).
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the monoamine hypothesis of depression that cannot be explained simply by deficiencies in
neurotransmitter systems such as the NE system (Racagni and Popoli, 2008). This therefore supports
why NE-targeting drugs are only somewhat effective for treating depression-related symptoms and
suggests that dysregulation of the LC-NE system may only be one of the many systems involved in
in depression and anxiety pathology. As such, due to the many complexities associated with this
condition, for the purposes of this current thesis, the relationship between NE and depression

symptoms will only be explored secondary to primary analysis regarding PTSD.

Regarding anxiety, recent high resolution 7T NM-MRI has been utilized to delineate the LC in both
healthy controls and in those with pathological anxiety (Morris et al., 2020b). Here, Morris and
colleagues observed an increase in LC volumes in those with diagnosed anxiety disorders and were
able to correlate these volumetric measures to clinical measures of anxiety (Morris et al., 2020b).
They concluded that this was the first study to investigate the relationship between in-vivo LC
measures and the manifestation of anxiety-related symptoms, thus providing further evidence to
support the role of the LC-NE system in stress-related pathologies observed in psychiatric illnesses
(Morris et al., 2020b). In addition, this research was also fundamental to our work in PTSD, a

condition featuring prominent symptoms of anxiety.

Regarding the role of the NE system in PTSD, the disorder central to the current investigation,
several studies have been published hypothesizing that imbalances in the NE system may lead to
PTSD-related symptoms including those related to mood alterations, hyperarousal and disruption in
sleep-wake cycles, including one of the most commonly reported symptoms, nightmares (Strawn and
Geracioti, 2008; Hendrickson and Raskind, 2016; Betts et al., 2019). Specifically, numerous clinical
trials have been conducted investigating the use of Prazosin, an NE alpha-1 antagonist for the

treatment of PTSD symptoms (Strawn and Geracioti, 2008; Khachatryan et al., 2016; Raskind et al.,
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2018). The results from this body of research has been mixed, but researchers have speculated that
the LC-NE system may be implicated in only a subset of symptoms (i.e. hyperarousal and sleep-wake
cycle dysregulation) versus all PTSD symptom clusters (Hendrickson et al., 2021). Furthermore,
other research has showed that greater startle responses (demonstrated by increased eye-blinks, skin
conductance and heart rate response) were observed amongst individuals with PTSD in response to
loud sounds and that these responses were significantly correlated with greater LC activity measured
with BOLD fMRI (Naegeli et al., 2018). This finding makes sense since elevated startle response
falls within the hyperarousal subdomain of PTSD (American Psychiatric Association, 2013). In
addition, several studies have reported increased NE levels in the cerebrospinal fluid of individuals
with PTSD indicating marked changes in the NE system in those with this condition (Geracioti et al.,
2001; Hendrickson et al., 2018). These researchers also demonstrated that these elevated NE levels
correlated strongly with severity of PTSD symptoms (particularly hyperarousal symptoms and sleep
symptoms), further implicating the role of NE in PTSD pathology (Hendrickson et al., 2018).
Furthermore, Morey and colleagues demonstrated increased LC activation in response to a functional
MRI fear conditioning task in military veterans with PTSD (Morey et al., 2015). This further
implicates dysregulation of the LC-NE system in PTSD pathology, specifically fear generalization
and dysregulation in fear-related neurocircuitry that may give rise to physiological responses
characteristic of hyperarousal (i.e. increased heart rate, blood pressure, pupil diameter, skin
conductance response etc.) (Berridge, 2009; Morey et al., 2015; Hendrickson and Raskind, 2016).
Together, these studies provides evidence to support the hypothesis that symptoms of PTSD are
associated with a dysregulated LC-NE system, specifically that hyperactivity of this system may
contribute to clinical symptoms and physiological manifestations of hyperarousal in PTSD (Gutner et
al., 2000; Orr and Roth, 2000; Cascardi et al., 2015; Hendrickson and Raskind, 2016; Norrholm et

al., 2016).
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1.2.1 Neuromelanin & Neuromelanin-Sensitive MRI

In this section I will be discussing what NM is, the role of NM in the human brain, NM-MRI and
how NM-MRI has been utilized in a clinical setting with regards to both neurodegenerative and
psychiatric conditions. The purpose of this chapter is to understand what NM is and how a novel,
non-invasive method known as NM-MRI was developed and has been useful in developing

hypotheses for the current work.

1.2.2 Properties of Neuromelanin

NM is a dark brown pigment that accumulates in the cells of catecholaminergic neurons. The build-
up of NM can be observed in the cell body of neurons in the LC and the substantia nigra (SN). The
accumulation of NM in these regions is due to oxidative processes of dopamine (DA), NE and other
catecholamines (Zecca et al., 2008). This occurs within the cytosol of these cells during a process
known as neuromelanogenesis (Bazelon et al., 1967). In addition, NM is a unique type of pigment
belonging to the melanin family and contains properties of eumelanins and pheomelanins (Odh et al.,
1994) thereby, sharing resemblance with cutaneous melanin found in our skin and hair (Odh et al.,
1994; Fedorow et al., 2005). Moreover, NM accumulates in autophagic organelles (Sulzer et al.,
2000; Zucca et al., 2018) within the cells and over the lifespan, there is a significant increase in NM
concentration in both the LC and SN structures (Mann, 1983; Manaye et al., 1995; Zucca et al., 2006;
Zecca et al., 2008; Wakamatsu et al., 2012). Thus while NM accumulates continuously in
catecholaminergic cells throughout the lifespan, clearance of NM, and thus, reduction in NM
concentration only occurs as a result of cellular death, as in neurodegenerative conditions such as AD
and PD (Kelly et al., 2017; Betts et al., 2019; Bari et al., 2020). Some researchers have theorized that
the consistent increase in NM across the lifespan can ultimately create such an abundance of NM in
the cells in late life that pathogenic effects may ensue and contribute to cell dysregulation (Carballo-

Carbajal et al., 2019; Vila, 2019). This has been observed in cases of Lewy body dementia (i.e. pre-
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PD) in which individuals demonstrated abnormally high levels of NM in comparison to healthy
matched controls suggesting that NM accumulation in these individuals may be abnormally increased
(Carballo-Carbajal et al., 2019). Conversely, it has also been speculated that abnormally high levels
of NM may in part be due to a compensatory mechanism of this system in-vivo suggesting that
degeneration still occurs, but remaining cells become hyperactive (Gannon et al., 2015; Liu et al.,
2018; Sulzer et al., 2018; Weinshenker, 2018). This hyperactivity thus causes an increased
accumulation of NM to compensate the loss of NM-containing cells due to diseases such as AD, PD,
and prodromal syndromes such as Lewy body dementia (Gannon et al., 2015; Liu et al., 2018; Sulzer
et al., 2018; Weinshenker, 2018). Together, the above research demonstrates the important
relationship between NM and neurodegenerative conditions such as AD and PD and provides a
unique perspective about possible future therapeutic targets for these conditions which could also be

applied to other human-related conditions where NM-containing structures are implicated.

As for the role of NM in the brain, conflicting studies have suggested that NM may offer a protective
function whist contained in autophagic organelles, but may accelerate degenerative processes once
released, thereby promoting apoptosis (Zecca et al., 2008; Zhang et al., 2011). For example, in
chemical analyses of NM synthesis, the formation of NM was found to be associated with the
sequestering of free radical molecules known to be damaging to the surrounding cells (Enochs et al.,
1994). These molecules included cytotoxic organic molecules (i.e. reactive oxygen species) (Zhang
et al., 2011) and cytotoxic metals (i.e. iron) (Zecca et al., 2008), many of which lead to damaging
redox activity in the cells. As a result, without the removal of these molecules, free-floating radical
compounds have continuously been found to be the cause of cellular apoptosis, thus accelerating

neurodegenerative processes in the human brain (Enochs et al., 1994).
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In contrast, studies by Zecca and colleagues have demonstrated that free-floating NM can induce
microglia activation thereby contributing to inflammation of surrounding SN neurons and inevitably
leading to further cell death (Zecca et al., 2002, 2008; Beach et al., 2007; Zhang et al., 2011;
Carballo-Carbajal et al., 2019). In addition, it has also been hypothesized that once NM is released
extracellularly, previously sequestered cytotoxic molecules such as reactive iron can remain in the
extracellular space which could also promote additional cell death and contribute to clinical
pathological characteristics seen in PD (Gerlach et al., 2006; Zucca et al., 2017). As such, it appears
that NM may have both protective and degenerative properties in the human brain and may

contribute to neuropathology characteristic in several neurodegenerative conditions.

1.2.3 Neuromelanin-Sensitive MRI

NM-MRI is a novel, non-invasive neuroimaging method developed by Sasaki and colleagues in 2006
to visualize NM-containing regions such as the LC and SN (Sasaki et al., 2006a). This technique is
possible due to the paramagnetic properties of NM which exist due to the presence of iron bound to
NM (Sasaki et al., 2006a). As a result, NM causes T1 shortening effects which thereby allows NM-
containing centers to be observed on MRI images using specific MRI sequences (i.e. those including
magnetization transfer (MT) contrast) (Enochs et al., 1997; Sasaki et al., 2006a; Trujillo et al., 2017).
In addition, to further distinguish NM-MRI imaging from standard structural imaging, Figure 2
demonstrates the differences between a normal structural MRI image (left) and a NM-MRI image
(right). Here the NM-MRI contrast allows the LC to be visualized as hyperintense regions within the

pons (black arrows point to the location of the LC in both images).

Moreover, NM-MRI signal can be extracted using different analytical processes including the manual
tracing approach conducted in many early studies including the initial one by Sasaki and colleagues

(Sasaki et al., 2006a). Since the original publication, several advances have been made regarding the
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analysis of NM-MRI data including a new semi-automated technique developed by our lab (see
Chapter 3 for details on the methods applied for this body of work). This automation allows for a
reduction in unconscious biases that can occur during manual processing of neuroimaging data, and
allows for a fast, reliable streamlined approach for analyzing this type of data. For the purpose of this
work, a great deal of time was invested in automating this process such that we could reduce the
number of manual steps typically required. As such, advancing the methodology of extracting and

analyzing LC NM-MRI data became one of our objectives for this thesis.

Figure 2: Unprocessed MRI images of the pons highlighting L.C location. Left: Structural T1

scan of the pons (red arrows demonstrate where the bilateral LC would be anatomically). Right: NM-
MRI scan of the pons in which the bilateral LC be identified as hyperintense voxels at the posterior

end (red arrows indicate relative location of LC).
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Figure 3: Unprocessed MRI images of the midbrain highlighting SN location. Left: Structural T1
scan of the midbrain (red arrows demonstrate where the bilateral SN would be anatomically). Right:
NM-MRI scan of the midbrain in which the bilateral SN can be identified as hyperintense voxels at

the superior end (red arrows indicate relative location of SN).

1.2.4 Applications of Neuromelanin-Sensitive MRI: Clinical Significance

As discussed in Section 1.1.5, a characteristic feature of both AD and PD is the selective loss of NM-
containing neurons in the LC. As a result, decreased NM concentration is observed in individuals
with these conditions thereby leading to many of the characteristic symptoms associated with these
conditions (i.e. loss of NM-containing cells in the DA rich SN has been associated with the classical
motor symptoms of PD) (Lees et al., 2008; Vila, 2019). The loss of pigmented cells in relation to
these conditions was first shown in post-mortem studies in which researchers were able to quantify
the loss of NM-containing cells in either the LC and/or the SN (Mann and Yates, 1979; German et
al., 1988, 1992; Baker et al., 1989). Specifically, in an early study by Mann and Yates, researchers
conducted a post-mortem analysis amongst individuals with PD (Mann and Yates, 1979). Here, they

were able to manually count the pigmented neurons of the SN and when compared to healthy
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subjects, were able to determine that there was a significant decrease in NM concentration in the SN
of individuals with this condition (Mann and Yates, 1979). Similarly, research conducted in AD
populations found loss of pigmentation in the LC® (Mann, 1983; German et al., 1992; Manaye et al.,
1995; Weinshenker, 2008; Kelly et al., 2017), thus implicating NM-containing regions in the

neurodegenerative characteristics of these conditions.

Due to the link between NM and neurodegeneration, NM-MRI was developed to further study
populations of individuals with such conditions in vivo. Much of this work has compared NM-MRI
signal in healthy individuals and those diagnosed with AD and PD. For example, in the original
clinical study applying NM-MRI, a significant decrease in NM-MRI signal was observed in both the
LC and SN in individuals with PD (Sasaki et al., 2006a). This reduction in NM-containing cells in
both regions was not observed in the comparative healthy control group, indicating that this new
neuroimaging method could be used not only to visualize NE and DA containing structures such as
the LC and SN, but also to detect changes in these structures in relation to PD pathology (Sasaki et
al., 2006a). Subsequently, the method has been used to investigate a wide range of neuropsychiatric
conditions (see Cassidy et al., 2019, 2020; Biondetti et al., 2020; Gaurav et al., 2021; Wengler et al.,
2021 for recent examples of clinical NM-MRI research). And while many of the early NM-MRI
studies focused on the SN signal, the LC has been of particular relevance to studies in AD. For
example, individuals with AD showed a 22% reduction in NM-MRI signal in the LC compared to
matched controls (Hou et al., 2021). This research emphasizes the role of the LC-NE system in
degenerative conditions such as AD and the relevance of NM-MRI to detect such alterations. This
research has also helped to develop NM-MRI methods for the LC, as a marker of progression of

neurodegenerative conditions. NM-MRI may be used not only as a marker of loss of catecholamine

° See Section 1.1.5 for additional details.
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cells, but also as a measure of the function of these neurotransmitter systems in non-
neurodegenerative conditions such as psychiatric disorders. With these pioneering studies developing
NM-MRI methods for the LC in neurodegenerative conditions, the potential arises for more
exploratory work in more novel applications, including psychiatric disorders where the

norepinephrine system is implicated, thus providing the foundation for our current work.

Indeed, NM-MRI has been applied to several psychiatric conditions including psychosis, depression,
addiction and now PTSD. For example, previous research from our group has suggested that NM-
MRI could be used as a proxy measure for DA function in the SN and be utilized in the context of
psychosis, a syndrome characterised by hyperactivity of the DA system (Cassidy et al., 2019). In
addition, this study also acted as a validation study for NM-MRI methods in that it was used to
validate both the imaging methodology and analysis method for measuring NM-MRI signal at high
resolution (Cassidy et al., 2019). This validation consisted of comparing NM-MRI data to gold-
standard PET data (Endres et al., 1997; Laruelle et al., 1997; Ito et al., 2017) and post-mortem NM
analyses (Zecca et al., 2002; Keran et al., 2015), methods that have been previously utilized to detect
changes in the DA system (PET-imaging) as well as to measure NM concentration (post-mortem
analyses) (Cassidy et al., 2019). Based on this, this work supported the use of NM-MRI to measure
changes in the DA-SN system even in the absence of degeneration (Cassidy et al., 2019). Finally, this
work provided the fundamental support for the current investigation, that NM-MRI signal may be
sensitive to disorders of catecholamine function, presumably due to increased release or turnover of
these neurotransmitters, leading to elevated NM formation. Based on this, we speculated that a
similar approach could now be conducted for the LC-NE system such that we could further validate
the use NM-MRI method for applications to this system, for instance in patients with PTSD, a

condition where the LC-NE system may be hyperactive.
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1.3.1 Post-Traumatic Stress Disorder

In the previous section, I briefly discussed the role of the LC-NE system in psychiatric illnesses
including PTSD. Specifically, I described how the LC-NE may contribute to PTSD-related
symptoms such as hyperarousal and how modulation of the system can contribute to increased
treatment efficacy in those affected. The purpose of this section will be to describe PTSD, who it
affects, epidemiological findings, diagnostic criteria, pathophysiological information, risk and

protective factors, and therapeutics.

PTSD is a mental health condition that can develop in response to a traumatic event. Those affected
report directly experiencing or witnessing events such as war, sexual or physical assault, car
accidents, fire, natural disaster, and/or childhood abuse (American Psychiatric Association, 2013). As
a result, debilitating symptoms related to these experiences can become present and can severely
affect different aspects of an individual’s life. Common symptoms reported by individuals with
PTSD include hypervigilance, dissociation, avoidance behaviours, sleep disturbances (i.e.
nightmares), flashbacks and overall alterations in mood and cognition. In short, these symptoms are
associated with an overall decrease in the quality-of-life of affected individuals and has been
associated with high rates of disability (Sareen et al., 2007) including an increased risk for suicidality
(Chou et al., 2020). As a result, there is a need for PTSD-related research and clinical treatment

development for individuals affected by this condition.

1.3.2 Epidemiology
PTSD is a heterogeneous condition that affects numerous demographics within our society. In
Canada, it is suggested that 9.2% of individuals from the general public will meet diagnostic criteria

for PTSD during their lifetime (Van Ameringen et al., 2008), while 2.4% will meet diagnostic criteria
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in the last month, suggesting a relatively high prevalence rate of this condition in our country (Van

Ameringen et al., 2008).

Amongst the demographics affected by this condition, military members are at a greater risk for
trauma exposure due to the nature of their experiences. For the purpose of our current work, military
PTSD will remain the focus since the individuals who participated in our study were veterans of the
Canadian Armed Forces (CAF). Epidemiological research in military populations found that amongst
8441 CAF members, approximately 86% reported having experienced one or more traumatic events
during their time in the military'® (Brunet et al., 2015). Of these individuals, the conditional rate for
PTSD development was 7.7% and the lifetime prevalence rate of PTSD was 6.6% (Brunet et al.,
2015). Based on this data, it is clear that there is a high prevalence of PTSD diagnosis amongst

military populations, thus emphasizing the need for current PTSD research in these populations.

Furthermore, individuals with military PTSD have been shown to also have a higher incidence for
comorbidities including mental health conditions such as mood disorders (i.e. depression) and
substance abuse (Jacobsen et al., 2001; Van Ameringen et al., 2008; Gros et al., 2010, 2015; Pompili
et al., 2013; Flory and Yehuda, 2015; Klaric et al., 2017; Albott et al., 2021). For instance, amongst
154 veterans with military PTSD, the vast majority (~ 98%) met criteria for other mental illnesses
(Klaric et al., 2017). In addition, the majority of these individuals either reported being in a current
depressive episode (~ 42%), or had a history of depression (~ 36%) (Klaric et al., 2017). Other
reported conditions included general anxiety disorder ( ~ 83%), panic disorder with features of

agoraphobia (~ 11%) and substance abuse, specifically alcohol abuse (approx. 34%) (Klaric et al.,

10 This is compared to the amount of trauma exposure experienced by the general population which was recorded to
be approximately 76.1% (Van Ameringen et al., 2008), indicating greater trauma exposure is prevalent amongst
military members, including CAF members.
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2017). Some individuals from this sample also reported suicidal ideation (26%) which is consistent
with other evidence (Klaric et al., 2017). In conclusion, this study is one of many that demonstrate
the presence of comorbidities in PTSD!!. This adds complexity not only to research efforts
investigating PTSD, but also from a clinical perspective with respect to treatment options for
individuals with these conditions (i.e. due to the overlapping nature of PTSD symptoms with other
psychiatric conditions, several augmentation approaches may be needed when addressing an

individual’s treatment needs) (Gros et al., 2012; Flory and Yehuda, 2015).

With regards to observed gender differences seen in PTSD, it appears that females on average are
twice as likely to report symptoms associated with this condition in comparison to men (Pearson et
al., 2014). This is also true for other mental illnesses such as depression and anxiety (McLean et al.,
2011; Hyde and Mezulis, 2020). In fact, one pre-trauma risk factor for developing PTSD is gender in
that being a woman may make an individual more susceptible to developing PTSD after experiencing

a traumatic event (Sayed et al., 2015).!2

In addition, from a military perspective, there is an uneven distribution between the number of men
and women serving in the army such that this skewed distribution may affect the gender differences
with respect to the prevalence rate of military PTSD!? (Crum-Cianflone and Jacobson, 2014). For
example, in a recent study that looked at gender differences amongst refugees with PTSD,

researchers found that similar to many war veterans, or active duty members, refugees also witnessed

! High comorbidity rates are also observed across community samples with PTSD and is not unique to military
populations (see Kessler et al., 1995; Sareen et al., 2007).

12 1t has been reported that females may also be overrepresented in this population since women are more likely to
experience sexual assault, a common traumatic event that can lead to the development of PTSD-related symptoms
(Breslau et al., 1999; Kelley et al., 2009; Freedy et al., 2010; Maguen et al., 2012; Crum-Cianflone and Jacobson,
2014).

13 Because of this we also anticipated an uneven distribution amongst participants. This prediction was accurate as
we had more male than female recruits for our study.
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traumatic war-related events and as such also suffered from military PTSD (Ainamani et al., 2020).
In this study, they found that when they looked at the dose-response effect between men and women,
women were more likely to report increased severity of their PTSD-related symptoms in response to
experiencing a less extreme form of trauma compared to men (Ainamani et al., 2020). Women
refugees were also found to have a higher prevalence of PTSD (94% of 182 women in this study)
compared to men (84% of 143 men in this study) (Ainamani et al., 2020). Furthermore, a review
found that in 7 of the 18 studies reviewed, women were more likely to develop PTSD symptoms
post-deployment compared to men (Crum-Cianflone and Jacobson, 2014). The authors suggested that
this may be due to women having a long history of serving as aids in the war and thus being exposed
to more human remains or gruesome injuries compared to men (Hoge et al., 2007; Crum-Cianflone
and Jacobson, 2014). Other hypotheses to support the observed PTSD-related gender differences,
suggest that women are more likely to experience childhood abuse, sexual assault or domestic
violence that may predispose them and as such sensitize them to future traumatic events (Freedy et
al., 2010; Maguen et al., 2012; Crum-Cianflone and Jacobson, 2014). It is also theorized that due to
the gender differences in the stress response, women may manifest stress/anxiety differently
compared to men and as such be more susceptible for PTSD development (Rosenfield, 2000; Crum-
Cianflone and Jacobson, 2014). Finally, if we look specifically at the sex differences amongst CAF
PTSD-related symptom reporting, we see that woman are more likely to report symptoms of PTSD
(8.8.%) compared to men (4.7%), indicating that females may be more affected by traumatic events
compared to their male counterparts (Pearson et al., 2014). Altogether, this research emphasizes the
gender differences observed in the epidemiology of PTSD, particularly military PTSD. In addition,
this research provides rationale for the study of this condition in the female population while also
emphasizing the disproportionate ratio between male and female populations within the military such

that woman appear to be at greater risk for experiencing PTSD-related symptoms after exposure to
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trauma. As such, for the purpose of this current work, we made sure to include females in our sample

to account for the gender differences observed in the literature'.

1.3.3 Diagnostic Criteria

PTSD is characterized by a distinct set of diagnostic criteria. Individuals who are diagnosed with
PTSD often experience a wide range of symptoms, many of which relate to hyperarousal,
dissociation, intrusion, and other symptoms that are often considered comorbid with other mental
illnesses such as depression and anxiety (i.e. alterations in mood and/or cognition and sleep
disturbances) (American Psychiatric Association, 2013). Furthermore, any individual (i.e. any age,
sex, gender, culture or ethnicity) can experience PTSD and like in many other mental health
illnesses, each individual can experience heterogeneity with respect to the symptoms that manifest as
a result of this condition. This emphasizes the need for clinical guidelines when assessing and/or

treating this condition.

Diagnostic criteria for a PTSD are defined in The Diagnostic and Statistical Manual for Mental
Disorders, 5" Edition (DSM-5). (American Psychiatric Association, 2013). The DSM-5 is considered
the gold-standard assessment tool for diagnosing mental health conditions and is one of the most
clinically used sources amongst practicing psychiatrists!®. In regards to this condition, there is a
particular need for structured diagnostic guidelines as individuals with this condition report a

heterogeneous combination of symptoms. One fundamental requirement for a PTSD diagnosis is

14 Although we included women participants in our study, the ratio of men and women participants in our sample
disproportionally favoured men. This was not our intentions as recruitment for this study is still on-going and was
forced to stop due to the on-going pandemic.

15 1t should be noted here that many assessment tools (i.e. interviews or self-report assessments) have been
developed based on the DSM’s diagnostic criteria and many of these tools are used concurrently with the DSM-5
criteria in clinical settings. Below, assessment tools such as the CAPS-5 and PCL-5 have been developed for
assessing PTSD symptoms and are commonly used in research settings.
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trauma exposure, which is defined as the direct experience of or witness to a traumatic event
(Criterion A of the DSM-5) (American Psychiatric Association, 2013). Fulfilling Criterion A
establishes that a traumatic event has occurred and that an individual’s symptoms may be occurring
as a result of this event. Commonly reported traumatic events that have been reported to meet
Criterion A include experiencing war, sexual or physical assault, car accidents, fire, natural disaster,
childhood abuse etc. (American Psychiatric Association, 2013). Furthermore, in addition to Criterion
A, individuals must experience specific symptoms to meet criteria for a PTSD diagnosis. These
PTSD-related symptoms are subdivided into clusters and a certain number of symptoms from each
criterion must be endorsed to establish a PTSD diagnosis. A visual summary of the DSM-5

diagnostic criteria can be found in Figure 4 (American Psychiatric Association, 2013).

For the purpose of our current work, “Criterion E: Marked alterations in arousal and reactivity”
(American Psychiatric Association, 2013) is the criterion of interest since hyperarousal symptoms of
PTSD have been previously correlated with marked alterations in the LC-NE system (Morey et al.,
2015; Ronzoni et al., 2016; Naegeli et al., 2018). Figure 5 summarizes the symptoms associated with
this cluster and from a diagnostic perspective, two out of the six must be presented in order for a

diagnosis to be given (American Psychiatric Association, 2013).
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Criterion B:
Intrusion
Symptoms

Criterion A:

Trauma Exposure

DSM-5
Criterion H: Diagnostic Criterion D:

Symptoms Altered Mood

o Attributa.b!e criteria for and/or Cognitions
to Other Condition PTSD

(APA, 2013)

Criterion G: Criterion F:
Symptoms Are Duration of

Criterion E:
Hyperarousal

Clinically Symptoms Symptoms

Significant >1 Month

Figure 4: Summary of DSM-5 diagnostic criteria for PTSD. There are eight diagnostic criteria
that must be met in order for a PTSD diagnosis to be warranted. Of these eight criteria, there are four
symptom groups (Criterion B, C, D, and E). According to the DSM-5, symptoms of each criterion
must be apparent in order for a diagnosis to be given. In addition, symptoms must be apparent for
more than a one-month period (Criterion F), be clinically significant (i.e. affect numerous aspects of
one’s life) (Criterion G), and must not be due to any underlying conditions (i.e. substance use or

medical illness) (Criterion H).
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Criterion E:
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reactivity
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Figure S: Summary of “Criterion E: Marked alterations in arousal and reactivity” from the
DSM-5’s PTSD diagnostic criteria. Of the six symptoms shown here, at least two must be apparent
in order for a PTSD diagnosis to be given. These symptoms are relevant for our current work given

the pre-established relationship between hyperarousal-related symptoms and the LC-NE system.

Furthermore, the DSM-5 also includes a “specify when” section where a distinction can be made
between dissociative and non-dissociative PTSD diagnoses (American Psychiatric Association,
2013). These subtypes of PTSD are important since different subtypes may have different underlying
symptoms that should be considered on an individual basis. For example, in the dissociative subtype,
an individual may experience symptoms related to depersonalization or derealization in which an
individual may feel detached from oneself or observe themselves in an alternate or dream-like reality

(American Psychiatric Association, 2013). These symptoms may differ from the classical “non-
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dissociative” subtype of PTSD, however, should still be considered during the initial assessment

since these symptoms may also be indicative of PTSD (American Psychiatric Association, 2013).

From a research perspective, two psychometric questionnaires have been developed based on the
above DSM-5 diagnostic criteria for assessing PTSD in a research setting. The first is the Clinician
Administered PTSD Scale for DSM-5 (CAPS-5) (Blake et al., 1995), and the second is the PTSD
Checklist for DSM-5 (PCL-5) (Blanchard et al., 1996). For the focus of our current research, we used
the CAPS-5 to assess symptoms associated with PTSD. Here, this tool allowed us to gain information
about the individual’s trauma and the symptoms they experienced. It also allowed us to confirm if an
individual met the criteria for PTSD according to the DSM-5. More importantly, this tool has shown
good validity and reliability in military PTSD populations, thereby justifying our use of it in the work

presented here (Weathers et al., 2018).

In terms of the psychometrics of this tool, the CAPS-5 is a thirty-question interview which assesses
the symptom domains established by the DSM-5. It is considered the gold standard assessment tool
for PTSD diagnosis and symptom recording, and is commonly used across clinical research (Griffin
et al., 2004; Weathers et al., 2018; Gilmour et al., 2020). There are three versions of this
questionnaire: the lifetime version which establishes the worst month for which PTSD symptoms
were most prevalent and distressing, the past month version which looks at the PTSD symptoms over
the course of the last consecutive month and the past week version which can be used to establish
what symptoms an individual has experienced over the past week (Blake et al., 1995). Diagnoses can

be made based on the responses from the lifetime and past month versions.

In addition, there is second tool, The Life Events Checklist for the DSM-5 (LEC-5) (Gray et al.,

2004) that should be used alongside the CAPS-5 to establish Criterion A of the DSM-5 (trauma
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exposure) in a clinical research setting. This tool, is a self-report questionnaire based on the DSM-5
Criterion A and is used to assess the types and amount of trauma/trauma exposure individuals have
experienced or witnessed, or if these events were a part of the individual’s jobs (Gray et al., 2004). In
addition, the LEC-5 can be used to help determine how many traumatic events an individual has
experienced, how they experienced them (i.e. directly experienced, learned about or witnessed) and
can also be used to establish which trauma (if more than one) has the greatest impact on their day-to-

day life. This will then be the trauma that is assessed when administering the CAPS-5 interview.

1.3.4 Pathophysiology of PTSD

As with other mental illnesses, PTSD is a complex, multimodal disease that has numerous
pathological features. For the purpose of this discussion, I will focus primarily on the
neuroanatomical changes and neurotransmitter imbalances associated with this condition, including
discussing functional and structural neuroimaging evidence and the role of the serotonin system in
the manifestation of PTSD symptoms. In addition, numerous studies have also been conducted
looking at both hormonal changes and genetic links to the disease which will not be discussed in
detail here. Altogether, due to the complex nature of this condition, all of these factors should be
considered when attempting to identify biomarkers of this condition and for the purpose of our
current work, we will be focusing primarily on the relationship between PTSD symptoms and an

imbalance in a specific neurotransmitter system, the NE system.

Neuroimaging studies have correlated PTSD symptoms to changes in brain structure and function.
For instance, in a structural cross-sectional imaging study by both Gurvits and colleagues (Gurvits et
al., 1996) and Bremner and colleagues (Bremner et al., 1995), researchers noted reduced
hippocampus volume amongst individuals with PTSD in comparison to healthy controls. In addition,

both above studies were conducted in populations with military PTSD, thus establishing structural
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differences in relation to this condition. Furthermore, abnormalities in hippocampal structure and
function has been hypothesized to be linked to abnormal emotional regulation, dysregulated fear
learning, and deficits in memory (i.e. emotional memory, declarative memory and long and short
term memory circuits) (Harnett et al., 2020). Furthermore, additional work by Bremner and
colleagues expanded on these deficits in declarative memory and short-term memory, demonstrating
clear evidence that these systems are in fact dysregulated in individuals with PTSD (Bremner et al.,
1993, 1997; Douglas Bremner et al., 1995; Douglas Bremner, 2001). Moreover, these deficits have
also been linked to other subcortical limbic circuits such as the PFC and amygdala pathways, thus
also implicating these systems in PTSD pathology (Bremner et al., 1995; Milad et al., 2009; Fani et
al., 2015; Harnett et al., 2020). More importantly, the LC-NE system is also thought to play an
important role in modulation of this pathway, thus providing additional support for the role of the
LC-NE system in PTSD pathology. For instance, due to the vast innervation of the LC on the limbic
system, the LC plays an important role in threat-based learning and modulates emotional memory in
response to aversive conditions (Bremner et al., 1996; van Stegeren, 2008; Jacobs et al., 2020; Morris
et al., 2020a). Dysregulation of these functions are hallmark features in stress-related conditions such
as anxiety and PTSD thus supporting the role of the LC-NE system and its targets'® in the

pathophysiology of the disease (Harnett et al., 2020).

Regarding functional neuroimaging work, numerous studies have been conducted to investigate

PTSD and how the functional activity of different brain regions may contribute to the underlying

16 Though not discussed here, structural differences in LC targets have also been reported. Studies of this nature
include structural investigation of the amygdala, PFC and white matter structures such as the cingulum bundle and
stria terminalis/fornix (Harnett et al., 2020). Here, main findings indicate both morphometric and volumetric
changes of these structures in those with PTSD (Harnett et al., 2020). To date, due to the small size of the LC, no
structural imaging of the LC has been completed in PTSD populations. Structural analysis of the LC however has
been conducted amongst individuals with pathological anxiety where the LC was observed to be enlarged in
individuals with this condition (Morris et al., 2020b). This was then positively correlated with anxiety-related
hyperarousal, further suggesting an association between the LC, and altered reactivity (i.e. hyperactivity of this
system in relation to anxiety disorders).
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pathology associated with this condition. For example, altered activity was observed in many limbic
structures including the amygdala, PFC and the hippocampus (Hughes and Shin, 2011). Specifically,
in a study by Shin and colleagues amongst veterans of the Vietnam war, individuals with PTSD
demonstrated increased amygdala activity in response to trauma-related cues (Shin et al., 2005).
Other functional imaging studies have utilized fear-conditioning paradigms where altered amygdala
activity in individuals with PTSD has been observed. Specifically, during extinction learning, Milad
and colleagues observed increased amygdala activity relative to the control group, indicating altered
extinction learning in those with PTSD!7 (Milad et al., 2009). In addition, regarding the LC, few
studies have been conducted investigating the functional activity of this structure in vivo. This is
mainly due to the challenges of imaging the LC due to its small size thereby causing available studies
to have notable limitations (i.e. large voxel size and/or poor resolution) (Morris et al., 2020b).
Examples of published studies include work by Morey and colleagues (Morey et al., 2015), and
Naegeli and colleagues (Naegeli et al., 2018), both of which used LC-targeted functional imaging
methods and observed that the LC was hyperactive in individuals with PTSD. This research was
fundamental for the development of our hypothesis concerning the correlation between increased LC
activity and PTSD symptomology. With respect to NM-MRI imaging, no studies have been
conducted using this methodology in a PTSD study, thus, making this the first study of its kind in

this sample population.

Furthermore, changes in activity and structure can also mean changes in underlying molecular
systems including neurotransmitter systems. Specifically, the catecholamine and serotonin systems

have been implicated in PTSD pathology and this is evident through pharmacological and molecular

17 Researchers from this study speculated that altered extinction learning may contribute to problems during the
consolidation of extinction memory, a process known to be affected in those with PTSD.
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research'®. For example, evidence supporting the role of the serotonin system in PTSD pathology
comes from the moderate success of serotonin-targeting pharmacological agents (i.e. selective
serotonin reuptake inhibitors (SSRIs)) to treat PTSD-related symptoms, as well as the copious
amount of animal research employing methods such as microdialysis. Specifically, researchers
discovered that it was the serotonin receptors in the amygdala that facilitated these actions and as
such may be compromised in conditions such as PTSD which is known to have pathological features
such as abnormal fear and threat responses (Zanoveli et al., 2009). Furthermore, it has also been
shown that agonists of these serotonin receptors may mediate symptoms commonly seen in both
PTSD and other anxiety-related thus providing further evidence for the role of this system in PTSD
pathology (Southwick et al., 1997). In contrast, clinical trials administering pharmacological agents
such as SSRIs have shown some positive effects in treating symptoms related to PTSD (Connor et
al., 1999; Stein et al., 2006; Papakostas et al., 2007), however, the results for these trials are mixed
supporting the complexities associated with this condition and emphasizing the need for more

accurate biomarkers which may increase treatment efficacy in those seeking treatment'®.

1.3.5 Risk & Protective Factors Associated with PTSD

Due to the complexities associated with PTSD, it has been well established that not everyone who
experiences a traumatic event will go on to develop PTSD-related pathology. This suggests that like
many other disease states, there may be numerous risks and/or protective factors that increases (or
decrease) the likelihood of an individual developing this condition. For example, Brewin (Brewin et

al., 2000) and Ozer (Ozer et al., 2003) both conducted meta-analyses on the topic identifying a list of

18 In the above section on the LC-NE system I discussed in detail the role of the LC-NE system in PTSD pathology.
As such, for the purpose of this discussion I will focus on the serotonin system thus providing a well-rounded
overview of the neurotransmitter imbalances associated with PTSD.

19 At the end of this section a more thorough discussion will be had regarding the clinical trials for SSRI use in
PTSD treatment.
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common factors implicated in the development/prevention of PTSD-related pathology. Here, the first
set of described factors discussed in these analyses are pre-trauma factors or factors that predispose
an individual to developing PTSD based on innate characteristics (Brewin et al., 2000; Ozer et al.,
2003). Pre-trauma factors include things such as age, gender, socioeconomic status, lower education,
1Q, age and family psychiatric history (Sareen, 2014; Sayed et al., 2015; Carlson et al., 2016) and of
these pre-trauma factors, gender and IQ were found to more strongly predict PTSD vulnerability
compared to other factors where only weak associations were observed (Brewin et al., 2000; Ozer et
al., 2003; Sareen, 2014). Specifically in regards to gender, it was found that women were not only at
greater risk for developing PTSD, but they were also more likely to experience more severe PTSD-
related symptoms compared to their male counterparts (Carmassi et al., 2014; Hu et al., 2017)%.
Furthermore, it has also been demonstrated that prior experience with mental illness (i.e. anxiety
disorders, major depression and/or substance use disorder) (Cameron et al., 2006; Sareen, 2014), as
well as previous exposure to traumatic experiences (Brewin et al., 2000; Ozer et al., 2003),
specifically childhood abuse or maltreatment (Brewin et al., 2000; DiGangi et al., 2013; Breslau et
al., 2014; Carlson et al., 2016) can significantly increase one’s susceptibility to developing PTSD. In
contrast, in the meta-analysis by Brewin and colleagues, higher levels of education were found to be
protective against PTSD symptom development, suggesting that individuals who have completed
higher education may be more resilient for the development of PTSD post-trauma (Brewin et al.,
2000). Other pre-trauma factors may also include genetic predisposition, though genetic markers for
PTSD vulnerability are not well understood (Shalev et al., 1996; Holbrook et al., 2001) and as such

will not be discussed in detail here.

20 A full discussion surrounding gender differences in PTSD epidemiology can be found in Section 1.3.2.
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Furthermore, in addition to pre-trauma factors there are also factors that can occur during the
traumatic event. These factors are called peri-trauma factors or trauma-related factors and include
factors directly related to the traumatic experience (Brewin et al., 2000; Ozer et al., 2003). Moreover,
these factors can include things such as type of trauma experienced, duration of trauma (i.e. was the
experience an isolated incident or was it repeated throughout one’s life?), as well as the severity of
the traumatic event (Sareen, 2014; Sayed et al., 2015). Specifically, in dedicated studies on this topic,
it was found that there as a strong association between type of trauma and elevated risk for PTSD
diagnosis (O’Donnell et al., 2008; Zatzick et al., 2008a). Specifically, if individuals experienced
trauma that threatened injury or life, individuals would be more likely to report PTSD-related
symptoms compared to incidents that were not associated with harm (i.e. women experiencing sexual
violence are more likely to report PTSD-related symptoms associated with this experience) (Zatzick
et al., 2008a). Furthermore, other factors that predicted PTSD development included experiencing
dissociation during the traumatic event (Birmes et al., 2003) or if the individual suffered a mild
traumatic brain injury (i.e. many veterans report history of mild traumatic brain injury during their
deployment and often this injury occurs during an event which is more often than not considered to

be traumatic)?! (Stein and McAllister, 2009; Greer et al., 2020).

Finally, there are also several risk factors after the traumatic event has occurred that could contribute
to increased susceptibility for PTSD. These are called post-trauma risk factors and include factors
pertaining to how the individual responds to the events they have experienced and/or have witnessed.
These factors include things such as an individual’s coping skills (Brewin et al., 2000; Tsai et al.,
2012; Sayed et al., 2015), the quality of an individual’s social support network (Ozer et al., 2003;

Sayed et al., 2015) and an individual’s exposure to medical services/therapy after a traumatic event

21 It has been well established that there is a high comorbidity rate between mild traumatic brain injury and PTSD
(Schneiderman et al., 2008; Halbauer et al., 2009; Stein and McAllister, 2009; Kontos et al., 2013; Yeo, 2021).
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has occurred (i.e. formal therapy, psychological first aid post-trauma, hospital stays, degree of
treatment for bodily injuries etc.) (Zatzick et al., 2008b; Forbes et al., 2011; Sayed et al., 2015).
Specifically, it was found that individuals who displayed negative/avoidant coping behaviours post
trauma, were more likely to report PTSD-related symptoms (Gil, 2005; Hooberman et al., 2010;
Thompson et al., 2018). In contrast, when individuals reported positive/active coping mechanism,
individuals were less likely to report PTSD-symptoms, suggesting that the type of coping style
individuals display can increase the risk for developing PTSD or contribute to an individual’s

resiliency (Li and Nishikawa, 2012).

In conclusion, based on current literature, it is clear that there are many factors that can contribute to
either risk or resiliency for PTSD development. However, it is unclear how these factors work
together to mediate risk/resiliency adding further complexity to predicting who will develop PTSD
after experiencing a traumatic event. This research provides further evidence to support the complex,

heterogenous nature of PTSD, thus providing rationale for the continued study of this disorder.

1.3.6 Current Pharmacological Intervention Approaches
In closing this final chapter, this last subsection will be dedicated to discussing the current
pharmacotherapies for PTSD and how with the advancement of biomarkers, more targeted treatment

options may become available thus increasing treatment efficacy rates for those affected.

To date, many of the therapies available have been pharmacological agents that have been
repurposed from other mental health conditions such as depression, anxiety and even psychosis.
Drugs such antidepressants, anti-anxiety and second-generation anti-psychotic medications have
shown moderate success in treating PTSD-related symptoms due to the overlapping symptoms

between psychiatric conditions (i.e. alterations in mood, changes in sleep and appetite, irritability,
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anxiety etc.). However, clinical studies of such drugs have shown limited success for achieving full
remission from PTSD, thus emphasising the need for more targeted approaches for treatment (Berger
et al., 2009; Alexander, 2012). For example, SSRIs such as sertraline and paroxetine have received
FDA approval for the treatment of PTSD in the United States (Berger et al., 2009). However, despite
60% of a clinical sample responding to these agents (i.e. demonstrating improvement in PTSD-
related symptoms), only 20-30% of individuals in this study met full remission criteria (Zohar et al.,
2002; Stein et al., 2006). In addition, other drugs in this category such as fluoxetine have also shown
similar results, thus leading researchers and clinicians to search for other pharmacological agents

which could be used to treat PTSD-related symptoms (Connor et al., 1999).

Furthermore, in more recent research, NE-targeting drugs have gauged the interest of researchers as
these agents have also shown moderate effectiveness in treating PTSD symptoms. This line of
therapeutics was suggested due to the speculated role of NE in symptoms such as hyperarousal and
sleep disturbances (Southwick et al., 1999; Goren and Cabadak, 2015; Morey et al., 2015; Ronzoni et
al., 2016; Naegeli et al., 2018). To be more specific, drugs such as venlafaxine (an SNRI), showed
higher response rates compared to SSRIs (approx. 78%) and a slightly higher full remission rate
(approx. 40%) when administered in clinical trials (Davidson et al., 2006). In addition, research
investigating the use of an NE alpha-1 antagonist (Prazosin) to treat nightmares in military samples
has also demonstrated variable results, thus providing additional evidence for the role of the NE
system in PTSD pathology and as a potential treatment target (Strawn and Geracioti, 2008;

Khachatryan et al., 2016; Raskind et al., 2018).

Together, this research indicates that like many other psychiatric conditions, symptoms associated
with PTSD may in part be due to dysregulation in numerous neurotransmitter systems and thus may

require an augmentation approach in order for full remission to be achieved (Metcalf et al., 2020).
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This adds an additional level of complexity, since PTSD is a heterogeneous condition with a wide
range of symptoms that are modulated by several neurobiological systems. As such, based on this
research, there is a need for clinical biomarkers to assess for dysregulation in these biological
systems, which therefore would allow for advanced, individualistic treatment plans for targeting

these imbalances.

CHAPTER 2: RESEARCH HYPOTHESES & OBJECTIVES

In the previous chapter, I discussed the relationship between the LC-NE system and PTSD
symptomology. Specifically, based on a review of the literature it is apparent that there is an
association between LC-NE system dysregulation and PTSD hyperarousal symptoms. As a result,
because of novel neuroimaging methods available to investigate the LC, this relationship can be
further analyzed to gain additional knowledge about the role of the LC-NE system in PTSD
pathology. As such, based on previously published work, we developed two hypotheses to further

explore the relationship between the LC-NE system and PTSD symptoms.

2.1.1 Written Statements of Thesis Hypotheses:
Primary Hypothesis: We hypothesized that there would be a positive correlation between LC NM-

MRI signal and hyperarousal symptom severity amongst participants with PTSD.

Secondary Hypothesis: We also hypothesized that there would be a negative correlation between

LC NM-MRI signal and depression symptom severity amongst participants with PTSD.

2.2.1 Written Statements of Thesis Objectives:
Primary Objective: Expand on previous work conducted in the dopamine system (SN NM-MRI) by

investigating the relationship between LC NM-MRI signal and symptom severity of hyperarousal
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and depressive symptoms in a sample of individuals with PTSD, a condition suspected to be

associated with dysregulation of the LC-NE system.

Secondary Objective: Advance a novel neuroimaging methodology by improving methods of

extracting and analyzing NM-MRI data, specifically by implementing a semi-automated approach.

Tertiary Objectives:

1) Provide preliminary evidence of LC NM-MRI signal as a measure of NE system function by
relating it to symptoms known to be associated with elevated function of this system

i1) Advance the use of NM-MRI imaging in a clinical psychiatric setting perhaps as a potential

biomarker useful for advancing PTSD diagnosis or treatment

CHAPTER 3: METHODS

3.1.1 Methological Approach

This data was obtained from a large, on-going study at the Royal’s Institute for Mental Health
Research known as A Multidimensional Assessment of PTSD Subtypes (MAPS). This is a
multimodal study that incorporates neuroimaging, neurocognitive, epigenetic, sleep, social media,
and psychological measures to assess and better understand subtypes of PTSD. From this study,
neuroimaging and clinical data was selected with a focus of understanding the relationship between

LC NM-MRI signal and hyperarousal symptom severity amongst individuals with PTSD.

3.1.2. Ethics

This study was approved by the review ethics board (REB) at The Royal Mental Health Center.

Individuals who participated in the study provided both written and verbal consent and were told they
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could withdraw from the study at any time. This was repeated to them at each visit. Compensation

was also provided to all participating individuals.

3.1.3 Study Protocol

As a part of the MAPS study, participants were subject to a pre-screening telephone interview to
determine if they met the inclusion criteria for the study (see Section 3.1.3 (c)). Individuals who met
the inclusion criteria were then invited to participate in the study protocol which would span over a
two-year period and consist of six on-site visits. For the purpose of this work, neuroimaging
procedures were performed on visit three. The clinical interviews/questionnaires were performed at
various points throughout the study, however the questionnaires utilized in this body of research (i.e.
the CAPS-5 and BDI-II) were both collected at visit one of the study prior to completion of the
neuroimaging component??. Neuroimaging data was available from the baseline assessment time

point (visit 3)%.

3.1.3 (a) Participant Information & Demographics

From the overarching study, twenty-four individuals underwent neuroimaging procedures including
NM-MRI and T1-structural imaging. Individuals were recruited either by word-of-mouth or through
The Royal’s Operational Stress Injury (OSI) Clinic. Of the twenty-four individuals who participated
in the neuroimaging procedures, two individuals were removed (N=22). These two individuals were

removed because they did not meet diagnostic criteria for PTSD and were considered controls in the

22 The CAPS-5 was administered at the first visit for individuals meeting inclusion criteria for the PTSD group. The
CAPS-5 was administered to ensure individuals in this group met diagnostic criteria for PTSD such that they could
be included in this group for duration of the study. The BDI-II was also completed at the first visit and will be
readministered at the 12- and 24-month follow-up visits. These visits had not yet occurred at the time of data
analysis.

2 No follow-up neuroimaging data was available at the time of data analysis but should be incorporated into this
body of work at a later date.
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MAPS study. Since there were only two individuals who did not meet PTSD criteria, no control
group could be established. Thus, rather than a case-control design we pursued a dimensional study,

focusing on a particular symptom domain, hyperarousal, amongst individuals with PTSD.

Clinical assessments including the LEC-5, CAPS-5 (past-month version) and Beck Depression
Inventory (BDI-II) were conducted prior to neuroimaging (see below for the description of each
psychometric measure). A summary of the CAPS-5 and BDI-II data can be found below in Table 3.
A description of LEC-5 psychometrics and summary of the LEC-5 results is not shown here as the
LEC-5 was not completed for every participant (i.e. only ten out of the total twenty-two participants
completed this self-report measure). In addition, other assessments such as Positive and Negative
Affect Schedule, Columbia Suicide Severity Rating Scale, Beck Anxiety Inventory, Dissociative
Subtypes of PTSD Scale, Multiscale Dissociation Inventory, Pittsburgh Sleep Quality Index etc. were
also administered, however, none of this data was used in our analysis and therefore will not be

reported on/described.

3.1.3 (b) Psychometric Measures

Clinician Administered PTSD Scale for the DSM-5 (CAPS-5)

The CAPS-5 is a structured interview used as a diagnostic tool to establish the prevalence of PTSD-
related symptoms that meet diagnostic criteria for PTSD according to the DSM-5 (Blake et al.,
1995)**. This interview consists of thirty items that assesses different aspects of PTSD diagnostic
criteria. These items are subdivided into the DSM-5 diagnostic criterion, with each section of the

interview containing items related to a specific subgroup of symptoms. For example, Criterion E of

24 Traditionally, the Life Events Checklist for the DSM-5 (LEC-5) is administered prior to the administration of the
CAP-5 interview. For the study in question, only ten of the twenty-two included participants completed the LEC-5
assessment. This discouraged us from using it in our analysis and therefore a description of this measure is not
included here.
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the CAPS-5 corresponds to items related to hyperarousal. Here, questions relating to the symptoms
of this subdomain are asked (i.e. “In the past month, have there been times when you felt especially
irritable or angry and showed it in your behavior? “or “In the past month, have there been times when
you were taking more risks or doing things that might have caused you harm?”’) (American
Psychiatric Association, 2013). Here, the series questions are asked to the individual where they are
encouraged to expand on/give examples about their experience with each of the items in question.
Furthermore, for each item a frequency and intensity rating can be given followed by determining if
reported symptoms are directly related to the traumatic event in question. There are three versions of
the CAPS-5; the lifetime, past month or past week version which are used to assess PTSD diagnostic
criteria during these times?®. In addition, this measure is also considered the gold-standard
assessment tool for PTSD and has been widely used across numerous populations, showing good
validity and reliability (Weathers et al., 2001). Here, two measures from the CAPS-5 past month
version were included in our results: the average total hyperarousal symptom severity score and the

average total CAPS-5 severity score for all symptom domains (see Table 3).

Beck Depression Inventory-11 (BDI-II)

The BDI-II (Beck et al., 1996) is a self-report questionnaire that consists of twenty-one questions
pertaining to depression symptom severity amongst individuals. This is not a tool used to diagnosis
depression, but rather is used to assess severity of depressive symptoms. This psychometric measure
has been validated across different populations and has been tested for reliability in establishing
severity of depression-related symptoms in numerous peer-reviewed reports including samples which

consisted of individuals with trauma exposure including PTSD samples (Beck et al., 1996; Buodo et

25 The lifetime and past month versions are used to establish a PTSD diagnosis for these time points. The past week
version can only be used to determine symptoms related to a potential future PTSD diagnosis since a PTSD
diagnosis according to the DSM-5 requires the individual have experienced symptoms for more than one month. The
past month version was used here.
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al., 2012; Bryant, Moulds, Guthrie, & Nixon, 2005; Ehlers et al., 2005; Kubany et al., 2004). The

total scores were used secondary to the CAPS-5 data to support our other hypothesis.

3.1.3 (¢) Inclusion Criteria:
Individuals were included in the study if they:
1) Were between the ages of 18 and 65
i1) Had a current diagnosis of PTSD (based on MAPS clinical assessment using Primary Care
PTSD screen and Mini-International Neuropsychiatric Interview’s PTSD assessment)
ii1) Member (past or present) of CAF
1v) Had a history of operational stress injury
v) Had history of experiencing deployment to conflict zone (post 2001)

vi) Were asymptomatic on M.I.N.I scales for mania/hypomania and/or psychotic disorder.

3.1.3 (d) Exclusion Criteria:
Individuals were excluded from the study if they:
1) Had a diagnosis of substance abuse disorder in the last six months or presented with
significant symptoms of substance abuse disorder according to the M.I.N.I questionnaire.
i1) Recently travelled to a different time zone.

1i1) Worked night or rotating shifts.

iv) Had a diagnosis of a major physical illness (i.e. neurological disorders, cancer etc.)
V) Experienced head trauma with a loss of consciousness for at least five minutes.
vi) Could not abstain from nicotine, caffeine, or alcohol for a twenty-four-hour period.

vii)  Could not abstain from illicit drugs (not including cannabis) for a three-week period.
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viil))  Were prescribed and taking stimulant medications including Adderall, Concerta, Ritalin,
Ephedrine Desoxyn, Dexedrine, Selegline, Dextrostat, Vyvans, Phentermine, Procentra,

etc.

3.1.4 — MRI Acquisition & Parameters

All individuals that took part in the study underwent T1-wighted structural and NM-MRI imaging at
The Royal’s Institute of Mental Health Research’s Brain Imaging Center in Ottawa, Ontario. Imaging
procedures were performed on a Siemens 3T PET BIOGRAPH mMR scanner using a 12-channel
head coil. NM-MRI images were collected using a 2D gradient response echo sequence with
magnetization transfer contrast (2D GRE-MT) protocol and the details of the MRI parameters can be
observed in Table 1. NM-MRI image acquisition time was approximately 7 minutes. This specific
sequence allowed for delineation of the LC due to the high NM content in this region and thus

allowed signal extraction of the LC to be feasible.

Table 1: Imaging parameters for NM-MRI scan.

NM-MRI Image Parameters Parameter Value
Repetition Time (TR) 337 ms

Echo Time (TE) 3.97 ms

Flip Angle 50°

In-plane resolution 0.43 x 0.43 mm?
FoV (partial coverage of midbrain) 165 x 220
Matrix 384 x 512
Number of Slices 10

Slice Thickness 3 mm
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Slice Gap 0 mm

Magnetization Transfer Frequency Offset 1200 Hz
Number of Excitations (NEX) 6
Acquisition Time 7.24 minutes

High resolution structural T1-weighted images were also collected for each participant. Here, an
MEMPRAGE sequence was utilized, and the applied MRI parameters can be observed in Table 2.
T1-weighted image acquisition time was approximately 6 minutes. T1-wighted images were utilized
in the preprocessing of NM-MRI data. Imaging procedures were repeated if necessary, and images

were visually inspected for distortion upon acquisition.

Table 2: Imaging parameters for T1-weighted scan.

T1-Weighted Image Parameters Parameter Value
Repetition Time (TR) 2500 ms

Echo Time (TE) 1.69 ms

Flip Angle 7°

Inversion Time 1050 ms

FoV (whole brain coverage) 162 x 192

Matrix 192 x 256
Number of Slices 256

Isotropic Voxel Size I mm
Acquisition Time 5.47 minutes
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3.2.1 NM-MRI Analyses

3.2.2 Preprocessing of NM-MRI Data

SPM12 and custom MATLAB scripts were used to preprocess the NM-MRI images. First, NM-MRI
images were coregistered to the T1-weighted structural images (Figure 6 (B)). A tissue segmentation
procedure was then applied based on the T1-weighted images for all participants. T1-weighted
images were then spatially normalized to standardized space (i.e. MNI space, 1 mm isotropic) thus
allowing each person’s structural image to be in a common space relative to one another (Figure 6
(C)). The normalization transforms were then applied to the NM-MRI image to bring these images
also into standardized space. Spatial normalization was conducted using DARTEL procedures
(Ashburner, 2007) A NM-MRI visualization template was created by taking an average of all
participants normalized images (Figure 7 (A)). Next, intensity normalization procedures were
conducted followed by spatial smoothing. Each stage of the preprocessing was quality checked to

ensure accuracy of the applied procedures.

3.2.3 LC Signal Analysis & Extraction

To analyze the LC NM-MRI data, custom MATLAB scripts were developed to allow for automated
processing of the LC NM-MRI data. An overinclusive mask was manually drawn on the visualization
template. This mask was drawn to ensure coverage of the hyperintense voxels in the vicinity of the
LC and would later act as search space to permit identification and signal extraction from the LC.
The mask was drawn along the rostrocaudal axis of the brainstem with the rostrocaudal limits being
assigned based on the location of the LC according to a brainstem atlas (Naidich et al., 2009). In
addition, we also defined the boundaries of these limits based on cell counting studies of the LC
where the LC was defined based on cells extending from the inferior colliculus to the posterior recess
of the fourth ventricle (German et al., 1992). The posterior recess of the fourth ventricle represented

the caudal landmark and the inferior colliculus represented the rostral landmark. In addition, another
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version of the mask was created by dividing the mask into three rostrocaudal sections (Figure 7 (B).
Each segment was of equal length. Both the whole, and divided LC overinclusive masks were then
converted back into native space using inverse normalization and co-registration procedures. The
warped whole LC overinclusive mask was then used as a search space wherein to find the bilateral
LC for everyone in native space. From here, a cluster-forming algorithm was applied on both the
right and left sides to identify the LC as the six adjacent voxels with the brightest signal within this
search space (Figure 7, (C, bottom right)). From here, we were able to compute the number of times
this automated process failed by conducting visual inspection quality checks. These quality checks
found that this novel, unique automated process functioned as expected for 93.5% of operations to
correctly identify the LC. The remaining 6.5% of operations required manual correction to place six

adjacent voxels to locate the LC.

Once the bilateral six voxels of the LC were identified for each individual, a contrast-to-noise ratio
(CNR) was calculated for each voxel (v). Using the following formula (Equation #1), the CNR was
calculated as the relative difference in signal intensity (/) between voxels in a reference region (RR)
and the voxels in the LC. For the purpose of this calculation, the reference region was selected as a
central pontine region anterior to the LC (Figure 7, (C. top). This region was selected because of the
low NM concentration found here, thereby allowing it to be a suitable reference region for the

purpose of calculating CNR values.

Equation #1:

CNR, = (I, — mode(lzg))/mode(Izg)
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In addition, to add anatomical specificity to our analyses, the LC was divided into three segments to
account for potential anatomical topography along the rostrocaudal axis of the LC. Here, every slice
(where LC voxels were identified), were sorted into the rostral, central, or caudal segment
respectively. Each slice was sorted based on which of the three divided overinclusive LC masks were
apparent on the slice in native space (Figure 7 (B) shows the rostral, middle, and caudal
overinclusive masks that may be selected for each slice). On the rare occasion, two divided masks
would appear on the same slice and in this instance tie-breaking rules were applied in order to assign
the slice to its correct segment. Specifically, the mask in which contained a greater number of LC
voxels was favored (Figure 7 (C, bottom) shows that the caudal mask was specifically selected for
this slice based on this specification). From here, a signal could be averaged from the CNR values of
LC voxels from all slices belonging to each of the three segments thus providing NM information

within the different anatomical divisions of the LC. The values were then stored and used for our

statistical analyses seen below.
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Figure 6: Summary of initial preprocessing steps used in the MRI image processing. (A): The
raw NM-MRI image. (B): Co-registration of the NM-MRI image (red) to the structural T1 image
(gray). (C): Spatial normalization of NM-MRI image. Figure 7 indicates subsequent steps in

preprocessing and LC segmentation.

(A) (C)
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Vieg™
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Figure 7: Application of overinclusive masks on visualization template and identification and
extraction of bilateral LC signal. (A): Visualization template created by averaging NM-MRI
images in standardized MNI space from all participants. LC location is indicated by black arrows.
(B): Divided overinclusive masks of LC drawn on template. (C): Axial view of unprocessed NM-
MRI image from a representative subject (central pons reference region (green)) (top). Close up of

caudal overinclusive mask after warping from standardized space to native space (bottom left,
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yellow) and the identification of six bilateral LC voxels within it for one participant on one slice

(bottom right, yellow). LC signal is extracted from these voxels.

3.2.4 Statistical Analyses:

MATLAB with an SPM toolbox was used to perform the final statistical analyses. To determine the
relationship between LC NM-MRI signal and clinical measures (i.e. CAPS-5 hyperarousal severity
and BDI-II depression severity), parametric partial correlations were conducted. Here, the most
important measures were LC NM-MRI signal for each of the three sections, hyperarousal severity,
and comorbid depression severity, whilst the covariates used in the analysis were age, and sex.
Parametric statistics were conducted based on the results from Lilliefors test indicating the measures

were normally distributed in comparison to one another.

CHAPTER 4: RESULTS

4.1.1 Demographic and Clinical Characteristics

See Table 3 for a full summary of clinical and demographic information. Of the twenty-two
individuals, 68% of the individuals were male. The average age of participants was 47.4 + 8.6 years.
Regarding the CAPS-5 scores, all individuals met Criterion A, thereby indicating all participating
individuals had experienced a traumatic event according to the PTSD criteria of the DSM-5.
Individual total hyperarousal cluster scores for the twenty-two participants ranged from 4 to 22
whilst individual’s total CAPS-5 severity scores ranged from 23-63. Furthermore, the average CAPS-
5 hyperarousal severity score was calculated to be 12.1 £ 5.3, whilst the average total CAPS-5

severity score was found to be 40.6 + 12.5.
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Alongside PTSD symptomology, the BDI-II was administered to assess for the presence of comorbid
depression symptoms and the severity of these symptoms in individuals with PTSD. The total BDI-II
scores ranged from 8 to 52 whilst the average total BDI-II symptom severity score was calculated to
be 27.2 £ 9.7. Based on the severity cut-off score guidelines established by the authors (Beck et al.,
1996)% of the BDI-II, sixteen out of the twenty-two participants demonstrated moderate to severe
depression symptom severity indicating that the majority of individuals demonstrated comorbid
depression symptoms alongside their PTSD symptoms. From this analysis and prior research
reporting evidence of reduced LC signal in individuals with depression (Sasaki et al., 2006b; Shibata
et al., 2007, 2008), it was deemed important to control for the possible influence of comorbid

depression symptoms on the LC NM-MRI signal.

Table 3: Summary of participant demographic and clinical data.

Measure CAF Members with Confirmed PTSD
Diagnosis

Sample size (n=) 22

Age (average, in years) 47.4 +£ 8.6

Sex (males: females) 15:7 (32% female)

PTSD Diagnosis (n=) 22 (100%)

MDD Diagnosis (n=) (according to M.I.LN.L.) | 9 (41%)

Antidepressant use (n=) * 11 (50%)

Cannabis Use (n=) 6 (27%)

26 The following are the BDI-II severity cut-off score guidelines: 0-13 for minimal depression symptom severity, 14-
19 for mild severity, 20-28 for moderate severity and 29-63 for severe severity (Beck et al., 1996). These scores can
be calculated by adding up the scores from all 21-items assessed using the BDI-II.
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BDI-II (average total severity score) 27.2+9.7

CAPS-5 (average total severity score) 40.6 £ 12.5
CAPS-5 (average hyperarousal severity 12.1 £5.3
score)

* Antidepressant use was considered for anyone taking SSRIs, SNRIs, TCAs, NaSSAs, MAOIs,
SARIs, NDRIs, and RIMA-class prescriptions.?’

4.2.1 Imaging Results Summary

Overall, the study sample consisted of individuals who demonstrated a high prevalence of
hyperarousal and comorbid depression symptoms. Given evidence that both symptom types may be
associated with the LC NM-MRI signal, partial correlations were conducted to determine the
relationship between LC NM-MRI signal and hyperarousal symptom severity, as well as comorbid

depression symptom severity.

4.3.1 Hypothesis #1: LC NM-MRI Signal and CAPS-5 Hyperarousal Symptom Severity

As hypothesized, we observed a significant positive relationship between LC NM-MRI signal and
hyperarousal symptom severity (r = 0.54, p = 0.017 partial correlation controlling for depression
symptom severity, age, and sex; see Figure 8). This relationship was observed with respect to the
caudal LC (Figure 8B) and was consistent with our initial hypothesis. In addition, we also examined
the middle and rostral segments of the bilateral LC, although these segments were not found to be
significant in relation to hyperarousal symptom severity (the CNR LC NM-MRI statistics for the
rostral and middle segments were found to be r=-0.04, p=0.88 (middle segment) and r=-0.25, p=0.30

(rostral segment)).

27 Table #3 Abbreviations: Selective serotonin reuptake inhibitors (SSRIs); serotonin-norepinephrine reuptake
inhibitors (SNRIs); Tricyclic antidepressant (TCA); Noradrenergic and specific serotonergic antidepressants
(NaSSAs); Monoamine oxidase inhibitors (MAOIs); Serotonin antagonist and reuptake inhibitors (SARIs);
Norepinephrine and dopamine reuptake inhibitors (NDRIs); Reversible inhibitors of monoamine oxidase-A
(RIMAs).
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4.4.1 Hypothesis #2: LC NM-MRI Signal and BDI-II Depression Symptom Severity

To explore our secondary hypothesis, we conducted a parametric partial correlation between LC
NM-MRI signal and comorbid depression symptom severity based on total BDI-II scores from each
individual. This correlation was not found to be statistically significant (r=-0.30, p=0.22, partial
correlation controlling for hyperarousal severity, age, and sex; see Figure 9) and suggests that despite
our initial hypothesis, in this relatively small sample, LC NM-MRI signal and depression symptom
severity were statistically unrelated. The CNR LC NM-MRI statistics for the middle and rostral
segments were found to be =-0.32, p=0.17 (middle segment) and r=-0.16, p=0.51 (rostral segment)

and therefore were not statistically significant.
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Figure 8: Relationship between LC NM-MRI signal and hyperarousal symptom severity. (A):
Positive correlation between caudal LC NM-MRI signal and CAPS-5 hyperarousal symptom severity

amongst individuals with military PTSD. (B): LC schematic representing the left and right rod-
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shaped structure of the LC. The heat map below demonstrates the statistical relationship of LC signal

to hyperarousal symptom severity for all LC segments bilaterally.
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Figure 9: Relationship between LC NM-MRI signal and comorbid depression symptom
severity. (A): Scatterplot demonstrating a non-significant correlation between LC NM-MRI signal
and BDI-II total severity scores amongst individuals with military PTSD. (B): LC schematic
representing the left and right rod-shaped structure of the LC. The heat map below demonstrates the
statistical relationship of LC signal to comorbid depression symptom severity for all LC segments

bilaterally.
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CHAPTER S: DISCUSSION

5.1.1 Summary of Primary Objective, Outcomes & Implications

The primary objective of this project was to build on previous work conducted utilizing NM-MRI in
the dopamine system by investigating the relationship between LC NM-MRI signal and symptom
severity of hyperarousal and comorbid depressive symptoms in a sample of individuals with PTSD, a
condition suspected to be associated with dysregulation of the LC-NE system. With these objectives

in mind, the following outcomes were observed.

5.1.2 LC NM-MRI and Hyperarousal Symptom Severity

First, we were able to demonstrate a positive significant relationship between caudal LC NM-MRI
signal and hyperarousal symptom severity as established using the CAPS-5 clinical interview. This
result was consistent with our initial hypothesis and converged with similar results relating LC-NE
hyperactivity to the manifestation of PTSD symptoms (Southwick et al., 1999; Geracioti et al., 2001;
Cascardi et al., 2015; Morey et al., 2015; Hendrickson and Raskind, 2016; Naegeli et al., 2018;
Hendrickson et al., 2021). Specifically, Naegeli and colleagues reported that hyperactivity of the LC-
NE system was correlated with hyperarousal symptomology such as exaggerated startle response
established by the recording of increased eye-blinks, skin conductance and heart rate, all of which are
also markers of enhanced NE activity (Naegeli et al., 2018). Furthermore, other researchers observed
increases in circulating NE in the cerebrospinal fluid in those with PTSD, indicating elevated NE
release from regions such as the LC could contribute to PTSD pathology (Geracioti et al., 2001;
Hendrickson et al., 2018). Furthermore, these conclusions are in line with early physiological
research which suggests increased physiological activity of the LC can contribute to abnormally
elevated levels of cortical arousal which has been linked to stress-related conditions such as anxiety
and PTSD (Florin-Lechner et al., 1996; Howells et al., 2012; McCall et al., 2015). With respect to the

implications of this finding, if NM-MRI can be used as a direct measure of variable NE

58



concentrations in the LC, NM-MRI could be used across disciplines to measure activity of the
catecholamine system in vivo. This could extend beyond the field of psychiatry and be used to
measure dysregulation in this system contributing to the establishment of biomarkers associated with
specific disease profiles. In addition to expanding the use of this method across conditions, NM-MRI
could also be combined with other imaging modalities (PET and functional MRI) to bridge gaps
associated with understanding the neural correlates of different mental disorders. This would allow
for a more multimodal approach to be taken thereby supporting frameworks such as Research
Domain Criteria (RDoC) Initiative, a project whose goal is to take a dimensional approach to
researching mental health disorders such that various underlying neurobiological factors are
incorporated and considered (i.e. from dysregulation at a molecular level to dysregulation at a
systems level) (National Institute of Mental Health, 2008; Insel et al., 2010). Likewise, such
approaches may lead to the advancement of precision medicine for psychiatric conditions such as
PTSD, thereby allowing targeted therapeutics to be developed for those suffering from these

conditions.

5.1.3: LC NM-MRI and Comorbid Depression Symptom Severity

In addition, although not found to be significant statistically, we observed a small negative
association between LC NM-MRI signal and comorbid depression symptom severity as determined
using the BDI-II self-report measure. This result did not align with our predicted hypothesis
suggesting no relationship could be established between LC NM-MRI signal and comorbid

depression symptom severity in this study sample.

Furthermore, although this result was not found to be significant, the use of NM-MRI in this context
has implications as NM-MRI has previously been used in the context of major depression and late

life depression where significant results pertaining to LC signal and depression were attained (Sasaki
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et al., 2006b; Shibata et al., 2007, 2008; Wengler et al., 2021). Specifically, in work by Shibata and
colleagues, the LC NM-MRI signal was found to be significantly reduced in individuals with
depression compared to healthy controls (Shibata et al., 2007). Moreover, this finding was replicated
one year later by the same group suggesting that reduced LC activity may contribute at least in part
to depressive symptomology (Shibata et al., 2008). This research also aligns closely with
pharmaceutical research suggesting the NE system could be a target for intervention for those with
depression as some NE-targeting agents have been shown to be effective in treating depressive
symptoms (i.e. SNRIs and NDRIs) (Golden et al., 1988; Gorman and Kent, 1999; Papakostas et al.,
2006; Dionisie et al., 2021). This supports the association observed in this report and supports
implications of this work in future research possibly by further testing this relationship in a greater

sample size.

As to why no significant result was observed in our study pertaining to the relationship between LC
NM MRI signal and comorbid depression symptoms, a few factors should be considered. For
example, our study consisted of a small sample who exhibited predominant PTSD symptoms (i.e. all
individuals had a confirmed diagnosis of PTSD). In this regard, depression symptoms were
considered comorbid to these symptoms adding an additional level of complexity to the disease
profile of participating individuals. This is consistent with what is found in the literature, suggesting
that “...the co-occurrence of PTSD and MDD represents a trauma-related phenotype that is distinct
from MDD and reflects a fundamental dimension of risk for psychopathology following trauma
exposure” (Flory and Yehuda, 2015). This emphasizes that special considerations for this unique
subtype should be given in future research, Furthermore, despite our controlling for hyperarousal
symptoms severity, other PTSD symptoms may negate the effects of depression at the level of the

brain (Nijdam et al., 2013; Albott et al., 2021). Based on these speculations, more research should be
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dedicated to elucidating the true effects of comorbid depression on the NM MRI signal, specifically

in the context of PTSD.

5.2.1 Summary of Secondary Objective, Outcomes & Implications

In accordance with our secondary objective, this study also allowed us to advance and optimize our
method for extracting and analyzing NM-MRI data, specifically from the LC. Here, we utilized a
semi-automated approach in contrast to traditional manual approaches previously used in early LC
NM-MRI research (Sasaki et al., 2006b; Garcia-Lorenzo et al., 2013; Clewett et al., 2016; Dordevic
et al., 2017; Liebe et al., 2020). This algorithm creates a streamlined process that requires minimal
manual correction and is unique compared to other methods prevalent in the literature (Sasaki et al.,
2006b; Garcia-Lorenzo et al., 2013; Clewett et al., 2016; Dordevic et al., 2017; Liebe et al., 2020).
Specifically, we found that by utilizing an automated algorithm, very minimal manual correction was
required such that 93.5% of operations were completed successfully without manual intervention.
This is consistent with other studies where an automated approach was taken to analyzing NM-MRI
data (Chen et al., 2014; Liu et al., 2017; Cassidy et al., 2019). In addition, this approach also allowed
us to explore the different subdivisions of the LC for which we were able to establish that it was the
caudal segments of the LC that correlated with hyperarousal symptom severity in those with PTSD.
This finding aligns with previous bodies of research which suggests the caudal regions of the LC
may be important for autonomic regulation (Berridge and Waterhouse, 2003; Samuels and Szabadi,
2008; Jacobs et al., 2020), a system which is suggested n to be dysregulated in PTSD (Gutner et al.,
2000; Orr and Roth, 2000; Felmingham et al., 2011; Norrholm et al., 2016; Dennis et al., 2017;
Naegeli et al., 2018). This finding thereby also supports the continued use of an automated method in
place of manual methodology as early manual methods would not be able to accurately delineate the

above results (Chen et al., 2014; Liu et al., 2017).
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Finally, by automating the analysis process of NM-MRI data, NM-MRI methods can be standardized
across datasets, allowing for an efficient, streamlined approach to neuroimaging data analysis. This
has major implications in the analysis of large data sets which normally would be extremely time
consuming if done using manual methods (Chen et al., 2014; Liu et al., 2017). As such, continuing to
utilize will increase the efficiency of neuroimaging analysis, reduce the number of errors that may
occur and prevent the influence of biases that may arise using traditional, manual methods warranting

its use in future research.

5.3.1 Summary of Tertiary Objectives, Qutcomes & Implications

As per our tertiary objectives, we were also able to clearly demonstrate that NM-MRI could be used
to measure variability within the LC-NE system, in the context of PTSD, a condition that previously
has been shown to be associated with overactivity of this system in vivo (Southwick et al., 1999;
Geracioti et al., 2001; Cascardi et al., 2015; Morey et al., 2015; Hendrickson and Raskind, 2016;
Naegeli et al., 2018; Hendrickson et al., 2021). Both described imaging results supported this
objective as LC NM-MRI was shown to detect variability of the LC-NE system in both directions?®
which aligned with previously published work(Shibata et al., 2007, 2008; Morey et al., 2015; Naegeli
et al., 2018). Furthermore, by demonstrating the utility of NM-MRI to detect variability in this
system we were able to successfully show that NM-MRI could be used in the context of psychiatric
illness to capture in vivo system dysregulation of the catecholamine systems thereby allowing us to
further explore LC-NE dysregulation as a possible biomarker for PTSD pathology. By identifying
biomarkers in conditions such as PTSD, targeted therapeutics could be developed to improve

dysregulation in brain systems such as the LC-NE system, increasing not only one’s efficacy to

28 We recognize that our LC NM-MRI versus depression symptom severity correlation was not deemed to be
statistically significant, however the effect that appears, according to the scatterplot, corresponds to what was
previously published in the literature (Sasaki et al., 2006b; Shibata et al., 2007, 2008).
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treatment (including increased likelihood for remission), but increasing an individual’s quality of life
leading to overall better health outcomes (Schmidt et al., 2013; Zoladz and Diamond, 2013; Lehrner

and Yehuda, 2014; Michopoulos et al., 2015).

5.4.1 Strengths, Limitations & Future Directions:

5.4.2 Strengths

The purpose of this project was to conduct a dimensional study such that a novel neuroimaging
method could be employed in a clinical setting, specifically, to examine its relationship to clinical
measures in a sample of individuals with PTSD. This body of work is the first to employ NM-MRI

imaging in a sample of individuals with PTSD.

This body of work and resulting findings were made possible due to the strengths implemented in the
study design and methodology of our project. For example, despite our small sample size and the
uneven distribution of men to women known within military populations, we made sure our sample
was inclusive of female participants (i.e. the ratio between men and women included in our study
was 15:7)%. This was an important consideration as sex-differences within PTSD have been
previously suggested within the literature (Freedy et al., 2010; Maguen et al., 2012; Hu et al., 2017;
Ainamani et al., 2020). Furthermore, by including female participants we aided in reducing the
underrepresentation of women in military focused studies (Trego et al., 2010; Braun et al., 2015). In
addition, our study controlled for use of psychostimulants in our inclusion and exclusion criteria as
stimulants could potentially alter the pharmacology of the NE system (Fleckenstein et al., 2000;
Rothman et al., 2001; Sofuoglu and Sewell, 2009; Schmidt and Weinshenker, 2014), causing indirect

effects at the level of the NM system (Cassidy et al., 2020; Wang et al., 2021). This was previously

2 Recruitment for this study remains active and the goal will be to have a representative sample such that men and
women are evenly represented.
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established in work by Wang and colleagues in 2021 who found that cocaine exposure may cause
higher LC NM-MRI signal intensity (Wang et al., 2021). Furthermore, this work echoes previous
work conducted by our lab looking at the effects of cocaine use disorder on the dopamine system
using NM-MRI methods (Cassidy et al., 2020), thereby further emphasizing the importance of
controlling these substances during our recruitment. Finally, our methods of extracting and analyzing
LC NM-MRI in an automated way added considerable strength to our study as in doing so we were
able to efficiently reduce the processing time of neuroimaging data, reduce the effects of internal
biases and streamline the process such that the algorithm can easily be applied across data bases

resulting in a standardized approach to novel neuroimaging analyses.

5.4.3 Limitations

The primary limitation of this project pertains to the size of the sample. Recruitment of participants is
still on-going, however, has been stalled due to the on-going COVID-19 pandemic resulting in a
smaller than expected sample size. As a result, the sample sized used in this body of work was
limited (N=22). Furthermore, we were not able to obtain an even ratio between men and women in
our study, which although was not unexpected, still skewed our distribution of men and women
within our sample*®. Moving forward, having a larger sample size and a more female-inclusive
sample will allow the study to be more representative of the overarching population. In addition, we
also hoped to include a control group of individuals who also had military related trauma exposure,
however, did not develop PTSD. In this case, we would have hypothesized lower LC NM-MRI
signal in this group compared to the PTSD group, as this would demonstrate increased LC NM-MRI

signal would closely relate to PTSD-specific symptoms versus effects of experiencing trauma.

30 We also listed this as a strength because we recognize there are challenges related to recruitment of female
military members due to women being vastly underrepresented in military populations (The Government of Canada,
2020) and military-specific research (Trego et al., 2010; Braun et al., 2015).
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Additionally, this would also allow us to explore an aspect of resiliency within this disease profile
and is seen as a consideration for future research. In contrast, designing control groups in studies
concerning military PTSD are difficult to accomplish due to the high prevalence of comorbid mental
health issues prevalent in this population (Van Ameringen et al., 2008; Pompili et al., 2013; Gros et
al., 2015; Klaric et al., 2017).. This makes it challenging to rule out other conditions such as mood
disorders and substance use disorders where many of overlapping symptoms with PTSD can be
observed (Jacobsen et al., 2001; Gros et al., 2010, 2012; Flory and Yehuda, 2015). This was also
considered a limitation of our study as many participating individuals (72%) met the BDI-II cut-off
for moderate to severe comorbid depression symptom severity, indicating a high prevalence of

comorbid depressive symptoms in our sample.

5.4.4 Future Directions

As for the future directions of this research, we hope to resume research utilizing NM-MRI amongst
individuals with PTSD. Here, we hope to conduct a study employing physiological measures to
capture the hypothesized changes in ANS functioning. These measures would include things such as
skin conductance, pupillometry, heart rate, blood pressure, and functional brain imaging during fear
conditioning and would act as comparative measures for our NM-MRI data. This body of research
would strengthen the work presented here, thus allowing further advances to be made in this field of

research, including validation of the methods in the context of psychiatric illness.

In addition, as part of a longer-term vision we would also like to conduct a clinical trial to determine
if NM-MRI could be used to predict treatment response following the administration of NE-targeted
therapeutics (i.e. stellate ganglion block or NE-targeting drugs). This would provide further insight
into the use of NM-MRI as a clinical biomarker and advance targeted treatment options for those

with this condition, thus leading to increased treatment efficacy and better quality of life.
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Finally, we also recognize that NM-MRI has many utilities in both neurodegenerative and psychiatric
medicine and in the future, we hope to continue utilizing this methodology in a clinical setting. For
instance, we hope to employ this methodology in a sample of children with Attention-
deficit/hyperactivity disorder (ADHD)?!, as well as continue research amongst those with

schizophrenia, PD and AD.

5.5.1 Conclusion:

In summary, this was the first study conducted utilizing NM-MRI in a clinical sample of veterans
with PTSD. From this research, we were able to advance what is known about PTSD in veterans
including insights into the role of the LC in relation to hyperarousal symptom severity. We were also
able to demonstrate the utility of NM-MRI in tracking dysregulation of LC-NE system activity,
specifically in a clinical sample where known dysregulation of this system has been previously
established, thus further contributing to the validity of this method in a psychiatric setting. In
addition, we were also able to optimize our methods for extracting and analyzing LC NM-MRI such
that they can be accomplished semi-automatically. Finally, we were able to show that this novel
neuroimaging method may be a potential biomarker for PTSD pathology, such that it was able to
delineate changes in NM signal conveying possible information regarding changes in LC activity.
Ultimately, this research has led to further advancement of PTSD research such that advanced
targeted treatment may be a possible outlook in the near future based on the methods and results

presented here.

31 ADHD has also found to be associated with dysregulation of the catecholamine system (Biederman and Spencer,
1999; Prince, 2008; Wilens, 2008), therefore making it a population of interest for future NM-MRI work.
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