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Abstract
Noradrenergic dysfunction in neurodegenerative disease

By Alexa F. Iannitelli

Neurodegenerative disease impacts millions of individuals worldwide, with incidence rates
climbing alongside the average human lifespan. There are currently no therapeutic treatments for
neurodegeneration, and as such, this process poses a public health risk. The two most common
neurodegenerative disorders are Alzheimer’s and Parkinson’s diseases. Both diseases are
pathologically characterized by the presence of abnormal protein aggregates, which lead to
eventual dysfunction and degeneration of important neural systems. Interestingly, early pathology
of both disorders can be found in a brainstem region called the locus coeruleus prior to most other
areas of the brain. The locus coeruleus is responsible for central neurotransmission of the
neuromodulator norepinephrine, and as such, it is responsible for a wide range of behaviors. As
these neurons accumulate pathology, they become dysfunctional, leading to prodromal aspects of
both Alzheimer’s and Parkinson’s diseases. These symptoms most often include sleep
disturbances, anxiety, and cognitive decline, and are reported by patients to be among the most
troublesome aspects of their disorders. Thus, there is an urgent need for the development of novel
treatments for Alzheimer’s and Parkinson’s diseases. The work presented here assess two rodent
models of locus coeruleus dysfunction and degeneration. The first, a selective neurotoxin, ablates
axon terminals but spares cell bodies, providing a model of the very early noradrenergic
dysfunction that precedes outright degeneration. Mice administered DSP-4 recapitulate
phenotypes of neurodegenerative disease, including decreased catecholamine levels, increased
inflammation, and novelty-induced anxiety-like behavior. These changes are coupled with a
downregulation of important noradrenergic genes, indicating severe cellular harm. To further
investigate the impact of noradrenergic dysfunction in a mouse model of neurodegeneration, we
adapted an approach for driving pigmentation in the locus coeruleus. We found that pigmentation
led to neurodegeneration as early as 1-week post-infusion, coupled with a depletion of
catecholamines throughout the brain and increased anxiety-like behavior. On a molecular level,
the presence of pigment granules leads to the upregulation of several pathways involved in
apoptosis and other stress responses. By 6-weeks, the presence of this pigment in locus coeruleus
neurons nearly completely degenerates the region, leaving a robust astrocyte response in its wake.
Taken together, these models allow for a comprehensive assessment of noradrenergic dysfunction
throughout neurodegeneration, both early on when only fibers are damaged, and also later, when
degeneration begins to impact the cell bodies. These insights will inform future research into the
precise mechanisms driving locus coeruleus dysfunction and degeneration in Alzheimer’s and
Parkinson’s diseases.
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CHAPTER 1: INTRODUCTION



1.1 THE LOCUS COERULEUS

1.1.1 COMPOSITION

The locus coeruleus (LC) is a small brainstem nucleus, comprised of less than 50,000 neurons in
the human brain (Mouton et al., 1994) and just 3,000 neurons in the rodent brain (Sara, 2009).
Despite its stature, the LC is critically important in much of our daily cognitive functioning. The
LC contains catecholaminergic neurons which rely on the neurotransmitter norepinephrine (NE)
for neural communication. The LC is the primary source of central NE and sends unmyelinated

axonal projections to virtually every other region of the brain (Foote et al., 1983).

1.1.2 NOREPINEPHRINE SYNTHESIS AND NEUROTRANSMISSION

Norepinephrine Synthesis

NE is produced in vesicles at the axon terminal via the catecholamine synthesis pathway. This
pathway begins when an enzymatic reaction converts the essential amino acid Phenylalanine into
L-Tyrosine, then the rate-limiting enzyme tyrosine hydroxylase (TH) converts the product to form
L-DOPA. This dopamine (DA) precursor is synthesized into the neurotransmitter by DOPA
decarboxylase. Once DA is formed in the cytoplasm, it is quickly packaged into vesicles by the
vesicular monoamine transporter 2 (VMAT?2). Inside the vesicle, the enzyme dopamine beta-
hydroxylase (DBH) converts DA into NE. Upon neuronal activation and calcium entry into the
terminal, the vesicles then fuse with the plasma membrane and neurotransmission ensues. DBH is
highly efficient, resulting in a near-total conversion of DA to NE in LC neurons. However, there
have been reports of co-transmission of DA and NE from these neurons under specific conditions

(Devoto et al., 2005; Devoto and Flore, 2006; Yamasaki and Takeuchi, 2017).



Noradrenergic Neurotransmission

Following vesicular release, NE binds adrenoreceptors located on the postsynaptic neuron. In the
brain, these postsynaptic receptors are found in two primary subtypes: alpha-1 and beta. Activation
of these G-protein coupled receptors (GPCRs) elicits signaling cascades downstream of the
receptor. Alpha-1 receptors are Gg-coupled, activating the phospholipase C pathway, which
subsequently increases IP3 and DAG and increases intracellular calcium concentrations, ultimately
resulting in cellular activation (Taylor and Cassagnol, 2022). Beta adrenergic receptors are coupled
to the Gs subunit. The binding of these receptors activates adenylyl cyclase and signals via a
cAMP-dependent pathway (Alhayek and Preuss, 2022). Like Gg-coupled alpha-1 receptors, beta
adrenergic receptors have the effect of activating the postsynaptic neuron.

NE can also bind alpha-2 adrenergic receptors in the brain. In comparison to the expression
of alpha-1 and beta receptors, which is largely confined to postsynaptic neurons, alpha-2 receptors
most often reside on the dendrites and axon terminals of LC neurons themselves. The alpha-2
adrenergic receptor is Gi-coupled, inhibiting adenylyl cyclase activity and preventing subsequent
signaling pathways, which has an overall inhibitory effect on cellular activity. For this reason,
alpha-2 receptors are often referred to as “inhibitory autoreceptors”. This feedback mechanism is
advantageous, as it suppresses LC activity to prevent over-activation of the nucleus (Aghajanian
et al., 1977). Interestingly, differences in the axonal expression of alpha-2 receptors vary between
LC neurons based on their projection region (Wagner-Altendorf et al., 2019).

LC neurons can also clear excess neurotransmitters that do not bind receptors, mitigating
the effects of extended NE exposure, which can include reactivation of the receptors and eventual
dysregulation of receptor expression on the postsynaptic neuron. LC neuron terminals express the

norepinephrine transporter (NET), the monoamine transporter that is responsible for returning



excess NE into the presynaptic neuron. In the cytoplasm, NE is either repackaged into synaptic
vesicles by VMAT2 or decomposed by monoamine oxidase A (MAO-A) and catechol-O-
methyltransferase (COMT), eventually forming its main metabolite MHPG. This process is
critically important to the health of the neuron, as free catecholamine metabolites are known to be
highly reactive and thus toxic (Kang et al., 2020; Goldstein, 2021).

In addition to NE, several important neuropeptides are known to be co-expressed by LC
neurons, including galanin (Holets et al., 1988; Le Maitre et al., 2013), neuropeptide Y (NPY)
(Holets et al., 1988), brain-derived neurotrophic factor (BDNF) (Conner et al., 1997; Fawcett et
al., 1998), and cocaine and amphetamine-regulated transcript (CART) (Koylu et al., 1999). While
NE is released from LC neuron terminals in small clear synaptic vesicles, these neuropeptides rely
on large dense-core vesicles, which are preferentially released during periods of heightened

activity (Bartfai et al., 1988; Lang et al., 2015).

1.1.3 LOCUS COERULEUS FUNCTION

Firing Patterns of the LC

Firing of the LC can be categorized into tonic and phasic activity. These patterns of activation
work together to module many of the basic cognitive and attentional functions associated with the
LC (Howells et al., 2012). At baseline, the LC displays a tonic firing pattern of ~0.5-2 Hz. Low or
no LC activity is observed during sleep, with activation increasing as a function of arousal (Aston-
Jones and Bloom, 1981). The highest levels of tonic LC firing, ~3-10 Hz, are displayed during
periods of stress (Carter et al., 2010). The LC also displays phasic 15-20 Hz “bursts” in response
to novel and salient stimuli (Bouret and Sara, 2005). These unique firing patterns are critical in

modulating behavior.



Sleep and Sleep Disorders

Due to its role in arousal, the LC-NE system has long been linked to sleep (Mitchell and
Weinshenker, 2010). Optogenetic stimulation of the LC promotes wakefulness (Carter et al.,
2010). On the other hand, transgenic mice lacking NE display increased sleepiness (Hunsley and
Palmiter, 2004; Porter-Stransky et al., 2019). Interestingly, studies in mice have revealed that even
acute stress exposure can result in poor sleep, and these sleep disturbances are largely due to
inappropriate LC activity during non-REM sleep (Antila et al., 2022). Other studies have
demonstrated that noradrenergic manipulation using pharmacological agents also impacts sleep
and arousal (Espana et al., 2016). Taken together, this evidence closely links the LC-NE system

with sleep behavior.

Neuropsychiatric Disorders

As these noradrenergic neurons are strongly activated by stress, the LC-NE system and its diffuse
projections play a critical role in the stress response system (Valentino and Van Bockstaele, 2008).
Optogenetic stimulation induces anxiety-like stress behaviors in mice (McCall et al., 2015; Tillage
et al., 2021), as does the administration of drugs that increase NE transmission (Bremner et al.,
1996b, a). Accordingly, the noradrenergic network is dysregulated in several neuropsychiatric
disorders related to stress, including anxiety, depression, and posttraumatic stress disorder (Roy,
1988; Bissette et al., 2003; Naegeli et al., 2018). Conversely, low LC activity and decreased NE
neurotransmission can attenuate stress-induced anxiety and depression. Several studies have
demonstrated that chemogenetic and pharmacological suppression of LC activity has anxiolytic

and antidepressant effects in mice (Grant and Weiss, 2001; McCall et al., 2015; Lustberg et al.,



2020b). Similarly, adrenergic drugs, such as the beta-blocker propranolol and the alpha-2 agonists
clonidine and guanfacine, are used to treat anxiety and stress disorders in humans (Belkin and

Schwartz, 2015; Steenen et al., 2016).

Neurodegenerative Disorders

Dysfunction of the LC-NE system has also been implicated in neurodegenerative diseases, most
notably Alzheimer’s disease (AD) and Parkinson’s disease (PD). While AD and PD differ in their
etiology and clinical presentation, early pathology in the LC and LC-associated behavioral changes

are hallmarks of both disorders (Weinshenker, 2018).

1.2 ALZHEIMER’S DISEASE

1.2.1 EPIDEMIOLOGY AND ETIOLOGY

AD is the most common neurodegenerative disorder and the leading cause of dementia in older
adults, affecting over 30 million individuals worldwide (Alzheimer's Association, 2022).
Incidence rates are expected to climb as the population grows older, as the primary risk factor for
AD is age. Individuals under the age of 65 possess a 3% risk of developing AD, a rate which
escalates to 30% for individuals 85 and older (Alzheimer's Association, 2022). While a vast
majority of cases are sporadic, several genetic mutations have been causally associated with early-
onset AD, most notably in the APP, PSENI, and PSEN2 genes (Glenner and Wong, 1984;
Scheuner et al., 1996). These point mutations are quite rare, occurring in just several families of
patients. However, more common genetic risk factors have also been identified, such as a variant
of the ApoE gene (Castellano et al., 2011; Cerf et al., 2011). Additionally, chronic illnesses such

as cardiovascular disease and high blood pressure are known to confer AD risk (Stampfer, 2006).



A quickly emerging area of research also implicates inflammation in the development of AD and

other related dementias (Tansey and Lee, 2015; Kinney et al., 2018).

1.2.2 CLINICAL PRESENTATION

Cognition

Memory impairment is the primary symptom of AD and is often the first visible change observed
by patients and their families. Declarative memory, or the explicit recall of facts and events, is the
most disrupted in AD patients (Budson and Price, 2005; Tippett et al., 2007; Gold and Budson,
2008). Declarative memory is further separated into semantic and episodic memories, the
dysfunction of which can manifest in AD patients as difficulty remembering where keys were
placed or what the state capital is, respectively. These memory impairments likely result from the
temporal and frontal lobe atrophy that occurs in AD (Davies et al., 2004; Starr et al., 2005).
Remarkably, patients are often able to compensate for this memory loss for some time, masking
their symptoms from family and friends. However, as the disease progresses and these symptoms

become more severe, clinical intervention is required.

Affect

In addition to memory impairment, a majority of AD patients also experience behavioral and
psychological symptoms resulting from dysregulation in the cholinergic, noradrenergic, and
serotonergic neuromodulatory systems (Lanari et al., 2006). These symptoms are heterogenous in
their presentation, ranging from affective symptoms such as agitation, depression, anxiety, and
apathy in the early or prodromal period, to psychosis in late-stage AD. While these behavioral

symptoms are often considered secondary to the memory impairments experienced by AD patients,



they pose a great risk to quality of life and increase the likelihood of institutionalization (Cohen et
al., 1993).

Noradrenergic dysfunction in AD contributes to several of these affective symptoms.
Neurodegeneration of LC neurons, and subsequent loss of NE in its projection regions, is linked
to neuropsychiatric symptoms including depression and aggression (Herrmann et al., 2004; Jacobs
et al., 2021a). Furthermore, LC integrity is closely associated with the severity of cognitive and
memory impairments seen in patients (Jacobs et al., 2021a; Cassidy et al., 2022). Evidence
suggests that LC dysregulation may also play an important role in the sleep disturbances associated
with AD (Van Egroo et al., 2022). Not only does AD pathology contribute to sleep disorders, but
sleep deprivation also worsens pathology, leading to a feedback loop of exacerbating symptoms

(Juetal., 2014).

Clinical Diagnosis

A definitive diagnosis requires postmortem analysis of the brain through histology, a method that
does not align with patient care. Thus, several measures have been developed to allow physicians
to diagnose “probable AD” in patients (McKhann et al., 1984). The most common assessments are
the Mini-Mental State Examination (MMSE), a bedside test that evaluates changes in an
individual’s cognitive abilities, and The Diagnostic and Statistical Manual of Mental Disorders
(Fourth Edition [DSM-1V]), which outlines criteria for diagnosis based on observed impairments
in memory, language, calculation, orientation, and judgment (Alzheimer's Association, 2022).
Importantly, an AD diagnosis also requires the exclusion of other neurodegenerative disorders that
present with similar cognitive symptoms, such as Parkinson’s disease and frontotemporal dementia

(Bekris et al., 2010b).



Non-cognitive assessments can complement these clinical evaluations, providing
additional support for an AD diagnosis. Recent advancements in technology have led to the
emergence of neuroimaging and biomarker measurements to evaluate AD onset and track disease
progression. Computerized tomography (CT) scans and magnetic resonance imaging (MRI) were
among the first techniques to be adapted for neuroimaging in dementia patients.
Neurodegeneration in the hippocampus is perhaps the most robust structural change that occurs in
the brains of AD patients, making this region an appealing target for neuroimaging (Braak and
Braak, 1995; Small, 2006). However, atrophy of the hippocampus is also observed in other
neurodegenerative disorders, limiting the application of this technique for the definitive diagnosis
of AD (Small, 2006). Additionally, advancements in the characterization of AD neuropathology
(described below) have led to the development of several promising biomarkers. Evaluating the
circulating levels of these pathological targets in patients has allowed for an in vivo assessment of
AD pathology and progression (Blennow and Zetterberg, 2018). Scientists and clinicians are
advancing these diagnostic technologies at a remarkable rate, which bodes well for the early

detection and effective treatment of AD in patients.

1.2.3 NEUROPATHOLOGY

The symptoms of AD follow neuron atrophy and death, a process that is instigated by aberrant
protein accumulation. AD is unique from other proteinopathies and neurodegenerative diseases, in
that the clinical diagnosis requires the presence of two separate protein aggregates: beta-amyloid

and tau.



Beta-amyloid

Beta-amyloid is one of two proteins comprising the neuropathology of AD. This protein is
produced through the proteolytic cleavage of the transmembrane amyloid precursor protein (APP),
a process that is part of normal cell metabolism (Haass et al., 1992). In AD, beta-amyloid
aggregates and forms harmful extracellular plaques in the brain. Postmortem histology studies
suggest that this pathology begins in cortical regions, worsening and spreading toward deeper brain
regions as AD progresses (Thal et al., 2002).

Combined with the identification of rare but causative mutations in genes related to beta-
amyloid cleavage, these studies built the foundation for an emerging viewpoint in the field,
centered around the instigating role of amyloid deposition in AD etiology. This theory, coined the
“amyloid cascade hypothesis”, suggests that dysfunction in the production and clearance of beta-
amyloid is not just a symptom of AD pathogenesis, but is the driving force behind other disease
outcomes, such as oxidative stress, inflammation, and neurodegeneration (Hardy and Selkoe,
2002; Selkoe and Hardy, 2016).

Despite the appeal of this hypothesis as a promising target for disease intervention, the
application of this theory has encountered potentially insurmountable challenges. Perhaps most
importantly, the burden of beta-amyloid plaques in the brain is not strongly correlated with
cognitive functioning in patients (Villemagne et al., 2011). By the same token, attempting to target
beta-amyloid plaques in AD patients with a novel monoclonal antibody treatment has resulted in
modest, if any, improvements in cognitive functioning (Karran and De Strooper, 2022; Kim et al.,
2022). This lack of clinical support for the amyloid hypothesis necessitates a broadening of

research efforts in the field of AD.
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Tau

In addition to beta-amyloid deposits, aggregates of the microtubule-associated protein tau are
found in the brains of AD patients, and the presence of both constitutes an official diagnosis.
Hyperphosphorylation and subsequent misfolding of tau lead to the formation of neurofibrillary
tangles (NFT). In contrast to extracellular beta-amyloid deposits, NFTs are intracellular, posing a
risk to cellular functioning as they aggregate. While beta-amyloid is first displayed in cortical
regions, tau pathology begins in the LC and continues to spread as AD progresses (Braak et al.,
2011; Weinshenker, 2018). Importantly, NFT burden is well correlated with cognitive symptoms
and disease severity (Tomlinson et al., 1970; Jacobs et al., 2021b).

The precise mechanisms of tau toxicity are not comprehensively understood, but current
convention suggests tau pathology may result in any or all of the following: loss of function, gain
of function, and/or mis-localization. As the primary function of tau is to stabilize the cytoskeleton
in healthy neurons, it is perhaps unsurprising that tau accumulation negatively impacts neuronal
architecture (Brunden et al., 2009; Noble et al., 2011). Hyperphosphorylated tau may also facilitate
a breakdown of the stabilizing network by sequestering functional tau and other microtubule—
associated proteins (Alonso et al., 1996). Additionally, significant tau burden may hinder axonal
transport and interfere with cellular trafficking (Mandelkow et al., 2003; Cuchillo-Ibanez et al.,
2008; Dixit et al., 2008). Aberrant forms of tau may also possess a harmful gain-of-function
phenotype through their inherent toxicity (Berger et al., 2007), which results in increased levels of
oxidative stress (Stamer et al., 2002). Finally, evidence for the mis-localization of tau is found in
its presence in dendritic spines, which leads to synaptic dysfunction and negatively impacts

cognition in vivo (Hoover et al., 2010; Miller et al., 2014). In fact, it has been proposed that this

11



disruption to synapses may be one of the earliest occurrences in the pathogenesis of AD and other
tauopathies (Noble et al., 2011).

Although several rodent models have demonstrated that tau mutations can lead to
neurological phenotypes (Allen et al., 2002; Yoshiyama et al., 2007), causal genetic variants have
not been observed in human patients. Likely, beta-amyloid and tau pathologies synergize to alter
neuronal functioning in AD (Spires-Jones and Hyman, 2014; Pickett et al., 2019). Thus, research
efforts must consider both pathologies as key components in the development and progression of

AD.

1.2.4 THE ROLE OF THE LOCUS COERULEUS

Biomarkers and Biological Implications

While the LC displays tau pathology early in AD, noradrenergic cell bodies are not lost until mid-
to late-stage disease (Tomlinson et al., 1981; Braak et al., 2011). It has been proposed that during
this time, the LC is characterized by dysfunction rather than degeneration, and noradrenergic
hyperactivity predominates (Weinshenker, 2018). There is clinical evidence to support this theory,
such as increased levels and turnover of NE in the cerebrospinal fluid of patients (Palmer et al.,
1987; Hoogendijk et al., 1999; Henjum et al., 2022). However, as AD progresses, significant LC
fiber and cell body deterioration are evident (Mather and Harley, 2016). This loss of LC integrity
is correlated with cognitive decline in humans (Kelly et al., 2017; Weinshenker, 2018; Jacobs et
al., 2021b). The inverse of this is seen in high LC neuron density conferring protection against

regular, age-related cognitive decline (Wilson et al., 2013).
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Behavioral Symptoms

As LC activity promotes arousal and stress responses, increased, rather than decreased, NE
signaling is consistent with many of the prodromal symptoms of AD (Weinshenker, 2018). These
symptoms vary between patients but may include anxiety, depression, agitation, and/or sleep
disturbances. Additionally, neuropsychiatric symptoms in AD correlate with high LC signal
contrast and respond to the blockade of adrenergic receptors (Peskind et al., 2005; Cassidy et al.,

2022).

1.2.5 RODENT MODELS

Most preclinical models of AD have focused on beta-amyloid accumulation, and studies that do
consider tau often neglect the critical role that the LC plays in this pathogenesis. However, there
have been few reports of endogenous LC dysfunction or degeneration in transgenic animal models
of AD (Liu et al., 2008; Guerin et al., 2009; Cohen et al., 2013; Liu et al., 2013), supporting the
importance of investigating the noradrenergic system in preclinical models. Several rodent models
specifically targeting the LC have been developed, and these research efforts have provided insight
into the compensatory mechanisms and behavioral abnormalities that result from noradrenergic

dysfunction and degeneration in AD.

TgF344-AD

TgF34 rats express the mutant forms of APP (APPsw) and presenilin 1 (PS1E9), both of which
cause AD in humans. These phenotypes displayed by these transgenic rats mimic several important
characteristics of AD, including age-dependent amyloid pathology, cognitive impairment, and

neurodegeneration in the forebrain (Cohen et al., 2013). These rats also display endogenous
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hyperphosphorylated tau without the expression of a human tau transgene, which is somewhat
surprising because mice carrying the identical transgene do not develop tau pathology (Games et
al., 1995; Duff et al., 1996; Jankowsky et al., 2001). This tau pathology is first detectable in the
LC at 6 months, resulting in progressive loss of NE in the hippocampus, as well as LC fiber loss
in the medial entorhinal cortex and dentate gyrus (Rorabaugh et al., 2017). This pathology
contributes to impaired cognition in the Morris water maze task, but remarkably, this behavior is
rescued by chemogenetic activation of the LC (Rorabaugh et al., 2017). Further investigation into
the behavioral phenotypes of the TgF344-AD rats has revealed age-dependent anxiety-like

behavior in the transgenic animals as compared to controls (Kelberman et al., 2022).

DSP-4
Another method for investigating noradrenergic dysfunction in neurodegenerative disease relies
on the LC-specific neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) which
preferentially damages LC axons (Grzanna et al., 1989; Zhang et al., 1995). Administration of
DSP-4 in rodents results in terminal loss and depletion of NE, mimicking neurodegenerative
phenotypes (Theron et al., 1993; Wolfman et al., 1994; Harro et al., 1999; Szot et al., 2010).
Furthermore, DSP-4 can exacerbate pathology, neuroinflammation, and cognitive and behavioral
deficits in transgenic mouse models of AD (Heneka et al., 2006; Kalinin et al., 2007; Rey et al.,
2012; Chalermpalanupap et al., 2018).

While this neurotoxin has served as a useful model of LC dysfunction and
neurodegeneration for decades, it is important to acknowledge its limitations: the effects of DSP-
4 are often interpreted as noradrenergic ablation without taking potential compensatory

mechanisms into account; most have focused on a single aspect of LC function; and many different
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dosing regimens and species have been used, limiting our ability to integrate the findings into a
comprehensive picture of how the LC-NE system responds to damage. Recently, our group
published a comprehensive characterization of this model, assessing the consequences DSP-4
administration has on molecular, cellular, and behavioral responses of the LC-NE system in
parallel (Iannitelli et al., 2022). Our results (detailed in Chapter 2) contribute to the understanding
of LC dysfunction in neurodegeneration and may provide a foundation for early diagnostic and

intervention strategies for these disorders.

1.3 PARKINSON’S DISEASE

1.3.1 EPIDEMIOLOGY AND ETIOLOGY

PD is the second most common neurodegenerative disorder, affecting more than 10 million people
worldwide (Balestrino and Schapira, 2020). Similar to AD, the biggest risk factor for developing
PD is age. There is a higher prevalence of PD in countries that report longer average lifespans,
with a clinical diagnosis occurring in more than 4% of individuals over the age of 85 (de Rijk et
al., 2000). In addition to age, several genetic and environmental factors are well appreciated to

contribute to the development of this multifactorial disease.

Genetic Contributions

Although PD was once thought to be largely sporadic in nature, several genetic causes have now
been identified (Bekris et al., 2010a). The first of these mutations, identified through genetic
analysis of a family displaying an autosomal dominant pattern of inheritance, lies in the SNCA
gene (Polymeropoulos et al., 1996; Polymeropoulos et al., 1997). Importantly, this gene encodes

the alpha-synuclein (a-syn) protein, which can aggregate to form the hallmark Lewy body
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pathology of PD. Indeed, duplications and mutations in the SNCA gene are associated not only
with an increased risk of PD but also with higher plasma levels of a-syn in patients (Mata et al.,

2010).

Another causative link has been found in the LRRK?2 gene (Funayama et al., 2002; Paisan-
Ruiz et al., 2004), which encodes a tyrosine kinase-like protein (Mata et al., 2006). While the
precise functions of LRRK?2 are not well understood, several of its domains are thought to be
involved in protein-protein interactions (Zimprich et al., 2004) and exerting increased kinase
activity (West et al., 2005; Gloeckner et al., 2006; Ito et al., 2007). Patients with LRRK2 mutations
present with later-onset forms of PD, and display many of the classical symptoms and pathologies

(Nicholl et al., 2002; Wszolek et al., 2004; Zimprich et al., 2004).

While mutations in the SNCA and LRRK? genes are well appreciated as familial causes of
PD, loss-of-function variants of both genes have also been identified as susceptibility factors
(Bekris et al., 2010a). Additional genetic factors with an autosomal recessive inheritance have
been identified, and are primarily associated with early-onset forms of PD. Mutations in the
PARK?2 gene encoding the parkin protein causes early-onset PD (Matsumine et al., 1997; Lucking
etal., 2000), as do missense and deletion mutations in DJ/ (Bonifati et al., 2003). PINK mutations
account for 1-3% of early-onset cases in patients of European ancestry (Valente et al., 2001;
Bonifati et al., 2005), and up to 9% of cases in Japanese patients (Li et al., 2005). The earliest onset
of PD is seen in families with ATP1342 mutations, with patients presenting with symptoms as

early as 10 years of age (Najim al-Din et al., 1994; Myhre et al., 2008).
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Environmental Factors

Epidemiological evidence suggests pesticide exposure and PD are strongly linked (Allen and
Levy, 2013; Pezzoli and Cereda, 2013), with several studies reporting the existence of a dose-
dependent relationship (Yan et al., 2018). The herbicides maneb and paraquat have been shown
to double the risk of developing PD for individuals living in rural areas who are routinely exposed
to these compounds (Costello et al., 2009). Additionally, occupational exposure to solvents such
as trichloroethylene (TCE) has been shown to increase PD risk (Gash et al., 2008; Goldman et al.,
2012). Perhaps unsurprisingly, exposure to these maneb, paraquat, and TCE have all been shown
to induce parkinsonian phenotypes in rodents (Cicchetti et al., 2005; Liu et al., 2010). Despite the
clear and present danger these compounds pose, many of these pesticides and toxins are still
commercially available and widely used in agriculture and manufacturing.

Investigations into the interaction between toxin exposure and genetic factors have also
been an active area of research in recent years (Ahmed et al., 2017), supporting the idea of PD as
a multifactorial disease. Indeed, for most patients without a monolithic genetic risk, it is likely that
several factors converge to instigate and perpetuate sporadic PD. This has led to the emergence of
the “dual-hit” hypothesis, which suggests that PD pathology originates in the olfactory bulb and
enteric nervous system. This theory proposes that an unknown neurotrophic pathogen of viral
origin enters the brain by either: 1) traveling directly through the nasal passage to the temporal
lobe, or 2) migrating from the gastrointestinal system to the medulla, pons, and midbrain via the
motor neurons of the vagus nerve (Hawkes et al., 2007). While the dual-hit hypothesis has gained
traction in recent years, widespread acceptance of this theory will require additional clinical and

preclinical support.
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Meta-analyses of PD patients and healthy controls have helped researchers identify several
additional factors conferring risk for or protection from PD. Head injuries (Gao et al., 2015; Taylor
et al., 2016) and chronic life stress (Metz, 2007) increase PD risk. On the other hand, moderate
exercise (Xu et al.,, 2010; Fang et al., 2018), caffeine intake (Hernan et al., 2002), and even
smoking (Hernan et al., 2002) serve as protective factors. These “lifestyle” contributions do not
directly cause or prevent PD, but perform a delicate balancing act throughout our lives, working

together or in opposition to culminate in each individual’s overall risk.

1.3.2 CLINICAL PRESENTATION

Motor Symptoms

The classical motor symptoms of PD include resting tremor, rigidity, akinesia or bradykinesia, and
postural instability. Many of these symptoms also emerge through the course of normal aging,
making it difficult for patients to detect a problem when it first begins. Furthermore, these
symptoms are highly heterogenous between patients, varying in both severity and rate of
progression (Fritsch et al., 2012). While one subtype of PD is characterized by dominating tremor,
rigidity, and instability, other patients may experience only subtle motor impairments that remain
relatively stable. In addition to these cardinal symptoms, more subtle motor abnormalities also
manifest in some patients. These secondary symptoms may include ocular deficits, dystonia,
shuffling, stooped posture, speech impairments such as hypophonia (speaking with a soft voice)
or palilalia (repetition of words or phrases), and masked facial expression (Beitz, 2014). It is well
appreciated that these motor symptoms arise as a direct result of SN degeneration, occurring once

most of the DA neurons have been lost.
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Non-Motor Symptoms

In addition to the classical motor symptoms, a host of non-motor features are also seen in up to
90% of PD patients (Lohle et al., 2009). Like motor impairments, non-motor symptoms also vary
widely between patients. These symptoms may include autonomic dysfunction (Senard et al.,
1997; Pursiainen et al., 2007), sensory disorders (Zhu et al., 2016), neurobehavioral issues
(Trojano and Papagno, 2018), and/or sleep disturbances (Arnulf and Leu-Semenescu, 2009;
Rothman and Mattson, 2012). Importantly, many of these non-motor symptoms precede the motor
symptoms, emerging years or decades before a clinical diagnosis (Kalia and Lang, 2015). While
motor symptoms are explained by the loss of SN-DA neurons, many of these non-motor symptoms
are more closely associated with dysfunction and degeneration of the LC-NE system (Zweig et al.,

1993; Remy et al., 2005; Del Tredici and Braak, 2013; Weinshenker, 2018).

Unlike the motor features of PD, there are currently no therapeutic treatments for the non-
motor symptoms. In fact, leading PD pharmacotherapies may exacerbate non-motor symptoms
such as psychosis, orthostatic hypotension, and sleep issues (Lim and Lang, 2010). Due to this
lack of treatment options, patients often report the non-motor symptoms to be among the most

troublesome aspects of their disease, necessitating further research and development efforts.

Therapeutic Treatments

There are currently no disease-modifying therapies to slow or stop the progression of PD. Thus,
all current FDA -approved treatments are useful only in targeting the disease symptoms and not the
pathology itself. Nonetheless, pharmacotherapies and other interventions have proven beneficial

to patient autonomy and quality of life.
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As PD is a heterogenous disorder, therapeutic intervention varies widely and depends on
several factors including the patient’s age, disease stage, and symptoms (Ferreira et al., 2013). The
first-line treatment for PD is DA replacement therapy with levodopa (L-DOPA). Response to this
drug is even used to confirm a clinical diagnosis in some patients (Samii et al., 2004). For most
patients, this kind of dopamine compensation therapy alleviates the motor symptoms of the disease
and allows them to retain functional independence for longer. Similar pharmacological approaches
used in conjunction with or instead of levodopa include dopamine agonists, MAO-B inhibitors,
and anti-cholinergic drugs (Gazewood et al., 2013).

Unfortunately, DA replacement therapies are known to decline in effectiveness over time
due to the relatively short half-life of levodopa, as well as fluctuations in receptor expression and
DA reuptake by terminals (Beitz, 2014). Patients experiencing continued motor symptoms are
often ideal candidates for deep brain stimulation (DBS), which was developed to treat the motor
symptoms of PD when traditional pharmacotherapies fail. This surgical implant electrically
stimulates the subthalamic nucleus (STN) or globus pallidum (GP), resulting in reduced tremor,
stiffness, and bradykinesia for most patients. DBS does not destroy brain tissue and can be reversed
or adjusted based on each patient’s disease progression.

While the canonical motor symptoms of PD are usually well managed with DA
replacement therapies and DBS, the non-motor symptoms remain difficult to treat. Physicians
often must decide which individual symptoms to address based on each patient’s individual needs.
Medications such as clozapine and quetiapine can treat psychotic behaviors, but often have
harmful side effects (Beitz, 2014). Additionally, anxiolytic and antidepressant drugs can be

prescribed to treat the affective symptoms of PD. Similarly, drugs such as melatonin and
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clonazepam can address the sleep disruptions patients experience (Aurora et al., 2010; McCarter
etal., 2013).

Holistic treatment options are also available to patients and their families. These
interventions range from providing educational resources and access to support groups, to physical
therapy, exercise, and speech therapy to address specific issues. Ultimately, it is up to the patient
and their physician to decide which treatment options will best target their most troublesome

symptoms.

1.3.3 PATHOLOGY

PD is pathologically is defined as a loss of DA-SN neurons concurrent with the presence of
hallmark Lewy bodies (Gazewood et al., 2013). Lewy bodies are large proteinaceous inclusions
comprised primarily of misfolded a-syn (Sian-Hulsmann et al., 2015). The accumulation of Lewy
bodies within vulnerable neurons contributes to the dysfunction and eventual cell death
characteristic of PD. There is evidence to suggest that a-syn fibrils spread throughout the brain in
a prion-like fashion (Brundin and Melki, 2017), providing a potential mechanism for how PD

pathology advances through the brain.

Postmortem analyses support a staging hypothesis of PD pathology that beings in the
brainstem and olfactory bulbs, progresses through the amygdala, basal forebrain, and SN, and
finally reaches the forebrain and neocortex in late-stage disease (Braak and Braak, 2000). This
entire process can take several decades, with symptoms only emerging once the pathological

burden becomes severe enough to degenerate neurons.

1.3.4 ROLE OF THE LOCUS COERULEUS
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The LC is among the first brain regions to display Lewy pathology in PD, even before the SN
(Braak and Braak, 2000). Accordingly, dysfunction of the LC is closely associated with the
prodromal, non-motor symptoms of PD, including sleep disturbances, mood disorders, and
cognitive impairment (Zweig et al., 1993; Del Tredici and Braak, 2013). Studies have also

implicated the LC in PD-related autonomic dysfunction (Oliveira et al., 2017).

REM sleep behavior disorder (RBD) is a condition characterized by movements during
REM sleep when the body would ordinarily be paralyzed. Interestingly, this sleep disorder is up
to 80% predictive of an eventual PD diagnosis (Iranzo et al., 2013; Schenck et al., 2013). RBD is
linked with LC dysfunction, implicating LC pathology as a potential cause of sleep disturbances

in PD, or at least a precipitating factor (Stiasny-Kolster et al., 2005).

Mood disorders such as anxiety and depression are other common non-motor features of
PD. These psychiatric symptoms often emerge before a diagnosis, indicating that they are isolated
symptoms, rather than emotional responses to the knowledge of their disease. Both anxiety and
depression have been linked to LC dysfunction in the general population (Roy, 1988; Bissette et
al., 2003), and also specifically in PD patients (Prediger et al., 2012). Issues with impulse control

are also linked to LC dysfunction in PD (Kehagia et al., 2014).

As the noradrenergic system is known to play an important role in normal cognitive
functioning, it is unsurprising that LC dysfunction in PD leads to cognitive impairments (Chan-
Palay, 1991a; Hinson et al., 2017; Li et al., 2019). Mild cognitive impairment (MCI) can arise
around the time of a clinical diagnosis (Kalia and Lang, 2015). For some patients, MCI does not
progress at the same rate as other disease symptoms, and instead remains relatively stable (Vazey
and Aston-Jones, 2012). For other patients, cognition deteriorates into severe dementia or

psychosis in late-stage PD (Schneider et al., 2017).
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Although pathology in the LC is present early in PD, these noradrenergic neurons are
remarkably resilient to outright neurodegeneration. In fact, many of these LC-associated non-
motor symptoms align more closely with noradrenergic hyperactivity rather than cell loss
(Weinshenker, 2018). However, these neurons do eventually degenerate as PD progresses, likely
as a result of pathological burden (perhaps in combination with other characteristics which confer
specific vulnerability, discussed in detail below). Evidence for the loss of noradrenergic neurons
in vivo is found in the diminished LC NM-MRI signal in PD patients (Wang et al., 2018;
Kelberman et al., 2020), which compliments postmortem histological data showing LC
deterioration in PD (Sulzer and Surmeier, 2013). A comprehensive understanding of noradrenergic
dysfunction and degeneration in PD will provide insights into early disease pathology and

progression and will aid in the development of novel therapeutic targets for early intervention.

1.3.5 ANIMAL MODELS

Several animal models of PD have recapitulated LC dysfunction in PD. Some of these approaches
are transgenic, while others rely on the delivery of viral vectors or specific neurotoxins. Numerous
studies have reported an important interaction between LC functioning and SN degeneration,
suggesting that noradrenergic health plays a vital role in the progression of PD pathology

throughout the brain.

Transgenic Model
Recently, a transgenic rodent model was developed to specifically study the effects of a-syn in the
LC. This mouse expresses human wild-type a-syn under the noradrenergic-specific DBH

promoter, which results in the development of oligomeric and conformation-specific a-syn
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pathology in the LC (Butkovich et al., 2020). By 24-months, these transgenic mice display
degeneration of LC terminals but not cell bodies, recapitulating the early noradrenergic
dysfunction in PD patients (Weinshenker, 2018; Butkovich et al., 2020). In line with their
neuropathology, the transgenic mice also display age-dependent behaviors reminiscent of
noradrenergic hyperactivity and the non-motor symptoms of PD, which were rescued by
adrenergic receptor antagonists (Butkovich et al., 2020). Additionally, transgenic models that lack
noradrenergic specificity also show alterations in LC functioning. The targeted deletion of genes
known to be implicated in familial PD, such as PARK?, results in loss of LC-NE neurons, loss of
NE in projection regions, and a reduced startle response, without any noticeable impairments of
the DA system (Von Coelln et al., 2004). Rats with global Pinkl knockout also display LC
dysfunction in the form of increased anxiety-like behavior and decreased TH and adrenoreceptor

immunoreactivity (Hoffmeister et al., 2021).

Viral Vector Models

Another method for investigating noradrenergic dysfunction and degeneration in PD is through
the intracranial delivery of viral vectors to manipulate the LC in rodent models. One such model
overexpressed a-syn in the LC, which led to an increase in the pacemaker activity of these neurons
coupled with an altered afterhyperpolarization amplitude (Matschke et al., 2022). Additionally,
overexpression of human mutant a-syn in the LC results in progressive neurodegeneration and
subsequent neuroinflammation (Henrich et al., 2018). These targeted strategies allow for the

specific manipulation and investigation of LC dysfunction in PD.
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Neurotoxin Models

A subfield of research regarding noradrenergic dysfunction in PD is focused on the administration
of compounds to selectively target the LC. One such model is the LC-specific neurotoxin DSP-4,
discussed previously as a tool for studying noradrenergic dysfunction in AD. At low doses, DSP-
4 harms LC terminals while leaving cell bodies intact. Thus, this model is useful for assessing the
early, prodromal aspects of noradrenergic dysfunction in PD.

To model mid- and late-stage, methods degenerating cell bodies are employed. One such
neurotoxin is the catecholamine analog 6-Hydroxydopamine (6-OHDA). 6-OHDA is taken up by
catecholamine neurons via DA or NE transporters (DAT and NET, respectively). Once inside
neurons, 6-OHDA is enzymatically degraded by MAO-A, forming cytotoxic metabolites that
induce neuronal damage and death (Simola et al., 2007). When injected into the LC, 6-OHDA
results in loss of cell bodies coupled with near-total fiber loss in projection regions after several
weeks (Szot et al., 2012), allowing for the assessment of LC neurons neurodegeneration.

Emerging research has also implicated inflammation in the neurodegenerative process. A
recent study modeled systemic inflammation and subsequent neurodegeneration in a rodent model
by administering lipopolysaccharide (LPS). Researchers found that just one administration of LPS
is sufficient to induce neurodegeneration in the LC before other brain regions, such as the SN
(Song et al., 2019a). Furthermore, facilitating noradrenergic dysfunction with DSP-4 prior to LPS
administration exacerbated neurodegeneration in the SN (Song et al., 2019b), implicating the
important role the LC plays in maintaining SN health.

This work aligns with decades of prior research regarding the relationship between LC and
SN neurons. Studies have shown that loss of LC neurons exacerbates SN deterioration in MPTP

and 6-OHDA models of PD (Mavridis et al., 1991; Srinivasan and Schmidt, 2003). However, there
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is also evidence to suggest that loss of LC-NE alone is sufficient to induce similar SN damage and
resulting motor impairments (Rommelfanger et al., 2007). It has even been proposed that NE itself
has neuroprotective properties, promoting neuronal health (Troadec et al., 2001).

Taken together, these findings demonstrate the importance of LC integrity both in normal
brain functioning and also in disease. Losing these noradrenergic neurons can have a cascading

effect on the catecholamine system, exacerbating or potentially even causing PD symptoms.

1.4 LOCUS COERULEUS SUSCEPTIBILITY

Noradrenergic neurons are affected early and severely in neurodegenerative diseases, most notably
AD and PD. Some reports suggest that degeneration of the LC is even more severe than in other
notoriously impacted brain regions, such as the nucleus basalis in AD and the SN in PD (Zarow et
al., 2003). Several factors may contribute to the selective vulnerability of these noradrenergic
neurons, such as their long and diffuse axonal projections, intrinsic pacemaker activity and high

metabolic demand, a unique neuroimmune profile, and the presence of intracellular pigment

deposits (Oertel et al., 2019).

Axonal Projections

The LC possesses long and highly branched axonal projections distributed widely throughout the
brain (Foote et al., 1983). These axons are unmyelinated, and thus more vulnerable to damage.
Axon terminals are lost first when neurons degenerate (Doppler et al., 2021), making this feature
an appealing candidate for LC vulnerability. However, the cell bodies of these neurons are
remarkably resilient, even after fiber loss (Weinshenker, 2018). This suggests that axonal damage

is just one component of LC dysfunction in neurodegenerative disease.
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Metabolic Demand

Noradrenergic neurons also display intrinsic pacemaker activity, firing regularly under basal
conditions. This tonic pattern of activation is critical for LC functioning but is metabolically
demanding. This can compound cellular strain, leading to high levels of oxidant stress (Wang and
Michaelis, 2010) and mitochondrial dysfunction (Sanchez-Padilla et al., 2014). Importantly, these
factors are well-appreciated for the harmful role they play in neurodegeneration (Nicholls, 2008;
Surmeier et al., 2010). High activity levels also lead to increased production of catecholamine
metabolites, some of which can be toxic to neurons. For example, elevated production of the NE
metabolite DOPEGAL has been linked to increased levels of asparagine endopeptidase and
subsequent tau aggregation in LC neurons in vitro and in vivo (Kang et al., 2020; Kang et al.,

2022).

Neuroimmune Contributions

An additional factor contributing to the selective vulnerability of LC neurons is their unique
neuroimmune profile. Catecholamine neurons of the SN and LC express high levels of major
histocompatibility complex (MHC) class I molecules (Cebrian et al., 2014). MHCs are found on
the surface of all nucleated cells and aid in antigen presentation. While MHC-II proteins display
exogenous antigens, MCH-I aids in the expression of peptide fragments from within the cell.
Importantly, MHC-I presents antigens to cytotoxic T cells, triggering cell death. Indeed, cytotoxic
CD8" cells have been observed near catecholamine neurons, suggesting the expression of MHC-I

may render these neurons vulnerable to T-cell-mediated degeneration (Cebrian et al., 2014).
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It may seem maladaptive for LC neurons to trigger their death, especially by presenting
antigens from within the cell. However, the last unique feature of catecholamine neurons may

account for this behavior: the presence of intracellular granules called neuromelanin.

1.5 NEUROMELANIN

1.5.1 CHARACTERISTICS OF NEUROMELANIN

Neuromelanin (NM) is comprised of pheomelanin and eumelanin pigments which reside in the
cytoplasm of SN-DA and LC-NE neurons. The pigmentation of catecholamine neurons in the SN
and the LC is so robust that it can be appreciated by gross anatomical inspection, a finding first
described centuries ago which led to the unique nomenclature of these regions, translating from
Latin to “black substance” and “blue spot”, respectively. While trace amounts of NM have also
been found in non-catecholaminergic brain regions, including the cerebellum and cortex, its
presence is less robust and structurally different from SN-NM and LC-NM (Zecca et al., 2008b).
Interestingly, this neuronal pigmentation is found only in the brains of humans and non-human
primates, and to a lesser extent in a few other long-living animals, such as horses. Although NM
is a defining characteristic of SN and LC catecholamine neurons, very little is known about the

formation and function of these granules in vivo.

1.5.2 NEUROMELANIN FORMATION
Biosynthesis

NM is a byproduct of the catecholamine synthesis pathway (Fig. 1.1). Leading thought in the field

suggests that NM formation evolved from a necessity to sequester intracellular DA and NE in
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highly active neurons (Sulzer et al., 2000). Normally, DA is packaged in synaptic vesicles by
VMAT?2, where it is then converted into NE by the enzyme DBH. Due to the intrinsic pacemaker
activity of the LC, noradrenergic neurons are prone to sustained periods of activation, leading to
rapid DA and NE production and turnover. When these neurotransmitters cannot be packaged into
synaptic vesicles by VMAT2 as quickly as they are formed, increased cytosolic catecholamine
levels become available for metabolism by MAO-A. Importantly, metabolites of DA (e.g.
DOPAL) and NE (e.g. DOPEGAL) are highly reactive and toxic to neurons (Kang et al., 2018;
Kang et al., 2020). Taken together, the characteristic persistent firing rate and subsequent
catecholamine load of LC neurons support the hypothesis of NM production as a mechanism of
sequestering these compounds to protect the neurons from damage. Additionally, this theory also

provides a compelling rationale for the specificity of this pigmentation for catecholamine neurons.

Despite this theoretical understanding of the cellular requirements driving NM production,
the precise biosynthetic pathway is still unclear. Current convention suggests that the process is
initiated when DA is oxidized by iron, which is found in high concentrations in catecholamine
neurons (Monzani et al.,, 2019). This reaction forms DA-quinones, which are subsequently
converted into pheomelanin and eumelanin through similar but distinct pathways (Bush et al.,
2006; Krainc et al., 2022). In the periphery, these pigments lead to the coloration of hair and skin
through enzymatic processes, while neuronal pigmentation is believed to be auto-oxidative (Bush
et al., 2006). Once synthesized, pheomelanin makes up the core component of NM, while
eumelanin comprises the surrounding “shell” (Greco, 2014). These pigments bind additional

compounds in the cell to form complete NM granules that can measure up to 30 nm in size.
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Additional Components

Most notably, NM chelates metal cations including iron, zinc, copper, manganese, chromium,
cobalt, mercury, lead, and cadmium (Liu et al. 2004; Zecca and Swartz, 1993; Zecca et al. 2002).
Additionally, catecholamine metabolites such as DOPAC and DOPEG have been identified as
elements of SN-NM and LC-NM, respectively (Wakamatsu et al., 2015). These pigmented
granules can also bind various psychotropic drugs such as chlorpromazine, haloperidol, and
imipramine (Salazar et al., 1978), pesticides, and other toxic compounds (D'Amato et al., 1986).
Large lipid droplets are another substantial element of these granules. The major lipid component
of NM was found to be the polyisoprenoid dolichol, accounting for 14% of the mass of the isolated

pigment (Fedorow et al., 2005).

Following the formation of these granular masses, a proposed fusion with autophagosomes
encloses all of the components with a double-layered membrane (Zucca et al., 2018). While this
barrier successfully separates toxic NM compounds from the intracellular space, it also makes the
breakdown of these pigment granules all but impossible once they are formed. Thus, the
concentration of pigmentation in the LC increases over time, beginning at around 3 years of age
(Zecca et al., 2004a), potentially conferring a lifetime of protection from harmful compounds. This
timeline of accumulation may also explain why NM is not evident in rodent neurons, as rats and

mice only live ~2 years.

1.5.3 NEUROTOXICITY OF NEUROMELANIN

Despite the compelling case for NM as an adaptive mechanism protecting neurons from the

necessity of producing catecholamines for neuromodulation, certain conditions may lead to an
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inadvertent toxic role of these granules. While NM is largely protective across the lifetime, its
presence may become detrimental when cells die prematurely in neurodegenerative disease. This
issue is two-fold, as LC cells are not only losing a vital neuroprotective mechanism, but as these
toxic granules are released, they have detrimental effects on intracellular functioning, and may

also affect surrounding neurons once they reach the extracellular space.

Intracellular Toxicity

Because there is no way to safely dispose of NM once the granules are formed, LC neurons
eventually become full of pigmentation, which could interfere with other cellular machinery and
function. This issue may be exacerbated when the neurons are under stress. Dysregulation of
calctum, which can result from excitotoxicity, leads to the production of reactive oxygen species
(ROS). These harmful free radicals can degrade NM in the cytosol, leading to the release the iron
and other toxic metals that were previously bound in the granules (Zecca et al., 2004a). NM has
also been reported to inhibit the 26S proteasome, which could disrupt normal protein degradation,

leading to an accumulation of abnormal proteins such as a-syn (Shamoto-Nagai et al., 2004).

Extracellular Toxicity

Additionally, it can be reasoned that as LC neurons die, the NM granules and their
previously-bound toxins are released and have the potential to damage neighboring cells. NM
released from the neurons is subsequently phagocytosed by microglia, leading to microglia
activation and production of reactive oxygen species (ROS) and nitrogen species (RNS), in

addition to other proinflammatory factors (Zhang et al., 2011).
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1.5.4 PREVIOUS WORK IN THE FIELD

Postmortem Human Tissue

Postmortem human samples have provided insight into the link between NM-expressing neuronal
populations and PD. We now know that total NM concentration decreases as SN and LC neurons
degenerate in PD (Zecca et al., 2002), and that heavily-pigmented SN neurons show far greater
degeneration than other nearby dopaminergic regions, such as nuclei A8 and A10 (Hirsch et al.,
1988), and nearly all PD patients exhibit substantial loss of NM-containing neurons in the LC
(Sulzer and Surmeier, 2013). Furthermore, it has been reported that the most heavily pigmented
neurons are lost first in neurodegeneration (Mann and Yates, 1983). The deterioration of
pigmented neurons and subsequent decrease in NM abundance within these brain structures has
provided an interesting target for clinical diagnosis through NM-MRI (Kelberman et al., 2020).
However, to ensure that NM-MRI is an appropriate readout of neuronal integrity, the presence of
NM must be definitively linked to living neurons. As a majority of prior research in the field has
been limited to postmortem samples and imaging, we do not know definitely whether or for how
long NM can persist in the extracellular space after its host cells are gone. If true, using NM-MRI
as a proxy for SN and LC neurons might be misleading, as it would not be a direct readout of

neuronal integrity and thus a more complex clinical measurement of disease progression.

In vitro and in vivo Studies

The absence of NM from the brains of typical model organisms, such as mice and rats, has limited

research regarding the role that NM plays in PD onset and progression, but some prior work has
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studied NM in cultured catecholaminergic cells. For example, NM has been induced in rat SN and
PC12 cell cultures through the administration of L-DOPA, which is converted to DA by aromatic
acid decarboxylase in the cytosol (Sulzer et al., 2000). Other studies have introduced synthetic NM
to these cells to investigate the extracellular impact and uptake of this pigment by dopaminergic
neurons (Ostergren et al., 2005). These in vitro studies are complimented by work demonstrating
that isolated NM granules can be injected into the rat SN, leading to neuroinflammation and
neurodegeneration (Zecca et al., 2008a). While cell culture does allow for experimental
manipulation, this technique is not well-suited for answering systematic questions regarding the

protective vs the toxic role of NM over time in vivo.

Enzymatically-Driven Pigmentation in Rodents

Recently, a viral vector-mediated approach for expressing pigmentation in the SN of rodents was
developed through the introduction of human tyrosinase (hTyr), the enzyme responsible for
peripheral melanin production (Carballo-Carbajal et al., 2019). Although endogenous NM
production is thought to be an auto-oxidative process, the introduction of hTyr effectively drives
pigmentation in catecholamine neurons of both rats and mice. Importantly, this pigmentation was
found to mimic the structure of endogenous NM from humans, as it contains both pheomelanin
and eumelanin, lipid droplets, and a membrane encasement visible by electron microscopy
(Carballo-Carbajal et al., 2019). Perhaps the most striking finding of this study is that prolonged
pigment expression in rodent SN neurons eventually leads to neuron degeneration and subsequent
motor impairments (Carballo-Carbajal et al., 2019). Furthermore, this work found that enhancing
lysosomal proteostasis was sufficient to reduce intracellular NM levels, mitigating

neurodegeneration in hTyr-expressing mice (Carballo-Carbajal et al., 2019).
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1.6 DISSERTATION AIMS
The overall goal of this dissertation is to understand noradrenergic dysfunction in the context of
neurodegenerative diseases. To accomplish this, I employed two rodent models of LC dysfunction
that recapitulate critical aspects of neurodegeneration. We assessed both models on a molecular,
cellular, and behavioral level to fully characterize the impact these insults have on LC survival and
functioning. The first model — the LC-specific neurotoxin DSP-4 — induces noradrenergic fiber
damage, which precedes outright cell loss and mimics prodromal aspects of both AD and PD.
DSP-4 administration has a profound effect on the transcriptional profile and cellular functioning
of the LC, which leads to behavioral changes reminiscent of the prodromal aspects of
neurodegenerative diseases. The other model we utilized is a novel adaptation of hTyr expression,
which leads to pigmentation in the LC of mice. We found that hTyr-induced pigmentation led to
significant LC neurodegeneration, coupled molecular, cellular, and behavioral changes and a
dramatic neuroinflammatory response.

Collectively, these data provide critical insights into LC dysfunction in neurodegenerative
disease. Ultimately, we believe that these features contribute to the early, prodromal symptoms

patients experience in both AD and PD.
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Fig. 1.1. Formation of endogenous neuromelanin granules. Neuromelanin (NM) is formed as a
byproduct of the catecholamine synthesis pathway. This pathway begins with the conversation of
tyrosine to L-DOPA, which is then synthesized further to form the neurotransmitter dopamine
(DA). This process releases iron (Fe*") and dopaquinones, which are toxic to neurons. The auto-
oxidation of dopaquinones is believed to contribute directly to the formation of pigment in
catecholamine neurons. The conversion of DA to norepinephrine (NE) precedes neurotransmission
in noradrenergic neurons. Extracellular NE is taken up by the NE transporter (NET), and converted
into metabolites MHPG and DOPEGAL by the mitochondrial enzyme monoamine oxidase A
(MAO-A). These heavy metal, pigment, and metabolite byproducts bind with protein aggregates
in the cell, and are collected for degradation by autophagosomes. If the components cannot be
degraded fully, the phagosome encloses the components into a membrane, forming the final NM

granule.
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CHAPTER 2: THE NEUROTXOIN DSP-4 DYSREGULATES THE LOCUS
COERULEUS-NOREPINEPHRINE SYSTEM AND RECAPIULATES MOLECULAR
AND BEHAVIORAL ASPECTS OF PRODROMAL NEURODEGENERATIVE

DISEASE

Portions of this chapter were used verbatim, with permission, from the following publication:

Iannitelli AF, Kelberman MA, Lustberg DJ, Korukonda A, McCann KE, Mulvey B, Segal A,
Liles C, Sloan SA, Dougherty JD, Weinshenker D. The Neurotoxin DSP-4 Dysregulates the
Locus Coeruleus-Norepinephrine System and Recapitulates Molecular and Behavioral Aspects
of Prodromal Neurodegenerative Disease. bioRx1v 2022.09.27.509797; doi:

https://doi.org/10.1101/2022.09.27.509797
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2.1 ABSTRACT

The noradrenergic locus coeruleus (LC) is among the earliest sites of tau and alpha-synuclein
pathology in Alzheimer’s disease (AD) and Parkinson’s disease (PD), respectively. The onset of
these pathologies coincides with loss of noradrenergic fibers in LC target regions and the
emergence of prodromal symptoms including sleep disturbances and anxiety. Paradoxically, these
prodromal symptoms are indicative of a noradrenergic hyperactivity phenotype, rather than the
predicted loss of norepinephrine (NE) transmission following LC damage, suggesting the
engagement of complex compensatory mechanisms. Because current therapeutic efforts are
targeting early disease, interest in the LC has grown, and it is critical to identify the links between
pathology and dysfunction. We employed the LC-specific neurotoxin DSP-4, which preferentially
damages LC axons, to model early changes in the LC-NE system pertinent to AD and PD in male
and female mice. DSP-4 (2 doses of 50 mg/kg, 1 week apart) induced LC axon degeneration,
triggered neuroinflammation and oxidative stress, and reduced tissue NE levels. There was no LC
cell death or changes to LC firing, but transcriptomics revealed reduced expression of genes that
define noradrenergic identity and other changes relevant to neurodegenerative disease. Despite the
dramatic loss of LC fibers, NE turnover and signaling were elevated in terminal regions and were
associated with anxiogenic phenotypes in multiple behavioral tests. These results represent a
comprehensive analysis of how the LC-NE system responds to axon/terminal damage reminiscent
of early AD and PD at the molecular, cellular, systems, and behavioral levels, and provides

potential mechanisms underlying prodromal neuropsychiatric symptoms.
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2.2 INTRODUCTION

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common cognitive and
motor neurodegenerative disorders, respectively. Both conditions are characterized by abnormal
protein accumulation in neurons leading to cellular dysfunction and death. While these disorders
differ in their etiology and clinical presentation, early pathology in the brainstem locus coeruleus
(LC) is a hallmark of both AD and PD (Weinshenker, 2018). The LC is the primary source of
central norepinephrine (NE) and projects to nearly every other brain region (Foote et al., 1983;
Berridge and Foote, 1996; Aston-Jones et al., 1999; Poe et al., 2020). LC neurons are the first to
accumulate hyperphosphorylated tau in AD (Braak et al., 2011) and they develop aberrant alpha-
synuclein before dopamine neurons of the substantia nigra (SN) in PD (Del Tredici et al., 2002).
Although the LC eventually undergoes catastrophic degeneration in both diseases, these neurons
can harbor pathology for years before cell death, displaying axon and dendrite loss in initial stages
of AD and PD (Halliday et al., 1990; Busch et al., 1997; Theofilas et al., 2017; Doppler et al.,
2021; Gilvesy et al., 2022). Combined, these data suggest that LC-NE deficiency contributes to
AD and PD. Indeed, experimental lesions of the LC exacerbate neurodegeneration and cognitive
deficits in rodent models, and loss of LC integrity correlates with cognitive decline in humans
(Weinshenker, 2018; Jacobs et al., 2021b). However, this simplistic view is inconsistent with other
data indicating excessive noradrenergic transmission, particularly early in disease. For example,
increased levels and turnover of NE have been reported in the cerebrospinal fluid of AD patients
(Palmer et al., 1987; Hoogendijk et al., 1999; Henjum et al., 2022). Moreover, because LC activity
promotes arousal and stress responses, increased, rather than decreased, NE signaling is consistent
with many of the prodromal symptoms of AD and PD including anxiety, depression, agitation, and

sleep disturbances (Weinshenker, 2018).
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Animal models of AD (Goodman et al., 2021; Kelly et al., 2021; Kelberman et al., 2022) and
PD (Butkovich, 2019; Matschke et al., 2022) that recapitulate early LC pathology but lack outright
noradrenergic cell death exhibit LC-NE hyperactivity, anxiety-like behavior, and hyperarousal,
which can be alleviated with the administration of adrenergic antagonists. Likewise,
neuropsychiatric symptoms in AD correlate with high LC signal contrast and respond to blockade
of adrenergic receptors (Peskind et al., 2005; Cassidy et al., 2022). We have proposed a more
complex model in which damaged LC neurons engage compensatory mechanisms that lead to
noradrenergic hyperactivity and contribute to prodromal behavioral phenotypes, followed later by
frank LC cell death and NE deficiency that accelerates cognitive decline (Weinshenker, 2018).
However, causal relationships between LC damage, cellular and molecular compensatory
mechanisms, and prodromal symptoms remain to be investigated and established.

To better understand noradrenergic dysfunction in early neurodegenerative disease and its
links to compensatory mechanisms and behavioral abnormalities, we employed the LC-specific
neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4), which preferentially
damages noradrenergic axons compared to cell bodies (Grzanna et al., 1989; Fritschy and Grzanna,
1991; Zhang et al., 1995). While many groups have reported depletion of NE following DSP-4
administration (Grzanna et al., 1989; Theron et al., 1993; Wolfman et al., 1994; Harro et al., 1999;
Szot et al., 2010), it is important to acknowledge some limitations: (1) the effects of DSP-4 are
often interpreted as noradrenergic ablation without taking potential compensatory mechanisms
into account; (2) most have focused on only a single (or a few) aspect of LC function (e.g. NE
abundance or axon integrity or LC-sensitive behaviors); and (3) many different dosing regimens
and species have been used, limiting our ability to integrate the findings into a comprehensive

picture of how the LC-NE system responds to damage. Here, we assessed the consequences of
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DSP-4 administration on molecular, cellular, and behavioral responses of the LC-NE system in
parallel. Our results are critical for understanding LC dysfunction in AD and PD, and may provide

a foundation for early diagnostic and intervention strategies for these disorders.

2.3 MATERIALS AND METHODS

Animals. Adult male and female C57BL/6 mice were used for all behavioral, electrophysiological,
and immunohistochemical experiments. No statistically significant differences between male and
female mice were found in any of the data analyzed. For translating ribosome affinity purification
(TRAP) RNA-sequencing experiments, we used male and female transgenic Slc6a2-eGFP/Rpl10a
mice (B6;FVB-Tg(Slc6a2-eGFP/Rpl10a)JD1538Htz/J, The Jackson Laboratory, #031151), which
incorporate an EGFP/Rpl10a ribosomal fusion protein into a bacterial artificial chromosome under
the Slc6a2 (NE transporter; NET) promoter to allow for the isolation of polysomes and
translating mRNAs specifically from noradrenergic neurons. Slc6a2-eGFP/Rpl10a mice were
purchased and maintained as hemizygotes on a C57BL/6 background. Mice were group housed
with sex- and age-matched conspecifics (maximum of 5 animals per cage) until one week prior to
behavioral testing, and then individually housed for the subsequent week of experimentation until
sacrifice. Animals were maintained on a 12:12 light:dark cycle (lights on at 0700), and food and
water were available ad libitum, unless otherwise specified. All experiments were conducted at
Emory University in accordance with the National Institutes of Health Guideline for the Care and
Use of Laboratory Animals and approved by the Emory Institutional Animal Care and Use
Committee. Mice were treated with DSP-4 (50 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO) or
vehicle (0.9% NaCl) on days 1 and 7. Electrophysiology and TRAP were conducted on day 14,

and behavioral testing commenced on day 14 and ended on day 18.
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HPLC. Mice were anesthetized with isoflurane and euthanized by rapid decapitation. The pons,
prefrontal cortex, and hippocampus were rapidly dissected on ice and flash-frozen in isopentane
(2-Methylbutane) on dry ice. The samples were weighed and stored at -80°C until processing for
HPLC. As previously described (Lustberg et al., 2022), tissue was thawed on ice and sonicated in
0.1 N perchloric acid (10 pl/mg tissue) for 12 s with 0.5 s pulses. Sonicated samples were
centrifuged (16,100 rcf) for 30 min at 4 °C, and the supernatant was then centrifuged through 0.45
um filters at 4000 rcf for 10 min at 4 °C. For HPLC, an ESA 5600A CoulArray detection system,
equipped with an ESA Model 584 pump and an ESA 542 refrigerated autosampler was used.
Separations were performed using an MD-150 x 3.2 mm C18, 3 pm column (Thermo Scientific)
at 30 °C. The mobile phase consisted of 8% acetonitrile, 75 mM NaH2PO4, 1.7 mM 1-
octanesulfonic acid sodium and 0.025% trimethylamine at pH 2.9. A 20 pL of sample was injected.
The samples were eluted isocratically at 0.4 mL/min and detected using a 6210 electrochemical
cell (ESA, Bedford, MA) equipped with 5020 guard cell. Guard cell potential was set at 475 mV,
while analytical cell potentials were —175, 100, 350 and 425 mV. The analytes were identified by
the matching criteria of retention time measures to known standards (Sigma Chemical Co., St.
Louis MO). Compounds were quantified by comparing peak areas to those of standards on the

dominant sensor.

Immunohistochemistry. Mice were euthanized with an overdose of sodium pentobarbital (Fatal
Plus, 150 mg/kg, i.p.; Med-Vet International, Mettawa, IL) and were transcardially perfused with
cold 4% PFA in 0.01 M PBS. After extraction, brains were post-fixed overnight in 4% PFA at 4°C

and then transferred to a 30% sucrose/PBS solution for 72 h at 4°C. Brains were embedded in OCT
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medium (Tissue-Tek) and sectioned by cryostat into 40-um-thick coronal sections at the level of
the LC, ACC, and hippocampus. Sections were blocked in 5% normal goat serum (NGS) in 0.01
M PBS/0.1% Triton-X permeabilization buffer and then incubated for 24 h at 4°C in NGS blocking
buffer with primary antibodies listed in Table 2. Following washes in 0.01 M PBS, sections were
incubated for 2 h in blocking buffer, including secondary antibodies described in Table 2. After
washing, sections were mounted onto Superfrost Plus slides and coverslipped with Fluoromount-

G plus DAPI (Southern Biotech, Birmingham, AL).

Quantification. For the catecholaminergic markers NE transporter (NET) and tyrosine
hydroxylase (TH), the activity marker activity-regulated cytoskeletal gene (Arc), and the oxidative
stress marker 3-nitrotyrosine (3-NT), immunofluorescent micrographs were acquired on a Leica
DM6000B epifluorescent upright microscope at 20x magnification with uniform exposure
parameters for each stain and region imaged. Following convention, these images are oriented with
the dorsal direction up and the ventral direction down. For glial markers, immunofluorescent
images were acquired as z-stack images (10 z-stacks; pitch: 0.1 um) at 20x magnification and
compressed on a Keyence BZ-X700 microscope system. One representative atlas-matched section
was selected from each animal and a standard region of interest was drawn for each image to
delineate the LC, ACC, and hippocampus. For catecholaminergic and glial markers, image
processing and analysis were conducted using the FlJI/Image] software. The analysis pipeline
included standardized background subtraction, intensity thresholding (Otsu method), and pixel
intensity measurements within defined ROIs of the same size (Lustberg et al., 2020b).
Furthermore, GFAP*, IBA1" and S100B ™ cells were quantified based on size and shape for glia

(50-1000 pm?, circularity 0.15-1.0) (Rorabaugh et al., 2017).
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Silver staining. Assessment of degenerating neuronal processes and cell bodies was performed
using the NeuroSilver Staining Kit II (FD NeuroTechnologies, Inc., Columbia, MD) on fixed, free-
floating sections from saline and DSP-4 treated mice (n = 3-4 per treatment group). Brain sections
(40 um) were collected by cryostat (Leica) at the level of the LC, ACC, and DG. Staining was
performed according to the manufacturer’s instructions (Kolisnyk et al., 2017; Kumbhare et al.,
2017), after which tissue sections were allowed to air-dry overnight on SuperFrost Plus slides
(Fisher Scientific, Hampton, NH). Once dry, sections were cleared for 2 min in CitriSolv xylene
substitute (Fisher Scientific) and coverslipped with DPX non-aqueous mounting media
(MilliporeSigma, Burlington, MA). Brightfield micrographs of silver-stained sections were
acquired at 20x magnification using a Keyence BZ-X700 at 20x magnification with uniform light

exposure parameters throughout image acquisition.

Cell counts. Coronal tissue sections were processed as described above (Immunohistochemistry)
and images were acquired as described for glial markers (Quantification). Using TH as a guide for
anatomical LC borders and DAPI as a marker for individual nuclei, sections were atlas-matched
and quantified using HALO imaging software (Indica Labs, v3.3.2541.420, FISH/IF v2.1.4). Nine
sections were analyzed for each animal (n=3/group), covering most of the LC. The total area
analyzed did not differ between the saline and DSP-4 treated groups. Within HALO, nuclei were
defined using DAPI, and TH-positive and Nissl-positive nuclei cells were counted and summed
across all nine sections for each animal. Comparisons were made between the number of Nissl+

and TH+ nuclei cells in the saline and DSP-4 treated groups.
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Translating Ribosome Affinity Purification (TRAP). To obtain adequate quantities of RNA for
sequencing, samples from two 6-8 month-old, same-sex and treatment Slc6a2-eGFP/Rpll0a mice
were pooled to form a biological replicate by dissecting out the hindbrain posterior to the
pontine/hypothalamic junction (cerebellum was discarded). Six biological replicates were
collected per treatment group. Each replicate was homogenized and TRAP was performed as
described (Mulvey et al., 2018), resulting in LC-enriched “TRAP” samples and whole-hindbrain
“input” samples. RNA was extracted using Zymo RNA Clean & Concentrator-5 kit, and
subsequently sent for library preparation and Illumina sequencing by NovoGene to a minimum
depth of 20 million fragments per sample. Forward and reverse sequencing files from each
replicate were aligned to the mouse genome (mm10) using STAR alignment, and counts were
obtained using FeatureCounts in R Bioconductor. Two samples from saline-treated mice were
removed from analysis because the TRAP protocol failed to enrich Slc6a2 above a 10-fold change,
a quality control threshold observed in all other saline-treated samples. All subsequent analysis
utilized R Bioconductor packages. Sequencing data will be available on NCBI GEO at the time of
publication.

To further characterize the gene expression changes, we performed a Weighted Gene
Coexpression Network Analysis (WGCNA), as described previously (Zhang and Horvath, 2005;
Langfelder et al., 2008). All samples that survived quality control parameters were used to create
the co-expression network. Default parameters were primarily used throughout the analysis. The
soft threshold power was set at 10, the point in which the scale free topology fit index was above
0.80. Minimum module size was set to 30 genes and modules with >95% similarity were merged,
resulting in 159 modules which were then correlated with treatment. We also compared gene

expression patterns in our dataset with a repository of gene sets using Gene Set Enrichment
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Analysis (GSEA 4.2.3) (Mootha et al., 2003; Subramanian et al., 2005). Gene set permutation was
used, as recommended by GSEA documentation for experiments with fewer than 7 samples per
group. Other parameters were set to default settings using 1000 gene set permutations and signal
to noise ranking metric. We downloaded KEGG Pathways from the Molecular Signatures
Database, which has 186 gene sets. After filtering for the recommended minimum (15) and
maximum (500) gene set size, the remaining 145 gene sets were compared to the expression data

from our dataset to calculate the GSEA enrichment score and to compute significant enrichment.

Electrophysiology. Mice were anesthetized with chloral hydrate (400 mg/kg i.p.) and placed into
a stereotaxic frame. Fur was plucked and an incision was made to expose the skull. Burr holes
were drilled over the approximate location of the LC (from bregma, AP: 5.2-5.4, ML: 0.7-1.1).

Recordings were made using 16 channel silicone probes (A1x16-Poly2-5mm-50s-177-
CM16LP, NeuroNexus) that were connected to a p-series Cereplex headstage (Blackrock
Microsystems). Digitized signals were acquired with a 16 channel Cereplex Direct system
(Blackrock Microsystems) using a 250 Hz-5 kHz bandpass filter and a sampling rate of 10 kS/s.
Probes were lowered to the approximate location of the LC (DV: -2.7-4.3).

LC units were identified based on standard criteria, including stereotaxic coordinates,
biphasic response to foot-pinch/shock, and reduction/cessation of spontaneous activity following
injection of the alpha-2 adrenergic receptor agonist clonidine (0.1 mg/kg, i.p.). For each set of
recordings, a 5-min baseline period was collected, and was immediately followed by 10
applications of a contralateral foot-pinch separated by 10 s. Afterwards, 0.5 ms 1 mA footshocks

were applied to the contralateral hindpaw separated by 10 s for 5.5 min to assess response to
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salient/aversive stimuli. LC spikes were manually sorted offline using Blackrock Offline Spike
Sorting software.

Electrophysiology data was analyzed using Neuroexplorer. To ensure that recordings were
from single units, neurons that had greater than 2% of recorded spikes within a predefined 3 ms
refractory period were eliminated from the analysis. Basal firing rate and interspike intervals were
calculated based on spikes collected within the 5-min baseline period. Spontaneous burst
characteristics (number of bursts, percentage of spikes in a burst, burst duration, spikes per burst,
interspike interval within a burst, burst rate, and interburst interval) during baseline was
characterized using previously defined criteria derived from dopamine neurons (Grace and
Bunney, 1983; Iro et al., 2021). Finally, response to footshock was analyzed in three time windows:
immediate (0-60 ms), intermediate (60-100 ms), and long (200-400 ms), as previously described

(Hirata and Aston-Jones, 1994).

Behavioral assays. Behavioral assays were performed in the following order, from least to most
stressful.

Novelty-induced and circadian locomotion: Individual mice were placed in a plexiglass arena (10

x 18” x 10”) surrounded by a 4 x 8 photobeam grid that records infrared beam breaks (Photobeam
Activity System, San Diego Instruments, San Diego, CA; Lustberg et al. 2020). Two consecutive
beam breaks were recorded as an ambulation, and total ambulatory activity was recorded. Mice
were left undisturbed in the arena for 23 h. The first hour of the test reflected novelty responses
while the remainder of the testing period showed changes in locomotion as a function of circadian

cycle. The number and location of ambulations were recorded in 5-min intervals.
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Novelty suppressed feeding: Chow was removed from individual home cages 24 h prior to

behavioral testing. Mice were moved to the test room under red light and allowed to habituate for
2 h prior to the start of the test. Individual mice were placed in a novel arena (10” x 18” x 10”)
with a single pellet of standard mouse chow located in the center. The latency to feed, operationally
defined as grasping and biting the food pellet, was recorded using a stopwatch. Mice that did not

feed within the 15-min period were assigned a latency score of 900s (Tillage et al., 2020b).

Marble burying: Individual mice were placed in a novel arena (10” x 18” x 10”) containing 20
marbles of uniform size and color arranged in a 4 % 5 grid, each on top of 2” of lightly pressed
cobb bedding. Mice were left undisturbed for 30 min in a brightly lit room. At the end of testing,
the mice were placed back into home cages, and the number of marbles buried were counted by
two independent observers. If different scores were reported between observes, the average was
taken. A marble was considered buried if at least two-thirds of its height was submerged in the

bedding. For each test cage, digital photographs were obtained at uniform angles and distances.

Statistical analyses. Inmunohistochemical quantification, stereological cell counting, and HPLC
measurements of catechol concentrations were compared between saline and DSP-4 treated groups
using a student’s t-test in GraphPad Prism. Similarly, behavioral assessment relied on t-test
comparison between groups for total ambulations in the novelty-induced locomotion assay, latency
to feed in the novelty-suppressed feeding task, and number of marbles buried in the marble-burying
test. R Bioconductor packages were utilized for statistical analyses of RNA sequencing data,
including differential gene expression (DGE). For electrophysiological recordings, students t-tests
or Mann-Whitney tests were used for comparison of basal firing rates and spontaneous bursting

properties between treatment conditions for normally and non-normally distributed data,

47



respectively. A two-way repeated measures ANOVA, with response period as the within subject

factor and treatment as the between subject factor, was used to analyze LC response to footshock.

2.4 RESULTS

DSP-4 reduces NE content and dysregulates NE turnover in the pons and LC projection
fields. To confirm the efficacy and specificity of DSP-4 (two injections of 50 mg/kg, administered
one week apart), we assessed tissue levels of catecholamines and their metabolites (Fig. 2.1). DSP-
4 dramatically reduced NE in the pons, where LC cell bodies reside (te)= 17.73, p < 0.0001), as
well as in the hippocampus (ta14) = 3.27, p = 0.0056) and prefrontal cortex (PFC; t14) = 3.347,p =
0.0048), two of the primary projection regions of the LC. (Fig. 2.1a). DSP-4 treatment similarly
decreased levels of MHPG, the primary catecholamine metabolite, in the pons (te) = 5.205, p =
0.002), PFC (ta4=2.978, p=0.01) and hippocampus (t(14)=3.140, p=0.0072) (Fig. 2.1b). Despite
the reduction of NE, the rate of turnover (MHPG:NE ratio) was significantly increased in the pons
(teey=2.685, p = 0.0363) and PFC (tus4)= 2.499, p = 0.0255) compared to saline controls, with a
similar trend seen in the hippocampus (t(14)= 2.049, p = 0.0596), suggesting adaptations in the LC-
NE system (Fig. 2.1¢). By contrast, levels of other amine neuromodulators, including dopamine,
serotonin, and their respective metabolites, were unchanged in all regions assessed (data not

shown), confirming the specificity of this neurotoxin for noradrenergic neurons.

DSP-4 triggers loss of LC fibers and neuroinflammation but not frank cell body
degeneration. Consistent with the depletion of tissue NE and canonical findings of LC fiber
damage following DSP-4 treatment (Grzanna et al., 1989; Theron et al., 1993; Wolfman et al.,

1994; Harro et al., 1999), NET immunoreactivity, a marker of LC axon, dendrite, and terminal
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integrity, was reduced in the LC (t@) = 6.003, p = 0.001), ACC (te = 13.76, p < 0.0001), and
dentate gyrus (DG) region of the hippocampus (te) = 10.23, p < 0.0001) in DSP-4 treated mice
compared to controls (Fig. 2.2a). In contrast, we found that NET immunoreactivity in the bed
nucleus of the stria terminalis (BNST), which receives noradrenergic innervation from brainstem
A1l and A2 instead of the LC (Aston-Jones et al., 1999), was intact in DSP-4 treated mice (data not
shown), indicating sparing of the ventral noradrenergic bundle and highlighting the specificity of
DSP-4 induced damage to LC neurons.

Next, we used silver staining to verify that the loss of NET immunoreactivity reflected LC
fiber degeneration and not just a downregulation of NET. Robust silver staining in the LC, ACC,
and DG indicated the presence of degenerative processes in the LC and projection regions (Fig.
2.2b). Finally, we assessed levels of oxidative stress marker 3-NT in the LC and projection regions
and found that it was significantly decreased in the LC following DSP-4 administration () =
4.746, p = 0.0032), but was increased in the ACC (t)=4.397, p = 0.0046) and DG (t)= 6.558, p
=0.00006) (Fig. 2.2¢).

To determine whether damage resulting from DSP-4 impacted cell body integrity, we
performed a count of LC neurons. We quantified DAPI+ cells also positive for TH or NeuroTrace
Nissl in the LC. We found no differences in the number of LC neurons in DSP-4 treated mice
compared to controls in either analysis (Fig. 2.2d).

Because neuroinflammation often occurs in response to damage and is a key component of
AD and PD pathology (Tansey et al., 2022; Thakur et al., 2022), and glial activation can be
impeded by NE signaling (Liu et al. 2019), we assessed immunoreactivity of the astrocyte marker
GFAP and the microglial marker Iba-1 in the LC and target regions. We observed robust astrocytic

(t@) = 6.969, p = 0.0022) and microglial (t@4)= 3.642, p = 0.0219) responses in and around the LC
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of DSP-4 treated mice compared to controls (Fig. 2.3). GFAP immunoreactivity was elevated in
the DG (t) = 2.227, p = 0.0675), but decreased in the ACC (t@) = 2.480, p = 0.0478), and Iba-1
was increased in both the ACC (te) = 3.351, p = 0.0154) and the DG (te) = 4.118, p = 0.0062).
These results reveal that damage to the LC and its projections recapitulates key aspects of

neuroinflammation and neurodegeneration in AD and PD.

DSP-4 treatment leads to molecular but not cellular dysfunction in LC cell bodies. The
marked reduction in NET immunoreactivity (Fig. 2.2a) in the LC without the loss of cell bodies
(Fig. 2.2d) suggested that dysregulation of noradrenergic markers may be occurring first on a
molecular level. To assess this, we expanded our analysis to the entire LC transcriptome as a
complement to our immunohistochemical staining of specific protein markers. We employed a
Slc2a6-Rpll10-eGFP line for specific targeting of noradrenergic neurons through TRAP (Mulvey
etal., 2018). We observed robust enrichment of LC genes in our TRAP samples compared to input
(Fig. 2.4a and data not shown), indicating the successful implementation of this technique. Next,
we assessed differentially expressed genes (DEGs) between replicate samples from the DSP-4
treatment and saline control groups. Most notably, we saw a marked downregulation of multiple
noradrenergic function and specification genes, including Slc6a2 (NET; logFC = -1.5032, p <
0.0001), Th (logFC =-0.7850, p = 0.0006), Dbh (logFC =-1.2642, p <0.0001), and Phox2a (logFC
= -1.0292, p = 0.0054), and the LC-enriched neuropeptide Gal (logFC = -1.1636, p < 0.0001),
which is reflective of a loss of LC neuron “identity” following DSP-4 administration (Fig. 2.4b
and 2.4¢). While only three DEGs reached stringent statistical significance with a false discovery
rate (FDR) < 0.1 (Slc6a2, Dbh, Gal), this experiment yielded a substantial list of biologically

informative transcripts (Figure 2.4c¢). Further analysis of gene expression networks using
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WGCNA revealed four modules that were significantly correlated with treatment, one of which
included Dbh, Gal, and Slc6a?2 (Fig 2.4d). This module contained 72 genes, including several that
are implicated in neurodegenerative diseases, suggesting that critical LC genes (Dbh, Gal, Sic6a?2)
are clustering with neurodegeneration genes in their expression patterns after treatment with DSP-
4. Finally, using GSEA to compare the gene expression patterns in our dataset with repositories of
known gene sets, we identified 17 KEGG pathways that were significantly enriched in our dataset,
including oxidative phosphorylation (enrichment score (ES)=-0.53, p<0.001), lysosome (ES=0.41,
p=0.006), pathways in cancer (ES=0.35, p=0.004), melanogenesis (ES=0.44, p=0.023), and
cytokine-cytokine receptor interaction (ES=0.45, p=0.025). Notably, the pathways for PD (ES=-
0.49, p<0.001), AD (ES=-0.37, p=0.037), and Huntington’s disease (ES=-0.45, p=0.002) were
significantly negatively correlated with treatment, and further investigation revealed that many of
the core enrichment genes in these pathways are similarly downregulated in clinical
neurodegenerative diseases and after DSP-4 treatment in mice (Fig. 2.4e).

Next, we investigated whether these molecular changes in LC neurons after DSP-4 treatment
were accompanied by cellular changes. LC neurons are tonically active, show elevated tonic
activity during stress, and exhibit “bursting” activity in response to salient and novel stimuli
(Valentino, 1988; Vankov et al., 1995; Curtis et al., 1997; McCall et al., 2015). To determine
whether DSP-4-induced molecular dysregulation impacted cellular activity, in vivo
electrophysiology under anesthesia was conducted to measure baseline and footshock-evoked
firing of LC neurons. There were no differences in the baseline firing rate of LC neurons between
treatments (Mann-Whtiney U = 1072, p = 0.2312) (Fig. 2.5), with interspike intervals and
spontaneous bursting properties also remaining unchanged (data not shown). There was a main

effect of time period in response to footshock such that firing rate of LC neurons decreased in each
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successive response phase (F2,176 = 17.09, p < 0.0001). However, there was no main effect of
treatment (F1,188 = 2.408, p = 0.1243) or a treatment x time period interaction (F2,176 = 0.2655, p =
0.7671) on response to footshock. We conclude that the molecular changes occurring following

DSP-4 do not significantly affect LC neuron firing under these conditions.

DSP-4 treatment results in a novelty-induced anxiety phenotype, implying compensatory
hyperactivity of LC-NE transmission. AD and PD share several prodromal behavioral symptoms
related to affect and arousal, processes known to be regulated by the LC-NE system and sensitive
to LC integrity (Weinshenker, 2018). Moreover, cognitive impairment is a diagnostic criterion for
AD and is common in later stage PD; thus, we assessed the consequences of DSP-4 on LC/NE-
sensitive behaviors that reflect prodromal and cognitive abnormalities in AD and PD. We found
that lesioned mice were profoundly more reactive in novelty-induced stress paradigms, which are
commonly used to model anxiety and are bidirectionally modulated by NE (Lustberg et al., 2020a).
DSP-4 treated mice took significantly longer to consume food in the novelty-suppressed feeding
test (to) = 3.158, p = 0.0048), buried more marbles (t14) = 4.290, p = 0.0007), and ambulated less
during the first hour in a novel cage (ta4) = 2.999, p = 0.0096) compared to saline-treated controls
(Fig. 2.6). Importantly, DSP-4 treatment had no effect on latency to eat in the home cage or in
total ambulations across a 23-h period, suggesting increased anxiety-like behavior rather than a
decrease in hunger or general locomotion. Arousal (as assessed by latency to fall asleep following
gentle handling) and associative memory (as measured by freezing in a footshock-associated
context) did not differ between treatment groups (data not shown).

Elevated novelty-induced anxiety-like behavior is consistent with increased noradrenergic

activity (Lustberg et al., 2020b), which was surprising given the profound loss of noradrenergic
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fibers and NE in LC terminal fields. Our HPLC data indicated increased NE turnover from
surviving terminals, and adrenergic receptor supersensitivity has been reported in DSP-4 lesioned
animals (Wolfman et al., 1994; Szot et al., 2010). To investigate whether these adaptations are
sufficient to boost downstream signaling mechanisms that underlie behavioral reactivity,
immunostaining for Arc was quantified following cage change, a mild stressor that is resistant to
habituation and sensitive to NE transmission (Vankov et al., 1995; McCall et al., 2015; Takeuchi
et al., 2016; Grella et al., 2019; Lustberg et al., 2020a; Lustberg et al., 2020b; Prokopiou et al.,
2022). Arc is an immediate early gene and neural activity marker that is induced following
adrenergic receptor stimulation, and acts as a readout of postsynaptic LC-NE transmission
(Mclntyre et al., 2005; McReynolds et al., 2014). After cage change, a marked increase in Arc
immunoreactivity was observed in the LC (t)=4.258, p=10.0053), ACC (t) =2.755,p=0.0331),
and DG (te) = 5.099, p = 0.0022) of DSP-4 treated mice compared to saline-treated mice (Fig.

2.6).

2.5 DISCUSSION

The present study characterized the impact of DSP-4 on the molecular, cellular, and behavioral
levels in mice to comprehensively assess the consequences of damage to LC neurons reminiscent
of early stages of AD and PD. The depletion of NE and its metabolite MHPG, as well as the
elevated MHPG:NE ratio, by DSP-4 are consistent with decades of previous research and indicate
reduced total NE but increased NE turnover (Jonsson et al., 1981; Logue et al., 1985; Harro et al.,
1999; Szot et al., 2010). Immunohistochemical staining following DSP-4 treatment revealed a
dramatic reduction of NET in the PFC and hippocampus, which could mean a loss of noradrenergic

terminals and/or a downregulation of NET expression. We found evidence for both. NET mRNA
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in LC neurons was significantly reduced by DSP-4, and silver staining provided evidence for
degeneration of axons/terminals in projection regions. Diminished NET immunoreactivity was
also observed in the LC of DSP-4 treated mice. To determine whether this was due to a loss of
neurons, we counted LC cell bodies (i.e. positive for DAPI and TH or Nissl) and found no effect
of DSP-4, which is typical for similar dosing regimens (Lyons et al., 1989; Matsukawa et al., 2003;
Szot et al., 2010). Taken together, the loss of NE and NET in terminal regions and pons is
indicative of LC axon, terminal, and dendrite degeneration, with the increased MHPG:NE ratio
potentially signifying compensatory elevation of NE release from surviving fibers (Jacobs, 2019;
van Hooren et al., 2021; Gilvesy et al., 2022).

DSP-4 provoked oxidative stress in the forebrain and a robust neuroimmune response in
the both the LC and its projection regions. 3-NT immunoreactivity was elevated in the ACC and
DG following DSP-4 administration, providing a link to AD, as LC lesions also increased 3-NT in
the cortex of mice that overexpress mutant amyloid precursor protein (Heneka et al., 2006).
Paradoxically, the abundance of 3-NT in control LCs was high at baseline relative to the other
brain regions and decreased by DSP-4. Catecholamine synthesis and metabolism generate
oxidative stress, which could contribute to the high baseline levels of 3-NT in the LC, while the
DSP-4 induced reduction may reflect the loss of catecholamine synthetic capacity. Interestingly,
lipopolysaccharide-induced 3-NT oxidative stress in the dopaminergic SN that is reminiscent of
PD pathology was also attenuated by DSP-4 lesions of the LC (Iravani et al., 2014).

Microglial activation as measured by Iba-1 immunoreactivity was elevated in the LC,
ACC, and DG of DSP-4 treated mice compared to controls. GFAP+ reactive astrocytes were
increased in the LC and DG of DSP-4 tissue but were suppressed in the ACC. The interplay

between neuroinflammation and neurodegeneration is bidirectional, and our experiments with
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NeuroSilver staining revealed active degenerative processes in both fibers and cell bodies of the
LC and its projection regions. Because our analysis was restricted to a single timepoint when both
processes were evident, we cannot know whether one triggered the other. Neuroinflammation and
neurodegeneration are key components of AD and PD, and both are exacerbated by ablation of
LC-NE in animal models of these disorders and can be ameliorated by pro-noradrenergic therapies
in clinical populations (Rommelfanger et al., 2004; Heneka et al., 2006; Rommelfanger et al.,
2007; Heneka et al., 2010; Chalermpalanupap et al., 2018; Song et al., 2019a; Song et al., 2019b;
Levey et al., 2022). Given that we observed no difference in LC cell body number, our DSP-4
dosing regimen appears to represent an early phase of neurodegeneration, which is characterized
by initial loss of noradrenergic innervation prior to frank LC degeneration in AD and PD (Fritschy
et al., 1990; Doppler et al., 2021; Gilvesy et al., 2022).

In AD and PD, LC neurons become dysfunctional early on but persist for many years prior
to cell death. However, almost nothing is known about the molecular changes that drive LC
dysfunction prior to outright degeneration. Due to its small size and neuron number, selective
mRNA profiling of the murine LC transcriptome has historically been challenging. To address this
gap, we assessed the effects of DSP-4 treatment on the LC transcriptome using TRAP and obtained
enrichment of known LC genes such as Th, Slc6a2 (NET), Dbh, Phox2a, and Gal in saline-treated
mice, as previously reported (Mulvey et al., 2018). Remarkably, we found that these same genes
were down-regulated in DSP-4 treated mice, suggesting a deterioration of noradrenergic identity
prior to LC neuron loss. Differential gene expression and down-regulation of NET, Dbh, and Th
are consistent with in vitro studies exposing SH-SY5Y cells to DSP-4 (Wang et al., 2014), but
opposite of what has been reported in clinical AD, where 7/ and NET are increased in surviving

LC neurons (Szot et al., 2006). We speculate that compensatory increases in noradrenergic markers
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are triggered by the cell loss ubiquitous in late-stage AD, which did not occur in our DSP-4 treat
mice. In addition to the disruption in noradrenergic gene expression, we also found several genes
associated with neurodegeneration and neurotoxicity that were differentially expressed between
our treatment groups. Some of these genes, highlighted in Fig. 4 and detailed in Table 3, were also
found in the co-expression network module with Gal, Dbh, and Slc6a’. These results were
complemented by significant enrichment in gene sets associated with AD, PD, and Huntington’s
disease, and contribute to the rich array of potential genetic targets for better understanding the
early stages of neurodegeneration.

Prodromal AD and PD are characterized by neuropsychiatric abnormalities including
anxiety, agitation, depression, and sleep disturbances that appear long before the primary
diagnostic symptoms of these diseases (cognitive and motor impairment, respectively). Using a
battery of tests to probe these behavioral domains, we found that DSP-4-treated mice displayed
increased anxiety-like behavior specific to novelty: they took significantly longer to consume a
food pellet, buried more marbles, and had reduced locomotor activity in novel environments.
These results are consistent with previous reports that surgical or neurotoxin ablation of the LC in
rats induces similar anxiety-like phenotypes that reflect responses to novelty stress (Martin-Iverson
et al., 1982; Harro et al., 1995).

LC-NE transmission is triggered by novelty stress, and activation of this system promotes,
while inactivation suppresses, novelty-induced anxiety (McCall et al., 2015; Lustberg et al., 2020a;
Lustberg et al., 2020b). Thus, the emergence of anxiety-like behavior in DSP-4-treated mice and
AD/PD patients where a dramatic /oss of noradrenergic fibers and NE is evident creates a paradox
and suggests that compensatory mechanisms are engaged in response to LC damage that lead to

hyperactive NE transmission. We can imagine three potential neuroanatomical/neurobiological
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substrates where this compensation may occur: LC cell bodies (e.g. increased neuron firing), LC
terminals (e.g. increased NE release), and/or postsynaptic compartments (e.g. receptor/signaling
molecules super-sensitivity).

Using in vivo electrophysiology, we detected no differences in the baseline (firing rate,
interspike interval, spontaneous bursting properties) or footshock-evoked firing rate of LC
neurons. This is consistent with previous reports in DSP-4 treated rats (Szot et al., 2010) but
distinct from partial 6-OHDA LC lesions, which increased LC activity in mice (Szot et al., 2016).
One important difference is that the 6-OHDA -treated mice had LC neuron loss (~30%), while LC
cell bodies remained intact in our study. These results suggest that LC neurons are capable of
compensatory increases in firing, but that cell body degeneration is required to trigger this
response. By contrast, we did find evidence for increased NE release. Although we did not measure
this directly, metabolite to parent neurotransmitter ratio is a validated proxy for turnover. We
detected elevated MHPG:NE ratio in the LC and terminal regions, which has been previously
reported in DSP-4 treated rodents (Hallman and Jonsson, 1984) and consistent with human AD
cerebrospinal fluid data (Francis et al., 1985; Hoogendijk et al., 1999; Raskind et al., 1999; Jacobs
et al., 2021b). Indeed, high CSF MHPG levels are associated with neuropsychiatric abnormalities
in AD (Jacobs et al., 2021a).

Finally, postsynaptic compensatory mechanisms resulting from the loss of LC fibers may
be at play. There are many reports of increased adrenergic receptor density following DSP-4
administration (Johnson et al., 1987; Harro et al., 1999), but the consequences on downstream
receptor signaling have not been carefully investigated. We performed immunostaining for the
immediate early gene Arc, which is a marker for neuronal activity and induced by activation of

adrenergic receptors (Essali and Sanders, 2016). Following cage-change stress, Arc
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immunoreactivity was dramatically elevated in DSP-4 treated tissue compared to controls in the
LC and its output regions in the forebrain. We conclude that compensatory changes in NE release
from surviving LC terminals and/or postsynaptic adrenergic receptor signaling could contribute
the anxiogenic effects of DSP-4, while increases in LC firing do not. These results have important
implications for AD and PD, where early LC pathology, damage to noradrenergic fibers, and
neuropsychiatric symptoms precede frank LC loss in prodromal disease. In addition, these
experiments support the notion that DSP-4 dysregulates, rather than simply ablates, the
noradrenergic system, and should act as a caution to researchers employing this neurotoxin as they

interpret their results.
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Fig. 2.1. DSP-4 decreases tissue NE and metabolite levels and increases turnover. Mice
received saline or DSP-4 (2 x 50 mg/kg, i.p.), and tissue monoamine and metabolite levels were
measured 1 week later by HPLC in the pons, prefrontal cortex (PFC), and hippocampus (color
shaded images at top represent the approximate regions dissected for analysis). DSP-4 significantly
decreased NE (a) and its primary metabolite MHPG (b) in all 3 brain regions. (¢) NE turnover,
defined as the MHPG:NE ratio, was increased in the pons and PFC by DSP-4, with a similar trend
in the hippocampus. Data shown as mean = SEM. N=8 per group. *p<0.05, **p<0.01,

wx8%p.<0.0001.
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Fig. 2.2. DSP-4 induces degeneration of noradrenergic terminals and oxidative stress but
leaves LC cell bodies intact. Mice received saline or DSP-4 (2 x 50 mg/kg, i.p.) and assessed for
locus coeruleus (LC) neuron damage 1 week later. (a) DSP-4 results in substantial loss of axon
terminals as measured by norepinephrine transporter (NET) immunoreactivity in the dentate gyrus
(DG) and anterior cingulate cortex (ACC), with a similar decrease in NET also present in the LC
itself. (b) Representative images of silver stained brain tissue indicates neurodegenerative
processes in the LC, ACC, and DG following DSP-4. (¢) The oxidative stress marker 3-
nitrotyrosine (3-NT) was increased in the ACC and DG but decreased in the LC by DSP-4. (d)
Despite NE fiber damage and the evidence of neurodegenerative and oxidative processes following
DSP-4, LC cell body number was unaffected as measured by TH and NeuroTrace Nissl
immunoreactivity. Images acquired at 20X. Data shown as mean £ SEM. N=3-4 per group.

**p<0.01, ***p<0.001, ****p<0.0001.

60



a GFAP Immunoreactivity b Iba-1 Immunoreactivity

1
‘ < - = b,

P

Saline DSP-4 Saline DSP-4

LC IBA1

Saline

H

LC GFAP Sahne
I GFAP -

Saline DSP-4

g

Immunoreactivity (AU)
g

Immunoreactivity (AU)

8
T

2004 : Iba-1
150

Saline DSP-4

ACC GFAP ACC IBA1

Saline DSP-4

Immunoreactivity (AU)
Immunoreactivity (AU)

DG IBA1

Immunoreactivity (AU)
Immunoreactivity (AU)

Fig. 2.3: DSP-4 alters astrocyte and microglia activation across the LC-NE system. Mice
received saline or DSP-4 (2 x 50 mg/kg, i.p.) and assessed for neuroinflammation 1 week later. (a)
Astrocyte reactivity, as measured by GFAP immunostaining, was significantly increased in the
locus coeruleus (LC) with a trend in the dentate gyrus (DG) following DSP-4 treatment, while the
anterior cingulate cortex (ACC) showed a decreased astrocytic response. (b) Microglial response,
indicated by Iba-1 immunoreactivity, was increased across all regions assessed. Images acquired

at 20X. Data shown as mean £ SEM. N=3-4 per group. *p<0.05, **p<0.01.
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Fig. 2.4. DSP-4 triggers changes in the LC transcriptome. Mice received saline or DSP-4 (2 x
50 mg/kg, i.p.) and LC gene expression was assessed 1 week later. (a) TRAP allows for
purification of mRNA from LC neurons through immunoprecipitation (TRAP, grey), resulting in
enrichment of noradrenergic genes compared with mRNA from the entire hindbrain sample (input,
black). (b) Differential gene expression (DGE) was assessed between DSP-4 (blue) and saline
control (grey) TRAP samples, and revealed that noradrenergic-specific genes, including galanin
(Gal), norepinephrine transporter (Slc6a2), dopamine p-hydroxylase (Dbh) and tyrosine
hydroxylase (7%), were among the most significantly and robustly downregulated transcripts in the
LC of DSP-4 treated mice. Data for a and b shown as mean £ SEM, N=2-6 per group. (¢) List of
top 15 downregulated and top 15 upregulated DGE, sorted by fold change (logFC) with p < 0.05.
(d) Volcano plot of all filtered, normalized genes (~11,500) with genes from WGCNA -defined
module in red. Labeled genes from this module are those of interest based on published
connections to neurodegenerative disease. (e) Volcano plots (as shown in (d)) highlighting genes
from 3 significantly enriched KEGG pathways in our LC data, with GSEA-identified “core

enrichment genes” colored magenta, and remaining pathway genes colored light pink.
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Fig. 2.5. DSP-4 treatment does not alter baseline or footshock-induced LC activity. Mice
received saline or DSP-4 (2 x 50 mg/kg, i.p.) and assessed for locus coeruleus (LC) neuron firing
under anesthesia 1 week later. No differences were found for (a) baseline tonic firing rates (in Hz).
(b) There was no main effect of treatment on footshock-evoked firing rates of LC neurons 0-60,
60-100, or 200-400 ms following the stimulus. Data shown as mean £ SEM. N=5 mice per group

42-53 neurons/group. *p<0.05
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Fig. 2.6. DSP-4 increases novelty-induced anxiety and arc expression. (a) DSP-4-treated mice
display increased latency to bite the food pellet in the novelty-suppressed feeding test, buried more
marbles, and showed fewer ambulations in response to a novel environment (N=8-12 per group).
(b) Immunoreactivity for the immediate early gene Arc following cage change was reduced in the
locus coeruleus (LC) and projection regions (anterior cingulate cortex, ACC; dentate gyrus region
of the hippocampus, DG) (N=3-4 per group). Images acquired at 20X. Data shown as mean +

SEM. #p<0.05, **p<0.01, ***p<0.001.
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Table 2.1. Monoamine levels measured by HPLC

Pons PFC Hippocampus

Saline DSP-4 Saline DSP-4 Saline DSP-4
NE 66.89 +1.28 3491 +1.41 ** | 28.69+4.02 10.80 +£3.56 * | 32.18 +4.23 12.85+4.14 *
MHPG 583+030 4.04+0.16* 4.75+0.57 240+0.55* | 438+0.34 242+0.52 *
MHPG:NE 0.09+0.01 0.12+0.01 * 0.17 +0.02 0.28+£0.04* | 0.15+0.02 0.23 +0.03
DA 479+041 527+0.43 52.76 +18.95 48.07 +22.55 | 73.84 +44.50  92.99 + 39.37
DOPAC 570+0.74  5.94+0.47 27.10+£5.67 17.03+4.72 25.50+12.82  28.74 +9.26
DOPAC:DA 1.18+0.07 1.15+0.12 0.78 +0.12 0.99 +0.25 0.98 +0.18 0.76 + 0.19
HVA 6.10+ 039  6.58 +0.50 22.35+4.14 16.63 +3.25 16.49 +7.49 20.44 +6.17
5-HT 69.54 +8.13 6591 +2.08 42.58 +5.87 41.33+4.59 55.86 + 6.29 5142 +4.22
5-HIAA 64.71 +4.47 60.06 +2.48 3401 +£3.93 2639+3.06 |46.38+5.62 43.25+5.10
5-HIAA:5-HT 1.09+0.15 1.11+0.07 0.86 + 0.08 0.66 +0.06 0.86 +0.07 0.87+0.11

Data shown as mean + SEM. N=4 per group for the pons, and N=8 per group for the PFC and

Hippocampus. *p<0.05, **p<0.01.
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Table 2.2: IHC antibodies

Antibodies Host Manufacturer Catalog # Dilution
Tyrosine hydroxylase Chicken  |Abcam ab76442  (1:1000
Tyrosine hydroxylase Rabbit Pel-Freez IP40101-0 (1:1000
Norepinephrine transporter Mouse IMab Technologies INET05-2 [1:1000
GFAP Guinea Pig [Synaptic Systems 173 004  (1:1000
IBAI Rabbit ggg;gﬂgn Wako Pure - Chemically 5 19741 11000
Nitrotyrosine Mouse IAbcam ab125106 (1:1000
Arc Guinea Pig [Synaptic Systems 156 004  [1:1000
IS\ItZ?IrIOTrace 435/455 Blue Fluorescent NisslN A Thermo Fisher Scientific N21479  [1:500
Alexa Fluor 488 Anti-Rabbit Goat Thermo Fisher Scientific IA-11008  [1:500
Alexa Fluor 488 Anti-Guinea Pig Goat Thermo Fisher Scientific IA-11073  [1:500
Alexa Fluor 568 Anti-Chicken Goat Thermo Fisher Scientific IA-11041  (1:500
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Table 2.3. Highlighted genes from WGCNA shown in Figure 2.4

Gene ID logFC P.Value Gene name and citations
Norepinephrine _transporter — LC enriched gene
Sle6az —— -1.5032 1.41E-05 downregulated in DSP-4 mice
Dopamine _beta-hydroxylase — LC enriched gene
Dbh -1.2642 1.81E-05 downregulated in DSP-4 mice
Gal -1.1636  4.67E-06 Galanin — LC enriched gene downregulated in DSP-4 mice
Small nuclear _ribonucleoprotein _polypeptide G
Snrpg -0.8073  0.0698 downregulated in DSP-4 mice; potential AD biomarker (Tao
et al., 2020; Du et al., 2021)
FK5006 binding protein 1B — downregulated in DSP-4 mice;
Fkbplb  -0.7567  0.0004 linked to calcium dysfunction in aging (Gant et al., 2014;
Gant et al., 2015)
Solute carrier family 10 member 4 — downregulated in DSP-
Slc10a4  -0.613 0.0008 4 mice; possible links to AD brain pathology (Popova and
Alafuzoft, 2013)
Rab3b 04018 00141 Ras-relate.:d proteln'Rab-3]‘3 — doyvnregulated in DSP-4 mice;
involved in dopamine vesicular intake
Gamma-aminobutyric acid type A receptor subunit theta —
Gabrq -0.2844  0.1076 downregulated in DSP-4 mice; associated with behavioral
changes in FTD (Gami-Patel et al., 2022)
ATPase family AAA domain containing 3A —upregulated in
Atad3a 0.2154  0.2627 DSP-4 mice; potential AD biomarker (Zhao et al., 2022)
TLE family member 1, transcriptional corepressor -
Tlel 0.3581 0.0351 upregulated in DSP-4 mice; potential AD biomarker (Madar
et al., 2021)
Aryl hydrocarbon receptor — upregulated in DSP-4 mice;
Ahr 0.4676 0.1082 potential PD biomarker (Zhou et al., 2021)
Synaptotagmin 10 — upregulated in DSP-4 mice; provides
Syt10 0.663 0.0335 neuroprotection after excitotoxic input (Woitecki et al.,
2016)
Xkr8 0.923 0.0107 XK related 8 — upregulated in DSP-4 mice; engulfs apoptotic

cells
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CHAPTER 3: CONSEQUENCES OF PIGMENTATION ON LOCUS COERULEUS

SURVIVAL AND FUNCTIONING
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3.1 ABSTRACT

Parkinson’s disease (PD) is the second most common neurodegenerative disorder worldwide, and
is characterized by motor and non-motor symptoms. The leading pharmacotherapy, levodopa, is
only effective for treating the motor symptoms caused by dopamine (DA) neuron degeneration,
while non-motor symptoms associated with noradrenergic dysfunction have grave consequences
for the quality of life experienced by PD patients and are not alleviated by any currently available
therapies. Thus, new research on PD neuropathology and treatment must consider the locus
coeruleus (LC), the major central noradrenergic nucleus. The LC develops a-synuclein pathology
prior to DA neurons in PD and is almost completely degenerated in later stage disease, but the
molecular mechanisms responsible for its vulnerability are unknown. Along with substantia nigra
DA neurons, the LC is the only structure in the brain that produces appreciable amounts of
neuromelanin (NM), a dark brown cytoplasmic pigment. It has been proposed that these NM
granules initially play a protective role by sequestering toxic catecholamine metabolites and heavy
metals, but become harmful during aging and particularly in PD as they overwhelm cellular
machinery and get released during neurodegeneration. Because rodents do not naturally produce
NM, the study of this pigment has been mostly limited to human postmortem studies, and it has
not been possible to establish causal relationships between NM and PD-associated LC pathology.
We have adapted a viral-mediated approach for expression of human tyrosinase, the enzyme
responsible for peripheral melanin production, to promote pigmentation in rodent LC neurons. We
found that pigment expression in the LC recapitulates key features of endogenous NM found in
primates, including eumelanin and pheomelanin, lipid droplets, and a double-membrane
encasement. Pigment expression results in mild neurodegeneration, altered catecholamine levels,

transcriptional changes, and novelty-induced anxiety phenotypes as early as 1 week post-injection.
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By 6-weeks, the expression of this pigment results in severe LC neurodegeneration and a robust
neuroinflammatory response. These phenotypes are reminiscent of LC dysfunction in PD,
validating the utility of this model for studying the consequences of pigment accumulation in the

LC as it relates to neurodegenerative disease.

3.2 INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative condition affecting nearly one million
Americans and over 10 million individuals worldwide (Marras et al., 2018). PD is pathologically
characterized by o-synuclein protein aggregation and subsequent degeneration of specific
populations of catecholamine neurons, most notoriously dopamine (DA) neurons in the substantia
nigra (SN) and norepinephrine (NE) neurons in the locus coeruleus (LC). The consequences of
losing SN-DA neurons is well understood, as their death directly results in the emergence of motor
symptoms, such as rigidity and tremor, which constitute a clinical diagnosis. The first line
treatment for PD is DA replacement therapy with the precursor levodopa (L-DOPA), which
ameliorates motor symptoms. However, PD is also characterized by early non-motor symptoms
such as REM Sleep Behavior Disorder (RBD) (Stiasny-Kolster et al., 2005), anxiety (Prediger et
al., 2012), depression (Remy et al., 2005), and cognitive impairment (Chan-Palay, 1991b; Vazey
and Aston-Jones, 2012; Hinson et al., 2017; Li et al., 2019) which may be mediated, at least in
part, to LC dysfunction and degeneration (Zweig et al., 1993). LC dysfunction is closely associated
with these prodromal symptoms in clinical studies (Del Tredici and Braak, 2013), and
experimental manipulations of the LC faithfully recapitulate non-motor symptoms in animal

models (Mavridis et al., 1991; Srinivasan and Schmidt, 2003; Song et al., 2019b; Iannitelli et al.,
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2022). Importantly, these non-motor symptoms are not reversed by L-DOPA, and there are no
alternative treatments available. As such, these early, LC-associated, pre-motor symptoms are
often reported by PD patients to be detrimental to quality of life and present serious obstacles for
maintaining independence.

The specific factors that make catecholamine neurons vulnerable to a-synuclein pathology,
dysfunction, and death in PD are not fully understood, although several likely contributors have
been identified. One notable feature of LC neurons is their length. As the LC is the primary source
of central norepinephrine (NE), it projects to virtually every other region of the brain (Foote et al.,
1983), resulting in long, highly branched, unmyelinated axons. The LC neurons have intrinsic
pacemaker activity, which leads to high levels of oxidant stress (Wang and Michaelis, 2010) and
risk for mitochondrial dysfunction (Sanchez-Padilla et al., 2014), factors which are well-studied
inrelation to PD etiology (Nicholls, 2008; Surmeier et al., 2010). Additionally, these noradrenergic
neurons harbor toxic NE metabolites, including DOPEGAL (Kang et al., 2020). Perhaps the most
defining characteristic of these neurons, though, is their unique expression of a dark, cytoplasmic
pigment called neuromelanin (NM).

NM is found exclusively in catecholaminergic cells of the SN and LC, the two neuronal
populations that are selectively vulnerable in PD (Zecca et al., 2004b; Zecca et al., 2008b). NM is
a byproduct of catecholamine synthesis and metabolism, and studies suggest that the formation of
NM granules likely results from an overabundance of catecholamines that cannot be sequestered
into vesicles quickly enough in active neurons (Sulzer et al., 2000). In addition to catecholamine
metabolites, these granules contain melanins such as eumelanin and pheomelanin (Bush et al.,
2006), lipid droplets, protein aggregates (Sulzer et al., 2008), and heavy metals, most notably iron

(Zecca et al., 2008b). Thus, it has been proposed that the primary function of NM is to bind and
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sequester these harmful compounds in the cytoplasm so that they do not harm the neurons (Zecca
et al., 2003a). However, because SN-DA and LC-NE neurons do not possess the machinery
required to break down these granules, NM accumulates over time, visibly darkening the
pigmentation of these brain regions with age. Eventually, this buildup of NM within catecholamine
neurons may exacerbate neurodegeneration in PD either by interfering with and overwhelming
cellular machinery and/or via release of previously bound toxins as it breaks down during cell
death. Indeed, LC neurons containing the highest amounts of NM are disproportionately lost
during both normal aging and PD (Mann and Yates, 1983), and increased iron (Sasaki et al., 2006),
zinc (Dexter et al., 1992), and copper (Pall et al., 1987) are evident in brain and CSF samples from
PD patients, suggesting dysregulation of heavy-metal homeostasis.

Despite the clear link between NM and neurodegeneration in PD, establishing a causal
relationship has been difficult because NM is not produced endogenously in rodents, which
comprise the majority of animal models for studying PD (Barden and Levine, 1983). The lack of
NM in rats and mice is likely not due to fundamental neurobiological differences between primate
and rodent LC neurons, but rather reflects their comparatively short life span (~2 years). Indeed,
one study did report trace amounts of NM in aged rats (DeMattei et al., 1986), and even humans
do not express detectable amounts of NM in LC neurons until they are 3 years old (Mann and
Yates, 1974). Thus, despite an ever-growing toolbox of mouse genetic technology that makes them
ideal for investigating the molecular mechanisms of disease, in vivo studies on NM have been
extremely limited. To date, only two rodent models of NM has been reported (Zecca et al., 2008a;
Carballo-Carbajal et al., 2019). The first study in rodents relied on purification and injection of
human neuromelanin granules (Zecca et al., 2008a), but more recently, researchers were able to

drive pigmentation in the SN of mice and rats through viral-mediated expression of human
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Tyrosinase (hTyr), the biosynthetic enzyme responsible for melanin production in the skin
(Carballo-Carbajal et al., 2019). In this model, NM expression in the SN resulted in
neurodegeneration and subsequent motor impairments similar to those seen in other mouse models
of PD. We have adapted this strategy to promote NM production in the mouse LC, developing the
first rodent model of pigment expression in noradrenergic neurons. Here we present the
characterization of this novel mouse model of PD through immunohistochemical and behavioral
analyses, revealing neuroinflammatory and neurodegenerative responses coupled with a
behavioral phenotype reminiscent of the non-motor features of PD. Additionally, we employed the
Translating Ribosome Affinity Purification (TRAP) technique to isolate and sequence mRNA
exclusively from these pigmented LC neurons, yielding insight into the molecular mechanisms of

NM-mediated adaptations and neurotoxicity in the LC.

3.3 MATERIALS AND METHODS

Animals. Adult male and female mice were used for all behavioral and immunohistochemical
experiments. For immunohistochemistry, behavior, and HPLC, TH-Cre mice (B6.Cg-
7630403G23RikTg(Th-cre)1 Tmd/J, The Jackson Laboratory, # 008601) were used for the specific
expression of Cre-dependent viral vectors in the LC. For translating ribosome affinity purification
(TRAP) RNA-sequencing experiments, we crossed TH-Cre mice with transgenic Slc6a2-
eGFP/Rpll0a mice (B6;FVB-Tg(Slc6a2-eGFP/Rpli0a)]D1538Htz/J, The Jackson Laboratory,
#031151), which incorporate an EGFP/Rpl10a ribosomal fusion protein into a bacterial artificial
chromosome under the Slc6a2 (NE transporter; NET) promoter to allow for the isolation of
polysomes and translating mRNAs specifically from noradrenergic neurons. Mice were group

housed with sex- and age-matched conspecifics (maximum of 5 animals per cage) until one week
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prior to behavioral testing, and then individually housed for the subsequent week of
experimentation until sacrifice. Animals were maintained on a 12:12 light:dark cycle (lights on at
0700), and food and water were available ad libitum, unless otherwise specified. All experiments
were conducted at Emory University in accordance with the National Institutes of Health Guideline
for the Care and Use of Laboratory Animals and approved by the Emory Institutional Animal Care

and Use Committee.

Viral vectors. To express hTyr in the LC, we developed an AAVS5-DIO-hTyr construct with
assistance from the Emory Custom Cloning and Viral Vector Cores. For some preliminary
experiments (immunohistochemistry for viral confirmation and gliosis, stereology), all mice were
injected with AAV5-DIO-hTyr, and TH-Cre+ animals were used as the experimental group while
TH-Cre- littermates served as the controls. For the remaining experiments (behavior, TRAP, and
HPLC), only TH-Cre+ mice were used, and mice were injected with either the AAV5-DIO-hTyr
experimental virus or a comparable AAV5-DIO-EYFP control virus (Addgene, plasmid #27056).
Due to the volume of virus required for these experiments, several batches of AAV5-DIO-hTyr
were produced. Despite our best efforts to control for titer and delivery, inherent variability was
evident between batches. For this reason, some of the time courses varied between experiments.
We are specific in our language characterizing the timeline of each individual experiment. For the
purposes of consistency, the 1-2 week cohorts represent a time when NM is expressed by the LC,
but has not led to widespread cell body death, while a 6-8 week cohort is used to illustrate
considerable LC degeneration. The 4-week cohort presented in the discussion of astrocytic

responding of the LC should be considered a mid-point of LC pigment accumulation.
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Stereotaxic injections. Stereotaxic injections were be performed as previously described (Tillage
etal., 2020a), in a stereotaxic frame under 2.0% isoflurane anesthesia. Bilateral LC injections were
made at a volume of 0.5 uL/hemisphere using a 5 pL. Hamilton glass syringe. The virus was
injected at a rate of 0.15 uL/min, and the needle was allowed to remain in place for 5 min following
the completion of each injection. LC coordinates are AP: - 5.4mm, ML: +/- 1.2mm, and DV: -

4.0mm relative to Bregma.

HPLC. Mice were anesthetized with isoflurane and euthanized by rapid decapitation. The pons,
prefrontal cortex, and hippocampus were rapidly dissected on ice and flash-frozen in isopentane
(2-Methylbutane) on dry ice. The samples were weighed and stored at -80°C until processing for
HPLC by the Emory HPLC Bioanalytical Core. As previously described (Lustberg et al., 2022),
tissue was thawed on ice and sonicated in 0.1 N perchloric acid (10 pl/mg tissue) for 12 s with 0.5
s pulses. Sonicated samples were centrifuged (16,100 rcf) for 30 min at 4 °C, and the supernatant
was then centrifuged through 0.45 pum filters at 4000 rcf for 10 min at 4 °C. For HPLC, an ESA
5600A CoulArray detection system, equipped with an ESA Model 584 pump and an ESA 542
refrigerated autosampler was used. Separations were performed using an MD-150 x 3.2 mm C18,
3 um column (Thermo Scientific) at 30 °C. The mobile phase consisted of 8% acetonitrile, 75 mM
NaH2PO4, 1.7 mM I-octanesulfonic acid sodium and 0.025% trimethylamine at pH 2.9. A 20 pL.
of sample was injected. The samples were eluted isocratically at 0.4 mL/min and detected using a
6210 electrochemical cell (ESA, Bedford, MA) equipped with 5020 guard cell. Guard cell
potential was set at 475 mV, while analytical cell potentials were —175, 100, 350 and 425 mV. The

analytes were identified by the matching criteria of retention time measures to known standards
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(Sigma Chemical Co., St. Louis MO). Compounds were quantified by comparing peak areas to

those of standards on the dominant sensor.

Immunohistochemistry. Mice were euthanized with an overdose of sodium pentobarbital (Fatal
Plus, 150 mg/kg, i.p.; Med-Vet International, Mettawa, IL) and were transcardially perfused with
cold 4% PFA in 0.01 M PBS. After extraction, brains were post-fixed overnight in 4% PFA at 4°C
and then transferred to a 30% sucrose/PBS solution for 72 h at 4°C. Brains were embedded in OCT
medium (Tissue-Tek) and sectioned by cryostat into 40-um-thick coronal sections at the level of
the LC, anterior cingulate cortex (ACC), and hippocampus. Sections were blocked in 5% normal
goat serum (NGS) in 0.01 M PBS/0.1% Triton-X permeabilization buffer and then incubated for
24 h at 4°C in NGS blocking buffer with primary antibodies listed in Table 2. Following washes
in 0.01 M PBS, sections were incubated for 2 h in blocking buffer, including secondary antibodies
described in Table 2. After washing, sections were mounted onto Superfrost Plus slides and cover-

slipped with Fluoromount-G plus DAPI (Southern Biotech, Birmingham, AL).

Microscopy. For the catecholaminergic marker tyrosine hydroxylase (TH) and hTyr,
immunofluorescent micrographs were acquired on a Leica DM6000B epifluorescent upright
microscope at 20x magnification with uniform exposure parameters for each stain and region
imaged. Brightfield images of pigment granules were also obtained on the Leica DM6000B upright
microscope at 20x magnification. Following convention, these images are oriented with the dorsal
direction up and the ventral direction down. For astrocyte marker glial fibrillary acidic protein
(GFAP) and LC terminal marker NE transporter (NET), immunofluorescent images were acquired

as z-stack images (10 z-stacks; pitch: 0.1 um) at 20x magnification and compressed on a Keyence
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BZ-X700 microscope system. One representative atlas-matched section was selected from each

animal. Image processing for all images was conducted using the FIJI/ImagelJ software.

Electron microscopy. Electron microscopy experiments were conducted by the laboratory of Dr.
Yoland Smith at the Emory National Primate Research Center. Sections that included the locus
coeruleus were rinsed in Phosphate buffer (PB; 0.1 M, pH 7.4) and then treated with 0.5% osmium
tetroxide (OsO4) for 10 min (RT) and returned to PB. Sections were then dehydrated with
increasing concentrations of ethanol; 1% uranyl acetate was added to the 70% ethanol solution to
increase EM contrast (10 min incubation at RT in the dark). Sections were next placed in propylene
oxide, followed by tissue embedding with an epoxy resin (Durcupan, Fluka) for at least 12 hr.
Resin-embedded sections were then baked at 60°C for at least 48-hr until fully cured. Blocks
containing the LC were removed before being cut into ultrathin 60 nm sections (Leica Ultracut
T2). These ultrathin sections were mounted onto pioloform-coated grids and stained with lead
citrate (5 min, RT) for added contrast. Grids were then examined with an electron microscope
(EM; Jeol; Model 1011) coupled with a CCD camera (Gatan; Model 785) controlled with

DigitalMicrograph software (Gatan; version 3.11.1).

Cell counts. TH-Cre+ animals received a unilateral LC injection of AAV5-DIO-hTyr in the right
hemisphere. Coronal tissue sections were processed as described above (Immunohistochemistry)
and images were acquired as described for glial markers (Microscopy). Using TH as a guide for
anatomical LC borders and DAPI as a marker for individual nuclei, sections were quantified using
HALO imaging software (Indica Labs, v3.3.2541.420, FISH/IF v2.1.4). Nine sections were

analyzed for each animal (n=4/group), covering most of the LC. The total area analyzed did not
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differ between the hTyr-injected hemisphere and the non-injected hemisphere. Within HALO,
nuclei were defined using DAPI, and TH-positive and Nissl-positive nuclei cells were counted and
summed across all nine sections for each animal. Comparisons were made between the number of

Nissl+ and TH+ nuclei cells in the hTyr-injected hemisphere and the non-injected hemisphere.

Translating Ribosome Affinity Purification (TRAP). To obtain adequate quantities of RNA for
sequencing, samples from two 6-8 month-old, same-sex and treatment TH-Cre+, Slc6a2-
eGFP/Rpll0a+ mice were pooled to form a biological replicate by dissecting out the hindbrain
posterior to the pontine/hypothalamic junction (cerebellum was discarded). Six biological
replicates were collected per treatment group. Each replicate was homogenized and TRAP was
performed as described (Mulvey et al., 2018), resulting in LC-enriched “TRAP” samples and
whole-hindbrain “input” samples. RNA was extracted using Zymo RNA Clean & Concentrator-5
kit, and subsequently sent for library preparation and Illumina sequencing by NovoGene to a
minimum depth of 20 million fragments per sample. Forward and reverse sequencing files from
each replicate were aligned to the mouse genome (mm10) using STAR alignment, and counts were
obtained using FeatureCounts in R Bioconductor. Two samples from saline-treated mice were
removed from analysis because the TRAP protocol failed to enrich Slc6a2 above a 10-fold change,
a quality control threshold observed in all other saline-treated samples. All subsequent analyses
utilized R Bioconductor packages. Sequencing data will be available on NCBI GEO at the time of

publication.

To further characterize the gene expression changes, we performed analyses to compare
gene expression patterns in our dataset with a repository of gene sets using Gene Set Enrichment

Analysis (GSEA 4.2.3) (Mootha et al., 2003; Subramanian et al., 2005). Gene set permutation was
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used, as recommended by GSEA documentation for experiments with fewer than 7 samples per
group. Other parameters were set to default settings using 1000 gene set permutations and signal
to noise ranking metric. We downloaded KEGG Pathways from the Molecular Signatures
Database, which has 186 gene sets. After filtering for the recommended minimum (15) and
maximum (500) gene set size, the remaining 145 gene sets were compared to the expression data

from our dataset to calculate the GSEA enrichment score and to compute significant enrichment.

Behavioral assays. Behavioral assays were performed in the following order, from least to most
stressful.

Novelty-suppressed_feeding: Chow was removed from individual home cages 24 h prior to

behavioral testing. Mice were moved to the test room under red light and allowed to habituate for
2 h prior to the start of the test. Individual mice were placed in a novel arena (10” x 18” x 10”)
with a single pellet of standard mouse chow located in the center. The latency to feed, operationally
defined as grasping and biting the food pellet, was recorded using a stopwatch. Mice that did not
feed within the 15-min period were assigned a latency score of 900 s (Tillage et al., 2020b). We
have shown that increasing NE promotes anxiety-like behavior in this task reflected by longer
latencies to eat in the novel environment, while decreasing attenuates anxiety and reduces latency
to eat (Lustberg et al., 2020b).

Fear conditioning and context testing: Fear-conditioning training and subsequent contextual fear

testing is a widely-used assessment of associative memory, particularly for an environment in
which an aversive stimulus (footshock) was previously administered. This method has been
described previously by our group and others and is sensitive to changes in NE (Murchison et al.,

2004; Chalermpalanupap et al., 2018; Butkovich et al., 2020). Mice were placed in a fear-
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conditioning apparatus (7 in. X 7 in. X 12 in.; Coulbourn Instruments) with a metal shock grid floor.
Following 3 min of habituation, three conditioned stimulus (CS)-unconditioned stimulus (US)
pairings were presented with a 1-minute intertrial interval. The CS was a 20-second, 85 dB tone
which co-terminated with the US, a 2-s, 0.5 mA footshock (Precision Animal Shocker, Colbour
Instruments). The following day, the context test was conducted by placing animals back into the
fear conditioning chamber without the administration of CS-US pairings. Freezing behavior was

measured as a readout of memory for the fear-associated context.

Statistical analyses. Stereological cell counting and HPLC measurements of catechol
concentrations were compared between hTyr-injected and control groups using a student’s t-test
in GraphPad Prism. Similarly, behavioral assessment relied on t-test comparison between groups
for latency to feed in the novelty-suppressed feeding task and average percent freezing in the
contextual fear assay. R Bioconductor packages were utilized for statistical analyses of RNA

sequencing data, including differential gene expression (DGE).

3.4 RESULTS

Viral infusion of hTyr induces NM-like pigmentation in the L.C of mice. To recapitulate NM
found endogenously in the human LC, we adapted a viral vector-mediated approach to drive
neuronal pigmentation in rodents. TH-Cre mice were stereotaxically injected with AAV5-DIO-
hTyr in the LC to drive viral expression of hTyr (Fig. 3.1a), which is known to produce pigment
when introduced in rodent SN DA neurons (Carballo-Carbajal et al., 2019). We found that hTyr
expression likewise drove pigmentation of the LC in Cre+ (Fig. 3.1b) but not in Cre- mice (Fig.

3.1d) as early as 1 week post-infusion. This pigmentation was visible by gross anatomical
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inspection (Fig. 3.1e) and brightfield microscopy (Fig. 3.1b). Additionally, we confirmed the
presence of melanin in this pigment using Fontana-Masson staining (Fig. 3.1f). We then utilized
electron microscopy to compare the pigment granules in our rodent model (Fig. 3.1g) with
endogenous NM granules from 16-year-old Rhesus macaque tissue (Fig. 3.1h). Ultrastructural
inspection revealed that many of the components known to reside in endogenous NM, including
pheomelanin and eumelanin pigments, lipid droplets, and a double-membrane, were also present
in granules from our rodent model. Together, these results validate the use of hTyr expression to

induce NM-like pigmentation in the mouse LC.

Pigmentation results in loss of LC fibers and cell bodies at 1-week. Consistent with other rodent
models of LC neurodegeneration (Chalermpalanupap et al., 2018; Butkovich et al., 2020), NET
immunoreactivity, a marker of LC dendrite, axon, and terminal integrity, was visibly reduced in
the LC (Fig. 3.2a), as well in the LC projections to the anterior cingulate cortex (ACC) (Fig. 3.2¢)
and dentate gyrus (DG) (Fig. 3.2d) of hTyr-injected mice compared to EYFP-injected controls.
To determine whether pigmentation impacted cell body integrity at 1 week post-injection, we
performed a count of LC neurons. We quantified DAPI+ cells also positive for NeuroTrace Nissl
in the LC, and found a 37% reduction of LC neurons in hTyr-injected mice compared to controls

(Fig. 3.2b).

Pigmentation reduces NE levels throughout the LC network and dysregulates NE turnover
in the projection fields at 1-week. Given the loss of LC axons/terminals, we assessed the impact
of hTyr-driven pigmentation on tissue levels of catecholamines and their metabolites (Fig. 3.3).

NE was dramatically reduced in the pons, where LC cell bodies reside (t0)= 10.14, p < 0.0001),
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as well as in the prefrontal cortex (PFC; ti0) = 7.607, p < 0.0001) and hippocampus (t(10) = 9.735,
p <0.0001), two of the primary projection regions of the LC. Additionally, levels of the primary
NE metabolite MHPG were also reduced in the pons (t(0)= 7.532, p < 0.0001), PFC (t10)=5.152,
p = 0.0004) and hippocampus (t(10)= 3.666, p = 0.0043) (Fig. 3.3). Despite the reduction of total
NE and MHPG, the MHPG:NE ratio, which provides an estimate of NE turnover, was significantly
increased in the PFC (tao) = 2.905, p = 0.0157) and hippocampus (t(0) = 4.392, p = 0.0014)
compared to controls, suggesting adaptations in the LC-NE system (Fig. 3.3). Levels of other
amine neuromodulators, including DA, 5-HT, and their respective metabolites, were unchanged
with the exception of an increase in DA turnover (metabolite DOPAC:DA) in both the pons (t(10)
= 3.288, p = 0.0082) and PFC (tao) = 2.905, p = 0.0157), suggesting that dysfunction resulting
from pigmentation of the LC was largely confined to the noradrenergic system at 1 week post-

injection.

The presence of LC pigment drives novelty-induced anxiety behavior at 1-week. Several
prodromal symptoms of PD are regulated by the LC-NE system, and thus are sensitive to the early
LC dysfunction which precedes neurodegeneration (Weinshenker, 2018). We assessed the impact
of hTyr-induced pigmentation on LC-associated behaviors, including stress response and
cognition. We found that hTyr-injected mice were significantly more reactive in a novelty-induced
stress paradigm commonly used to model anxiety (Lustberg et al., 2020a). At 1 week post-
injection, hTyr-expressing mice took significantly longer than EYFP controls to consume food in
the novelty-suppressed feeding task (t4)=2.359, p =0.0268) (Fig. 3.4a). Five hTyr-injected mice
(approximately one third) timed out of the task at 15-min, while only one EYFP control mouse

timed out of the task (Fig. 3.4a), further illustrating an increase in novelty-induced anxiety-like
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behavior resulting from LC pigmentation. Importantly, hTyr- and EYFP-injected mice displayed
no differences in latency to eat in the home cage, indicating the experimental group’s increased
latency to eat during the task resulted from novelty stress behavior rather than changes in satiety
state. Associative memory, as measured by freezing in a footshock-associated context, did not

differ between treatment groups (Fig. 3.4b).

hTyr-induced pigmentation alters LC transcriptome. Following confirmation of LC-mRNA
enrichment with TRAP (Fig. 3.5a), we performed a gene set enrichment analysis (GSEA) to
compare the gene expression patterns of our data with repositories of known gene sets. We
identified 10 KEGG pathways that were significantly enriched in the LC of hTyr-expressing
animals, including Tyrosine metabolism (enrichment score (ES) = 0.622, p = 0.008), Tryptophan
metabolism (ES = 0.596, p = 0.014), P53 stress signaling (ES = 0.513, p = 0.018), and lysosome
activity (ES = 0.348, p = 0.042) (Fig. 3.5¢).

Comparing our gene set to the Human Phenotype Ontology pathways, we found that hTyr
samples displayed significant upregulation in the gene sets titled “Parkinsonism with favorable
response to dopaminergic medication” (ES = 0.538, p = 0.039), “startle response” (ES = 0.558, p
=0.047), “speech articulation” (ES = 0.581, p = 0.04), and “sleep apnea” (ES = 0.591, p = 0.021)
(Fig. 3.5).

The most significant transcriptional differences were seen when comparing our dataset to
the Gene Ontology Biological Process gene sets. We found a staggering 140 gene sets significantly
enriched in our hTyr group compared to EYFP controls. These pathways fell into four notable
categories: apoptotic pathways, immune regulation, endoplasmic reticulum functioning, and heavy

metal ion metabolism. A comprehensive list of these pathways can be found in Table 3.2. Of these
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many upregulated pathways, we identified several that we believe to be critically important in
assessing the impact of NM on LC neurons. Of particular interest were the gene sets titled “antigen
processing and presentation via MHC class I’ (ES = 0.74, p < 0.000), “response to iron ion” (ES
=0.61, p=0.018), “positive regulation of macroautophagy” (ES = 0.47, p =0.011), and “pigment
metabolic process” (ES = 0.46, p = 0.024) (Fig. 3.5¢).

Finally, a comparison with the Gene Ontology Cell Component database showed 9 gene
sets significantly enriched in the hTyr group compared to controls. The most notable was “pigment
granule” (ES = 0.434, p < 0.000), with our rodent model displaying 45 core enriched genes of the

88 total present in the gene set (Fig. 3.5¢).

Pigment accumulation results in neurodegeneration and neuroinflammation.

To assess the consequences of prolonged pigment burden in the LC, we allowed mice to age
several weeks following viral infusion. Despite batch-dependent variability, we consistently saw
a near-total loss of LC cell bodies by 6- to 8-weeks post-infusion, as measured by TH
immunoreactivity (Fig. 3.6). Although few LC neurons remain at this time point, pigmented
granules remained abundant in the region. In fact, pigment granules after 6-weeks (Fig. 3.6) were
visibly darker and more robust than at 1-week (Fig. 3.1). By 6-weeks, the pigmentation was also
visible beyond the confines of the LC. Taken together, these data suggest that pigmented granules
persist following the death of their host neurons, and in fact may spread to adjacent tissue.
Moreover, it appears that the most densely pigmented sub-regions of the LC display the most
profound cell loss (Fig. 3.7), a finding which would mimic the patterns of neurodegeneration seen

in human patients (Mann and Yates, 1983).
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Glial cells help dispose of extracellular waste following neurodegeneration (Heneka et al.,
2015). To investigate whether neuroinflammation is a potential mechanism of pigment engulfment
and clearance in our model, we assessed glial reactivity in the region throughout the
neurodegenerative process. While we found minimal differences in microglial reactivity at 4- or
6-weeks (data not shown), we observed robust GFAP+ astrocyte reactivity in and around the LC
of pigment-expressing mice at both 4- and 6-weeks, well beyond the levels seen in controls (Fig.
3.7a-f). Furthermore, there was extensive overlap between GFAP immunoreactivity and pigment,

suggesting a direct interaction between the astrocytes and pigment granules (Fig. 3.7g).

Loss of pigment-bearing noradrenergic neurons depletes catecholamine levels in the LC and
projection regions and dysregulates NE turnover.

Following pigment-mediated LC degeneration at 6 weeks post-infusion, we re-assessed tissue
catecholamine levels. In line with the 1-week data, we found an even greater decrease in NE
(~65%) 1n the pons (to) = 10.23, p < 0.0001;), PFC (t9) = 9.745, p < 0.0001), and hippocampus
(to) =12.83, < 0.0001) of hTyr-injected mice as compared to EYFP controls (Fig. 3.8). Similarly,
we found a decrease in MHPG in the pons (t©) =9.489, p <0.0001), PFC (t«9) =7.659, p <0.0001),
and hippocampus (t) = 8.207, p < 0.0001) (Fig. 3.8). While NE turnover (MHPG:NE) was
decreased in the pons (t) = 4.427, p = 0.0017), the increased NE turnover seen in projection
regions at 1 week persisted in the PFC (t9) =3.11, p = 0.0125) and hippocampus (t©9) =2.697, p =
0.0245) at 6 weeks (Fig. 3.8). Furthermore, DA turnover was increased in the hippocampus of
hTyr-injected animals (t©) = 2.623, p = 0.0277), likely driven by an increase of the metabolite
DOPAC (t9)=3.079, p=0.0132). No changes in 5-HT, metabolite 5-HIAA, or turnover was found

in any region at 6 weeks.
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Pigment-mediated neurodegeneration has subtle behavioral effects at 6-weeks. Despite the
catastrophic loss of LC neurons and decrease in neurotransmitter levels at 6-weeks, the behavioral
effects resulting from prolonged pigment expression were subtle. Novelty-induced anxiety, which
was increased in hTyr mice at 1-week, did not differ statistically between groups at 6-weeks (Fig.

3.9a). Additionally, there were no differences observed in the context fear testing assay (Fig. 3.9b).

3.5 DISCUSSION

The present study characterized the impact of hTyr-induced pigment in the LC of mice, allowing
causal relationships between NM expression in noradrenergic neurons, LC-NE integrity, and the
development of non-motor symptoms reminiscent of prodromal PD in humans. The expression of
pigmentation driven by viral delivery of hTyr is consistent with prior work focused on the SN
(Carballo-Carbajal et al., 2019). In our model, neuronal dysfunction is evident as early as 1-week
post-infusion. Even at this early time point, we found a modest decrease in the number of cell
bodies present in the LC, as well as dramatically decreased NET immunoreactivity in the pons,
PFC, and hippocampus of hTyr mice compared to controls. These findings are consistent with
other reports of early LC axon loss in neurodegenerative diseases (Weinshenker, 2018; Doppler et
al., 2021). Concurrent with fiber loss was a depletion of NE and its primary metabolite MHPG in
the hippocampus and PFC. We also found elevated MHPG:NE ratio, a well validated measure of
NE turnover, in projection regions, which may suggest compensatory hyperactivity of surviving
LC fibers. This feature has been described in other rodent models of LC neurodegeneration
(Hallman and Jonsson, 1984; Ilannitelli et al.,, 2022) and is also consistent with LC

neurodegeneration in humans (Francis et al., 1985; Raskind et al., 1999; Jacobs et al., 2021b).
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An overactive NE transmission phenotype would be congruent with the pre-degenerative
LC dysfunction seen in humans with AD and PD (Weinshenker, 2018). Indeed, pigment-
expressing mice displayed elevated novelty-induced anxiety-like behavior, indicating increased
noradrenergic neurotransmission (Lustberg et al., 2020b). These results were perhaps surprising
given the significant loss of noradrenergic fibers and NE in projections. However, the increased
NE turnover suggests that surviving fibers compensate for the loss of neighboring LC neuron
terminals, and we and others have observed adrenergic receptor hypersensitivity following
neurotoxic lesions of LC terminals that may also be present here (Wolfman et al., 1994; Szot et
al., 2010; Iannitelli et al., 2022). Finally, increased turnover of DA in the pons and PFC at 1-week
could be contributing to the anxiety-like and arousal phenotypes seen in pigment-expressing mice
at this time point.

On a molecular level, we found that hTyr expression led to the upregulation of several
important pathways. Isolation of LC-mRNA with TRAP yielded several hundred genes
dysregulated between hTyr and EYFP controls. While many of these genes were significantly —
but not robustly on a fold-change level — dysregulated on an individual level, pathway analyses
revealed these subtle changes may have a concomitant impact on cellular health and functioning.
Unsurprisingly, metabolism of the amino acids tyrosine and tryptophan, in addition to the
metabolism of DA itself, were highly enriched in pigmented LC neurons. Similar increases were
seen in macroautophagy and lysosome activity, indicating a cellular attempt to clear granules from
the cytosol. Importantly, lysosomal dysfunction has been closely linked to PD (Nguyen et al.,
2019). The upregulation of several additional pathways were directly linked to the production of

pigment granules. These include increases in peroxisome activity (involved in oxidation), the
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response to heavy metal ions iron and manganese, and in the pigment metabolic process and
pigment granule formation.

Perhaps the most intriguing results from our pathway analyses were the upregulation of
specific stress response systems, immune reactions, and subsequent apoptosis in pigmented
neurons. Reliable increases in P53 signaling pathways were found throughout each of our analyses,
indicating severe cellular stress. Endoplasmic reticulum stress was also a consistent finding in the
gene ontology biological processes analysis, revealing that cellular pigment has a severe impact
on the crucial function that the endoplasmic reticulum plays in calcium storage, protein synthesis
and lipid metabolism. Antigen presentation via MHC-I was the most enriched pathway in all of
our analyses, providing a clue about how LC neurons respond to pigment burden. The primary
function of MHC-I is to present endogenous particles to signal cytotoxic T-cells, an intervention
which leads to cellular destruction. Remarkably, catecholamine neurons are the only neurons
known to express MHC-I (Cebrian et al., 2014), providing a tantalizing link between the unique
possession of NM and a mechanism for dealing with this burden once it becomes harmful to the
cell. In line with this theory, several apoptotic and cell-death-related pathways were also
upregulated in our analyses. While these preliminary transcriptomic analyses are informative,
further investigation into the specific genes driving these pathway changes is warranted. However,
these findings provide preliminary evidence of potential links between our rodent model LC
pigmentation and real PD-related symptoms seen in human patients.

Substantial cell death was visible by 6- to 8-weeks post-infusion, and was accompanied by
a robust glial response. While microglia are most often associated with clearing extracellular
debris, we found that the astrocyte response was dominant in our model. One potential explanation

could be the timing of our histological experiments. As others have reported an early microglial
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response to pigmented neurons (Carballo-Carbajal et al., 2019), it is possible that the assessment
of glia several weeks post-injection represents a late or prolonged immune response, which may
be dominated by astrocytes. For this reason, glial responses at the 1-week will be a critical analysis
in our future investigations of this rodent model. Neuroinflammation is a well-appreciated aspect
of PD (Tansey et al., 2022), and our data suggest that the presence of pigmentation in degenerating
LC neurons could be contributing to the neuroimmune response.

This loss of noradrenergic neurons resulted in a decrease of NE and its metabolite in the
pons itself, as well as a near-total depletion in both terminal fields assessed. NE turnover was
decreased in the pons, but similar to the results obtained at 1-week, turnover was increased in the
hippocampus and PFC. DA turnover was also increased in the hippocampus at the 6-week
timepoint. This dysregulation may account for the subtle behavioral changes seen despite the
significant loss of LC neurons at this end-point. There were no differences between groups in
novelty-induced anxiety nor contextual fear memory. The loss of an anxiety-like phenotype at 6-
weeks may be explained by a near-total loss of LC-NE, which is required for this behavior
(Lustberg et al., 2020c). While contextual fear memory should also require LC innervation of the
hippocampus (McGaugh, 2013), recent studies have also implicated DA in hippocampal function
and fear memory (Likhtik and Johansen, 2019; Stubbendorff and Stevenson, 2021). Thus, the
increase in DA turnover in the hippocampus at 6-weeks may account for the lack of behavioral
differences seen in the contextual fear task.

The present study describes the first analysis of pigment induction in the rodent LC,
providing critical insight into the consequences of granule accumulation in noradrenergic neurons.
We found that pigment expression dysregulates LC neurons on a cellular and molecular level at 1

week, triggering phenotypes reminiscent of non-motor symptoms in prodromal PD. As the
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pigment accumulates, immune response and neurodegeneration ensue. By 6-weeks post-infusion,
the LC has nearly entirely degenerated, having detrimental effects on neurotransmission but not
on mouse behavior. Future work should focus on a mid-point which represents moderate
neurodegeneration, as well as a later end-point representing a total loss of LC neurons.
Furthermore, pigment-mediated changes in noradrenergic and dopaminergic neurons should be
compared to assess the differences in responding and rate of cell death between LC-NM and SN-
NM. Indeed, it was reported that hTyr-expressing SN-DA neurons took many months to
degenerate (Carballo-Carbajal et al., 2019). It is not clear whether this reflects differences with our
model in the virus itself (whatever they used vs Cre-dependent AAVS), species (rat vs mouse), or
a true greater vulnerability of LC neurons. Ultimately, this model of pigment induction in rodent
catecholamine neurons may be critical for uncovering the role NM plays in PD onset and

progression.
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Fig. 3.1. hTyr induces pigmentation in the LC reminiscent of endogenous NM. Mice received
stereotaxic injection of AAV5-DIO-hTyr into the LC, driving expression of human Tyrosinase in
TH-Cre+ experimental animals (a) but not in TH-Cre- controls (¢). Although rodents (TH-Cre-
image shown here) do not display endogenous NM (d), the presence of hTyr resulted in LC
pigmentation visible by brightfield microscopy (b) and gross anatomical inspection (e). This hTyr-
derived pigment stained positive for melanin components with Fontana-Masson (f), and electron
microscopic analysis of these granules (g) showed they contain several features characteristic of
endogenous NM from aged rhesus macaques (h), including pheomelanin (P, red), eumelanin (E,

blue), lipid droplets (L, orange), and enclosure in a membrane (M, purple).
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Fig. 3.2. The presence of NM-like pigmentation damages L.C cell bodies and fibers at 1-week.
TH-Cre mice received LC infusion of AAV5-DIO-hTyr or EYFP control and were assessed for
locus coeruleus (LC) neuron damage 1 week later. hTyr-induced pigment expression resulted in
substantial loss of axon terminals as measured by norepinephrine transporter (NET)
immunoreactivity in the dentate gyrus (DG) (d) and anterior cingulate cortex (ACC) (¢), with a
similar decrease in NET also present in the LC itself (a). Concurrent with NE fiber damage was a
decrease in LC cell body number as measured by NeuroTrace Nissl immunoreactivity (b). Images

acquired at 20X. Data shown as mean = SEM. N=3 per group. **p<0.01, ***p<0.001,

*#25p<(,0001.
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Fig. 3.3. hTyr-induced pigmentation decreases tissue NE and metabolite levels and increases
turnover at 1 week. TH-Cre mice received stereotaxic infusion of AAV-DIO-hTyr or EYFP
control into the LC, and tissue monoamine and metabolite levels were measured 1 week later by
HPLC in the pons, prefrontal cortex (PFC), and hippocampus. hTyr significantly decreased NE
and its primary metabolite MHPG in the pons (al-2), PFC (b1-2), and hippocampus (c1-2). NE
turnover, defined as the MHPG:NE ratio, was increased in PFC (b3) and hippocampus (¢3). Data

shown as mean = SEM. N=6 per group. *p<0.05, **p<0.01, ****p<0.0001.
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Fig. 3.4. hTyr-induced pigmentation increases novelty-induced anxiety but not contextual
fear memory at 1 week. TH-Cre mice received stereotaxic infusion of AAV-DIO-hTyr or EYFP
control into the LC, and behavior was assessed 1 week later. hTyr-expressing mice increased
latency to bite the food pellet in the novelty-suppressed feeding test (a), but no difference in

freezing behavior in the contextual conditioning fear assay (b) (N=12-14 per group).
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Fig. 3.5. hTyr-driven pigmentation triggers changes in the LC transcriptome. TH-Cre;
Slc6a2-eGFP/Rpl10a mice received viral infusion of AAV5-DIO-hTyr or EYFP control in the LC,
and gene expression was assessed 1 week later. We confirmed LC-mRNA enrichment in TRAP
samples over hindbrain input, and found elevated levels of noradrenergic genes in the
immunoprecipitated TRAP samples (a). Volcano plot of all filtered, normalized genes (~11,500)
displaying spread of up- and down-regulated genes (b). Table highlighting significantly enriched
KEGG, Human Phenotype Ontology (HPO), Gene Ontology Biological Process (GO:BP) and

Gene Ontology Cellular Component (GO:CC) pathways of interest in our LC data (c¢).
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Brightfield

Fig. 3.6: Prolonged pigment expression results in granule accumulation and LC
degeneration. TH-Cre mice received stereotaxic infusion of AAV-DIO-hTyr into the LC and aged
for 8 weeks prior to tissue extraction and immunohistochemical assessment of LC integrity with
noradrenergic marker tyrosine hydroxylase (TH) (a). Although expression of hTyr has diminished
by 8-weeks post-injection, presumably due to loss of LC cell bodies (b), pigmentation remains

robust in the region (d).
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Fig. 3.7: Pigment-induced neurodegeneration triggers astrocyte responses in and around the
LC. TH-Cre mice received AAV5-DIO-hTyr, and tissue was assessed for neuroinflammation as a
result of pigment accumulation at 4-6 weeks. Over time, hTyr-induced pigmentation accumulated
and darkened in the LC (a). Representative images show that astrocyte reactivity, as measured by
GFAP immunostaining, was appreciably increased in the LC of hTyr-injected (b), but not non-
expressing control mice (¢). This process was exacerbated over time, with pigmentation becoming
even more robust by 6-weeks (d) despite the near-total loss of TH-positive neurons (el). LC
neurodegeneration was accompanied by glial scarring of the region (e) that is not seen in non-
expressing controls (f). Overlaying brightfield and fluorescent micrographs of the region revealed

a potential interaction between astrocytes and pigment granules (g).
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Fig. 3.8. hTyr-induced pigmentation depletes tissue NE and metabolite levels and
dysregulates turnover at 6 weeks. TH-Cre mice received stereotaxic infusion of AAV5-DIO-
hTyr or EYFP control into the LC, and tissue monoamine and metabolite levels were measured 6
weeks later by HPLC in the pons, prefrontal cortex (PFC), and hippocampus. hTyr significantly
and robustly decreased NE and metabolite MHPG in the pons (al-2), PFC (b1-2), and
hippocampus (¢1-2). NE turnover (MHPG:NE ratio) was decreased in the pons (a3), but decreased
in the PFC (b3) and hippocampus (¢3). Data shown as mean £ SEM. N=8 per group. *p<0.05,

*#p<(.01, ****p<0.0001.
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Fig. 3.9. Pigment accumulation and subsequent neurodegeneration does not affect novelty-
induced anxiety or contextual fear memory by 6-weeks. TH-Cre mice received stereotaxic
infusion of AAVS5-DIO-hTyr or EYFP control into the LC, and behavior was assessed 6 weeks
later. hTyr-expressing mice displayed no difference in latency to bite the food pellet in the novelty-
suppressed feeding test at 6-week post-infusion (a), and no difference in freezing behavior in the

contextual fear assay (b) (N=12-14 per group).
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CHAPTER 4: DISCUSSION
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4.1 SUMMARY

This dissertation sought to wunderstand noradrenergic dysfunction in the context of
neurodegenerative diseases. To accomplish this, we utilized the LC-specific neurotoxin DSP-4 and
developed a novel model of LC pigmentation in mice. We assessed both models on a molecular,
cellular, and behavioral level to fully characterize the impact these insults have on LC survival and
functioning. We demonstrated that noradrenergic fiber damage, which precedes outright cell loss,
has a profound effect on the transcriptional profile and cellular functioning of the LC, which leads
to behavioral changes reminiscent of the prodromal aspects of neurodegenerative diseases. Once
the cell bodies begin to die, these molecular, cellular, and behavioral changes are coupled with a
robust neuroinflammatory response. Due to the widespread innervation by the LC-NE system, this
dysfunction and subsequent degeneration of noradrenergic neurons has downstream effects
impacting the entire brain. Ultimately, we believe that these features contribute to the early,

prodromal symptoms patients experience in both Alzheimer’s and Parkinson’s diseases (AD; PD).

4.2 CONCLUSIONS AND FUTURE DIRECTIONS

4.2.1 DSP-4

Although the LC-specific neurotoxin DSP-4 has been used to study noradrenergic dysfunction for
several decades, the precise molecular mechanisms underlying the ultimate effects of this
compound are not fully understood. One obstacle to comprehensively understanding the
consequences of DSP-4 has been the use of several different model organisms and dosing regimens
between experiments. This has made results difficult to integrate and interpret between studies.
Additionally, previous work has been mostly confined to studying just one feature of LC

dysfunction, such as cell firing or changes in behavior. Furthermore, prior characterizations of this
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model have mostly lacked molecular genetic assessments due to the technical limitations of
studying effects in such a small nucleus. Thus, our study sought to comprehensively assess the
effects of DSP-4 on a molecular, cellular, and behavioral level in the same species in tandem
experiments.

In line with previous work (Grzanna et al., 1989; Theron et al., 1993; Wolfman et al., 1994;
Harro et al., 1999; Szot et al., 2010), we found that two administrations of DSP-4 (50 mg/kg),
spaced one week apart, resulted in LC terminal damage and a concurrent depletion of NE and its
metabolite MHPG in the pons itself, as well as in hippocampal and cortical projection regions.
Despite a decrease in the concentration of these catechols, rate of NE turnover, as measured by the
ratio of MHPG:NE, was increased significantly in the pons and prefrontal cortex (PFC), with
similar trends also seen in the hippocampus, potentially signifying compensatory elevation of NE
release from surviving fibers (Jacobs, 2019; van Hooren et al., 2021; Gilvesy et al., 2022). These
changes, combined with receptor hypersensitivity following DSP-4 administration (Wolfman et
al., 1994; Szot et al., 2010), likely contribute to the behavioral phenotypes we saw in DSP-4 treated
animals.

DSP-4 administration led to an increase in novelty-induced anxiety and locomotor activity
in our studies, results which are consistent with previous reports that surgical or neurotoxin
ablation of the LC in rats induces similar anxiety-like phenotypes that reflect responses to novelty
stress (Martin-Iverson et al., 1982; Harro et al., 1995). This novelty-induced anxiety was coupled
with an increase in Arc immunoreactivity, a marker for neuronal activity which is induced by
stimulation of adrenergic receptors (Essali and Sanders, 2016). Despite these changes, baseline

firing of LC neurons was unaffected in DSP-4-treated mice, indicating that the anxiogenic effects
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of this treatment are more reflective of compensatory changes in NE release and postsynaptic
transmission than a change in cell body activity.

This study presented the first population-wide transcriptional analysis of the LC following
DSP-4 treatment. In line with immunohistochemical observations (Grzanna et al., 1989; Theron et
al., 1993; Wolfman et al., 1994; Harro et al., 1999), we observed a downregulation of several LC-
enriched genes that encode noradrenergic specification and/or function, including Th, Slc6a?2
(NET), Dbh, Phox2a, and Gal. The suppression of these genes in the LC of DSP-4 treated mice
indicates a loss of critical functioning in these cells as they become damaged and are unable to
maintain their noradrenergic identity.

Future directions of this work should focus on answering several questions regarding DSP-
4 treatment in mice. The first issue that should be addressed is whether the behavioral and
metabolic changes we observed as a result of DSP-4 administration are indicative of increased NE
transmission from the remaining LC fibers. While our data suggest that increased NE transmission
can account for the Arc immunoreactivity, increased NE turnover, and novelty-induced anxiety
results, the methods utilized in the present study did not measure NE release directly. Thus, future
experiments should utilize emerging techniques for measuring neurotransmission, such as the
GPCR activation-based (GRAB) sensors developed for the detection of NE (Feng et al., 2019).
The employment of GRAB-NE sensors would allow for temporally-sensitive measurements of NE
release in awake, behaving animals, which would be particularly useful for measuring NE release
in the stress paradigms that showed increased Arc activity. However, a potential limitation is that
the profound decrease in total NE with DSP-4 administration may result in extracellular levels of

NE below the limit of detection for GRAB-NE sensors.
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In addition to this, electrophysiological recordings from unanesthetized animals may also
provide insights into the activity of LC neurons in response to various stimuli. DSP-4-treated mice
displayed increased anxiety-like behavior in both the novelty-suppressed feeding and marble
burying tasks, indicating an increase in LC firing. As we did not observe any differences in baseline
firing in our electrophysiological recordings, these data may indicate that LC hyperactivation in
DSP-4-treated mice may be context-specific. Thus, recordings from awake, behaving mice would
allow for the assessment of LC activation in a novel context. Based on the behavioral output, we
anticipate that treated mice would display increased LC firing specifically during these tasks.

Finally, our TRAP results have provided a wealth of information regarding the molecular
changes LC neurons undergo in response to DSP-4. The most robustly and significantly
downregulated genes were those involved in catecholamine synthesis and transmission. Several of
these pathways, such as those involved in cancer-related cellular stress, were unexpected.
However, they do provide a framework for future hypotheses regarding DSP-4-mediated
neurodegeneration of the LC. Below, I present several methods for manipulating gene expression
in vivo, including viral vector delivery and genetic knockout. If specific genes of interest are
identified in the TRAP data, these methods could also be employed for mediating the effects of

DSP-4.

4.2.2 Neuromelanin

Along with substantia nigra DA neurons, the LC is the only structure in the brain that produces
appreciable amounts of neuromelanin (NM), a dark brown cytoplasmic pigment. It has been
proposed that these NM granules initially play a protective role by sequestering toxic

catecholamine metabolites and heavy metals, but become harmful during aging and particularly in
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PD as they overwhelm cellular machinery and get released during neurodegeneration. Because
rodents do not naturally produce NM, the study of this pigment has been mostly limited to human
postmortem studies, and it has not been possible to establish causal relationships between NM and
PD-associated LC pathology. We adapted a viral-mediated approach for expression of human
tyrosinase (hTyr), the enzyme responsible for peripheral melanin production, to promote
pigmentation in rodent LC neurons.

In chapter 3, I presented the first characterization of a rodent model of LC-NM expression.
We found that expression of hTyr in the LC drives visible pigmentation as early as 1-week post-
infusion. Importantly, the pigment granules expressed by this rodent model contain several key
features of endogenous NM. Electron microscopy revealed ultrastructural similarities between the
enzyme-derived pigment and natural pigment obtained from aged Rhesus macaques, including the
presence of both pheomelanin and eumelanin, large lipid droplets, and a double-membrane
surrounding the granule. Pigment from this mouse model also stained positive for melanin
components with the Fontana-Masson stain.

Pigment expression resulted in mild LC degeneration and a depletion of catecholamine
levels as early as 1 week post-injection. However, rates of NE turnover were increased in both the
PFC and hippocampus, which may contribute to the emergence of anxiety-like behavior observed
in pigment-expressing mice. Concurrent with these changes were several dysregulated genes and
pathways.

The most notable transcriptional changes were those related to cell death pathways,
endoplasmic reticulum stress, and antigen presentation. Because pigmentation induces LC
degeneration, it is perhaps unsurprising that we found many apoptotic pathways enriched in

samples from hTyr mice. Although the mechanism of this NM-mediated cell death is not well
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understood, our data provide compelling evidence for the upregulation of antigen presentation via
MHC-I. Unlike MHC-II, which is involved in the innate immune response, MHC-I is critical for
adaptive immunity. Once MHC-I identifies an endogenous threat, it presents the antigen on the
cell surface. This antigen presentation signals for cytotoxic T-cells to intervene and destroy the
cell. Interestingly, catecholamine neurons are the only neurons known to express MHC-I (Cebrian
et al., 2014). As they are also the only neurons to possess endogenous pigmented granules, which
can become burdensome to the cell over time, the link between these two characteristics is
intriguing. Our transcriptomic results provide evidence to support a link between NM and MHC-
I-mediated cell death, as this pathway was the most robustly and significantly upregulated in our
mouse model of LC pigmentation. Based on these data, we believe that the unique presence of
MHC-I on catecholamine neurons may help these cells self-immolate by presenting neuromelanin
particles to trigger the immune response. One way of testing this hypothesis is by expressing hTyr
in the LC of MHC-I knockout mice. If antigen presentation by MHC-I is mediating the
neurodegenerative response to NM-like pigmentation, then these mice should display decreased
or delayed noradrenergic neuron loss in response to pigment granules.

Further support for this theory is found in the robust immune response of hTyr mice after
several weeks of pigment expression. As the LC neurons die, astrocytes infiltrate the region and
form a glial scar. Work has been done characterizing the relationship between T-cells and
astrocytes, particularly in neurodegenerative disease (Xie and Yang, 2015). To more thoroughly
understand this interaction, future research with this model should employ astrocyte primary
cultures to investigate their specific reactions to LC-NM.

By 6 weeks, the accumulation of this pigment results in severe LC neurodegeneration in

our rodent model. Concurrent with this cell loss is a near-total depletion of tissue NE and
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metabolite levels. Despite this loss of cellular integrity and functioning, LC-sensitive behavioral
responses are surprisingly unchanged between pigment-expressing and control animals. Perhaps
this is due to the increased NE and DA turnover at this time point, indicating that the surviving
neurons are compensating for the loss. Alternatively, the normalization of anxiety-like behavior in
6-week animals may reflect the progressive loss of LC-NE, which prevents any increased turnover
from the few surviving terminals from promoting anxiety. Further investigations should assess
behavior at later time points, when all LC neurons and projections are lost.

Many of these molecular and early behavioral phenotypes are reminiscent of LC
dysfunction in PD, validating the utility of this model for studying the consequences of pigment
accumulation in the LC as it relates to neurodegenerative disease. As this is a novel rodent model
of NM-like pigment expression in the LC, its characterization will inform many lines of future
work. In order to achieve this, though, issues with viral vector consistency must be addressed to
ensure that each batch of virus has similar effects in vivo. To combat this issue, I propose the
development of a transgenic model expressing hTyr under an LC-specific promoter, such as NET
or Dbh. This will allow for consistency between experiments, but also will potentially slow the
progression of pigment accumulation due to the use of weaker promoters, allowing for more
thorough analysis of time points when cells are expressing pigment but have not yet died.

Additionally, the molecular composition of these granules should be investigated further
with techniques such as mass spectrometry. Electron microscopy allowed for ultrastructural
visualization of these granules, however, there are several known components of true NM that are
not visible with brightfield microscopy alone. These features are also difficult to stain for with
immunohistochemical techniques because antibodies cannot penetrate the membrane-bound

granules. Thus, methods like the laser-capture mass spectrometry technique MALDI (Rompp and
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Spengler, 2013) would permit the analysis of their lipid, metal ion, and protein components directly
from brain sections. These results could be compared to the mass spectrometry studies of human
NM granules (Zecca et al., 1992), providing insight into the similarities and differences between
hTyr-induced pigmentation and endogenous NM.

A promising future study should examine the effects overexpressing vesicular monoamine
transporter 2 (VMAT2), which sequesters catecholamines in synaptic vesicles, has on NM
accumulation and toxicity in both the LC and SN. Cytoplasmic NE, DA, and their metabolites are
significant contributors to NM (Sulzer et al., 2000; Zecca et al., 2001), and I hypothesize that
facilitating vesicular packaging of NE and DA will reduce their cytoplasmic concentration and
subsequent conversion into toxic metabolites, which should slow the rate of NM accumulation.
VMAT?2-HI transgenic mice have a twofold increase in transporter expression in all catecholamine
neurons (Lohr et al., 2014), which protects against MPTP and methamphetamine toxicity (Lohr et
al., 2016). I predict that this mechanism will also be sufficient to protect neurons from deleterious
hTyr-induced NM granule accumulation. However, if this transgenic overexpression is not robust
enough, a viral vector-based strategy may also be adapted to drive even higher expression.

Additionally, the potential of metal chelation for mitigating harmful NM accumulation
should also be investigated. NM granules contain appreciable amounts of heavy metals, most
notably iron and copper (Zecca et al., 2003b). The SN and LC have some of the highest heavy
metal loads within the brain, as iron is produced as a byproduct of DA synthesis, while copper is
required by the NE synthesis enzyme dopamine beta-hydroxylase (DBH). Furthermore, it has been
suggested that heavy metal exposure from the environment is a contributing factor to the
development of PD (Lan and Jiang, 1997; Freire and Koifman, 2012), as these molecules directly

contribute to oxidative stress and glial responses (Dichtl et al., 2018). Metal chelation therapy has

109



been successfully employed to treat rodent models of leukemia (Chan et al., 2021), and thus, future
work should adapt these approaches to buffer the harmful effects of NM in the LC and SN. NM-
expressing mice can be treated with either an iron chelator (e.g. deferasirox), or a copper chelator
(e.g. Penicillamine). I predict that administration of metal chelators will significantly suppress
hTyr-induced NM accumulation in catecholamine neurons, slowing the rate of neurodegeneration.
The transcriptomic data obtained in my thesis experiments has identified dysregulated genes and
pathways resulting from NM burden in neurons, many of which have been studied in the context
of PD. Manipulating these novel pathways to intervene in NM-driven neurodegeneration is a
promising line of future research.

This model can also be used to investigate the interactions between NM and
neurodegenerative  disease pathologies. For example, whether endogenous mouse
hyperphosphorylated tau or a-syn is contained within the pigment granules should be assessed. If
there is no incorporation of these protein aggregates at baseline, we should employ transgenic and
viral vector strategies for driving pathological tau and a-syn in the LC, and determine whether the
combination of these models can provide insights into the way NM granules interact with AD and

PD pathology.

5.3 CONCLUDING REMARKS

This dissertation assessed noradrenergic dysfunction in neurodegenerative disease using two
separate but complimentary mouse models of disease. I found that the LC-specific neurotoxin
DSP-4 recapitulates behavioral aspects of prodromal AD and PD, including novelty-induced
anxiety, while leaving cellular mechanisms largely intact. This model is particularly useful for

studying the earliest prodromal aspects of neurodegeneration, when LC fiber damage
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predominates. On the other hand, hTyr-induced LC pigmentation recapitulates a true
neurodegenerative phenotype in mice with robust cell body loss. This model allowed us to assess
the impact of noradrenergic neuron loss as it relates to AD and PD, and compared to DSP-4, we
found that hTyr-injected mice showed more severe cellular and molecular changes. Thus, these
models are complimentary for assessing the full array of LC dysfunction in disease. While DSP-4
mimics early changes related to axon damage, hTyr-induced pigmentation allows for investigation
into the late-stage effects of LC degeneration. The development of these models will enable future
research focused on specific aspects of noradrenergic dysfunction in neurodegenerative disease,
allowing for the research and development of treatments focused on the prodromal, LC-associated

symptoms of AD and PD.
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