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Abstract

Locus coeruleus physiology in Alzheimer’s disease

By Michael A. Kelberman

Alzheimer’s disease (AD) is the most common form of dementia and is expected to pose a
significant societal and financial burden as the population ages. AD is characterized by the
aggregation of extracellular amyloid-beta plaques and intracellular tau neurofibrillary tangles.
Therapeutic interventions have targeted these two protein aggregates but have failed to yield a
cure. Subcortical regions, and specifically the noradrenergic locus coeruleus (LC), are the earliest
sites of tau aggregation, occurring decades prior to the onset of cognitive deficits. However, the
consequences of such early tau pathology in the LC are not well defined. Specifically, changes in
LC activity in AD are inferred by their correlates in human imaging and behaving animals, and the
consequences of hyperphosphorylated tau on neuronal activity in other brain regions. In this
dissertation, | first described how tau pathology affects LC activity with electrophysiological
recordings in wild-type (WT) and TgF344-AD rats, a preclinical model of AD that develops LC tau
pathology prior to substantial pathological forebrain deposition. | next explored mechanisms
underlying this altered activity by comparing LC gene expression in age-matched WT and
TgF344-AD animals. Finally, | expanded previous behavioral characterizations of this rat model by
testing measures of anxiety-like phenotypes, arousal, and active/passive coping. | found LC
hyperactivity and downregulation of inhibitory markers coincident with the emergence of anxiety-
like behaviors in 6-month TgF344-AD rats. Meanwhile, 15-month TgF344-AD rats demonstrate LC
hypoactivity and a compensatory upregulation of genes involved in norepinephrine synthesis,
packaging, and reuptake in a likely attempt to counteract worsening cognitive deficits at this age.
Overall, this dissertation confirms and extends previous models of LC dysfunction along the
progression of AD. Namely, that early non-cognitive behavioral phenotypes are consistent and
coincident with the appearance of LC hyperphosphorylated tau pathology and increased neuronal
firing, while later LC hypoactivity parallels the emergence of disease-typical cognitive
impairments. | add potential mechanistic underpinnings by delineating changes in LC molecular
signatures that align with observed changes in LC activity and behavior at each stage. These data
will be crucial for the rational design and implementation of noradrenergic-based therapies to
improve AD symptoms and impede disease progression.
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CHAPTER 1: INTRODUCTION

Parts of this chapter were used verbatim, with permission, from the following publications:

1. Ehrenberg AJ, Kelberman MA, et al. (2023) Priorities for research on neuromodulatory
subcortical systems in Alzheimer’s disease: Position paper from the NSS PIA of
ISTAART. Alzheimers Dement Available at: http://dx.doi.org/10.1002/alz.12937.

2. Kelberman M, Keilholz S, Weinshenker D (2020) What’s That (Blue) Spot on my MRI?

Multimodal Neuroimaging of the Locus Coeruleus in Neurodegenerative Disease.

Frontiers in Neuroscience 14 Available at: http://dx.doi.org/10.3389/fnins.2020.583421.



1.1 THE LOCUS COERULEUS

1.1.1 COMPOSITION, STRUCTURE, AND ORGANIZATION

The locus coeruleus (LC) is the main noradrenergic nucleus in the brain. The LC contains
approximately 30,000-50,000 neurons bilaterally in adult humans and 3,000-5,000 neurons
bilaterally in rodents (Mouton et al., 1994; Aston-Jones and Cohen, 2005a; Sara, 2009; Kelberman
et al., 2020). LC neurons are densely packed within the brainstem, and the LC adopts a tubular
shape extending along the dorsal-ventral axis that is apposed to the 4" ventricle (Gilvesy et al.,

2022).

Both large multipolar and smaller fusiform cell morphologies have been observed in the
LC (Swanson, 1976; Grzanna and Molliver, 1980; Schwarz and Luo, 2015). with the former more
common in the ventral region and the latter enriched in dorsal portion of the nucleus (Swanson,
1976). Whether these cells possess different properties (inputs, projections, electrophysiological

characteristics) remains to be determined.

The LC has been considered a singular nucleus, where all neurons support common
functions through release of NE in target regions. For example, LC axons extend broadly
throughout the brain and spinal cord, and individual neurons can innervate multiple regions
(Loughlin et al., 1982; Berridge and Waterhouse, 2003). Moreover, LC neurons display firing rates
typically between 0.5-2 spikes per second and respond en masse to aversive stimuli like footshock
(Ishimatsu and Williams, 1996; Aston-Jones and Cohen, 2005a; Uematsu et al., 2017; Poe et al.,

2020).

More recent evidence indicates a more nuanced description of LC function, including
substantial heterogeneity at the level of individual neurons (Chandler et al., 2019). For example,

LC neurons preferentially project to target sites based on location within the LC core (Kebschull



et al., 2016). Forebrain innervating neurons are concentrated in the anterior-dorsal portions of the
LC and thalamic nuclei are innervated by LC neurons located in the posterior-dorsal area, while
subcortical, cerebellar, and spinal cord projections arise mostly from the ventral aspects of the LC
(Mason and Fibiger, 1979; Loughlin et al., 1986; Schwarz et al., 2015). Evidence suggests that
some projections can be exclusive, such as LC neurons projecting exclusively to either the
prefrontal or motor cortices (Chandler et al., 2014). Expanding on this evidence, the authors
demonstrated that LC neurons projecting to the prefrontal cortex were enriched for excitatory
markers and had higher firing rates. Activity of ensembles of LC neurons with specific and
exclusive projections can also have differential effects on behavior. For example, amygdala
projecting LC neurons promote aversive learning while mPFC projecting LC neurons result in
extinguishing these behaviors (Uematsu et al., 2017). Similarly, mPFC projecting LC neurons also
serve to produce aversion, anxiety-like phenotypes, and pain, whereas activation of spinal cord
projecting LC neurons is antinociceptive (Hirschberg et al.,, 2017). While populations of LC
neurons responded homogeneously to salient aversive stimuli, there is substantial variability to
other cues which depended on the state of the animal (Uematsu et al., 2017). Whether LC neurons
receive preferential inputs based on anatomical location, projection targets, biochemical nature,
or some other factors has been virtually unexplored. Some recent lends support for this theory,
as amygdala projecting LC neurons receive stronger innervation from cortical structures while
medial prefrontal cortex projecting LC neurons are innervated more heavily by subcortical
structures (Sulkes Cuevas et al., 2023). In addition to variable afferent and efferent connections,
there is heterogeneity of neuropeptide co-expression within the LC. Up to 80% of LC neurons co-
express galanin and a smaller proportion co-express neuropeptide Y, and this expression is

anatomically restricted (Holets et al., 1988; Schwarz and Luo, 2015).



Sexual dimorphism adds an extra layer of complexity to LC function. For example, gene
expression of male and female LC neurons differs remarkably (Mulvey et al., 2018). One specific
gene of focus encoded the prostaglandin E2 receptor EP3. Application of an EP3 agonist
suppressed tonic LC activity, but to a greater degree in female mice, and prevented stress-
induced anxiety in females. Another study demonstrated that ablation of pituitary adenylate
cyclase activating peptide receptors in the LC had opposing effects in males and females by
increasing energy expenditure and food intake, respectively (Duesman et al., 2022). Females have
more complex dendritic branching and are theorized to have a greater overall number of LC
neurons compared to males (Bangasser et al., 2011; Bangasser et al., 2016), though some of
these results might be strain dependent (Babstock et al., 1997). The LC in female animals is more
responsive to stress and stress-related signaling (Curtis et al., 2006; Bangasser et al., 2010), which
is unsurprising given the role of the LC in stress and anxiety and the higher prevalence of stress-

related disorders in females (Bangasser et al., 2016).

While the LC is primary source of the neurotransmitter norepinephrine (NE) for the brain,
and the sole source for areas such as the hippocampus, it is important to note that there are other
noradrenergic nuclei located within the brainstem and pons (A1, A2, A4, A5, and A7) that are

composed of fewer neurons and that project less widely (Waterhouse and Chandler, 2016).

1.1.2 NOREPINEPHRINE SYNTHESIS, RELEASE, AND DEGRADATION

1.1.2.1 Norepinephrine Synthesis

NE is produced in axon terminals beginning with the conversion of phenylalanine into L-
tyrosine. L-tyrosine is then converted to L-DOPA by the rate-limiting enzyme tyrosine hydroxylase
(TH). L-DOPA is converted to dopamine (DA) by aromatic acid decarboxylase (AADC)

decarboxylase. All of this takes place in the cytoplasm, but once synthesized, DA is packaged into



synaptic vesicles by the vesicular monoamine transporter 2 (VMATZ2). Within vesicles, dopamine
B-hydroxylase (DBH) converts DA into NE. NE can also be converted into adrenaline by the
enzyme phenylethanolamine N-methyltransferase in adrenergic cells including small nuclei in the

pons and peripherally in the adrenal glands.

1.1.2.2 Norepinephrine Release and Receptors

NE is released from small clear and large dense core vesicles in axons that are mostly
unmyelinated, primarily via volume transmission/non-synaptic release from varicosities (Aston-
Jones et al., 1985; Atzori et al., 2016; Mather et al., 2016; Kelberman et al., 2020), though there is
some evidence of synaptic NE release (Aston-Jones and Waterhouse, 2016; Waterhouse and
Chandler, 2016). NE acts throughout the neuraxis via three primary G-coupled receptor subtypes:
a1, a2, and B. a1 and B receptors are coupled to Gq and Gs, respectively, and function mainly
heteroreceptors on NE target cells. Gg-coupled receptors act through phospholipase C to convert
phosphatidylinositol 4,5-bisphosphate into diacylglycerol and inositol 1,4,5-trisphosphate. These
two signaling molecules release intracellular stores of calcium and active phosphokinase C to
promote intracellular signaling cascades. Meanwhile, Gs-coupled receptors primarily activate
adenylyl cyclase to convert ATP to cyclic AMP subsequently activating phosphokinase A to
promote calcium influx. a2 receptors are primarily located on LC neurons themselves, but are
also found on postsynaptic elements. a2 receptors are Gi-coupled and inhibit adenylyl cyclase
activity, inducing neuronal inhibition. The population of these receptors that are located on LC
neurons are often referred to as inhibitory autoreceptors (i.e. local release of NE binds to a2
receptors on LC neurons). This negative feedback mechanism is hypothesized to be
advantageous in preventing over-activation of LC neurons, and is quite potent given that a2
receptors have the highest affinity for NE of any subtype. a1 receptors display intermediate

binding affinity for NE while B receptors demonstrate the lowest affinity for NE (Hussain et al.,



2023). With the exception of a2 receptors, all adrenergic receptors have slightly higher or equal

affinity for adrenaline as NE.

1.1.2.3 Norepinephrine Reuptake, Recycling, and Degradation

Reuptake of NE is mediated by the NE transporter (NET) which is located along LC axons,
terminals, somas, and dendrites. Following reuptake, NE can be repackaged into vesicles by
VMAT2 or degraded by monoamine oxidase-A (MAO-A) and catechol-O-methyltransferase
(COMT). These enzymes produce the main NE metabolite, MHPG. Proper balance of NE synthesis
and degradation is crucial to cell health, as excessive MHPG and other metabolic intermediates
(e.g. DOPEGAL) can be toxic to the cell and/or promote aberrant protein folding (Kang et al., 2020;

Kang et al., 2021; Kang et al., 2022).

1.1.2.4 Neurotransmitter and neuropeptide co-release

Though the LC is primarily considered a noradrenergic nucleus, some studies have
reported co-release of DA and glutamate, which have distinct effects on behavior (Devoto et al.,
2005b; Kempadoo et al., 2016; Takeuchi et al., 2016; Yang et al., 2021). Moreover, subsets of LC
neurons co-express various combinations of neuropeptides including galanin, neuropeptide Y
(NPY), brain-derived neurotrophic factor (BDNF), cocaine and amphetamine-regulated transcript
(CART), and dynorphin (Schwarz and Luo, 2015; Poe et al., 2020). Unlike NE, neuropeptides are
packaged exclusively into large dense-core vesicles (Lang et al., 2015). The exact mechanism of
large dense-core vesicle release is poorly understood but is thought to require elevated neuronal
activity and Ca*? influx (Bartfai et al., 1988; Sciolino and Holmes, 2012; Lang et al., 2015; Tillage
et al., 2021). These neuropeptides can act acutely, but also serve as neurotrophic factors which

act over longer time periods (Weinshenker and Holmes, 2016; Tillage et al., 2021). Long-term



action of neuropeptides as neurotrophic factors is supported by recent evidence from our lab

showing the delayed behavioral effects of galanin release from the LC (Tillage et al., 2021).

1.1.3 LOCUS COERULEUS FIRING PATTERNS AND INFLUENCE ON BEHAVIOR

1.1.3.1 Firing Rates, Patterns, and Characteristics

The LC has historically been described to fire in two distinct patterns: tonic and phasic.
Tonic activity refers to the intrinsic pacemaker activity of LC neurons that usually fire between 0.5-
2 spikes/sec (Ishimatsu and Williams, 1996; Aston-Jones and Cohen, 2005b). Phasic firing, on the
other hand, is less well defined. Under some conditions, phasic activity is referred to as brief bursts
of activity typically between 15-20 spikes/sec followed by prolonged inhibition in response to
external stimuli (Akaike, 1982; Vankov et al.,, 1995). Others have described phasic activity as
transient changes in firing rates (Aston-Jones and Bloom, 1981a; Aston-Jones et al., 1994; Marzo
et al., 2014). Still others utilize interspike interval (amount of time between two successive spikes)
histograms and base phasic periods on previously defined DA neuron literature (Grace and
Bunney, 1984; Iro et al., 2021). Regardless, tonic and phasic LC activity have been shown to
differentially impact NE release and subsequent behavioral responses (Florin-Lechner et al., 1996;
Aston-Jones and Cohen, 2005a; Bouret and Sara, 2005; Devoto et al., 2005b; Mather et al., 2016).
However phasic activity is operationalized, it broadly refers to elevated periods of firing which is
thought to release large dense-core vesicles containing neuropeptides and may be a mechanism

for NE and neuropeptide co-release.

Classically, the LC has been considered to function as a homogeneous nucleus that
broadcasts NE signals globally to promote stereotyped responses. However, this view has come
into question recently, as chemical, functional, neuroanatomical, and electrophysiological

heterogeneity of LC neurons have been described. For example, field standard criteria for



identifying LC neurons includes broad action potentials, but a recent report demonstrated the
presence of both wide and narrow waveforms. Although wide and narrow waveform units
displayed similar evoked responses and inhibition by the a2 agonist clonidine, narrow units were
located more ventrally and had higher firing rates (Totah et al., 2018). Neighboring LC neurons
are also connected by gap junctions, which are thought to drive synchronous activity throughout
the nucleus or in distinct ensembles (Christie, 1997; Alvarez et al., 2002; Rash et al., 2007).
Engaging different LC ensembles results in distinct cortical states (Noei et al., 2022), though these
have yet to be directly linked to behavior. Projection targets also influence LC activity, with
prefrontal cortex projecting LC neurons having higher firing rates compared to motor cortex
projecting LC neurons (Chandler et al., 2014). In line with this observation, prefrontal cortex
projecting LC neurons were found to be enriched for markers of excitability and transmitter
release (Chandler et al., 2014). Interestingly, a separate study showed prefrontal cortex projecting
LC neurons had lower firing rates and were less responsive to a2-adrenergic receptor mediated

inhibition compared to those projecting to the hippocampus (Wagner-Altendorf et al., 2019).

It is also worth mentioning that the size and location of the LC makes recordings from
individual neurons in awake behaving animals technically challenging. The field has therefore
adopted anesthetized and slice preparations to obtain stable, long duration recordings of single
units, under the assumption that firing properties mimic those in awake and in vivo situations,
respectively. Additional variability between studies comes from differences in choice of anesthetic,
model system, sex, age, and other factors that have known or predicted impacts on LC firing rates.
Therefore, our understanding of LC firing rates and patterns comes from diverse datasets that

have yet to be directly compared, which could impact interpretations of LC function.

Implementation and optimization of newer methods to monitor LC activity and NE release

such as calcium imaging and photometry are ongoing. Early reports using these methods have



refined and expanded on the role of the LC sleep, arousal, parenting, and feeding (Breton-
Provencher and Sur, 2019; Dvorkin and Shea, 2022; Kjaerby et al., 2022; Sciolino et al., 2022).
There is also some debate regarding how LC firing rates at the level of the cell body translate to
activity and NE release from LC axons. Combining electrophysiology of LC neurons and fiber
photometry of LC axons answering this longstanding question (Breton-Provencher and Sur,

2019).

Compared to preclinical models, there is a dearth of methods that can be used to track LC
activity in humans. MRI and PET can be used to probe the integrity of LC axons and cell bodies,
in addition to activity (Kelberman et al., 2020) (Figures 1.1-1.3). Stimulation of the LC also results
in pupil dilation (Liu et al., 2017; Zerbi et al., 2019; Hayat et al., 2020), and some studies have
therefore used transient fluctuations in pupil dilation as a reflection of changes in LC activity
(Alnaes et al., 2014; Murphy et al., 2014; Joshi et al., 2016; ElIman et al., 2017; Kelberman et al.,
2020), though other evidence refutes these claims (Megemont et al., 2022). Importantly, the
current temporal resolution of MRI does not allow for identification of different types of LC firing
patterns, and the involvement of other nuclei in pupil dynamics means that pupillometry lacks LC
specificity (Joshi et al., 2016; Reimer et al., 2016; Cazettes et al., 2021; Megemont et al., 2022).
Therefore, tracking patterns of LC activity in humans is still an ongoing endeavor but would be

useful in bridging findings made in preclinical settings to human populations.

1.1.3.2 Neurochemical Control of Locus Coeruleus Firing Patterns

LC firing rates and patterns are controlled by a complex combination of excitatory,
inhibitory, and neuromodulatory inputs. Pacemaker activity is observed in slice preparations
(Williams et al., 1984; Alreja and Aghajanian, 1995; Chandler et al., 2014; Downs et al., 2022),

indicating that LC neurons are capable of firing with limited inputs. Activation of a2-adrenergic



10

receptors on LC cell bodies/dendrites leads to cessation of LC activity (McCune et al., 1993; Totah
et al., 2018; Wagner-Altendorf et al., 2019; Kelberman et al., 2023). Therefore, local release of NE
can autoinhibit LC neurons and neighboring cells. GABAergic inputs arise from the ventrolateral
preoptic area and peri-LC to modulate basal LC firing (Chiang and Aston-Jones, 1993a; Nitz and
Siegel, 1997; Breton-Provencher and Sur, 2019; Breton-Provencher et al., 2021). Similarly, LC
responsiveness to glutamatergic inputs arising from the cortex, lateral habenula, and
paragigantocellularis nucleus are also modulated by serotonin (Herkenham and Nauta, 1979;
Ennis and Aston-Jones, 1988; Aston-Jones et al., 1991; Chiang and Aston-Jones, 1993b; Jodo
and Aston-Jones, 1997). On the other hand, direct application of or engagement circuits releasing
hypocretin/orexin or CRF to LC neurons augments tonic activity, typically above the normal range
of 0.5-2 spikes/sec, without affecting phasic firing rates (Valentino and Foote, 1988; Horvath et al.,
1999; Curtis et al., 2012; Sears et al.,, 2013; McCall et al.,, 2015). The LC is supplied with
hypocretin/orexin primarily by the lateral hypothalamus while CRF terminals originate from the
central nucleus of the amygdala (Horvath et al., 1999; Reyes et al., 2008). Serotonin can also lower
tonic LC firing rates, but enhances phasic firing in a manner that is dependent on GABA and
simultaneously dampens responsiveness to glutamate (Aston-Jones et al.,, 1991; Chiang and
Aston-Jones, 1993a). Interestingly, though there are robust modulatory effects of both serotonin
and CRF on LC activity (Valentino and Foote, 1988; Aston-Jones et al., 1991; Chiang and Aston-
Jones, 1993a; Curtis et al., 2006; Curtis et al., 2012; McCall et al., 2015), there is a lack of robust
mRNA expression of receptors for either molecule in the LC (see chapter 3). Rather, evidence
points to these receptors being located within dendritic fields of LC neurons or the presence of
multi-synaptic pathways that modulate excitatory and inhibitory neurotransmission (Aston-Jones
et al., 1991; Pompeiano et al., 1992; Chiang and Aston-Jones, 1993a; Van Bockstaele et al., 1996;

Reyes et al., 2006). This is also true of the neuropeptide galanin, which has potent inhibitory effects
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on LC neurons even though they are largely devoid of galanin receptors (Seutin et al., 1989; Xu
et al., 2005; Weinshenker and Holmes, 2016; Foster et al., 2021). Excitatory amino acid
transmission via AMPA receptors also is important for phasic LC responses, but also somewhat
paradoxically the post-activation inhibition of LC neurons (Zamalloa et al., 2009). A diverse set of
opioid (M, O, K) and opioid-related receptors are also located in the LC (Mansour et al., 1994;
Connor et al., 1996; Neal et al., 1999; Van Bockstaele et al., 2010; Tkaczynski et al., 2022). 6 opioid
receptors appear to prevent overactivation of LC neurons in response to stress, while the opioid-
related nociception receptor 1 alters conductance through inwardly rectifying potassium channels
(Connor et al., 1996; Neal et al., 1999; Tkaczynski et al., 2022). New evidence using transcriptomic
approaches in the LC have identified a host of other neuromodulators and receptors that are
highly expressed in the LC and influence behavior, but their effects on LC activity and physiology
have yet to be characterized (Mulvey et al., 2018; Duesman et al., 2022; Weber et al., 2022).
Finally, there is emerging evidence that non-neuronal signatures may modulate LC activity
through direct signaling or modulation of excitatory neurotransmission though this idea remains
controversial (Lee et al., 1998; Savtchouk and Volterra, 2018; Wahis and Holt, 2021). Circuits
between LC neurons and non-neuronal cell types may also be bidirectional, as cells like astrocytes
and microglia express adrenergic receptors that are important for cell-type specific functions (Liu

et al., 2019; Porter-Stransky et al., 2019; Stowell et al., 2019).

1.1.3.3 Behavior

Decades of work has revealed that the LC influences behaviors including sleep and

arousal, stress and anxiety, response to novelty, social behavior, cognition, and memory.

Sleep/Arousal
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The influence of the LC on sleep and arousal has been well described. The LC is part of
the ascending reticular activating system along with other brainstem and midbrain
neuromodulatory nuclei (lateral hypothalamus-orexin/hypocretin, dorsal raphe-serotonin,
tuberomammillary nucleus-histamine). LC neurons are tonically active and phasically responsive
during periods of wakefulness, gradually reduce their activity during non-REM sleep, and are
almost completely silent during REM sleep (Aston-Jones and Bloom, 1981b). These changes in
LC firing rates occur prior to sleep-wake transitions (Aston-Jones and Bloom, 1981b). Direct
activation of the LC induces wakefulness while genetically ablating NE synthesis increases
sleepiness (Kaitin et al., 1986; Hunsley and Palmiter, 2003; Hunsley et al., 2006; Carter et al., 2010;
Vazey and Aston-Jones, 2014; Singh et al., 2015). NE levels also vary with stage of sleep, in
accordance with activity at the level of LC cell bodies (Osorio-Forero et al., 2022). These variations
in LC activity and NE levels are important for mediating arousal levels, particularly in response to
salient stimuli. Reducing NE levels or inhibiting LC activity lowered while LC stimulation increased

the probability of sound evoked awakenings (Hayat et al., 2020).

Variations in LC-NE levels and activity are partially mediated by GABA signaling, likely
emanating from the local GABAergic pool and/or the ventrolateral preoptic area (Nitz and Siegel,
1997; Breton-Provencher and Sur, 2019; Breton-Provencher et al., 2021). Hypocretin/orexin from
the hypothalamus also plays a role in how the LC-NE system modulates arousal. Hypocretin/orexin
increases LC neuron activity and knockdown of hypocretin/orexin type 1 receptors in the LC
increases REM sleep during the dark period (Chen et al., 2010). LC-NE release is also required
for increased locomotor-inducing effects of hypocretin/orexin-expressing neuron stimulation

(Singh et al., 2015), highlighting the importance of this circuit in arousal.

Based on its role in sleep, the LC is also implicated in and target for sedation and

anesthesia. Under most anesthetics, the LC remains tonically active and phasic firing can be
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induced by applying salient stimuli (Vazey and Aston-Jones, 2014; West et al., 2015; Noei et al.,
2022; Kelberman et al., 2023). Dexmedetomidine and clonidine are two sedatives that more
directly affect the LC by activating a2 adrenergic receptors and inhibiting LC activity (Jorm and

Stamford, 1993; Totah et al., 2018; Zerbi et al., 2019; Kelberman et al., 2023).

Stress and Anxiety

Stress is a potent activator of LC neurons, and causes elevations in tonic firing above basal
levels (3-8 spikes/sec). Acute stress can be adaptive, but chronic elevations in tonic LC firing lead
to the expression of anxiety-like behaviors, which has been demonstrated by optogenetic
stimulation of LC neurons, administration of pharmacological agents that increase NE
transmission, and under conditions that recapitulate naturally stressful situations in rodents
(Valentino and Foote, 1988; Bremner et al., 1996; Curtis et al., 2012; McCall et al., 2015; Tillage
et al., 2021). In particular, corticotropin releasing factor (CRF) has been shown to potently drive
LC neurons at high tonic firing rates under conditions of naturalistic stress such as exposure to
predator odors (Valentino and Foote, 1988; Curtis et al., 2012; McCall et al., 2015). In contrast,
NE-deficient mice lack typical neophobic and stress induced responses which can be restored by
artificially increasing NE signaling (Lustberg et al., 2020a; Lustberg et al., 2020b; Lustberg et al.,
2022). These same mice lack footshock-induced anxiety-like behaviors in an elevated zero maze,
whereas noradrenergic-derived galanin is not required for the acute expression of anxiety-like
phenotypes. Interestingly, restoration of galanin, but not NE, during stress exposure restores
anxiety-like behaviors 24 h after the stressor, suggesting that LC-derived NE and galanin are
responsible for expression of anxiety on different timescales (Tillage et al., 2021). Furthermore,
reducing LC activity or antagonizing NE receptors has anxiolytic properties. Post-mortem human
studies also show increased levels of NE and its metabolites, and an upregulation of TH in those

with mood disorders. NE also contributes to stress-induced behaviors reminiscent of obsessive-
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compulsive disorders in rodents (Lustberg et al., 2020a; Lustberg et al., 2020b; Lustberg et al.,
2022). Specifically, NE deficient mice lack stress-induced shredding and digging behavior that
can be rescued by restoring NE levels, while application of anti-adrenergic drugs in wild-type mice
produces similar deficits in stress-induced repetitive behaviors (Lustberg et al., 2020a; Lustberg

et al., 2020b; Lustberg et al., 2022).

Response to Novelty

Rodents exhibit anxiety-like responses to novel environments which gradually evolves into
exploratory behavior as the animal becomes familiar with the context. This habituation is adaptive,
allowing animals to explore and exploit new environments when no threat is present. The LC is
exquisitely responsive and rapidly habituates to novel stimuli, provided that they are non-noxious
(Aston-Jones and Bloom, 1981a; Vankov et al., 1995; Omoluabi et al., 2021). Therefore, the LC
has been hypothesized to contribute to the behavior transition from anxiety-like phenotypes to
exploration in novel environments. Mice lacking NE have a blunted ambulatory activity in response
to being exposed to a novel environment. Specifically, these mice show lower activity levels within
the first 20 minutes of being exposed to and habituate more rapidly to a novel environment
(Lustberg et al., 2020b). These same mice display impaired social discrimination when exposed
to a novel animal (Marino et al., 2005). Pharmacological reduction of NE in rats results in identical
behavioral deficits in response to environmental novelty (Delini-Stula et al., 1984). The authors
went on to show that alterations in novelty response extended to novel object recognition but not
behaviors such as grooming, defecation, or other contexts (response to familiar objects in a novel
environment). The authors conclude that explorative behaviors in novel environments are most
sensitive to NE. Data from our lab supports this hypothesis, as DA signaling appears to control

some aspects of response to novelty such as grooming (Lustberg et al., 2022).
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Social Behavior

The LC influences specific aspects of social behaviors, including maternal behaviors. Pup
retrieval in mice leads to a phasic burst of LC activity that is not due to sensory, motor, or
rewarding aspects of the behavior (Dvorkin and Shea, 2022). Meanwhile, changes in tonic LC
activity are associated with specific pup-directed actions, such as licking and nesting (Dvorkin and
Shea, 2022). In contrast, pharmacologically reducing NE synthesis reduced parental behavior of
biparental rodents (Acosta et al., 2022). Similarly, genetic depletion of NE in mothers reduces the
number of and increases the latency to gather pups, culminating in high rates of pup mortality
(Thomas and Palmiter, 1997). Separate from parental behaviors, the LC is also heavily involved
in expression of social behaviors. Genetic ablation of NE caused deficits in social discrimination
and abolished aggressive behaviors in a resident intruder task, while leaving social memory
largely intact (Marino et al., 2005). Similarly, ablating LC neurons in a mouse model of
neurodegeneration induced recognition deficits of a previously encountered conspecific (Heneka

et al., 2006).

Cognition, Attention, and Learning and Memory

Historically, forebrain regions have received the most attention in regulating higher order
behaviors such as cognition and attention. However, the LC innervates every portion of the cortex
allowing modulation of cognition and attention via NE release. There are a few prominent theories
of how the LC influences cognition that are worth reviewing. It has been proposed that the LC
mainly influences task performance by influencing arousal levels according to a Yerkes-Dodson
model (Aston-Jones and Cohen, 2005b; Howells et al., 2012). Low levels of LC activity are
associated with low levels of arousal, weak task performance, and inattentiveness. The other end

of the spectrum proposes that high levels of LC activity are maladaptive, resulting in distractibility.
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Proper balance of tonic and phasic LC activity promotes strong task performance at intermediate
levels of arousal. Newer theories of LC involvement in cognition have added nuance to the
traditional Yerkes-Dodson model. Specifically, adaptive gain theory is based on an antagonistic
relationship between the tonic and phasic firing modes of the LC. Phasic activity is theorized to
respond to aspects of task-related decision making and update future behaviors to optimize
performance (Aston-Jones and Cohen, 2005b; Howells et al., 2012). Meanwhile, tonic activity is
proposed to facilitate disengagement from tasks and support flexible behavioral responses. The
Glutamate Amplifies Noradrenergic Effects (GANE) theory of LC activity focuses on the synergistic
effects of glutamate and NE in LC target regions to amplify representation of highly salient stimuli
and ultimately assist with memory consolidation of these specific stimuli (Mather et al., 2016).
Network Reset suggests that phasic LC activity facilitates cognitive shifts by interrupting and
reorganizing neural networks (Bouret and Sara, 2005). All the previously mentioned models are
supported by literature and are not mutually exclusive, implying that the influence of the LC-NE
system on cognition and memory is highly complex and is likely dependent on NE signaling within

specific brain regions based on task demands.

For example, the LC plays an important role in fear conditioning, consolidation, and
extinction, each of which are regulated by different afferent outputs of the LC (For a
comprehensive review, see (Giustino and Maren, 2018)). Cued fear conditioning is dependent
upon LC projections to the basolateral amygdala. Pharmacological blockade of NE signaling at (3-
adrenergic receptors systemically or in the basolateral amygdala, or activating a2-adrenergic
receptors prior to training impairs cued fear conditioning (Cole and Koob, 1988; Davies et al.,
2004; Bush et al., 2010; Schiff et al., 2017). Opposingly, blocking a1 receptors enhances fear
conditioning via induction of long-term potentiation in the lateral amygdala (Lazzaro et al., 2010).

Separately, depletion of NE impairs contextual fear conditioning (Neophytou et al., 2001; Ouyang
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and Thomas, 2005; Hott et al., 2012). While cued fear consolidation does not appear to rely on
LC-NE signaling, increasing or decreasing noradrenergic tone can increase and decrease
contextual fear consolidation, respectively (LaLumiere et al., 2003; Murchison et al., 2004; Ouyang
and Thomas, 2005; Gazarini et al., 2013; Gazarini et al., 2014). Differences in cued and contextual
fear consolidation are hypothesized to involve altered hippocampal long-term potentiation and
signaling within the medial prefrontal cortex resulting from noradrenergic manipulations (Giustino
and Maren, 2018). Finally, the LC-NE system has a prominent role in both cued and contextual
fear extinction. Activating LC projections to the medial prefrontal cortex promotes cued extinction
learning (Uematsu et al., 2017). However, these effects may depend on arousal levels, as stress
appears to impair cued extinction learning (Fitzgerald et al., 2015; Lin et al., 2016; Maren and
Holmes, 2016; Giustino and Maren, 2018). Contextual fear extinction is enhanced by augmenting
NE tone in the ventromedial prefrontal cortex, hippocampus, and basolateral amygdala (Berlau

and McGaugh, 2006; Do-Monte et al., 2010; Abraham et al., 2012; Chai et al., 2014).

Expanding on the role of LC in hippocampal-dependent memory, long-term depression
and potentiation of hippocampal synapses are facilitated by signaling via B-adrenergic receptors
(O'Dell et al., 2015; Hagena et al., 2016; Hansen, 2017). Altering B-adrenergic signaling in the
hippocampus leads to deficits in object recognition and fear extinction in rats (Goodman et al.,
2021). Beyond fear conditioning, there is a wealth of evidence that NE signaling in the
hippocampus is crucial for other types of memory. Lesioning or silencing the LC impairs encoding
of spatial memory in the T-maze and Morris water maze (Amaral and Foss, 1975; Khakpour-
Taleghani et al., 2009; Coradazzi et al., 2016). NE signaling is also crucial for consolidation of
novelty-associated memories involving the hippocampus, as inhibition of LC cell bodies and
terminals in CA3 prevents encoding of novel contexts (Wagatsuma et al., 2018). It was further

demonstrated that inhibition of LC activity during encoding of a novel context disrupts the ability
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of CA3 place cells to stably represent areas in space upon re-exposure to an environment.
Dopamine release appears to be important for encoding environmental novelty. In a separate
study, stimulation of LC axons in the dorsal hippocampus enhanced spatial object recognition that
required D1/D5 receptors (Kempadoo et al., 2016). There was an added effect on spatial learning,
as stimulation of LC axons accelerated latency to the target chamber in the Barnes Maze.
Similarly, stimulating the LC after encoding enhanced spatial memory, and was completely
ablated by D1/D5 receptor antagonism in CA1 (Takeuchi et al., 2016). Proper consolidation is
partially dependent on NE signaling during sleep. Abnormally activating the LC during sleep alters
characteristic EEG signatures and interferes with consolidation in a hippocampal-dependent task
(Swift et al., 2018). Similar sleep and behavioral disruptions are observed with application of a2-

adrenergic agonists and 3-adrenergic following a radial arm maze task (Duran et al., 2023).

It is again worth considering the role of different LC firing rates and patterns in cognition.
Electrical stimulation of the LC that mimics bursting activity of the nucleus produces DA release
in forebrain regions (Devoto et al., 2005a, b). In addition, the previously referenced memory
enhancements following dopamine release from the LC were in response to burst-like LC
stimulation (Kempadoo et al., 2016; Takeuchi et al., 2016). Similarly patterned stimulation of the
LC in wild-type rats accelerates rates of odor discrimination that is dependent on actions of NE in
the piriform cortex (Ghosh et al., 2021). Expressing aberrant tau in the LC of these rats interferes
with odor discrimination by reducing LC axonal density and upregulating B-adrenergic receptors
in the olfactory cortex (Ghosh et al., 2019). Still, phasic LC stimulation in these rats can prevent
deficits in odor discrimination and preserve LC integrity, whereas high tonic firing is associated
with anxiety- and depressive-like phenotypes, and worse LC health (Omoluabi et al., 2021).
Genetically abolishing NE also results in reduced social discrimination in mice (Marino et al.,

2005).
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Behavioral flexibility is also heavily influenced by the LC, specifically via its connections to
the medial prefrontal and orbitofrontal cortices. Pharmacological ablation and chemogenetic
silencing of LC inputs to the orbitofrontal cortex, but not the prelimbic cortex, disrupted animals’
ability to update actions to varying outcome contingencies (Cerpa et al., 2023). It is therefore
unsurprising that the LC has been heavily implicated in substance use disorders (for a
comprehensive review, see (Weinshenker and Schroeder, 2007)). Similarly, silencing LC activity
during an attentional set-shifting task led to impairments in reversal learning and extradimensional
set shifting, but not tasks that did not require cognitive flexibility (Janitzky et al., 2015). In a path
foraging task, elevating LC tonic activity reduced task participation and increased trial omissions
and reaction times (Kane et al., 2017). While this at first appears to indicate distractibility, the
driver of these behavioral outputs was an increase in tendency to leave the current patch,
suggesting induction of behavioral flexibility. Further support for this theory that elevated LC
activity promotes behavioral flexibility, LC firing rates were correlated with the speed of rule
switching in a tactile-based rule-shift task in mice (McBurney-Lin et al., 2022). We have separately
shown that spatial memory deficits in aged rats that develop AB and tau pathology can be rescued
by stimulating the LC (Rorabaugh et al., 2017). This effect is likely to be dependent on basal LC
firing rates, as we have shown that these rats display LC hypoactivity at the ages tested

(Kelberman et al., 2023), a topic we discuss further in Chapter 2.

In humans, neuromelanin sensitive MRI sequences are used to localize the LC and provide
a measure of the integrity of the nucleus (Kelberman et al., 2020). Preserved LC integrity, is
positively associated with cortical thickness (Bachman et al., 2021), better memory performance
(Hammerer et al., 2018; Dahl et al., 2019; Olivieri et al., 2019), and preserved cognition (Liu et al.,
2020). Post-mortem LC integrity also correlates with cognitive function during health aging

(Robertson, 2013; Wilson et al., 2013; Clewett et al., 2016). Specific sets of connections and
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signaling between the LC and other brain regions are likely to support cognition. In particular,
higher LC-nucleus basalis of Meynert or ventral tegmental area functional connectivity is
associated with poorer memory in those over 40 (Jacobs et al., 2018), whereas stronger functional
connectivity with the parahippocampal gyrus is associated with better memory performance
(Jacobs et al., 2015b). The LC also plays a role in retrieval/recollection of memories that have a
salient emotional component (Sterpenich et al., 2006; Il Jacobs et al., 2020). There is also
evidence in humans that LC activity patterns are an important predictor of cognitive outcome.
Similar to preclinical literature, higher LC response to novelty in healthy populations is associated
with resistance to cognitive decline, even in the presence of forebrain AD pathology (Prokopiou

et al., 2022).

Together, preclinical and human data show a robust involvement of the LC in arousal,
attention, cognition, and learning and memory that are mediated by engagement of different

adrenergic receptor subtypes within specific brain regions.

1.2  CONTRIBUTIONS OF LOCUS COERULEUS DYSFUNCTION TO DISEASE

Alterations to normal LC function have been implicated in a multitude of disorders which

are covered below.

1.2.1 NEUROPSYCHIATRIC AND NEURODEVELOPMENTAL DISORDERS

Many neuropsychiatric disorders involve adverse stress responses. Given the role of the
LC-NE system in stress and anxiety, it is unsurprising that dysfunction of this system is heavily
linked with neuropsychiatric disorders. Patients with depression show substantial reduction in LC
contrast (Shibata et al., 2007; Shibata et al., 2008), a marker of LC integrity. Lower NET and higher
TH levels in the LC have been reported in post-mortem samples from patients with major

depression, without changes to overall cell number (Klimek et al., 1997; Zhu et al., 1999). Similar
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downregulation of NET in the LC is noted in patients with post-traumatic stress disorder, with an
additional hyperresponsiveness of the LC evident in response to salient stimuli (Pietrzak et al.,
2013; Naegeli et al., 2018). Dysfunction of the LC-NE system is not surprising, given the preclinical
evidence linking NE signaling to all aspects of fear conditioning (Giustino and Maren, 2018).
Symptoms of post-traumatic stress disorder can be improved with the a1-adrnergic receptor
antagonist prazosin (Raskind et al., 2007; Raskind et al., 2013). Nightmares, hyperarousal, and
sleep abnormalities were identified by a meta-review as the primary symptoms that improve with
prazosin treatment, and are in agreement with the idea that the LC is hyperactive in these patients
(Singh et al., 2016). In schizophrenia, average LC cell body size and total LC volume is increased
compared to control subjects, without a change in overall cell number (Marner et al., 2005). The
LC is also dysfunctional in neurodevelopmental disorders, such as autism spectrum disorder. No
differences in LC cell counts or volume are noted in autism spectrum disorders (Martchek et al.,
2006). Both increased and decreased LC functional connectivity are noted in autism spectrum
disorder (Huang et al., 2021). However, children with autism spectrum disorder typically display
larger resting pupil diameter (Arora et al., 2021), which has been linked to attentional
disengagement (Keehn et al., 2021). This putatively implicates augmented tonic LC activity in
autism spectrum disorder. In addition, evidence suggests that LC dysfunction might be dependent
upon task utility (Bast et al., 2023), but increases in functional connectivity are specific to visual
areas (Huang et al., 2021). This indicates that LC dysfunction in autism spectrum disorder may
contribute to deficits influenced by vision. Cumulatively, these studies indicate that LC

hyperactivity contributes to neuropsychiatric and neurodevelopmental disorders.

1.2.2 SLEEP DISORDERS

Given the wake-promoting effects of LC activity, it is unsurprising that LC dysfunction

contributes to symptoms of various sleep disorders. Patients with REM Sleep Behavior Disorder
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present with lower LC contrast than healthy controls (Ehrminger et al., 2016; Knudsen et al., 2018).
Furthermore, while Parkinson’s disease (PD) patients present with reduced LC contrast (Sasaki
et al., 2006; Wang et al., 2018a), PD patients with concomitant REM Sleep Behavior Disorder show
even lower LC contrast (Sommerauer et al., 2018). Patients with chronic insomnia present with
altered patterns of LC functional connectivity that are associated with both disease duration and
anxiety scores (Gong et al.,, 2021). Conversely, one study identified a mutation in the gene
encoding the B1-adrenergic receptor found in humans that sleep less (Shi et al., 2019).
Introducing this mutation to mice led to shortened sleep behavior and in vitro decreased protein

stability and agonist sensitivity.

1.2.3 NEURODEGENERATIVE DISORDERS

Alzheimer’s disease (AD) and PD are the two most common neurodegenerative disorders
in the world. AD is the leading form of dementia, and is characterized by the accumulation of
extracellular B-amyloid (AB) and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau. The main symptom of AD are cognitive and memory deficits that occur
during late stages of the disease. Meanwhile, PD patients present with motor impairments that
have been attributed to degeneration of the dopaminergic substantia nigra and aggregation of a-
synuclein. Although primary symptomology and protein aggregates differ between AD and PD,
LC dysfunction is ubiquitous across disease progression (Weinshenker, 2018; Kelberman et al.,
2020). In fact, the LC is the first brain region to accumulate hyperphosphorylated tau and a-
synuclein in prodromal phases of AD and PD, respectively, which occurs well before other areas
that canonically associated with these disorders such as the hippocampus, cortex (AD), and basal
ganglia (PD) (Braak et al., 2011; Del Tredici and Braak, 2013; Pletnikova et al., 2018; Gilvesy et
al.,, 2022). Aggregation of these proteins occurs decades prior to primary symptomology

associated with each disease, and LC neurons appear to be spared from frank cell death until mid
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to late stages of disease, when up to 80% of cell bodies are lost (German et al., 1992; Busch et
al., 1997; Theofilas et al., 2017). Despite delays in cell death, the LC experiences volume loss and
morphological alterations in the earliest Braak stages (Theofilas et al., 2017; Gilvesy et al., 2022).
In addition, LC neuronal loss is greater than that of the nucleus basalis of Mynert and substantia
nigra in both AD and PD, respectively (Zarow et al., 2003). Beyond AD and PD, LC dysfunction
contributes to aspects of other neurodegenerative diseases including chronic traumatic
encephalopathy, frontotemporal dementia, progressive supranuclear palsy, Pick’s disease, and

more (Weinshenker, 2018; Betts et al., 2019b; Kelberman et al., 2020).

1.3  ALZHEIMER’S DISEASE

1.3.1 EPIDEMIOLOGY AND ETIOLOGY

AD is the most common form of dementia, which is an umbrella term describing
impairments in ability to remember, think, or make decisions that significantly impact daily life. AD
currently affects over 30 million individuals worldwide, and incidences are expected to rise as the
population ages. A majority of AD cases are sporadic, but there are several genetic mutations that
are causative (PSEN1, PSEN2, APP) or pose an increased risk (APOE4, TREM2) of developing
AD (Karch and Goate, 2015; Yamazaki et al., 2016). Most people are diagnosed with AD after the
age of 65, and aging is the highest risk factor for developing AD. However, specific mutations alter
disease course by accelerating (early onset) or delaying (late onset) the onset of AD. There are
also a variety of other environmental and lifestyle factors that confer resilience or risk of
developing AD. Chronic illnesses such as cardiovascular disease, high blood pressure, and
diabetes increase the risk for AD whereas exercise, education, and occupational attainment confer

resilience (Stern, 2012).
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Historically, AD diagnosis could only be confirmed post-mortem by the appearance of the
two pathological hallmarks: AB and neurofibrillary tangles composed of hyperphosphorylated tau.
More recently, a combination of neuroimaging, biomarker assays (blood-based, positron emission
tomography, cerebrospinal fluid, plasma, etc.), and comprehensive clinical exams (cognitive,
neuropsychological and behavioral questionnaires) can be used to issue a probable AD diagnosis.
Genetic testing for mutations associated with familial AD (PSEN1, PSEN2, and APP) and less
common variants that pose low to moderate risk (APOE4, TREMZ2) are now possible, but are used
sparingly. The Food and Drug Administration recommends that biomarkers be specific, sensitive,
predictive, inexpensive, and easily obtainable, among other criteria (Khoury and Ghossoub, 2019).
For AD, a sensitivity and specificity measure above 80% should be achieved (Khoury and
Ghossoub, 2019). The National Institute of Aging has categorized AD biomarkers into three
categories: A deposits, hyperphosphorylated tau aggregates, and markers of neuronal damage
and/or degeneration, collectively termed ATN. All of these biomarkers can currently be assessed
in living humans, though each have drawbacks. Cerebrospinal fluid is in direct contact with the
brain, perhaps making it the best proxy for changes occurring within the brain. Samples are also
easily obtained, though not unintrusive. Changes in cerebrospinal fluid levels of A4, occur prior
to other emerging diagnostic measures, such as AB positron emission tomography (Palmquvist et
al., 2016). Total tau and various versions of hyperphosphorylated tau can also be assessed in
cerebrospinal fluid (Blennow et al., 2015; Costa et al., 2022). However, during prodromal phases
of AD, these markers yield low specificity and sensitivity, in addition to low predictive accuracy for
conversion to AD (Ritchie et al., 2014; Cummings, 2019). Instead, recent evidence suggests
combining multiple cerebrospinal fluid markers in early AD diagnosis or using AB42/ABsgratio as a
more accurate biomarker (Biscetti et al., 2019). Plasma biomarkers are even easier to obtain, but

changes along disease progression and diagnostic accuracy of biomarkers are still in their infancy.
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Due to the low level of biomarkers in blood, the sensitivity of these assays must be greater than
that of cerebrospinal fluid samples (Khoury and Ghossoub, 2019). However, emerging evidence
suggests that AB.2/AB4o ratios are lower in patients with AD and correlate with AR and tau levels in
both cerebrospinal fluid and using positron emission tomography scans (Ovod et al., 2017;

Risacher et al., 2019).

Positron emission tomography is a functional imaging procedure that utilizes radioligands
to assess changes in metabolism, neurotransmitter levels, and other markers of interest. It has
relatively poor spatial resolution, especially for investigating small brain regions such as the LC.
However, positron emission tomography remains the only way to probe pathological load directly
in the brain of living humans. Pittsburgh Compound-B was the first amyloid positron emission
tomography tracer and routinely used today (Klunk et al., 2004). Tau tracers have also been
developed and broadly fall into three categories (Saint-Aubert et al., 2017), but have suffered from
problems with off-target binding and lack of overlap with validated antibodies (Sander et al., 2016;
Marquie et al., 2017; Vermeiren et al., 2018). Sensitivity and specificity of diagnosing AD are mixed
using these tracers, and likely depend on disease stage (Zhang et al., 2014; O'Brien and Herholz,
2015; Martinez et al., 2017). Other compounds can be used to assess neuronal health including
those that measure inflammation (microglia and astrocytes), cell damage (neurofilament light),
and neural activity (glucose metabolism), with the potential for improved sensitivity and specificity

when combined with other biomarker assays.

Structural changes can also be assessed using structural MRI, where AD patients showing
significant hippocampal and entorhinal cortex atrophy (Golebiowski et al., 1999; Juottonen et al.,
1999). However, these changes occur quite late in disease progression, and therefore would
produce low predictive value of conversion to AD. Brain regions such as the LC can be visualized

using neuromelanin sensitive MRI techniques, and yield measures of integrity that can be
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correlated with various other aspects of AD. We have also extensively reviewed other structural
and functional imaging techniques to probe LC dysfunction along AD progression, but these
methods are still in their infancy and require further refinement for use as diagnostic and predictive

biomarkers (Kelberman et al., 2020).

1.3.2 NEUROPATHOLOGY

1.3.2.1 Amyloid-8

AB is one of the two pathological hallmarks of AD, and the major target of therapeutic
interventions. Normal production of AB is produced through cleavage of the transmembrane
amyloid precursor protein (APP) by a and y secretase. Soluble fragments of APP are released
bother extra and intracellularly which can act as signaling molecules. Abnormal processing of APP
occurs with overactive cleavage by B-secretase which releases soluble A fragments which
aggregate extracellularly into plaques. Plaques follow a top-down deposition pattern,
accumulating in cortical regions early and spreading to subcortical systems in later stages of AD
(Braak and Braak, 1991; Thal et al., 2002). The LC also develops amyloid pathology, first in the
form of AR oligomers and later as plaques (Cole et al., 1993; Kelly et al., 2021). However,
deposition of AB pathology occurs in late-stages and in more severe forms of disease. Familial
cases of AD are caused by genetic mutations involving the processing of APP, which favors the
amyloidogenic pathway. This is also supported by the observation that people with Down
Syndrome have higher risk of developing early onset AD, which has been linked to the extra copy
of the APP gene located on chromosome 21 (Salehi et al., 2016). Some more common genetic
variants pose a lower risk of AD (APOE4, TREM2, SORLA, BIN1), while others (APOE3, CR1),
some of which lower AR production, are associated with reduced risk of AD (Karch and Goate,

2015; Yamazaki et al., 2016). These observations led to the development of the amyloid cascade
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hypothesis, which posits that dysfunction in the balance of A processing is the driving force of
disease progression (Hardy and Higgins, 1992). This is supported by the fact that Ap pathology
can induce oxidative stress (Abramov et al., 2004; Karapetyan et al., 2022), inflammation and
immune responses (Minter et al., 2016), synapse dysfunction (Walsh et al., 2002; Wang et al.,
2002; Tu et al., 2014), behavioral impairments (Trinchese et al., 2004; Leon et al., 2010; Mehla et
al., 2019), and tau hyperphosphorylation (Ryan et al., 2009; Jin et al., 2011; Zhang et al., 2020).
Despite the large focus on AB as the main driver of AD and preclinical trials showing promise of
AB based antibody therapies, clinical trials have, until recently, failed to delay or prevent the

progression of AD using these drugs in human patients.

1.3.2.2 Tau

Tau is encoded by the MAPT gene on chromosome 17921 and is typically found in
complex with microtubules along axons (Boyarko and Hook, 2021). Following transcription,
alternative splicing results in the translation of six major isoforms of tau in the human brain
(Boyarko and Hook, 2021). These tau isoforms are composed of zero, one, or two N-terminal
repeats and three or four C-terminal repeats (Boyarko and Hook, 2021). The C-terminal is
positively charged to facilitate its binding to negatively charged microtubules, ultimately assisting
with axonal transport and neurite outgrowth (Weingarten et al., 1975; Drubin and Kirschner, 1986;
Kadavath et al., 2015). Tau is an intrinsically disordered protein, meaning it does not adopt a stable
secondary structure, but is rather flexible (Mukrasch et al., 2005; Jeganathan et al., 2008;
Schwalbe et al., 2014), which likely assists in its function of binding to and stabilizing microtubules.
Tau can also undergo a variety of post-translational modifications, including phosphorylation
(Martin et al., 2011; Wang et al., 2013). Phosphorylation and dephosphorylation is the most
relevant for this discussion and is a normal aspect of the life cycle of tau, allowing for axonal

flexibility that is crucial for synaptic plasticity (Guo et al., 2017). However, excessive
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phosphorylation of tau causes detachment from microtubules and promotes aggregation of tau
monomers (Mandelkow and Mandelkow, 2012; Boyarko and Hook, 2021). Without tau,
microtubules become destabilized, impairing axonal transport, while the aggregation of tau further
impedes processes within neuronal cell bodies (Guo et al., 2017). Surprisingly, tau knockout
animals fail to display prominent phenotypes, likely due to compensation from other microtubule-
associated proteins (Dawson et al., 2001; Fujio et al., 2007; Wang et al., 2013). Knockouts of
multiple microtubule-associated proteins in single animals does induce behavioral phenotypes
such as abnormal circadian rhythms, muscle weakness and motor deficits, and impairments in

spatial learning (Cantero et al., 2010; Lei et al., 2012; Ma et al., 2014; Lopes et al., 2016).

Although tau is the other pathological hallmark of AD and required for diagnosis, it has
often been thought of as secondary to A pathology because familial cases of AD are caused by
mutations in amyloid processing and AP pathology can induce tau hyperphosphorylation.
However, tau and tangle pathology are the principal protein aggregates in the group of diseases
known as tauopathies (Williams, 2006). There are many tauopathies, which are separated into
groups based on the tau isoforms that compose their aggregates. Moreover, mutations in genes
encoding tau have been shown to cause cases of various tauopathies, such as frontotemporal
dementia (Goedert and Jakes, 2005). Tau has also gained increased interest in AD given its tight
link with emergence of prodromal symptoms and cell death compared to AB (Busch et al., 1997;
Ehrenberg et al., 2018; Oh et al., 2019; Cassidy et al., 2021; Cassidy et al., 2022; Kelberman et al.,

2022).

Tau has been shown to alter neuronal activity, but in a way that is less predictable than the
hyperactivity produced by AB (Busche and Hyman, 2020). Tau alone has been shown to either
increase or decrease neuronal activity (Holth et al., 2013; Busche et al., 2019; Huijbers et al., 2019;

Shimojo et al., 2020), suggesting that these effects may be isoform dependent. Combined A and
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tau pathology typically induces neuronal hypoactivity to a greater degree than what is seen with
tau alone (Busche and Hyman, 2020). Tau deficient mice are also protected against the negative
consequences induced by AB pathology, which is partially due to its protective role against
excitotoxicity (Rapoport et al., 2002; Roberson et al., 2007; Ittner et al., 2010; Shipton et al., 2011).
Though the effects of pathogenic tau has been well described in forebrain regions, the
consequences of early tau deposition in the LC on physiology, behavior, and other aspects of AD

remain to be fully explored.

1.3.3 CLINICAL PRESENTATION

1.3.3.1 Cognition and Memory

AD is perhaps best known for its deleterious effects on cognition and memory. Patients
exhibit cognitive and memory impairments across a wide range of categories, including
declarative and emotional memory, executive function, language, attention and working memory.
These deficits have been typically attributed to atrophy of the hippocampus and higher cortical
areas that occur in late stages of disease. Cognitive deficits across as range of domains (attention,
executive dysfunction, memory, language, etc.) are most commonly ascertained via
questionnaires such as the Mini-Mental State Examination or Montreal Cognitive Assessment
(Tsoi et al., 2015). There are other, less common cognitive assessments that are also employed
including the Mini-Cog and Eight-ltem Informant Interview to Differentiate Aging and Dementia,
with each assessment having variable sensitivity and specificity for AD diagnosis (Tsoi et al.,

2015).

1.3.3.2 Prodromal Symptomology

A host of other behavioral and psychosocial symptoms emerge decades prior to the

appearance of substantial cognitive deficits in AD, and have therefore been termed prodromal
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symptoms. The specific sets of prodromal symptoms can vary widely been individuals and can
include changes in mood and arousal/sleep, increased stress, anxiety, apathy, and more
(Ehrenberg et al., 2018). These are typically assessed using questionnaires such as the mild
behavioral impairment checklist or Neuropsychiatric Inventory Questionnaire (Mallo et al., 2018).
Many of these symptoms are considered secondary to memory decline and cognitive deficits, but
often have a greater impact on quality of life for those with AD. All these phenotypes can be
modulated by LC activity and respond to treatment with drugs targeting the LC-NE system (Aston-
Jones and Bloom, 1981b; Peskind et al., 2005; Wang et al., 2009; Bangasser et al., 2016;
O'Callaghan et al., 2021; Levey et al., 2022). These prodromal symptoms are consistently and
specifically correlated with tau burden, and emerge coincident with tau accumulation in the LC
(Braak et al., 2011; Ehrenberg et al., 2018; Cassidy et al., 2021; Cassidy et al., 2022; Kelberman

et al., 2022).

1.3.4 CONTRIBUTIONS OF LOCUS COERULEUS DYSFUNCTION TO ALZHEIMER’S DISEASE

1.3.4.1 Susceptibility

The LC is one of the most susceptible nuclei to the pathophysiological insults of AD. These
insults occur early and are exacerbated as the disease progresses. There are several
characteristics of LC neurons that render them susceptible, including long and diffuse axonal
projections, pacemaker activity, metabolic demand, and direct contact with blood vessels and

ventricles.

First, despite the relatively small number of neurons, the LC projects nearly brain-wide,
using highly branched axons to signal with NE. Previous studies have indicated that these axons
are unmyelinated, but this has come into question in recent years. Although LC cell bodies

develop hyperphosphorylated tau pathology as early as the first decades of life, they only undergo
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frank neuronal degeneration in mid- to late-Braak stages. In fact, axon terminals undergo

degeneration prior to substantial LC volume or cell loss.

Second, LC neurons have intrinsic pacemaker activity, even in the absence of excitatory
inputs. This pacemaker tonic activity allows neurons to set and rapidly shift through behavioral
states, but also has consequences. Constant activity is metabolically demanding on cells and can
lead to oxidative stress and mitochondrial dysfunction. Moreover, unmyelinated axons transmit
neural signals slower than myelinated axons, further increasing LC metabolic demands. Increased
activity of the LC can also lead to increased production of NE metabolites. Of note, the NE
metabolite DOPEGAL is toxic to LC neurons and indirectly leads to tau cleavage and aggregation
via overactivity of asparagine endopeptidase (Kang et al., 2020; Kang et al., 2021). Alternatively,
DOPEGAL can directly modify tau at residue 353, also promoting its aggregation and propagation
(Kang et al., 2022). LC neurons have derived a mechanism to deal with such toxic compounds.
Neuromelanin is a double-layered membrane granule that is thought to form in order to sequester
excess catecholamines and byproducts within neurons (Zecca et al., 2001). These granules also
chelate heavy metals and bind pesticides, again suggesting a protective role of neuromelanin
(Zecca et al., 1992; Zecca et al., 2001; Zecca et al., 2008). However, neurons have no way of
breaking down neuromelanin granules, leading to their accumulation during the process of aging
(Mann and Yates, 1974; Manaye et al., 1995; Zucca et al., 2006). Over time, it is hypothesized that
these granules can be partially broken down by reactive oxygen species, leading to the release
of toxic products intracellularly (Shamoto-Nagai et al., 2004; Zecca et al., 2004). In addition, as
neurons die, neuromelanin is released and can induce toxicity in neighboring neurons (Zhang et

al., 2011).

Third, the LC is located adjacent to and its dendrites contact the 4" ventricle. LC axons

also regulate blood-brain barrier permeability, and it is estimated that a single LC neuron
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innervates 20 meters of capillaries (Pamphlett, 2014). Innervation of the ventricle and blood

vessels permit the LC to contact toxic compounds circulating in cerebrospinal fluid and blood.

1.3.4.2 Dysfunction

As previously covered, the LC is the first brain region to develop AD tau pathology, often
decades prior to AB or tau deposition in forebrain regions. LC axons and dendrites degenerate
early in AD while catastrophic loss of cell bodies occurs starting in mid-stages of disease,
suggesting that LC dysfunction could persist for a long time after the appearance of pathology
(Gilvesy et al., 2022). Prior to cell body loss and as early as the transition from Braak stage 0 to 1,

LC volume decreases ~8% for every increase in Braak stage (Theofilas et al., 2017).

With regards to symptoms, the LC influences every known atypical behavioral phenotype
noted throughout the progression of AD. The early accumulation of tau and manifestation of
behavioral symptoms have led to the hypothesis that altered LC activity is an important mediator
of disease progression (Weinshenker, 2018; Janitzky, 2020). Specifically, sleep disturbances and
increased anxiety and stress responses that coincide with accumulation of LC tau pathology
suggest hyperactivity in early disease states (Ehrenberg et al., 2018; Weinshenker, 2018; Oh et
al.,, 2019). This is further supported by neuromelanin-sensitive LC imaging, which shows that
higher LC integrity is predictive of neuropsychiatric symptom load (Cassidy et al., 2021; Cassidy
et al., 2022). Meanwhile, LC volume and cell loss coincides with memory and cognitive
impairments that are indicative of hypoactivity (Kelly et al., 2017; Rorabaugh et al., 2017; Theofilas

et al., 2017; David et al., 2022; Kelberman et al., 2022).

Most studies report overall decreases in brain NE levels, which correlates with the degree
of cognitive impairment. However, NE metabolites and turnover (NE:metabolite ratios), the latter

of which is considered a proxy of LC activity, are typically increased in AD patient samples. High
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MHPG levels in cerebrospinal fluid is associated with decreased cortical thickness and
hippocampal volume, even in the absence of significant AB pathology (van Hooren et al., 2021).
One study also reports that LC neuron survival is inversely correlated with NE turnover, suggesting
elevated LC activity is toxic to LC neurons (Hoogendijk et al., 1999). Others have reported no
change or even increased NE levels in cerebrospinal fluid and some brain regions, which also
tracks declining cognition (Gannon et al., 2015). Some of these discrepancies could be explained
by disease stage, with early compensatory mechanisms resulting in maintenance or increased NE
levels which fail at later stages of disease. These compensatory mechanisms include a
downregulation of NET sites in projection regions and an upregulation of TH mRNA in the LC (Szot

et al., 2006, 2007).

Noradrenergic receptors have also been shown to be dysfunctional and contribute to
various aspects of AD. For example, A oligomers hijack normal NE signaling via a2-receptors to
promote tau hyperphosphorylation (Zhang et al., 2020), a potential mechanism of early tau
deposition in the LC given its high density of a2 receptors and the presence of AB oligomers (Kelly
et al., 2021; Kelberman et al., 2023). Many changes in receptor function and expression appear
to be a compensatory effort in response to the early loss of LC axons and decrease in NE tone.
B-adrenergic receptors are hypersensitive in early disease states (Goodman et al., 2021), but the
density of adrenergic receptors in forebrain regions appear to decrease as the disease progresses
(Szot et al., 2006, 2007). Dendritic sprouting and increased TH mRNA expression is also observed
at the level of the LC (Szot et al., 2006), which is thought to represent compensatory mechanisms

to upregulate NE signaling as fibers and cell bodies are lost.

NE also regulates immune responses which are important in the context of inflammation
and pathological deposition/clearing in AD. Pharmacological depletion of NE in mouse models of

AD increases microglia and astrocyte staining in cortical regions, and exacerbates pathological
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deposition (Heneka et al., 2006; Chalermpalanupap et al., 2018). Pharmacologically elevating NE
levels restores ability of microglia to clear pathology (Heneka et al., 2010). Under normal
conditions, microglia surveillance decreases with increasing noradrenergic tone (Liu et al., 2019;
Stowell et al., 2019). This observation may be partially responsible for consolidation of memories
during sleep, mediated by microglia-induced synaptic plasticity brought about by decreased NE

levels.

1.3.4.3 Current State of Noradrenergic Therapies in Alzheimer’s Disease

The current FDA approved treatments for AD are cholinesterase inhibitors (galantamine,
rivastigmine, and donepezil) and the NMDA antagonist memantine, which are used for mild and
moderate to severe AD, respectively. These medications treat symptoms of the disease, such as
memory loss, but do not impede disease progression. More recently, the FDA has approved two
other drugs, aducanumab and lecanemab which remove amyloid from the brain. These treatments
were the first approved by the FDA that were said to delay disease progression, but these effects
appear to be marginal and can come with severe side effects, such as brain swelling. As such,
more research is needed to identify therapeutic targets for both non-cognitive symptoms of AD,

which are more predictive of quality of life, as well as disease modification.

Surprisingly, although LC dysfunction is ubiquitous throughout the progression of AD, use
of noradrenergic interventions in AD remains limited. In 2022, there were only four noradrenergic
drugs that were being tested for use in AD: prazosin (a1 adrenoreceptor antagonist), CTS-2032
(B2 adrenoreceptor agonist), guanfacine (a2 adrenoreceptor agonist), and BXCL-501 (orally
dissolving formulation of dexmedetomidine; a2 adrenoreceptor agonist) (Cummings et al., 2022).
Preclinical evidence suggests that augmenting noradrenergic tone can restore cognitive deficits

and block declines in LC health (Rorabaugh et al., 2017; Omoluabi et al., 2021). Human literature
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also supports the use of noradrenergic therapies in different stages of AD. Adrenergic antagonists
have been reported to reduce agitation/aggression and anxiety in subjects with probable or
possible AD (Peskind et al., 2005; Wang et al., 2009). Meanwhile, atomoxetine, an NE reuptake
inhibitor, had beneficial effects on AD biomarkers in mild cognitive impairment (Levey et al., 2022).
Vagus nerve stimulation is in the early stages of testing for use in AD populations (Vargas-
Caballero et al.,, 2022), but has long been shown to modulate LC activity (Takigawa and
Mogenson, 1977; Groves et al., 2005). Vagus nerve stimulation has been shown to enhance
synaptic transmission in the hippocampus via B-adrenergic receptors (Shen et al., 2012) and can
improve various aspects of memory which involve the LC-NE system (Clark et al., 1999; Ghacibeh
et al.,, 2006; Sun et al., 2017; Vazquez-Oliver et al., 2020). Moreover, different patterns of LC
activity can be elicited based on different stimulation protocols which is impossible with
pharmacological therapies (Farrand et al., 2023). However, there are still questions surrounding
the best stimulation protocols and which outcome measures should be used to track target
engagement for vagus nerve stimulation (Ludwig et al., 2021). In addition, a lack of understanding
of how LC activity changes over the course of the disease represents one of the major roadblocks
to current implementation of noradrenergic-based therapies. This presents a nontrivial challenge

for preclinical researchers for reasons that will be explained in the next section.

1.4 PRECLINICAL MODELS OF ALZHEIMER’S DISEASE

The AD field has an abundance of models used to study the contributions of A and tau
pathology to biochemical/molecular and behavioral dysfunction, and disease progression. This
section will cover in vitro and in vivo models of AD with a specific focus on studies investigating

the LC.

1.4.1 IN VITRO MODELS
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Due to the small size of the LC, it is challenging to analyze molecular, cellular, and
physiological properties in vivo although methods are being developed and optimized. In vitro
models could be particularly useful for defining the effects of AD-type lesions on LC neurons. Bath
application of NE dose dependently decreases caspase activity induced by AR pathology in
cultured cortical neurons, leading to improved neuron survival (Liu et al., 2015). Cultured LC
neurons expressing mutant P301S tau show reduced neurite length (Rorabaugh et al., 2017).
Furthermore, while these P301S expressing LC neurons show no changes in survival rates
(Rorabaugh et al., 2017), they are more susceptible to damage by a selective neurotoxin (personal

communication).

Induced pluripotent stem cell, fibroblast-based 2D, and organoid differentiation protocols
are being developed to specify noradrenergic neuron fates without having to dissect and culture
LC neurons (Pirhajati Mahabadi et al., 2015; Li et al., 2019b). Alternatively, the SH-SY5Y cell line
is often used to investigate LC-like neuronal populations in the context of neurodegenerative
disorders. In this cell line, the NE metabolite DOPEGAL triggers aggregation of tau and cell death
by increasing asparagine endopeptidase activity (Kang et al., 2020). DOPEGAL can also directly
interact with tau lysine residue 353, leading to its aggregation, propagation, and cellular toxicity
(Kang et al., 2022). Furthermore, the APOE4 allele known to increase AD risk can associate with
VMATZ2 in SH-SY5Y cells, which leads to the suppression of NE packaging (Kang et al., 2021).
Ultimately, this process upregulates DOPEGAL levels, again resulting in tau cleavage and cell
death. Unfortunately, the cells generated from existing protocols represent forebrain neuron
populations rather than the LC. Given the selective vulnerability of LC and other brainstem
neurons to neurodegenerative disorders, developing protocols to generate human cells that

reflect these populations is a high priority and would meaningfully complement animal models,
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biomarker findings, and neuropathology through high-throughput molecular genetic screens,

drug screens, electrophysiological recording, or cell signaling assays.

1.4.2 MODELING ALZHEIMER’S DISEASE WITH PHARMACOLOGY

N-(2-chloroethyl-N-ehtyl-2-bomobenzylamine (DSP-4) is an LC-specific neurotoxin which
has long been used to mimic features of LC dysfunction seen in neurodegenerative disorders. In
rodents, DSP-4 administration leads to LC terminal loss and NE depletion, like what is observed
in human AD patients (Grzanna et al., 1989; Theron et al., 1993; Szot et al., 2010). This loss of LC
terminals leads to inflammation in the hippocampus and prefrontal cortex, and mimics
neuropsychiatric phenotypes associated with prodromal AD such as increased anxiety-like
behavior (lannitelli et al., 2023a). Moreover, when DSP-4 is administered to transgenic rodent
models of AD, it exacerbates pathology, neuroinflammation, and behavioral impairments
(Chalermpalanupap et al., 2018; Flores-Aguilar et al., 2022). DSP-4 thus provides a good model
of early disease stages when LC axons are damaged, but is limited by the lack of Ap and tau
pathology that defines AD and the involvement of other nuclei as the disease progresses. 6-
Hydroxydopamine (6-OHDA) is a similar compound that indiscriminately lesions dopaminergic
and noradrenergic neurons, and produces phenotypes akin to PD. Direct injection of 6-OHDA into
the LC of mice resulted in noradrenergic denervation and cell body degeneration and reduced
forebrain NE tissue content and NET binding sites without altering other NE synthesis and handling

genes (Szot et al., 2012).

1.4.3 VIRAL VECTOR AND SEEDING MODELS

Viral vectors have been useful for targeting and manipulating the LC due to the PRSx8
promoter and Cre-lines which allow for cell-type specific, robust expression of viral cargo. These

extend beyond opto/chemogenetic manipulations, as viruses have also been used to drive
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pathology in the LC. One study utilized a viral vector approach to express pseudophosphorylated
tau in the rat LC, leading to axonal degeneration and impaired odor discrimination, which could
be rescued by phasic LC stimulation (Ghosh et al., 2019; Omoluabi et al., 2021). Injection of tau
in the LC of MAPT mice leads to the propagation and aggregation of tau in regions innervated by
the LC (Kang et al., 2020). Furthermore, this tau expression leads to spatial and hippocampal-
dependent learning and memory in both MAPT and 3xTg mice. Propagation of tau from the LC
and behavioral effects were blunted in mice with genetic deletions of asparagine endopeptidase,
the major enzyme targeted by the NE metabolite DOPEGAL. Another study overexpressed the
PD-related pathology a-synuclein in the LC, which augmented firing rates of these neurons
(Matschke et al., 2022). A separate study that also expressed a-synuclein in the LC resulted in LC
fiber damage, increased anxiety-like behavior, and dysregulated sleep, the latter of which was
corrected by blocking a-adrenergic receptors (Butkovich et al., 2020). We have also used viral
vectors to express wild-type human tau in the LC of AD model rats and wild-type littermates, but
found minimal effects of this tau isoform on behavior and pathology (see Chapter 4). These models
have utility in understanding the consequences of various types of pathology that are constrained
to the LC. These models, like application of DSP-4, do not address the contributions of other brain

regions to AD, and are usually limited to a single type of pathology.

Numerous studies have also purified pathological proteins from AD patients and used
them to seed pathology in various brain regions (Harper and Lansbury, 1997; Robert et al., 2021;
Um et al, 2021). K18 synthetic tau fibrils unilaterally injected into the LC led to altered
hippocampal EEG signatures despite the absence of tau spread from the LC (Ahnaou et al., 2019).
Interestingly, another study also demonstrated a lack of spread to the hippocampus and entorhinal
cortex following LC injections of synthetic tau fibrils (Iba et al., 2015). Spreading was noted in

other heavily innervated regions like the amygdala, thalamus, and cortex. Though cell death was
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observed over the course of 12 months, the LC contralateral to the injected hemisphere was
largely spared and gradually cleared tau pathology. Injections of similar tau fibrils into the
hippocampus remarkably resulted in appearance of tau pathology in the LC (lba et al., 2013).
Seeding models are also useful for understanding the effects of pathology that is isolated to the
LC, and have the additional benefit of delineating the isoform-specific consequences of pathology.
Like viral approaches, most studies do not account for both AB and tau pathology simultaneously,
and cannot asses contributions of multiple brain regions when there is evidence of pathological

spreading.

1.4.4 GENETIC MODELS

Introducing genetic mutations to murine species are the most common way of studying
AD. There are a plethora of models that have induced AD phenotypes and AB pathology in rodents
by introducing mutated human APP and PSEN genes that are causative of familial AD. Without
the introduction of mutations that are causative of tauopathies, mice do not develop endogenous

tau pathology.

Even in the absence of tau pathology, the LC is still affected in these genetic models (Kosel
et al., 2020). AB oligomers are present in the LC of APP/PS1 mice and dysregulate GABA
receptors in the LC, resulting in hyperactivity (Kelly et al., 2021). APP/PS1 mice also display early
reductions in LC innervation and mid to late degeneration of LC cell bodies (O'Neil et al., 2007;
Liu et al., 2008; Cao et al., 2021). These findings have been corroborated in other preclinical AD
models, which again speaks to the susceptibility of the LC-NE system (Guerin et al., 2009; Mehla

et al,, 2019).

Another popular model is the P301S mouse, which introduces human microtubule-

associated protein tau with mutations in the ON4R or 1N4R isoforms (Allen et al., 2002; Yoshiyama
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et al., 2007). P301S mice develop brain-wide tau pathology including the LC and show reduced
capacitance and frequency of spontaneous excitatory postsynaptic currents (Zhu et al., 2018;
Downs et al., 2023). Chronic sleep disruption exacerbates LC tau pathology and cell loss (Zhu et
al., 2018) and ablation of LC neurons exacerbates cognitive deficits, pathology, and lethality in
these mice (Chalermpalanupap et al., 2018). Interestingly, introducing familial mutations in the 1-
adrenergic receptor that leads humans to require less sleep can restore rapid eye movement
sleep and alleviate tau deposition in the LC (Shi et al., 2019; Dong et al., 2023). One drawback of
this model is that it does not recapitulate the temporal deposition of tau, as the hippocampal CA1

subregion displays tau aggregates prior to the LC (personal communication).

It is worth briefly mentioning that new models that produce neuromelanin in the LC of
rodent models are ongoing in an attempt to probe its protective and deleterious role in aging
and disease. Early evidence suggests that neuromelanin expression in the rodent substantia
nigra, another region that produces neuromelanin in humans, can be detected with MRI, and
induces age-dependent cell loss in parallel with early and persistent dopaminergic dysregulation
(Carballo-Carbaijal et al., 2019). Preliminary evidence from our lab suggests that the LC is even
more susceptible to the detrimental effects of neuromelanin, with accelerated neural

degeneration and behavioral alterations (lannitelli et al., 2023a).

1.4.5 RAT MODELS WITH A FOCUS ON THE TGF344-AD RAT

There are several drawbacks to the previously mentioned preclinical models of AD. These
models rely on ubiquitous promoters, which cause expression of pathology throughout the brain,
rather than in a region-specific manner (Yoshiyama et al., 2007; Jankowsky and Zheng, 2017;
Kelly et al., 2021). Furthermore, most tau models of AD express mutated versions of tau that are

more reminiscent of frontotemporal dementia (Yoshiyama et al., 2007; Jankowsky and Zheng,
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2017). Finally, mouse models with amyloid mutations causative of AD in humans do not develop
spontaneous tau pathology. There could be a number of reasons for this phenomenon including
the fact that mice do not express the full complement of tau isoforms in adulthood (Hernandez et

al., 2020).

Rats, on the other hand, express the full complement of tau in adulthood albeit in slightly
different ratios compared to humans, suggesting that they might provide a more translatable
model of AD (Hanes et al., 2009; Hernandez et al., 2020). Compared to mice, there are fewer rat
models of AD, but are promising in the fact that some develop endogenous tau pathology while
harboring only disease causing AR mutations (Leon et al., 2010; Cohen et al., 2013; Rorabaugh et
al., 2017). MgCill-R-Thy1-APP transgenic rats express the APP:s; gene that contains both the
Swedish and Indiana mutations under the Thy1.2 promoter (Leon et al., 2010). No study has
reported endogenous accumulation of tau in any region of the brain of these rats. However,
lesioning the LC with DSP-4 results in similar behavioral deficits and neuroimmune response as
we have previously reported in wild-type and P301S mice (Chalermpalanupap et al., 2018; Flores-
Aguilar et al., 2022; lannitelli et al., 2023a). Separately, the TgF344-AD rat model was created by
introducing the Swedish mutation of the APP gene and exon 9 deletion of the presenilin gene that
are causative of early onset AD (Cohen et al., 2013). We have extensively phenotyped behavior
and pathology in these rats (Rorabaugh et al., 2017; Kelberman et al., 2022), which will be the
focus of Chapter 4. Briefly, these rats develop AR pathology in the forebrain beginning at 12
months of age, endogenous forebrain tau pathology around 15 months (Cohen et al., 2013;
Rorabaugh et al., 2017; Kelberman et al., 2022). TgF344-AD rats display prodromal AD symptoms
as early as 3-6 months of age that occur in the absence of forebrain pathology, which are followed
by late-stage (12-15 months) cognitive impairments (Rorabaugh et al., 2017; Kelberman et al.,

2022). Crucially for this dissertation, we have previously shown that these rats develop
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endogenous hyperphosphorylated tau in the LC by 6 months of age that is coincident with the
emergence of prodromal behavioral symptoms (Rorabaugh et al., 2017; Kelberman et al., 2022).
Furthermore, it is well documented that these rats display NE depletion and denervation,
especially in the hippocampus, but in the absence of frank LC cell death (Rorabaugh et al., 2017;
Goodman et al., 2021; Kelberman et al., 2022). Although NE depletion and denervation occur
early, B-adrenergic receptor function is heightened and compensates to promote normal
performance in some tasks (Goodman et al., 2021). Aged animals display cognitive deficits, most
prominently in reversal learning, which can be restored by augmenting LC activity (Cohen et al.,
2013; Rorabaugh et al., 2017; Kelberman et al., 2022). Although DSP-4 has not be utilized in these
rats to date, another study used the selective neurotoxin dopamine-f3 hydroxylase IgG-saporin to
lesion LC terminals and noted worse spatial and working memory, increased pathology and
inflammation, and blood brain barrier breakdown (Kelly et al., 2019). TgF344-AD rats will be the
focus of the current dissertation and arguably represent the preclinical model that most closely
recapitulates the human condition. Together, these data suggest disease-state dependent
alterations in LC firing rates that contribute to behavioral abnormalities along AD progression that

are address comprehensively in Chapters 2 and 4.

1.4.6 NON-HUMAN PRIMATES

One limitation of using rodents to study AD is that they do not develop endogenous A or
tau pathology over the course of aging, and even TgF344-AD rats do not display frank LC
degeneration (Van Dam and De Deyn, 2006; Rorabaugh et al., 2017). Therefore, certain key
aspects of disease progression are lacking in the model that will be comprehensively described
in this dissertation. Some non-human primates develop age-related deposition of amyloid and tau,
in the absence of genetic mutations (Li et al., 2019a). Non-human primates also produce

neuromelanin, which murine models do not, thus expressing a potential vulnerability factor and
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allowing for use of neuromelanin-sensitive MRI to investigate LC-related changes (Scherer, 1939;
Adler, 1942; Herrero et al., 1993; McCormack et al.,, 2004). To date, two studies have used
pharmacological means in non-human primates to recapitulate LC dysfunction akin to what is
observed in human neurodegenerative disorders. The first notes LC volume loss induced by
MPTP administration, a pharmacological means to produce PD-like phenotypes, in marmosets
(Hikishima et al., 2015). The second showed that DSP-4 reduced LC NE and dopamine-$3
hydroxylase levels and increased amyloid-B pathology in the forebrain, but in the absence of
neuroinflammation (Duffy et al., 2019). In contrast, DSP-4 administration in rodent results in
dramatic neuroimmune responses, which reiterates the need to verify preclinical findings across
a variety of species to better inform us of the human condition. The paucity of non-human primate
imaging studies is likely due to a number of factors including cost, underdeveloped models of
neurodegenerative disease and a lack of genetic and opto/chemogenetic tools to selectively
manipulate circuits. Development of transgenic non-human primates is nonetheless warranted
and ongoing, and could be especially important for understanding genetic contributions to
progression of endogenous neuropathology within the LC across aging and disease (Arnsten et

al., 2019; Seita et al., 2020).

1.5 PREVIOUS WORK AND GAPS IN THE FIELD

Hypotheses regarding changes in LC activity across the progression of AD are abundant
and supported by observed behavioral abnormalities (Weinshenker, 2018; Janitzky, 2020).
However, only two studies have directly recorded LC neurons under the influence of AD-relevant
pathology, and these were limited by the use of animal models that develop pathology throughout
the brain in a pattern that does not recapitulate the “LC-first” hyperphosphorylated tau deposition
observed in humans (Kelly et al., 2021; Downs et al., 2022). Therefore, recordings of LC neurons

in animal models that develop selective early LC tau pathology are lacking. With the advent of the
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TgF344-AD rat, which accumulates hyperphosphorylated tau in the LC prior to tau or amyloid
deposition in the rest of the brain, it became possible to study the effects of isolated LC tau
pathology on electrophysiological properties (Cohen et al., 2013; Rorabaugh et al., 2017).
Similarly, molecular characterization of the LC has been performed, but typically focus on changes
in genes involved in NE synthesis and transmission (TH, DBH, NET) in the context of AD or are
performed in unperturbed contexts (Szot et al., 2006, 2007; Mulvey et al., 2018; Luskin et al.,
2022; Weber et al., 2022; lannitelli et al., 2023b). Efforts using targeted and bulk transcriptomic
and proteomic approaches have been hampered due to the small size of the LC and proximity to
other brainstem nuclei but are necessary for identifying molecular targets that underlie LC
dysfunction and could be leveraged to normalize LC activity in clinical settings. Finally, while
behavioral changes in TgF344-AD rats have been described by us and others, most reports
focused on the progression of cognitive deficits (Cohen et al., 2013; Rorabaugh et al., 2017;
Munoz-Moreno et al., 2018; Pentkowski et al., 2018; Kreuzer et al., 2020; Sare et al., 2020; Wu et
al., 2020; Goodman et al., 2021). Further characterization of prodromal symptoms, such as
changes in sleep/arousal and anxiety-like phenotypes, and their link to LC hyperphosphorylated
tau aggregation and subsequent dysfunction are indispensable for guiding the use of

noradrenergic interventions in AD.

1.6 DISSERTATION AIMS

The goal of this dissertation was to specifically describe LC dysfunction at multiple levels
in a rat model that recapitulates the “LC first” pattern of AD pathology deposition. | leveraged the
TgF344-AD rat model, the only known preclinical model that fits this specification. Moreover, we
phenotyped these rats at both 6-months, representing a preclinical stage of disease where
hyperphosphorylated tau is isolated to the LC, and 15-months, a stage akin to mild-cognitive

impairment when AB and tau pathology are abundant throughout the brain. | first describe how
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LC electrophysiological properties are altered in AD in Chapter 2. Next, | identify potential
molecular underpinnings of these alterations in Chapter 3. Finally, | explore the behavioral

consequences of altered LC activity in Chapter 4 (Figure 1.4).

Overall, my comprehensive characterization of LC dysfunction in the TgF344-AD rat lends
support to the concept that alterations to LC firing rates and biochemistry contribute to symptoms
at each stage of AD. Both young and old TgF344-AD rats demonstrated lower basal firing rates
and elevated spontaneous bursting properties. There was an age-dependent effect on sensory-
evoked LC firing, where young and old rats showed hyperactivity and hypoactivity, respectively. |
next revealed age-dependent molecular changes occurring at the level of gene expression in LC
neurons of TgF344-AD rats that were consistent with the observed alterations to LC firing rates.
Compared to age-matched WT controls, 6-month TgF344-AD rats expressed lower mRNA levels
of Gabra3 and Oprl1, two receptors crucial for inhibitory neurotransmission, while 15-month
TgF344-AD rats demonstrated elevated levels of genes involved in NE synthesis (Th, Dbh),
packaging (Slc18a2), and reuptake (Slc6aZ2), likely representing a compensatory mechanism to
counteract decreased forebrain NE levels and axonal degeneration. A possible unintended
consequence of this upregulation in NE tone is the potential for increased somatodendritic release

of NE and excessive autoinhibition of LC neurons via a2-adrenergic receptors.

Finally, | tested young and old TgF344-AD rats in a battery of paradigms to understand the
contributions of previously identified electrophysiological and molecular phenotypes to disease
stage-dependent behavioral deficits (Chapter 4). | also assessed the added consequences of
virally-expressed human tau in the LC on behavior, inflammation, and pathology. Overall, | found
that effects of viral human tau expression were negligible, and, in many instances, the effects of
age were more pronounced than that of genotype. However, | did identify early and persistent

anxiety-like phenotypes and cognitive deficits in TgF344-AD rats, both of which are observed in
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the human condition. Early emergence of anxiety-like phenotypes and late-stage cognitive deficits

are consistent with my finding of LC hyperactivity and hypoactivity, respectively.

Together, these data provide a comprehensive catalog of LC firing rates and patterns in
AD, while also linking dysregulated LC activity with the appearance of behavioral abnormalities.
Importantly, the use of TgF344-AD rats allowed me to isolate the consequences of LC tau
pathology on early disease states for the first time. Because the LC undergoes catastrophic
degeneration later in disease, these early findings have important clinical significance, as they
mark a point before the LC is irreversibly damaged and when LC-based disease-altering
therapeutics may be most beneficial. To this end, my molecular characterization of LC neurons
along the progression of AD suggests mechanistic underpinnings of dysregulated LC firing and

provides specific therapeutic targets to potentially normalize LC activity in both early and late AD.
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Figure 1.1. An overview of structural MRI approaches to investigate LC dysfunction in
neurodegenerative disorders. (A) DTI measures three-dimensional diffusion of water molecules
(red arrows where thickness of the arrow represents weight of diffusion) to get readouts of axonal
health. Water molecules tend to diffuse along, rather than across, healthy myelinated axons. (B)
This structural imaging method has been used to determine changes in innervation, myelination,
and axon size between the LC and downstream brain regions in disease states, but cannot
distinguish between deficits in efferent or afferent connections. (C) Contrast thought to arise from
neuromelanin, high water proton density, and/or other mechanisms allow the LC to be visualized
using structural MRI. (D) LC contrast appears to peak in adulthood, which is correlated with
neuromelanin levels. At this stage, some hyperphosphorylated tau may be apparent. (E) A
decrease in LC contrast is thought to represent compromised LC integrity during disease states,
but has yet to be attributed to cell or dendritic field loss. Neurodegeneration may result from the
aggregation of hyperphosphorylated tau. Dashed lines indicate degenerating neurons and
shading represents relative contrast from each neuron. Blue arrows represent LC-NE release sites

throughout the brain and spinal cord.
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Figure 1.2. An overview of LC functional connectivity obtained using fMRI. Areas with positive
(orange), negative (purple), or mixed (both) functional connectivity with the LC include frontal (1)
and sensorimotor (2) cortical regions, nucleus basalis of Meynert (3), anterior and posterior
cingulate cortices (4, 5), caudate/putamen (6) ventral tegmental area (7), thalamus (8), parietal
cortex (9), occipital cortex (10), and cerebellum (11). Areas showing both positive and negative
functional connectivity are the result of specific subregions of interest (i.e., in the frontal cortex,
the LC is positively connected with superior frontal gyrus but negatively connected with
frontopolar regions), changes in connectivity across aging (i.e., nucleus basalis of Meynert), or
disparate findings between studies (i.e., occipital cortex). Blue arrows represent LC-NE release

sites throughout the brain and spinal cord.
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Figure 1.3. An overview of PET approaches to investigating changes in LC dysfunction in
neurodegenerative disorders. (A,B) Tau and NET PET can be used to assess pathological load
and LC fiber integrity by imaging downstream brain regions in healthy and disease states. (C,D)
Imaging the LC using tau and NET PET can also be informative of pathological load and cell body
integrity in healthy and disease states. Blue arrows represent LC-NE release sites throughout the

brain and spinal cord.



50

Normal LC Activity Prodromal AD MCIl/Dementia
(EINormal Activity \( O Hyperactivity (= Hypoactivity )
J R
. D w
Al W
> 4 l Y ’ )4
x O% v
Hyperphosphorylated t ¥ Tau tangles AN
L J|® Hyperphosphorylated tau JUE g )
1. Does LC activity change during AD progression?
A J
& B’ ' N\
2. What are the molecular mechanisms 3. How does this impact behavior?

underlying altered LC activity?
112

Figure 1.4. An overview of LC dysfunction in Alzheimer’s disease and aims of this
dissertation. During normal aging, the LC is healthy and exhibits normal tonic and phasic firing
patterns. In prodromal phases of AD, hyperphosphorylated tau pathology is noted in some LC
neurons which is thought to cause hyperactivity and contribute to non-cognitive behavioral
symptoms such as alterations to mood and arousal. In late stages of disease, the LC harbors
neurofibrillary tangles, leading to degeneration and presumed hypoactivity of LC neurons that
contribute to cognitive deficits. The first goal of this dissertation was to determine disease stage-
dependent changes in LC firing rates using the TgF344-AD rat model which develops early
hyperphosphorylated tau pathology restricted to the LC, and in late stages develops both amyloid
and tau pathology in forebrain regions (1). Next, | sought to uncover molecular mechanisms that

contribute to altered LC firing rates that we identified in the previous aim (2). Finally, |
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comprehensively characterized the behavioral abnormalities, both non-cognitive and cognitive, in

similarly aged rats (3).
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CHAPTER 2: AGE-DEPENDENT DYSREGULATION OF LOCUS COERULEUS FIRING IN A

TRANSGENIC RAT MODEL OF ALZHEIMER’S DISEASE

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

1. Kelberman MA, Rorabaugh JM, Anderson CR, Marriott A, DePuy SD, Rasmussen K,
McCann KE, Weiss JM, Weinshenker D (2023) Age-dependent dysregulation of locus
coeruleus firing in a transgenic rat model of Alzheimer’s disease. Neurobiology of Aging

Available at: http://dx.doi.org/10.1016/j.neurobiolaging.2023.01.016.
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Abstract

Hyperphosphorylated tau in the locus coeruleus (LC) is ubiquitous in prodromal Alzheimer’s
disease (AD), and LC neurons degenerate as AD progresses. Hyperphosphorylated tau alters
firing rates in other brain regions, but its effects on LC neurons are unknown. We assessed single
unit LC activity in anesthetized wild-type (WT) and TgF344-AD rats at 6 months, which represents
a prodromal stage when LC neurons are the only cells containing hyperphosphorylated tau in
TgF344-AD animals, and at 15 months when B-amyloid (AB) and tau pathology are both abundant
in the forebrain. At baseline, LC neurons from TgF344-AD rats were hypoactive at both ages
compared to WT littermates but showed elevated spontaneous bursting properties. Differences in
footshock-evoked LC firing depended on age, with 6-month TgF344-AD rats demonstrating
aspects of hyperactivity, and 15-month transgenic rats showing hypoactivity. Early LC
hyperactivity is consistent with appearance of prodromal neuropsychiatric symptoms and is
followed by LC hypoactivity which contributes to cognitive impairment. These results support

further investigation into disease stage-dependent noradrenergic interventions for AD.
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2.1 INTRODUCTION

Accumulation of hyperphosphorylated tau within subcortical nuclei and subsequent
dysfunction of these neurons is a nearly ubiquitous feature along Alzheimer’s disease (AD)
progression (Theofilas et al., 2015; Ehrenberg et al., 2017). A seminal report from Braak and
colleagues (Braak et al., 2011), independently replicated by other groups (Elobeid et al., 2012;
Theofilas et al., 2017; Pletnikova et al., 2018), positions the noradrenergic locus coeruleus (LC)
as the earliest site of pathological tau deposition, well before cortical B-amyloid (AB) plaque
accumulation or the onset of diagnostic cognitive deficits. During prodromal phases of AD, non-
cognitive symptoms consistent with noradrenergic hyperactivity, including sleep disturbances,
agitation, and anxiety, emerge coincident with the appearance of hyperphosphorylated tau in the
LC (Ehrenberg et al., 2018; Pentkowski et al., 2018; Weinshenker, 2018; Johansson et al., 2021;
Kelberman et al., 2022). Cerebrospinal fluid norepinephrine (NE) levels and its turnover are
elevated in early AD (Palmer et al., 1987; Elrod et al., 1997; Hoogendijk et al., 1999; Henjum et al.,
2022), and a recent neuroimaging study demonstrated that higher LC signal on a neuromelanin-
sensitive MRI was predictive of neuropsychiatric symptom severity in AD patients (Cassidy et al.,
2022), further supporting the theory of LC hyperactivity during initial stages of disease. At the
same time, numerous studies have linked the deterioration of LC integrity to cognitive and
structural decline in aging and AD (Wilson et al., 2013; Kelly et al., 2017; Bachman et al., 2021;
Jacobs et al.,, 2021; van Hooren et al., 2021; Prokopiou et al., 2022), suggestive of reduced LC-

NE transmission during later stages of the disease.

While neurochemical, neuropathological, and behavioral results are consistent with
disease stage-specific alterations in LC activity, direct evidence for changes in LC firing is mostly
lacking. AB pathology often induces neural hyperactivity (Busche and Hyman, 2020), including in

the LC (Kelly et al., 2021), whereas tau pathology typically induces neuronal hypoactivity (Busche
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et al., 2019). However, there are other reports of tau-mediated hyperactivity (Holth et al., 2013;
Huijbers et al., 2019; Shimojo et al., 2020), suggesting region and/or cell-type specific effects.
Given that AB only accumulates in the LC during late stages of AD (Cole et al., 1993; Kelly et al.,
2021), the dysregulation of LC circuits at the level of the cell bodies is likely dominated by the
early accumulation of hyperphosphorylated tau. Therefore, understanding the impact of aberrant
tau on LC neural activity is critical for determining the neurobiological underpinnings of prodromal
AD symptoms and progression to cognitive impairment. This information could then inform

rational development of early biomarkers and therapeutic interventions at various disease stages.

The objective of this study was to delineate the effects of AD-like hyperphosphorylated tau
on LC firing rates. Though some studies have begun to track LC activity in humans using functional
MRI (Prokopiou et al., 2022), these techniques lack spatial and target specificity for small regions
like the LC (Kelberman et al., 2020). We therefore employed the TgF344-AD rat model, which
expresses mutant human amyloid precursor protein and presenilin-1 (APP/PS1) that cause
autosomal dominant, early-onset AD (Cohen et al., 2013). This model possesses several benefits
for our study. These rats demonstrate many of the same behavioral phenotypes that are observed
in AD that are influenced by LC activity. These include early anxiety-like behaviors followed later
by cognitive impairment that can be reversed by LC activation (Cohen et al., 2013; Rorabaugh et
al., 2017; Pentkowski et al., 2018; Kelberman et al., 2022). In addition, TgF344-AD rats, unlike their
APP/PS1 transgenic mouse counterparts, develop endogenous tau pathology that first appears in
the LC (Rorabaugh et al., 2017). This tau deposition is coincident with the appearance of non-
cognitive behavioral abnormalities but prior to tau or A pathology elsewhere in the brain,
reminiscent of human disease progression. In the current study, we recorded single unit LC
activity from anesthetized TgF344-AD rats and wild-type (WT) littermates at baseline and in

response to footshock at 6 months, an age when anxiety-like behavior emerges and
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hyperphosphorylated tau in the LC is the only detectable AD-like neuropathology, as well as 15
months, when brain-wide tau and A pathology are evident in combination with deficits in learning

and memory.

2.2 METHODS

2.2.1 Animals

This study used a total of 42 TgF344-AD rats and WT littermates on a Fischer background
aged 6 or 15 months. TgF344-AD rats were hemizygous for the APPsw/PS1AE9 transgene that
contains mutations causative of autosomal dominant early-onset AD (Cohen et al., 2013). Rats
were housed in groups of 2-3 on a 12-h light/dark cycle (lights on at 7:00 am) with food and water

available ad libitum.

All experiments were conducted in accordance with the Institutional Animal Care and Use
Committee at Emory University. Male and female rats were assigned to sex-balanced
experimental groups, given the lack of prominent sex differences noted in this strain (Cohen et

al., 2013; Sare et al., 2020; Kelberman et al., 2022).

2.2.2 Surgery

At two months of age, all rats to be used for electrophysiology underwent stereotaxic
surgery. Rats were anesthetized with 5% isoflurane and maintained at 2% throughout surgery.
Prior to incision, rats were given ketoprofen (5 mg/kg, s.c.). An AAV9-PRSx8-mCherry-WPRE-rBG
virus was infused bilaterally targeting the LC (AP: -3.8 mm, ML: +/- 1.2 mm, DV: -7.0 mm from
lambda with the head tilted 15 degrees downward). The injection syringe was left in place for 5
min following the infusion prior to being moved dorsally 1 mm and waiting an additional 2 min to
ensure diffusion of virus at the site of injection. This tau-free virus was to be used as a control

infusion for a planned experiment that we did not end up pursuing, and nothing further was done
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with it in this study. Electrophysiology recordings were performed approximately 4 or 13 months

following surgery.

2.2.3 Electrophysiology

At 6 or 15 months, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
secured in a stereotaxic frame. An incision was made to expose the skull, which was leveled based
on measurements made at bregma and lambda. A 15° head tilt was employed to avoid the sagittal
sinus, and bilateral burr holes were drilled over the approximate location of the LC (AP: 3.8-4.0
mm, ML: 0.9-1.3 mm from lambda). 16-channel silicone probes (V1x16-Poly2-10mm-50s-177-
V16_100-50, NeuroNexus; Ann Arbor, MI) were connected to a u-series Cereplex headstage
(Blackrock Neurotech; Salt Lake City, UT). A 16-channel Cereplex Direct System was used to
acquire digitized signals with a 250 Hz-5 kHz bandpass filter and 10 kS/s sampling rate. During
electrophysiological recordings, LC units were identified based on field standard criteria, including
stereotaxic coordinates, location adjacent to the mesencephalic trigeminal nucleus (Meb),
biphasic response to footpinch/footshock, and reduction/cessation of spontaneous activity
following injection of the selective a2-adrenergic receptor agonist clonidine (0.1 mg/kg i.p.) (Hirata
and Aston-Jones, 1994; Kalwani et al., 2014; Vazey and Aston-Jones, 2014; West et al., 2015;
Totah et al., 2018). Each recording began with a 5-min baseline period, which was immediately
followed by 10 applications of a contralateral footpinch for LC verification, each separated by 10
s, as described previously (West et al., 2015). Afterwards, 0.5 ms 10 mA footshocks (each
separated by 10 s for 5.5 min) were applied to the contralateral hindpaw, followed by the same
pattern using 5 ms 10 mA footshocks. Footshocks were delivered by an ISO-Flex stimulus isolator
and controlled by a Master-8 (A.M.P. Instruments; Jerusalem, Israel). LC spikes were manually

sorted using Blackrock Offline Spike Sorting Software.
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Electrophysiology analysis was performed in NeuroExplorer v5 (Nex Technologies;
Colorado Springs, CO) or Matlab (R2019a; Mathworks; Natick, MA). To ensure that single units
were being analyzed, neurons with >2% of recorded spikes within a predefined 3 ms refractory
period were eliminated (Kalwani et al., 2014). The 5-min baseline recording served as the basal
firing rate and to calculate the interspike interval for each single unit. Spontaneous bursting
properties (number of bursts, percentage of spikes within a burst, burst duration, spikes per burst,
interspike interval within a burst, burst rate, and interburst interval) of LC neurons during baseline
recordings were also quantified. Spontaneous bursts were defined as two spikes with an
interspike interval of <0.08 s and terminated with an interspike interval >0.16s, as previously
described (Grace and Bunney, 1983; Iro et al., 2021). Footshock was used to ascertain changes
to sensory evoked LC activity. LC response to footshock was divided into three response
categories: immediate (0-60 ms), intermediate (60-100 ms), and late (200-400 ms). These periods
were based on a previous report demonstrating that altering the length (0.5, 2, and 5 ms) of
footshock could elicit both a standard immediate and long latency LC response (Hirata and Aston-

Jones, 1994).

2.2.4 Tissue Preparation and Immunohistochemistry

Following completion of electrophysiological recordings, rats were overdosed with
isoflurane and perfused with potassium phosphate-buffered saline followed by 4%
paraformaldehyde (PFA). Brains were removed and stored in 4% PFA overnight then transferred
to 30% sucrose until sectioning. Brain sections containing the LC were sliced at 30 um and either

dry mounted or stored in cryoprotectant until being processing for immunohistochemistry.

Dry mounted sections were counterstained with neutral red. Slides were submerged in

increasing concentrations of ethanol (70%, 95%, and 100%) for 1 min each, followed by 10 min in
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neutral red, dunked 3-5 times in increasing concentrations of ethanol (70%, 95%, and 100%), and
finally in xylene for 2 min. Slides were coverslipped with permount and imaged on a Keyence BZ-

X700 microscope (KEYENCE; Osaka, Japan).

To confirm that a2-adrenergic receptors (AdraZ2a) are specific to noradrenergic neurons
in the LC region and thus the only cells that could respond to clonidine during our recordings, we
performed fluorescent in situ hybridization using the RNAscope Multiplex Fluorescent V2 Assay
(Advanced Cell Diagnostics, Newark, CA, USA) on brainstem sections containing the LC. One 6-
month WT male was lightly anesthetized, and the brain was quickly removed and flash frozen in
isopentane on dry ice. The brain was stored at -80C until sectioning on a cryostat at 16um. The
RNAscope assay was performed following the manufacturer’s protocol, multiplexing tyrosine
hydroxylase (Th) and AdraZ2a. Images were taken in a 1um pitch z-stack (10um total) on a Keyence
BZ-X700 microscope at 20x and 40x. A representative 2x section was also captured to visualize

most of the coronal section containing the LC.

2.2.5 Statistical Analysis:

Figures were made and statistical analyses were performed using GraphPad Prism (v.
9.2.0; San Diego, CA) with the mean £ SEM. A two-way ANOVA was used to identify main effects
of age, genotype, or their interaction. When applicable, post-hoc tests were performed across
genotypes within an age group using the Holm-Sidak correction. For all analyses, statistical
significance was set at a = 0.05. Supplemental figures are presented as raincloud plots consisting
of a density plot, box-and-whiskers plot, and individual data points that were created in R using
modified code from open-source platforms and from (Allen et al., 2019; Xu et al., 2021). All code

is available upon reasonable request.

2.3 RESULTS
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2.3.1 LC Neural Recording Verification

We used neuroanatomical, sensory, electrophysiological, and pharmacological methods
to verify that recordings were from bona fide LC neurons. LC units were located at a similar depth
but medial to Me5, which was identified by jaw deflection (Figure 2.1A). Putative LC units
displayed a canonical biphasic response to footpinch/footshock, and as previously reported, a
subset of these neurons demonstrated a late phase (200-400 ms) response to 5 ms footshock
that was not observed in response to 0.5 ms footshock (Figure 2.1B). LC cells, unlike other
adjacent nuclei, express high levels of Adra2a and are inhibited by the a2-adrenergic receptor
agonist clonidine (McCune et al., 1993) (Figure 2.1C, D). Finally, we verified that electrode tracks

were in the LC post-recording using a neutral red counterstain (Figure 2.1E).

2.3.2 Alteration of Pacemaker-like LC Firing in TgF344-AD Rats

LC neurons fire with regular pacemaker activity between 0.5-2 Hz under normal conditions
that maintains baseline levels of arousal, attention, and noradrenergic tone (Aston-Jones and
Cohen, 2005a; Poe et al., 2020). To assess tau pathology- and age-induced changes in tonic firing,
we recorded periods of spontaneous activity from 75-120 isolated LC neurons per group (N=8-
11 animals). We graphed our data in the main figures using traditional bar graphs which highlight
group level differences in firing rates as well as in supplemental figures using raincloud plots to
highlight the variability and patterns that are not captured by more traditional visualization
methods. There was a significant main effect of genotype (F1, 335 = 4.35, p = 0.04) on baseline firing
rates, such that LC neurons of TgF344-AD rats were less active than those from WT littermates
(Figure 2.2A; Supplemental Figure 2.1A). There was no effect of age (F1,3s5 = 0.11, p = 0.74) or
an age x genotype interaction (F+ 355 = 0.78, p = 0.38). We also quantified interspike interval for

units with two or more spikes (N=74-119 neurons/group), defined as the time between successive
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action potentials (Figure 2.2B; Supplemental Figure 2.2B). There was a trend towards a main
effect of genotype (F1, 379 = 3.55, p = 0.06), where TgF344-AD LC neurons had a shorter time
between successive spikes, which was surprising given that tonic firing was lower in the TgF344-
AD rats. However, LC neurons can also transiently fire in brief bursts, even in the absence of
external stimuli (Aston-Jones and Bloom, 1981b; Akaike, 1982; Finlayson and Marshall, 1988;
Safaai et al., 2015; Iro et al., 2021). Therefore, we quantified the spontaneous bursting properties
of LC neurons from TgF344-AD and WT rats. Of the neurons exhibiting spontaneous bursts
(N=48-88 neurons/group), there was a main effect of genotype on firing rate within a burst (F1, 26
= 6.57, p = 0.01) and on interspike interval within a burst (F1, 2z = 8.02, p < 0.01). During
spontaneous bursts, firing rates were higher in TgF344-AD rats and interspike intervals were lower
(Figures 2.2C, D; Supplemental Figure 2.1C, D). There were no alterations in other aspects of
spontaneous bursts (Table 2.1). Overall, these changes indicate lower basal firing rates but

elevated bursting properties of LC neurons in TgF344-AD rats.

2.3.3 Dysregulated LC Response to Footshock in TgF344-AD Rats

LC neurons fire in transient bursts in awake animals to a variety of salient stimuli, including
novelty, tones, pain, and stress (Aston-Jones and Bloom, 1981a; Vankov et al., 1995; Uematsu et
al., 2017). We characterized the responsiveness of LC neurons 0-60, 60-100, and 200-400 ms
following footshock (10 mA, 0.5 or 5 ms), which maintains its ability to trigger LC bursting under
anesthesia, as described (Hirata and Aston-Jones, 1994). For the immediate response phase
(Figure 2.3A, B; Supplemental Figure 2.2A, B), there was a reduction of LC activity in TgF344-
AD rats that was specific to the 0.5 ms footshock (F1, 433 = 6.06, p = 0.01). There was a significant
age x genotype interaction on LC firing rates in the mid-phase response to both 0.5 ms (F1, 433 =
6.26, p =0.01) and 5 ms (F1,452 = 9.56, p < 0.01) footshock (Figure 2.3C, D; Supplemental Figure

2.2C, D). LC neurons from TgF344-AD rats were hyperactive at 6 months following the 5 ms
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footshock (tss2 = 2.36, p = 0.04), but hypoactive at 15 months following the 0.5 (ts3s = 2.16, p =
0.03) and 5 ms footshock (tss, = 2.03, p = 0.04), compared to age-matched WT littermates. We
observed no main effects on late phase response to either 0.5 ms or 5 ms footshock (Figure 2.3E,

F; Supplemental Figure 2.2E, F).

2.4 DISUCSSION

2.4.1 Overview of changes in LC firing and associations with symptoms of AD

The LC is one of the earliest regions to develop AD-related neuropathology in the form of
hyperphosphorylated tau and undergoes frank cell death in mid- to late-stage disease (Busch et
al., 1997; Braak et al., 2011; Elobeid et al., 2012; Theofilas et al., 2017; Pletnikova et al., 2018).
The appearance of hyperphosphorylated tau in the LC is coincident with the emergence of
prodromal symptoms of AD such as sleep disturbances, agitation, dysregulated mood, and
increased anxiety, which are suggestive of LC hyperactivity (Ehrenberg et al., 2018; Pentkowski
et al., 2018; Weinshenker, 2018; Johansson et al., 2021; Kelberman et al., 2022). Early LC
hyperactivity is further supported by increases in cerebrospinal fluid NE levels and turnover
(Palmer et al., 1987; Elrod et al., 1997; Hoogendijk et al., 1999; Henjum et al., 2022), axonal
sprouting and elevated receptor density (Szot et al., 2006, 2007), and adrenergic receptor
hypersensitivity (Goodman et al., 2021). By contrast, late-stage AD is characterized by phenotypes
consistent with NE deficiency such as apathy and cognitive impairment that are correlated with
loss of LC integrity (Matthews et al., 2002; Kelly et al., 2017; David et al., 2022; Hezemans et al.,
2022; Ye et al, 2022). These data suggest that early hyperphosphorylated tau triggers
compensatory mechanisms that increase LC-NE transmission and maintain function, which

eventually fail as LC neurons succumb to more advanced pathology (Szot et al., 2006, 2007;
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Goodman et al., 2021). The divergent phenotypes across the progression of AD could be

explained, at least in part, by changes in LC firing rates.

Prior to our study, only two investigations tracked changes in LC activity using rodent AD
models, one with A and one with mutant P301S tau pathology (Kelly et al., 2021; Downs et al.,
2022). Mislocalization of GABA receptors associated with soluble Ap oligomers in the LC led to
hyperactivity, whereas effects of P301S tau expression were minimal. There are limitations in
these studies that should be noted. In both cases, only one aspect of AD-like pathology was
incorporated, the transgenes were driven by ubiquitous promoters, and LC Ap and P301S tau are
more reminiscent of late-stage AD and frontotemporal dementia, respectively. It is therefore
unsurprising that we uncovered different dysregulated tonic and phasic LC firing patterns using
an AD model that develops both AB and tau pathology (Figure 2.4), the latter of which is

comprised of endogenous wild-type tau and isolated to the LC at early ages.

In our study, both young and old TgF344-AD animals showed tonic LC hypoactivity but
elevated spontaneous bursting properties. Moreover, LC activity in response to footshock stress
was elevated in 6-month TgF344-AD rats. Importantly, we and others have reported behavioral
abnormalities in young TgF344-AD reminiscent of neuropsychiatric symptoms in prodromal AD
(Ehrenberg et al., 2018; Pentkowski et al., 2018; Wu et al., 2020; Johansson et al., 2021; Kelberman
et al.,, 2022). At first glance, reduced pacemaker LC firing is inconsistent with evidence that
excessive NE transmission contributes to comorbidities seen in prodromal phases of AD
(Weinshenker, 2018). Specifically, elevations in tonic, but not phasic, LC activity are associated
with stress and anxiety (Valentino and Foote, 1988; Curtis et al., 2012; McCall et al., 2015). On the
other hand, increased phasic LC activity driven by spontaneous bursting and/or environmental
stimuli could promote improper transitions through different stages of arousal (Aston-Jones and

Bloom, 1981b; Carter et al., 2010; Takahashi et al., 2010), resulting in fractured sleep/wake cycles
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that are common in AD (Ehrenberg et al.,, 2018; Weinshenker, 2018). The importance of
distinguishing between different patterns of LC firing across disease stages is highlighted by a
recent report that enhancement of phasic LC firing protects LC neurons from deleterious forms
of tau, whereas high tonic firing results in AD-associated psychiatric symptoms and worsened
neuronal health (Omoluabi et al., 2021). Together, these data are consistent with the idea that a
combination of homeostatic mechanisms to maintain LC function in the presence of pathology
and damage (e.g. altered LC firing, increased NE turnover, elevated adrenergic receptor
sensitivity and density, and axonal sprouting) contributes to prodromal behaviors. These
homeostatic/compensatory mechanisms ultimately fail in later disease, as indicated by reduced
NE tissue levels, noradrenergic denervation, and frank LC neuron loss (Reinikainen et al., 1988;
Nazarali and Reynolds, 1992; Matthews et al., 2002; Rorabaugh et al., 2017; Goodman et al., 2021;
Kelberman et al., 2022), and our results showing tonic LC hypoactivity and blunted response to
footshock in 15-month TgF344-AD rats. This culminates in a loss of LC-NE transmission and
cognitive impairment, which our lab has successfully rescued by selectively augmenting tonic LC

firing (Armbruster et al., 2007; Vazey and Aston-Jones, 2014; Rorabaugh et al., 2017).

2.4.2 Potential mechanisms underlying changes in LC firing rates

While the neurobiological mechanisms underlying the changes in LC firing properties we
observed remain to be determined, the nature of those changes offers clues. Reductions in tonic
firing rates and hypoactivity in aged TgF344-AD rats are unlikely due to cell death because there
is no LC neuron loss at this age (Rorabaugh et al., 2017). However, we know that B-adrenergic
receptor function in the dentate gyrus is heightened in young TgF344-AD rats, indicating that
adrenergic receptor plasticity exists in this model (Goodman et al., 2021). In the pons, a2-
adrenergic receptors are abundantly expressed within the LC itself (Figure 2.1) and regulate its

activity as inhibitory autoreceptors. Changes in the density or sensitivity of these receptors, which
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have been noted in the human condition with other subtypes of adrenergic receptors (Szot et al.,
2006, 2007; Goodman et al., 2021), could alter LC neuron firing properties. Furthermore, elevated
phasic activity may result in greater NE release compared to tonic activity (Florin-Lechner et al.,
1996). A surplus of NE at the level of LC cell bodies would culminate in augmented inhibition from

neighboring LC neurons, also potentially leading to tonic LC hypoactivity.

Besides its intrinsic pacemaker activity, the LC also receives extensive excitatory,
inhibitory, and modulatory (serotonin (5-HT), hypocretin/orexin, corticotropin releasing hormone)
input from various cortical and subcortical regions that could contribute to altered firing rates in
TgF344-AD rats (Benarroch, 2009; Delaville et al., 2011). GABAergic inputs arising from the
ventrolateral preoptic area or the peri-LC region modulate basal noradrenergic tone and have
been mainly studied in the context of arousal (Nitz and Siegel, 1997; Lu et al., 2002; Breton-
Provencher and Sur, 2019). In addition, given that the LC and peri-LC GABAergic neurons receive
a set of non-overlapping innervations (Breton-Provencher and Sur, 2019), it is possible that
changes in firing rates are the result of a dysregulated, multi-synaptic pathway. For example,
systemic application of a 5-HT receptor agonist lowers tonic but enhances phasic firing of the LC
in a GABA-dependent manner (Chiang and Aston-Jones, 1993a). Similarly, 5-HT dampens
sensitivity of LC neurons to glutamatergic inputs, which originate from the cortex, lateral habenula,
and paragigantocellularis nucleus (Herkenham and Nauta, 1979; Ennis and Aston-Jones, 1988;
Aston-Jones et al., 1991; Chiang and Aston-Jones, 1993b; Jodo and Aston-Jones, 1997). Thus,
altered serotonergic signaling to the LC represents a singular mechanism that could influence
both altered tonic and phasic firing patterns. With respect to footshock-evoked LC activity, the
immediate and middle phase responses are also mediated, in part, by excitatory amino acids
(Ennis and Aston-Jones, 1988; Chiang and Aston-Jones, 1993b). Changes in excitatory amino

acid transmission, receptor expression, or localization could be responsible for various aspects of
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dysregulated LC firing. Other neuropeptides, such as hypocretin/orexin and corticotropin
releasing factor powerfully activate LC neurons and are both associated with elevations of tonic
LC firing and the expression of anxiety-like phenotypes (Valentino and Foote, 1988; Horvath et al.,
1999; Curtis et al., 2012; Sears et al., 2013; McCall et al., 2015). The TgF344-AD rats represent
an excellent model to further evaluate AD pathology-associated changes in these systems and

their influence on LC activity.

2.4.3 Clinical Implications

We have previously posited that LC/NE-based therapies for AD should be guided by
disease stage (Weinshenker, 2018). The dysregulated/hyperactive NE transmission that is
produced by early AD pathology (e.g. hyperphosphorylated tau) and promotes prodromal
symptoms may be best alleviated by therapies that decrease LC firing and/or NE signaling, while
reduced LC-NE transmission resulting from advanced pathology and deterioration of LC neurons
would benefit from LC-NE stimulation. Our current findings largely support this model. At 6-
months of age, TgF344-AD rats have hyperphosphorylated tau in the LC but no degeneration and
display phenotypes relevant to neuropsychiatric disorders such as anxiety, and they primarily
present with LC hyperactivity (increased firing during bursts and in responses to footshock stress).
Meanwhile 15-month transgenic animal have increased tau pathology, some loss of LC
fibers/terminals, cognitive impairment, and display LC hypoactivity (reduced baseline and
footshock-induced firing). Moreover, we previously reported that deficits in reversal learning in
15-month TgF344-AD rats can be rescued by chemogenetic LC stimulation (Rorabaugh et al.,
2017), and we predict that drugs that suppress LC activity or antagonism of adrenergic receptors
would be effective at alleviating prodromal phenotypes in young TgF344-AD rats (Weinshenker,
2018). These results provide a foundation for translation to the clinical setting, where promising

data already exist. For example, adrenergic antagonists have been reported to reduce
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agitation/aggression and anxiety in subjects with probable or possible AD (Peskind et al., 2005;
Wang et al., 2009), and our recent phase Il study showed beneficial effects of the NE transporter
inhibitor atomoxetine, which increases extracellular NE levels, on AD biomarkers in mild cognitive
impairment (Levey et al., 2022). Atomoxetine also improves response inhibition in Parkinson’s
disease patients, with the greatest benefits observed in those with lower LC integrity (O'Callaghan
et al., 2021). Whether this is also true in AD has not been determined but will be important for

guiding the use of personalized noradrenergic-based interventions.

2.4.4 Limitations

There are several caveats to the current study that are worth discussing. Given the
extracellular in vivo nature of our recordings, we were unable to determine whether the neurons
recorded from TgF344-AD rats were tau positive or negative. However, our previous report
demonstrated that essentially all LC neurons stain positive for the CP13 antibody at 6 months of
age (Rorabaugh et al., 2017). This staining becomes more intense by 15 months, but does not
stain for more mature versions of hyperphosphorylated/aggregated tau (i.e. AT8, MC1, PHF1)
(Rorabaugh et al., 2017). Given the extensive gap junctions between LC neurons (Ishimatsu and
Williams, 1996; Rash et al., 2007), it is also possible that even the rare tau-negative neurons are
dysfunctional in TgF344-AD rats. Furthermore, there is evidence of LC heterogeneity, including
different firing rates that are dependent upon projection targets, which may have influenced our
results (Chandler et al., 2014). However, this is unlikely given that we recorded LC neurons from
a range of coordinates. Follow-up studies using slice electrophysiology coupled with retrograde
tracers and tau antibody staining would help determine whether differences in LC firing rates are
tau-dependent and/or projection specific, with the latter being particularly interesting given the
selective vulnerability of forebrain-projecting LC neurons (Schwarz and Luo, 2015; Weinshenker,

2018; Kelberman et al., 2020). It is possible that A pathology, and not just aberrant tau,
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contributed to the changes in LC firing rates in TgF344-AD rats, as a previous report identified the
presence of soluble Ap pathology in LC neurons of postmortem human AD brains, as well as in
APP/PS1 transgenic mice that was associated with LC hyperactivity (Kelly et al., 2021). AB
pathology has not been examined in the LC of TgF344-AD rats, but one caveat is that commonly
used antibodies (i.e. 4G8) have off-target binding to the amyloid precursor protein (Kelly et al.,
2021), which is ubiquitously overexpressed in these animals (Cohen et al., 2013). In TgF344-AD
rats, plaques are minimal in forebrain regions at 6 months of age, evident at 12 months of age,
and ubiquitous at 16 months of age (Cohen et al., 2013; Rorabaugh et al., 2017; Kelberman et al.,
2022). Therefore, we speculate that early alterations to LC firing rates are likely dominated by the
effects of hyperphosphorylated tau, while interactions between tau and A are more likely during
late stages of disease. Finally, there may be some concern that viral expression of the fluorescent
marker mCherry altered LC firing rates in the current study. However, because all animals in the
current report received viral infusions, the effects of mCherry expression would be equivalent
across groups. Moreover, the WT rats in our study demonstrated LC firing rates consistent with
non-manipulated rats based on previous literature (Aston-Jones and Bloom, 1981a, b; Hirata and
Aston-Jones, 1994; Chandler et al., 2014; Vazey and Aston-Jones, 2014; West et al., 2015; Totah

et al., 2018), indicating that any effects of the virus were negligible.

2.5 CONCLUSIONS

We have identified disease stage-dependent changes in LC firing patterns in a rat model
of AD that accumulates hyperphosphorylated tau in the LC prior to forebrain pathology. These
data further support the notion that early LC hyperactivity and late LC hypoactivity contribute to
prodromal symptoms and cognitive/memory impairments of AD, respectively. These insights

should prove useful for developing noradrenergic-based therapeutics for AD.



Table 2.1. Spontaneous bursting properties of LC neurons.
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Measure Main F p- Summary Values [Mean +/- SEM (N)]
Effect Statistic | value
Number of Age F1385= 0.9585 WT Tg
Bursts 0.002712
Genotype | Fiass= 0.0719 | 6 month 26.89 16.43
3.258 6.00 (75) 3.29 (107)
Interaction | Fi3s5= 0.4376 | 15 month 23.53 19.37
0.6039 3.58 (120) | 3.45 (87)
Percent of Age F1385= 0.1999 WT Tg
Spikes in a 1.649
Burst Genotype | Fisss= 0.6771 | 6 month 18.41 £ 19.64
0.1737 2.75 (75) 2.37 (107)
Interaction | Fi3s5= 0.3606 | 15 month 23.84 + 20.55 +
0.8379 2.23 (120) | 2.44 (87)
Burst Age Fi1267= 0.4655 WT Tg
Duration 0.5341
Genotype | Fiz7 = 0.1046 | 6 month 0.36 £ 0.07 | 0.32 £ 0.04
2.652 (48) (75)
Interaction | Fi 7= 0.4737 | 15 month 0.44 +0.06 | 0.32 £ 0.02
0.5149 (88) (60)
Spikes Per Age Fi1267= 0.3411 WT Tg
Burst 0.9097
Genotype | Fi7= 0.8037 | 6 month 746 +1.41 | 8.61 £ 1.56
0.06193 (48) (75)
Interaction | Fq7= 0.2453 | 15 month 7.72+£1.08 | 5.94 £ 0.34
1.356 (88) (60)
Interburst Age Fi1.206= 0.9047 WT Tg
Interval 0.01437
Genotype | Fi26= 0.1375 | 6 month 16.27 3783
2.222 3.67 (37) 8.13 (60)
Interaction | Fi26= 0.0621 | 15 month 27.51 25.05
3.516 5.21 (75) 5.42 (58)
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Figure 2.1. Multimodal confirmation of single unit recordings from LC neurons. A) The
approximate depth of the LC was estimated by locating Me5 via jaw deflection every 5 s during 1-
min long recording. B) Putative LC units displayed a biphasic response to footshock (gray, 0.5 ms;
purple, 5 ms; 0.05 ms bins around footshock at time 0 s). Unit responses were also quantified
between 0-60 ms (1), 60-100 ms (2), and 200-400 ms (3) following footshock. C) Noradrenergic
LC neuron activity is inhibited by the a2-adrenergic receptor clonidine (0.1 mg/kg i.p.; dashed
line), and D) RNAscope performed at the level of the LC confirmed that expression of a2-
adrenergic receptors (green) is limited to TH-expressing (magenta) LC neurons in this part of the
brain. Scale bars: 1 mm at 2x, 100 ym at 20x, and 100 ym at 40x magnification. E) Localization of
electrode tracks (arrows and dashed line) in the LC core using neutral red counterstaining. Main
image stitched from four images at 2x magnification. Inset taken at 20x magnification with the LC

outlined in black and the electrode track marked by an arrow.
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Figure 2.2. Basal firing properties of LC neurons from 6- and 15-month TgF344-AD rats and

WT littermates. A) Baseline firing was lower in TgF344-AD rats at both ages. B) There was a

trend towards decreased interspike interval in TgF344-AD rats. C) Firing rate during spontaneous

bursts was higher in TgF344-AD rats. D) Interspike intervals within a burst were lower in TgF344-

AD rats, and there was an additional effect of age where younger rats had lower interspike

intervals. N=74-120 neurons/group (N=8-11 animals/group) for A and B. N=48-88 neurons/group

(N=8-11 animals/group) for C and D. *p<0.05, **p<0.01.
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Figure 2.3. Footshock response of LC neurons from 6- and 15-month TgF344-AD rats and

WT littermates. A & B) LC neuron firing rate was lower in TgF344-AD rats during the immediate

phase in response to 0.5 ms footshock, but this effect was not seen in response to 5 ms footshock.

C & D) There was an age x genotype interaction in the intermediate phase of response to both

0.5 and 5 ms footshock. Post-hoc analysis revealed that young TgF344-AD animals demonstrated

hyperactivity in response to 5 ms footshock, while aged TgF344-AD animals showed hypoactivity

in response to both 0.5 and 5 ms footshock. E & F) There were no differences in late phase

response to footshock. N=84-128 neurons/group (N=8-11 animals/group) for A, C, and E. N=94-

126 neurons/group (N=8-11 animals/group) for B, D, and F. *p<0.05.
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Figure 2.4. Summary of dysregulated LC firing patterns as a function of age in TgF344-AD
rats. At 6 months, the LC is the only brain region that displays AD-like neuropathology in the form
of hyperphosphorylated tau (black triangles). LC neurons show tonic hypoactivity, but elevated
firing rate and shorter interspike intervals during periods of spontaneous bursts. LC response to
footshock (lightning bolt/dashed line) at this age is also elevated in TgF344-AD rats. At 15 months,
hyperphosphorylated tau pathology in the LC worsens, and tau and A (red circles) pathology are
present throughout the forebrain. There is also evidence of noradrenergic denervation,
specifically to the hippocampus (dashed blue line). Similar to 6-month TgF344-AD rats, LC
neurons again show tonic hypoactivity, and elevated firing rate and lower interspike intervals
during periods of spontaneous bursts. However, in contrast to younger rats, 15-month TgF344-

AD rats have an impaired, rather than elevated, footshock response.
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Supplemental Figure 2.1. Basal firing properties of LC neurons from 6- and 15-month

TgF344-AD rats and WT littermates. A) Baseline firing was lower in TgF344-AD rats at both

ages. B) There was a trend towards decreased interspike interval in TgF344-AD rats. C) Firing

rate during spontaneous bursts was higher in TgF344-AD rats. D) Interspike intervals within a

burst were lower in TgF344-AD rats, and there was an additional effect of age where younger rats

had lower interspike intervals. N=74-120 neurons/group (N=8-11 animals/group) for A and B.

N=48-88 neurons/group (N=8-11 animals/group) for C and D. *p<0.05, **p<0.01.
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Supplemental Figure 2.2. Footshock response of LC neurons from 6- and 15-month TgF344-
AD rats and WT littermates. A & B) LC neuron firing rate was lower in TgF344-AD rats during
the immediate phase in response to 0.5 ms footshock, but this effect was not seen in response to
5 ms footshock. C & D) There was an age x genotype interaction in the intermediate phase of
response to both 0.5 and 5 ms footshock. Post-hoc analysis revealed that young TgF344-AD
animals demonstrated hyperactivity in response to 5 ms footshock, while aged TgF344-AD
animals showed hypoactivity in response to both 0.5 and 5 ms footshock. E & F) There were no

differences in late phase response to footshock. N=84-128 neurons/group (N=8-11
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animals/group) for A, C, and E. N=94-126 neurons/group (N=8-11 animals/group) for B, D, and F.

*p<0.05.
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Abstract

The noradrenergic locus coeruleus (LC) is one of the earliest and most impacted nuclei
during the progression of Alzheimer’s disease (AD). The early behavioral symptoms, including
sleep disturbances, alterations to mood, and exaggerated stress and anxiety are concomitant with
hyperphosphorylated tau deposition in the LC, while LC neuronal loss parallels the development
of cognitive deficits in later disease stages. Using the TgF344-AD rat model of AD, we recently
demonstrated that the LC is hyperactive in young animals, when hyperphosphorylated tau is
present in the nucleus, while aged transgenic rats display LC hypoactivity. However, a mechanism
underlying these age-dependent changes in LC activity is lacking. We sought to identify
mechanisms leading to altered LC activity using a targeted gene expression approach in age-
matched TgF344-AD rats. We found decreased mRNA for Gabra3 (a3 subunit of the GABA-A
receptor) and the opioid-related nociception receptor 1 (nociception receptor) in the LC of 6-
month TgF344-AD animals, which is consistent with the hyperactive phenotype of these neurons
at this age. We further observed an increase in a group of transcripts that encode proteins
important for NE synthesis, packaging, and reuptake in 15-month TgF344-AD animals, which we
hypothesize reflect compensatory mechanisms to counteract the loss of forebrain norepinephrine
(NE) and axons noted in aged TgF344-AD rats. These results identify potential mechanisms
underlying altered LC activity and function across the progression of AD, as well as plausible

targets for LC-NE based therapeutics for AD.
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3.1 INTRODUCTION

Alzheimer’s disease (AD) is characterized by the accumulation of extracellular amyloid-3
(AB) plagues and intracellular hyperphosphorylated tau neurofibrillary tangles. Past and current
therapies largely target AB pathology but have only yielded marginal clinical benefits, which may
be partially due to the late stages at which AB is targeted. On the other hand, subcortical
hyperphosphorylated tau accumulation occurs prior to AB deposition and decades before
hallmark cognitive deficits in AD (Ehrenberg et al., 2023). Specifically, the noradrenergic locus
coeruleus (LC) is the consistently reported as the earliest site in the brain to accumulate tau
pathology (Braak et al., 2011; Elobeid et al., 2012; Theofilas et al., 2017; Pletnikova et al., 2018;
Gilvesy et al., 2022). Although tau pathology is predictive of neuronal loss in AD, there is a delay
between pathological tau accumulation and LC degeneration (Theofilas et al.,, 2017).
Consequently, tau-induced LC dysfunction prior to frank cell death could contribute to symptoms

and advancement of AD throughout the entirety of disease course.

The LC is the main central norepinephrine (NE) producing nucleus and projects nearly
brain-wide to influence arousal, attention, cognition, stress response, and mood (Poe et al., 2020).
The influence of the LC-NE system on behaviors has been partially attributed to different firing
rates and patterns exhibited by these neurons. LC neurons fire with pacemaker activity between
0.5-2 Hz that facilitates general arousal and behavioral flexibility, while high tonic rates (3-8 Hz)
are induced by stress and promote anxiety-like behaviors (Foote et al., 1980; Aston-Jones and
Bloom, 1981b; Grant et al., 1988; Valentino and Foote, 1988; Sara and Segal, 1991; Curtis et al.,
1997; Aston-Jones et al., 1999; Page and Abercrombie, 1999; Curtis et al., 2012; McCall et al.,
2015). Phasic activity has been defined by transient elevations in firing rates or brief bursts of
activity followed by prolonged inhibition that occurs in response to relevant environmental stimuli

(Aston-Jones and Bloom, 1981a; Florin-Lechner et al., 1996; Aston-Jones and Cohen, 2005a;
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Bouret and Sara, 2005). Phasic firing is associated with behavioral adaptation by facilitating
cognitive shifts and filter task-related stimuli (Aston-Jones and Cohen, 2005a; Bouret and Sara,
2005; Mather et al., 2016). Proper combinatorial patterns of tonic and phasic firing are required
for optimal attention (Aston-Jones and Cohen, 2005a; Howells et al., 2012). Many behaviors
influenced by LC activity go awry in prodromal stages of AD, including disrupted sleep/wake
cycles, exaggerated stress responses and anxiety, and altered mood (Ehrenberg et al., 2018;
Johansson et al., 2021). Early behavioral alterations are coincident with accumulation of LC tau
pathology (Ehrenberg et al., 2018; Johansson et al., 2021; Kelberman et al., 2022), and
subsequent cognitive deficits and forebrain structural decline parallel LC degeneration (Wilson et
al., 2013; Olivieri et al., 2019; Bachman et al., 2021; Jacobs et al., 2021; van Hooren et al., 2021),
suggesting changes in LC firing rates could be a key driver of AD symptomology and progression.
Thus, we have posited that the LC is hyperactive early in disease, leading to increased anxiety
and other prodromal symptoms, and hypoactive in late stages of disease, contributing to cognitive
decline (Weinshenker, 2018). We have recently observed these changes in firing patterns over
the course of disease in the TgF344-AD rat model (Weinshenker, 2018). Specifically, phasic LC
hyperactivity was noted at 6 months and both tonic and phasic LC hypoactivity at 15 months,
which parallels the emergence of early behavioral symptoms (i.e. anxiety-like phenotypes) and
cognitive deficits in these rats, respectively (Cohen et al., 2013; Rorabaugh et al., 2017; Kelberman
et al., 2022; Kelberman et al., 2023). Notably and akin to the human condition, the TgF344-AD rats
develop early LC hyperphosphorylated tau pathology beginning at 6 months and prior to any
forebrain accumulation of amyloid or tau pathology (Cohen et al., 2013; Rorabaugh et al., 2017;

Kelberman et al., 2022).

There are a variety of molecular mechanisms that could affect LC firing rates, and the

nature of changes identified in the TgF344-AD rat could offer insights into their origin. LC neurons
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are molecularly defined by expression of genes such as Th (tyrosine hydroxylase), Dbh (dopamine
B-hydroxylase), Slc18a2 (vesicular monoamine transporter 2), and Slc6aZ2 (plasma membrane NE
transporter), which are critical for NE synthesis, packaging, and reuptake (Mulvey et al., 2018;
lannitelli et al., 2023b). In AD patients, expression of these genes is augmented or unchanged in
surviving LC neurons, suggesting a compensatory increase in NE transmission in response to
neuronal loss (Szot et al., 2000; Szot et al., 2006, 2007; McMillan et al., 2011). The LC receives
excitatory, inhibitory, and modulatory inputs from cortical and subcortical regions that facilitate
aspects of both tonic and phasic LC activity (Herkenham and Nauta, 1979; Ennis and Aston-Jones,
1988; Jodo and Aston-Jones, 1997; Aston-Jones et al., 2004; Sara and Bouret, 2012; Schwarz
and Luo, 2015; Breton-Provencher and Sur, 2019; Breton-Provencher et al., 2021). For example,
corticotropin releasing factor (CRF) and hypocretin/orexin augment LC tonic activity (Valentino
and Foote, 1988; Horvath et al., 1999; Curtis et al., 2012; Sears et al., 2013; McCall et al., 2015),
while inhibition is mediated locally via peri-LC GABAergic inputs and through action of NE on
autoinhibitory a2-adrenergic receptors (McCune et al., 1993; Aston-Jones et al., 2004; Totah et
al., 2018; Breton-Provencher and Sur, 2019; Breton-Provencher et al., 2021; Kelberman et al.,
2023). Further inhibition of tonic LC activity is achieved by opioid signaling through various GPCR
receptor subtypes (Connor et al., 1996; Van Bockstaele et al., 2010). Phasic firing is mediated by
excitatory and inhibitory neurotransmission, and LC responsiveness to such signaling is further
refined by neuromodulators like serotonin (Aston-Jones et al., 1991; Chiang and Aston-Jones,
1993a). Changes in the innervation pattern of afferents to the LC and receptor expression or
localization could underlie changes in LC activity beyond direct effects of hyperphosphorylated

tau pathology.

Despite the well-defined modulators of, and having previously revealed age-dependent

alterations in, LC firing rates, a mechanistic underpinning of these changes in AD that could be
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the target of therapeutic interventions is still lacking. We therefore sought to characterize the
molecular landscape of LC neurons at the gene expression level along AD progression in TgF344-
AD rats, with a specific focus on identifying signatures that could drive altered LC firing rates that

we previously identified (Kelberman et al., 2023).

3.2 MATERIAL AND METHODS

3.2.1 Animals:

32 male and female TgF344-AD rats and WT littermates aged 6 or 15 months were used
for this study. TgF344-AD rats were hemizygous for the APPsw/PS1AE9 transgene carrying
mutations causative of autosomal-dominant early-onset AD. Rats were housed in groups of 2-3 on
a 12-h light/dark cycle (lights on at 7:00 am) with freely available food and water. All experiments
were conducted in accordance with the Institutional Animal Care and Use Committee at Emory

University.

3.2.2 Tissue Collection:

Animals were rapidly decapitated under isoflurane between 1:00-4:00 pm (6-9 h after lights
on) and brains were flash-frozen in isopentane on dry ice. Brains were stored at -80°C until being

sectioned on a cryostat at 16 um.

3.2.3 In Situ Hybridization, Imaging, and Analysis:

We performed fluorescent in situ hybridization using the RNAscope Multiplex Fluorescent
V2 Assay (Advanced Cell Diagnostics, Newark, CA, USA) according to the manufacturer’s
protocol. Information regarding probes used in this study is located in Table 3.1. Images were
obtained in a 1um pitch z-stack (10um total) on a Keyence BZ-X700 microscope (Osaka, Japan)

at 2x, 20x, and 40x using uniform exposure parameters for each marker. Analysis of puncta was
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performed in Halo® Imaging Analysis Platform (Indica Labs, Albuquerque, NM, USA) using the
Multiplex IF/FISH module of 40x images. Analysis of the LC markers Th, SIc6A2, Dbh, and Slc18a2
did not appear as individual puncta and were instead classified in HALO as immunofluorescence
markers. These mRNAs were further analyzed by measuring fluorescence levels in ImagedJ using
20x images. A common threshold (Otsu) was applied, and a region of interest was outlined using
the “Create Selection” function. Fluorescence intensity limited to the region of interest from the
original image was then measured. Puncta of all other probes were measured as puncta per cell,
with “cell” being defined as positive for the co-labeled LC marker (Th, Dbh, Sic6a2, or Sic18a2).
Parameters for FISH analysis and probe groups can be found in Table 3.2. 1-3 LC sections from

the right hemisphere were quantified and averaged per animal per marker.

3.2.4 Statistical Analysis:

Figures were made and statistical analyses were performed using GraphPad Prism (v.
9.2.0; San Diego, CA, USA) using the mean = SEM. Given limitations in the number of samples
we could run in-tandem and that previously identified differences in LC firing rates were most
prominent within an age, we focused our RNAscope analyses on effects of genotype within each
age group. First, outliers were removed based on the Grubb’s method with a = 0.001. NE
neurotransmission (i.e. synthesis and handling) genes were grouped and analyzed as a two-way
ANOVA considering gene and genotype as factors. All other transcripts were analyzed using a
student’s t-test to compare WT and TgF344-AD animals at 6 or 15 months with Welch’s
corrections used when variances differed between groups. Non-normally distributed data were

analyzed with a Mann-Whitney test. For all analyses, statistical significance was set at a = 0.05.

3.3 RESULTS
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We have previously shown that LC axonal damage in the absence of AD-like
neuropathology or cell body degeneration reduces expression of mRNAs that define
noradrenergic neuron identity (lannitelli et al., 2023b), while others have reported an upregulation
in noradrenergic transcripts in post-mortem AD samples (Szot et al., 2006). Given TgF344-AD rats
display both AD-like neuropathology and a progressive loss of LC fibers akin to the human
condition (Rorabaugh et al., 2017), we first investigated whether levels of mMRNAs involved in NE
synthesis and handling (Th, Dbh, Sic6a2, Slc18a2) were altered at 6 or 15 months. We found a
significant effect of gene (Two-way ANOVA: F3 47 = 15.36, p < 0.0001), but no effect of genotype
(Two-way ANOVA: F1,47= 0.66, p = 0.42) or a gene x genotype interaction (Two-way ANOVA: F;
47=0.34, p = 0.80) on fluorescence level in 6-month animals (Figure 3.1Ai and Aii). In 15-month
animals there was a similar significant effect of gene (Two-way ANOVA: F3 4= 51, p < 0.0001)
and no gene x genotype interaction either (Two-way ANOVA: F; .= 0.76, p = 0.52), but at this
age a significant effect of genotype emerged (Two-way ANOVA: F1, 4= 4.53, p = 0.04) (Figure
3.1Bi and Bii), revealing elevated levels of noradrenergic genes in TgF344-AD rats. We also
examined expression of the a2-adrenergic receptor, which is responsible for local autoinhibition
of LC neurons (McCune et al., 1993; Totah et al., 2018; Kelberman et al., 2023), but found no
differences in the number of Adra2a copies per cell at either 6 (Figure 3.1Ci; t = 0.59, df = 13, p

=0.57) or 15 months (Figure 3.1Cii; t = 1.29, df = 11, p = 0.22).

The LC receives extensive glutamatergic innervation from the cortex, lateral habenula, and
paragigantocellularis nucleus (Herkenham and Nauta, 1979; Ennis and Aston-Jones, 1988; Jodo
and Aston-Jones, 1997), which drive various aspects of LC firing (Aston-Jones et al., 1991; Chiang
and Aston-Jones, 1993a, b). We therefore probed whether there were any changes in mRNAs
corresponding to excitatory amino acid transmission by examining Grin1 (Figure 3.2Ai and Aii),

Grm3 (Figure 3.2Bi and Bii), and Gria2 (Figure 3.2Ci and Cii) expression. These transcripts were
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chosen to encompass the glutamatergic receptor subunits expressed in the LC (Noriega et al.,
2007). There were no differences in the number of Grin1 (6 months: t = 0.09, df = 13, p = 0.93; 15
months: t = 1.98, df = 11, p = 0.07), Grm3 (6 months: t= 0.07, df = 11, p = 0.94; 15 months: Welch-
corrected t = 1.31, df = 5.08, p = 0.25), or Gria2 (6-months: t = 0.64, df = 10, p = 0.54; 15-months

(t=1.06, df = 10, p = 0.32) copies per cell at either age.

Inhibitory control of LC activity is mediated distally by areas such as the ventrolateral
preoptic area and locally by peri-LC GABAergic neurons that are particularly important for
modulating arousal (Lu et al., 2002; Aston-Jones et al., 2004; Breton-Provencher and Sur, 2019;
Breton-Provencher et al., 2021). The LC expresses high levels of GABAA a3 receptors across
species, but low levels of other GABA receptor subunits (Waldvogel et al., 2010; Corteen et al.,
2011; Kelly et al., 2021). Mislocalization of GABAa a3 receptors in the LC is associated with LC
hyperactivity in the APP-PS1 mouse model of AD that produces AB oligomers but not
hyperphosphorylated tau, and is also observed in the LC of human AD subjects (Kelly et al., 2021).
Therefore, we next characterized the expression of the GABAa a3 receptor subunit (Gabra3) in
the LC of TgF344-AD and control rats (Figure 3.2Di and Dii). In 6-month TgF344-AD animals,
there was a decrease in Gabra3 copies per cell compared to WT littermates (t = 2.75, df = 10, p

= 0.02), but no effect of genotype in 15-month animals (t = 0.93, df = 8, p = 0.38).

LC firing is also controlled by various neuromodulators and neuropeptides including
orexin/hypocretin (Hagan et al., 1999; Horvath et al., 1999; Inutsuka and Yamanaka, 2013), CRF
(Bangasser and Valentino, 2012; Valentino et al., 2012), pituitary adenylate cyclase-activating
peptide (PACAP) (Duesman et al., 2022), serotonin (Aston-Jones et al., 1991; Chiang and Aston-
Jones, 1993a), and endogenous opioids (Mansour et al., 1994; Connor et al., 1996; Neal et al.,
1999; Van Bockstaele et al., 2010; Tkaczynski et al., 2022). Despite the robust modulatory effects

of serotonin and CRF on LC activity (Valentino and Foote, 1988; Aston-Jones et al., 1991; Chiang
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and Aston-Jones, 1993a; Curtis et al., 1997; McCall et al., 2015), we did not detect substantial
expression of either the serotonin 1a (Htr1a) or CRF1 receptors (Crfr1) in the LC (Supplemental
Figure 3.1). Indeed, a previous reports failed to localize Htr1a or Crfr1 mRNA in the LC
(Pompeiano et al., 1992; Luskin et al., 2022; Weber et al., 2022) and these markers were not

further pursued.

Few studies have investigated PACAP modulation of the LC but suggest that it is important
for metabolism (Duesman et al., 2022) and, in regions other than the LC, is crucial for mediating
anxiety-like behaviors (Hammack et al., 2009; Boucher et al., 2022). We found high transcript
levels of Adcyap1r1 in the LC but no significant difference between genotypes at either age
(Figure 3.3Ai and Aii; 6 months: t = 0.47, df = 10, p = 0.65; 15 months: Mann-Whitney U = 11, p

= 0.31).

Opioid signaling in the LC occurs through W, 6, K, and other receptor subtypes (Mansour
et al.,, 1994; Connor et al., 1996; Neal et al., 1999; Van Bockstaele et al., 2010; Tkaczynski et al.,
2022). Regardless of pre-/post-synaptic localization or mechanism of action of these receptors, all
have potent inhibitory effects on LC activity (Connor et al., 1996; Van Bockstaele et al., 2010).
Behaviorally, overexpression of & opioid receptors in the LC reduces anxiety-like phenotypes
(Tkaczynski et al., 2022). The stress-dependent increase in LC firing rate was also blocked by &
opioid receptor overexpression in the LC. Given the alterations in LC firing and robust anxiety-like
phenotypes observed in TgF344-AD rats at both ages (Kelberman et al., 2022; Kelberman et al.,
2023), we determined whether there were differences in mRNA expression of the & opioid
receptor (Oprd1) in the LC of TgF344-AD rats and WT littermates (Figure 3.3Bi and Bii). There
were no differences at either age in copies per cell of Oprd1 at either age (6 months: t = 0.60, df
=11, p = 0.56; 15 months: Mann-Whitney U = 14, p = 0.59). Opr/1 is also highly expressed in the

LC and inhibits firing and NE release through an inwardly rectifying potassium conductance
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(Connor et al., 1996; Neal et al., 1999; Okawa et al., 2001; Kawahara et al., 2004; Yoshitake et al.,
2013). While we observed no difference in Opri/1 copies per cell in 15-month TgF344-AD rats (t =
0.55, df = 8, p = 0.60), there was a significant decrease in 6-month TgF344-AD rats (t = 2.61, df =

10, p = 0.03) (Figure 3.3Ci and Cii).

3.4 DISCUSSION

The LC is vulnerable to pathological insults in the form of hyperphosphorylated tau
deposition well before clinical AD diagnosis (Braak et al., 2011; Gilvesy et al., 2022; Ehrenberg et
al., 2023). As the disease progresses, LC axons degenerate, LC volume decreases, and frank
neuronal loss is observed (Wilson et al., 2013; Theofilas et al., 2017; Goodman et al., 2021; Jacobs
et al., 2021; van Hooren et al., 2021; Kelberman et al., 2022). Using the TgF344-AD rat model of
AD that recapitulates the “LC first” pattern of hyperphosphorylated tau deposition observed in
humans, we recently showed that dysfunctional LC firing rates are disease stage-dependent, with
hyperactivity being noted in young animals that transitions to hypoactivity in later stages of disease
(Kelberman et al., 2023). LC hyperactivity appears coincident with early behavioral impairments,
while the transition to hypoactivity parallels the emergence of cognitive deficits observed in AD
(Rorabaugh et al., 2017; Jacobs et al., 2021; Johansson et al., 2021; van Hooren et al., 2021;
Kelberman et al., 2022; Kelberman et al., 2023). While these data suggest that lowering and
increasing noradrenergic tone in early and late AD, respectively, may provide symptomatic relief
(Weinshenker, 2018), a more comprehensive understanding of the molecular mechanisms
resulting in altered LC is required for more targeted therapies. We therefore molecularly
characterized LC neurons in TgF344-AD rats at the transcript level using in situ hybridization, with

a specific focus on markers that could influence LC activity.
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The LC is molecularly defined by a core set of genes that confer noradrenergic identity
and transmission (Mulvey et al., 2018; lannitelli et al., 2023b). While there were no differences in
these transcripts in 6-month animals, they were upregulated as a group in 15-month animals.
Expression of Th is elevated in surviving LC neurons in AD patients, while expression of other
noradrenergic genes are either increased or unchanged (Szot et al., 2000; Szot et al., 2006, 2007;
McMillan et al., 2011). TgF344-AD rats do not display frank LC cell loss at ages tested here
(Rorabaugh et al., 2017), suggesting that compensatory upregulation of noradrenergic genes
precedes cell death. This is at odds with our recent report showing downregulation of these same
mMRNAs in the LC of mice treated with the selective LC neurotoxin, N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine (DSP-4) at a dose and time point that almost entirely ablates axons and leaves
cell bodies injured but intact (lannitelli et al., 2023b). We suspect that the substantial, acute
damage to LC axons and cell bodies caused by DSP-4 drives LC neurons into a survival mode
where many “non-essential” genes are downregulated, including those that define the
neurotransmitter phenotype. This is in contrast to the gradual, chronic nature of disease in
TgF344-AD rats and human AD subjects that allows time for the engagement of compensatory
mechanisms designed to maintain NE homeostasis in the face of accumulating pathology. For
example, there are region-specific decreases in NE content in the forebrain and reductions in LC
activity of aged TgF344-AD animals (Rorabaugh et al., 2017; Kelberman et al., 2023). Thus,
upregulation of genes involved in synthesis (Th, Dbh), packaging (Slc18a2), and reuptake (S/c6a2)
of NE may be an attempt to augment NE tone in response to deteriorating transmission. However,
this upregulation could also have consequences for LC activity. For instance, the LC is enriched
in inhibitory a2-adrenergic autoreceptors (McCune et al., 1993; Totah et al., 2018; Kelberman et
al., 2023), the expression of which was unaltered at either age. The upregulation of noradrenergic

tone at 15-months, when coupled with degeneration of LC axons (Rorabaugh et al., 2017;
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Goodman et al.,, 2021; Kelberman et al., 2022), could lead to more somatodendritic NE release,

culminating in excessive negative feedback onto LC neurons.

We observed no changes in glutamatergic receptor gene expression in noradrenergic LC
neurons of TgF344-AD rats at either age. There are other glutamatergic receptor subunits
expressed in the LC at lower levels that could be altered in TgF344-AD rats, such as Grin2a, Gria4,
and Grm5 (Noriega et al., 2007) that may also be worth exploring. Notably, glutamate promotes
phasic LC responses which are followed by post-activation inhibition, with the inhibition phase
partially mediated by AMPA receptors (Zamalloa et al., 2009). Alterations to other glutamatergic
receptor subunit expression, localization, or function that have not been described here could

therefore impact both tonic and phasic LC activity.

Compared to the diversity of glutamatergic receptor subunits expressed in the LC,
GABAergic transmission mainly occurs through the GABAA a3 subunit (Waldvogel et al., 2010;
Corteen et al., 2011; Kelly et al., 2021). We further focused on this receptor because of a previous
report demonstrating downregulation of GABAA a3 receptor subunits in the LC of APP/PS1 mice,
which was associated with LC hyperactivity (Kelly et al., 2021). GABAx a3 immunoreactivity was
also mislocalized to the cytoplasm instead of the plasma membrane in LC neurons from human
AD subjects (Kelly et al., 2021). We observed downregulation of Gabra3 mRNA that was specific
to 6-month TgF344-AD rats, which is consistent with the LC hyperactivity we observe at this age
(Kelberman et al., 2023). Interestingly, the downregulation of GABAa a3 receptor subunits in the
LC of APP/PS1 mice was related to AB oligomer pathology, and knocking out this subunit in WT
mice recapitulated the LC hyperactivity observed in the mutant mice (Kelly et al., 2021). TgF344-
AD rats accumulate hyperphosphorylated tau in the LC at 6 months, but no tau or plaque
pathology elsewhere in the brain at this age (Rorabaugh et al., 2017). The presence of Ap

oligomers in the LC of TgF344-AD rats has not been determined, although it is plausible given
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that the APP/PS1 transgenes in the two models are identical. Some notable differences exist
between the LC hyperactivity in APP/PS1 mice (increased tonic firing) and TgF344-AD rats
(increased firing during spontaneous and evoked bursts) (Kelly et al., 2021; Kelberman et al.,
2023). The reasons for these differences are unclear, but could involve the type of AD pathology
present in the LC, in addition to other complex changes in gene expression described here (e.g.
Opri1) or that has yet to be uncovered. Despite these differences, both studies together suggest
that LC GABAa a3 receptor subunits are especially vulnerable to AD pathology and could be an

early point of therapeutic intervention.

We also confirmed the high expression of Adcyap1r1 transcripts in LC neurons. While
these receptors are generally involved in stress/anxiety and neuroinflammation and likely
influence LC activity (Vaudry et al., 2005; Ohtaki et al., 2006; Hammack et al., 2009; Szakaly et al.,
2011; Matsumoto et al., 2016; Bozadjieva-Kramer et al., 2021; Boucher et al., 2022; Duesman et
al., 2022), we found no effect of genotype on expression of Adcyap7r1 mRNA. Therefore, it is

unlikely that these receptors contribute to phenotypes of TgF344-AD rats at the level of mMRNA.

Opioids are potent modulators of LC activity and function, signaling through various
subtypes of receptors (Mansour et al., 1994; Connor et al., 1996; Neal et al., 1999; Van Bockstaele
et al., 2010; Tkaczynski et al., 2022). We quantified the expression of two of these subtypes within
the LC, Oprd1 and Opri1. There was relatively low expression of Oprd1 transcripts in the LC, and
there were no differences in expression between WT and TgF344-AD rats at either age. However,
we found a reduction in Opri1 transcripts in 6-month TgF344-AD rats. Because Guai/o signaling
through these receptors promotes inhibitory tone via activation of inwardly rectifying potassium
channels (Connor et al., 1996), a decrease in their expression is consistent with the LC
hyperactivity observed at this age (Kelberman et al., 2023). Interestingly, the signaling peptide

pronociceptin is co-expressed in peri-LC GABAergic neurons, which are responsive to odor,
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feeding, and aversive stimuli like footshock (Luskin et al., 2022). Specifically, pronociceptin co-
expressing GABAergic neurons are activated immediately after footshock (0-5 s) and inhibited at
longer durations (5-20 s). Given the alterations we observed to spontaneous and evoked phasic
LC activity in 6-month animals (Kelberman et al., 2023), an altered pronociceptin-Oprl1 signaling
pathway via peri-LC GABAergic population is possible. When combined with the reduced
expression of Gabra3 that we also identified at this age, these results suggest that impaired
inhibitory transmission from peri-LC neurons contributes to LC hyperactivity in young TgF344-AD
rats. While this is consistent with observed phasic LC hyperactivity, it is inconsistent with tonic
hypoactivity that is also seen at this age (Kelberman et al., 2023). Because stimulating the LC at
phasic frequencies is known to release more NE than tonic frequencies (Florin-Lechner et al.,
1996), it is possible that autoinhibition via local release of NE contributes to tonic LC hypoactivity,
while altered inhibitory signaling contributes to hyperactive phasic firing. By 15-months of age,
differences in Gabra3 and Oprl/1 expression are not evident, indicating that LC neurons would be
subjected to similar levels of inhibitory input at a time when they are releasing excessive local NE,

culminating in LC hypoactivity.

How can we reconcile what we know about AD-like neuropathology, changes in gene
expression, and altered firing rates in the LC of young and aged TgF344-AD rats and develop a
comprehensive model of AD progression in the noradrenergic system? LC neurons have an
incredible capacity for plasticity, using changes in gene expression and protein abundance to tune
NE transmission in response to environmental or internal challenges. The ability of LC neurons to
adapt to tonic inhibition, chronic stress, or reuptake blockade is well described, and can often
result in pathophysiology (e.g. during opioid withdrawal) (Maldonado, 1997; Nestler et al., 1999;
Weinshenker et al., 2002; Benmansour et al., 2004). In AD brains, changes in expression of NE

biosynthesis and handling genes have been noted in LC neurons, while adrenergic receptor
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expression is altered in LC targets (Szot et al., 2000; Szot et al., 2006, 2007; McMillan et al., 2011;
Goodman et al., 2021). In the earliest stages of AD, both clinically and in TgF344-AD rats,
hyperphosphorylated tau is the dominant pathology in the LC (Braak et al., 2011; Rorabaugh et
al.,, 2017; Gilvesy et al., 2022). In other types of neurons, tau pathology typically decreases
neuronal activity (Gomez-Isla et al., 1997; Thedfilas et al., 2018; Busche et al., 2019; Marinkovic
et al., 2019; Busche and Hyman, 2020; Kang et al., 2020), and indeed, tonic LC firing is lower in
both young and aged TgF344-AD rats (Kelberman et al., 2023). Inhibiting LC activity can invoke
transient elevations in firing rates post-inhibition (Marzo et al., 2014), which is consistent with the
tonic hypoactivity and phasic hyperactivity (spontaneous and evoked in 6-month, and
spontaneous only in 15-month TgF344-AD rats). However, it appears that there are two distinct
phases of LC compensation that yield different outcomes. Downregulation of Gabra3 and Opri1
expression may serve to disinhibit noradrenergic transmission and counteract neuronal
hypoactivity. While both these inhibitory signaling mechanisms are reported to affect tonic LC
activity (Chiang and Aston-Jones, 1993a; Connor et al., 1996; Okawa et al., 2001; Kawahara et al.,
2004; Yoshitake et al., 2013; Kelly et al., 2021), we observed a selective increase in spontaneous
and evoked firing during phasic burst (Kelberman et al., 2023). However, a recent report suggests
that blocking GABAergic signaling to the LC can enhance phasic-like activity in slice (Kuo et al.,
2020). Meanwhile, although Oprl1 inhibition is GPCR-based, these mechanisms are also known
to activate various other intracellular signaling cascades that may have complex effects on
electrophysiological properties of LC neurons (Toll et al., 2016). For example, nociception
signaling can dampen response to glutamate via indirect effects on glutamatergic receptor
subunits (Wang et al., 1996; Shu et al., 1998). Changes in expression of Opr/1 may therefore
upregulate phasic LC activity by increasing responsiveness to excitatory amino acid transmission

(Ennis and Aston-Jones, 1988; Aston-Jones et al., 1991; Chiang and Aston-Jones, 1993b). At 15
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months, tau pathology in the LC worsens, the genotype differences in Gabra3 and Opr/1 wane,
and the stimulus-evoked LC hyperactivity is replaced by hypoactivity (Rorabaugh et al., 2017;
Kelberman et al.,, 2023). These changes are accompanied by increased expression of NE
synthesis and transmission genes, which are also indicative of later stage AD. Levels of CSF NE
and turnover can be higher in AD subjects (Palmer et al., 1987; Elrod et al., 1997; Hoogendijk et
al.,, 1999; Henjum et al., 2022), which may be driven by one or both of these compensatory
mechanisms, but it is not enough to overcome the overall deficiency in normal LC-NE
transmission. Overall, LC inhibition mechanisms are targeted during phase | (early) compensation
and result in dysregulated LC firing that may contribute to prodromal symptoms including anxiety.
By contrast, noradrenergic-specific genes are targeted during phase Il (late) compensation,
permitting LC hypoactivity to dominate both at baseline and in response to relevant stimuli, likely

contributing to cognitive decline.

There are several caveats to the current study that can be addressed with follow-up
studies that are worth discussing. The LC is a sexually dimorphic structure (Babstock et al., 1997;
Bangasser et al., 2011; Bangasser et al., 2016; Duesman et al., 2022; Sulkes Cuevas et al., 2023),
including in gene expression (Mulvey et al., 2018). Our groups were unbalanced and
underpowered to detect sex differences, and there were some trends suggesting an influence of
sex on some of the markers studied here (see Th, AdraZa, and Grm3 in Figure 3.1Bi, Cii, and
Figure 3.2Bi, respectively). Along with this, there is evidence that the LC is modular with respect
to electrophysiological properties, biochemical makeup, and afferent/efferent connections (Sara
and Bouret, 2012; Chandler et al., 2014; Schwarz and Luo, 2015; Chandler et al., 2019; Wagner-
Altendorf et al., 2019; Poe et al., 2020). Rostral and middle portions of the LC preferentially project
to hippocampal and cortical structures and are particularly susceptible in AD (German et al., 1992;

Sara and Bouret, 2012; Schwarz and Luo, 2015; Theofilas et al., 2017; Betts et al., 2019a; Gilvesy
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et al., 2022). It is therefore possible that changes in gene or protein expression are dependent

upon location within the LC that we were unable to parse out in the current study.

Similarly, although there appeared to be an effect of age on gene expression (see Dbh,
AdraZa, Grin1, and Oprl/1 as examples), we were unable to statistically compare transcript levels
across ages due to potential variability between RNAscope runs. Comparisons were instead made
between age-matched TgF344-AD rats and WT littermates because we previously identified
genotype as the main contributor to aberrant LC activity (Kelberman et al., 2023). However, we
have separately shown that aging can impair spatial memory, associative learning, arousal, and
anxiety-like behaviors (Kelberman et al., 2022). It is also clear that variations in LC gene expression
can impact behavior (Mulvey et al., 2018). Therefore, it is possible that there are changes in LC
gene expression during the course of aging that may have functional consequences that we were

unable to detect in the present study.

We chose to examine mMRNAs because specific antibodies suitable for
immunohistochemistry are not available for many of the molecules we wanted to quantify.
However, a limitation of this approach is that we were unable to interrogate aspects of receptor
localization. In the hippocampus of APP/PS1 mice, there are no changes in AMPA receptor
subunit density, but there is evidence of increased receptor internalization (Martin-Belmonte et
al.,, 2020). Meanwhile, GABA, a3 receptor subunits in the LC of these mice are similarly
mislocalized to the cytoplasm (Kelly et al., 2021). Future studies should therefore investigate
localization of these receptors and how they may impact LC activity. This may require the
development of new antibodies and/or animals with tagged proteins. Our study also does not
address the complex interplay between different receptor subtypes and signaling. For example,
serotonin is involved in modulating LC responses to both glutamate and GABA (Aston-Jones et

al., 1991; Chiang and Aston-Jones, 1993a) and could impact signaling through these receptors in
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the absence of changes in expression levels. Moreover, serotonergic modulation of LC activity
impacts both tonic and phasic LC firing in a manner that phenocopies aspects of LC neurons
recorded from both 6- and 15-month TgF344-AD rats (Aston-Jones et al., 1991; Chiang and Aston-
Jones, 1993a; Kelberman et al, 2023). Combining patch-clamp electrophysiology and
pharmacology could further elucidate any abnormalities beyond expression levels, such as

receptor subunit function and excitatory/inhibitory balance.

There are a host of other neuromodulators of LC activity, including hypocretin/orexin,
galanin, neuropeptide Y, and substance P which were not probed here due to limitations in
available probes and number of available samples (Luskin et al., 2022; Weber et al., 2022). We
therefore focused on markers that were likely to cause changes in LC activity if expression was
disrupted. Single cell/single nucleus RNA sequencing of the LC is challenging due to its fragility
and small size, but would be useful for obtaining a holistic and unbiased view of changes in the
LC transcriptome and then mapping them onto enrichment pathways for further analysis. There
can also be significant discordance between expression at the level of RNA versus protein, leaving

an open question as to how our results would translate to the LC proteome.

3.5 CONCLUSIONS

We identified changes in the LC gene expression profile that could sensibly contribute to
altered LC activity over the course of AD (Figure 3.4). Specifically, hyperactivity at 6-months is
associated with reduced expression of Gabra3 and Oprl/1 while hypoactivity at 15 months is
paralleled by an upregulation of genes involved in NE synthesis, packaging, and turnover. Still,
these results further support the idea of disease-stage dependent dysregulation of LC activity
(Weinshenker, 2018) while adding further nuance and identify potential molecular targets for

therapeutic interventions targeting the LC-NE system. Preclinical reports suggest that increasing
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glycinergic neurotransmission to the LC may be a valid way of reducing hyperactivity of LC
neurons (Kelly et al., 2021). Meanwhile, studies in human populations indicate that noradrenergic
blockers provide non-cognitive symptomatic relief (Peskind et al., 2005; Wang et al., 2009). When
cognitive deficits are present, augmenting noradrenergic tone should be considered, and has
already been shown to be beneficial for cognitive deficits preclinically and improve signatures of

disease in patients with mild-cognitive impairment (Rorabaugh et al., 2017; Levey et al., 2022).



Table 3.1. Probes used for RNAscope

Transcript
Category

Target [Reference]

Gene

Probe catalog #

NE Synthesis and
Transmission

Tyrosine hydroxylase
(Mulvey et al., 2018;
lannitelli et al., 2023b)

Th

314651-C2

Dopamine-f3 hydroxylase
(Mulvey et al., 2018;
lannitelli et al., 2023b)

Dbh

316421-C1

Norepinephrine
transporter (NET) (Mulvey
et al., 2018; lannitelli et al.,

2023b)

Slc6a2

497031-C2

a2-adrenergic receptor
(McCune et al., 1993;
Kelberman et al., 2023)

AdraZa

519451-C1

Vesicular monoamine
transporter 2 (Vmat2)
(Mulvey et al., 2018)

Slc18a2

311971-C2

Excitatory
Neurotransmission

Glutamate metabotropic
receptor 3 (Noriega et al.,
2007)

Grm3

317741-C2

Glutamate ionotropic
receptor AMPA type
subunit 2 (Noriega et al.,
2007)

Gria2

505321-C1

Glutamate ionotropic
receptor NMDA type
subunit 1 (Noriega et al.,
2007)

Grin1

317021-C3

Inhibitory
Neurotransmission

Gamma-aminobutyric acid
type A receptor subunit a3
(Waldvogel et al., 2010;
Corteen et al., 2011; Kelly
et al., 2021)

Gabra3

411611-C1

Neuromodulatory
Transmission

Pituitary adenylate
cyclase-activating
polypeptide type 1
receptor (Hashimoto et al.,
1996; Duesman et al.,
2022)

Adcyap1r1

466981-C3
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Opioid receptor delta 1
(Mansour et al., 1994; Van
Bockstaele et al., 2010;
Tkaczynski et al., 2022)

Oprd1

536061-C3

Opioid related nociception
receptor 1 (Connor et al.,
1996; Neal et al., 1999)

Oprl1

576011-C3

Serotonin 1a receptor
(Aston-Jones et al., 1991;
Chiang and Aston-Jones,

1993a)

Shtr1a

404801-C2

Corticotropin releasing
hormone receptor 1 (Van
Bockstaele et al., 1996;
Reyes et al., 2006)

Crhr1

318911-C3
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Table 3.2. HALO® Analysis Parameters

Nuclear Settings

DAPI Nuclear Minimum Se ,yrlrjeciﬁzgion Fill Minimum
Nucleus Contrast Nuclear A gressiveness Nuclear |Nuclear Size| Nuclear
Weight Threshold | Intensity 99 Holes Roundness
Probe Set 1 1 0.505 10 0 True 0,1000 0
Probe Set 2 1 0.506 23 -5 True 0,1000 0
Probe Set 3 1 0.5002 6 -5 True 10,1000 0
Probe Set 4 1 0.506 14 -6 True 0,1000 0
Cytoplasm Settings
Maximum I\/Iembran.e . DAPI membrane
. Segmentation Cell Size .
Cytoplasm Radius . segmentation
Aggressiveness
Probe Set 1 13 0 10,1000 True
Probe Set 2 13 0 10,1000 True
Probe Set 3 10 0 10,1000 True
Probe Set 4 11 0 10,1000 True
Immunofluorescence Settings
DAPI DAPI DAPI LC marker LC marker LC marker
Nucleus Cytoplasm Membrane Nucleus Cytoplasm Membrane
Positive Positive Positive Positive Positive Positive
Threshold Threshold Threshold Threshold Threshold Threshold
Probe Set 1 1 255 255 Th: 12 Th: 16.2 Th: 12
Probe Set 2 1 255 255 Slc6a2: 27 Slc6a2: 18 Slc6a2: 20
Probe Set 3 1 255 255 Dbh: 10 Dbh: 30 Dbh: 12
Probe Set 4 1 255 255 Slc18a2:20 | Slc18a2:25 | Slc18a2: 30
FISH Scoring
Contrast signal Minimum Spot Size Copy Intensit Se rrff:tZtion
Threshold Intensity p by y 9 .
Aggressiveness
Probe Set 1:
Adra2a 0.505 10 0.5,30 38.25 1
Probe Set 1: 0.51 10 0.5,30 38.25 1
Grin
Probe Set 2: 0.505 18 0.5,30 38.25 1
Gria
Probe Set 2: 0.505 11 0.5,30 38.25 1
Paclr
Probe Set 3: 0.511 5 0.5,30 38.25 1
Grm3
Probe Set 3:
Oprd1 0.508 1 0.5,30 38.25 1
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Probe Set 4:
Gabr3 0508 0->30 -
Probe Set 4: 0513 0.5,30 38.25

Oprl1
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Figure 3.1. Quantification of NE synthesis and transmission transcript expression in 6- and
15-month TgF344-AD rats and WT littermates. Ai) Quantification of Th, Sic6a2, Dbh, and
Slc18a2 transcript fluorescence in the LC of 6-month animals. Aii) Representative images of Th
(red), Slc6a2 (red), Dbh (green), and Slc18aZ2 (red) transcript fluorescence in the LC of 6-month
animals. Bi) Quantification of Th, Sic6a2, Dbh, and Slc18a2 transcript fluorescence in the LC of
15-month animals. Bii) Representative images of Th (red), Slc6aZ2 (red), Dbh (green), and Sic18a2
(red) transcript fluorescence in the LC of 15-month animals. Ci) Quantification and representative
images of AdraZa transcript copies per cell (cyan) in the LC (marked by Th in red) of 6-month
animals. Cii) Quantification and representative images of AdraZ2a transcript copies per cell (cyan)
in the LC (marked by Th in red) of 15-month animals. N = 5-9 animals per group. Males and

females represented by closed and open symbols, respectively. Images taken at 20x. *p<0.05
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Figure 3.2. Quantification of glutamatergic and GABAergic receptor subunit transcript
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expression in the LC of 6- and 15-month TgF344-AD rats and WT littermates. Ai)
Quantification and representative images of Grin1 transcript copies per cell (cyan) in the LC
(marked by Th in red) of 6-month animals. Aii) Quantification and representative images of Grin1
transcript copies per cell (cyan) in the LC (marked by Th in red) of 15-month animals. Bi)
Quantification and representative images of Grm3 transcript copies per cell (purple) in the LC
(marked by Dbh in green) of 6-month animals. Bii) Quantification and representative images of
Grma3 transcript copies per cell (purple) in the LC (marked by Dbh in green) of 15-month animals.
Ci) Quantification and representative images of Gria2 transcript copies per cell (cyan) in the LC

(marked by NET in red) of 6-month animals. Cii) Quantification and representative images of Gria2
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transcript copies per cell (cyan) in the LC (marked by NET in red) of 15-month animals. Di)
Quantification and representative images of Gabra3 transcript copies per cell (cyan) in the LC
(marked by Sic18a2 in red) of 6-month animals. Dii) Quantification and representative images of
Gabra3 transcript copies per cell (cyan) in the LC (marked by Sic718a2 in red) of 15-month animals.
N = 5-8 animals per group. Males and females represented by closed and open symbols,

respectively. Images taken at 20x. *p<0.05
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Figure 3.3. Quantification of neuromodulatory receptor transcript expression in the LC of
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6- and 15-month TgF344-AD rats and WT littermates. Ai) Quantification and representative
images of Adcyap1r1 transcript copies per cell (cyan) in the LC (marked by Sic6a2 in red) of 6-
month animals. Aii) Quantification and representative images of Adcyap1r1 transcript copies per
cell (cyan) in the LC (marked by Sic6aZ2 in red) of 15-month animals. Bi) Quantification and
representative images of Oprd1 transcript copies per cell (purple) in the LC (marked by Dbh in
green) of 6-month animals. Bii) Quantification and representative images of Oprd? transcript
copies per cell (purple) in the LC (marked by Dbh in green) of 15-month animals. Ci) Quantification
and representative images of Oprl/1 transcript copies per cell (cyan) in the LC (marked by Sic18a2
in red) of 6-month animals. Cii) Quantification and representative images of Opr/1 transcript
copies per cell (cyan) in the LC (marked by Sic18a2 in red) of 15-month animals. N = 5-8 animals
per group. Males and females represented by closed and open symbols, respectively. Images

taken at 20x. *p<0.05
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Figure 3.4. Summary of altered gene expression in and dysfunction of LC neurons in 6- and

Firing Rate (spikes/s)

6 months

Firing Rate (spikes/s)

15 months

15-month TgF344-AD rats. At 6 months, TgF344-AD rat LC neurons demonstrate normal
expression of noradrenergic-specific, excitatory and most neuromodulatory receptor mRNAs, but
show downregulated expression of inhibitory mRNAs (Gabra3 and Opri1). These changes
coincide with the appearance of phosphorylated tau (pt) in the LC, axonal damage (dashed
arrows), tonic hypoactivity, and phasic hyperactivity. At 15 months, TgF344-AD rat LC neurons
have normal expression of excitatory, inhibitory, and neuromodulatory receptor mRNAs, but
exhibit upregulation of mRNAs involved in NE synthesis (Th, Dbh), packaging (Slc718a2), and
reuptake (Slc6a2). LC neuropathology and denervation is worsened alongside hypoactivity of both

tonic and phasic firing.
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A)

B) , 5htr1a

Supplemental Figure 3.1. Expression of Crhr1 and 5htr1a in the LC. Representative images of
RNAscope for Crhr1 (A) and Shtr1a (B) reveal low levels of both mRNA in the LC (marked by Dbh

in green).
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CHAPTER 4: CONSEQUENCES OF HYPERPHOSPHORYLATED TAU IN THE LOCUS
COERULEUS ON BEHAVIOR AND COGNITION IN A RAT MODEL OF ALZHEIMER’S

DISEASE

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

Kelberman MA*, Anderson CR*, Chlan E, Rorabaugh JM, McCann KE, Weinshenker D (2022)
Consequences of Hyperphosphorylated Tau in the Locus Coeruleus on Behavior and Cognition
in a Rat Model of Alzheimer’s Disease. Journal of Alzheimer’s Disease:1-23 Available at:

http://dx.doi.org/10.3233/jad-215546.

*Denotes equal contribution



108

Abstract

Background: The locus coeruleus (LC) is one of the earliest brain regions to accumulate
hyperphosphorylated tau, but a lack of animal models that recapitulate this pathology has

hampered our understanding of its contributions to Alzheimer’s disease (AD) pathophysiology.

Objective: We previously reported that TgF344-AD rats, which overexpress mutant human
amyloid precursor protein and presenilin-1, accumulate early endogenous hyperphosphorylated
tau in the LC. Here, we used TgF344-AD rats and a wild-type (WT) human tau virus to interrogate
the effects of endogenous hyperphosphorylated rat tau and human tau in the LC on AD-related

neuropathology and behavior.

Methods: Two-month old TgF344-AD and WT rats received bilateral LC infusions of full-length
WT human tau or mCherry control virus driven by the noradrenergic-specific PRSx8 promoter.
Rats were subsequently assessed at 6 and 12 months for arousal (sleep latency), anxiety-like
behavior (open field, elevated plus maze, novelty-suppressed feeding), passive coping (forced
swim task), and learning and memory (Morris water maze and fear conditioning). Hippocampal

microglia, astrocyte, and AD pathology were evaluated using immunohistochemistry.

Results: In general, the effects of age were more pronounced than genotype or treatment; older
rats displayed greater hippocampal pathology, took longer to fall asleep, had reduced locomotor
activity, floated more, and had impaired cognition compared to younger animals. TgF344-AD rats
showed increased anxiety-like behavior and impaired learning and memory. The tau virus had

negligible influence on most measures.

Conclusion: Effects of hyperphosphorylated tau on AD-like neuropathology and behavioral

symptoms were subtle. Further investigation of different forms of tau is warranted.
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41 INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the world
and is characterized by two protein aggregates: amyloid-f3 (AB) plagues and neurofibrillary tangles
composed of hyperphosphorylated and misfolded tau. Initiation of AD has been attributed to AB
(Hardy and Higgins, 1992), which subsequently leads to tau hyperphosphorylation (Busciglio et
al.,, 1995; Jin et al., 2011; Zhang et al., 2020), oxidative stress and mitochondrial dysfunction
(Caspersen et al., 2005; Chauhan and Chauhan, 2006; Manczak et al., 2006; Mao and Reddy,
2011; Leuner et al., 2012), and synaptic impairments (Walsh et al., 2002; Lacor et al., 2007; Lauren
et al., 2009). However, antibody treatments targeting late-stage AB deposition have been largely
unsuccessful and/or controversial, highlighting the pressing need to investigate other therapeutic
avenues that focus on earlier stages of disease prior to catastrophic neuronal loss and significant

cognitive impairment.

Neurofibrillary tangles (NFT) have garnered increasing attention in recent years because
tau load is consistently reported as a better predictor of cognitive decline and neuronal
degeneration compared with AB (Arriagada et al., 1992; Gomez-Isla et al., 1997; Fagan et al.,
2007). Although AR plaques appear prior to NFT, recent evidence places the deposition of
“pretangle” hyperphosphorylated tau prior to both pathologies. Specifically, Braak and colleagues
identified the locus coeruleus (LC) as the first brain region to accumulate hyperphosphorylated
tau (Braak et al., 2011), a finding that has since been independently confirmed by other groups
(Theofilas et al., 2017; Pletnikova et al., 2018). The LC is the primary source of norepinephrine
(NE) in the brain, which has potent anti-inflammatory/neuroprotective properties and regulates
attention, arousal, and stress responses (Aston-Jones and Cohen, 2005a; Sara, 2009; Chandler
et al., 2019; Poe et al., 2020), all of which often go awry in AD (Teri et al., 1999; Hamann et al.,

2000; Yesavage et al., 2004; Berardi et al., 2005; Ju et al., 2013; Pietrzak et al., 2015; Winsky-
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Sommerer et al., 2019). Although tau pathology can cause cell death and there is evidence for
some early reduction of LC volume (which likely corresponds to loss of proximal axons/dendrites)
(Wittmann et al., 2001; Gendron and Petrucelli, 2009; Theofilas et al., 2017; Ghosh et al., 2019),
frank LC cell body degeneration is not evident until mid- to late-stages of AD (Busch et al., 1997;
Arendt et al., 2015; Theofilas et al., 2017). Thus, detrimental effects of hyperphosphorylated tau
pathology on LC function could persist for years or even decades, and may contribute to
behavioral abnormalities in prodromal AD. Indeed, aggregation of hyperphosphorylated tau in the
LC coincides with the emergence of non-cognitive behavioral impairments commonly observed
in prodromal AD that are consistent with LC dysfunction (Arendt et al., 2015; Ehrenberg et al.,
2018; Matchett et al., 2021). Lower LC integrity as measured with MRI contrast has been linked
with depression, sleep disorders, and impaired cognition at stages when hyperphosphorylated tau
is expected in the LC but few other regions (Shibata et al., 2007; Shibata et al., 2008; Ehrminger
et al., 2016; Knudsen et al., 2018; Olivieri et al., 2019). LC post-mortem integrity and tangle load
(Wilson et al., 2013; Kelly et al., 2017) and BOLD activation/functional connectivity (Jacobs et al.,
2015a; Jacobs et al., 2018; Del Cerro et al., 2020; Jacobs et al., 2020; Grueschow et al., 2021)
have also been implicated in cognitive reserve and/or behavioral abnormalities, highlighting a
central role for the LC in their dysregulation. One study even identified the LC as the origin of
functional connectivity deficits in AD patients (Zhao et al., 2017). Separately, tau abundance in
cerebrospinal fluid and positron emission tomography levels have been associated with non-
cognitive behavioral impairments in healthy adults and in populations at risk for developing AD
(Gatchel et al., 2017; d'Oleire Uquillas et al., 2018; Babulal et al., 2020; Johansson et al., 2021;
Pichet Binette et al., 2021). Together, these data suggest an association between the development

of LC tau neuropathology and behavioral impairments in early AD, but a causal link remains
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speculative due to limitations in the ability for imaging techniques to localize and quantify

pathology in small nuclei such as the LC (Kelberman et al., 2020).

Animal models are valuable tools for establishing mechanistic relationships between
pathology and behavior in AD. These models have provided crucial information regarding the
consequences of LC perturbations in the context of disease that are largely congruent with human
studies. For example, neurotoxic LC lesions exacerbate AD neuropathology, neurodegeneration,
inflammation, lethality, and/or cognitive impairment in transgenic rodent AD models (Heneka et
al., 2006; Jardanhazi-Kurutz et al., 2010; Chalermpalanupap et al., 2018). Even in the absence of
experimental LC lesions, noradrenergic denervation, altered NE signaling, and LC cell loss have
been reported in these models (O'Neil et al., 2007; Liu et al., 2008; Rorabaugh et al., 2017; Mehla
et al., 2019; Cao et al., 2021), but there are important limitations to consider. Amyloidosis models
generally fail to recapitulate tau pathology in the LC. Even the P301S mouse, which does
accumulate hyperphosphorylated tau in the LC, employs a ubiquitous promoter and a mutant form
of tau that causes frontotemporal dementia that simultaneously produces tau pathology all over
the brain and more closely mimics pure tauopathies (Yoshiyama et al., 2007; Chalermpalanupap
et al., 2018). To isolate the effects of aberrant tau in the LC, we and others have used viral vectors
to express various forms of tau specifically in the LC of mice and rats (Ghosh et al., 2019; Kang et
al., 2020), which triggers LC degeneration, transsynaptic tau spread, and cognitive deficits. These
manipulations, however, were not performed in the context of AB, primarily utilized mutant forms
of tau not known to occur in AD, and did not assess behaviors reminiscent of non-cognitive

prodromal AD symptoms.

Our lab has previously demonstrated that the TgF344-AD rat, which overexpresses mutant
human amyloid precursor protein and presenilin-1 (APP/PS1), develops endogenous, age-related

accumulation of hyperphosphorylated tau in the LC prior to appreciable plaque or tangle
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pathology in the forebrain (Rorabaugh et al., 2017). This model provides a unique resource for
understanding the consequences of hyperphosphorylated tau in the LC in the earliest phases of
AD because the tau pathology (1) is triggered by AD-causing mutant AB, (2) is endogenous (i.e.
there is no human tau transgene), and (3) follows a spatial pattern of appearance reminiscent of
human disease. Dysregulation of the noradrenergic system in TgF344-AD rats is evidenced by
forebrain denervation and reduced NE levels in the absence of frank neuronal loss. Behavioral
characterizations of these rats have shown impaired learning and memory, hyposmia, and anxiety-
like phenotypes (Cohen et al., 2013; Rorabaugh et al., 2017; Munoz-Moreno et al., 2018;
Pentkowski et al., 2018; Sare et al., 2020), and we have shown that chemogenetic LC activation
rescues reversal learning deficits (Rorabaugh et al., 2017). However, few studies have
comprehensively tested this strain on behaviors influenced by the LC along disease progression,
beginning with the appearance of tau in the LC (~6 months) and at more advanced stages, when
forebrain pathology is present (~12 months). Moreover, LC tau in this model is limited to a mild
hyperphosphorylated state reminiscent of prodromal AD, limiting our understanding of how more

mature forms of tau affect LC function.

The goals of this study were two-fold: (1) to expand the characterization of TgF344-AD
rats across a battery of AD- and LC-relevant behaviors at time points where hyperphosphorylated
tau in the LC is the only detectable AD-like neuropathology (6 months) and when AB and tau
pathology is evident in the forebrain (12 months), and (2) to assess whether viral-mediated
expression of wild-type (WT) human tau in the LC that is prone to more advanced states of

hyperphosphorylation exacerbates AD-like behavioral phenotypes and pathology.

4.2 MATERIALS AND METHODS

4.2.1 Animals:
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TgF344-AD rats hemizygous for the APPsw/PS1AE9 transgene and WT littermates were
housed in the animal facilities at Emory University. Rats were housed in groups of 2-3 on a 12-h
light/dark cycle (lights on at 7:00 am) and given ad libitum access to food and water except during
behavioral testing or otherwise specified. All procedures were approved by the Institutional Animal

Care and Use Committee of Emory University.

4.2.2 Stereotaxic Injections:

At two months of age, rats underwent stereotaxic, sterile-tip surgery. Rats were
anesthetized with isoflurane and given meloxicam or ketoprofen (2 mg/kg or 5 mg/kg, s.c.,
respectively) prior to receiving bilateral injections (1.3 ul/lhemisphere) of virus expressing either
full-length wild-type human tau under control of a noradrenergic-specific promoter (AAV9-PRSx8-
hTau(WT)-WPRE-SV40) or mCherry control (AAV9-PRSx8-mCherry-WPRE-rBG) targeting the LC
(AP: -3.8, ML: +/-1.2mm, DV: -7.0mm from lambda with a 15 degree downward head-tilt). Viral
expression was driven by the noradrenergic-specific PRSx8 promoter (Hwang et al., 2001).
Following the infusion, the injection syringe was left in place for 5 min before being moved dorsally
1mm and waiting 2 additional min to ensure diffusion of the virus at the site of injection. Behavioral

assays were conducted 4 or 10 months following surgery (i.e. at 6 or 12 months of age).

4.2.3 Behavioral Assays

4.2.3.1 General:

A variety of assays were chosen to assess changes in behaviors commonly associated
with prodromal and later stage AD including arousal (sleep latency), general activity levels (23-h
locomotor activity), anxiety-like behaviors (open field, elevated plus maze, and novelty-
suppressed feeding), passive coping that may reflect aspects of depression (forced swim test),

and learning and memory (Morris water maze, cue- and context-dependent-fear conditioning).
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Rats were tested on behavioral tasks in the following order, from least to most stressful/invasive:
sleep latency, 23-h locomotor activity, open field, elevated plus maze, forced swim task, Morris
water maze, novelty-suppressed feeding, and fear conditioning. Rats were singly-housed 3-7 days
before sleep latency and subsequently re-paired following completion of the 23-h locomotor test.
Behavioral tests were separated by at least 1 day. All behavioral tests were conducted during the

light phase under white light, unless otherwise reported.

4.2.3.2 Sleep latency:

Approximately 2-3 hrs following lights on, rats were gently handled for 2-3 s and placed
back into their home cage for 4 h and recorded with video cameras mounted above the home
cage. Latency to fall asleep was quantified as the duration of time (min) until the rat had its first
sleep bout. Sleep bouts were defined as periods of time that rats exhibited a sleep position for at
least 75% of a 10 min time period that began with at least 2 mins of uninterrupted sleep, as
previously described (Hunsley and Palmiter, 2004), which our lab has validated with EEG (Porter-

Stransky et al., 2019).

4.2.3.3 23-h locomotor activity:

Rats were placed into a clean cage with free access to food and water for 23 h. Cages
were surrounded with 11.5 x 20” Photobeam Activity System-Home Cage infrared beams to
measure locomotor activity. Total number of ambulations were binned in 30-min intervals over the
23 h testing period. Testing for all cohorts began between 9:15-10:15 am. Analyses were
performed on novelty-induced locomotion, defined as occurring within the first 30 min interval,

locomotion during the light and dark phases, and total locomotion over the entire 23-h period.

4.2.3.4 Open field:
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Rats were individually placed into the center of a 39” outer diameter circular arena with
plastic floors and 12” gray plexiglass walls and allowed to freely explore the arena for 5 min.
Activity was measured and recorded with a ceiling-mounted camera and TopScan software.
Analyses focused on the duration of time spent in the inner 50% of the circle area, total velocity,
and latency to exit the inner circle. Time spent in the inner circle is interpreted as lower anxiety-

like behavior.

4.2.3.5 Elevated plus maze:

Rats were individually placed into the center of an elevated plus maze (Harvard Apparatus)
with two arms enclosed by 50 cm high walls and two open arms with no walls (each 50 cm x 10
cm) and allowed to freely explore for 5 min. Activity was measured and recorded with a ceiling-
mounted camera and TopScan software. Rats were tested during the light phase under red
lighting. Analyses focused on the time spent in the open and closed arms and total velocity. Time

spent in the open arms is interpreted as lower anxiety-like behavior.

4.2.3.6 Forced swim test:

Rats were individually placed in a clear plastic cylinder filled two-thirds with water at 25°C
for 10 min. Behavior was recorded by video cameras, and immobility, defined as when the rats
made only those movements necessary to keep their heads above water, was manually scored
using BORIS software (Friard and Gamba, 2016). Immobility is indicative of passive coping

behavior and was calculated using the average of scores from two blinded experimenters.

4.2.3.7 Morris water maze:

Acquisition — Rats underwent four training sessions in which they were placed in a different
quadrant of a 75” diameter plastic circular arena surrounded by several extra-maze cues and filled

with opaque water, with a hidden platform just below the surface of the water. The platform
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remained in the same location throughout the acquisition sessions. Rats remained in the water
until locating the platform or 60 s had elapsed, whichever came first. If 60 s elapsed, the rat was
placed on the platform for 10 s. Rats completed four training sessions every day for four
consecutive days. Behavior was tracked and recorded by a ceiling-mounted camera and TopScan
software. Analyses were performed on distance travelled, latency to find the hidden platform, and

total velocity averaged across training sessions for each day.

Acquisition Probe — The day following the final acquisition training day, rats were placed
into the circular arena with no platform for 60 s. Analyses were performed on time spent and
distance travelled in the quadrant of the maze where the platform was located during acquisition

training.

Reversal Training — Rats underwent the same training they received during the acquisition

training, but the hidden platform was moved to a different quadrant.

Reversal Probe — Following reversal training, rats underwent a reversal probe under

identical conditions to the acquisition probe.

4.2.3.8 Novelty-suppressed feeding:

Rats were food-deprived for 24 h and then placed in a 24 x 12 x 12” rectangular arena that
contained a pre-weighed food pellet at the center of the arena during the light phase under red
lighting. The session ended when the rat picked up and bit into the pellet, or when 15 min elapsed,
whichever came first. Rats were subsequently placed into their home cages with the same pellet.
The primary outcome measure was latency to eat in the novel environment. Shorter latency to eat
the pellet in a novel environment was interpreted as lower anxiety-like behavior. To control for the

possibility that there were group differences in overall hunger levels or motivation to consume
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food, latency to eat in the home cage immediately following the experimental session and the

amount of pellet consumed after 1 h was recorded.

4.2.3.9 Fear conditioning:

Testing was performed over three consecutive days. After each session, rats were
returned to their home cage. Freezing levels for each session were recorded with FreezeFrame

software.

Training — For the training phase, rats were placed in a sound-enclosed metal chamber
illuminated with a single light with stainless-steel bar flooring capable of delivering footshocks.
Rats were allowed to habituate to the chamber for 3 min which was followed by a 2000 Hz, 80 dB
tone for 20 s that co-terminated with a 2 s, 0.5 mA shock. This procedure was repeated three

times with inter-tone intervals set at 60 s. Chambers were cleaned with RB10 between sessions.

Contextual fear conditioning — To test memory for the shock-context pairing, 24 h after
Training rats were placed in the original chamber where they received training for 8 min in the

absence of tone or footshock.

Cued fear conditioning — To test memory for the association between the cue-shock
pairing, 24 h after contextual fear conditioning rats were placed in a novel chamber with a different
texture (metal grid flooring) and odor (chambers cleaned with 70% ethanol before and after each
session). After 1 min, rats were played the same tone from the training sessions a total of three

times, with 60 s intertrial intervals in the absence of footshocks.

Primary outcome measures were freezing levels throughout contextual and cued fear
conditioning. Higher freezing levels are indicative of better memory for the association between

the original context and/or cue-shock pairing.



118

4.2.4 Tissue Preparation & Immunohistochemistry:

Following the conclusion of behavioral testing, rats were overdosed with isoflurane and
perfused with ice cold potassium phosphate-buffered saline (KPBS) followed by 4%
paraformaldehyde. Brains were removed and stored overnight in 4% PFA before being transferred
to 30% sucrose until sectioning. Brains were sectioned at 40 um and stored in cryoprotectant until

staining.

All antibody information can be found in Table 4.1. Sections from the LC were stained with
anti-norepinephrine transporter (NET) and anti-AT8 or dsRED antibodies to confirm viral
expression. Sections from the hippocampus were stained for AT8 and 4G8 immunoreactivity to
assess AD-related pathology. Both LC and hippocampal sections were stained with anti-ionixed
calcium binding adaptor molecule 1 (IBA1) and anti-glial fibrillary acidic protein (GFAP) antibodies
to mark microglia and astrocytes, respectively. Hippocampal sections were also stained with anti-
NET antibody to assess LC innervation. Briefly, sections were washed 3x5 min in 0.1 M PBS and
then incubated for 1 h at room temperature in blocking solution (2% normal goat serum, 1% bovine
serum albumin in 0.1% Triton PBS). Sections were then incubated for 24 h at 4 degrees Celsius
in blocking solution with a 1:1000 dilution of primary antibody. Sections were subsequently
washed 3x5 min in PBS and incubated for 1 h at room temperature in blocking solution with an
appropriate secondary antibody (1:500 dilution of goat anti-rabbit 568 for IBA1 and GFAP in the
hippocampus, and dsRED, goat anti-rabbit 633 for IBA1 and GFAP in the LC, goat anti-mouse 488
for AT8, 4G8, and NET). Sections were washed 3x5 min in PBS, mounted on SuperFrost+ slides,

and coverslipped with DAPI+fluoromount.

4.2.5 Image Analysis:
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For each rat, 2-3 brain sections were stained, analyzed, averaged for each animal, and
subsequently averaged with animals of the same age, genotype, and virus to obtain group means.
All image analysis was performed in ImagedJ by blinded experimenters. In hippocampal regions a
threshold was applied (Otsu), and a region of interest (ROI) of a standard size across sections
(95381 pixels?) was used to count AT8-, IBA1-, and GFAP-positive cells in CA1, CA3, and the
dentate gyrus (DG) using the analyze particles function. Plaques were analyzed as a percent area
in a hippocampal subregion following thresholding. NET images were processed and analyzed as
previously described (Sathyanesan et al., 2012; Rorabaugh et al., 2017). Briefly, the FeaturedJ
Hessian plugin was used to process the image, selecting the largest eigenvalue of hessian tensor,
absolute eigenvalue comparison, and a smoothing scale of 0.5. An ROI of standard size (2970
pixels?) was used to assess the mean and standard deviation background fluorescent intensity.
Two lines that were perpendicular in orientation and of standard length (208.75 pixels) were used
to find peaks using the plot profile and find peaks function, which corresponded to NET fibers.
Peaks were defined as fluorescent intensity values greater than the mean plus two standard
deviations above background. For the LC, rolling-ball background subtraction was used to
mitigate autofluorescence before quantifying IBA1 and GFAP-positive cells as described for the
hippocampus. Since the size of the LC varied per section, IBA1 and GFAP-positive cells were

normalized and expressed as the number of positive cells for either marker per area.
4.2.6 Statistics and Analysis:

All data are reported as mean £ SEM and were analyzed using a 3-way ANOVA with age,
genotype, and virus as factors. When interactions between the main effects were present, post-
hoc analyses with Sidak correction were performed between groups differing by a single factor
(age, genotype, or virus) with statistical significance set at a = 0.05. All statistical information

regarding main and interaction effects for behavior and immunohistochemistry are available in
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Tables 4.2 and 4.3, respectively. Meanwhile, significant effects are noted in-text and bolded in
Tables. Information for significant post-hoc comparisons, when appropriate, are also noted in-text
and appear in Table 4.4. Statistical analysis was performed, and data were graphed using
Gaphpad Prism. For 23-h locomotion, Morris water maze, and fear conditioning, initial analyses
considered interval/time period/training day as a factor. The area under the curve function in
GraphPad prism was used to compare across ages with a 3-way ANOVA for novelty-induced,
light, and dark phase in the 23-h locomotion paradigm, Morris water maze acquisition and reversal

acquisition, and cued and contextual fear condition training and test days.

4.3 RESULTS

4.3.1 Confirmation of viral expression:

We confirmed robust expression of WT hTau and the mCherry control virus in the LC of
WT and TgF344-AD rats at 6 and 12 months of age (Figure 4.1). Rats that did not show mCherry
expression in either hemisphere were categorized as control animals. Rats that demonstrated
unilateral expression of WT hTau animals were designated as such, and there were no animals
that did not have at least unilateral expression of WT hTau. There was a main effect of genotype
of AT8 fluorescence levels, where WT hTau injected TgF344-AD rats had elevated AT8 staining
at both ages (Figure 4.2). As previously reported (Rorabaugh et al., 2017), the LC of mCherry-
infected TgF344-AD rats did not stain positive utilizing the AT8 antibody, but robust AT8
immunoreactivity was observed in both WT and TgF344-AD rats that received the WT hTau virus

(Figure 4.1).

4.3.2 General Arousal and Locomotion

4.3.2.1 Sleep Latency:
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Sleep disturbances are common in AD, and often emerge coincident with tau pathology in
the LC (Yesavage et al., 2004; Ju et al., 2013; Ehrenberg et al., 2018; Winsky-Sommerer et al.,
2019). We first sought to determine whether age, genotype, virus, or their interactions influenced
wakefulness/arousal by measuring latency to fall asleep after gentle handling, and found a main
effect of age, where older animals took longer to fall asleep (Figure 6.3A). There was also an age
x genotype x virus interaction (Figure 6.3A); at 12 months, hTau virus appeared to increase sleep
latency in WT rats and decrease sleep latency in TgF344-AD rats compared to their mCherry-

expressing counterparts, but no post hoc tests were significant.

4.3.2.2 23-h locomotion:

We next used chambers equipped with photobeams to assess overall arousal and
locomotor activity patterns over a full day. There was a main effect of time on locomotor activity
in both 6- and 12-month rats, indicating that rats had normal circadian rhythms across the
light/dark cycle. While there were no main effects of genotype, virus, or an interaction on
ambulations in 6-month animals (Figure 4.3B), we did detect a main effect of virus and a virus x
time interaction on locomotor activity in 12-month animals (Figure 4.3C). We next performed an
area under the curve analysis to include age as a variable. A main effect of age and an age x virus
interaction was apparent for locomotion over the full 23-h period (Figure 4.3D). Parsing the data
by light/dark phase, there were no main effects during the light period (Figure 4.3E), but there
was a main effect of age and an age x virus interaction during the dark period (Figure 4.3F). While
no comparisons survived post-hoc correction, there was a consistent pattern for 12-month
mCherry rats of both genotypes to show decreased locomotor activity compared with 6-month
animals (Figure 4.3D), whereas 12-month hTau rats either maintained or even increased
ambulations compared to the younger rats. Finally, we assessed novelty-induced locomotion

(Figure 4.3G), defined as the number of amublations within the first 30 min following placement
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in the chambers, and found a main effect of age and an age x virus interaction. Older rats generally
moved less than younger animals, but only WT mCherry injected rats met statistical significance

in post-hoc analysis.

4.3.3 Anxiety- and active/passive coping-like behavior

4.3.3.1 Open field:

We investigated anxiety-like behavior, which can be induced by augmenting LC activity
(Valentino and Foote, 1988; Curtis et al., 1997; Page and Abercrombie, 1999; Curtis et al., 2012;
McCall et al., 2015), using a battery of canonical tests beginning with the open field test. There
was a significant main effect of genotype on percent of time spent in the inner 50% of an open
field, which was primarily driven by younger TgF344-AD rats (Figure 4.4A), indicative of increased
anxiety-like behavior (Pentkowski et al., 2021). There was also a significant effect of age on total
distance traveled in the open field, where older animals moved less compared with their younger
counterparts (Figure 4.4B), similar to results we obtained in the locomotor activity experiment

(Figure 4.3).

4.3.3.2 Elevate plus maze:

We next tested rats on the elevated plus maze. There were no main effects on percent

time spent in the open arms (Figure 4.4C) or distance traveled (Figure 4.4D).

4.3.3.3 Novelty-suppressed feeding:

Novelty-suppressed feeding (NSF) pits a hungry animal’s appetitive drive against its fear
of exposure in unfamiliar open spaces, and longer latencies to eat are interpreted as increased
anxiety-like behavior (Dulawa and Hen, 2005; Lustberg et al., 2020b). Importantly, our lab has

recently shown this task to be especially sensitive to dysregulation of LC-NE transmission
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(Lustberg et al., 2020b). There were significant main effects of age and genotype, where it took
longer for older and TgF344-AD animals to eat the food pellet in a novel cage (Figure 4.4E). To
control for possible differences in hunger, we recorded the latency to eat a food pellet in the home
cage (Figure 4.4F) and amount of pellet eaten within 1 h (Figure 4.4G). There were no main
effects of age, genotype, or virus on either measure. These data are consistent with increased

anxiety-like behavior in TgF344-AD rats and in older animals in general.

4.3.3.4 Forced swim test:

The forced swim test is thought to reflect passive (floating) vs active (struggling or
swimming) behavior under conditions of inescapable stress (de Kloet and Molendijk, 2016;
Commons et al., 2017). There were no main effects on percent of time struggling or swimming in
the forced swim test (data not shown). There was a significant effect of age on percent of time

spent floating whereby older animals floated less than younger animals (Figure 4.4H).

4.3.4 Learning and Memory

4.3.4.1 Morris water maze:

We have previously reported that 6- and 16-month TgF344-AD rats exhibit modest deficits
in acquisition of spatial learning in the Morris water maze but have profound impairments in
reversal learning (Rorabaugh et al., 2017). We again employed this task to assess hippocampal-
dependent learning and memory in WT and TgF344-AD rats with and without hTau expression in
the LC. During acquisition, a main effect of day on distance travelled to find the hidden platform
was apparent in 6- (Figure 4.5A) and 12-month animals (Figure 4.5B), indicating that animals of
both ages were able to learn the location of the hidden platform with training. 6-month animals
also displayed a significant effect of genotype, with impaired learning in TgF344-AD rats (Figure

4.5A). For 12-month animals, a main effect of virus indicated that hTau expression was associated



124

with reduced performance (Figure 4.5B). Collapsing across training days and factoring in age
revealed no main effects of age, genotype, virus, or interactions on distance travelled (Figure
4.5C). For the probe ftrial, there was a main effect of age, where older animals spent less time in

the target quadrant compared with younger animals (Figure 4.5D).

For reversal acquisition, main effects of day were again present in both 6- and 12-month
animals on distance travelled to find the hidden platform (Figure 4.5E & F), with rats improving
over training. Consistent with our previous study, reversal learning was impaired in TgF344-AD
rats at both 6- (Figure 4.5E) and 12-months (Figure 4.5F). No differences were observed after

collapsing days (Figure 4.5G) or during the probe trial (Figure 4.5H).

4.3.4.2 Fear conditioning:

To determine whether the impairment in spatial cognition we observed in the TgF344-AD
rats in the Morris water maze extended to associative learning and memory, we performed cued
and contextual fear conditioning experiments. During shock-tone pairing, a main effect of interval
was apparent for both 6- and 12- month rats (Figure 4.6A & B), demonstrating that all animals
learned to associate the application of a tone with shock. An effect of genotype and a genotype x
interval interaction were also apparent in 12-month animals, with TgF344-AD animals freezing less
during the tone/shock pairings compared with WT animals. No post-hoc tests were significant,
and no differences were apparent when groups were compared across age (Figure 4.6C). During
subsequent exposure to the shock-paired context in the absence of the tone, there was a main
effect of interval in both 6- and 12-month rats (Figure 4.6D & E). Likewise, there was a main effect
of interval present in 6- and 12-month rats when presented with the shock-paired tone cue in a
novel environment (Figure 4.6G & H). These results demonstrate maintenance of the association

between context/cue and shock regardless of genotype or virus group, and there were no other
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main effects on freezing behavior to either the context (Figure 4.6D & E) or cue (Figure 4.6G &
H). Area under the curve analysis indicated a significant effect of age on freezing, where older
animals froze less than younger ones under both context (Figure 4.6F) and cue (Figure 4.6l)

conditions.

4.3.5 Hippocampus Pathology:

AD-like neuropathology has previously been reported in the hippocampus of TgF344-AD
rats (Cohen et al., 2013; Rorabaugh et al., 2017). To expand on these analyses and determine the
effect of hTau expression in the LC, we performed immunohistochemistry for A (4G8),
hyperphosphorylated tau (AT8), and neuroinflammation (GFAP and IBA1). Representative images
of amyloid pathology in the DG, CA3, and CA1 are shown in Figure 4.7A and in Supplemental
Fig. 4.1A & B. There were main effects of age, genotype, and an age x genotype interaction on
the percentage of plaque-positive area in all three hippocampal subregions (Figure 4.7B-D). Post-
hoc analyses indicated 12-month TgF344-AD rats had elevated plaque burden when compared
with 6-month TgF344-AD rats and age- and virus-matched WT littermates across all hippocampal
subregions. There were no effects of hTau expression on plaque pathology across age or

genotype.

To assess potential contribution of hTau expression in the LC to hippocampal tau
pathology, AT8 was used to visualize hyperphosphorylated tau. Representative images of AT8
pathology in the DG CA3, and CA1 are shown in Figure 4.8A and in Supplemental Fig. 4.2A & B.
There was a main effect of genotype in the DG, where TgF344-AD rats had higher levels of
hyperphosphorylated tau pathology compared with their WT littermates (Figure 4.8B), as well as
an age x genotype interaction in CA3, where older TgF344-AD rats had elevated AT8 staining

compared to their WT littermates (Figure 4.8C). However, for CA3, no significant differences were
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evident during post-hoc comparisons. In CA1, there was a main effect of age and an age x
genotype interaction (Figure 4.8D). Post-hoc comparisons revealed increased AT8+ cells in 12-
month mCherry injected TgF344-AD animals compared with their 6-month TgF344-AD
counterparts. Similar to plaque pathology, there were no effects of hTau expression on AT8

immunoreactivity across age or genotype.

We next assessed neuroinflammatory astrocyte (GFAP) and microglia (IBA1) markers that
are noted in AD. Representative images of GFAP staining in the DG, CA3, and CA1 are shown in
Figure 4.9A and in Supplemental Fig. 4.3A & B. There was a main effect of age, genotype, and
an age x genotype interaction on number of GFAP+ cells in the DG (Figure 4.9B), CA3 (Figure
4.9C), and CA1 (Figure 4.9D). Post-hoc analysis of the DG revealed elevated GFAP+ cells in 12-
month mCherry and hTau injected TgF344-AD rats compared with their 6-month counterparts. In
addition, 12-month mCherry and hTau injected TgF344-AD rats had elevated GFAP+ cells in the
DG compared with their WT age-matched littermates. Similarly, 12-month mCherry and hTau
injected TgF344-AD rats showed increased GFAP+ cells in CA3 compared with 6-month animals.
12-month mCherry and hTau injected TgF344-AD rats also demonstrated elevated GFAP+ cells
in the CA3 compared with WT age-matched littermates. Within CA1, 12-month mCherry injected
TgF344-AD rats had more GFAP+ cells compared with 6-month TgF344-AD rats and 12-month

WT controls.

Representative images of IBA1 staining in the DG, CA3, and CA1 are shown in Figure
4.10A and in Supplemental Fig. 4.4A and B. There was a main effect of genotype in the DG, where
transgenic animals had more IBA1+ cells than their WT littermates (Figure 4.10B). No main effects
of age, genotype, or virus were observed on IBA1+ cells in CA3 (Figure 4.10C). There was a main

effect of age on IBA1+ cells in CA1 (Figure 4.10D).
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4.3.6 Hippocampus NE Innervation:

Noradrenergic projections from the LC to the hippocampus, particularly the DG,
deteriorate over time in TgF344-AD rats, which contributes to cognitive impairment (Rorabaugh
et al., 2017; Goodman et al., 2021). Here, we used NET+ fiber density to assess noradrenergic
innervation to the distinct hippocampal subfields. Representative images of NET staining in the
DG, CA3, and CA1 are shown in Figure 6.11A and in Supplemental Fig. 4.5A & B. There was a
significant effect of genotype in the DG (Figure 6.11B). In CA3, there was a main effect of age,
where older animals generally had lower NET fiber density compared to younger animals (Figure
6.11C), while there were no main effects in CA1 (Figure 6.11D). These data confirm the loss of
LC innervation to the hippocampus in TgF344-AD rats, with the DG exhibiting the highest

susceptibility.

44 DISCUSSION

The LC is one of the first brain regions that accumulates hyperphosphorylated
“pretangle” tau pathology at a time when notable behavioral changes begin to emerge, years or
even decades prior to cognitive impairment. In this study, we set out to determine the effects of
age, Ap-triggered endogenous rat tau pathology, and virally-induced WT human tau pathology in
the LC on AD-relevant behavioral phenotypes, pathology, and neuroinflammation. We observed
significant effects of age and TgF344-AD genotype on behavioral and pathological markers of AD,
whereas WT hTau expression in the LC was mostly inert. In general, older rats took longer to fall
asleep, had reduced locomotor activity, mixed phenotypes in tests of anxiety-like behavior and
passive coping, and impaired learning and memory compared with younger animals. The
presence of AD-like neuropathology tended to increase anxiety-like behavior and impair cognitive

performance. There are mixed reports on sex differences in behavioral phenotypes in these rats,
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and we were underpowered to detect differences based on sex. However, beyond differences in
general locomotion, where females appeared to move more than males (see Figures 4.3G and

Figure 4.4B, D), we did not observe obvious trends in other behavioral measures.

Changes in arousal and sleep disturbances are nearly ubiquitous in AD (Yesavage et al.,
2004; Ju et al., 2013; Winsky-Sommerer et al., 2019). A previous study reported that 17-month
TgF344-AD rats exhibited atypical EEG sleep/wake features compared to age-matched controls
(Kreuzer et al., 2020), but did not include a younger cohort for comparison. We chose to perform
the sleep latency test which is an EEG-validated measure of arousal sensitive to noradrenergic
manipulation (Hunsley and Palmiter, 2004; Porter-Stransky et al., 2019; Butkovich et al., 2020).
We observed a main effect of age (older animals took longer to fall asleep) and a complex
interaction between age, genotype, and virus on sleep latency of questionable physiological
significance due to its modest influence. We also observed effects of age on 23-h locomotion over
the total time of the task, similar to a previous report (Sare et al., 2020), and within the first 30-
min. Together, results indicate that 12-month animals took longer to fall asleep but were generally
less mobile. Moreover, in 12-month animals specifically, the presence of WT hTau induced an
increase in locomotor activity over the entire light/dark cycle, one of the few viral-expression
induced phenotypes we identified. This phenotype mimics those reported in mouse models of
tauopathy (Scattoni et al., 2010; Jul et al., 2016; Wang et al., 2018b), indicating these effects may

be isoform- and/or time-specific or depend on additional influence of forebrain pathology.

Anxiety and depression are highly prevalent in the prodromal phase of disease and
increase risk of developing AD (Teri et al.,, 1999; Pietrzak et al., 2015; Becker et al., 2018;
Ehrenberg et al., 2018; Rasmussen et al., 2018). When testing for anxiety-like phenotypes, we
observed that 6-month TgF344-AD rats spent less time in the center of an open field compared

with littermate controls, while no differences were observed in time spent in the open arms of the
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elevated plus maze. It has previously been reported that TgF344-AD rats show increased anxiety-
like behaviors at 12, but not 2 months of age in these tasks (Wu et al., 2020). However, these
canonical tests of anxiety-like behaviors assume that rodents are motivated to explore novel
environments. A lack of anxiety-like phenotypes in these tasks could be masked by differences in
exploratory behavior and/or general locomotion, which we and others have observed over the
course of aging and in TgF344-AD rats (Sare et al., 2020; Wu et al., 2020). We therefore employed
the NSF task, where the main conflict is fear of a novel environment versus drive to consume food
in a hungry animal. The NSF task has previously been validated as a NE-sensitive anxiety-like task
by our lab using dopamine- hydroxylase knockout mice, which lack phenotypes in canonical
exploration-based anxiety paradigms (Lustberg et al., 2020b). We observed that both older and
transgenic rats took longer to eat the food pellet in a novel environment compared with younger
and age-matched WT littermates, respectively. These effects are unlikely to be mediated by
differences in hunger levels because rats did not differ in the total amount of pellet eaten or latency
to eat the pellet in their home cage. Therefore, accumulating evidence from our lab suggests that
NSF may be particularly useful at gauging noradrenergic-specific impacts on anxiety-like

behaviors.

In the forced swim task, we observed that 12-month rats spent less time spent floating
than younger animals. Given the acute nature of this paradigm and the fact that older rats
generally moved less in land-based locomotion assays, these results support the notion of an
increase in active coping behaviors in older rats (de Kloet and Molendijk, 2016; Commons et al.,
2017). A previous report demonstrated an increase in immobility in TgF344-AD rats at 12 months
of age (Wu et al., 2020), which is opposite of the effects reported here. Differences may be

attributed to multiple exposures to forced swim, influences of sex, or other factors known to
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influence coping-like phenotypes in the forced swim task (Bogdanova et al., 2013; Commons et

al., 2017).

Spatial learning and memory deficits, which are hallmark behavioral phenotypes of AD,
presented here are largely congruent with previous studies of the TgF344-AD strain, where the
most robust genotype differences arise in reversal learning (Cohen et al., 2013; Rorabaugh et al.,
2017). These differences were primarily observed in acquisition of reversal learning and were
exacerbated by age in TgF344-AD rats. Interestingly, we also detected deficits in initial acquisition
in 6-month TgF344-AD rats, and hTau virus induced acquisition deficits in 12-month WT rats that
were reminiscent of those we observed in 6-month transgenic rats. In both of those cases (6-
month Tg rats and 12-month WT rats with hTau), the main detectable AD-like neuropathology
present in the brains was hyperphosphorylated tau in the LC, suggesting a causal relationship.
We sought to further categorize the nature and anatomical specificity of these deficits by testing
these rats on cued and contextual fear conditioning, which are associative learning tasks as
opposed to spatial. Additionally, cued fear conditioning is non-hippocampal dependent, unlike
both the Morris water maze and contextual fear conditioning. During training, 12-month TgF344-
AD rats froze less than WT animals, but genotype differences were not observed during cued or
contextual fear conditioning, indicating that recall of these associations once formed was intact.
Main effects of age were evident where older animals froze less to both the cue and the context

than younger counterparts, suggesting a modest age-related impairment of associative memory.

In this study, we expanded on our previous work demonstrating that TgF344-AD rats have
progressive noradrenergic fiber loss (Rorabaugh et al., 2017) by also showing lower NET+ fiber
density in TgF344-AD rats, specifically in the dentate gyrus. Recent studies further confirm a
reduction in LC innervation to the dentate gyrus (Goodman et al., 2021), suggesting selective

vulnerability of NE fibers within this hippocampal subfield. We also reaffirmed an age-dependent
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decrease in NE fibers within CA3, 4 months earlier than previously reported (Rorabaugh et al.,
2017), in addition to confirming a lack of change in NE innervation to CA1. Given the loss of DBH+
fibers and reduction in NE content in the hippocampus, a loss of NET+ fibers could be indicative
of compensatory mechanisms downregulating NE reuptake to increase noradrenergic signaling,
in addition to an outright degeneration of forebrain LC fibers. Indeed, other noradrenergic
compensatory changes, including enhanced 8 adrenergic receptor function and axonal sprouting,
have been noted in TgF344-AD rats (Goodman et al., 2021) and human AD/dementia cases (Szot

et al., 2006, 2007).

We did observe some amyloid deposition beginning at 6 months in TgF344-AD rats
across hippocampal subregions, which is slightly earlier than previously reported (Cohen et al.,
2013; Sare et al., 2020). By contrast, there were low levels of endogenous hyperphosphorylated
tau across all hippocampal subregions and lack of support for transsynaptic spread of hTau from
the LC. This was somewhat surprising, given the synergistic effects of amyloid and tau deposition
(Busche and Hyman, 2020). We based our viral expression and testing paradigm on previous
literature, where pseudophosphorylated tau demonstrated transsynaptic spread and induced
cognitive deficits 7 months post-injection in ~10 month old WT rats (Ghosh et al., 2019). The viral
form of tau used here (WT hTau) is a milder version from a pathological perspective compared to
that reported previously (pseudophosphorylated at 14 sites), and the endogenous LC tau
pathology in TgF344-AD rats is an even milder form that only reacts with the CP13 antibody
(Ser202) and does not mature into more toxic species observed in the typical progression of AD
(Rorabaugh et al., 2017). Although we observed no differences in level of hTau expression within
the LC between 6- and 12-month rats, it is possible that longer expression time (e.g. 14 or more
months post-infusion) or initial injection of the virus into aged rats is necessary to trigger

appreciable effects on behavior and pathology. Indeed, we did observe a potential “seeding”
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effect, whereby TgF344-AD rats developed more AT8 pathology in the LC compared to WT

littermates.

Behavioral differences between genotypes are likely attributable to development of AD-
like neuropathology and inflammation over the course of aging. The effects of tau pathology on
neural activity are mixed, as both hyper- and hypo-activity have been reported (Crimins et al.,
2012; Holth et al., 2013; Busche et al., 2019; Huijbers et al., 2019). These are also supported by
our account of the consequences of hyperphosphorylated tau on LC activity as described in
Chapter 2. However, some of these effects likely depend on specific tau species, which have yet
to be extensively characterized. Furthermore, the TgF344-AD rats harbor the same mutations as
the APP/PS1 mouse counterpart, and APP/PS1 mice develop intraneuronal A oligomers within
the LC that are associated with noradrenergic neuron hyperactivity (Kelly et al., 2021). Given that
the transgenes are expressed under the same promoter in TgF344-AD rats (Cohen et al., 2013),
they also likely develop AB oligomers. The additional accumulation of hyperphosphorylated tau
within the LC could lead to a complex interaction between the two AD-like pathologies (Busche
and Hyman, 2020). Thus, it will be important for future studies to chronicle the time course of AD-

like neuropathology accumulation within the LC of TgF344-AD rats.

In Chapter 2, we characterized age-dependent abnormalities in LC firing rates in TgF344-
AD rats that were of a similar age to the ones tested here. Young TgF344-AD rats demonstrated
LC hyperactivity which transitioned to hypoactivity as the rats aged. Generally, anxiety-like
behaviors are promoted by augmented basal LC firing (3-5 Hz) (Valentino and Foote, 1988; Curtis
et al., 1997; Page and Abercrombie, 1999; Curtis et al., 2012; McCall et al., 2015). In addition, the
LC responds with phasic discharge to novelty (Herve-Minvielle and Sara, 1995; Vankov et al.,
1995), and probable/confirmed AD patients show impaired novelty processing and perform worse

on tasks incorporating novelty (Daffner et al., 1999; Fritsch et al., 2005; Amanzio et al., 2008).
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Similarly, aged TgF344-AD rats also demonstrate reduced ability to distinguish novel objects
(Cohen et al., 2013), which may be influenced by novelty-induced anxiety-like phenotypes, as
indicated by the NSF task. The blunted phasic response of TgF344-AD LC neurons noted at this
age may also contribute to deficits in novel object recognition (Kelberman et al., 2023). Recent
evidence also suggests that lower LC response to novelty in cognitively unimpaired individuals is
associated with steeper AB-related cognitive decline (Prokopiou et al., 2022). The opposite effect
is observed in young TgF344-AD rats, which present with enhanced novelty detection that is
mediated by B-adrenergic receptors (Goodman et al.,, 2021) and is in line with the observed
heightened spontaneous and evoked phasic LC activity in 6 month TgF344-AD rats (Kelberman
et al., 2023). Overall, results from the NSF task are consistent with observed age- and AD-like
neuropathology-dependent alterations in LC activity in TgF344-AD rats (Weinshenker, 2018;
Kelberman et al., 2023). Furthermore, in young rats, enhanced signal-to-noise ratio (phasic:tonic
firing) could support maintenance of novelty detection, but may lead to anxiety-like phenotypes.
This effect may be reversed in 12-month rats, where signal-to-noise ratio of the LC is diminished,
resulting in reduced novelty detection, and while anxiety-like phenotypes are instead driven by
accumulation of pathology in and dysfunction of forebrain regions. This phenotype might be
masked in other canonical tasks, such as the open field and elevated plus maze, due to differences
in exploratory behavior and general locomotion, which we and others have observed over the
course of aging and in TgF344-AD rats (Cohen et al., 2013; Sare et al., 2020). We have previously
reported that TgF344-AD rats have impaired reversal learning in the Morris water maze
(Rorabaugh et al., 2017), and here demonstrate impairments in training during fear conditioning,
but only in 12-month TgF344-AD rats. However, we observed no deficits in probe trials of the
Morris water maze or freezing in the contextual and cued fear conditioning paradigms, suggesting

intact memory retrieval systems. TgF344-AD rats present with region-specific decreased
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noradrenergic forebrain innervation early in disease (Rorabaugh et al., 2017; Goodman et al.,
2021). Spatial and associative hippocampal-dependent and independent learning and memory
are supported by LC-NE release and are sensitive to noradrenergic perturbations (Hansen and
Manahan-Vaughan, 2015; Hagena et al., 2016; Giustino and Maren, 2018; Goodman et al., 2021).
The loss of forebrain LC fibers could engage compensatory mechanisms such as increased (-
adrenergic receptor function, and increased firing, especially phasic tone, could support the
maintenance of certain cognitive functions in prodromal phases of AD. For example, heightened
B-adrenergic receptor function facilitates extinction learning and novel object recognition in
younger (6-9 month) TgF344-AD rats (Goodman et al.,, 2021), but these studies should be

expanded to additional paradigms.

Independent of genotype effects, we observed aging effects on behavior that are
suggestive of altered LC activity. 12-month rats spent less time floating in the forced swim test,
indicative of an increase in active coping behaviors in response to stress. Wistar-Kyoto rats, a
common rodent model of depression, display increased immobility and enhanced LC activity
when tested in the forced swim paradigm (Rittenhouse et al., 2002; Nam and Kerman, 2016).
Moreover, coping behaviors mediated by the LC may be partially dependent on galanin co-release
(Tillage et al., 2020b), which is expressed in most LC neurons (Holets et al., 1988). Eliminating
galanin from the LC promotes active coping behaviors in mice (Tillage et al., 2020b), an effect that
is mimicked in older rats tested in the forced swim task. Although we cannot completely rule out
frank LC cell loss over the course of aging, 16-month TgF344-AD rats do not exhibit LC
degeneration compared with WT littermates (Rorabaugh et al., 2017). Given that galanin co-
expressing LC neurons are protected in AD (Miller et al., 1999), we instead theorize that changes
in firing rates could reduce galanin co-release and promote active coping behaviors. Although we

did not observe changes in sleep latency as would be expected by abnormal tonic and
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spontaneous phasic LC firing, other arousal systems that have yet to be explored in these rats
could compensate for LC-specific abnormalities. Alternatively, there is evidence for decreased LC
activity with aging (Olpe and Steinmann, 1982), but the effects may be strain-dependent as
evidenced by our results in Chapter 2. We also stress that other brain regions likely contribute to

performance in these tasks and could similarly be impacted by aging.

Our results expand the characterization of behavior and AD-like neuropathology in the
TgF344-AD rat that reflect preclinical and prodromal AD. Further studies are necessary to
investigate more subtle behavioral phenotypes such as detailed sleep architecture. Impaired
impulse control and agitation are also commonly observed in prodromal AD (Ehrenberg et al.,
2018; Johansson et al., 2021), and can be improved by anti-adrenergic drugs (Peskind et al., 2005;
Wang et al., 2009), which warrants further study in TgF344-AD rats. Age-dependent behavioral
impairments in TgF344-AD rats align with known alterations in LC activity and the progression of
AD-like neuropathology, beginning with hyperphosphorylated tau in the LC and expanding in later
stages to the forebrain. Current AD therapeutics target late-stage pathology, but targeting
prodromal stages with drugs that modulate activity or signaling of early affected structures, such
as the LC-NE system, may be more effective at slowing the progression of AD. A recent study
reported that atomoxetine, a NE reuptake inhibitor, normalized multiple biomarkers of AD in a
cohort of patients with mild cognitive impairment (Levey et al., 2021). With the new understanding
of changes in LC firing rates (Chapter 2), molecular signatures (Chapter 3), and behavior (Chapter
4) along the progression of AD, the field is now well suited to implement therapeutics targeting

the LC-NE system to alleviate disease burden.
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Primary Supplier Dilution Secondary Supplier Dilution
Antibody (Product #) Antibody (Product #)
Mouse anti- ThermoFisher 1:1000 Goat anti- ThermoFisher 1:500
ATS8 Scientific mouse 488 Scientific (A-
(MN1020) 110001)
Mouse anti- Biolegend 1:1000 Goat anti- ThermoFisher 1:500
4G8 (800709) mouse 488 Scientific (A-
110001)
Mouse anti- MAB 1:1000 Goat anti- ThermoFisher 1:500
NET Technologies mouse 488 Scientific (A-
(NETO05-2) 110001)
Chicken anti- abcam (ab76442) 1:1000 Goat anti- ThermoFisher 1:500
TH chicken 633 Scientific (A-
21103)
Rabbit anti- abcam (ab7260) 1:1000 Goat anti- ThermoFisher 1:500
GFAP rabbit 568 Scientific (A-
11011)
Rabbit anti- FUJIFILM Wako 1:1000 Goat anti- ThermoFisher 1:500
IBAL Pure Chemical rabbit 568 Scientific (A-
Corporation (019- 11011)
19741)
Rabbit anti- Takara (632496) 1:1000 Goat anti- ThermoFisher 1:500
dsRED rabbit 568 Scientific (A-

11011)
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Interval x

Behavior Measure Interaction Main F(DFn, DFd) value p value
Effect
Sleep Latency Latency to Fall Asleep Age x F (1,72)=0.3298 P=0.5676
Genotype
Age x Virus F(1,72)=0.2709 P=0.6043
Genotype x F(1,72)=2329 P=0.1313
Virus
Age x F(1,72)=4.218 P=0.0436
Genotype x
Virus
Age F(1,72)=9.284 P=0.0032
Genotype F (1,72)=0.2349 P=0.6294
Virus F(1,72)=0.3153 P=0.5762
Locomotion Ambulations, 6 mo - 23 Time F (45, 1665) = 0.8895 P=0.6807
h interval x
Genotype
Time F (45, 1665) = 0.6977 P=0.9363
interval x
Virus
Genotype x F (1,37)=0.08733 P=0.7692
Virus
Time F (45, 1665) = 0.6056 P=0.9823
interval x
Genotype x
Virus
Time F (11.84, 437.9) = 31.97 P<0.0001
interval
Genotype F (1,37) = 0.007367 P=0.9321
Virus F(1,37)=1.019 P=0.3193
Ambulations, 12 mo - Time F (45, 1575) = 1.118 P=0.2750
23 h Interval x
Genotype
Time F (45, 1575) = 1.427 P=0.0339
Interval x
Virus
Genotype x F (1, 35) = 0.5669 P=0.4565
Virus
Time F (45, 1575) = 0.8914 P=0.6772




Ambulations, 6 and 12
mo - 23 h

Ambulations 6 and 12
mo - Light Phase

Ambulations 6 and 12
mo - Dark Phase

Genotype x
Virus

Time
Interval

Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Age
Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Age
Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Age

Genotype

F (10.64, 372.3) = 21.61

F (1, 35) = 0.3077
F (1, 35) = 5.880
F (1,72)=0.1888

F(1,72) = 6.304
F (1,72) = 0.6688

F(1,72)=0.1316

F(1,72) =4.592
F(1,72) = 0.1743
F(1,72)=1.336

F (1, 72) = 0.2883

F (1, 72) = 0.8304
F (1,72) = 0.3768

F(1,72) = 0.1767

F (1,72) = 0.3634

F (1,72) = 0.001673

F (1, 72) = 0.2538
F (1,72) = 0.4434

F(1,72)=4.435

F (1,72) = 0.1508

F(1,72) = 0.2927

F(1,72) = 4.821
F (1,72) = 0.7463
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P<0.0001

P=0.5826
P=0.0206

P=0.6652

P=0.0143

P=0.4162

P=0.7179

P=0.0355
P=0.6776
P=0.2516

P=0.5930

P=0.3652

P=0.5412

P=0.6755

P=0.5485

P=0.9675

P=0.6160

P=0.5076

P=0.0387

P=0.6989

P=0.5902

P=0.0313

P=0.3905
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Virus F(1,72)=0.9755 P=0.3266
Ambulations 6 and 12 Age x F(1,72)=1.781 P=0.1862
mo - Novelty (30 min) Genotype
Age x Virus F(1,72)=3.981 P=0.0498
Genotype x F (1, 72) = 0.05367 P=0.8174
Virus
Age x F(1,72)=0.7437 P=0.3913
Genotype x
Virus
Age F(1,72)=31.87 P<0.0001
Genotype F (1,72) = 0.5952 P=0.4429
Virus F(1,72)=2.433 P=0.1232
Open Field Percent Time in Inner Age x F(1,73)=1.205 P=0.2759
Circle Genotype
Age x Virus F (1, 73) = 3.050 P=0.0849
Genotype x F(1,73)=0.5330 P=0.4677
Virus
Age x F(1,73)=0.2155 P=0.6439
Genotype x
Virus
Age F (1, 73) = 0.3690 P=0.5454
Genotype F (1,73)=4.651 P=0.0343
Virus F(1,73)=3.414 P=0.0687
Total Distance Age x F (1,73)=0.2590 P=0.6124
Genotype
Age x Virus F (1, 73) = 0.004513 P=0.9466
Genotype x F (1,73) = 0.006385 P=0.9365
Virus
Age x F (1, 73) = 0.05753 P=0.8111
Genotype x
Virus
Age F(1,73)=14.57 P=0.0003
Genotype  F (1,73)=0.4169 P=0.5205
Virus F(1,73)=0.1072 P=0.7443
Elevated Plus Percent Time in Open Age x F (1,70) =0.2621 P=0.6103
Maze Arms Genotype
Age x Virus F (1, 70) = 0.8899 P=0.3488
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Genotype x F (1, 70) = 0.001751 P=0.9667
Virus
Age x F (1,70)=1.009 P=0.3186
Genotype x
Virus
Age F (1, 70) = 2.075 P=0.1542
Genotype F (1,70) = 0.6081 P=0.4381
Virus F (1,70)=1.009 P=0.3186
Total Distance Age x F(1,70)=1.241 P=0.2691
Genotype
Age x Virus F (1, 70) = 0.02635 P=0.8715
Genotype x F (1, 70) = 0.09059 P=0.7643
Virus
Age x F (1, 70) =0.08218 P=0.7752
Genotype x
Virus
Age F (1, 70) = 0.08442 P=0.7723
Genotype F (1,70) = 0.6866 P=0.4101
Virus F (1, 70) = 0.8085 P=0.3716
Novelty Latency in a Novel Age x F(1,73)=0.1833 P=0.6698
Suppressed Cage Genotype
Feeding
Age x Virus F(1,73)=0.1495 P=0.7001
Genotype x F (1,73) = 0.04426 P=0.8340
Virus
Age x F (1, 73) = 0.007685 P=0.9304
Genotype x
Virus
Age F(1,73)=9.691 P=0.0026
Genotype F(1,73)=11.12 P=0.0013
Virus F (1, 73) = 0.02327 P=0.8792
Latency in Home Cage  Age x F(1,73)=1.144 P=0.2883
Genotype
Age x Virus F (1,73) =6.831e-006 P=0.9979
Genotype x F(1,73)=1.782 P=0.1861
Virus
Age x F (1,73)=0.09143 P=0.7632
Genotype x

Virus
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Age F(1,73)=0.1776 P=0.6747
Genotype F(1,73)=1.454 P=0.2317
Virus F (1,73)=0.08312 P=0.7739
Pellet Weight Eaten Age x F(1,73)=1.405 P=0.2397
Genotype
Age x Virus F(1,73)=0.8978 P=0.3465
Genotype x F(1,73)=2.302 P=0.1335
Virus
Age x F(1,73)=1.183 P=0.2803
Genotype x
Virus
Age F (1, 73) = 0.02367 P=0.8781
Genotype  F (1,73) = 1.405 P=0.2397
Virus F (1, 73) = 0.6447 P=0.4246
Forced Swim Percent Time Spent Age x F(1,72)=0.1784 P=0.6740
Test Floating Genotype
Age x Virus F (1,72) =0.004712 P=0.9455
Genotype x F(1,72)=0.1063 P=0.7453
Virus
Age x F(1,72)=0.8174 P=0.3690
Genotype x
Virus
Age F(1,72)=6.904 P=0.0105
Genotype  F (1,72)=0.01323 P=0.9087
Virus F (1, 72) = 0.05062 P=0.8226
Morris Water Distance to Platform, 6 Day x F (3,111) =2.289 P=0.0824
Maze - mo - Training Genotype
Acquisition
Day x Virus F(3,111)=2.188 P=0.0935
Genotype x F(1,37)=0.8334 P=0.3672
Virus
Day x F(3,111)=2.102 P=0.1040
Genotype x
Virus
Day F (2.759, 102.1) = 44.77 P<0.0001
Genotype F(1,37)=6.080 P=0.0184
Virus F (1, 37) = 0.03508 P=0.8524
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Distance to Platform, 12  Day x F (3,108) =1.123 P=0.3431
mo - Training Genotype
Day x Virus F (3, 108) = 0.3593 P=0.7825
Genotype x F (1, 36) = 0.06028 P=0.8074
Virus
Day x F (3,108) = 0.1379 P=0.9372
Genotype x
Virus
Day F (2.173, 78.23) =70.02 P<0.0001
Genotype F (1,36)=2.709 P=0.1085
Virus F (1,36)=5.618 P=0.0233
Distance to Platform, 6 Age x F (1,73)=0.1201 P=0.7299
and 12 mo - Training Genotype
Age x Virus F(1,73)=0.3228 P=0.5717
Genotype x F (1,73)=0.03278 P=0.8568
Virus
Age x F(1,73)=0.1442 P=0.7053
Genotype x
Virus
Age F (1, 73) = 0.05859 P=0.8094
Genotype F(1,73)=1.556 P=0.2163
Virus F (1,73)=0.6485 P=0.4233
Distance to Platform, 6 Age x F (1,73)=0.07450 P=0.7857
and 12 mo - Probe Genotype
Age x Virus F (1, 73)=0.01041 P=0.9190
Genotype x F(1,73)=1.727 P=0.1930
Virus
Age x F (1,73) =0.02698 P=0.8700
Genotype x
Virus
Age F(1,73)=5.336 P=0.0237
Genotype F(1,73)=2.193 P=0.1430
Virus F (1,73)=0.9538 P=0.3320
Morris Water Distance to Platform, 6 Day x F(3,111) =1.592 P=0.1954
Maze — Reverse  mo - Training Genotype
Acquisition
Day x Virus F(3,111)=1.272 P=0.2875




Distance to Platform, 12
mo - Training

Distance to Platform, 6
and 12 mo - Training

Distance to Platform, 6
and 12 mo - Probe

Genotype x
Virus

Day x
Genotype x
Virus

Day
Genotype
Virus

Day x
Genotype

Day x Virus

Genotype x
Virus

Day x
Genotype x
Virus

Day
Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Age
Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

F(1,37)=0.1116

F (3, 111) = 1.317

F (1.793, 66.33) = 35.49
F (1, 37) = 4.999

F (1,37) = 0.01777

F (3, 108) = 0.5176

F (3, 108) = 1.054
F (1, 36) = 0.007100

F (3, 108) = 0.4378

F (3, 108) = 22.96
F (1, 36) = 9.539

F (1, 36) = 0.09099
F (1,73) = 0.3419

F (1, 73) = 0.04507
F (1,73)=0.01787

F (1, 73) = 0.002743

F(1,73)=2.103

F (1,73) = 3.363

F (1, 73) = 0.02998
F (1,72) = 0.3775

F (1,72) = 0.03185

F (1,72) = 0.1740

F (1,72) = 0.1609
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P=0.7402

P=0.2724

P<0.0001
P=0.0315
P=0.8947
P=0.6711

P=0.3720

P=0.9333

P=0.7264

P<0.0001
P=0.0039
P=0.7647

P=0.5606

P=0.8325

P=0.8940

P=0.9584

P=0.1513

P=0.0708

P=0.8630

P=0.5409

P=0.8588

P=0.6778

P=0.6895
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Age F (1, 72) = 0.09493 P=0.7589
Genotype F(1,72)=0.3182 P=0.5745
Virus F (1, 72) =0.02243 P=0.8814
Fear Percent Freezing, 6 mo  Interval x F (6, 222) = 0.08349 P=0.9978
Conditioning - Training Genotype
Interval x F (6, 222) = 1.189 P=0.3128
Virus
Genotype x F (1,37) =0.8051 P=0.3754
Virus
Interval x F (6, 222) = 0.2719 P=0.9497
Genotype x
Virus
Interval F (3.948, 146.1) =43.74 P<0.0001
Genotype F (1, 37) = 0.0003098 P=0.9861
Virus F (1, 37) = 0.08955 P=0.7664
Percent Freezing, 12 Interval x F (6,216) =2.203 P=0.0438
mo - Training Genotype
Interval x F (6, 216) = 0.3948 P=0.8819
Virus
Genotype x F (1, 36) = 0.1900 P=0.6655
Virus
Interval x F (6, 216) = 0.5728 P=0.7517
Genotype x
Virus
Interval F (3.702, 133.3) = 20.58 P<0.0001
Genotype F (1,36)=7.184 P=0.0110
Virus F (1, 36) = 0.006733 P=0.9351
Percent Freezing, 6 and Age x F (1,73)=0.8330 P=0.3644
12 mo - Training Genotype
Age x Virus F (1, 73) = 0.03674 P=0.8485
Genotype x F (1,73) =0.08266 P=0.7745
Virus
Age x F (1,73)=0.4622 P=0.4987
Genotype x
Virus
Age F (1,73)=3.268 P=0.0748
Genotype F(1,73)=0.9175 P=0.3413
Virus F (1, 73) = 0.04438 P=0.8337




Percent Freezing, 6 mo
- Context

Percent Freezing, 12
mo - Context

Percent Freezing, 6 and
12 mo - Context

Percent Freezing, 6 mo
- Cue

Interval x
Genotype

Interval x
Virus

Genotype x
Virus

Interval x
Genotype x
Virus

Interval x
Genotype

Interval x
Virus

Genotype x
Virus

Interval x
Genotype x
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Interval x
Genotype

Interval x
Virus

Interval
Genotype

Virus

Interval
Genotype

Virus

Age
Genotype

Virus

F (6, 222) = 0.9182

F (6, 222) = 0.3481

F(1,37)=1.365

F (6,222) = 0.1483

F (3.852, 142.5) = 10.78

F(1,37)=3.179

F (1, 37) = 0.4996
F (6, 216) = 0.4350

F (6, 216) = 0.6593

F (1, 36) = 0.01554

F (6, 216) = 0.3688

F (3.265, 117.6) = 9.797

F (1, 36) = 0.005031

F (1, 36) = 0.4573
F (1,73) = 0.8824

F (1,73) = 0.01794
F (1, 73) = 0.2401

F (1, 73) = 0.4999

F(1,73)=6.434

F (1,73) = 0.5668

F (1,73) = 0.6819

F (6, 222) = 0.4628

F (6,222) = 1.016
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P=0.4826

P=0.9105

P=0.2502

P=0.9893

P<0.0001

P=0.0828

P=0.4841

P=0.8550

P=0.6826

P=0.9015

P=0.8982

P<0.0001

P=0.9438

P=0.5032

P=0.3506

P=0.8938

P=0.6256

P=0.4818

P=0.0133

P=0.4540

P=0.4116

P=0.8354

P=0.4158




Percent Freezing, 12
mo - Cue

Percent Freezing, 6 and
12 mo - Cue

Genotype x
Virus

Interval x
Genotype x
Virus

Interval
Genotype
Virus

Interval x
Genotype

Interval x
Virus

Genotype x
Virus

Interval x
Genotype x
Virus

Interval
Genotype
Virus

Age x
Genotype

Age x Virus

Genotype x
Virus

Age x
Genotype x
Virus

Age
Genotype

Virus

F (1,37) = 2.207

F (6, 222) = 1.289

F (3.489, 129.1) =100.7

F (1, 37) = 0.5109

F (1,37) = 0.09123
F (6,216) = 1.914

F (6,216) = 1.723

F (1, 36) = 0.4232

F (6, 216) = 0.1969

F (3.348, 120.5) = 49.29

F (1, 36) = 0.1270

F (1, 36) = 0.7414
F (1, 73) = 0.3804

F (1,73) = 0.5732
F(1,73)=1.120

F (1,73) = 0.1419

F (1, 73) = 4.431

F (1, 73) = 0.0001671
F (1,73) = 0.1547
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P=0.1459

P=0.2632

P<0.0001

P=0.4792

P=0.7643
P=0.0797

P=0.1168

P=0.5195

P=0.9774

P<0.0001

P=0.7237

P=0.3949

P=0.5393

P=0.4514

P=0.2935

P=0.7075

P=0.0387

P=0.9897

P=0.6952




Table 4.3. Inmunohistochemistry Statistics
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Stain (Antibody) Region Interaction Main F(DFn, DFd) value p value
Effect
Hyperphosphorylated LC Age x Genotype F (1,34)=0.1946 P=0.6619
Tau (AT8)
Age F (1, 34) = 0.6288 P=0.4333
Genotype F (1, 34) =4.857 P=0.0344
Amyloid (4G8) DG Age x Genotype F (1,38) =34.32 P<0.0001
Age x Virus F (1, 38) = 1.561 P=0.2192
Genotype x Virus F (1,38)=0.01764 P=0.8950
Age x Genotype x Virus F (1, 38) = 1.665 P=0.2048
Age F (1, 38) =34.36 P<0.0001
Genotype F(1,38)=92.88 P<0.0001
Virus F (1, 38) =0.03064 P=0.8620
CA3 Age x Genotype F (1, 38) = 69.32 P<0.0001
Age x Virus F (1, 38) = 0.2623 P=0.6115
Genotype x Virus F (1,38)=0.08914 P=0.7669
Age x Genotype x Virus F (1,38) =0.2377 P=0.6287
Age F (1, 38) =69.53 P<0.0001
Genotype F(1,38)=101.1 P<0.0001
Virus F (1, 38) =0.07557 P=0.7849
CA1 Age x Genotype F (1,38)=47.14 P<0.0001
Age x Virus F(1,38)=0.1195 P=0.7315
Genotype x Virus F (1,38)=0.5785 P=0.4516
Age x Genotype x Virus F(1,38)=0.1011 P=0.7523
Age F (1,38)=46.15 P<0.0001
Genotype F(1,38)=73.95 P<0.0001
Virus F (1, 38) =0.6275 P=0.4332
Hyperphosphorylated DG Age x Genotype F(1,33)=2.311 P=0.1380
Tau (AT8)
Age x Virus F (1, 33) =0.1241 P=0.7269
Genotype x Virus F(1,33)=0.1311 P=0.7196
Age x Genotype x Virus F (1,33) = 0.3596 P=0.5528
Age F (1, 33) =0.2829 P=0.5983
Genotype F(1,33)=4.467 P=0.0422
Virus F (1, 33) = 3.391 P=0.0746
CA3 Age x Genotype F (1,38) =6.305 P=0.0164
Age x Virus F (1, 38) =2.211 P=0.1453
Genotype x Virus F (1,38) = 0.5920 P=0.4464
Age x Genotype x Virus F(1,38)=0.1392 P=0.7112
Age F (1, 38) = 1.593 P=0.2145
Genotype F (1, 38) =2.225 P=0.1441
Virus F (1, 38) =2.137 P=0.1520
CA1 Age x Genotype F (1, 38) =7.596 P=0.0089
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Age x Virus F (1, 38) =2.817 P=0.1015

Genotype x Virus F (1,38) =0.7051 P=0.4063

Age x Genotype x Virus F (1,38)=0.01587 P=0.9004

Age F (1, 38) =8.648 P=0.0055

Genotype F (1, 38) =3.273 P=0.0783

Virus F (1, 38) =0.7262 P=0.3995

Astrocytes (GFAP) DG Age x Genotype F(1,38)=12.04 P=0.0013

Age x Virus F (1, 38) = 0.1457 P=0.7048

Genotype x Virus F (1, 38) = 0.4881 P=0.4890

Age x Genotype x Virus F (1,38)=0.04013 P=0.8423

Age F (1, 38) =21.56 P<0.0001

Genotype F (1, 38)=36.66 P<0.0001

Virus F (1, 38) = 1.334 P=0.2553

CA3 Age x Genotype F(1,38)=14.11 P=0.0006

Age x Virus F (1, 38) =0.2107 P=0.6488

Genotype x Virus F (1,38)=0.3115 P=0.5800

Age x Genotype x Virus F(1,38)=0.1110 P=0.7408

Age F (1, 38) =27.91 P<0.0001

Genotype F(1,38)=31.43 P<0.0001

Virus F (1, 38) = 0.2094 P=0.6499

CA1 Age x Genotype F(1,38)=4.730 P=0.0359

Age x Virus F (1, 38)=0.5784 P=0.4516

Genotype x Virus F (1,38)=0.07893 P=0.7803

Age x Genotype x Virus F (1,38) =3.977 P=0.0533

Age F (1, 38) =23.76 P<0.0001

Genotype F(1,38)=5.528 P=0.0240

Virus F (1, 38) = 0.2605 P=0.6127

Microglia (IBA1) DG Age x Genotype F(1,38) = P=0.9722
0.001233

Age x Virus F (1,38)=0.09385 P=0.7610

Genotype x Virus F (1,38)=1.090 P=0.3030

Age x Genotype x Virus F(1,38)=0.7188 P=0.4019

Age F (1, 38) = 0.9495 P=0.3360

Genotype F(1,38)=28.596 P=0.0057

Virus F (1,38)=0.01557 P=0.9014

CA3 Age x Genotype F (1,39) = 0.8946 P=0.3501

Age x Virus F (1, 39) = 0.3941 P=0.5338

Genotype x Virus F (1, 39) = 0.2941 P=0.5907

Age x Genotype x Virus F (1, 39) = 0.5531 P=0.4615

Age F (1, 39) = 3.960 P=0.0536

Genotype F (1, 39) = 3.108 P=0.0857

Virus F (1, 39) = 3.379 P=0.0736

CA1 Age x Genotype F(@,37)= P=0.9341

0.006922
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Age x Virus F(1,37)=1.323 P=0.2575

Genotype x Virus F (1,37) =0.5493 P=0.4633

Age x Genotype x Virus F(1,37)=0.2734 P=0.6042

Age F (1,37)=24.81 P<0.0001

Genotype F(1,37)=0.7212 P=0.4012

Virus F (1, 37) = 0.9558 P=0.3346

Norepinephrine DG Age x Genotype F(1,38)=0.05830 P=0.8105
Transporter (NET)

Age x Virus F (1, 38) = 0.9959 P=0.3246

Genotype x Virus F(1,38)=1.277 P=0.2655

Age x Genotype x Virus F(1,38)=1.814 P=0.1860

Age F (1,38)=0.01035 P=0.9195

Genotype F(1,38)=16.36 P=0.0002

Virus F (1, 38) = 0.4586 P=0.5024

CA3 Age x Genotype F (1,40) = 0.9422 P=0.3376

Age x Virus F (1, 40) = 0.6420 P=0.4277

Genotype x Virus F (1,40) =2.169 P=0.1487

Age x Genotype x Virus F (1,40) = 0.9345 P=0.3395

Age F (1, 40) = 8.286 P=0.0064

Genotype F (1, 40) =0.4147 P=0.5233

Virus F (1,40) =2.742 P=0.1056

CA1 Age x Genotype F(1,37)=1.074 P=0.3068

Age x Virus F(1,37)=1.183 P=0.2837

Genotype x Virus F (1,37)=2.548 P=0.1189

Age x Genotype x Virus F (1,37) = 0.4558 P=0.5038

Age F (1, 37) = 1.305 P=0.2607

Genotype F (1,37)=1.846 P=0.1825

Virus F(1,37)=0.6171 P=0.4371




Table 4.4. Significant Post-Hoc Comparison Statistics
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Behavior/Stain Measure/Brain Comparison t (df) value p value Figure
(Antibody) Region
Locomotion Amublations - 6 mo. WT mCherry vs. 12 mo. t(72)=4.784 P=0.0001 4.3G
Novelty WT mCherry
Amyloid (4G8) DG 6 mo. AD mCherry vs. 12 mo.  t(38) =4.719 P =0.0004 4.7B
AD mCherry
6 mo. AD hTauvs. 12 mo. AD  t(38) =7.228 P <0.0001 4.7B
hTau
12 mo. WT mCherry vs. 12 t(38) =7.371 P <0.0001 4.7B
mo. AD mCherry
12 mo. WT hTau vs. 12 mo. t (38) = 8.441 P <0.0001 4.7B
AD hTau
CA3 6 mo. AD mCherry vs. 12 mo.  t(38) = 8.053 P <0.0001 4.7C
AD mCherry
6 mo. AD hTau vs. 12 mo. AD  t(38) = 8.954 P <0.0001 4.7C
hTau
12 mo. WT mCherry vs. 12 t (38) = 9.054 P <0.0001 4.7C
mo. AD mCherry
12 mo. WT hTau vs. 12 mo. t(38)=9.716 P <0.0001 4.7C
AD hTau
CA1 6 mo. AD mCherry vs. 12 mo.  t(38) = 6.681 P <0.0001 4.7D
AD mCherry
6 mo. AD hTau vs. 12 mo. AD  t(38) =7.260 P <0.0001 4.7D
hTau
12 mo. WT mCherry vs. 12 t(38) =8.178 P <0.0001 4.7D
mo. AD mCherry
12 mo. WT hTau vs. 12 mo. t(38) =7.615 P <0.0001 4.7D
AD hTau
Hyperphosphorylated CA1 6 mo. AD mCherry vs. 12 mo.  t(38) = 3.689 P=0.0084 4.8D
Tau (AT8) AD mCherry
Astrocytes (GFAP) DG 6 mo. AD mCherry vs. 12 mo.  t(38) = 4.077 P=0.0027 4.9B
AD mCherry
6 mo. AD hTau vs. 12 mo. AD  t(38) = 4.204 P=0.0018 4.9B
hTau
12 mo. WT mCherry vs. 12 t (38) =4.640 P=0.0005 4.9B
mo. AD mCherry
12 mo. WT hTau vs. 12 mo. t (38) = 5.080 P=0.0001 4.9B
AD hTau
CA3 6 mo. AD mCherry vs. 12 mo.  t(38) = 5.040 P=0.0001 4.9C
AD mCherry
6 mo. AD hTau vs. 12 mo. AD  t(38) =4.180 P=0.002 4.9C
hTau
12 mo. WT mCherry vs. 12 t(38) =5.271 P<0.0001 4.9C
mo. AD mCherry
12 mo. WT hTau vs. 12 mo. t(38) =4.294 P=0.0014 4.9C
AD hTau
CA1 6 mo. AD mCherry vs. 12 mo.  t (38) = 5.040 P=0.0001 4.9D
AD mCherry
12 mo. WT mCherry vs. 12 t (38) = 3.208 P=0.0321 4.9D

mo. AD mCherry
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12 months
|

Figure 4.1. Verification of viral-mediated hTau and mCherry expression in the rat LC. Wild-
type (WT) and TgF344-AD (AD) rats were injected bilaterally into the LC with AAV-PRSx8-hTau
(hTau) or AAV-PRSx8-mCherry (mCherry) at 2 months of age and assessed for hTau and mCherry
expression by immunohistochemistry at 6 months or 12 months. Shown are representative 10x
immunofluorescent images for the LC marker tyrosine hydroxylase (TH; blue), the

hyperphosphorylated tau marker AT8 (green), mCherry (red), and merged signals.
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Figure 4.2. Quantification of AT8 pathology in the LC of WT and TgF344-AD littermates.
Wild-type (WT, black) and TgF344-AD (AD, red) rats were injected bilaterally into the LC with
AAV-PRSx8-hTau (hTau, hashed) at 2 months of age, and AT8 pathology was quantified at 6
months and 12 months. *p<0.05. Males are represented by closed circles, females by open

circles.
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Figure 4.3. Assessment of arousal and locomotor activity. Wild-type (WT, black) and TgF344-

AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau (hTau, hashed) or

AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for sleep latency and

locomotor activity at 6 months or 12 months. Shown are latency to fall asleep after gentle handling

(A), time course of 23-h locomotor activity in 6 (B) and 12 (C) month rats, total ambulations (D),

light phase ambulation (E), dark phase ambulation (F), and novelty-induced locomotion during the

first 30 min of the test (G). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Males are represented

by closed circles, females by open circles.
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Figure 4.4. Assessment of anxiety-like behaviors and coping strategies. Wild-type (WT,
black) and TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau
(hTau, hashed bars) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed
for open field, elevated plus maze, novelty-suppressed feeding, and forced swim at 6 months or
12 months. Shown is percent time in the inner portion (A) and total distance travelled (B) in the
open field test, percent time in the open arms (C) and total distance travelled (D) in the elevated
plus maze, latency to eat in a novel (E) or home/familiar (F) cage and amount of food consumed
(G) in the novelty-suppressed feeding test, and time spent floating (H) in the forced swim test.

*p<0.05, **p<0.01, ***p<0.001. Males are represented by closed circles, females by open circles.
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Figure 4.5. Assessment of hippocampal-dependent spatial learning and memory in the
Morris water maze. Wild-type (WT, black) and TgF344-AD (AD, red) rats were injected bilaterally
into the LC with AAV-PRSx8-hTau (hTau, hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2
months of age, and assessed for performance in the Morris water maze at 6 months or 12 months.
Shown are total distance to find the hidden platform by day at 6 months (A) and 12 months (B),
total area under the curve distance collapsed across days at both ages (C), percent time spent in
target quadrant during the probe trial (D), total distance during reversal learning at 6 months (E)
and 12 months (F), total area under the curve distance during reversal learning collapsed across
days at both ages (G), and percent time spent in target quadrant during the probe trial after
reversal learning (H). *p<0.05, **p<0.01. Males are represented by closed circles, females by open

circles.
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Figure 4.6. Assessment of contextual and cued fear conditioning. Wild-type (WT, black) and

TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau (hTau,

hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for contextual

and cued fear conditioning at 6 months or 12 months. Shown is % freezing during shock-tone

pairing in 6-month (A) and 12-month (B) rats, area under the curve collapsed across both ages

(C), during subsequent context exposure in 6-month (D) and 12-month (E) rats, area under the

curve collapsed across both ages (F), during subsequent cue exposure in 6-month (G) and 12-

month (H) rats, and area under the curve collapsed across both ages (l). *p<0.05.
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Figure 4.7. Assessment of amyloid pathology in the hippocampus. Wild-type (WT, black) and
TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau (hTau,
hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for 4GS (i.e.,
AB) immunoreactivity at 6 months or 12 months. Shown are representative images of amyloid
pathology in the DG subregion of the hippocampus (A), and quantification of amyloid pathology
in the DG (B), CA3 (C), and CA1 (D) expressed as % region of interest (ROI). Main images and
insets taken at 10x and 40x magnification, respectively. ***p<0.001, ****p<0.0001. Males are

represented by closed circles, females by open circles.
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Figure 4.8. Assessment of hyperphosphorylated tau in the hippocampus. Wild-type (WT,
black) and TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau
(hTau, hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for
ATS8 (i.e., hTau) immunoreactivity at 6 months or 12 months. Shown are representative images of
hyperphosphorylated tau pathology in the DG subregion of the hippocampus (A), and
quantification of hyperphosphorylated tau pathology in the DG (B), CA3 (C), and CA1 (D)
expressed as the number of AT8+ cells. Main images and insets taken at 10x and 40x
magnification, respectively. *p<0.05, **p<0.01. Males are represented by closed circles, females

by open circles.
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Figure 4.9. Assessment of astrocyte inflammation in the hippocampus. Wild-type (WT, black)
and TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau (hTau,
hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for GFAP
immunoreactivity at 6 months or 12 months. Shown are representative images of astrocyte
inflammation in the DG subregion of the hippocampus (A), and quantification of astrocyte
inflammation in the DG (B), CA3 (C), and CA1 (D) expressed as the number of GFAP+ cells. Main
images and insets taken at 10x and 40x magnification, respectively. *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001. Males are represented by closed circles, females by closed circles.
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Figure 4.10. Assessment of microglial inflammation in the hippocampus. Wild-type (WT,
black) and TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau
(hTau, hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for
IBA1 immunoreactivity at 6 months or 12 months. Shown are representative images of microglial
inflammation in the DG subregion of the hippocampus (A), and quantification of astrocyte
inflammation in the DG (B), CA3 (C), and CA1 (D) expressed as the number of IBA1+ cells. Main
images and insets taken at 10x and 40x magnification, respectively. Males are represented by

closed circles, females by open circles.
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Figure 4.11. Assessment of LC fiber density in the hippocampus. Wild-type (WT, black) and
TgF344-AD (AD, red) rats were injected bilaterally into the LC with AAV-PRSx8-hTau (hTau,
hashed) or AAV-PRSx8-mCherry (mCherry, solid) at 2 months of age, and assessed for NET
immunoreactivity at 6 months or 12 months. Shown are representative images in the DG
subregion of the hippocampus (A), and quantification in the DG (B), CA3 (C), and CA1 (D)
expressed as the number of NET+ fibers. (D). Main images and insets taken at 10x and 40x
magnification, respectively. **p<0.01, ***p<0.001. Males are represented by closed circles,

females by open circles.
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Supplemental Figure 4.1. Representative images of amyloid pathology in the CA3 (A) and CA1

AD

(B) subregions of the hippocampus. Main images and insets taken at 10x and 40x magnification,

respectively.
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Supplemental Figure 4.2. Representative images of tau pathology (AT8) in the CA3 (A) and CA1

AD

(B) subregions of the hippocampus. Main images and insets taken at 10x and 40x magnification,

respectively.
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Supplemental Figure 4.3. Representative images of neuroinflammatory astrocytic marker GFAP

in the CA3 (A) and CA1 (B) subregions of the hippocampus. Main images and insets taken at 10x

and 40x magnification, respectively.
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Supplemental Figure 4.4. Representative images of neuroinflammatory microglial marker IBA1
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in the CA3 (A) and CA1 (B) subregions of the hippocampus. Main images and insets taken at 10x

and 40x magnification, respectively.
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Supplemental Figure 4.5. Representative images of NET staining in the CA3 (A) and CA1 (B)

subregions of the hippocampus. Main images and insets taken at 10x and 40x magnification,

respectively.
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS
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5.1 SUMMARY AND INTEGRATION OF KEY FINDINGS

The LC is the primary noradrenergic nucleus in the brain, and decades of work have
demonstrated its influence on sleep/wake cycles and arousal, stress and anxiety, response to
novelty, social behaviors, cognition, learning, and memory. Dysfunction of the LC-NE system
contributes to neuropsychiatric, neurodevelopmental, sleep/arousal, and neurodegenerative
disorders. The focus of this dissertation was changes in LC-NE function in AD, the most common
form of dementia in the world that first impacts the LC in the form of hyperphosphorylated tau
deposition. Although LC dysfunction is noted throughout the progression of AD, fundamental
questions regarding its activity, which are important for understanding the mechanisms underlying
dysfunction and informing therapeutics targeting this system, were previously unresolved due to
the lack of appropriate models and difficulty in targeting using electrophysiology. Nevertheless,
changes in LC activity were predicted based on stereotypical effects of pathology on neural
activity in other brain regions, the progression of behavioral symptoms at different stages of
disease, neurochemical changes in the brain and CSF, and imaging data. However, the lack of
direct measurements of LC activity and paradoxes have hampered simple interpretations of the
existing information. For example, stimulating the LC at high tonic rates induces anxiety-like
phenotypes in rodents akin to mild behavior impairment observed in the human condition
(Valentino and Foote, 1988; Curtis et al., 2012; McCall et al., 2015; Omoluabi et al., 2021), but tau
pathology typically leads to hypoactivity in other types of neurons (Busche et al., 2019; Marinkovic
et al., 2019; Busche and Hyman, 2020). Furthermore, investigating alterations in the molecular
composition of the LC in AD has been limited due to difficulty in isolating a sufficient quantity of
neurons to accurately profile transcripts and proteins, as well as issues with cell-type specificity.
In addition, previously available rodent models fail to recapitulate LC hyperphosphorylated tau

pathology, which occurs at a critical early time point for therapeutic interventions aimed at slowing
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the progression of AD. Given the development of early LC tau pathology and our in-depth
characterization of altered LC firing rates and their relation to behavior in TgF344-AD rats, this
model was ideal for delineating the changes in LC biochemistry along AD progression. We used
targeted gene expression profiling by RNAscope fluorescence in situ hybridization to identify

potential mechanisms underlying and therapeutic targets of altered LC activity in TgF344-AD rats.

In Chapters 2 and 3, | systematically interrogated LC-NE dysfunction in AD by
characterizing differences in LC firing rates and potential underlying gene expression in a rat
model of AD that recapitulates the temporal pattern of A and tau deposition observed in humans
(Rorabaugh et al., 2017). | subsequently linked these abnormalities to behavioral deficits in
similarly aged animals in Chapter 4. Previous studies have demonstrated mixed effects of AD-like
neuropathology on LC physiology, but had important caveats to consider (Kelly et al., 2021; Downs
et al., 2022). The Swinny lab reported LC hyperactivity in mice in the presence of soluble AB
oligomer pathology due to mislocalization of GABAAx a3 receptor subunits (Kelly et al., 2021).
However, AB pathology in the LC is more prevalent in late stage and severe forms of AD (Cole et
al., 1993; Kelly et al., 2021). Another study recorded LC neurons from P301S mice that express
pathogenic tau ubiquitously throughout the brain and found a reduction in spontaneous excitatory
post-synaptic potentials (Chalermpalanupap et al., 2018; Zhu et al., 2018; Downs et al., 2023).
Limitations common to both of these models are that they express either Af or tau pathology but
not both, used a slice preparation instead of in vivo recording, and did not analyze phasic LC
firing. It is thus unsurprising that we identified changes in LC firing rates that were slightly different

than those observed in each of these studies.

Consistent with tau-induced hypoactivity observed in other neuronal populations (Busche
et al., 2019; Marinkovic et al., 2019; Busche and Hyman, 2020), both 6- and 15-month TgF344-

AD rats demonstrated tonic LC hypoactivity (Figure 2.2 and 2.3). However, LC neurons are highly
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plastic and have adaptive mechanisms for maintaining homeostasis of NE signaling in response
to perturbation (Maldonado, 1997; Nestler et al., 1999; Weinshenker et al., 2002; Benmansour et
al., 2004). We found that the nature of the compensatory mechanisms engaged differed between
6- and 15-month animals, and aligned with stereotypical behavioral deficits noted in early (mild
behavioral impairment) and late (cognitive deficits) AD. Specifically, young TgF344-AD animals
with isolated LC tau pathology displayed elevated spontaneous and evoked phasic firing rates
(Figure 2.2 and 2.3). At a molecular level, 6-month animals showed a significant reduction in
MRNA levels of Gabra3 (encodes the a3 subunit of the GABA-A receptor) and Opr/1 (encodes
the G protein-coupled nociceptin receptor), which are crucial for inhibition of the LC (Figure 3.2Di
and 3.2Ci). Although the relationship between gene expression and changes in LC firing are
merely associations, the reduction in Gabra3 is likely to be causal because knocking out this gene
results in LC hyperactivity (Kelly et al., 2021). Increased activity of LC neurons is consistent with
our finding of enhanced anxiety-like phenotypes in both the open field and novelty-suppressed
feeding (Figure 4.4). 6-month TgF344-AD rats also display slightly impaired cognitive ability in
distance travelled to the platform during acquisition of reversal learning in the Morris water maze
(Figure 4.5E). We did not observe effects of genotype on sleep latency, locomotor activity, or
forced swim in 6-month animals (Figure 4.3). While changes in sleep/arousal are nearly
ubiquitous in AD patients, in-depth phenotyping of these characteristics in TgF344-AD animals is
lacking. Locomotor activity and sleep latency were used as gross proxies of arousal (Porter-
Stransky et al., 2019), but no differences were found (Figure 4.3). A separate report demonstrated
that 17-month TgF344-AD rats had an increased number of sleep-wake transitions, shorter bouts
of REM and non-REM sleep, and alterations to EEG spectral power (Kreuzer et al., 2020). Use of
EEG in younger animals is warranted given our finding of early isolated tau pathology in, and

altered activity of, the LC, a critical node of the arousal system.
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In contrast to young animals, aged TgF344-AD animals with abundant forebrain A and
tau pathology demonstrated a reduction in evoked phasic LC activity (Figure 2.3). Consistent with
LC hypoactivity, aged rats displayed a worsening of cognitive deficits, as indicated by a longer
latency and distance travelled to the platform in reversal acquisition of the Morris water maze
(Figure 4.5B and F; latency data not shown), in addition to deterioration of performance in other
learning and memory tasks as noted by others (Cohen et al., 2013; Sare et al., 2020; Goodman et
al., 2021). In response to significant reductions in noradrenergic tone, we observed upregulation
of genes involved in NE synthesis, packaging, and reuptake at the level of the LC, similar to what
has been observed in later stage AD patients (Figure 3.1Bi) (Szot et al., 2000; Szot et al., 2006,

2007).

We argue that ages tested here represent different timepoints in disease progression and
are attempts by the LC-NE system to maintain normal function in the face of pathological insult.
In phase |, pathological consequences of hyperphosphorylated tau are met with a downregulation
of inhibitory neurotransmission to maintain LC activity. Ultimately, these changes likely contribute
to LC hyperactivity noted at this age, which are expressed behaviorally as elevated anxiety-like
phenotypes. In phase I, worsening tau pathology and denervation of LC axons contribute to LC
hypoactivity that are counteracted by elevations in genes promoting NE synthesis and
neurotransmission. Engagement of these mechanisms are ultimately ineffective, as evidenced by
the tonic and evoked LC hypoactivity (Figure 2.2 and 2.3) and worsening of cognitive deficits
(Cohen et al., 2013; Sare et al., 2020; Goodman et al., 2021). In fact, an unintended consequence
of upregulated NE transmission at this stage is the possibility of excessive somatodendritic NE

release and autoinhibiton via a2-adrenergic receptors, but that needs to be tested empirically.

5.2  CLINICAL IMPLICATIONS
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We have argued that the nature of LC dysfunction varies by disease stage (Weinshenker,
2018). Specifically, prodromal AD is marked by deposition of hyperphosphorylated tau pathology
in the LC that is coincident with the emergence of non-cognitive behavioral impairments. Changes
in arousal and mood, and exaggerated stress and anxiety responses imply early LC hyperactivity.
This has also been supported by reported increases in cerebrospinal fluid NE levels and turnover,
axonal sprouting, and elevated adrenergic receptor density and sensitivity (Palmer et al., 1987;
Elrod et al., 1997; Hoogendijk et al., 1999; Szot et al., 2000; Szot et al., 2006, 2007; Goodman et
al., 2021; Henjum et al., 2022). We have confirmed LC hyperactivity by directly recording from LC
neurons in rats with isolated LC tau pathology. Specifically, while tonic LC activity was decreased,
both spontaneous and evoked phasic activity were increased. This occurred in conjunction with
reduced expression of inhibitory receptor mRNAs, namely Gabra3 and Oprl/1. Given that the
GABAergic neurons within the peri-LC space provide both GABA and pronociceptin inhibitory
inputs to the LC (Aston-Jones et al., 2004; Breton-Provencher and Sur, 2019; Luskin et al., 2022),
investigating whether modulation of these neurons can normalize LC hyperactivity is warranted.
Furthermore, there are some preliminary reports that these GABAergic neurons are also
glycinergic (Luskin et al., 2022). Although we did not analyze glycine receptors in the LC of
TgF344-AD rats, expression and function of these receptors are normal in APP/PS1 mice, and
their activation is sufficient to curb LC hyperactivity (Kelly et al., 2021). Therefore, it would be
worth exploring the glycinergic system in the LC of TgF344-AD rats and whether activation of
these receptors is similarly effective at normalizing LC hyperactivity in 6-month rats. Use of
chemogenetic, optogenetic, or pharmacological approaches to inhibit LC neurons in TgF344-AD
rats, along with simultaneous recording of LC neurons, would be useful for determining
interventions that are most efficacious at normalizing LC activity. Once a treatment is identified

that normalizes LC activity, the next step would be testing whether these interventions improve



173

the prodromal symptoms observed in TgF344-AD rats, such as anxiety-like phenotypes. In clinical
populations, interventions targeting LC hyperactivity in prodromal phases of disease are already
being investigated. Specifically, adrenergic antagonists reduce agitation and anxiety in subjects

with probable or possible AD (Peskind et al., 2005; Wang et al., 2009).

Meanwhile, an 8% decrease in LC volume is noted when transitioning through each Braak
stage starting at stage 0-1, and cognitive impairment is correlated with loss of LC integrity (Wilson
et al., 2013; Kelly et al., 2017; Theofilas et al., 2017; Jacobs et al., 2021; van Hooren et al., 2021;
Prokopiou et al., 2022). At the corresponding stage in TgF344-AD rats, we showed that LC
neurons still display elevated spontaneous phasic bursting, but blunted tonic and evoked phasic
activity. In a follow up study, we further demonstrated that genes involved in synthesis, packaging,
and reuptake of NE are upregulated at this time point. We believe that these are compensatory
mechanisms to enhance NE tone that is lost due to tau-induced LC denervation of forebrain
regions and LC hypoactivity. We further posit that the loss of LC axons results in excessive
somatodendritic NE release, which contributes to the hypoactive phenotype at this age via a2-
adrenergic receptor-mediated autoinhibition of LC neurons. These results would suggest that
direct stimulation of LC neurons might not be as efficacious as treatments that directly stimulate
receptors in forebrain regions, although a previous study in TgF344-AD rats did show beneficial
effects of chemogenetic LC stimulation on spatial memory deficits (Rorabaugh et al., 2017). It is
important to note that some of the pro-cognitive effects of LC activation may be due to spared
mPFC-projecting axons in this model (Rorabaugh et al., 2017). Preventing NE reuptake with
atomoxetine in those with mild-cognitive impairment reduced CSF levels of total and phospho-
tau, and improved biomarker panels assessing synaptic function and neuroinflammation and brain

connectivity and metabolism (Levey et al.,, 2021). In patients with Parkinson’s disease,
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atomoxetine also improved response inhibition, most prominently in those with lower LC integrity

(O'Callaghan et al., 2021).

Similarly, preclinical evidence suggests that LC firing rates, patterns, and timing are
important to consider. Specifically, rats virally expressing pseudophosphorylated tau in the LC
show reduced LC axon density and cell counts that were associated with impaired odor
discrimination (Ghosh et al., 2019). Follow-up experiments revealed that phasic LC stimulation
prevented decline in odor discrimination and LC integrity, whereas tonic stimulation increased
measure of anxiety and depression, while exacerbating deterioration of LC health (Omoluabi et
al.,, 2021). Interestingly, these results contrast our own evidence that DREADD-induced LC
stimulation, which increases tonic firing rates (Vazey and Aston-Jones, 2014; Zerbi et al., 2019),
improves spatial reversal learning deficits in TgF344-AD rats (Rorabaugh et al., 2017). It is
important to note that LC stimulation in the former study was performed chronically (daily for 6
weeks) and occurred 2-4 months prior to behavioral testing, rather than on a more acute timescale
concurrent with behavior, which could explain some of the differences in the outcomes between
the two studies. While electrophysiology experiments were not conducted in the
pseudophosphorylated tau study, LC cell degeneration in these 15-month animals suggests that
this represents a late-stage phenotype that may mimic the LC hypoactivity that we have observed
in aged TgF344-AD rats. Future studies should clarify which type of LC stimulation yields
immediate and sustained benefits on cognition and biomarkers of AD. We are actively exploring
some of these possibilities by optogenetically stimulating the LC during fMRI in TgF344-AD rats

to determine which patterns yield the most benefits on functional connectivity.

Despite the wealth of evidence implicating LC-NE dysfunction in AD and other
neurodegenerative disorders, therapeutic interventions targeting this system are still in their

infancy. As of 2022, there were only four pharmacological agents being assessed through clinical
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trials for use as AD therapeutics (Cummings et al., 2022). These include BXCL-501, CST-2032,
prazosin, and guanfacine. BXCL-501, a sublingual version of the selective a2-adrenergic receptor
agonist dexmedetomidine, is being investigated in a phase Il trial for agitation in mild-to-moderate
dementia. The a1-adrenergic receptor antagonist prazosin is being tested in phase Il for curbing
agitation in mild-to-moderate dementia. CST-2032 is a brain penetrant 32-adrenergic receptor
agonist in phase Il being explored for cognitive enhancement in prodromal populations.
Guanfacine is another a2-adrenergic receptor agonist being tested for use as a cognitive
enhancer in mild-to-moderate dementia. These pharmacological approaches deserve discussion
in the context of the new data presented in this dissertation. Prazosin has already shown efficacy
in AD patients with agitation (Wang et al., 2009) and is approved for the treatment of nightmares
in PTSD (Paiva et al., 2021). While it is true that dexmedetomidine benefits agitation symptoms in
those with schizophrenia and bipolar disorder, these studies are acute (Citrome et al., 2022;
Preskorn et al., 2022). In contrast, agitation in AD is more chronic (Carrarini et al., 2021), and
agonizing a2 receptors may further exacerbate LC hypoactivity if prescribed to patients
presenting with mild cognitive impairment. Furthermore, preclinical and clinical evidence is mixed
on the effects of a2 receptor agonists on cognition (Choi et al., 2006; Gannon et al., 2015; Giustino
and Maren, 2018). Meanwhile, targeting p2-adrenergic receptors shows some promise
preclinically and clinically on cognition and even has the potential of lowering risk of developing
AD and other neurodegenerative disorders (Li et al., 2013; Chai et al., 2016; Mittal et al., 2017;
Giustino and Maren, 2018; Hutten et al., 2022). Future use of pharmacological interventions in AD
targeting the LC-NE system should be guided by the findings made here on disease-stage
dependent alterations in neuronal activity. Successful implementation of such therapies will
require further refinement of techniques used to assess LC function in human patients through

the use of MRI, PET, and CSF and plasma biomarkers (Kelberman et al., 2020). Non-
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pharmacological methods of modulating LC activity are also worth exploring. For example, vagus
nerve stimulation, which indirectly activates the LC via a relay from the nucleus tractus solitarius
(Ruffoli et al., 2011), demonstrates target engagement and ability to improve cognition (Takigawa
and Mogenson, 1977; Clark et al., 1999; Groves et al., 2005; Ghacibeh et al., 2006; Sun et al.,
2017; Vazquez-Oliver et al., 2020). Moreover, varying stimulation protocols can differentially
impact LC activity (Hulsey et al., 2017; Farrand et al., 2023), meaning that vagus nerve stimulation

can be retuned along the entirety of disease course for efficacy.

Exercise is another interesting intervention to consider. AD is commonly referred to as
type 3 diabetes because of the high risk that diabetes and impaired metabolic homeostasis pose
to the development of AD (Nguyen et al., 2020; Hamze et al., 2022; Michailidis et al., 2022). It is
therefore unsurprising that exercise is considered a neuroprotective factor to lower AD risk. The
contributions of metabolic dysfunction to disease progression in TgF344-AD rats is not well
described (Srivastava et al., 2023), but we note that TgF344-AD rats typically weigh more than
age-matched WT littermates (data not shown) despite having similar motivation for food and
appetite levels (Figure 4.4F and G). The beneficial effects of exercise likely occur throughout the
body, but also have profound effects on LC physiology. Galanin is a highly expressed
neuropeptide in the LC important for its neuroprotective roles and behaviorally conferring stress
resilience (Counts et al., 2010; Schwarz and Luo, 2015; Tillage et al., 2020a). In fact, galanin co-
expressing LC neurons are preferentially spared in AD (Miller et al., 1999). Exercise is known to
augment galanin expression within the LC (O'Neal et al., 2001; Holmes et al., 2006; Murray et al.,
2010; Sciolino et al., 2012; Tillage et al., 2020a). Given that galanin signaling occurs primarily
through Gi/o inhibitory pathways, it is likely that the upregulation of galanin by exercise leads to
long-term inhibition of LC neurons. This is supported by other evidence that direct application of

galanin to LC neurons leads to their inhibition (Seutin et al., 1989; Bai et al., 2018). In TgF344-AD



177

rats, exercise alleviates accumulation of pathology, neuronal damage, and both cognitive and non-
cognitive decline (Yang et al., 2022). Importantly, while assays were performed in 10-month
animals, exercise training began at 2 months of age. This timepoint may precede pathological tau
deposition in and hyperactivity of LC neurons. A similar study in aged TgF344-AD rats is warranted
as exercise is known to activate the LC-NE system acutely (Pagliari and Peyrin, 1995; Chatterton
et al., 1996; Segal et al., 2012), which may be beneficial for correcting late-stage hypoactivity.
However, the potential long-term effects of galanin acting as a neurotrophic factor should be

considered (Weinshenker and Holmes, 2016; Tillage et al., 2020a; Tillage et al., 2021).

Finally, there is an emerging field exploring the effects of daily heart rate variability
biofeedback training on measures of LC health. In younger adults, biofeedback training reduces
LC contrast, which is typically interpreted as LC dysfunction (Kelberman et al., 2020; Shelby et
al., 2022). However, similar training leads to increased cortical volume that is associated with lower
levels of mood disturbances (Yoo et al., 2022). Moreover, biofeedback increases LC-targeted
hippocampal volume, specifically in older adults (Hyun Joo et al., 2023). Further experiments are
required to understand the mechanism of how heart rate variability biofeedback training exerts its
beneficial effects on cortical volume and LC physiology, and whether these effects translate to
clinical AD populations. Clarifying the biological relevance of LC contrast and being able to track

LC activity in humans would be especially valuable in this respect (Kelberman et al., 2020).

Although we have explored changes in LC activity, its molecular landscape, and behavior
in aged TgF344-AD animals, there are two aspects that are not captured by this model that would
be useful in a clinical context. While these animals develop hyperphosphorylated tau pathology in
the LC, this pathology does not appear to progress to more mature versions of tau pathology such
as neurofibrillary tangles. These rats also do not display frank LC cell loss up to 16 months of age,

a prominent feature of the human condition. Therefore, rats at the ages tested are more
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reminiscent of early-to-mid Braak stages. Introducing more mature or mutant versions of tau via
seeding or viral infusion would be useful in determining whether LC function is further altered

during the progression from mild-cognitive impairment to late-stage dementia.

5.3 FUTURE DIRECTIONS

This dissertation focused on properties and dysfunction of the LC-NE system in AD, mostly
focused at the level of the cell bodies and downstream effects on behavior. While we observed
no differences in LC firing rates based on sex or age in Chapter 2, we are currently leveraging a
large dataset to explore the effects of state (awake, anesthetized, slice), species, sex, and age on
LC firing rates in WT animals. Our preliminary analyses suggest complex effects of these factors
and their interactions on LC firing rates. Prior evidence has also revealed impacts of sex on LC
morphology, gene expression, and response to stress-related signaling (Curtis et al., 2006;
Bangasser et al., 2010; Bangasser et al., 2011; Bangasser et al., 2016; Mulvey et al., 2018; Sulkes
Cuevas et al., 2023). Two other studies of altered LC activity in AD models, both of which were
performed in slice, indicate that AR pathology induces hyperactivity while P301S mutant tau
causes hypoactivity, which are slightly different from our own findings (Kelly et al., 2021; Downs
et al., 2022). Therefore, future studies should expand the characterization of LC firing rates under
different conditions in an AD-relevant context, including recording LC neurons containing different
forms of AB and tau pathology, using different model organisms, and obtaining data from awake

behaving animals.

There is considerable evidence for LC dysfunction in projection regions, including axonal
damage, sprouting, and receptor hypersensitivity (Szot et al., 2000; Szot et al., 2006, 2007;
Goodman et al., 2021). One characteristic that has not been addressed is whether NE release

dynamics are altered in AD. Applying classical and new technologies, such as microdialysis, fast
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scan cyclic voltammetry, and GRAB\e fiber photometry, is warranted to obtain a holistic view of
altered NE transmission in AD. This will be particularly important for determining the potential
efficacy of noradrenergic interventions given the complex changes in LC-NE system function
along the progression of AD. Moreover, while we uncovered genes that potentially contribute to
early LC hyperactivity and later-stage hypoactivity, casual relationships remain to be established
and there are likely other molecular changes occurring that we were unable to detect to the limited
number of samples we were able to run. These changes would be better captured by unbiased
bulk, single cell, or spatial sequencing techniques at the mRNA or protein level. We have collected
punches of the LC from 6- and 15-month TgF344-AD rats and littermate controls, which we are
currently processing for proteomic analysis. This in-depth characterization of the LC will be
invaluable at identifying other abnormalities in the molecular makeup of LC neurons along the

progression of AD.

Recent evidence indicates that the LC is a complex and heterogeneous modulatory
system. As previously stated, we did not detect sex differences in firing rates of LC neurons in WT
or TgF344-AD rats, but our groups for molecular and behavioral characterizations were
unbalanced and insufficiently powered to detect sex differences. This is despite the well
documented influence of sex on LC morphology and function (Babstock et al., 1997; Bangasser
et al., 2011; Bangasser et al., 2016; Mulvey et al., 2018; Duesman et al., 2022; Sulkes Cuevas et
al., 2023). Similarly, electrophysiological properties, biochemical makeup, and afferent/efferent
connections of the LC exhibit modularity (Sara, 2009; Chandler et al., 2014; Schwarz and Luo,
2015; Mulvey et al., 2018; Chandler et al., 2019; Wagner-Altendorf et al., 2019; Poe et al., 2020;
Sulkes Cuevas et al., 2023). We did not address such modularity in these studies, but AD more
heavily impacts the rostral and middle portions of the LC that project preferentially to the

hippocampus and cortex (German et al., 1992; Sara, 2009; Schwarz and Luo, 2015; Theofilas et
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al., 2017; Betts et al., 2019a; Gilvesy et al., 2022). Selective recording, molecular characterization,
and behavioral phenotyping with and without interventions would assist in delineating the
contributions of specific dysfunctional circuits arising from the LC, rather than viewing the nucleus

as a single unit.

Another interesting possibility is normalizing the expression of gene targets identified in
Chapter 3 aimed at correcting LC activity. Both specific and non-specific alterations to molecular
LC profiles can lead to changes in physiology and behavior (Mulvey et al., 2018; Tillage et al.,
2020a; Duesman et al., 2022; Tkaczynski et al., 2022). Young TgF344-AD rats may benefit from
selective overexpression of Gabra3 or Opri1 in the LC, which can be tested for efficacy with
electrophysiology and behavior. However, these types of genetic interventions will likely require
more foundation prior to implementation, such as understanding the link between changes in
MRNA levels and protein expression, localization, and function. For example, downregulating
noradrenergic-specific genes in aged TgF344-AD rats may further exacerbate noradrenergic
tone, but these animals might benefit from modulation of a currently unidentified molecular

abnormality (galanin, hypocretin/orexin, etc.).

With respect to our behavioral characterization of TgF344-AD rats, compared to age and
genotype, the effects of virally expressing WT human tau in the LC was minimal. Part of the
rationale at introducing human tau in this model was because TgF344-AD rats develop a mild form
of hyperphosphorylated tau that does not progress to more insidious forms (Rorabaugh et al.,
2017). Viral expression of pseudophosphorylated tau in the LC also induced cognitive deficits and
gradual decline in LC health, but did not incorporate AR or more advanced forms of tau pathology
(Ghosh et al., 2019; Omoluabi et al., 2021). P301S and APP/PS1 mouse models do develop severe
behavioral deficits, but these cannot be specifically attributed to LC dysfunction given the

ubiquitous expression of the transgenes. Therefore, introducing more advanced forms of tau
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pathology into the LC is necessary for understanding the consequences of aggregated tau on LC
function in late Braak stages. Expanding the behavioral characterization of the TgF344-AD rat is
also warranted. Specifically, interpretation of the forced swim test is hotly contested. Anhedonia
can be investigated using a sucrose preference test, while active and passive coping may be
better interpreted by quantifying darting behavior during fear conditioning or shock probe burying.
Pain is another important response that is heavily influenced by the LC, and chronic pain is
considered a risk factor for AD (Cao et al., 2019). The changes in Opr/1 gene expression in the
LC further suggest that there could be altered pain processing in these rats. Testing TgF344-AD
rats on various pain assays (Von Frey, tail flick, hot plate, etc.) is thus warranted. At its core, AD
is a disease that affects social relationships. We are currently employing behavioral tasks for
assessing social recognition and memory that are akin to the deficits displayed in the human
condition. However, changes in mood can be a large driver of caregiver burden and are not well
modeled preclinically due to the lack of strong bonds formed between murine pairs. Prairie voles,
like mice and rats, display empathic behaviors and a greater capacity for social memory, but unlike
other murine species form monogamous partnerships that would allow for the investigation of
complex inter-pair dynamics and how they are affected along disease course. There are also a
host of other behavioral tasks such as the two-alternative forced choice task, five choice serial
reaction time task, Y-maze or T-maze, 8-arm radial maze, passive/active avoidance, and others
that can probe other aspects of cognition and executive function including

compulsivity/impulsivity, working memory, and attention that are worth pursuing.

Finally, while the primary focus of this work has been the LC-NE system, early
accumulation of hyperphosphorylated tau, subsequent dysfunction, and ultimate degeneration of
other subcortical nuclei is nearly ubiquitous in AD (Braak et al., 2011; Theofilas et al., 2015;

Ehrenberg et al., 2017; Oh et al., 2019; Engels-Dominguez et al., 2023). In particular, these
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neuromodulatory subcortical systems influence many of the same behaviors as the LC, which
often go awry in prodromal phases of disease (Ehrenberg et al., 2023). Interrogating the
contribution of other dysfunctional subcortical systems to AD symptoms and progression is

therefore warranted.

5.4 FINAL REMARKS

This dissertation comprehensively catalogs LC dysfunction along AD progression in the
TgF344-AD rat model that recapitulates early, isolated LC hyperphosphorylated tau pathology. |
first recorded from LC neurons to ascertain pathology-induced alterations to LC activity along the
course of AD. Next, | molecularly characterized the LC of age-matched animals to uncover
signatures potentially underlying altered LC activity. Finally, | extensively phenotyped these
animals behaviorally and pathologically, with a specific focus on prodromal phases of disease and
incorporating aspects of non-cognitive deficits. These data substantiate both long-standing and
updated theories of disease-stage dependent changes to LC activity in AD and their link to
behavioral abnormalities, both cognitive and non-cognitive. 6-month TgF344-AD rats display
isolated LC hyperphosphorylated tau pathology, LC hyperactivity, downregulation of inhibitory
receptor mRNA expression, and anxiety-like phenotypes. As the disease progresses and
pathology spreads, the LC becomes hypoactive, inhibitory genes are normalized while those that
promote noradrenergic transmission are upregulated, and cognitive deficits worsen as noted in
15-month rats. The comprehensive assessment of LC dysfunction along the progression of AD
should be used as a guide to inform treatments at each stage of disease, in addition to laying the

foundation for future studies to expand on these findings.
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