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1 | INTRODUCTION

The locus coeruleus (LC) was described in the 18th cen-
tury by Félix Vicq d'Azyr as a blue spot located in the
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Abstract

Catecholamine neurons of the locus coeruleus (LC) in the dorsal pontine tegmen-
tum innervate the entire neuroaxis, with signaling actions implicated in the regula-
tion of attention, arousal, sleep—wake cycle, learning, memory, anxiety, pain, mood,
and brain metabolism. The co-release of norepinephrine (NE) and dopamine (DA)
from LC terminals in the hippocampus plays a role in all stages of hippocampal-
memory processing. This catecholaminergic regulation modulates the encoding,
consolidation, retrieval, and reversal of hippocampus-based memory. LC neurons in
awake animals have two distinct firing modes: tonic firing (explorative) and phasic
firing (exploitative). These two firing modes exert different modulatory effects on
post-synaptic dendritic spines. In the hippocampus, the firing modes regulate long-
term potentiation (LTP) and long-term depression, which differentially regulate the
mRNA expression and transcription of plasticity-related proteins (PRPs). These
proteins aid in structural alterations of dendritic spines, that is, structural long-term
potentiation (sLTP), via expansion and structural long-term depression (sLTD) via
contraction of post-synaptic dendritic spines. Given the LC's role in all phases of
memory processing, the degeneration of 50% of the LC neuron population occurring
in Alzheimer's disease (AD) is a clinically relevant aspect of disease pathology. The
loss of catecholaminergic regulation contributes to dysfunction in memory processes
along with impaired functions associated with attention and task completion. The
multifaceted role of the LC in memory and general task performance and the close
correlation of LC degeneration with neurodegenerative disease progression together

implicate it as a target for new clinical assessment tools.
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dorsal-rostral pons of freshly dissected brain. It contains
densely packed medium-sized neurons that innervate the en-
tire brain with unmyelinated projections. The LC provides
relatively dense innervations to the thalamus and amygdala,
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FIGURE 1
involving the LC in memory formation.
Modified from (Hansen, 2017)
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and relatively sparse innervations of the neocortex, hippo-
campus, cerebellum, and spinal cord (Levitt & Moore, 1978).
However, the LC is the primary source of norepinephrine
(NE) innervations in the brain (Aston-Jones & Cohen, 2005)
and is now understood to provide a mixed NE and dopami-
nergic (DA) innervation in the hippocampus (Duszkiewicz
et al., 2019; Kempadoo et al., 2016; Smith & Greene, 2012;
Takeuchi et al., 2016). The LC has diverse functions defined
by its wide range of neuroanatomic targets, being impli-
cated in aspects of attention, arousal, the sleep—wake cycle,
learning, memory, anxiety, pain, mood, and brain energy
metabolism (Aston-Jones & Cohen, 2005; Benarroch, 2009;
Llorca-Torralba et al., 2016; Morita et al., 2019; Redmond &
Huang, 1979; Sara, 2015; Sara & Bouret, 2012; Takahashi
et al., 2010; Uematsu et al., 2015). For this review, we shall
focus on the LC-NE/DA modulation of memory, entailing
the encoding, consolidation, retrieval, and reversal of hippo-
campus-based memory. This modulation is obtained by the
co-release of NE and DA from the LC along with the classi-
cal mesencephalic dopaminergic innervation from the ventral
tegmental area (VTA).

NE release in the brain activates signaling at a;-, &,-, B,
and f,-adrenoceptors. These receptors are heterogeneously
expressed in the brain and are associated with several cell
populations. While cortical astrocytes express all four ad-
renoceptor types, cortical microglia only express o,- and
f3,-adrenoceptors, and cortical neurons express o, o, and
B,- adrenoceptors (Gyoneva & Traynelis, 2013; Hertz
et al., 2010; Liu et al., 2019; O'Donnell et al., 2012; Salgado
et al., 2011). These receptor subtypes are thought to be dif-
ferentially activated by different firing patterns of the LC
neurons, such that B-adrenoceptors respond to the interplay
between tonic and phasic firing, thus adding a dimension
of complexity to the post-synaptic responses (Aston-Jones
& Cohen, 2005). The tonic and phasic firing patterns of
LC neurons contribute to memory formation by inducing

long-term potentiation (LTP) and long-term depression,
which is a fundamental dichotomous role of the LC in the
regulation of learning and memory formation (Hansen &
Manahan-Vaughan, 2015; Lemon et al., 2009; Nakahata &
Yasuda, 2018). This noradrenergic modulation in specific
forms of hippocampal memory processing is complemented
by DA signaling at dopamine D, ;5 receptors (Hansen, 2017;
Lemon & Manahan-Vaughan, 2012).

Due to the LC's important role in all phases of memory
formation and retrieval, the progressive degeneration of LC
neurons and innervations in Alzheimer's disease (AD) may
be clinically relevant. The relationship of LC cell number to
MCT and AD progression was initially highlighted by Wilson
et al. in 2013. They showed that diminished LC neuronal
density had an independent association with the progres-
sion of cognitive decline rates (Wilson et al., 2013). Recent
post-mortem analyses show a ~30% loss of LC neurons in
patients with mild/severe amnesic cognitive impairment
(aMCI) compared to cognitively intact individuals, which is
followed by an additional ~25% neuronal loss upon conver-
sion to AD (Kelly et al., 2017). Thus, there is a substantial
and progressive degeneration of LC neurons in AD, which is
likely to impair catecholamine signaling in the hippocampus
and possibly alter the surviving LC neurons' tonic/phasic pat-
terns. A better understanding of the consequences of reduced
LC-NE/DA input to the hippocampus may inform new thera-
peutic strategies in AD (Kelly et al., 2017).

2 | LOCUS COERULEUS-
NOREPINEPHRINE/DOPAMINE
RELEASE IN MEMORY FORMATION

To perform its functions in memory formation and retrieval,
the LC innervates three primary sites in the brain, all of which
are in functional association with the hippocampus: the
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basolateral amygdala (BLA), ventral tegmental area (VTA),
and the prefrontal cortex (PFC) (Figure 1). The hippocam-
pus is a complex structure composed of three major subfields
CAl, CA2, and CA3, as well as the dentate gyrus, subicular
complex, and perforant path innervation from the entorhinal
cortex (Schultz & Engelhardt, 2014). For the present pur-
poses, we consider the CAl, CA3, dentate gyrus, and en-
torhinal cortex as the main hippocampal elements involved in
memory formation. The hippocampus of the rat is also func-
tionally divided between the dorsal hippocampus, which is
associated with memory retrieval, and the ventral hippocam-
pus, which is related to context learning (Eichenbaum, 2017;
Hansen, 2017).

The involvement of the BLA and hippocampus in anxiety
and fear has been extensively studied over the past 30 years
(Shin & Liberzon, 2010; Tovote et al., 2015). Lesions in ei-
ther BLA or hippocampus inhibit the formation of fearful
memories during conditioning, which can be mimicked by
an infusion of glutamate antagonists into the hippocampus
(McHugh et al., 2004). The opposite effect, enhancement of
fear response, is observed upon infusion of glutamate recep-
tor agonists into the hippocampus or electrical stimulation
of BLA. The use of monosynaptic retrograde tracers proved
that BLA input to the hippocampus is direct and specifically
targets ventral CA1 (vCAl) (Felix-Ortiz et al., 2013; Yang
& Wang, 2017) with the preponderance of inputs originat-
ing from the posterior rather than the anterior BLA (Yang &
Wang, 2017; Yang et al., 2016).

A considerable body of evidence suggests that norad-
renergic, dopaminergic, and cholinergic systems in BLA
are important modulators of memory consolidation. Intra-
BLA infusions of noradrenergic, dopaminergic, or cho-
linergic agonists enhance memory retention when applied
post-training and are critical in the modulation of memory
retention induced by other neurotransmitters (Garrido Zinn
et al., 2016; Hatfield & McGaugh, 1999; Introini-Collison
et al., 1996; LaL.umiere et al., 2003, 2004; McGaugh, 2004;
Mello-Carpes & Izquierdo, 2013; Power et al., 2003). In
turn, infusion of noradrenergic or cholinergic antagonists
abolishes the memory enhancement induced by DA, gluco-
corticoids, or opioids (Garrido Zinn et al., 2016; Introini-
Collison et al., 1996; McGaugh et al., 1988; Mello-Carpes
& Izquierdo, 2013; Power et al., 2000; Quirarte et al., 1997;
Roozendaal et al., 1999). Notably, the interaction between
the BLA and the hippocampus is also associated with so-
cial recognition memory, which is significantly impaired in
AD (Figure 1). Recent studies show that disturbance of the
BLA-hippocampus network in either direction leads to im-
pairment in social recognition via disruption of dopamine
D5 receptors and/or B-adrenoceptors in the CAl region of
the hippocampus and BLA (Garrido Zinn et al., 2016). The
BLA contributes to modulating the communication between
the hippocampus and PFC, thus possibly contributing to

memory-storage mechanisms. In the context of fear condi-
tioning, signaling from the BLA to the nearby central nucleus
of the amygdala ultimately communicates with the nucleus
accumbens in supporting memory consolidation and retrieval
(Lim et al., 2017).

Direct input from the LC is one of the primary sources of
NE in BLA (Chen & Sara, 2007; McCall et al., 2015, 2017).
Conditioning stimuli and direct stimulation of LC or stim-
ulation of LC fiber terminals innervating the BLA trigger
similar fear responses in rodents and result in increased BLA
neuron firing (McCall et al., 2015, 2017). Moreover, an in-
crease in anxiety and avoidance is also apparent when [3-ad-
renoceptors/rthodopsin chimeras are utilized to increase firing
in BLA neurons by mimicking p-adrenoceptor-activation
(Siuda et al., 2015). In addition, infusion of p-adrenoceptor
antagonists into the BLA during/shortly after conditioning
or stimulation inhibits fear response, whereas an infusion of
a-adrenoceptor antagonists seems to have an opposite effect
(Garrido Zinn et al., 2016; Mello-Carpes & Izquierdo, 2013;
Roozendaal et al., 1999; Siuda et al., 2015).

Interestingly, LC neurons not only modulate the activ-
ity of BLA but also receive reciprocal input from the cen-
tral amygdala (CeA), which in turn receives input from
BLA, suggesting a feedback pathway between BLA and LC
(McCall et al., 2017). During stress responses, CeA modu-
lates the tonic activity of LC-NE neurons. Photostimulation
of CeA increases tonic activity in LC, leading to increased
behavioral avoidance in rodents, to an extent scaling with
the tonic activity in LC. On the other hand, the inhibition of
LC-NE neuron tonic activity decreases anxiety. Interestingly,
the CeA descending innervation to LC seems to originate
specifically from corticotropin-releasing hormone (CRH+)
neurons (McCall et al., 2017).

Previous studies found DA to be involved in the consol-
idation of episodic memories, synaptic plasticity, and spa-
tial learning (Huang & Kandel, 1995; Kentros et al., 2004;
Muzzio et al., 2009; da Silva et al., 2012; Xing et al., 2010).
For many years, the VTA was believed to be the major source
of DA input in the hippocampus (Bethus et al., 2010; Lisman
& Grace, 2005). However, over the past decade, this view
has been challenged by the discovery that the contributions
of VTA DA inputs vary greatly between hippocampal re-
gions. While the ventral hippocampus receives an abundance
of VTA projections, the dorsal hippocampus is innervated
sparsely, and only ~10% of the projections are dopaminer-
gic (Gasbarri et al., 1994, 1997). This low VTA DA input
cannot be solely responsible for the robust effect of DA in
the dorsal hippocampus, suggesting the involvement of DA
inputs arising from different sources. Given that DA is the
immediate precursor of NE synthesis and that DA at hip-
pocampal synapses is removed via the plasma membrane
NE transporter (Borgkvist et al., 2012; Guiard et al., 2008;
Moron et al., 2002), there is reason to suppose that there is
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co-release of NE/DA from LC terminals. Indeed, electrical
and/or pharmacological activation of LC increases DA lev-
els in the hippocampus and enhances synaptic transmission
(Devoto & Flore, 2006; Lemon & Manahan-Vaughan, 2012).
In addition, the selective knockout of tyrosine hydroxylase
(the rate-limiting enzyme in the DA/NE synthesis pathway)
in LC, but not in VTA neurons, inhibits the enhancement in
synaptic transmission (Smith & Greene, 2012). However,
these findings do not reject the involvement of VTA in hip-
pocampal memory formation. Although the VTA indeed
projects dopaminergic input to the hippocampus's CA2 re-
gion, the VTA itself is not the primary source of DA input
for hippocampal areas involved in memory formation such
as the dentate gyrus (Duszkiewicz et al., 2019; Takeuchi
et al., 2016).

Recent studies suggest that co-released NE/DA is in-
volved in memory formation by controlling the transcription
and translation of plasticity-related proteins (PRPs), which
are key factors in spine formation. Sustained LTP/LTD in
post-synaptic spines encourages memory formation through
the development of synaptic tags, which are hypothetical
markers of the structural changes underlying learning (Frey
& Morris, 1997, 1998). Synaptic tag formation is thought
to be initiated by short-term potentiation at the post-syn-
aptic spine, which generates a molecular marker acting as
an anchor on the spine to attract somatic gene products en-
abling storage and consolidation of memories (Rogerson
et al., 2014). While the midbrain DA innervation from the
VTA might contribute to tag formation, retrograde tracing
studies implicate the catecholaminergic inputs from the LC as
being more distinctly responsible (Takeuchi et al., 2016). The
authors of that study concluded that the LC signaling ampli-
fies LTP through the co-release of DA acting on D, 5 recep-
tors to enhance hippocampal memory formation and spatial
learning (Kempadoo et al., 2016; Takeuchi et al., 2016). This
model would suggest that the co-release of NE and DA from
LC terminals in the dorsal hippocampus enhances memory
consolidation by amplifying LTP to promote spatial memory
formation. The convergent VTA-derived DA signaling would
then play a supportive role in this mechanism. In contrast,
the LC-derived catecholamine signaling regulates the LTP/
LTD interplay leading to PRP synthesis and spine formation
to consolidate hippocampal-episodic memory and spatial
memory (Hansen, 2017; Kempadoo et al., 2016; Nakahata &
Yasuda, 2018; Takeuchi et al., 2016).

The PFC is another critical element in the hippocampal
network that encodes and retrieves memory. Projections from
the PFC modulate hippocampal activity via the entorhinal
cortex in the medial temporal lobe. Current theory holds that
the rodent PFC receives contextual information relevant to
learning from the ventral hippocampus and controls mem-
ory retrieval via projections back to the dorsal hippocampus
(Eichenbaum, 2017). In this model, the combined LC and
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VTA catecholamine projections to the PFC aid in modulat-
ing memory formation by consolidating reciprocal commu-
nication between the PFC and the hippocampus. Application
of a D5 receptor antagonist in the dorsal hippocampus or
medial PFC resulted in impairments of object recognition
memory (De Bundel et al., 2013). According to the scenario,
both brain regions must participate in successful memory re-
trieval, which is facilitated by the theoretical co-release of
NE and DA and their concerted targeting of D,,s receptors
in the PFC and the hippocampus (Hansen, 2017; Hansen &
Manahan-Vaughan, 2014; Smith & Greene, 2012).

From these findings, it is evident that the BLA, VTA, and
PFC together play crucial roles in supporting the LC-NE/DA-
mediated processing and memory retrieval in the hippocampus
(Figure 1). Co-release of the catecholamines in the CA1 and
DG helps regulate set-point modulation of the LTP/LTD bal-
ance, a phenomenon known as metaplasticity. In this process,
the co-release of NE and DA adjusts the threshold of activa-
tion to induce LTP or LTD, thus favoring one or the other plas-
tic change on the post-synaptic target (Hansen, 2017; Maity
et al., 2016; Nakahata & Yasuda, 2018). This initial priming
allows for sustained or suppressed LTP or LTD in the post-syn-
aptic target by increasing the trafficking of PRP expression and
the initiation, consolidation, and retrieval of various forms of
hippocampal memory. This catecholamine co-release also fa-
cilitates the establishment of a balance between LTP/LTD in all
three hippocampal areas mentioned above: the CA1, CA3, and
DG. In addition to effects on the LTP/LTD balance, NE release
in the hippocampus facilitates sharp waves and ripples (SWR)
in CA1 and CA3, which are oscillatory patterns first described
in EEG recordings made during immobility and sleep. These
SWRs are thought to aid in hippocampal memory consolida-
tion (Ul Haq et al., 2016). Decreases in SWR in the CA3 re-
gion are associated with sleep or immobility, whereas increases
in the CA1l and CA3 regions are associated with improved
memory consolidation (Buzsaki, 2015; Ul Haq et al., 2016).
Also, recent studies have highlighted the role of SWR on the
CA3-DG circuit. In this model, SWR in the CA3 is responsi-
ble for encoding, storage, and retrieval of memory, whereas the
DG aids in pattern separation of input from the entorhinal cor-
tex (Hansen, 2017; Nakahata & Yasuda, 2018; Senzai, 2019).

3 | PHASIC AND TONIC
ACTIVITY OF LC NEURONS IN
MEMORY FORMATION

Electrophysiological studies of the firing patterns of LC neu-
rons have revealed two distinct modes of activity, which are
designated as tonic and phasic firing. The physiological sig-
nificance of these two modes of firing has been described
primarily in the behavioral context of optimization in perfor-
mance, attention, and arousal in decision making (Aston-Jones
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& Cohen, 2005). It is of great importance to understand how
these aspects of behavior are modulated as a function of LC
neuron firing patterns. Notably, these two activity states of
the LC are not mutually exclusive in achieving a given task.
Rather, a functional balance between states is best described
in the Yerkes-Dodson relationship model (Figure 2), wherein
tonic activity has two major outcomes: high tonic firing lead-
ing to distractibility (explorative) behavior in rats, or low or
absent tonic firing in association with inattentive non-alert
activities such as sleep (Aston-Jones & Bloom, 1981; Aston-
Jones et al., 1999; Berridge & Waterhouse, 2003). In this
model, the phasic firing of LC-NE neurons is associated with
alertness and behavioral arousal leading to task engagement.
Yet, the phasic firing pattern does not predominate upon suc-
cessful task completion (Figure 2). This suggests that there
is a balance between the median tonic firing rate and spike
frequency in phasic firing, which contributes to the success-
ful completion of the present behavioral task. Such a task
may be termed an exploratory behavior where the subject
exploits a heightened state of attention along with activated
learning and memory to complete a task successfully. In this
model, the intervals of higher phasic activity help to filter out
distracting stimuli and thus maintain enhanced task perfor-
mance, whereas the intervals of lower tonic activity support
alternative behavioral approaches to achieving the objective
(Rajkowski et al., 2004). Alternating between these two LC
neuronal activity states facilitates disengagement from task-
specific processes. This means that the behavior associated
with the interplay of tonic and phasic firing contributes to
decision-making processes and is responsible for mapping
task-relevant stimuli to an appropriate response, which pri-
marily involves goal-directed motor activity (Aston-Jones &
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FIGURE 2 The role of phasic and tonic LC activity in task
performance and potential for enhanced memory formation and
retrieval. Modified from (Aston-Jones & Cohen, 2005)

Cohen, 2005). The selection and execution of motor activity
also serve to provide information regarding the relevant in-
ternal process, since the selection of the appropriate response
is heavily dictated by memory retrieval. This model of LC
function was developed further by assigning a refined defini-
tion of the optimization of task performance, wherein a set
of decision processes involving perception, memory, evalua-
tion, and finally, the action is outlined (Gold & Shadlen, 2000;
Hanes & Schall, 1996; Schall & Thompson, 1999; Shadlen &
Newsome, 2001). Although memory is a multi-factorial pro-
cess, the Yerkes-Dodson model provides a framework to infer
potential deficits in memory retrieval by noting unexpected
motor activity outcomes (Figure 2.).

This conceptual model is embodied in the adaptive gain
theory, which intrinsically ties together two forms of memory
since the theory is predicated upon the storage of information
in long-term memory and its subsequent retrieval. In stud-
ies aiming to understand this aspect of LC activity, rats were
trained for several weeks on a set of associated tasks. After
attaining the criterion, the rats were treated just before testing
for memory retention with the o,-adrenoreceptor antagonist
idazoxan, which increased firing and enhanced signaling at
post-synaptic receptors of LC neurons due to autoreceptor
blockade (Sara & Devauges, 1989). The idazoxan treatment
led to fewer errors in task performance compared to untreated
mice. The authors concluded that enhanced LC phasic activity
facilitated the outcome of memory-driven decision process-
ing. That conclusion is supported by other studies showing
that manipulation of LC-NE function impacts working mem-
ory, such that treatment with o,-adrenoceptor agonists like
clonidine or guanfacine facilitated working memory perfor-
mance in aged monkeys (Avery et al., 2000; Mao et al., 1999;
Rama et al., 1996; Ramos et al., 2006). However, since these
molecular interactions are harder to quantify, there remains
a need to disentangle the interactions between phasic and
tonic LC-signaling in memory formation and retrieval. In
the studies cited above, the a,-adrenoceptor was the only
pharmacological target, but other classes of adrenoceptors
in the hippocampus may also mediate effects of LC activity
on formation, consolidation, and retrieval of memories (Gao
etal., 2016; O'Dell et al., 2015). Further studies targeting the
excitatory o;- or f-adrenoceptors might elucidate the role of
NE in memory formation, as might studies investigating in-
teractions with dopamine D,/ receptors in memory forma-
tion and retrieval (Hansen, 2017).

4 | LTD AND LTP REGULATION
IN NEURONAL SYNAPTIC SPINES

The firing of LC neurons plays a key role in long-term syn-
aptic plasticity by not only enhancing LTP in rodents but
also by facilitating LTD as a cellular mechanism of memory
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storage (Matsuzaki et al., 2004; Zhou et al., 2004). In a nec-
essarily simplistic model, LTP mediates enhanced memory
formation and consolidation by provoking an initial struc-
tural LTP (sLTP) to initiate the formation of PRPs (Figure 3).
However, a sustained LTP activates spine formation via
glutamate uncaging, leading to changes in mRNA tran-
scription and protein translation in the post-synaptic spine
and ultimately regulating the expansion and stabilization
phase of spine development (Harvey et al., 2008; Nakahata
& Yasuda, 2018). Cellular and molecular studies indicate
that sustained LTP increases intercellular calcium release,
leading to the activation of down-stream calcium response
elements (Figure 3). Chief among these is the Ca**/calmodu-
lin-dependent protein kinase II (CaMKIla), which is a serine/
threonine-specific protein kinase responsible for activating
several critical factors in spine enlargement that proceed to
a contraction of the spine size known as stabilization (Chang
et al., 2017; Lee et al., 2009; Nakahata & Yasuda, 2018). In
this Ca>*-si gnaling cascade, Rac1, Cdc42, RhoA, and Ras are
all key regulators between the two phases of spine enlarge-
ment and stabilization that follow the initial LTP (Figure 3).
While Racl and RhoA are crucial during the initial expansion
phase, Racl, Cdc42, and Ras play major roles in stabilizing
mRNA and proteins associated with the stabilization phase
(Figure 3). Further studies show that the cellular localiza-
tion of CaMKIla during the initial transient sLTP influences
the outcome of a subsequent bout of sustained sSLTP (Bosch
et al., 2014; Hedrick et al., 2016; Murakoshi et al., 2011).

5 | THE LOSS OF LC ACTIVITY
IN THE DEVELOPMENT OF
ALZHEIMER'S DISEASE

One of the major features of AD pathology is the progressive
degeneration of LC neurons (Figure 4). The prevalence of
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neurofibrillary tangles, which are composed of the microtu-
bule-associated protein tau, is the best pathological marker of
AD progression in the brain. While endogenous tau proteins
are generally localized to neuronal axons, during the earliest
stages of AD, hyper-phosphorylated tau is detected in somata
and dendrites prior to neurofibrillary tangle formation and
neuronal loss. Indeed, a comprehensive histological study of
over 2,300 brains aged 1 to 100 years revealed the temporary
dynamic of AD-associated pathological changes in tau pro-
teins (Braak et al., 2011). A primary objective of that study
was to identify the earliest changes in aberrant phosphoryla-
tion of tau at serines 202 and 205 using the ATS8 antibody. The
findings identified LC neurons as the cell population show-
ing the earliest appearance of immunoreactivity for AT8, pre-
ceding the onset in classically tau-positive regions such as the
entorhinal cortex (Braak et al., 2011). Importantly, that study
and the preponderance of experimental evidence from other
sources have shown that tau pathology spreads throughout
the brain via a "prion-like" mechanism. The cross-sectional
data suggest that local seeding of tau aggregates leads to
transfer into neighboring brain regions, where the pathologi-
cal tau species function as a template for tau aggregation in
previously healthy neurons. To determine the relationship
of tau phosphorylation to the prion hypothesis, a follow-up
study was performed to investigate tau seeding capacity in
the LC (Kaufman et al., 2018). In that study, tau seeding was
followed by tauopathy in the trans-entorhinal and entorhinal
cortices, whereas seeding capacity was not detected within
the LC until later AD stages. Hence, additional work that in-
cludes the use of a broader array of phospho-tau antibodies,
as well as phospho-null and phospho-mimetic tau molecules,
could help to disentangle tau phosphorylation in the LC from
tau seeding capacity. In one post-mortem study, a group of
(n = 10) amnestic mild cognitive impairment (aMCI) patients
had a 30% loss of LC-NE neurons compared to age-matched
normal controls (NCIs), and a further 25% reduction was
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Modified from (Kelly et al., 2017)

seen in the group dying with AD (Kelly et al., 2017). Thus,
the end stage of AD involved a ~55% loss of LC neurons
compared to age-matched controls (Figure 4). Further analy-
sis showed that cognitive test scores in the subgroups with no
cognitive impairment (NCI) and those with aMCI showed a
significant correlation (r ~ 0.5) with LC neuron counts post-
mortem. Among the various clinical scores, the global cogni-
tive score (GCS), episodic memory, working memory, and
visuospatial ability all had significant correlations with LC
counts (p < .05). Notably, there were no significant correla-
tions with the mini-mental state exam score, semantic mem-
ory, and perceptual speed in the other clinical examinations.
Analysis of mRNA transcripts in the three sets of post-mor-
tem samples showed reduced expression of genes involved
in mitochondrial respiration and redox homeostasis. The au-
thors also observed increases in neuritic plaques density and
dysregulation of structural plasticity with disease progression
in the LC of post-mortem AD tissue samples with increasing
disease progression (Kelly et al., 2017).

Rodent research supports the functional significance of
the LC to the onset of tau pathology, and AD-like behav-
ioral deficits were also recently revealed in rodent models
involving the LC. In one study, TgF344 rats (containing the
Swedish mutations in the Amyloid Precursor Protein and A
exon 9 mutations in presenilin 1) displayed tau pathology in
the LC prior to the development of hyper-phosphorylated
tau in the entorhinal cortex or hippocampus (Rorabaugh
etal., 2017). In the same study, spatial learning was impaired
in TgF344 rats, and LC activation using DREADDs was suf-
ficient to restore reversal learning. In another study, the role
of tau in cognitive changes was probed by transducing into
the LC of TH-Cre rats, a pseudo-phosphorylated form of
the human tau gene (Ghosh et al., 2019). These genetically
modified rats were tested for their ability to discriminate
odors. As expected, injection of tau specifically into rats
aged 14-16-month resulted in deficits in odor discrimina-
tion some 5—-6 months later, thus mimicking the anosmia of

AD. Altogether, these recent rodent studies support the early
observations made by Braak and colleagues and highlight
the importance of early pathology in the LC to AD disease
progression.

In addition to the loss of normal neurological signaling
and function, accumulating evidence describes the immuno-
logical impact of the loss of NE in the CNS. Thus, recent data
have demonstrated that NE degeneration causes a retraction
of microglia processes in their resting and activated states via
impaired signaling at a,- and f,-adrenoceptors (Gyoneva &
Traynelis, 2013; Liu et al., 2019). The degenerative loss of
this neurotransmitter in the CNS leads to microglial dysfunc-
tion and increased neuroinflammation. In murine models, it
has been demonstrated that NE is responsible for suppress-
ing proinflammatory transcription, cytokine, and chemokine
production in microglia (Heneka et al., 2010). That study
also showed that the decreased brain NE concentration leads
to reduced motility of microglia to sites of amyloid plaques
and impaired onset of active phagocytosis, even extending
to effects on synaptic pruning. In addition, one study on the
activation of microglia by lipopolysaccharide showed NOS?2
induced death of rat cortical neurons in culture (Madrigal
et al., 2005). This apoptosis was caused by the overproduc-
tion of IL-1 and IL-1b, which are key proinflammatory cy-
tokines. In the same study, the application of NE reduced
cytokine production, initiating a rescue of the cortical neu-
rons (Madrigal et al., 2005). Interestingly, concomitant alter-
ations in GFAP + and Ibal + glial cells were observed in the
LC of 16-month-old TgF344 AD model rats, and infusion of
human pseudo-phospho-tau into the LC resulted in the ac-
cumulation of human tau into cortical neurons and microg-
lia (Ghosh et al., 2019; Rorabaugh et al., 2017). Concurring
with these experimental results, human post-mortem samples
suggest that ongoing and progressive neuroinflammation oc-
curs during AD disease, and the extent of this neuroinflam-
mation is a crucial factor in increased mortality (Hoogendijk
et al., 1995; Sarlus & Heneka, 2017).
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6 | DISCUSSION

The LC-NE/DA innervation is involved in all stages of
hippocampal-based memory formation, consolidation,
and retrieval, and the LC degeneration in AD is an early
marker and key factor in the disease progression and cog-
nitive symptoms. The involvement of LC degeneration
may have implications for new therapeutic interventions.
LC pathology is a prominent finding in the post-mortem
analysis of AD patients (Adolfsson et al., 1979; Feinstein
et al., 2016; Gannon et al., 2015; Szot et al., 2009). Indeed,
some LC degeneration is present at the early stages of the
disease, which could be a contributing factor to cognitive
impairments (Gannon et al., 2015; Gannon & Wang, 2019;
Grudzien et al., 2007; Ross et al., 2019). There have
emerged clear associations between LC-NE neuron loss
and the antemortem clinical manifestations of neurological
impairments in AD patients, thus suggesting LC degenera-
tion as a biomarker for disease progression. Indeed, PET
studies with the noradrenaline transporter ligand (S.9)-[*F]
FMeNER-D2 show a distinct decrease in binding density
in LC and in the thalamus, which is the densest terminal
region (Gulyas et al., 2010). Since AD manifests with mul-
tiple symptoms that are not always easily distinguishable
from those of other forms of dementia, improving the ac-
curacy of early diagnosis would enable appropriate patient
care. Neuropsychiatric or cognitive testing informed by an
understanding of the contribution of LC NE/DA in hip-
pocampal memory processes could help to pinpoint defects
in the LC. Currently, clinical testing for suspicion of AD as-
sesses multiple aspects of memory, retention, mood, motor
function, and cognitive dysfunction. However, we note the
seeming relationship between impaired NE-signaling and
behavioral aspects of attention deficit hyperactivity disor-
der (ADHD), which may overlap with cognitive changes
in AD. This implies that cognitive testing drawn from the
ADHD literature may facilitate early AD diagnosis. In other
domains, the individual extent of NE loss may contribute to
specific behavioral aspects of AD (Herrmann et al., 2004).
Consideration of the noradrenergic component of aspects
of the clinical and pathophysiological picture of AD could
prove to be crucial in designing future interventions, which
are more likely to be efficacious with efficacy when imple-
mented early in disease progression.
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