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Degeneration of locus coeruleus (LC) is an underappreciated hallmark of Alzheimer’s disease (AD). The LC is the main source of
norepinephrine (NE) in the forebrain, and its degeneration is highly correlated with cognitive impairment and amyloid-beta (Aβ)
and tangle pathology. Hyperphosphorylated tau in the LC is among the ﬁrst detectable AD-like neuropathology in the brain, and
while the LC/NE system impacts multiple aspects of AD (e.g., cognition, neuropathology, and neuroinﬂammation), the functional
consequences of hyperphosphorylated tau accrual on LC neurons are not known. Recent evidence suggests that LC neurons
accumulate aberrant tau species for decades before frank LC cell body degeneration occurs in AD, suggesting that a therapeutic
window exists. In this review, we combine the literature on how pathogenic tau aﬀects forebrain neurons with the known
properties and degeneration patterns of LC neurons to synthesize hypotheses on hyperphosphorylated tau-induced dysfunction
of LC neurons and the prion-like spread of pretangle tau from the LC to the forebrain. We also propose novel experiments
using both in vitro and in vivo models to address the many questions surrounding the impact of hyperphosphorylated tau on
LC neurons in AD and its role in disease progression.

1. Introduction
Alzheimer’s disease (AD) is an insidious and debilitating
illness aﬀecting approximately 46.8 million people worldwide
[1], representing a signiﬁcant social and economic burden.
AD has proven diﬃcult to study and treat due to the combination of a long prodromal phase and the heterogeneous
nature of clinical symptoms and pathology. Despite intensive
research examining the pathologic hallmarks of AD, amyloid-β (Aβ) plaques and tau neuroﬁbrillary tangles (NFT),
no disease modifying therapies have emerged [2]. Clinical
trials targeting mid- to late-stage AD have failed, potentially due to the irreversible neuronal damage and loss that
has already occurred by the time of diagnosis. As a result,
research eﬀorts have shifted towards earlier AD detection
and treatment.
One area of interest in early AD involves the locus
coeruleus (LC), the major brainstem noradrenergic nucleus
that innervates and supplies norepinephrine (NE) to the
forebrain [3]. In search of the earliest detectable AD-like

neuropathology, Braak and colleagues surveyed postmortem
brains from over 2000 individuals throughout the lifespan for
Aβ and aberrant forms of tau and found evidence that hyperphosphorylated tau began accumulating in the LC of individuals around 40 years of age [4]. Notably, pretangle tau in the
LC was always detected in brains containing Aβ plaques but
was also found on its own in brains from younger individuals
in the absence of all other AD-related pathologies. Based on
these results, Braak amended his canonical staging of AD to
include the LC as the ﬁrst brain region to show tau pathology
[4, 5]. These studies had several limitations and were initially
questioned. For example, because postmortem analysis was
employed, it is impossible to know whether the individuals
with hyperphosphorylated tau in the LC would have eventually developed AD. Furthermore, Braak examined early
forms of hyperphosphorylated tau, and initial studies failed
to ﬁnd more advanced forms of hyperphosphorylated tau
or NFTs reminiscent of AD pathology in the forebrain [6].
However, recent studies have conﬁrmed a variety of pretangle tau species and NTFs in the LC that increase with AD
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severity [7, 8]. Finally, hyperphosphorylated tau staining in
early AD has been reported in the dorsal raphe nucleus
(DRN), which together with the LC forms part of the isodendritic core (IC) that appears particularly vulnerable to neurodegeneration [8, 9]. Thus, while the exact origin of aberrant
tau in AD is still under debate, it is clear that hyperphosphorylated tau in the LC is among the ﬁrst detectable signs
of AD-like neuropathology in the brain. The detrimental role
of hyperphosphorylated tau (both due to loss of normal function as well as gain of toxicity) has been heavily investigated,
but mainly in the context of cortical neuron populations
(reviewed in [10, 11]). Although LC neurons die in later stage
disease (see below), it is not known whether pretangle tau
pathology precipitates their degeneration.
The LC is a small nucleus (~22,000–55,000 and 1500 neurons per hemisphere in humans and rodents, resp.) in the
brainstem and the main source of NE for the forebrain [3].
Despite the size of the nucleus, LC neurons innervate most
of the brain, excluding the basal ganglia [12–15]. For the purposes of this review, we will highlight key ﬁndings relevant to
AD but direct the reader to several excellent sources for a
comprehensive description of LC neuroanatomy [3, 16, 17].
LC neurons send collateralized projections throughout the
brain from topographically distinct regions along the rostral/caudal and dorsal/ventral axes [15], which exhibit
projection-speciﬁc geometry and vulnerability in AD. In
early AD, pretangle tau accumulation is the greatest in the
middle third of the LC, which densely innervates the hippocampus and cortex [8, 15, 18]. As AD progresses, cell loss is
concentrated to the rostral and middle sections of the LC,
leaving the caudal potion, which primarily targets the cerebellum, spinal cord, and other brainstem nuclei, relatively
spared [15, 19]. The cause of this apparent selective regional
vulnerability is unknown but could be the result of excitotoxic glutamatergic inputs from the cortex, which are concentrated in the middle of the LC [3]. In addition, the
dorsal portion of the LC projects heavily to AD-associated
regions such as the entorhinal cortex (EC), hippocampus,
and frontal cortex, while the ventral portion innervates
the spinal cord, potentially indicating specialized function
[15, 18]. Indeed, recent work has shown that LC neurons have
unique cellular properties based on their projection targets
[20]. Combined, these results suggest that distinct populations of LC neurons may be especially vulnerable to degeneration based on projection targets and cellular properties.
Canonical roles for the LC have been described for attention, stress responses, and arousal; these studies have been
extensively reviewed and will not be covered in detail here
[16, 17, 21]). Degeneration of the LC is a ubiquitous feature
of AD [19, 22–24], occurring in mid- to late- stage disease
(~Braak III-IV)[19, 25]. Moreover, loss of LC neurons better
predicts onset and severity of AD symptoms and Aβ/NFT
pathology than cell loss in any other brain region implicated
in AD, including the hippocampus, EC, and nucleus basalis
of Meynert [26]. NE has anti-inﬂammatory properties, primarily mediated via β-adrenergic receptors (ARs) on glial
cells, and directly enhances Aβ clearance via microglia activation [27]. Besides NE, LC neurons also produce and release
brain-derived neurotropic factor (BDNF), a potent trophic
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peptide that enhances synaptic plasticity and Aβ clearance
while reducing tau phosphorylation [28]. BDNF is particularly important for maintaining LC innervation in forebrain
in old, but not young, rats and LC-derived BDNF may represent a resilience factor for age-dependent cell loss in AD [29].
Thus, it is not surprising that chemical or genetic elimination
of LC neurons enhances cognitive deﬁcits, cortical inﬂammation, and Aβ deposition in amyloid-based mouse models
of AD [30–36]. Although LC lesioning studies have not been
reported in transgenic tau models, LC lesions in APP transgenic mice increase forebrain hyperphosphorylated tau
levels, suggesting that LC degeneration may impact tau
pathology [37]. While losing LC neurons may be a turning
point in AD progression, it appears that pretangle tau
accumulates in LC neurons decades prior to their demise
[4, 19, 25]. Since hyperphosphorylated tau is known to disrupt cellular function, this begs the question of whether aberrant tau accumulation is altering LC neuron function in mild
cognitive impairment (MCI), a prodromal form of AD, and
early AD. This review focuses on the potential impact of
hyperphosphorylated tau accrual on LC neurons and suggests experimental approaches to probe the functional relationship between hyperphosphorylated tau and the LC in
AD progression.

2. Role of Hyperphosphorylated Tau on LC
Morphology and Function
Pretangle tau emerges in the LC in individuals around 40
years old, yet degeneration of LC neurons is not apparent
until mid-stage AD, suggesting that LC neurons could be
harboring pathogenic tau species throughout the decadeslong prodromal stage of AD. Given that hyperphosphorylated tau in cortical neurons disrupts a wide variety of
functions, it seems likely that it is also corrupting LC
function, perhaps early in AD.
Since LC degeneration was ﬁrst described in AD, it was
also noted that surviving LC neurons are morphologically
ragged, with “swollen and misshapen” somas, reduced
arborization, and thick, shortened neurites [38]. Alterations
in LC innervation have been reported in the hippocampus
and cortex of AD patients. Morphologic changes in LC ﬁbers
along with decreased LC ﬁber density [38, 39], tissue NE
levels [40], and compensatory increases in ARs [41] indicate
noradrenergic dysfunction and potential retraction of LC
innervation from these regions in AD. Whether hyperphosphorylated tau accumulation contributes to this dysfunction
is not known. One study found increases in hippocampal
α2AR levels, a compensatory sign of low NE transmission,
in Braak I, a stage when tau pathology begins to appear in
the EC [7]. In the forebrain, hyperphosphorylation of tau
leads to its dissociation from microtubules and causes disassembly, impairing axonal stability, axonal transport, and
neurotransmission [42, 43]. Likewise, LC neurons from
MCI and AD patients, which have increased expression of
the 3R:4R tau isoforms and decreased expression of a variety
of axonal and synaptic structure proteins, a pattern consistent with structural instability [25]. Notably, mRNA expression of map1b and synaptopodin, which are negatively
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correlated with global cognition scores across AD development, suggest a link between instability and cognitive decline
[25]. A recent study found that LC neurons containing
hyperphosphorylated tau have fewer synaptic inputs than
neighboring LC neurons without pathogenic tau, indicating
that hyperphosphorylated tau may contribute to synapse
retraction [7]. Moreover, inﬂammatory markers are upregulated in LC neurons across Braak stages I–IV, suggesting that
hyperphosphorylated tau may also produce local inﬂammation [7]. While it is not yet clear what causes LC dysfunction
and degeneration, the cross-sectional studies allude to the
potential role of aberrant tau.
LC dysfunction and degeneration have been identiﬁed
in a variety of neurodegenerative diseases including AD,
Parkinson’s disease, chronic traumatic encephalopathy,
and multiple sclerosis that impact the aforementioned IC
[44–47]. The IC is a conserved set of nuclei, containing the
LC, DRN, substantia nigra, and basal nucleus of Mynert that
share many cellular and anatomic features and are similarly
aﬀected in AD [9]. Dysfunction in the IC, especially the
LC and DRN, has been postulated to contribute to disruptions in mood and sleep that precede memory loss in AD
[9]. New stereological experiments have detected pretangle
tau in the DRN as well as the LC in early AD (Braak 0)
[19]. In addition, nuclei in the IC release neuromodulators
via volume transmission rather than specialized synaptic
contacts. Due to this mode of signaling, disruptions in these
neuromodulators are likely to have a broad impact on wide
populations of neurons and glia compared to synaptic transmission. The neurons in the IC share fundamental properties including long, unmyelinated projections that create
high bioenergetic demand and may make these neurons particularly sensitive to a variety of insults [3, 48, 49]. Similar to
substantia nigra neurons, LC cells have tonic ﬁring patterns
due to calcium inﬂux from L-type calcium channels [50],
and one study found that tonic activity and L-type calcium
channels increase mitochondrial stress in LC neurons,
leading to cellular dysfunction over time [50]. Similarly,
cognitive performance in amnestic MCI and AD patients is
negatively correlated with disruption of mitochondrial and
cellular stress proteins in LC neurons, suggesting that early
cellular stress in LC neurons may be contributing to AD progression [25]. Furthermore, the LC is a critical mediator of
the physiologic stress response, and chronic stress increases
tau hyperphosphorylation in the LC of mice [51]. Taken
together, LC neurons appear to be susceptible to both cellular
and physiologic stressors.
The LC is also anatomically susceptible due to its position
near the fourth ventricle and signiﬁcant vascularization by
blood vessels devoid of the blood brain barrier (BBB) [52].
Thus, LC neurons are likely exposed to high levels of toxins,
pathogens, and peripheral immune cells lurking in the cerebrospinal ﬂuid and blood [44, 49]. In fact, heavy metals, presumably from the blood, can be detected in the LC, although
metal-containing neurons seem to be distinct from those that
contain hyperphosphorylated tau, suggesting some regional/
cell type speciﬁcity for pathology in the LC [52]. Furthermore, chemically lesioning the LC disrupts the BBB; dysfunction/degeneration of the LC may impact neuroinﬂammation
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throughout the brain and contribute to the leaky BBB
observed in AD patients [31, 53].
Neuroinﬂammation, which is profoundly inﬂuenced by
the LC/NE system, is a hallmark of AD (reviewed here
[27, 54]). A proinﬂammatory environment in the forebrain
is an early phenotype of many mouse AD and tauopathy
models, yet few have examined whether inﬂammation occurs
in the LC. Recent evidence indicates the increasing presence
of microglia and expression of interleukin 6 in the LC across
the Braak stages in humans [7]. Similarly, rats expressing
wild-type human tau have increased expression of inﬂammatory cytokines and reductions of the NE biosynthetic
enzyme, tyrosine hydroxylase, in the LC, and hippocampus [55]. Chronic infusion of lipopolysaccharide into the
4th ventricle resulted in exposure- and age-dependent
increases in microglia and concurrent declines in LC neuron
density [56]. Combined, these data suggest that hyperphosphorylated tau and inﬂammation may reduce LC neuron
health, especially with age. Due to the interconnected
nature of inﬂammation, tau pathology and LC/NE signaling, careful examination of the interplay between these
factors is warranted.
While hyperphosphorylated tau is likely disrupting LC
function, whether hyperphosphorylated tau is itself toxic
or rather confers sensitivity to secondary insults (i.e., a
“two-hit” model), it is still unresolved [10, 11]. Postmortem evidence suggests that if pretangle tau toxicity exists
in the LC, it is not swift and takes years or even decades to
result in neuron loss [4, 19]. Given the timing, the two-hit
model seems an attractive hypothesis because the LC seems
anatomically destined to experience chronic toxicant exposure from the blood and CSF [49]. One possibility is that
LC neurons may be somewhat resilient to stressors early in
life but succumb to them overtime. If this is correct, identifying factors contributing to resilience and extend them could
delay onset or progression of a variety of neurodegenerative
diseases. Yet, no mechanistic studies assessing the eﬀect of
pretangle tau on LC neuron survival have been published,
and additional research is necessary to answer these questions. In sum, the structure of LC neurons in combination
with their metabolic demands and anatomic position confers
both increased exposure and sensitivity to cellular stressors.
In light of these characteristics, it is perhaps not surprising
that LC neuron dysfunction and degeneration are implicated
in a variety of neurodegenerative diseases in addition to AD.
Further study of LC neurons is necessary to understand their
cellular vulnerability and resilience, especially in the context
of hyperphosphorylated tau.

3. In Vitro Model Systems to Examine the
Consequences of Hyperphosphorylated Tau
in LC Neurons
The techniques available to examine LC neuron function
in vitro with cell-type speciﬁcity are limited due to the small
size of this nucleus that requires ﬁne dissection and low tissue
yields for traditional approaches. While hyperphosphorylated tau disrupts normal cellular function and leads to
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abnormal morphology and neurotransmission in hippocampus neurons in vitro and in transgenic mice [10, 57, 58], little
attention has been paid to the LC. One approach could be the
use of immortalized catecholaminergic cell lines and primary
LC cell cultures expressing various forms of wild-type and
pathogenic tau to examine the impact on LC neuron morphology and neurotransmission via microscopy and biochemical methods already validated for forebrain neurons.
Dissection for primary cultures could be aided by the use of
TH-GFP mice and rats, which creates ﬂuorescent catecholamine neurons and has been employed to facilitate making
dopamine neuron cultures [59]. Furthermore, these cultures
could be used to examine the sensitivity of LC neurons to a
variety of stressors (toxins, immune stress, tau ﬁbrils, etc.).
By utilizing TH-GFP rodents to visualize living LC neurons,
these results could also be translated to slices to assess realtime imaging of immune inﬁltration and tau engulfment, as
well as electrophysiological recordings to examine the eﬀect
of hyperphosphorylated tau on neuron activity. The ability
to visualize and selectively manipulate signaling cascades
makes these in vitro and ex vivo systems extremely powerful
and well equipped to examine how hyperphosphorylated tau
aﬀects LC neuron health in the context of AD-related pathology and stressors in the LC microenvironment. In vitro systems are also ideal for high-throughput screening of small
molecules that modulate hyperphosphorylated tau accrual
and degeneration in the LC.

4. Tau Seeding and Spread from the LC
In AD, tau pathology is ﬁrst detected in the LC, then appears
in the interconnected brain regions in a temporarily and spatially distinct manner [4]. Some of the densest LC projections
can be found in the EC and dentate gyrus of the hippocampus, the next brain regions aﬀected in Braak I and II, respectively, before eventually reaching other parts of the forebrain
(e.g., cerebral cortex) [3, 5]. This pattern mirrors the clinical
symptoms, beginning with early changes in a variety of noncognitive areas like sleep and aﬀect, attributed to alterations
in the IC, followed by subtle memory impairment, and the
steady decline across higher function cognitive domains
[9, 60]. This distribution has driven the hypothesis that
pathogenic tau can spread transsynaptically in vivo via
“templated protein corruption” or “seeding” [61]. Indeed,
injections of mouse mutant tau aggregates [62, 63], human
AD brain lysate [64, 65], recombinant tau [66], or tauexpressing virus [42] into the forebrain of mice induces
tau pathology near the injection site as well as in the interconnected brain regions, indicating spread. Furthermore,
the spread of early tau pathology has been observed in mice
that express aggregate-prone tau only in the EC, an area
aﬀected in Braak I [43, 67]. While the precise mechanism
of how intercellular tau protein propagates remains unclear,
proposed mechanisms include extracellular release and
reuptake, possibly in conjunction with neuronal activity or
ﬁring [58]. Notably, neuronal activity hastens the spread
of tau pathology from the EC to the DG, and Aβ pathology
from the hippocampus to the forebrain, suggesting that
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dampening neuronal activity may retard pathogenic protein
spread in AD [68, 69].
There is much debate on whether the pretangle tau in the
LC indicates that the LC truly initiates AD tau pathology.
While studies show the presence of pretangle tau in the LC
in young individuals, there is no way to determine whether
these individuals would have eventually developed AD.
Other factors (repeated concussions, stress, and heavy
drug use) also increase hyperphosphorylated tau in the LC
[46, 51, 55, 70] and could trigger the appearance of aberrant
tau. The only attempt to examine the spread of tau pathology
from the LC experimentally delivered puzzling results.
Transgenic mice expressing aggregate-prone human tau that
were given intra-LC injection of preformed tau ﬁbrils showed
pretangle tau spread to many areas of the brain, but oddly
spared the expected AD-associated targets, the EC, and
hippocampus [71]. Because the results did not recapitulate
the stereotyped pattern of tau pathology in early AD (LCEC-hippocampus), the authors suggested that pathogenic
tau does not spread from the LC in human disease; this interpretation may be premature, and study limitations should be
considered. For instance, although ﬁbril injections are a
widely used model of prion-like protein spread, attention
should be given to the source of tau and brain region. First,
various tau species are diﬀerentially taken up and transported
in neurons depending on their size, isoform, and modiﬁcations [72–74]. Thus, it is plausible that the conformation/
species of the synthetic tau ﬁbrils injected into the LC were
preferentially targeted to the brain regions other than the
EC/hippocampus. Moreover, the PS19 mice and ﬁbrils used
in this study express a P301S mutant tau, which has diﬀerent
seeding capacity than tau aggregates in AD [75]. Second,
because catecholaminergic and glutamatergic neurons have
very diﬀerent cellular properties, the mechanisms underlying
tau internalization and spread may also diﬀer. Furthermore,
LC neurons are not homogeneous, and it is possible that
diﬀerences in electrophysiological properties may favor
internalization and spread to the forebrain but not the
EC or hippocampus [20]. One potential solution to these
limitations is to develop a model that selectively expresses
wild-type human tau in the LC and therefore has a wider
compliment of tau species, does not rely on tau internalization, and may more representative of tau spread from
this region in humans. Whether the LC represents the initial site of pathology or reﬂects a nonspeciﬁc response to
brain insults is still under debate [6]. Additional studies,
using a variety of seeding models, are necessary to resolve
this question.
Regardless of the model system used, the ﬁeld could beneﬁt from more investigations focused on the age-dependent
emergence of tau pathology across brain regions. For example, while Braak staging is the gold standard from a clinical
standpoint, it is rarely applicable in animal models because
tau transgenes are typically driven by ubiquitous promoters
that express tau in all neurons simultaneously. As the AD
ﬁeld pivots to early disease detection and treatment, examination of early pathology, especially within the LC, of animal
models may present new models for understanding early disease mechanisms and potential therapies.
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5. In Vivo Models of Tau Spread
The majority of tau propagation experiments have been performed in mice. Compared to humans, mice express fewer
tau isoforms, and those that are expressed are resistant to
hyperphosphorylation and aggregation [76]. Because it is
very diﬃcult to coax endogenous mouse tau to form aberrant
species, tau seeding studies have generally been done in
transgenic mice that ubiquitously express mutant tau [57].
While this provides a receptive template for tau propagation,
mutant tau has diﬀerent properties than wild-type tau, and
the relevance of this model to AD is unclear [72–74]. In fact,
unphosphorylated, rather than hyperphosphorylated or
aggregated, tau was found to be the agent of spread in rats
with virally expressed wild-type human tau in the hippocampus [42]. In addition, obvious confounds exist when using
ubiquitous expression of tau to study spread between brain
regions. Rats present a potential solution to these issues. Rats
express the same 6 isoforms of tau as humans, albeit in a different 3R : 4R ratio (1 : 9 in rats and 1 : 1 in adult humans)
[76]. Nevertheless, rats reproduce some aspects of tauopathies that mice do not [76–78]. Notably, conversion of
wild-type human tau into pretangle tau occurs in SHR72 rats
expressing the 4R human tau isoform, but not mice harboring a similar transgene [78, 79]. In addition, tau pathology
propagates from the hippocampus in rats injected with
SHR72 rat homogenate [78] or viral-mediated expression of
human tau [42]. The power of using rats for tau research is
perhaps best characterized by the TgF344-AD rat, which harbors the same mutant amyloid precursor protein and presenilin 1 transgene used to make the APP/PS1 mice [77, 80].
This transgenic rat is, to our knowledge, the only animal
model that manifests endogenous tau pathology, while its
APP/PS1 mouse counterpart does not [76, 77]. While in the
past, mice were an economically and technically favorable
species for genetic models, additional consideration should
be given to rat models, especially given recent advances in
gene editing technology. Where appropriate, rat-based
models may be able to recapitulate missing pieces of the tau
puzzle, including conversion of wild-type human tau to pathogenic species, the generation of endogenous tauopathy in
response to amyloid and the propagation of tau in the
absence of widespread mutant tau expression.
While tau spread in the hippocampus and cortex has
been examined under a variety of conditions [42, 62–66],
only the aforementioned single study using ﬁbril injections
has been examined in regards to seeding from the LC [71].
Exclusive anatomic targeting of tau ﬁbrils to the LC is technically very challenging due to the small size of this nucleus
(1500 neurons in a rodent), and there is no way to ensure
noradrenergic neuron speciﬁcity. By contrast, genetic strategies have been successful in targeting LC neurons to produce eﬀector and reporter proteins with cell-type speciﬁcity
through promoter-driven expression using NE synthesis
enzymes (TH, DBH) [81–83], LC transcription factors
(Phox2b) [84, 85], and LC speciﬁcation genes (Ear2 and
DBH/En1) [36, 86, 87]. Recent work has shown selective
and robust viral-mediated expression using Phox2bdependent promoters [84, 85], Cre-dependent expression in
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TH-Cre mice [81, 88], or microinjections of virus containing
a constitutive promoter [89]. This viral-mediated approach
has several advantages for answering LC-based questions in
a wide variety of existing AD models. By using intra-LC infusion of virus and an LC-speciﬁc promoter, one can achieve
expression of desired proteins exclusively in LC neurons
without the time and cost of traditional transgenic methods
that often produce expression in other noradrenergic cell
populations [84]. This approach is especially well suited for
the investigation of tau seeding from the LC, where a variety
of tau mutants could be expressed in the LC of a mouse or rat
and examined for spread over time. This technique would
allow for a high degree of anatomic speciﬁcity as well as a
continuous, cell-autonomous source of tau unachievable by
tau ﬁbril infusion. Moreover, this approach is compatible
with the latest brain clearing techniques (CLARITY,
3DISCO, and SeeDB) that would allow for more thorough
investigation of tau spread [90–92].

6. Modulation of Tau Spread by LC Activity
Hippocampal hyperexcitability occurs in humans with MCI
and rodent models of tauopathies and AD [93–97]. In mice,
AD-associated hyperexcitability is reversed by tau deletion,
suggesting that tau is the causative agent [95, 96, 98]. Synaptic activity facilitates tau transfer in vitro, and chemogenetic
activation of EC neurons enhances tau spread in vivo
[68, 95, 98]. These results are consistent with a feedforward mechanism in which pretangle tau accrual promotes
hyperexcitability, in turn facilitating its release and spread.
Similar to its eﬀects on hippocampal neurons, hyperphosphorylated tau may enhance LC neuron ﬁring and facilitating tau spread from this nucleus. If true, this would imply
that LC hyperactivity may facilitate AD progression, which
at face value would be contrary to clinical evidence indicating
that LC degeneration worsens AD. These results would not
necessarily be mutually exclusive and may be dependent on
disease stage. For example, enhanced LC activity early in
AD, prior to cell loss or substantial drops in NE neurotransmission, may be harmful due to the enhanced spread of tau.
By contrast, driving LC activity later in AD progression when
the LC is degenerating, NE levels are low, and tau pathology
is already abundant in the forebrain which may alleviate cognitive symptoms and retard furthering disease progression.
Indeed, restoring NE levels with L-DOPS, a synthetic NE
precursor, reduces Aβ pathology and/or improves memory
in 5xFAD and APP/PS1 mice [31, 32]. Likewise, DREADDinduced LC activity restored behavioral performance in a
mouse model of Down syndrome, which shares many APPrelated pathologies [85]. Additional research examining
potential tau-mediated LC hyperactivity, as well as activitydependent tau spread from these neurons, is necessary to
determine this relationship.
Whether hyperactivity in LC neurons contributes to AD
pathogenesis is further complicated by the ﬁring patterns of
LC neurons. Similar to other catecholamine neurons, LC cells
ﬁre in two distinct modes: low tonic (sustained 0.1–5.0 Hz)
and high phasic (10–20 Hz bursts) [21]. LC function follows
the Yerkes-Dodson curve, with low tonic ﬁring being

6
associated with inattentive behavior, while high tonic ﬁring
leads to distractibility and is aversive in mice [21, 81]. Tonic
activity is important for behavioral ﬂexibility, while phasic
activity is required for attention and optimal task performance [21]. Thus, if pretangle tau were causing LC “hyperactivity,” alterations in tonic or phasic ﬁring could produce
opposing eﬀects on valence and cognition. It is also possible
that the enhancement of tau spread is speciﬁc to a particular
ﬁring pattern. For example, neuropeptides produced by LC
neurons such as galanin are thought to be preferentially
released during phasic bursting [99–101]; this may also be
true for tau. Activity-dependent tau spread has only been
examined in excitatory neurons, which show very little tonic
activity, and thus it is diﬃcult to hypothesize whether tau
transmission occurs selectively in either ﬁring state. However, enhanced tau propagation is observed following either
DREADD-induced tonic ﬁring or optogenetic-induced burst
ﬁring, suggesting no ﬁring state preference for tau transmission [68]. Whether this holds true for LC neurons will need
to be investigated.
Whether hyperphosphorylated tau directly causes LC
hyperactivity could be examined by electrophysiology in
ex vivo slice preparations or in vivo recordings, and therapies
that modulate LC excitability could be developed. If hyperactivity is enhancing tau spread, then reducing LC activity
should retard propagation. This could be achieved using
optogenetics, chemogenetics, or pharmacological agents.
For example, the NE transporter inhibitor atomoxetine suppresses tonic LC activity while leaving phasic bursting largely
intact, which could have the advantage of inhibiting tau
spread while preserving cognition [102]. In future studies, it
will be important to examine and manipulate LC ﬁring to
gain further understanding of early disease states and potentially elucidate novel avenues for AD treatment.

7. Conclusion
The exact role of hyperphosphorylated tau in the LC in the
context of AD is shrouded in mystery. However, the evermounting clinical data suggests that at the very least, the
LC contributes to disease progression and may be the site
of its earliest manifestations. It is in our best interest to
explore a variety of circuits and neuromodulators impacted
in AD and not just the canonical brain regions and signaling
cascades. The LC system represents an especially attractive
candidate, since these neurons project to and modulate key
nuclei aﬀected in AD, and NE has powerful inﬂuences on
cognition and behavior. In addition, it is somewhat remarkable that LC neurons appear to be able to tolerate aberrant
tau species for many years before succumbing to frank
degeneration, indicating that a large therapeutic window of
opportunity exists when LC neurons are dysfunctional but
not dead. We propose that future research focuses on two
questions: (1) what is the impact of hyperphosphorylated
tau on LC function and (2) can/does LC-derived tau seed
forebrain pathology. The answers to these questions will
inform the development of LC-based therapies for the prevention and/or treatment of AD.

Neural Plasticity

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Acknowledgments
This work was supported by the National Institutes of Health
(AG0476670 to David Weinshenker, NS007480 to Jacki M.
Rorabaugh) and the Alzheimer’s Association (IIRG-13278692 to David Weinshenker).

References
[1] M. Prince, A. Wimo, M. Guerchet, G.-C. Ali, Y.-T. Wu, and
M. Prina, “World Alzheimer Report 2015,” Alzheimer's
Disease International, pp. 1–24, 2015.
[2] R. G. Canter, J. Penney, and L.-H. Tsai, “The road to restoring
neural circuits for the treatment of Alzheimer’s disease,”
Nature, vol. 539, no. 7628, pp. 187–196, 2016.
[3] S. L. Foote, F. E. Bloom, and G. Aston-Jones, “Nucleus locus
coeruleus: new evidence of anatomical and physiological
speciﬁcity,” Physiological Reviews, vol. 63, no. 3, pp. 844–
915, 1983.
[4] H. Braak, D. R. Thal, E. Ghebremedhin, and K. D. Tredici,
“Stages of the pathologic process in Alzheimer disease: age
categories from 1 to 100 years,” Journal of Neuropathology
& Experimental Neurology, vol. 70, no. 11, pp. 960–969, 2011.
[5] H. Braak and K. Del Tredici, “Where, when, and in what form
does sporadic Alzheimerʼs disease begin?,” Current Opinion
in Neurology, vol. 25, no. 6, pp. 708–714, 2012.
[6] J. Attems, D. R. Thal, and K. A. Jellinger, “The relationship
between subcortical tau pathology and Alzheimer’s disease,”
Biochmecal Society Transactions, vol. 40, no. 4, pp. 711–715,
2012.
[7] P. Andres-Benito, V. Fernandez-Duenas, M. C. Margarita
et al., “Locus coeruleus at asymptomatic early and middle
Braak stages of neuroﬁbrillary tangle pathology,” Neuropathology and Applied Neurobiology, vol. 38, no. 1, pp. 42–49,
2017.
[8] A. J. Ehrenberg, A. Nguy, P. Theoﬁlas et al., “Quantifying the
accretion of hyperphosphorylated tau in the locus coeruleus
and dorsal raphe nucleus,” Neuropathology and Applied
Neurobiology, vol. 38, no. 1, pp. 42–49, 2017.
[9] P. Theoﬁlas, S. Dunlop, H. Heinsen, and L. T. Grinberg,
“Turning on the light within: subcortical nuclei of the isodentritic core and their role in Alzheimer’s disease pathogenesis,”
Journal of Alzheimer's Disease, vol. 46, no. 1, pp. 17–34.
[10] S. S. Khan and G. S. Bloom, “Tau: the center of a signaling
nexus in Alzheimer’s disease,” Frontiers in Neuroscience,
vol. 10, p. 2474, 2016.
[11] M. Medina, F. Hernández, and J. Avila, “New features about
tau function and dysfunction,” Biomolecules, vol. 6, no. 2,
p. 21, 2016.
[12] L. W. Swanson and B. K. Hartman, “The central adrenergic system. An immunoﬂuorescence study of the location,” Journal of Comparative Neurology, vol. 163, no. 4,
pp. 467–506, 1986.
[13] M. Segal and S. C. Landis, “Aﬀerents to the hippocampus
of the rat studied with the method of retrograde transport
of horseradish peroxidase,” Brain Research, vol. 78, no. 1,
pp. 1–15, 1974.

Neural Plasticity
[14] M. Segal and S. C. Landis, “Aﬀerents to the septal area of
the rat studied with the method of retrograde axonal transport of horseradish peroxidase,” Brain Research, vol. 82,
no. 2, pp. 263–268, 1974.
[15] S. T. Mason and H. C. Fibiger, “Regional topography
within noradrenergic locus coeruleus as revealed by retrograde transport of horseradish peroxidase,” The Journal
of Comparative Neurology, vol. 187, no. 4, pp. 703–724,
1979.
[16] C. W. Berridge and B. D. Waterhouse, “The locus coeruleus–
noradrenergic system: modulation of behavioral state and
state-dependent cognitive processes,” Brain Research
Reviews, vol. 42, no. 1, pp. 33–84, 2003.
[17] G. Aston-Jones and B. Waterhouse, “Locus coeruleus: from
global projection system to adaptive regulation of behavior,”
Brain Research, vol. 1645, pp. 75–78, 2016.
[18] B. D. Waterhouse, C.-S. Lin, R. A. Burne, and D. J.
Woodward, “The distribution of neocortical projection
neurons,” The Journal of Comparative Neurology, vol. 217,
no. 4, pp. 418–431, 1983.
[19] P. Theoﬁlas, A. J. Ehrenberg, S. Dunlop et al., “Locus coeruleus volume and cell population changes during Alzheimer’s
disease progression: a stereological study in human postmortem brains with potential implication for early-stage biomarker discovery,” Alzheimer's & Dementia, vol. 13, no. 3,
pp. 236–246, 2017.
[20] D. J. Chandler, W. J. Gao, and B. D. Waterhouse, “Heterogeneous organization of the locus coeruleus projections to prefrontal and motor cortices,” Proceedings of the National
Academy of Sciences of the United States of America,
vol. 111, no. 18, pp. 6816–6821, 2014.
[21] S. J. Sara, “The locus coeruleus and noradrenergic modulation of cognition,” Nature Reviews. Neuroscience, vol. 10,
no. 3, pp. 211–223, 2009.
[22] M. Haglund, M. Sjöbeck, and E. Englund, “Locus ceruleus
degeneration is ubiquitous in Alzheimer’s disease: possible
implications for diagnosis and treatment,” Neuropathology,
vol. 26, no. 6, pp. 528–532, 2006.
[23] B. E. Tomlinson, D. Irving, and G. Blessed, “Cell loss in
the locus coeruleus in senile dementia of Alzheimer’s
type,” Journal of the Neurological Sciences, vol. 49, no. 3,
pp. 419–428, 1981.
[24] A. Grudzien, P. Shaw, S. Weintraub, E. Bigio, D. C. Mash,
and M. M. Mesulam, “Locus coeruleus neuroﬁbrillary
degeneration in aging, mild cognitive impairment and
early Alzheimer’s disease,” Neurobiology of Aging, vol. 28,
no. 3, pp. 327–335, 2007.
[25] S. C. Kelly, B. He, S. E. Perez, S. D. Ginsberg, E. J. Mufson,
and S. E. Counts, “Locus coeruleus cellular and molecular
pathology during the progression of Alzheimer’s disease,”
Acta Neuropathologica Communications, vol. 5, no. 1,
pp. 8–14, 2017.
[26] R. S. Wilson, S. Nag, P. A. Boyle et al., “Neural reserve,
neuronal density in the locus ceruleus, and cognitive decline,”
Neurology, vol. 80, no. 13, pp. 1202–1208, 2013.
[27] D. Feinstein, S. Kalinin, and D. Braun, “Causes, consequences, and cures for neuroinﬂammation mediated via
the locus coeruleus,” Journal of Neurochemistry, vol. 139,
Supplement 2, pp. 154–178, 2016.
[28] H. Tanila, “The role of BDNF in Alzheimer’s disease,” Neurobiology of Disease, vol. 97, Part B, pp. 114–118, 2017.

7
[29] W. Matsunaga, T. Shirokawa, and K. Isobe, “BDNF is necessary for maintenance of noradrenergic innervations in the
aged rat brain,” Neurobiology of Aging, vol. 25, no. 3,
pp. 341–348, 2004.
[30] M. T. Heneka, E. Galae, V. Gavriluyk et al., “Noradrenergic
depletion potentiates beta amyloid-induced cortical inﬂammation,” The Journal of Neuroscience, vol. 22, no. 7,
pp. 2434–2442, 2002.
[31] S. Kalinin, D. L. Feinstein, H.-L. Xu, G. Huesa, D. A.
Pelligrino, and E. Galea, “Degeneration of noradrenergic
ﬁbres from the locus coeruleus causes tight-junction disorganisation in the rat brain,” The European Journal of Neuroscience, vol. 24, no. 12, pp. 3393–3400, 2006.
[32] T. Hammerschmidt, M. P. Kummer, D. Terwel et al.,
“Selective loss of noradrenaline exacerbates early cognitive
dysfunction and synaptic deﬁcits in APP/PS1 mice,” Biological Psychiatry, vol. 73, no. 5, pp. 454–463, 2013.
[33] M. T. Heneka, F. Nadrigny, T. Regen et al., “Locus ceruleus
controls Alzheimer’s disease pathology by modulating microglial functions through norepinephrine,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 107, no. 13, pp. 6058–6063, 2010.
[34] M. T. Heneka, M. Ramanathan, A. H. Jacob et al., “Locus
coeruleus degeneration promotes Alzheimer pathogenesis in
amyloid precursor protein 23 transgenic mice,” The Journal
of Neuroscience, vol. 26, no. 5, pp. 1343–1354, 2006.
[35] D. Jardanhazi-Kurutz, M. P. Kummer, D. Terwel et al.,
“Induced LC degeneration in APP/PS1 transgenic mice
accelerates early cerebral amyloidosis and cognitive deﬁcits,”
Neurochemistry International, vol. 57, no. 4, pp. 375–382,
2010.
[36] M. P. Kummer, T. Hammerschmidt, A. Martinez et al.,
“Ear2 deletion causes early memory and learning deﬁcits
in APP/PS1 mice,” The Journal of Neuroscience, vol. 34,
no. 26, pp. 8845–8854, 2014.
[37] N. Oikawa, K. Ogino, T. Masumoto, H. Yamaguchi, and
K. Yanagisawa, “Gender eﬀect on the accumulation of hyperphosphorylated tau in the brain of locus-ceruleus-injured
APP-transgenic mouse,” Neuroscience Letters, vol. 468,
no. 3, pp. 243–247, 2010.
[38] V. Chan-Palay and E. Asan, “Alterations in catecholamine
neurons of the locus coeruleus in senile dementia of the
Alzheimer’s type and Parkinson’s disease with and without
dementia and depression,” The Journal of Comparative
Neurology, vol. 287, no. 3, pp. 373–392, 1989.
[39] R. M. Booze, C. F. Mactutus, C. R. Gutman, and J. N. David,
“Frequency analysis of catecholamine axonal morphology in
human brain,” Journal of the Neurological Sciences, vol. 119,
pp. 110–118, 1993.
[40] M. Kori, B. Aydın, S. Unal, K. Y. Arga, and D. Kazan,
“Metabolic biomarkers and neurodegeneration: a pathway
enrichment analysis of Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis,” OMICS, vol. 20,
no. 11, pp. 645–661, 2016.
[41] P. Szot, “Compensatory changes in the noradrenergic
nervous system in the locus coeruleus and hippocampus of
postmortem subjects with Alzheimer’s disease and dementia
with Lewy bodies,” The Journal of Neuroscience, vol. 26,
no. 2, pp. 467–478, 2006.
[42] S. Dujardin, K. Lécolle, R. Caillierez et al., “Neuron-toneuron wild-type tau protein transfer through a transsynaptic mechanism: relevance to sporadic tauopathies,”

8

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Neural Plasticity
Acta Neuropathologica Communications, vol. 2, no. 1,
p. 95, 2014.
A. de Calignon, M. Polydoro, M. Suárez-Calvet et al.,
“Propagation of tau pathology in a model of early Alzheimer’s
disease,” Neuron, vol. 73, no. 4, pp. 685–697, 2012.
M. Mather and C. W. Harley, “The locus coeruleus: essential
for maintaining cognitive function and the aging brain,”
Trends in Cognitive Sciences, vol. 20, no. 3, pp. 214–226, 2016.
Y. Vermeiren and P. P. De Deyn, “Targeting the norepinephrinergic system in Parkinson’s disease and related
disorders: the locus coeruleus story,” Neurochemistry
International, vol. 102, pp. 22–32, 2017.
T. D. Stein, V. E. Alvarez, and A. C. McKee, “Chronic traumatic
encephalopathy: a spectrum of neuropathological changes
following repetitive brain trauma in athletes and military
personnel,” Alzheimer's Research & Therapy, pp. 1–1, 2013.
P. E. Polak, S. Kalinin, and D. L. Feinstein, “Locus coeruleus
damage and noradrenaline reductions in multiple sclerosis
and experimental autoimmune encephalomyelitis,” Brain,
vol. 134, no. 3, pp. 665–677, 2011.
M. Mather, D. V. Clewett, M. Sakaki, and C. W. Harley,
“Norepinephrine ignites local hotspots of neuronal excitation: how arousal ampliﬁes selectively in perception and
memory,” The Behavioral and Brain Sciences, vol. 39,
pp. 1–75, 2016.
R. Pamphlett, “Uptake of environmental toxicants by the
locus coeruleus: a potential trigger for neurodegenerative,
demyelinating and psychiatric disorders,” Medical Hypotheses, vol. 82, no. 1, pp. 97–104, 2014.
J. Sanchez-Padilla, J. N. Guzman, E. Ilijic et al., “Mitochondrial oxidant stress in locus coeruleus is regulated by activity
and nitric oxide synthase,” Nature Neuroscience, vol. 17,
no. 6, pp. 832–840, 2014.
R. Kvetnansky, P. Novak, P. Vargovic et al., “Exaggerated
phosphorylation of brain tau protein in CRH KO mice
exposed to repeated immobilization stress,” Stress, vol. 19,
no. 4, pp. 395–405, 2016.
R. Pamphlett and K. Jew, “Diﬀerent populations of human
locus coeruleus neurons contain heavy metals or hyperphosphorylated tau: implications for amyloid-beta and
tau pathology in Alzheimer’s disease,” Journal of Alzheimer's
Disease, vol. 45, no. 2, pp. 437–447, 2015.
B. D. Zipser, C. E. Johanson, L. Gonzalez et al., “Microvascular
injury and blood–brain barrier leakage in Alzheimer’s disease,”
Neurobiology of Aging, vol. 28, no. 7, pp. 977–986, 2007.
M. T. Heneka, M. J. Carson, J. E. Khoury et al., “Neuroinﬂammation in Alzheimer’s disease,” Lancet Neurology, vol. 14,
no. 4, pp. 388–405, 2015.
B. Mravec, K. Lejavova, P. Vargovic et al., “Tauopathy in
transgenic (SHR72) rats impairs function of central noradrenergic system and promotes neuroinﬂammation,” Journal
of Neuroinﬂammation, pp. 1–17, 2016.
I. Bardou, R. M. Kaercher, H. M. Brothers, S. C. Hopp, S. Royer,
and G. L. Wenk, “Age and duration of inﬂammatory environment diﬀerentially aﬀect the neuroimmune response and catecholaminergic neurons in the midbrain and brainstem,”
Neurobiology of Aging, vol. 35, no. 5, pp. 1065–1073, 2014.
D. A. Morrissette, A. Parachikova, K. N. Green, and F. M.
LaFerla, “Relevance of transgenic mouse models to human
Alzheimer disease,” The Journal of Biological Chemistry,
vol. 284, no. 10, pp. 6033–6037, 2009.

[58] J. Lewis and D. W. Dickson, “Propagation of tau pathology:
hypotheses, discoveries, and yet unresolved questions from
experimental and human brain studies,” Acta Neuropathologica, vol. 131, no. 1, pp. 27–48, 2015.
[59] K. Sawamoto, N. Nakao, K. Kobayashi et al., “Visualization,
direct isolation, and transplantation of midbrain dopaminergic neurons,” Proceedings of the National Academy of
Sciences, vol. 98, no. 11, pp. 6423–6428, 2001.
[60] J. M. Ringman, L. J. Liang, Y. Zhou et al., “Early behavioural changes in familial Alzheimer’s disease in the
Dominantly Inherited Alzheimer Network,” Brain, vol. 138,
no. 4, pp. 1036–1045, 2015.
[61] L. C. Walker, M. I. Diamond, K. E. Duﬀ, and B. T. Hyman,
“Mechanisms of protein seeding in neurodegenerative diseases,” JAMA Neurology, vol. 70, no. 3, p. 304, 2013.
[62] F. Clavaguera, T. Bolmont, R. A. Crowther et al., “Transmission and spreading of tauopathy in transgenic mouse brain,”
Nature Cell Biology, vol. 11, no. 7, pp. 909–913, 2009.
[63] S. J. Jackson, C. Kerridge, J. Cooper et al., “Short ﬁbrils constitute the major species of seed-competent tau in the brains of
mice transgenic for human P301S tau,” The Journal of Neuroscience, vol. 36, no. 3, pp. 762–772, 2016.
[64] F. Clavaguera, H. Akatsu, G. Frase et al., “Brain homogenates
from human tauopathies induce tau inclusions in mouse
brain,” Proceedings of the National Academy of Sciences,
vol. 110, no. 23, pp. 9535–9540, 2013.
[65] C. A. Lasagna-Reeves, D. L. Castillo-Carranza, U. Sengupta
et al., “Alzheimer brain-derived tau oligomers propagate
pathology from endogenous tau,” Scientiﬁc Reports, vol. 2,
p. 301, 2012.
[66] M. Iba, J. L. Guo, J. D. McBride, B. Zhang, J. Q. Trojanowski,
and V. M. Y. Lee, “Synthetic tau ﬁbrils mediate transmission
of neuroﬁbrillary tangles in a transgenic mouse model of
Alzheimer’s-like tauopathy,” The Journal of Neuroscience,
vol. 33, no. 3, pp. 1024–1037, 2013.
[67] L. Liu, V. Drouet, J. W. Wu et al., “Trans-synaptic spread of
tau pathology in vivo,” PloS One, vol. 7, no. 2, article
E31302, 2012.
[68] J. W. Wu, S. A. Hussaini, I. M. Bastille et al., “Neuronal
activity enhances tau propagation and tau pathology
in vivo,” Nature Neuroscience, vol. 19, no. 8, pp. 1085–
1092, 2016.
[69] P. Yuan and J. Grutzendler, “Attenuation of beta-amyloid
deposition and neurotoxicity by chemogenetic modulation
of neural activity,” The Journal of Neuroscience, vol. 36,
no. 2, pp. 632–641, 2016.
[70] S. N. Ramage, I. C. Anthony, F. W. Carnie, A. Busuttil, R.
Robertson, and J. E. Bell, “Hyperphosphorylated tau and
amyloid precursor protein deposition is increased in the
brains of young drug abusers,” Neuropathology and Applied
Neurobiology, vol. 31, no. 4, pp. 439–448, 2005.
[71] M. Iba, J. D. McBride, J. L. Guo, Z. Bin, J. Q. Trojanowski, and
V. M. Y. Lee, “Tau pathology spread in PS19 tau transgenic
mice following locus coeruleus (LC) injections of synthetic
tau ﬁbrils is determined by the LC’s aﬀerent and eﬀerent connections,” Acta Neuropathologica, vol. 103, no. 3, pp. 349–
362, 2015.
[72] D. W. Sanders, S. K. Kaufman, S. L. DeVos et al., “Distinct
tau prion strains propagate in cells and mice and deﬁne
diﬀerent tauopathies,” Neuron, vol. 82, no. 6, pp. 1271–
1288, 2014.

Neural Plasticity
[73] S. K. Kaufman, D. W. Sanders, T. L. Thomas et al., “Tau prion
strains dictate patterns of cell pathology, progression rate,
and regional vulnerability in vivo,” Neuron, pp. 1–45, 2016.
[74] J. W. Wu, M. Herman, L. Liu et al., “Small misfolded tau
species are internalized via bulk endocytosis and anterogradely and retrogradely transported in neurons,” The
Journal of Biological Chemistry, vol. 288, no. 3, pp. 1856–
1870, 2013.
[75] A. L. Woerman, A. Aoyagi, S. Patel et al., “Tau prions from
Alzheimer’s disease and chronic traumatic encephalopathy
patients propagate in cultured cells,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 113, no. 50, pp. E8187–E8196, 2016.
[76] S. Do Carmo and A. C. Cuello, “Modeling Alzheimer’s
disease in transgenic rats,” Molecular Neurodegeneration,
vol. 8, no. 1, pp. 1–1, 2013.
[77] R. M. Cohen, K. Rezai-Zadeh, T. M. Weitz et al., “A transgenic
Alzheimer rat with plaques, tau pathology, behavioral impairment, oligomeric amyloid beta, and frank neuronal loss,” The
Journal of Neuroscience, vol. 33, no. 15, pp. 6245–6256, 2013.
[78] L. Levarska, N. Zilka, S. Jadhav, P. Neradil, and M. Novak,
“Of rodents and men: the mysterious interneuronal pilgrimage of misfolded protein tau in Alzheimer’s disease,” Journal
of Alzheimer's Disease, vol. 37, pp. 569–577, 2013.
[79] K. E. Braunstein, J. Zhang, A. Lau et al., “The neuritic plaque
facilitates pathological conversion of tau in an Alzheimer’s
disease mouse model,” Nature Communications, vol. 7,
pp. 1–13, 2016.
[80] D. R. Borchelt, T. Ratovitski, J. van Lare et al., “Accelerated
amyloid deposition in the brains of transgenic mice coexpressing mutant presenilin 1 and amyloid precursor proteins,”
Neuron, vol. 19, no. 4, pp. 939–945, 1997.
[81] J. G. McCall, R. Al-Hasani, E. R. Siuda et al., “CRH engagement of the locus coeruleus noradrenergic system mediates
stress,” Neuron, vol. 87, no. 3, pp. 605–620, 2015.
[82] D. Weinshenker, M. Ferrucci, C. L. Busceti et al., “Genetic
or pharmacological blockade of noradrenaline synthesis
enhances the neurochemical, behavioral, and neurotoxic
eﬀects of methamphetamine,” Journal of Neurochemistry,
vol. 105, no. 2, pp. 471–483, 2008.
[83] J. F. Cubells, J. P. Schroeder, E. S. Barrie et al., “Human bacterial
artiﬁcial chromosome (BAC) transgenesis fully rescues noradrenergic function in dopamine β-hydroxylase knockout mice,”
PloS One, vol. 11, no. 5, article e0154864, 2016.
[84] E. M. Vazey and G. Aston-Jones, “Designer receptor manipulations reveal a role of the locus coeruleus noradrenergic
system in isoﬂurane general anesthesia,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 111, no. 10, pp. 3859–3864, 2014.
[85] A. M. Fortress, E. D. Hamlett, E. M. Vazey et al.,
“Designer receptors enhance memory in a mouse model of
down syndrome,” The Journal of Neuroscience, vol. 35,
no. 4, pp. 1343–1353, 2015.
[86] S. D. Robertson, N. W. Plummer, J. de Marchena, and P.
Jensen, “Developmental origins of central norepinephrine
neuron diversity,” Nature Neuroscience, vol. 16, no. 8,
pp. 1016–1023, 2013.
[87] S. D. Robertson, N. W. Plummer, and P. Jensen, “Uncovering
diversity in the development of central noradrenergic neurons and their eﬀerents,” Brain Research, vol. 1641, Part B,
pp. 234–244, 2016.

9
[88] H. S. Gompf, E. A. Budygin, P. M. Fuller, and C. E. Bass,
“Targeted genetic manipulations of neuronal subtypes using
promoter-speciﬁc combinatorial AAVs in wild-type animals,” Frontiers in Behavioral Neuroscience, p. 152, 2015.
[89] K. Janitzky, M. T. Lippert, A. Engelhorn et al., “Optogenetic
silencing of locus coeruleus activity in mice impairs cognitive
ﬂexibility in an attentional set-shifting task,” Frontiers in
Behavioral Neuroscience, vol. 9, no. 20, p. 286, 2015.
[90] K. Chung and K. Deisseroth, “CLARITY for mapping the
nervous system,” Nature Methods, vol. 10, no. 6, pp. 508–
513, 2013.
[91] K. Becker, N. Jährling, C. P. Mauch et al., “Three-dimensional
imaging of solvent-cleared organs using 3DISCO,” Nature
Protocols, vol. 7, no. 11, pp. 1983–1995, 2012.
[92] M.-T. Ke and T. Imai, Optical Clearing of Fixed Brain Samples
Using SeeDB, vol. 497, John Wiley & Sons, Inc., Hoboken,
NJ, USA, 2001.
[93] H. C. Hunsberger, J. E. Hickman, and M. N. Reed, “Riluzole
rescues alterations in rapid glutamate transients in the hippocampus of rTg4510 mice,” Metabolic Brain Disease, vol. 31,
no. 3, pp. 711–715, 2016.
[94] J. J. Palop, J. Chin, E. D. Roberson et al., “Aberrant excitatory
neuronal activity and compensatory remodeling of inhibitory
hippocampal circuits in mouse models of Alzheimer’s disease,” Neuron, vol. 55, no. 5, pp. 697–711, 2007.
[95] A. M. Hall, B. T. Throesch, S. C. Buckingham et al., “Taudependent Kv4.2 depletion and dendritic hyperexcitability
in a mouse model of Alzheimer’s disease,” The Journal of
Neuroscience, vol. 35, no. 15, pp. 6221–6230, 2015.
[96] M. J. Saganich, B. E. Schroeder, V. Galvan, D. E. Bredesen,
E. H. Koo, and S. F. Heinemann, “Deﬁcits in synaptic
transmission and learning in amyloid precursor protein
(APP) transgenic mice require C-terminal cleavage of APP,”
The Journal of Neuroscience, vol. 26, no. 52, pp. 13428–
13436, 2006.
[97] M. A. Yassa, S. M. Stark, A. Bakker, M. S. Albert, M. Gallagher,
and C. E. L. Stark, “High-resolution structural and functional
MRI of hippocampal CA3 and dentate gyrus in patients
with amnestic mild cognitive impairment,” NeuroImage,
vol. 51, no. 3, pp. 1242–1252, 2010.
[98] A. M. Pooler, E. C. Phillips, D. H. W. Lau, W. Noble, and
D. P. Hanger, “Physiological release of endogenous tau is
stimulated by neuronal activity,” The EMBO Journal,
vol. 14, no. 4, pp. 389–394, 2013.
[99] J. Grenhoﬀ, M. Nisell, S. Ferre, G. Aston-Jones, and T. H.
Svensson, “Noradrenergic modulation of midbrain dopamine
cell ﬁring elicited by stimulation of the locus coeruleus in the
rat,” Journal of Neural Transmission, vol. 93, no. 1, pp. 11–25,
1993.
[100] J. M. Weiss, R. W. Bonsall, M. K. Demetrikopoulos, M. S.
Emery, and C. H. K. West, “Galanin: a signiﬁcant role in
depression,” Annals of the New York Academy of Sciences,
vol. 863, pp. 364–382, 1998.
[101] D. Weinshenker and P. V. Holmes, “Regulation of neurological
and neuropsychiatric phenotypes by locus coeruleus-derived
galanin,” Brain Research, vol. 1641, Part B, pp. 320–337,
2016.
[102] A. Bari and G. Aston-Jones, “Atomoxetine modulates
spontaneous and sensory-evoked discharge of locus coeruleus noradrenergic neurons,” Neuropharmacology, vol. 64,
no. c, pp. 53–64, 2013.

