
Front. Biosci. (Landmark Ed) 2024; 29(3): 118
https://doi.org/10.31083/j.fbl2903118

Copyright: © 2024 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Review

Locus Coeruleus-Norepinephrine System: Spheres of Influence and
Contribution to the Development of Neurodegenerative Diseases
Vladimir Nikolaevich Nikolenko1,2 , Irina Dmitriyevna Borminskaya1 ,
Arina Timofeevna Nikitina1,* , Maria Sergeevna Golyshkina1 ,
Negoriya Aliagayevna Rizaeva1,2 , Marine Valikovna Oganesyan1,2

1Department of Human Anatomy, Sechenov First Moscow State Medical University of the Ministry of Health of the Russian Federation (Sechenov
University), 119991 Moscow, Russia
2Department of Normal and Topographic Anatomy, M.V. Lomonosov Moscow State University, 119991 Moscow, Russia
*Correspondence: arinia2000@yandex.ru (Arina Timofeevna Nikitina)
Academic Editor: Seok-Geun Lee
Submitted: 23 December 2023 Revised: 1 February 2024 Accepted: 20 February 2024 Published: 20 March 2024

Abstract

Locus coeruleus is a small bilateral nucleus in the brainstem. It is the main source of norepinephrine (noradrenaline) throughout the
central nervous system (about 70% of all norepinephrine in the central nervous system), and, as shown in numerous studies, it is involved
in regulating a significant number of functions. The detailed study of the functions of the Locus Coeruleus (LC) and its significance
in human life became possible only after the development of histofluorescence methods for monoamines in the 1960s. The widespread
locus coeruleus-norepinephrine (LC-NE) projection system regulates the entire central nervous system andmodulates sensory processing,
motor behavior, arousal, and cognitive processes. Damage to the LC and the associated decrease in norepinephrine levels are involved
in a wide range of clinical conditions and pathological processes. Although much about the anatomy and physiology of the LC is
currently known, its ultimate role in the regulation of behavior, control of the sleep-wake cycle, stress response, and the development
of pathological conditions (such as Alzheimer’s disease, dementia, depression, suicidal behavior, chronic traumatic encephalopathy, and
Parkinson’s disease) is not fully understood. Non-invasive visualization of the LC can be used for differential diagnosis, determining the
stage of the disease, and predicting its course. Studying the dysfunction of the LC-norepinephrine system, involved in the pathogenesis of
various neurological diseases, may ultimately form the basis for the development of new treatment methods based on the pharmacological
elevation of norepinephrine levels. In this review, we will attempt to highlight the key points regarding the structure and function of the
Locus Coeruleus, as well as outline the main directions and prospects for its study.
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1. History

The Locus Coeruleus (LC) was first described in 1786
by French physician and anatomist Vicq-d’Azyr in his trea-
tise “Traité d’Anatomie et de Physiologie” [1,2]. Accord-
ing to other sources, the LCwas discovered and presented in
J.C. Reil’s work “Untersuchungen über denBau des grossen
Gehirns im Menschen” in 1809 [3]. The structure was
named Locus Coeruleus, meaning “blue place” in Latin, by
Karl Wenzel and Joseph Wenzel in their work “De penitiori
structura cerebri hominis et Brutorum” in 1812 [3].

It was Karl Wenzel and Joseph Wenzel who first iden-
tified this structure as the Locus Coeruleus—the bluish or
blue spot in literal translation [3]. In their work “De pe-
nitiori structura cerebri hominis et Brutorum” from 1812,
the following description is given: “In the anterior base of
that ventricle, in the middle on both sides, a certain oblong,
narrow and blue spot immediately catches the eye, which
in color resembles a vein, begins at the posterior end of
the so-called aqueduct of the brain, and takes a direction
almost parallel to the lower margin of the lower corpora

quadrigemina, and ends towards the middle of the fifth ven-
tricle” [4]. Approximate translation: “In the anterior part
of the ventricle base, in the middle on both sides, a certain
oblong, narrow and blue spot immediately catches the eye,
which in color resembles a vein, begins at the posterior end
of the aqueduct of the brain, takes a direction almost paral-
lel to the lower margin of the lower corpora quadrigemina,
and ends towards the middle of the ventricle”.

LC cells contain neuromelanin, which gives this
structure its characteristic color. On sections, the
nucleus appears bluish (precisely because of neurome-
lanin pigmentation—a by-product of catecholamine
metabolism), which gave rise to the name Locus
Coeruleus—the bluish spot [5]. However, researchers
paid close attention to the LC after the development of the
histo-fluorescence method, when it became possible to vi-
sualize tissue monoamines. Thanks to histo-fluorescence,
it was established that LC is the site of norepinephrine
synthesis and a wide network of LC neuron projections
throughout the central nervous system (CNS) was also
discovered [1,6]. A significant contribution to the devel-
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opment of understanding of the monoamine projection
system of LC was made by Loizou’s article published in
1969. As a result of histo-fluorescent fiber research, it was
established that LC projections connect it with the motor
nucleus of the trigeminal nerve, nucleus tractus solitarii,
amygdala, hippocampus, and Edinger-Westphal nucleus
[1].

Further research on the structure and projections of
the LC involved selective stainingmethods using antibodies
against dopamine-beta-hydroxylase (DBH), an enzyme re-
sponsible for the conversion of dopamine to norepinephrine
[1]. Immunostaining of DBH revealed neurons containing
norepinephrine and their numerous projections [7,8]. Neu-
rons in the LC can also be identified through immunore-
activity to tyrosine hydroxylase, a regulatory enzyme in-
volved in the synthesis of norepinephrine [9].

While it was previously believed that the LC had a ho-
mogeneous structure and uniform effects on all its projec-
tions, recent studies using modern techniques such as op-
togenetics, chemogenetics, virus-mediated genetic tracing,
and functional magnetic resonance imaging have demon-
strated heterogeneity among LC neurons [10]. This raises
questions about the varying responses of LC neurons to af-
ferent stimuli and their different effects on CNS structures,
which can have diverse and significant influences on brain
function and behavior [7,10].

Further investigation into the structure and function,
as well as the development of new visualization techniques
for the LC, will provide a better understanding of the mech-
anisms underlying various pathological conditions such as
Alzheimer’s disease and Parkinson’s disease. Non-invasive
methods of visualizing the LC may be used in the future as
biomarkers for neurodegenerative diseases to assess the ef-
fectiveness of psychopharmacological research and clinical
monitoring [11].

2. Anatomy
To understand how the LC influences various func-

tions of the body, a detailed study of its anatomical organi-
zation is necessary [10]. Significant difficulties in studying
the structure of the LC are due to its small size and shape,
as well as its deep location in the brainstem, which makes it
difficult to record the activity of LC neurons and determine
the relationship between activity and functional manifesta-
tions [7,10].

The Locus Coeruleus is a cluster of relatively large
neurons located bilaterally in the brainstem. It is a tubular,
symmetrical nucleus with a central ventral expansion lo-
cated on both sides of the fourth ventricle [5,10,12,13]. The
nucleus is located laterally to the wall of the fourth ventricle
and medially to the nucleus mesencephalicus nervi trigem-
ini [14]. The LC is situated approximately 1 mm below the
floor of the fourth ventricle, 3 mm lateral to the midline,
and 14–21 mm above the ponto-medullary junction [15].

According to the classification by Dahlström and
Fuxe, the LC (also known as nucleus A6) together with
the nucleus epi-coeruleus (A6e—rostral expansion) and nu-
cleus sub-coeruleus (A6sc—ventral expansion) form the
NA-neuronal complex. For simplicity, the entire NA-
neuronal complex is often referred to as Locus Coeruleus
[12].

The body of the LC can be divided into three main
components: the anterior pole, the compact nucleus that
expands dorsoventrally, and the posterior pole [14]. The
posterior pole of the LC lies at the level of the inferior col-
liculi, and from there, the LC extends along the floor of the
fourth ventricle [16].

Among the LC neurons, two populations are distin-
guished: large multipolar (≈ 35 µm) and smaller spindle-
shaped cells (≈ 20 µm) [7]. Large multipolar cells are
mainly localized in the anterior pole, while smaller spindle-
shaped cells are found in the posterior pole. The dorsal part
of the compact nucleus contains predominantly spindle-
shaped neurons, while the ventral part contains large multi-
polar neurons. Despite the preferential distribution of each
cell type in specific anatomical zones, both types of cells
are found throughout the LC. There is also a denser cluster-
ing of neurons in the dorsomedial part of the LC compared
to the ventrolateral area [7,12].

The length of the LC is 12–17 mm, the width is 2.5
mm, and the height is 2.0 mm [12,15,16]. The volume
of the LC averages 9.53 mm3 and can vary from 0.82 to
25.29mm3 [15,17]. Most studies emphasize bilateral hemi-
spheric symmetry, although some works indicate signs of
asymmetry in shape and size [17].

Information about the number of cells varies signifi-
cantly in different studies. Depending on the hemisphere,
the LC contains between 22,000 and 52,000 norepinephrine
cells (NA cells) (on average, between 19,000 and 35,000)
[16]. These differences can be attributed to different mark-
ers used for neuron identification [12,16]. The left and right
halves of the LC are symmetrical, with no gender differ-
ences in the total number of cells or average neuron volume
[18].

The cell bodies of LC neurons have a round or oval
shape [16]. Dendrites, which are long and thin, usually
branch relatively infrequently. In contrast, axons have ex-
tensive bifurcations, potentially indicating innervation of
multiple areas [9].

LC projections are unmyelinated and, therefore, con-
duct impulses slowly (usually less than 1 m/s). The syn-
thesized norepinephrine in LC neurons, released from the
presynaptic terminal, interacts with postsynaptic adreno-
ceptors. Then, most of the norepinephrine is taken up
and transported back by the norepinephrine transporter,
and in the cytoplasm of neurons, norepinephrine un-
dergoes oxidative deamination by monoamine oxidase
(MAO). In effector cells, where a smaller portion of
norepinephrine enters, norepinephrine is inactivated by

2

https://www.imrpress.com


catechol-O-methyltransferase (COMT) [19,20]. In addition
to the typical exocytosis of norepinephrine, LC terminals
have non-synaptic release sites for neurotransmitters, al-
lowing for paracrine regulation by influencing other neu-
rons, glial cells, and microvessels [19,21,22]. It is the LC
that innervates most of the microvascular bed of the CNS.
It has been estimated (based on the data that LC contains an
average of 32,000 neurons and the total length of all cap-
illaries is 640 kilometers) that one LC neuron innervates
about 20 meters of capillaries [19]. Two or more capillaries
wrap around the body of each neuron, which is also unique
to brain structures [23]. Due to abundant vascularization,
there is an increased risk of LC damage by circulating toxic
substances, even at low concentrations [24].

Among LC neurons, there is a division between neu-
rons that project to the primary motor cortex and neu-
rons that project to prefrontal cortex regions (cingulate, or-
bitofrontal, and medial prefrontal gyri). The difference lies
in different excitability thresholds and protein expression,
suggesting the involvement of individual LC neurons in the
regulation of different functions [1].

The distribution of NE-containing fibers in cortical
and subcortical structures shows significant regional speci-
ficity [1]. Extensive projections from the LC are directed to
the forebrain, cerebellum, brainstem, and spinal cord [7].
Recent research has shown that neurons in the LC are to-
pographically arranged depending on the specific targets of
their projections. Neurons projecting to cortical and sub-
cortical structures (such as the limbic system and neocor-
tex) are mainly located in the rostral part of the nucleus,
while neurons projecting to the cerebellum and spinal cord
are predominantly located in the ventral and caudal parts of
the LC [7,12].

LC neurons also differ in the expression of neuropep-
tides depending on the area of the LC. Neurons express-
ing galanin (about 80% of all neurons) are predominantly
localized in the dorsal and central areas of the LC. Neu-
rons expressing neuropeptide Y (about 20%) are located
in the dorsal part [7]. Other neuropeptides have also been
found in LC neurons, such as vasopressin, somatostatin,
enkephalin, neurotensin, corticotropin-releasing factor, and
neurotrophic growth factor. Their expression is also uneven
depending on the anatomical area of the LC, but their role
is not well understood at the moment [7,10]. LC neurons
also differ in the expression of neurotransmitter receptors,
such as adrenergic receptors and nicotinic acetylcholine re-
ceptors. For example, α2-adrenergic receptors are more
commonly expressed in the posterior part of the LC, while
α1-adrenergic receptors are expressed in the anterior area.
Thus, molecular diversitymay be the basis for the numerous
functions performed by the LC in regulating physiological
systems [7].

Currently, the topographic organization of LC neurons
is being studied using viral reagents and optogenetic meth-
ods [7]. In recent years, LC magnetic resonance imaging

has been increasingly considered as a potential biomarker
for neurodegenerative diseases such as Parkinson’s disease
and Alzheimer’s disease [25], as LC degeneration occurs in
the early stages of these diseases [12,26].

3. Projections
A large number of afferent projections converge on LC

neurons, and in turn, diffuse projections from LC neurons
spread throughout the brain (Fig. 1) [3,12]. LC receives af-
ferent information frommany regulatory centers (prefrontal
cortex, hypothalamic nuclei, rafe nucleus, amygdala, soli-
tary nucleus, paragigantocellularis nucleus, and prepositus
hypoglossus nucleus). LC integrates information from the
autonomic nervous system, neuroendocrine nuclei, limbic
system, and cognitive centers. Efferent projections from
LC spread to many layers and areas of the cerebral cortex,
intermediate, middle, medulla, and spinal cord, as well as
the cerebellum [14].

4. Efferent Projections
It is believed that diffuse efferent projections from

LC can explain the diversity of functions performed [27].
Initially, the efferent topography of LC was determined
by studying retrograde transport of HRP (horseradish per-
oxidase) from areas innervated by norepinephrine: cere-
bral cortex, cerebellum, hippocampus, hypothalamus, tha-
lamus, amygdala, pear-shaped cortex, septum. The results
obtained not only demonstrated efferent projections to all
these areas but also allowed conclusions to be drawn about
the heterogeneity of neurons within the LC. It was shown
that individual groups of neurons send projections to differ-
ent regions of the brain (Fig. 2). Thus, dorsal neurons pre-
dominantly project to the hippocampus, ventral neurons to
the cerebellum, caudate nucleus, and putamen, while poste-
rior pole neurons project to the thalamus and anterior pole
neurons to the hypothalamus. Neurons projecting to the
amygdala and pear-shaped cortex are scattered throughout
the LC [28]. Thus, the division of LC neurons into sep-
arate groups along the dorsoventral and rostrocaudal axes
depending on efferent targets was demonstrated [14,28]. In
subsequent studies, it was found that subcortical structures
receive bilateral innervation, while the cerebral cortex re-
ceives ipsilateral projections [14]. Currently, viral vector
labeling methods with subsequent visualization using to-
mography and mapping of projections by sequencing bar-
code RNA (MAPseq—Multiplexed Analysis of Projections
by Sequencing) are used to study projections [29,30]. Vi-
ral vectors selectively expressing chemogenetic activators
of LC neurons are also used to determine functionally spe-
cific subpopulations of LC neurons, allowing behavioral re-
sponses to stimulation of individual groups of neurons to be
tracked [31].

It is worth noting that noradrenergic stimulation, due
to receptor heterogeneity, can lead to both activation and
inhibition of target cells [27,32]. Postsynaptically, nore-
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Fig. 1. Scheme of afferent and efferent projections of LC. LC, Locus Coeruleus.

Fig. 2. Distribution of LC projections in relation to the dorsoventral and rostrocaudal axes depending on efferent targets.
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Fig. 3. Scheme of afferent and efferent projections of LC with some induced effects.

pinephrine can interact with 3 types of adrenoceptors:
alpha-1 (α1), beta (β), and alpha-2 (α2) adrenoceptors [20].
Activation of α1-adrenoceptors and β-adrenoceptors leads
to cell activation, while activation of α2-adrenoceptors in-
hibits cells [26,32–34]. Activation of autoreceptors on the
LC itself is accompanied by changes in the functioning of
LC neurons. Autoreceptors—α2-adrenoceptors located on
the presynaptic membrane of LC neurons—activation of
these receptors has an inhibitory effect. Regulation of LC
neuron activity occurs through autoreceptors via a mecha-
nism of negative feedback [32]. In addition to this, µ-opioid
receptors are present in LC neurons [32].

Let’s take a closer look at individual efferent pathways
originating from the LC and the effects of noradrenaline
(Fig. 3). The projections of the LC innervate all lobes
of the cerebral cortex. It is noted that by acting on α1-
adreceptors (which are more widely distributed in the cor-
tex than α2), noradrenaline increases the activity of cortical
cells. Action on inhibitory α2-adreceptors also contributes
to cortical excitation, as α2-adreceptors are expressed on
GABAergic inhibitory neurons [7,27,32]. The stimulating
effect of the LC is confirmed by electroencephalogram data
[32]. Activating projections from the LC in the cerebral
cortex are involved in regulating the sleep-wake cycle, pro-
moting wakefulness [33]. Noradrenergic influence on the
amygdala (mainly on the central and basal nuclei) as a result
of action on α1-adreceptors leads to neuron activation. The
efferent pathway from the LC to the amygdala is involved
in memory formation and the onset of anxiety. By inner-
vating the adrenoceptors of the hippocampus, the LC also
plays a role in the formation, consolidation, and retrieval of
memories [27,32,33].

The effect of dorsally located LC nuclei on α1-
adrenoceptors of the thalamus produces a stimulating ef-
fect, influencing sensory processing, stress response, and
wakefulness [27,32,33]. Due to the wide connection be-

tween the thalamus and the cortex, such an effect leads to
activation and increased reactivity of the neocortex. The in-
hibitory action of noradrenaline on α2-adrenoceptors in the
ventrolateral preoptic area of the hypothalamus also plays
a role in maintaining arousal [27,32]. Projections from the
LC to neurons of the paraventricular nucleus of the thala-
mus are involved in regulating functions of the autonomic
nervous system. The LC can also affect neuroendocrine
function by acting on excitatory α1- and β- or inhibitory
α2-adrenoceptors of the arcuate nucleus tuberoinfundibu-
lar area [32].

Speaking of brainstem structures, the LC mainly has
an inhibitory effect on parasympathetic nuclei as a result of
action on α2-adrenoceptors. Projections from LC neurons
innervate the Edinger-Westphal nucleus, regulating pupil
constriction; superior and inferior salivatory nuclei, partici-
pating in controlling salivary secretion; ambiguous nucleus
and the parasympathetic nucleus of the vagus nerve, affect-
ing heart rate and blood pressure [32]. Regulation of car-
diovascular activity also occurs through the action on ros-
troventrolateral neurons of the medulla oblongata, ensuring
the maintenance of vasomotor tone at a normal level [32].
In addition, LC innervates the raphe nuclei (magnus, ob-
scurus, and pallidus), dorsal raphe nucleus, motor nucleus
of the facial nerve, motor nucleus of the trigeminal nerve,
oculomotor complex (nuclei 3, 4, and 6 of cranial nerves),
sensory nuclei of the trigeminal nerve, vestibulocochlear
nerve nuclei, and cerebellum [32]. In the midbrain, nora-
drenergic innervation from LC is also directed towards the
substantia nigra and ventral tegmental area [27].

The projections from LC reach the spinal cord: they
act on sensory neurons in the dorsal horn (which indirectly
indicates the possible influence of LC on sensory informa-
tion processing), motor neurons in the ventral horn (which
suggests possible involvement in maintaining muscle tone),
and preganglionic neurons in the lateral horns [27,32,33].
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In the sensory neurons of the dorsal horns, inhibitory α2-
adrenoceptors are expressed, which may lead to possible
pain desensitization and analgesic effects [27].

Efferent projections from LC are generally grouped
into three categories: ascending pathway to the cerebral
cortex, cerebellar pathway, and descending pathway to the
spinal cord. The ascending pathway includes projections
to the entire neocortex, midbrain, thalamus, limbic system,
and basal forebrain. Projections of the ascending pathway
play a role in maintaining cognitive functions, memory for-
mation, stress response, pain modulation, and some sympa-
thetic and parasympathetic functions [27].

5. Afferent Regulation
Extensive projections from various areas of the brain

are directed to the LC. Modern studies using viral labeling
confirm a wide range of brain areas fromwhich information
is received by the LC through afferent pathways [7,9,27].
Among the areas of the neocortex, special attention is drawn
to the prefrontal cortex, from which glutamatergic projec-
tions are sent to the LC [9,27,32].

Afferent projections from the central nucleus of the
amygdala are believed to be involved in regulating the
processing of emotional stimuli and the response to stress
[27,32]. In the context of the involvement of the LC in
the stress response, let’s focus more on CRF-containing af-
ferent projections to the LC (CRF—corticotropin-releasing
factor) [9,32]. Projections from the hypothalamic area to
the LC send: the ventrolateral preoptic nucleus, paraven-
tricular nucleus, Lateral Hypothalamic/Perifornical Area
(LH/PF), tuberomammillary nucleus. Inhibitory projec-
tions from GABAergic neurons of the ventrolateral preop-
tic nucleus to the LC, together with inhibitory projections
from the LC to the ventrolateral preoptic nucleus, form a
feedback system involved in regulating the sleep-wake cy-
cle [27,32]. Excitatory projections from the paraventricu-
lar nucleus contain CRF as a neurotransmitter (along with
projections from the central nucleus of the hypothalamus).
Excitatory projections from LH/PF, containing orexin, in-
fluence wakefulness and muscle tone [32].

Dopamine-releasing neurons in the ventral tegmental
area provide dopaminergic innervation to the LC. Choliner-
gic projections are sent to the LC from the pedunculopon-
tine (PPT) and laterodorsal (LDT) tegmental nuclei of the
pons. These dopaminergic and cholinergic projections, ap-
parently, also participate in stimulating wakefulness [9,32].
Dopaminergic influence may play a role in reward-based
learning processes [27].

Mutual projections fromLC to the periaqueductal gray
matter and back may underlie the phase switching of sleep,
namely the transition to the rapid eye movement (REM)
phase [32]. GABAergic and glutamatergic projections are
directed from the rostral brainstem to the LC [32]. The
nucleus prepositus hypoglossi sends GABAergic inhibitory
projections. Glutamatergic projections from the rostroven-

trolateral medulla are believed to be involved in control-
ling cardiovascular functions. Additionally, projections
containing the endogenous opioid enkephalin, which acti-
vates opioid receptors and suppresses cell activity, originate
from the nucleus paragigantocellularis lateralis and nucleus
prepositus hypoglossi. Thus, the LC is one of the structures
mediating the effects of opioids [32,35].

The extensive dendrites of LC neurons form a dense
cluster outside the LC in the pericoerulear areas. Afferent
projections from various structures are directed to these ar-
eas: the prefrontal cortex, amygdala, lateral hypothalamus,
and nucleus raphe dorsalis [1,10].

6. Functions
The diffuse network of LC projections throughout the

brain suggests involvement in many regulatory systems of
the central nervous system [36]. Numerous studies demon-
strate that the LC is involved in a wide range of func-
tions: regulation of the sleep-wake cycle, participation in
cognitive processes (such as attention, memory, learning,
and decision-making), modulation of visual attention, pain
modulation, regulation of neuroglial homeostasis, function-
ing of the blood-brain barrier and neurovascular nodes, for-
mation of fear, regulation of the stress response [12,25,36].
Additionally, the LC is involved in regulating muscle tone,
breathing, and sensory processing [5]. Differences in the
effects elicited by noradrenaline (activation or inhibition)
and specific response reactions are apparently explained by
different postsynaptic receptors, dynamics of noradrenaline
reuptake, and limited projection targets of individual groups
of LC neurons [36].

The locus coeruleus-norepinephrine (LC-NE) system
has two modes of functioning: tonic and phasic. Short-
term phasic reactions alternate with tonic reactions [37].
The phasic mode involves filtering out insignificant stim-
uli, selective attention, and focused task performance, while
the tonic mode contributes to shifting away from the cur-
rent task in favor of exploratory behavior, less focused
on performing a specific task [21,38]. Switching between
these modes affects the state of behavioral reactions, transi-
tioning from exploratory behavior to performing a specific
task [38]. Since experiments on humans and animals have
demonstrated a connection between the dynamics of pupil
dilation and the functioning modes of the LC-NE system,
one of the non-invasive indirect methods of studying LC ac-
tivity is measuring pupil dilation (pupillometry) [26,37,39].

The LC is part of the reticular ascending activat-
ing system, which is involved in regulating the sleep-
wake cycle and may play a role in sleep disorders [5,16,
25,26]. Studies of LC activity during sleep in humans
are conducted using functional magnetic resonance imag-
ing, which evaluates hemodynamic reactions in response
to changes in brain activity, positron emission tomography
to assess norepinephrine transporter density and pharmaco-
logical interventions. During sleep, the slow wave sleep
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phase (NREM—non-rapid eye movement) and the rapid
eyemovement phase (REM) alternate. It is believed that the
LC-NA system is involved in the transition between NREM
and REM sleep. During REM sleep, the level of NA in the
prefrontal cortex and thalamus becomes lower compared to
the wakefulness level. In the REM sleep phase, compared
to NREM sleep, indicators of heart rate, respiratory rate,
and blood pressure increase, but as a result of inhibiting
motor neurons in the spinal cord, skeletal muscles are in a
state of atonia. During wakefulness, spinal motor neurons
receive signals from the motor cortex and from LC neurons.
Norepinephrine acts on α1 receptors of motor neurons, in-
creasing their excitability. It is assumed that the absence of
excitatory action of LC neurons during REM sleepmay lead
to atonia. Patients with Parkinson’s disease have noradren-
ergic dysfunction, leading to changes in sleep parameters.

Pharmacological studies of the influence of the LC-
NE system on the sleep-wake cycle in rats have demon-
strated that injection of α2-adrenergic receptor agonists or
blockade of α1 and β-adrenergic receptors leads to dose-
dependent sedation [26].

LC neurons are activated in response to changes in
the environment as well as visceral stress signals, such
as bladder filling or changes in blood volume. This ac-
tivation occurs through afferent projections from the nu-
cleus tractus solitarii of the vagus nerve and from the cen-
tral nucleus of the amygdala [40–42]. The norepinephrine
released in response to stimulation affects the forebrain,
modulating the stress response [42]. Additionally, the LC
plays a role in maintaining the normal functioning of the
blood-brain barrier and regulates cerebral blood flow in re-
sponse to stress [19]. Norepinephrine released from LC
neurons also acts on microglial cells, oligodendrocytes, and
astrocytes, influencing inflammation, myelin production,
and the functioning of astrocytes [19]. As mentioned ear-
lier, norepinephrine can be released into the extracellular
space, providing paracrine regulation [19,21,43,44]. With
this release, NE acts on astrocytes and microglia, affecting
metabolic activity, inflammation, and other indicators [44].
Astrocytes express α1, α2, and β1 adrenoceptors. By ac-
tivating α1 adrenoceptors, NE increases glutamate uptake
by astrocytes. Activation of α2 adrenoceptors leads to in-
creased glucose metabolism and glycogen synthesis. Stim-
ulation of β1 adrenoceptors regulates K+ levels by increas-
ing the activity of the Na+/K+ pump, causing an increase
in glycogenolysis. Thus, norepinephrine optimizes astro-
cyte function during periods of increased neuronal activity
[44]. By acting on β2 adrenergic receptors expressed onmi-
croglial cells, norepinephrine enhances microglial migra-
tion and phagocytosis, as well as suppresses the production
of pro-inflammatory cytokines such as interleukin-1 (IL-1),
IL-6, tumor necrosis factor alpha (TNF-α), and inducible
nitric oxide synthase (iNOS), while increasing the synthe-
sis of brain-derived neurotrophic factor [16,44].

The Role of the LC in the Development of Nervous System
Pathologies

Studies have shown that the density of LC neurons is
associated with the rate of decline in cognitive processes.
Examination of the density of LC neurons, conducted on
postmortem samples of participants who underwent annual
cognitive tests, demonstrated a link between decreased cog-
nitive function and neuron density in the LC: higher density
was associated with a slower decline in cognitive abilities
[45]. Disorders in the functioning of the LC-NE system are
observed in various nervous system pathologies. Let’s take
a closer look at some of them.

Alzheimer’s disease—a leading neurodegenerative
brain disease, leading to deterioration of cognitive functions
and the development of dementia [46]. In alzheimer’s dis-
ease (AD), insoluble β-amyloid is deposited in the extracel-
lular space, the accumulation ofwhich forms senile plaques.
Inside neurons, tau protein accumulates in the form of neu-
rofibrillary tangles (NFTs). The accumulation of tau in sub-
cortical structures, including the LC, occurs before accumu-
lation in cortical cells [47]. According to data from several
autopsy studies, the accumulation of tau in LC neurons can
begin at the age of 30–40 years, in some cases as early as 10
years, when the cortex is not yet affected by the patholog-
ical process [47,48]. It is assumed that the LC may be the
primary focus of tau accumulation in the brain [11,49]. In
AD, in the early stages on preclinical stages of the disease,
when cognitive impairments are moderate or absent, pro-
gressive accumulation of NFTs and subsequent reduction
in the number of neurons occurs in the LC [16]. Moreover,
the rate of decline in cognitive functions, such as episodic
memory, working memory, and processing speed, is asso-
ciated with the degree of reduction in the number of LC
neurons and the density of NFTs [48,50].

The reduction in the number of LC neurons correlates
with the severity of AD and life expectancy, while the mor-
phology of the neurons also changes: the size of the soma of
the neurons, the number of dendrites, and the volume of the
nuclei change [16,51,52]. According to research, the num-
ber of LC neurons decreases by approximately 30% as the
disease progresses from the absence of cognitive symptoms
tomild symptoms and by 25%when transitioning frommild
to moderate AD [47,50]. Neurons in the rostral part of the
LC, projecting to cortical structures and the hippocampus,
are more susceptible to degeneration [47,53]. It is assumed
that the increased vulnerability of LC neurons to tau pathol-
ogy is due to incomplete myelination of their axons, ex-
tensive interaction with the capillary bed, and proximity
to the circulating cerebrospinal fluid in the fourth ventri-
cle, which enhances the action of environmental toxins. In-
creased bioenergetic demand may also play a role, leading
to increased oxidative stress [20,47]. The accumulation of
neuromelanin in LC neurons may have both neuroprotec-
tive and neurotoxic effects depending on the level of intra-
cellular accumulation [54]. Neuromelanin chelates and re-
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duces the toxicity of heavy metals. However, simultaneous
accumulation of heavy metals can lead to neuronal death
and release of toxins into the extracellular space [47].

There is a theory about transsynaptic spread of tau pro-
tein, which, considering the wide projections of LC, may
lead to axonal spread of tau throughout the brain, although
there is no definitive evidence for this theory [20,51]. Pre-
sumably, accumulating in LC neurons, tau may affect their
functioning and disrupt the release of norepinephrine.

The degeneration of LC neurons leads to a decrease
in the concentration of norepinephrine, which contributes
to the disruption of the normal functioning of the sympa-
thetic nervous system and cognitive impairments. Early
manifestations of AD, such as sleep disturbances and mood
disorders, may also be explained by dysfunction of the
LC-NE system [47]. In addition, due to the decrease in
the concentration of norepinephrine, which normally sup-
presses the production of pro-inflammatory cytokines, the
anti-inflammatory effect is reduced [16]. Also, changes
in the action of norepinephrine on blood vessels can dis-
rupt cerebral perfusion [46,47,51]. Infiltration of micro-
circulatory vessels and thickening of capillary walls leads
to microangiopathy and disrupts the normal functioning of
the blood-brain barrier [47]. As a result, dysfunction of
the LC-NE system leads to a decrease in the neuroprotec-
tive and anti-inflammatory effects of norepinephrine [47].
To compensate for the loss of LC neurons, the noradren-
ergic system undergoes restructuring: reuptake of NE de-
creases, axons and dendrites sprout in projection areas, and
early stages of the disease show noradrenergic hyperactiv-
ity [11,47].

The paramagnetic properties of neuromelanin, which
accumulates in LC neurons, allow for in vivo identification
of LC using magnetic resonance imaging (MRI) [55]. Cur-
rently, thanks to the use of neuromelanin-sensitive MRI,
new data is emerging on the dynamics of changes in LC
as AD progresses and their correlation with clinical symp-
toms [16]. Visualization of LC in vivo can be used to study
structural changes in LC as the disease progresses [11].

The integrity of the LC, which can be studied using
neuromelanin-sensitive MRI, may serve as a potential early
marker of AD [48]. Studying early accumulation of tau in
the LC before cognitive decline is a promising direction in
early detection and treatment of norepinephrine deficiency
in AD patients, and the use of noradrenergic drugs may
contribute to improving cognitive and behavioral disorders
[47,52]. Research is also being conducted on the use of
drugs that compensate for the deficiency of the noradrener-
gic system: l-3,4-dihydroxyphenylserine (l-DOPS)—a syn-
thetic precursor of NE, an inhibitor of norepinephrine trans-
port [47,56].

The second most common neurodegenerative disease
after AD is Parkinson’s disease [54]. The basis of the mo-
tor disorders, the main symptoms of Parkinson’s disease, is
a deficiency of the neurotransmitter dopamine in the sub-

stantia nigra and basal ganglia, which is normally synthe-
sized in the neurons of the substantia nigra. It is assumed
that a combination of genetic, age-related, and environmen-
tal factors plays a role in the etiology of Parkinson’s dis-
ease. The main pathomorphological feature of Parkinson’s
disease is intracellular inclusions—Lewy bodies, consist-
ing mainly of the pathological protein alpha-synuclein. It
is also characteristic of Parkinson’s disease to decrease the
level of neuromelanin in the substantia nigra [54]. Clini-
cally, Parkinson’s disease manifests with motor symptoms
such as hypokinesia, tremor, and muscle rigidity. Non-
motor manifestations include apathy, orthostatic hypoten-
sion, hypersalivation, pain, urinary retention, constipation,
insomnia, bradyphrenia, depression, and cognitive impair-
ments [54,57,58]. Moreover, the manifestation of non-
motor symptomsmay be related to the spatial disintegration
of LC neurons [57]. In Parkinson’s disease, there is a loss of
neurons throughout the length of the LC. It is assumed that
damage to the LC in Parkinson’s disease precedes damage
to the substantia nigra, which allows considering the state of
the LC as a potential early marker for preclinical diagnosis
[11].

Research shows that degeneration of LC neurons and
the accumulation of Lewy bodies in them occurs before
such processes in the substantia nigra [55]. Non-invasive
neuroimaging of the LC using MRI allows for the assess-
ment of LC integrity and its correlation with the functioning
of the noradrenergic system and cognitive and behavioral
symptoms, which could potentially lead to a better diag-
nosis of neurodegeneration before the onset of symptoms
[11]. In addition, targeting the noradrenergic system repre-
sents an additional therapeutic strategy in the treatment of
Parkinson’s disease, especially for compensating cognitive
impairments, as the main dopaminergic therapy used in the
treatment of Parkinson’s disease does not lead to improve-
ment in cognitive function [59,60]. It is believed that restor-
ing norepinephrine levels may lead to an improvement in
patients’ condition [59].

7. Conclusion
Further study of the anatomy and physiology of the LC

is necessary for a more complete understanding of the in-
volvement of the LC-NE system in the normal functioning
of many functions and systems in the body, particularly in
the processing of sensory information, behavior, and regu-
lation of visceral functions. Understanding the mechanisms
of NE involvement in the decline of cognitive functions and
the development of neurodegenerative diseases may be the
basis for the development of new therapy methods that can
slow the pace of neurodegeneration and thus improve pa-
tients’ condition. In the future, neuroimaging of the LC
could become a biomarker for neurodegenerative diseases
for early diagnosis and evaluation of pharmacotherapy ef-
fectiveness.
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