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ABSTRACT

Introduction: The locus coeruleus (LC) is a compact nucleus of noradrenergic neurons in the brainstem. Despite its relatively
small size, the LC has widespread axonal connections and serves as the primary source of noradrenaline (NA) throughout the
central nervous system. The LC-NA system plays a critical role in regulating cognitive and physiological processes, and its dys-
function has been implicated in various neurological and psychiatric disorders.

Results: This narrative review explores the anatomy, neurochemistry, and function of the LC-NA system in both the healthy
and diseased brain. We first provide a detailed overview of LC connectivity, highlighting its afferent and efferent projections and
their implications for brain-wide noradrenaline modulation. Next, we discuss the neurochemical properties of noradrenaline,
emphasizing its synthesis, release dynamics, and receptor interactions. The core of this review focuses on the functional roles of
the LC-NA system, systematically addressing each function first in the healthy brain and then discussing associated disorders.
Specifically, we explore the role of LC-NA signaling in attention and arousal, stress, emotion and pain, memory, motion, and neu-
roprotection, followed by discussions on psychiatric disorders, cognitive dysfunctions, and neurodegenerative diseases that arise
from its dysregulation. Lastly, we examine the involvement of the LC in epilepsy, highlighting how alterations in noradrenaline
signaling contribute to seizure susceptibility and propagation.

Conclusion: By integrating anatomical, neurochemical, and functional perspectives, this review provides a comprehensive un-
derstanding of the LC-NA system's role in brain function and its relevance as a therapeutic target in neurological and psychiatric
disorders.

1 | Anatomy

The locus coeruleus (LC) is a compact nucleus of noradrenergic
neurons situated bilaterally within the pontine brainstem, po-
sitioned ventrally to the cerebellum and adjacent to the fourth
ventricle. The name locus coeruleus, meaning “blue spot” in
Latin, reflects the pigmented appearance of its neuromelanin-
containing neurons. Despite its relatively small size, the LC

comprises approximately 1500 neurons per nucleus in rodents
and between 10,000 to 15,000 neurons in humans. These neu-
rons exhibit extensive axonal arborization, serving as the prin-
cipal source of noradrenaline (NA) throughout the central
nervous system (CNS) [1-3].

The subcoeruleus (SubC), also known as the A7 noradrenergic
cell group, is situated adjacent to but extending well beyond the
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boundaries of the LC. Located ventrally to the LC, SubC neu-
rons are less densely packed and display a more diffuse distri-
bution. In addition, dendritic processes from LC neurons extend
into the pericoeruleus (peri-LC) region, a peri-nuclear structure
that envelops the LC [4].

The cellular composition of the LC is heterogeneous.
Noradrenergic neurons within the LC can be categorized into
large multipolar neurons (~35um in diameter) and smaller
fusiform neurons (~20um in diameter). These subtypes ex-
hibit distinct distributions along the dorsoventral axis, with
fusiform neurons predominantly localized in the dorsal
LC and multipolar neurons concentrated in the ventral LC.
Structurally, the dorsal and ventral subdivisions of the LC
are separated by interposed cells of the medial vestibular nu-
cleus [5].

Numerous studies have characterized the connectivity of the LC
in rodents; however, direct investigations of LC projections in
humans remain limited due to methodological constraints. The
following sections will examine the afferent and efferent projec-
tions of the LC, with the majority of current knowledge derived
from rodent tract-tracing studies.

1.1 | Afferent Projections

LC neurons receive extensive afferent projections from numer-
ous brain regions, with retrograde rabies tracing studies identi-
fying up to 111 distinct sources. These studies also reveal that
individual LC-NA neurons integrate signals from 9 to 15 differ-
ent regions and that neurons projecting to functionally diverse
targets generally receive similar afferent input. This organiza-
tional framework highlights the LC-NA system's crucial role in
integrating multimodal information and broadly modulating
brain states and behavior [5, 6].

Among the key afferents is the nucleus of the solitary tract
(NTS), the principal relay station of vagal sensory input, which
influences the LC indirectly. The vagus nerve projects bilater-
ally to the NTS, but the LC receives the strongest projections
from the unilateral NTS [7, 8]. These indirect projections occur
via excitatory glutamatergic input from the nucleus paragigan-
tocellularis (PGi) and inhibitory GABAergic input from the
nucleus prepositus hypoglossi (PrH). Additionally, the LC is
reciprocally connected, meaning it receives afferent input from
and sends efferent input to the dorsal raphe nucleus, forming
an important serotonergic regulatory circuit that modulates re-
sponses to afferent sensory signals. These three pathways are
particularly relevant in the seizure-suppressing effects of vagus
nerve stimulation, an effect largely attributed to LC-mediated
NA release [9].

The prefrontal cortex (PFC) provides the most substantial excit-
atory input to the LC, with additional glutamatergic projections
from the orbitofrontal and anterior cingulate cortices. These
pathways establish a functional link between the LC-NA system
and higher-order cognitive and affective processing. GABAergic
interneurons within the peri-LC region and the SubC form local
inhibitory circuits that modulate LC activity. Through this

inhibitory modulation, they regulate LC excitability and prevent
excessive activation [4, 10, 11].

Afferent projections from regions involved in arousal
and stress regulation also converge on the LC. Notably,
corticotropin-releasing hormone (CRH) projections from the
PGi and Barrington's nucleus are thought to relay signals
related to internal physiological stress, including visceral,
parasympathetic, and neuroendocrine responses. In contrast,
CRH projections from the central nucleus of the amygdala are
primarily associated with psychological and emotional re-
sponses to stress, conveying information about environmen-
tal, external threats through cognitive and affective appraisal
mechanisms [1, 12-15].

In addition to its role in cognitive and autonomic regulation, the
LC is deeply involved in pain modulation and antinociception.
Excitatory input from the ventrolateral periaqueductal gray
(VIPAG) plays a crucial role in opioid-induced analgesia, in con-
junction with projections from the medial rostral ventrolateral
medulla. These inputs disinhibit LC-NA neurons, thereby en-
hancing NA release in the spinal cord, a key mechanism under-
lying endogenous analgesic processes [16].

The extensive network of LC afferents underscores its function
as a convergence hub for multiple physiological and behavioral
regulatory systems. Excitatory inputs from structures such as
the PGi and PAG allow the LC to respond dynamically to sen-
sory and pain-related stimuli, while inhibitory afferents from
the PrH and peri-LC counterbalance excitation to maintain ho-
meostatic control. This intricate afferent connectivity enables
the LC to modulate arousal, attention, autonomic function, and
stress adaptation, reinforcing its central role in neurobehavioral
regulation [1, 3, 9].

1.2 | Efferent Projections

The LC exerts its extensive modulatory influence through wide-
spread axonal projections that innervate nearly the entire CNS.
Major targets include the neocortex, hippocampus, amygdala,
thalamus, hypothalamus, cerebellum, and spinal cord, reflect-
ing the LC's role in regulating diverse neural functions. Many
of these connections are reciprocal. In contrast, certain struc-
tures, including the striatum, globus pallidus, substantia nigra,
and nucleus accumbens, receive little to no direct noradrenergic
innervation [1-3, 5].

Although traditionally regarded as a functionally uniform
system, recent evidence indicates a degree of topographical or-
ganization within LC efferent projections, with distinct neu-
ronal populations targeting specific CNS regions. Differential
projection patterns can be observed along the dorsal-ventral
axis. Dorsal LC neurons primarily project to forebrain struc-
tures, including the hippocampus and septum, while ventral
LC neurons predominantly innervate the cerebellum and
spinal cord. Amygdala- and cortex-projecting neurons are
interspersed throughout this axis, though dorsal LC neurons
preferentially target the occipital cortex, whereas ventral LC
neurons project mainly to the prefrontal cortex. Along the
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anterior-posterior axis, hypothalamus-projecting neurons
are located anteriorly, while thalamus-projecting neurons are
situated more posteriorly. This organization also extends to
laterality, with cortical and hippocampal projections being
predominantly ipsilateral (>95%), whereas subcortical struc-
tures, such as the cerebellum and spinal cord, receive bilateral
LC innervation [1, 5, 6].

Moreover, LC neurons frequently send collateral projections to
multiple functionally related targets, suggesting a role in coordi-
nating activity across interconnected regions. For instance, LC
neurons projecting to the trigeminal somatosensory cortex often
co-innervate the trigeminal somatosensory thalamus, reinforc-
ing modality-specific processing. This implies that activation of
a subset of LC neurons may simultaneously release NA in func-
tionally linked circuits; thereby synchronizing activity within a
particular sensory, cognitive, or motor domain.

Additionally, individual LC neurons exhibit divergent projections,
with some neurons simultaneously innervating both the hippo-
campus and cortex or both the thalamus and spinal cord, further
expanding the integrative capacity of the LC-NA system [1, 17].

In summary, while the LC is defined by its extensive and diffuse
noradrenergic projections, its complex topographical organiza-
tion enables precise modulation of neural network dynamics.
This structural framework supports the LC's essential role in
regulating arousal, cognitive processes, sensorimotor functions,
and adaptive behavioral responses [5, 6].

2 | Neurochemistry
2.1 | Noradrenaline and Adrenergic Receptors

Noradrenaline (NA) is the primary neurotransmitter uti-
lized by the LC efferent pathway. NA synthesis starts with
the enzymatic conversion of the amino acid tyrosine into L-
dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase
(TH), the rate-limiting step in catecholamine synthesis. L-DOPA
is subsequently decarboxylated to dopamine by DOPA decar-
boxylase (DDC). Once synthesized, dopamine is transported
into synaptic vesicles via the vesicular monoamine transporter
(VMAT), where it undergoes conversion to NA by dopamine
B-hydroxylase (DBH) inside the vesicles. The actions of NA in
the synaptic cleft are terminated primarily through reuptake
by the selective NA transporter (NAT), followed by enzymatic
degradation via monoamine oxidase A (MOA-A) or catechol-O-
methyltransferase (COMT) (Figure 1) [3].

NA interacts with three distinct families of G-protein-coupled
adrenergic receptors (ARs): a -, o,-, and -adrenergic receptors
(B,-B;), each comprising multiple subtypes. In general, o -ARs
are linked to Gq proteins, «,-ARs couple to Gi proteins, and §-
ARs are associated with Gs proteins (Figure 1). The physiolog-
ical effects of NA are dictated by the specific AR subtype, the
local concentration of NA, and whether the receptor is pre- or
postsynaptically localized [3, 18].

The a,-ARs are present postsynaptically and activate the Ggq,
phospholipase C (PLC), inositol triphosphate (IP3), protein

Presynaptic
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FIGURE1 | Schematic representation of noradrenaline (NA) trans-
mission. Tyrosine is converted to L-DOPA by tyrosine hydroxylase (TH),
which is then decarboxylated by DOPA decarboxylase (DDC) to form
dopamine (DA). DA is transported into synaptic vesicles via the vesic-
ular monoamine transporter (VMAT), where dopamine $3-hydroxylase
(DBH) converts it to NA. Upon stimulation, NA is released into the syn-
aptic cleft and binds postsynaptically to the o, &, or § adrenergic recep-
tors coupled to different G-proteins, Gq, Gi, Gs, respectively. This medi-
ates downstream signaling pathways involving phospholipase C (PLC)
and adenylyl cyclase (AC). Released NA can also bind to presynaptic
autoreceptors to inhibit further release. NA is cleared from the synaptic
cleft via reuptake or degraded by catechol-O-methyltransferase (COMT)
and monoamine oxidase A (MAO-A).

kinase C (PKC) pathway, generally exerting an excitatory ef-
fect. They are highly expressed in the thalamus and neocortex,
where they modulate both neuronal and interneuron activity.
Their presence on interneurons suggests they can also en-
hance inhibitory transmission by increasing GABAergic fir-
ing [18, 19].

The o,-ARs are located pre- and postsynaptically and couple to
Gi proteins, inhibiting adenylyl cyclase (AC), activating K+ cur-
rents, and suppressing presynaptic calcium channels, leading
to reduced excitability and neurotransmitter release. Notably,
o,-ARs have the highest affinity for NA, allowing them to re-
spond even at low NA concentrations [19]. These receptors also
function as autoreceptors on noradrenergic neurons, regulating
their activity at multiple levels, both locally within the LC and
distally in its projection areas. Locally, NA released from LC
neurons binds to a,-ARs located on the somata and dendrites
of LC neurons, initiating a Gi-mediated signaling cascade that
activates Kt channels, resulting in membrane hyperpolariza-
tion and decreased neuronal firing. This serves as a negative
feedback mechanism to limit excessive LC activity during pe-
riods of heightened NA release, such as stress. Disruption of
this autoregulatory pathway may lead to persistent LC hyper-
activity, a feature implicated in disorders such as epilepsy and
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attention-deficit/hyperactivity disorder (ADHD). In projection
areas, o,-ARs expressed at noradrenergic axon terminals inhibit
NA release by reducing Ca?* influx through presynaptic voltage-
gated Ca?* channels, thereby modulating synaptic transmission
locally [20-23].

-ARs are found postsynaptically and are linked to Gs proteins,
stimulating AC and increasing cAMP, which enhances synaptic
excitability and plasticity. They are expressed in both cortical
and subcortical neurons, including GABAergic inhibitory in-
terneurons located in regions such as the PFC, hippocampus,
and amygdala [24-26]. Unlike a,-ARs, 3-ARs have the lowest
affinity for NA, requiring high NA release for activation [19, 27].

Noradrenergic transmission in the CNS exhibits a unique mode
of neurotransmitter release. While classical neurotransmission
predominantly involves synaptic release, a significant propor-
tion of NA is discharged into the extracellular space, acting
through volume transmission.

Anatomical studies reveal that only approximately 20% of nor-
adrenergic varicosities form conventional synaptic contacts
with neurons; whereas the majority preferentially interface with
astrocytic processes and release NA into the extracellular envi-
ronment [28, 29].

Volume transmission operates in parallel with synaptic trans-
mission, allowing NA to diffuse across broader extracellular
spaces and influence neuronal and glial populations. Astrocytes,
which express ARs, play a critical role in mediating the effects
of NA. Activation of a -ARs in astrocytes elicits robust intracel-
lular calcium transients, whereas 3-AR stimulation enhances
cAMP formation [28, 30]. Furthermore, activation of a -ARs
has been found to enhance GABA release across multiple brain
regions, while also promoting glutamate uptake by astrocytes.
In contrast, 3-AR activation increases astrocytic GABA up-
take, leading to a reduction in inhibitory GABAergic signaling.
Astrocytes are therefore in a key position to modulate many of
the effects of NA on neurons and interneurons [28, 31].

2.2 | Neuropeptides and Dopamine

The LC is primarily recognized for its noradrenergic neurons,
yet these neurons also co-express various neuropeptides, includ-
ing galanin, neuropeptide Y (NPY), vasopressin, somatostatin,
enkephalin, neurotensin, and CRH. Approximately 80% of LC
neurons co-express galanin alongside NA, whereas NPY is pres-
ent in a smaller subset (~20%). These neuropeptide-containing
efferents exhibit topographic organization, with galanin-positive
neurons predominantly localized in the dorsal and central LC
regions, while NPY-positive neurons are restricted to the dor-
sal LC. Functionally, galanin and NPY modulate LC activity by
exerting inhibitory effects through the GAL1 and Y2 receptors
on LC neurons, respectively, thereby contributing to stress re-
silience [1, 5, 32, 33]. Vasopressin exerts bidirectional effects on
LC neuron excitability through vasopressin 1b receptors, which
are expressed on both noradrenergic and non-noradrenergic
neurons, whereas vasopressin 1a receptors are limited to norad-
renergic cells [34]. Somatostatin, enkephalin, and neurotensin
are each found in subpopulations of LC neurons and have been

shown to modulate neuronal activity, primarily through inhib-
itory mechanisms, although neurotensin can elicit both excit-
atory and inhibitory effects depending on the neuronal subtype
[35, 36]. Enkephalin, in particular, mediates opioid-dependent
inhibition of LC firing, thereby influencing stress and pain pro-
cessing [37, 38]. CRH is primarily delivered to the LC via afferent
projections and enhances LC activity during stress, contributing
to heightened arousal and anxiety-like behaviors [15]. However,
in contrast to galanin and NPY, detailed quantitative data on the
proportion of LC neurons co-expressing somatostatin, enkeph-
alin, neurotensin, and CRH, as well as their precise topographic
distribution within the nucleus, remain limited.

In addition to NA, LC neurons also release dopamine (DA),
which has been detected in cortical and hippocampal projec-
tions. Activation of the LC leads to the simultaneous release of
DA and NA in the cerebral cortex, suggesting that a portion of
cortical DA originates from noradrenergic terminals rather than
solely from midbrain dopaminergic neurons. The temporal dy-
namics of DA and NA release indicate distinct yet interrelated
regulatory mechanisms, with a,-ARs playing a crucial role in
modulating their extracellular levels. Agonists of the «,-AR,
such as clonidine, suppress the release of both neurotransmit-
ters, whereas antagonists like idazoxan enhance their availabil-
ity [39]. Recent evidence further demonstrates that DA released
in the dorsal hippocampus originates specifically from LC-NA
neurons rather than the ventral tegmental area (VTA). This LC-
derived DA signal is critical for selective attention and spatial
learning, underscoring the broader cognitive implications of LC
neurotransmission and its role in neuromodulation [40].

3 | Physiology and Function

3.1 | Techniques to Study LC Physiology
and Function

Investigating the physiology and function of the LC presents
challenges due to its small size and location deep in the brain-
stem. However, a combination of invasive and non-invasive
methodologies has been developed to study its structure and
function in both rodents and humans.

Electrophysiological recordings have been fundamental in
characterizing the activity of LC neurons in rodent models.
Traditional techniques, including extracellular recordings with
chronically implanted electrodes and in vitro slice recordings,
have enabled the measurement of local field potentials and mem-
brane dynamics within the LC. However, due to the LC's com-
pact anatomical structure, these methods have typically allowed
the insertion of only a single electrode, limiting recordings to
multi-unit activity or, at best, a small number of simultaneously
recorded single units [41]. Recent advancements in high-density
silicon probe technology have significantly expanded the capa-
bilities of electrophysiological investigations. These probes facil-
itate large-scale, high-resolution recordings from multiple LC
neurons simultaneously, enabling detailed analysis of both tonic
and phasic firing patterns, as well as the synchronous activity of
distinct neuronal ensembles. This has provided critical insights
into the spatial and functional organization of the LC and its role
in neuromodulatory processes [41-43].
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In parallel, pupillometry, the measurement of pupil diameter
over time, has emerged as a powerful, non-invasive proxy for LC
activity in both humans and animal models. While pupil size
has traditionally been associated with the autonomic response
to light, it is now recognized as a sensitive marker of arousal,
cognitive effort, and noradrenergic activity [44].

The LC modulates pupil diameter via projections to brain re-
gions such as the Edinger-Westphal nucleus and sympathetic
circuits controlling the dilator pupillae muscle. Phasic bursts
of LC activity in response to salient or novel stimuli typically
evoke transient pupil dilations; whereas tonic LC activity cor-
relates with baseline pupil diameter [44, 45]. Importantly, ab-
errant pupil dynamics have been linked to several neurological
conditions, including Alzheimer's disease and autism spectrum
disorder, underscoring the clinical value of pupillometry for as-
sessing LC function [46, 47].

The development of neuromodulation techniques such as optoge-
netics and chemogenetics has enabled precise, cell-type-specific
manipulation of LC neurons in rodents. Optogenetics allows for
millisecond-scale activation or inhibition of LC activity via light-
sensitive ion channels or pumps, while chemogenetics utilizes
engineered receptors selectively activated by pharmacologically
inert ligands [48, 49]. By targeting these tools to noradrenergic
neurons using specific promoters, researchers can modulate LC
activity to study its effects on behavior, arousal, and cognition
[50]. These techniques also facilitate anatomical tracing of LC
projections through the use of retrograde labeling methods [51].

Complementary to these approaches, fiber photometry com-
bined with genetically encoded sensors has become a widely
used method for monitoring dynamic changes in LC activity
and NA release in vivo in rodents. This technique involves the
use of fluorescent sensors that exhibit conformational changes
and consequent fluorescence shifts upon ligand binding [52, 53].
Calcium indicators such as the GCaMP family are commonly
used to monitor LC neuronal activity, with fluorescence increas-
ing upon Ca?* binding to calmodulin [54]. To measure NA re-
lease directly, sensors such as GRAB, and nLight provide
sub-second resolution, enabling real-time monitoring of NA
dynamics [55, 56]. These sensing technologies are often used in
combination with optogenetic or chemogenetic modulation to
establish causal relationships between LC activity and behav-
ioral or physiological outcomes.

In human studies, non-invasive imaging modalities have
been developed to assess the LC's structure and function.
Neuromelanin-sensitive magnetic resonance imaging (NM-
MRI) exploits the paramagnetic properties of neuromelanin,
a pigment highly concentrated in LC neurons, giving rise to
its designation as the “blue spot,” to visualize the LC in vivo.
NM-MRI signal intensity correlates with LC neuron density in
postmortem analyses and has been used to study age-related
decline and degeneration in disorders such as Parkinson's and
Alzheimer's disease [57, 58]. Functional MRI (fMRI) further
enables the investigation of LC activity through blood-oxygen-
level-dependent (BOLD) signals during cognitive and emotional
tasks. Despite the challenges posed by the LC's small size and
deep brain location, advances in imaging resolution and analy-
sis have facilitated the reliable detection of LC-related activation

[59]. When combined with pupillometry, fMRI provides a pow-
erful, multimodal framework for studying the LC's role in atten-
tion, arousal, and other cognitive processes [46, 60].

Finally, postmortem histological analyses remain the gold
standard for assessing LC morphology and pathology. These
methods allow direct visualization of LC neurons, their neuro-
melanin content, and associated neuropathological features in
various disease states [58].

In summary, a diverse array of invasive and non-invasive meth-
odologies, ranging from electrophysiology and fiber photometry
to neuromodulation, pupillometry, and advanced imaging, has
greatly expanded our understanding of the structural and func-
tional properties of the LC in both animal models and humans.

3.2 | Activity of LC Neurons

LC neurons exhibit two distinct patterns of activity: tonic and
phasic firing. Tonic activity is characterized by a slow, highly
regular spontaneous firing rate, typically ranging from 0 to 5Hz,
with broad action potential waveforms (1-2ms). This activity
varies across sleep—wake states, increasing during wakefulness,
decreasing during slow-wave sleep, and becoming nearly silent
during rapid-eye movement (REM) sleep, highlighting the LC's
role in regulating arousal and the sleep-wake cycle. Elevated
tonic activity is associated with exploratory behavior, height-
ened stress, and increased distractibility [1, 12].

In contrast, phasic activity consists of brief bursts of firing at
10-15Hz, followed by a suppression period lasting 300-700 ms
due to autoinhibition. This activity pattern can be internally
triggered by decision completion or externally evoked by un-
expected, intense, or salient stimuli, such as noxious stimuli.
Phasic firing facilitates a task-specific state of focused attention,
enhancing cognitive engagement in response to significant en-
vironmental cues [1].

Phasic discharge is modulated by tonic activity levels, follow-
ing an inverse-U relationship. Phasic responses are attenuated
at both low and high tonic firing rates, suggesting that optimal
behavioral performance occurs at intermediate levels of tonic
activity [27]. This relationship is particularly significant given
that extracellular NA release is linearly correlated with tonic
discharge rates. Small shifts in LC firing patterns can there-
fore produce substantial changes in NA efflux. For example,
prolonged burst-like LC stimulation induces greater NA re-
lease than tonic stimulation [61]. This effect was further con-
firmed using a GRAByy;, ,, biosensor in the hippocampus, which
demonstrated that a 15Hz burst stimulation elicited a higher
NA release compared to tonic 3Hz stimulation [62]. Similarly,
neuropeptide co-localization studies indicate that the release of
galanin and neurotensin occurs exclusively during phasic, but
not tonic, activity [1].

Electrophysiological studies suggest that LC-NA fibers are pri-
marily thin, unmyelinated axons, as reflected by their slow
conduction velocities (0.2-0.86m/s). Additionally, conduction
velocity decreases with prolonged activity, with a maximal
transmission efficiency observed at 20 Hz [63].
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Historically, multi-unit recordings and slice electrophysiology
suggested that LC neurons fire in a highly synchronized man-
ner, resulting in global NA release [1]. However, recent findings
by Totah et al. challenge this assumption, revealing that LC
neurons do not fire as a fully synchronized unit, but rather as
dynamic ensembles. While small groups of LC neurons exhibit
brief, spatially restricted synchrony, this coordination does not
extend beyond neuron pairs. Cross-correlogram analysis identi-
fied synchrony peaks at 10-70 ms delays, likely driven by shared
synaptic inputs from extra-LC sources and lateral inhibition
within the LC [41].

At a broader timescale (2-105s), LC neurons exhibit in-phase and
out-of-phase oscillations, meaning that some neurons within
an ensemble fire synchronously to release NA to their target re-
gions, while others remain suppressed. Given that individual LC
neurons often project to single forebrain regions, this results in
a spatiotemporal segregation of NA release, where some brain
areas receive high NA levels, while others experience simulta-
neous suppression. These findings suggest that, rather than act-
ing as a homogenous unit, LC neurons function as coordinated
but selective ensembles, dynamically regulating NA distribution
across different brain regions to optimize cognitive and behav-
ioral outcomes [41].

3.3 | The LC-NA System in the Healthy
and Diseased Brain

The LC, as the principal source of NA in the brain, has extensive
influence throughout the CNS and plays a crucial role in various
cognitive and behavioral processes (Figure 2). Alterations in the
LC-NA system can consequently contribute to a range of patho-
logical conditions and disorders. The following section will first
examine the function of the LC-NA system in the healthy brain;
followed by an exploration of neurological disorders associated
with its dysfunction.

3.3.1 | Attention and Arousal

The LC-NA system plays a pivotal role in regulating arousal,
behavioral state, attention, and sensory processing through
its widespread projections to the basal forebrain and thalam-
ocortical structures. By modulating activity in the thalamic
nuclei and sensory cortices, the LC influences both the gating
and tuning of sensory inputs, thereby optimizing information
processing. NA promotes a tonic, single-spike firing mode
in thalamocortical neurons, which is essential for the acute
processing of sensory information and the effective relay of
relevant stimuli to higher-order cortical areas [1, 12, 64]. The
LC also modulates attention through its distinct phasic-tonic
activity patterns. Phasic bursts of NA enhance task-relevant
focus and improve cognitive performance, whereas elevated
tonic firing is associated with increased distractibility and
exploratory behavior. This dynamic balance between fo-
cused and flexible attention is critical for adaptive behavior
and cognitive flexibility. NA facilitates selective information
processing by amplifying responses to relevant stimuli, while
suppressing background noise and irrelevant inputs, thereby
increasing the signal-to-noise ratio. This mechanism enables

Motor cortex
Motion

Prefrontal cortex
Attention - arousal
Cognitive processing

Motion

Sensory cortices
Sensory processing
Attention - arousal

Basal forebrain
Sleep-wake
Attention - arousal

R Thalamus
Sensory processing
Attention - arousal
Hypothalamus

Sleep-wake
Stress and emotion

Cerebellum
Amygdala & Hippocampus Motion
Stress and emotion
Memory formation
Spinal cord
Pain modulation
Motion
FIGURE2 | The LC sendswidespread projections to numerous brain
regions, each associated with specific functions. These include the pre-
frontal cortex, involved in attention, cognitive processing, and motion;
the motor cortex, which regulates voluntary movement; and the sensory
cortices, responsible for processing sensory input and mediating arous-
al. The thalamus also receives input from the LC and contributes to
sensory processing and alertness. Projections to the basal forebrain and
hypothalamus support sleep-wake regulation and stress responses. The
amygdala and hippocampus, which mediate emotional processing and
memory formation, are also targets of LC innervation. Additionally, the
LC sends projections to the cerebellum, which coordinates movement,
and to the spinal cord, where it modulates pain and motor control. The
pathways highlighted in the figure demonstrate the LC's widespread in-

fluence across brain systems and behavioral functions.

organisms to efficiently detect, process, and respond to critical
environmental cues, ultimately supporting survival and goal-
directed behavior [3, 65].

Moreover, the LC-NA system is intricately linked to sleep-
wake regulation through its extensive connections with key
sleep—wake nuclei, including the basal forebrain, hypothalamus
(orexinergic neurons), reticular formation, and preoptic area.
Electrophysiological studies in rodents, cats, and monkeys have
demonstrated that LC activity decreases progressively from
wakefulness (~3Hz) to quiet resting states (~1 Hz) and becomes
nearly silent during REM sleep [66].

Additionally, the LC plays a crucial role in sleep-to-wake transi-
tions, with bursts of activity occurring just before spontaneous
or sensory-evoked awakenings [67]. Optogenetic studies further
support this role, showing that LC photoactivation increases the
probability of awakening in response to auditory stimuli, while
photoinhibition reduces this likelihood [68]. Furthermore, the
LC receives indirect input from the suprachiasmatic nucleus
(SCN), the central pacemaker of circadian rhythms. Tonic LC
activity follows a circadian pattern, exhibiting higher discharge
rates during the active phase compared to the inactive phase.
This suggests that the LC itself is subject to circadian regulation
and may, in turn, contribute to the rhythmic control of sleep-
wake states and arousal [69].

Aberrant attentional processing, likely driven by dysregulated
LC activity, is a hallmark of ADHD and autism spectrum
disorder (ASD). Research suggests that in ADHD, LC neu-
rons exhibit excessive tonic firing, leading to reduced phasic
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activation, which is essential for sustaining focused attention.
This altered firing pattern results in difficulty transitioning
between attentional states, contributing to impulsivity and
distractibility.

Similarly, studies in children with ASD have revealed attenuated
habituation to repetitive stimuli and reduced phasic LC activity,
indexed by diminished pupil-linked phasic arousal responses,
further implicating LC dysregulation in atypical attentional
control mechanisms. Both findings suggest that an imbalance
between tonic and phasic LC activity impairs attentional focus
and cognitive flexibility. Notably, pharmacological treatments
for ADHD, including stimulants and the «,-adrenergic agonist
clonidine, function by reducing tonic LC activity, thereby pro-
moting phasic responsiveness and enhancing attentional perfor-
mance [47, 65, 70].

Aberrant LC activity is further implicated in sleep disorders
such as narcolepsy and insomnia. In narcolepsy, the loss of
wakefulness-promoting orexin neurons disrupts LC firing, con-
tributing to excessive daytime sleepiness. Conversely, insomnia
is associated with LC overactivity, likely driven by increased
orexin signaling or reduced preoptic neuron function, leading to
hyperarousal and impaired sleep initiation [71, 72].

3.3.2 | Stress, Emotion and Pain

The LC is activated by a range of endogenous and exogenous
stressors, including nociceptive stimuli, pro-inflammatory cy-
tokines, and psychological stress. The amygdala, a critical struc-
ture in emotional processing and fear regulation, maintains
reciprocal connections with the LC. Exposure to a stressor in-
duces amygdala activation and CRH release, which increases
tonic LC firing while suppressing phasic activity, ultimately
promoting a state of hypervigilance. Heightened LC activity
leads to increased NA release, particularly affecting «;-ARs in
the amygdala, thereby amplifying anxiety states. In addition,
LC projections to the hippocampus enhance the consolidation of
emotionally salient memories, further reinforcing stress-related
responses [73, 74].

Given its central role in stress, emotion, and anxiety regula-
tion, the LC has been extensively studied in psychiatric disor-
ders such as post-traumatic stress disorder (PTSD) and major
depressive disorder (MDD). PTSD is characterized by height-
ened reactivity to unexpected stimuli, a phenomenon partially
attributed to excessive phasic LC discharge. This increased
NA activity leads to hyperexcitability in limbic structures
involved in emotion regulation, particularly the amygdala.
MDD has been linked to dysregulation of the LC-NA system.
Genetic and pharmacological studies indicate that enhancing
LC function confers resilience to stress-induced depressive be-
haviors, whereas NA depletion exacerbates depressive symp-
toms. These findings underscore the importance of the LC-NA
system as a promising therapeutic target for stress-related
disorders. The clinical efficacy of noradrenaline reuptake in-
hibitors (NRIs) in treating depression and the attenuation of
PTSD symptoms with propranolol, a 3-adrenergic receptor an-
tagonist, further support its relevance in psychiatric treatment
strategies [75, 76].

The LC also plays a pivotal role in pain modulation through its
descending projections to the spinal cord, which are integral
to the endogenous analgesic system. These projections inhibit
nociceptive transmission, thereby modulating pain perception.
However, sustained pain stimuli can induce neuroplastic adap-
tations within the LC-spinal axis, diminishing the inhibitory
effects of NA on nociceptive processing and facilitating the tran-
sition from acute to chronic pain [77].

3.3.3 | Memory

The LC-NA system plays a pivotal role in modulating memory
processes, particularly within the hippocampus, a region es-
sential for learning and memory. Upon encountering novel or
arousing stimuli, the LC becomes activated, releasing NA into
the hippocampus. This release enhances synaptic plasticity
mechanisms such as long-term potentiation (LTP) and long-
term depression (LTD), which are fundamental for encoding
and consolidating new information. Furthermore, NA facilitates
the consolidation of long-term memories by inducing epigene-
tic modifications that regulate gene expression associated with
synaptic strength and endurance of memory storage [78, 79].

Projections from the LC to the CA1 region of the dorsal hippo-
campus play a critical role in the integration of distinct memory
traces, while not directly influencing initial memory formation.
This effect is mediated, in part, by dopamine co-released from
LC noradrenergic terminals, highlighting a neuromodulatory
interaction that facilitates memory linking [80]. The LC-NA
system also influences the retrieval of both recent and remote
memories. Studies have shown that the activity level of the LC
can modulate memory retrieval, with certain frequencies of LC
stimulation impairing or enhancing the retrieval process. For
instance, stimulation of the LC at 20 or 100 Hz before memory
retrieval can disrupt the recall of recently acquired reference
memories, an effect mediated by f-adrenergic receptors [81].

LC degeneration is a hallmark of Alzheimer's disease (AD) and
among the earliest cell populations affected by tau pathology.
Postmortem studies show ~55% LC neuron loss in AD patients,
contributing to cognitive decline by impairing memory, disrupt-
ing brain metabolism and blood flow, and compromising amy-
loid-@ clearance and neuroinflammatory regulation. As an early
pathological feature, LC degeneration is a biomarker of disease
progression, closely linked to memory loss, attentional deficits,
and impaired task execution [82-84].

3.3.4 | Motion

LC projections extend to multiple brain regions involved in
movement, including the motor cortex, basal ganglia, cerebel-
lum, and spinal cord. NA regulates dopamine release in the stri-
atum and influences the activity of the subthalamic nucleus and
globus pallidus, all of which are crucial for initiating, coordi-
nating, and controlling movement. Additionally, LC projections
to the PFC have been shown to play a vital role in maintaining
posture and mobility. NA also contributes to motor function
by regulating spinal cord excitability, affecting reflex activ-
ity and locomotor responses, which is particularly important
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for adapting movement to dynamic environmental conditions
[2, 85, 86].

Parkinson's disease (PD) is primarily characterized by the de-
generation of dopaminergic neurons in the substantia nigra.
However, increasing evidence indicates that LC degeneration
occurs early in the disease process, preceding the loss of dopa-
minergic neurons. The depletion of noradrenergic input to the
motor cortex and spinal cord diminishes motor flexibility and
responsiveness to external stimuli, exacerbating difficulties in
movement initiation and execution [87, 88].

The LC-NA system is also essential for postural control and
adaptive gait regulation. Its degeneration in PD has been associ-
ated with a higher risk of falls and freezing of gait, both of which
are common and debilitating motor symptoms in the advanced
stages of the disease. Pharmacological interventions, such as
a,-AR antagonists, have been suggested to enhance LC activity
in a primate model of PD, potentially alleviating motor impair-
ments and augmenting the efficacy of co-administered L-DOPA
[87-89].

3.3.5 | Neuroprotection

NA has well-documented anti-inflammatory and neuroprotec-
tive properties. By activating 3-ARs on astrocytes and microg-
lia, NA suppresses the nuclear factor kappa B (NF-xB) signaling
pathway, a key regulator of pro-inflammatory cytokine produc-
tion. Additionally, 3-AR activation on macrophages and lympho-
cytes leads to the inhibition of the release of pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a), inter-
leukin-6 (IL-6), and interleukin-8 (IL-8), while simultaneously
increasing anti-inflammatory cytokine levels [90, 91].

NA also facilitates neuroprotection by promoting cellular sur-
vival pathways and stimulating the release of brain-derived neu-
rotrophic factor (BDNF) [92, 93]. Furthermore, 32-AR agonists
have been shown to counteract a-synuclein-induced inflamma-
tory pathways, which play a crucial role in the pathogenesis of
Parkinson's disease [90, 94, 95].

NA also plays a crucial role in multiple sclerosis (MS) by mod-
ulating neuroinflammation and immune responses. Research
has shown that MS patients and experimental autoimmune en-
cephalomyelitis (EAE) models exhibit reduced NA levels and LC
damage, suggesting that enhancing NA signaling may offer ther-
apeutic benefits. Increasing central NA levels has been found to
reduce disease severity in EAE, likely through its immunomod-
ulatory effects, including the suppression of pro-inflammatory
cytokines such as IL-17 and IFN-y [96-98]. Dysregulation of
adrenergic pathways in MS is also associated with fatigue and
depression, highlighting a role for the LC-NA system in symp-
tom management [99].

4 | Locus Coeruleus in Epilepsy
The LC-NA system exhibits widespread projections through-

out the brain, with particularly dense innervation in regions
highly susceptible to hyperexcitability and integral to seizure

regulation, including the hippocampus, cortex, and amygdala.
NA in epilepsy and other neurological disorders has extensively
been investigated through pharmacological, lesioning, stimula-
tion, and genetic studies, offering critical insights into its role in
seizures and epilepsy [18, 100].

Initial research on the relationship between NA and epilepsy
involved LC lesioning studies. Using the neurotoxins 6-OHDA
(6-hydroxydopamine) or DSP-4 (N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine hydrochloride), which preferentially destroy
LC neurons, has demonstrated that animals with a compro-
mised noradrenergic system exhibit increased susceptibility to
seizures induced by various convulsant paradigms, including
pentylenetetrazol (PTZ), electroconvulsive shock, and amyg-
dala and hippocampal kindling [100-103]. Kindling models of
epilepsy induce progressive seizure development in response to
repeated, initially subconvulsant electrical or chemical stimuli,
serving as a model for focal and secondary generalized seizures
[104]. Transplantation of fetal LC tissue has furthermore been
demonstrated to reverse the heightened seizure susceptibility
observed in animals with 6-OHDA-induced LC lesions, rein-
forcing the importance of noradrenergic signaling in seizure
modulation [105].

In addition to lesioning studies, investigations involving LC
stimulation have provided further evidence of its anticonvul-
sant effects. Electrical stimulation of the LC has been shown to
suppress seizures induced by PTZ and amygdala kindling, sug-
gesting that activation of the LC-NA system can exert protective
effects against hyperexcitability [106, 107]. This anticonvulsant
role is further supported by the seizure-suppressing effects of
VNS. We and others demonstrated a strong correlation between
enhanced NA transmission and the anticonvulsant properties
of VNS [108, 109]. Notably, we identified the a,-AR as a critical
mediator of VNS-induced suppression of pilocarpine-induced
limbic seizures, emphasizing the importance of noradrenergic
mechanisms in this therapeutic intervention [109].

Collectively, these studies provide compelling evidence that ac-
tivation of the LC plays a critical role in modulating seizure sus-
ceptibility, propagation, and duration. This suggests that the LC
undergoes a compensatory moderate activation during seizures
and that the loss of LC neurons may contribute to epileptogenesis,
the pathological transition from a healthy to an epileptic brain.
Supporting this, a study demonstrated that DSP-4-induced LC
lesioning converted sporadic bicuculline-induced seizures into
self-sustaining status epilepticus [110]. Additionally, genetically
epilepsy-prone rats (GEPR), which display heightened suscepti-
bility to audiogenic seizures, exhibit deficits in NA content, re-
duced activity of NA-synthesizing enzymes, and impaired NA
reuptake. Pharmacological restoration of noradrenergic trans-
mission through NA administration, NA reuptake inhibitors,
or adrenergic receptor agonists has been shown to ameliorate
seizure susceptibility in these animals [100, 111, 112].

Several studies have furthermore demonstrated increased LC
activity following various seizure paradigms, as evidenced by
elevated expression of Fos, a marker of neuronal activation,
along with upregulation of TH and NAT expression [113, 114].
Moreover, heightened multi-unit activity in the LC has been ob-
served during seizures induced by electrical stimulation of the

8 of 14

European Journal of Neurology, 2025

95UB017 SUOLULIOD 9AII8.1D) [cfed! (dde U Aq peuenob 8e 91l VO ‘SN J0 S8|NI 0} Aiq 1T 8UIUO /8|1 L (SUONIPUOD-PUE-SWSIALIY A8 | 1m Akeiq | Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S [5202/60/70] U0 Akeiqi8uliuo A8|IM * 1D %e8yIol[qIcsBISIBAIUN - B3o8ISseD X PIS AQ LEE0/ BUS/TTTT OT/I0p/W0d A3 1M Aleiq jpuluoy//Sdny WOl pepeojumoq ‘6 ‘520z ‘TEET8IYT



amygdala [115]. These findings are consistent with our work,
which showed that hippocampal seizures differentially modu-
late LC neuronal activity, eliciting both excitatory and inhibitory
responses, while consistently producing a time-locked increase
in NA release within the hippocampus [43]. In contrast, a recent
study in a mouse model of temporal lobe epilepsy associated
with impaired consciousness reported a reduction in LC multi-
unit activity during electrically evoked hippocampal seizures
[116]. The relationship between this reduced neuronal activity
and NA release in the hippocampus remains to be elucidated.

In contrast to the previously described anticonvulsant effects of
the LC-NA system, NA release can also exert proconvulsive ef-
fects under certain conditions [18, 117]. Evidence from animal
and human studies suggests that tricyclic antidepressants may
have proconvulsant properties [117]. For instance, in rats, the
NA reuptake inhibitors imipramine and desipramine induce
spikes and spike-wave complexes by increasing the basal levels
of NA in the brain. Chronic administration was associated with
proconvulsant effects [118, 119].

The dual effects of NA on seizure activity are not necessarily
mutually exclusive but may depend on NA concentration, the
activation and expression patterns of AR subtypes, and their
specific localization. Activation of a;-ARs on interneurons and
astrocytes enhances GABAergic transmission, leading to cir-
cuit inhibition and seizure suppression [18, 28]. Notably, mice
with constitutively active o, ,-ARs in hippocampal CA1 inter-
neurons exhibit resistance to seizures, whereas knockout mod-
els for this receptor subtype display spontaneous epileptiform
activity. This protective effect is attributed to a, ,-AR-mediated
depolarization of GABAergic interneurons, coupled with the
release of somatostatin, which collectively enhance inhibitory
tone within the CA1 hippocampal circuitry [120, 121]. In con-
trast, excessive activation of the a, ;-AR subtype has been impli-
cated in proconvulsant outcomes. Mice overexpressing o, .-ARs
exhibit spontaneous seizures, whereas o, ,-AR knockout models
demonstrate resistance to chemically induced seizures, such as
those triggered by pilocarpine or kainic acid. This proconvul-
sant effect may be mediated by a, ;-AR-induced neuronal excito-
toxicity, potentially via enhanced recruitment and activation of
glutamatergic NMDA receptors, leading to neuronal death and
increased seizure susceptibility [122, 123].

The role of or,-ARs in seizure modulation is more complex due to
their function as autoreceptors. Their blockade or activation al-
ters LC activity, with anticonvulsant effects primarily mediated
through activation of postsynaptic receptors, whereas presynap-
tic autoreceptor activation reduces NA release and may contrib-
ute to proconvulsant effects [100, 117].

-ARs, activated by high NA concentrations as seen during sei-
zures, have been associated with both anti- and proconvulsant
outcomes [18]. For example, the 3-AR antagonist propranolol in-
hibits the reduction of penicillin-induced hippocampal seizures
following LC stimulation, indicating an anticonvulsant role of
the B-AR [124]. Propranolol has also been shown to increase
seizure threshold in lidocaine-induced seizures, suggesting a
proconvulsant effect of the 3-AR [124, 125]. Extensive evidence
highlights the role of §-ARs in regulating brain excitability, par-
ticularly in the hippocampal dentate gyrus (DG). NA enhances

DG granule cell excitability and potentiates the population
spike amplitude in perforant-path evoked potentials [126-129].
Given that hyperexcitability predisposes the brain to seizures,
B-AR activation is largely associated with proconvulsant effects.
Additionally, NA facilitates hippocampal synaptic plasticity, in-
cluding long-term potentiation (LTP) and long-term depression
(LTD) in the DG through -AR activation [130]. These processes
are implicated in kindling and suggest that excessive NA release
during seizures, coupled with $-AR activation, may enhance
seizure susceptibility and promote epileptic network formation.

Overall, existing research underscores the pivotal role of the
LC-NA system in epilepsy. NA influences seizure susceptibil-
ity, hippocampal excitability, and synaptic plasticity through
its interaction with various AR subtypes, making it a critical
target for epilepsy treatment [18]. While lesioning and stimu-
lation studies highlight the LC's anticonvulsant role, pharma-
cological evidence also suggests a potential seizure-enhancing
effect of NA. This indicates that both deficient and excessive NA
transmission can increase seizure risk, whether through loss
of protective inhibitory mechanisms or excessive activation of
excitatory pathways. This leads to an overarching conclusion
supported by extensive experimental data, namely that the rela-
tionship between noradrenergic transmission and seizure con-
trol follows an inverted U-shaped curve. At low NA levels, the
brain lacks sufficient inhibitory tone, increasing susceptibility
to seizures. Conversely, at high levels, excessive NA can promote
hyperexcitability and network plasticity that facilitate seizure
propagation. Moderate levels of NA activity therefore appear to
exert the strongest anticonvulsant effects, striking a crucial bal-
ance between excitation and inhibition [100, 117].
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