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Progressive noradrenergic degeneration and motor cortical
dysfunction in Parkinson’s disease
Wei Zhou1 and Hong-Yuan Chu1,2✉

The locus coeruleus norepinephrine (LC-NE) system plays an important role in regulating brain function, and its neuronal loss has
been well-documented in Parkinson’s disease (PD). The LC-NE neurodegeneration is believed to underlie various nonmotor
symptoms in people with PD, including neuropsychiatric deficits, sleep disruptions, and cognitive impairments. Of particular
interest, LC-NE neurons send intensive axonal projections to the motor regions of the cerebral cortex. However, how NE depletion
in the motor cortex contributes to PD pathophysiology remains poorly understood. In addition, recent studies provided increasing
mechanistic insights into secondary changes in the cerebral cortex as LC-NE degenerates, which might involve its interaction with
dopaminergic signaling during the chronic course of the disease. In the present article, we briefly discuss clinical and preclinical
studies that support the critical roles of LC-NE neurodegeneration and motor cortical dysfunction in both motor and nonmotor
deficits in Parkinsonian states. We focus our discussion on the potential impact of LC-NE neurodegeneration on motor cortical
function and the subsequent symptom manifestation. Last, we propose future research directions that can advance our
understanding of cortical pathophysiology in PD by integrating noradrenergic degeneration.
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INTRODUCTION
Locus coeruleus (LC) is a bilateral structure situated in the upper
dorsolateral pontine tegmentum. LC neurons synthesize and
release norepinephrine (NE, also known as noradrenaline), which
is essential for regulating brain function. LC of both hemispheres
comprises about 50,000 cells in humans and around 3000 cells in
rodents [1–4]. The LC-NE neurons project to broad brain regions
(e.g., the cerebral cortex, the thalamus, the amygdala, the
hippocampus, the cerebellum, and the medulla) and play a
pivotal role in regulating normal brain function and behavioral
states, including arousal, attention, cognition, and stress
responses. Noradrenergic receptors (ARs) can be categorized into
3 subtypes, including α1, α2, and β receptors, which are G-protein
coupled receptors (GPCRs). While α1 and β receptors are coupled
with Gq and Gs proteins, respectively, α2 receptors are coupled
with Gi protein and the subsequent signaling cascades [5].
Particularly, α2 receptors are expressed highly at noradrenergic
axon terminals, where they can act as autoreceptors to regulate
presynaptic NE release. Thus, NE has a higher affinity for α2
receptors than α1 and β receptors. The basic neurobiology of LC-
NE neurons, receptor signaling, and their regulation of behavior
have been extensively studied and well-reviewed by others [6–9].
The potential contribution of LC-NE neurodegeneration to the

pathogenesis and symptomology of PD has been reported and
discussed in depth [10–12]. The present article focuses on a
thorough analysis of LC-NE innervation of the cerebral cortex,
particularly the cortical motor regions, at molecular and cellular

levels. We further discuss potential cortical circuitry adaptations as
LC-NE neurons progressively degenerate. Last, we propose the
potential roles of such circuit changes in the pathophysiology of
motor and cognitive deficits in PD.

SEGREGATED LC-NE PROJECTIONS TO THE CEREBRAL
CORTICAL SUBREGIONS
The LC was thought to be a homogeneous brain region
comprising neurons that express dopamine β-hydroxylase (DBH),
the enzyme that converts dopamine (DA) to NE. LC-NE neurons
receive convergent inputs from various brain regions and exhibit
highly divergent outputs throughout the brain [1]. The connec-
tomic feature is consistent with the broad and uniform influence
of the LC-NE system on brain activity and physiological function,
e.g., arousal and wakefulness [13, 14].
A large amount of evidence shows that LC includes a

heterogeneous group of neurons with distinct molecular, cellular,
and connectivity properties [6]. Using in vivo physiology recording
approaches, Su et al. reported two subtypes of LC-NE neurons that
can be distinguished based on the biophysical properties of their
action potentials and their distinct responses to reinforcement
learning [15]. It supports the ensemble encoding of the LC
neurons, thereby regulating specific brain function and behavior
through spatially and temporally distinct subpopulations [16]. At
the microcircuit level, emerging evidence also suggests that LC-NE
neurons assemble into sub-circuits and form segregated channels
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for targeted modulation of brain function [1, 17–19]. To dissect LC-
NE neuronal subcircuits (or “ensemble”), McKinney et al. con-
ducted sophisticated multi-patch recordings from the LC brain
slices. They reported two subtypes of LC-NE neurons based on
electrophysiological properties, i.e., the fusiform (~62%) and
multipolar (32%) cells (Fig. 1) [2, 20]. LC-NE neurons form gap
junctions within each subtype for communication, potentially
segregating them into neuronal ensembles to fire together for
specific functions. In line with the segregated output concept of
the LC-NE system, Chandler et al. reported that only ~5% of LC-NE
neurons project to both the primary motor cortex (M1) and other
prefrontal subregions [e.g., the medial prefrontal cortex (mPFC) or
anterior cingular cortex(ACC)] (Fig. 1) [19]. The M1-projecting LC-
NE neurons exhibit distinct molecular and physiological pheno-
types compared to those projecting to other cortical subregions.
In conclusion, compelling evidence from molecular, physiological,
and anatomical studies suggests that LC comprises a hetero-
geneous group of neurons that form distinct neuronal assembles
and modulate their targeting brain regions through segregated
outputs.

CELLULAR ORGANIZATION OF NORADRENERGIC
INNERVATION OF THE CEREBRAL CORTEX
The prefrontal cortex is a major target of long-range noradrener-
gic projections, as indicated by the high levels of DBH-
immunoreactive axonal fibers in both rodents and monkeys.
However, certain levels of variability exist among prefrontal
subregions [21, 22]. These fibers exhibit an overall diffused
distribution pattern across cortical layers, with layer 5 showing the
highest level of DBH immunoreactivity [22]. At microscopic levels,
only about 20% of noradrenergic varicosities (0.65 μm in diameter)
form synaptic contacts with dendritic shafts or spines in the
prefrontal cortex. This anatomical feature suggests that

noradrenergic inputs modulate cortical function mainly through
non-synaptic volume transmission. Thus, once released, NE could
diffuse broadly within cortical microcircuits and regulate cortical
circuit function by modulating the activity of multiple cellular
targets. This conclusion is consistent with the overall observation
that noradrenergic receptors can be detected in multiple circuit
elements within cortical circuits.
NE receptors are broadly expressed across cortical layers II-VI of

primates and rodents [23, 24]. The pattern of noradrenergic
receptor expression across cortical layers matches the occupancy
of cortical areas by intensive noradrenergic fibers (see above). In
primates and rodents, immunofluorescent studies showed that
subcortical-projecting cortical pyramidal neurons express high
levels of α1, α2, β1, and β2 NE receptors [25, 26]. The expression of
various subtypes of noradrenergic receptors in a cortical neuron is
probably essential for NE in regulating animals’ arousal state and
behavior. However, it remains unclear how distinct subtypes of
noradrenergic receptors are engaged under different physiologi-
cal and behavioral states.
At cellular and subcellular levels, α1 receptors are expressed in

presynaptic axon terminals [27, 28], postsynaptic dendritic spines
of pyramidal neurons and interneurons [27, 29, 30], and astrocytes
[27] in the cerebral cortices of rodents and monkeys. In addition to
being expressed at presynaptic axon terminals of noradrenergic
input as autoreceptors, α2 receptors are also expressed post-
synaptically on dendritic spines in layer II-III of the prefrontal
cortex. These postsynaptic α2 receptors exert potent regulation of
the working memory of monkeys [31]. Similarly, β1 receptors are
expressed in dendritic spines of pyramidal neurons and inter-
neurons (e.g., parvalbumin-expressing cells) in layer III of
dorsolateral PFC in both NHPs and rodents [32, 33].
The literature has documented the interaction between NE and

other monoamines, like DA [9]. NE and DA can be co-released at
noradrenergic axon terminals in cortical regions and hippocampus
with particular physiological and behavioral significance
[9, 34–36]. Dopamine transporters (DAT), a protein responsible
for the reuptake of synaptically released DA, are sparsely
expressed in the deep layers of the prefrontal cortex [37].
Moreover, DAT is located far from the release sites at presynaptic
axon terminals in the cortex. The subcellular distribution of DAT
allows broader extracellular diffusion of DA (i.e., “volume
transmission”) in the cerebral cortex and long-lasting stimulation
of DA receptors and even noradrenergic receptors [38]. Similarly,
stimulation of DA receptors by NE release from the LC area has
also been documented [39]. Compelling evidence supports that
NE transporters in the cortex are responsible for DA reuptake [40].
Moreover, noradrenergic α1 receptors and DA D1 receptors are
colocalized in the dendrites of the prefrontal cortex [41]. Thus, NE-
DA co-neurotransmission and their synergistic interactions can be
critical in modulating cerebral cortical function and related
behaviors.

NORADRENERGIC MODULATION OF CORTICAL CIRCUIT
ACTIVITY AND COGNITION
In the following section, we briefly discuss earlier studies on
cellular mechanisms of noradrenergic regulation of the prefrontal-
dependent working memory and emerging interests in noradre-
nergic modulation of sensorimotor integration.

Noradrenergic regulation of working memory
Noradrenergic regulation of cognitive function was extensively
studied in the prefrontal cortex-dependent working memory.
Earlier in vivo electrophysiology recording studies reported that
the layer III pyramidal neurons in the prefrontal cortex showed
sustained firing during the delayed period in the delayed response
tasks, which defined their microcircuits as the cellular basis of
working memory function in primates [42–44]. NE signaling plays

Fig. 1 Diagram showing the heterogeneity of LC-NE neurons and
their segregated outputs to cortical subregions. Modified from
McKinney et al. [20] and Chandler et al. [19].
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a critical role in modulating connections among cortical pyramidal
neurons and the working memory performance, which is achieved
through multiple synaptic and cellular mechanisms. Under
physiological conditions, moderate levels of NE enhance the
working memory by promoting persistent activities of prefrontal
cortical pyramidal neurons via postsynaptic α2A receptors
expressed at dendritic spines [31]. In addition, NE can further
strengthen the working memory performance through the
interactions of α1-α2 receptors. It has been reported that α1
receptors interact with α2 noradrenergic receptors to enhance the
persistent activity of cortical pyramidal neurons by increasing
presynaptic glutamate release and enhancing postsynaptic
dendritic excitability [45]. Under nonphysiological states (e.g.,
stress), high NE levels in the cortex can impair prefrontal-
dependent working memory. The detrimental effect of NE
involves distinct noradrenergic receptor subtypes and molecular
signaling cascades, including the β1 receptors expressed in
cortical GABAergic interneurons [32, 46]. Depending on the NE
levels, an inverted U-shaped dose-response relationship between
cortical NE and working memory performance has been
documented in the literature [7, 47]. Distinct noradrenergic
receptors are linked to different intracellular signaling cascades
and have different affinities to NE. Thus, levels of LC-NE neuronal
activity and the amount of NE release determine the direction and
magnitude of noradrenergic regulation of PFC function and
cognition.

Noradrenergic regulation of sensorimotor integration
Emerging evidence suggests that the LC-NE system plays a role in
sensorimotor integration and sensory-guided motor activities [48].
The primary (M1) and secondary (M2) motor cortices in rodents
receive intensive noradrenergic inputs from the LC [19, 48, 49].
While certain levels of overlap exist, LC-NE neurons projecting to
M1 and PFC seem to be from distinct subtypes (Fig. 1). For
example, the M1-projecting LC-NE neurons in rats exhibit slower
spontaneous firing ex vivo and smaller AMPA receptor-mediated
spontaneous glutamate transmission than those projecting to the
PFC [19, 48]. These physiological features indicate that more
convergent synaptic inputs are needed to excite M1-projecting
LC-NE neurons when compared to those projecting to the PFC.
The difference in the intrinsic and synaptic properties is expected
to result in a smaller amount of NE release in the M1 relative to the
PFC under physiological state. However, the M1 of rats showed
comparable NE concentrations at the tissue level relative to the
PFC [36]. Such discrepancies could be due to the behavioral states
(e.g., anesthesia versus freely moving) of these animals while NE
concentration was assessed. However, potential differences in
other aspects of cortical noradrenergic signaling cannot be
excluded (e.g., expression levels of NE transporters and
autoreceptors).
At cellular and molecular levels, Schiemann et al. conducted

in vivo whole-cell patch-clamp recordings and reported that LC-
NE inputs maintain a tonic membrane depolarization of corti-
cospinal neurons in layer 5 of M1 and increase their probability of
firing by modulating HCN channel function [50, 51]. Behaviorally,
pharmacological blockade of M1 noradrenergic receptors
impaired the precision of forepaw placement in a self-paced
voluntary movement of mice [51]. This study documented the
critical role of noradrenergic modulation in skilled motor control,
which may involve the LC-NE-induced motor cortical circuit
plasticity [52]. It is worth noting that HCN channels differentially
regulate the intrinsic and synaptic properties of distinct subtypes
of cortical neurons, implying that LC-NE may fine-tune cortical
circuit function through cell-type- and input-selective mechanisms
[50, 53]. Considering the detailed analysis of noradrenergic
regulation of the mPFC circuits and working memory, further
studies remain to determine how NE regulates motor cortical
circuit activity and contributes to the execution of motor activities.

LC DEGENERATION AND PD SYMPTOMS
LC neurodegeneration in post-mortem PD brains
A large amount of evidence suggests that LC-NE neurons show
selective vulnerability and significant neurodegeneration
(50%–80%) at early stages of PD [10, 54]. Consistently, post-
mortem analysis of the brains of people with PD showed that
lesions associated with the accumulation of Lewy pathology in the
LC could be detected as early as the Braak stage 2 in PD, which
gradually deteriorated as the disease progressed [55, 56]. In
addition, it has been documented that the degeneration of LC-NE
neurons is comparable to the SNc dopamine neuronal loss,
confirming the concept that both the LC and SNc are heavily
involved in the pathogenesis and pathophysiology of PD
[54, 55, 57, 58].
Zarow et al. conducted a semiquantitative analysis of post-

mortem brains of pathologically confirmed PD cases (n= 19) and
documented that LC showed a profound neuronal loss in PD [54].
Of particular interest is that this study reported a lack of
correlation between the age of onset or the duration of disease
and the number of surviving neurons in the LC in PD. Moreover,
the extent of LC cell loss in PD cases showed small inter-individual
variabilities, further suggesting LC neurons’ selective susceptibility
in PD [54]. In contrast to the greater cell loss in the rostral portion
of LC in AD, LC-NE neuronal loss in PD could be detected evenly
throughout the entire structure (Fig. 2) [59]. Such disease-specific
patterns of LC neurodegeneration warrant future studies to
understand pathobiological processes underlying the suscept-
ibility of LC-NE neurons between AD and PD.
The observations from post-mortem PD brains suggest that,

similar to the SNc dopaminergic neurons, neuromelanin-laden LC-
NE neurons are heavily involved in the development of PD and
that their degeneration can be detected at an early stage of the
disease progression.
The PD subtype with early LC-NE degeneration (i.e., noradre-

nergic PD) has been recently recognized as a distinct early disease
subtype [12]. It is proposed that noradrenergic PD manifests
various nonmotor deficits, including rapid eye movement sleep
behavior disorder (RBD), pain, neuropsychiatric, and cognitive
deficits. Extensive neuropathology and neuroimaging studies
support that these nonmotor deficits are driven by LC-NE
neurodegeneration and their innervation of both the central and
peripheral systems (see [12] for more details). Thus, noradrenergic
PD differs from PD with dominant dopaminergic degeneration in
the midbrain showing classic parkinsonian motor deficits (e.g.,

Fig. 2 Diagram showing different patterns of LC degeneration in
PD and AD. LC-NE neurons degenerate evenly throughout the
rostrocaudal portions in PD, which is in contrast to the preferential
degeneration of the rostral part of LC in AD. See Zarow [54] for
details.
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bradykinesia and akinesia). Subtyping PD patients based on the
manifestation of early phenotypes could help to design specific
strategies for individuals afflicted by the disease and potentially
modify the disease progression more effectively. In striking
contrast to the extensive studies and cellular and circuit
consequences of nigral DA degeneration to the basal ganglia
network and the subsequent development of parkinsonian motor
deficits, our understanding of how LC-NE degeneration affects
brain function remains limited.

LC neurodegeneration in animal models of PD
Animal model studies have documented the degeneration of LC-
NE neurons and the associated detrimental consequences. Using a
viral approach to overexpress human mutant A53T α-synuclein,
Herich et al. reported a progressive loss of LC-NE neurons starting
from 3 weeks post injections, which was accompanied by a
gradual development of α-synuclein pathology in the LC [60]. In a
recent study, Butkovich et al. developed transgenic mice (i.e., DBH-
hSNCA) selectively expressing human α-synuclein in noradrenergic
neurons and performed longitudinal histological and behavioral
studies. Although pathologic species of α-synuclein accumulated
in the LC-NE neurons, there was only a loss of NE fibers but not LC
neurons at 14 months of age [61]. The transgenic mice manifested
abnormal sleep patterns and increased anxiety-like behavior,
which noradrenergic antagonists could rescue [61]. These
observations are generally consistent with the pivotal role of LC-
NE neurons in regulating the sleep-wake cycle and emotion. They
are also supported by studies using animal models with LC-NE
lesions [62, 63]. Thus, these mice can be a useful model to study
the biological mechanisms associated with the manifestation of
nonmotor deficits (e.g., anxiety and sleep disorders) as seen in
prodromal PD. Loss of LC-NE neurons has also been reported in
transgenic mice and rats with PD risk genes, including the PINK1
knockout and LRRK2 knockout animals [64, 65].

LC-NE neuronal dysfunction and nonmotor deficits in PD
In parallel to the robust LC neuronal death, there was a 60%–80%
reduction of NE concentration in the cerebral cortex and
hippocampus in the post-mortem brains of PD patients with
dementia [66]. Noradrenergic projections to the forebrain regions
are essential in regulating attention, cognition, and emotion [7].
Thus, LC-NE neurodegeneration and the subsequent reduction of
NE levels in cortical regions likely result in the under-stimulation of
cortical noradrenergic receptors, underlying certain aspects of
cognitive deficits in PD patients. In addition, coordination and
synergistic interaction of DA and NE signaling in modulating
cortical cellular and circuit function have been well-studied and
reviewed in the mPFC [67]. For example, normal function and LC-
NE projection to the cortex and its intact transmission are
necessary for proper dopaminergic neurotransmission and reup-
take within the cortical circuits, particularly given that the
expression levels of DA transporters are low in the cortex and
that DA uptake might be mediated by norepinephrine transpor-
ters [37, 40]. Thus, early LC-NE degeneration in PD is hypothesized
to disrupt dopaminergic modulation of cortical function that
might play a role in the manifestation of cognitive deficits and
other symptoms in PD.
It is worth noting that LC-NE neurodegeneration and reduced

NE concentrations in the brain trigger compensatory responses in
their projecting regions. Earlier studies reported an upregulation
of α1- and β1-receptors but a downregulation of α2 receptors in
the frontal cortex of demented PD patients [68]. Since most α2
receptors are autoreceptors expressed presynaptically, their
reduction perhaps reflects the severe loss of LC-NE axon terminals.
The increased α1- and β1-receptors are supposed to be the
compensation for the decreased cortical NE levels, which might
play a pivotal role in developing dementia in this demented PD
population. Therefore, both the reduced NE levels and

dysregulated noradrenergic receptor signaling could contribute
to the manifestation of cognitive impairments and emotion
dysregulation in PD.
Preclinical studies using animal models may provide additional

mechanistic understanding of LC-NE degeneration and the
associated compensatory changes in PD. LC-NE neurons have
been reported to show an accelerated firing rate in both α-
synuclein-based and neurotoxin-induced models of prodromal PD.
The increased firing frequency is expected to compensate for
damages to the LC-NE neurons to sustain NE release and maintain
NE levels at their targeting regions [62, 69]. In addition, DSP4-
induced loss of NE fibers (but no loss of LC-NE neurons) has been
reported to increase NE release and its turnover and increase the
density and sensitivity of postsynaptic α1 and β1 adrenergic
receptors [63, 70, 71]. The increased NE release was proposed to
contribute to the development of anxiety-like behavior in the
DSP4-treated mice [63], which is a prevalent prodromal symptom
in PD. Taken together, impaired neuronal activity, dysregulated NE
release, compensatory changes of receptor signaling, and the
neurodegeneration of LC-NE neurons may contribute to the
development of anxiety, depression, and/or cognitive deficits at
distinct stages of PD.

LC-NE dysfunction, dopaminergic neurodegeneration, and motor
deficits in PD
The impact of LC-NE degeneration may also play a role in
manifesting motor deficits, and the associated mechanisms are
multifold (Fig. 3).
First, the LC-NE system can directly regulate motor activity

through its broad projections to motor regions in the brain,
including the M1 [62, 63]. LC-NE inputs are essential to maintain
normal network dynamics of M1 at cellular and mesoscopic levels
by stimulating cortical noradrenergic receptors [50–52]. There-
fore, severe LC-NE degeneration is expected to decrease cortical
NE levels significantly and impair control of fine motor activities
[51]. In line with this speculation, depletion of NE by genetically
selective knocking out DHB led to severe motor deficits (e.g., fine
motor skills) in mice that were even more profound than that in
MPTP-treated mice [72]. Second, dopaminergic modulation of
cortical circuits is critical in proper motor control [73, 74].
Potential disruption of cortical dopaminergic neurotransmission
associated with LC-NE degeneration (see above) likely affects
cortical control of motor activity, underlying certain aspects of
motor deficits in PD (Fig. 3). Third, it has been reported that LC
noradrenergic projection to the substantia nigra has a neuropro-
tective role in the survival of midbrain dopaminergic neurons in
facing injuries or perturbations [75]. Thus, the loss of LC-NE inputs
can exacerbate the degeneration of SNc DA neurons and the
nigrostriatal pathway. Last, LC-NE degeneration may promote the
development of α-synuclein aggregation and exacerbate dopa-
minergic neurodegeneration. Mittal et al. reported that the β2-
adrenergic receptor is a regulator of the α-synuclein encoding
gene (SNCA) and that chronic activation β2 receptors lowers the
risk of PD in humans and protects SNc DA neurons in animal
models of PD [76]. The degeneration of LC-NE projections to
motor regions of the brain plays an important role in developing
motor deficits in PD. However, our mechanistic understanding of
circuit changes following noradrenergic degeneration remains in
its infancy.

CONCLUSION
It is clear that LC-NE neurons are affected at early stages of PD and
contribute to the manifestation of various nonmotor and motor
deficits in people with PD. The degeneration of LC-NE neurons
and the associated detrimental impact have been well documen-
ted by both clinical and preclinical studies using neuropatholo-
gical, neuroanatomical, physiological, and behavioral approaches.
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However, our mechanistic understanding of the detrimental
impact of LC-NE degeneration on PD progression and the
pathophysiology of Parkinsonian symptoms remains limited.
Building our knowledge and lessons from the dopaminergic
degeneration and basal ganglia circuits, it is reasonable to expect
that future research will provide more information regarding the
functional impact of LC-NE degeneration on the cerebral cortex.
Cortical dysfunction and its abnormal interaction with subcortical
regions can underlie the manifestation of various nonmotor

deficits in PD. With the available advanced research technologies,
these studies may aim to answer the following questions:

1. How does LC-NE degeneration affect cellular and synaptic
function in the cerebral cortex through cell- and input-
specific mechanisms? What is the overall impact of LC-NE
degeneration on cerebral cortical output at network levels?

2. What are the secondary cortical circuitry compensations for
LC-NE degeneration, and how do such compensatory

Fig. 3 Hypothesized molecular, cellular, and circuit changes in the cerebral cortex as LC-NE neurons progressively degenerate. Before cell
death in the LC region at a late stage of the disease, LC neurons likely show altered neuronal firing (i.e., compensatory), NE release alterations
(i.e., compensatory), and loss of LC projections to the cortex at early stages (upper). Dysfunctional NE neurotransmission can alter local NE
levels in the cortex, which may subsequently induce the sensitization of noradrenergic receptors in cortical neurons (i.e., compensatory).
Importantly, altered expression levels and function of NE transporters will likely trigger secondary effects to cortical dopaminergic
neurotransmission (e.g., a larger volume of DA diffusion in the cortex and prolonged DA receptor stimulation, dashed arrow) due to low
dopamine transporter expression in the cortical regions.

Locus coeruleus dysregulation in Parkinson’s disease
W Zhou and HY Chu

833

Acta Pharmacologica Sinica (2025) 46:829 – 835



changes play a role in manifesting various PD symptoms?
3. How does LC-NE degeneration affect cortical circuitry

function by engaging NE-DA interaction in the cerebral
cortex?

4. How do cellular and synaptic level changes associated with
LC-NE degeneration lead to mesoscopic level alterations of
cortical circuits and the manifestation of motor and
nonmotor deficits in PD?

5. Can early intervention of noradrenergic degeneration slow
down dopaminergic degeneration or modify the overall
progression of PD?

A better understanding of the impact of LC-NE neurodegenera-
tion on cortical circuits is essential to PD pathophysiology
research. It can provide new avenues to treat various nonmotor
deficits and dopamine-nonresponsive motor symptoms (e.g.,
freezing of gait) in PD patients.
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