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Pain in Parkinson’s disease: a 
neuroanatomy-based approach
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Parkinson’s disease is a progressive neurodegenerative disorder characterized by the deposition of misfolded alpha-synuclein in dif
ferent regions of the central and peripheral nervous system. Motor impairment represents the signature clinical expression of 
Parkinson’s disease. Nevertheless, non-motor symptoms are invariably present at different stages of the disease and constitute an im
portant therapeutic challenge with a high impact for the patients’ quality of life. Among non-motor symptoms, pain is frequently ex
perienced by patients, being present in a range of 24–85% of Parkinson’s disease population. Moreover, in more than 5% of patients, 
pain represents the first clinical manifestation, preceding by decades the exordium of motor symptoms. Pain implies a complex biop
sychosocial experience with a downstream complex anatomical network involved in pain perception, modulation, and processing. 
Interestingly, all the anatomical areas involved in pain network can be affected by a-synuclein pathology, suggesting that pathophysi
ology of pain in Parkinson’s disease encompasses a ‘pain spectrum’, involving different anatomical and neurochemical substrates. 
Here the various anatomical sites recruited in pain perception, modulation and processing are discussed, highlighting the conse
quences of their possible degeneration in course of Parkinson’s disease. Starting from peripheral small fibres neuropathy and patho
logical alterations at the level of the posterior laminae of the spinal cord, we then describe the multifaceted role of noradrenaline and 
dopamine loss in driving dysregulated pain perception. Finally, we focus on the possible role of the intertwined circuits between amyg
dala, nucleus accumbens and habenula in determining the psycho-emotional, autonomic and cognitive experience of pain in 
Parkinson’s disease. This narrative review provides the first anatomically driven comprehension of pain in Parkinson’s disease, aiming 
at fostering new insights for personalized clinical diagnosis and therapeutic interventions.
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Graphical Abstract

Introduction
Parkinson’s disease (PD) is the most common neurodegen
erative disease after Alzheimer’s disease in the population 
over 55 years of age.1

Motor symptoms are the ‘tip of the iceberg’ of a heteroge
neous clinical spectrum, in which non-motor symptoms of
ten occur before the onset of the motor phenotype. Thus, a 
precise definition and diagnosis of non-motor symptoms 
might foster the administration of potential disease- 
modifying therapies at the early stages of the disease.

Among non-motor symptoms, pain is frequently experi
enced by Parkinson’s disease patients, requiring in depth 
investigation to clarify the downstream anatomical and 

pathophysiological mechanisms. Pain is defined by the 
International Association for the Study of Pain as: ‘an 
unpleasant sensory and emotional experience associated 
with—or resembling that associated with—actual or poten
tial tissue damage’.2 In Parkinson’s disease, pain can be pre
sent both in chronic and fluctuating forms,3,4 preceding the 
onset of motor phenotype in about 5% of patients affected 
by early Parkinson’s disease. The burden of pain in 
Parkinson’s disease might be, however, underestimated, 
since the main part of clinical studies have not precisely de
fined the unpleasant, generalized sensation, which is not ex
perienced as epicritic or localized pain. Chronic pain, in fact, 
implies a biopsychosocial complexity of the unpleasant ex
perience with a downstream complex anatomical network 
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responsible of pain perception, modulation and processing. 
Interestingly, all the anatomical areas involved in this pain 
network can be affected by synucleinopathy, suggesting 
that pathophysiology of pain in Parkinson’s disease encom
passes a ‘pain spectrum’, involving different anatomical 
and neurochemical pathways.

In this article, we will first summarize the clinical burden 
of pain in Parkinson’s disease, highlighting the limits of the 
current pain classification systems, which could benefit of a 
detailed anatomical definition. Thereafter, we will focus on 
various anatomical areas recruited in pain perception, modu
lation and processing, highlighting the potential conse
quences of their degeneration in course of Parkinson’s 
disease. This review provides the first anatomically driven 
comprehension of pain in Parkinson’s disease, aiming at fos
tering new insights for clinical diagnosis and therapeutic 
interventions.

Clinical burden of pain in 
Parkinson’s disease
The prevalence of pain in Parkinson’s disease, ranges from 
24% up to 85% of the Parkinson’s disease population.5-8

It is a continuous pain in at least two-thirds of cases, fluctu
ating in about 30% of cases, and it invariably produces a dra
matic impairment in the quality of life.9,10

In Parkinson’s disease, the onset of pain may precede the de
velopment of motor symptoms by several years.11 In 5% of peo
ple with Parkinson’s disease, pain represents the first clinical 
symptom. While the prevalence of pain in Parkinson’s disease 
increases along with disease duration and in the advanced 
stages of the disease.12 Predictive factors in pain development 
are female gender, sleep disturbances, depression,13 dyskine
sias, postural abnormalities and motor complications.14,15

Moreover, several non-neurologic comorbidities contribute 
to worsen pain in parkinsonian patients, including diabetes 
mellitus, osteoporosis, rheumatic diseases, and arthritis.14

Chronic pain in Parkinson’s disease is heterogeneous for 
its quality and placement, which witnesses for a complex 
and multiple etiology.16 Ford’s classification represents the 
most employed clinical classification of pain in Parkinson’s 
disease, and it classifies pain mainly according to the relation 
with motor and non-motor symptoms and to its localization, 
distinguishing musculoskeletal pain, radicular/neuropathic 
pain, dystonia-related pain, akathisia discomfort and central 
pain.17 Moreover, Ford’s classification also includes: the 
‘coat hanger’ pain, related to orthostatic hypotension, the 
abdominal pain caused by constipation, and the pain asso
ciated with restless legs syndrome. However, Ford’s classifi
cation neglects a precise mechanistic approach and a detailed 
description of the anatomical pathways underlying pain in 
pwPD. This gap produces an incomplete and unclear inter
pretation of the pathophysiological mechanisms related to 
each pain type. Particularly, the anatomical explanation of 
Parkinson’s disease-related ‘central pain’, proposed by 

Ford, is almost undefined, encompassing under the definition 
of ‘medial spinoreticulothalamic pathway’ different struc
tures of the spinal cord, the brain stem or the telencephalon, 
which have distinct neurophysiological roles in pain percep
tion and modulation, and which employ distinct neurotrans
mitters systems.

Different scales have been employed to score and diagnose 
pain in pwPD, assessing different pain dimensions18-21 or spe
cifically focusing on neuropathic pain.22,23 However, the main 
part of them lacks a specific validation in Parkinson’s disease 
cohorts, reaching only a recommendation with caution for 
pain assessment in Parkinson’s disease.24 The King’s 
Parkinson’s disease pain scale (KPPS) is the first validated scale 
for assessing pain intensity in Parkinson’s disease, but it is only 
suggested for the syndromic classification of pain. It is mostly 
based on Ford’s pain sub-types, although it introduces also 
additional pain categories, always related to specific clinical 
symptoms of pwPD: pain related to motor fluctuations, noc
turnal pain and visceral pain.25

A taxonomy of pain in Parkinson’s disease, based on aeti
ology, has been proposed by Wasner and Deuschl,26 who first 
differentiated nociceptive pain from neuropathic pain in 
Parkinson’s disease. Based on this preposition, a comprehen
sive classification and scoring system for pain in Parkinson’s 
disease has been provided by the Parkinson’s disease pain clas
sification system (PD-PCS), which starts from the differenti
ation between Parkinson’s disease-related and Parkinson’s 
disease-unrelated pain and then distinguishes three different 
pain types on the basis of pathophysiological mechanisms.27

Pain was considered as Parkinson’s disease-related when oc
curring along with the first motor symptoms, when it is aggra
vated during the OFF stages or occurs in the context of 
dyskinesias or dystonia and when it is consistently improved 
by dopaminergic treatment.17,28,29 Conversely, pain is consid
ered unrelated to Parkinson’s disease, when it is neither started, 
nor aggravated by the occurrence of Parkinson’s disease or its 
motor complications. According to this view, Parkinson’s 
disease-related pain was classified through a mechanistic ap
proach into neuropathic, nociceptive and nociplastic.

Neuropathic pain is distinguished in peripheral or central 
and encompasses all the painful conditions in which a damage 
of the pain sensory system occurs.30 Clinically it is deemed pre
sent when neuropathic pain questionnaire is scored positive.22

Anatomically, peripheral neuropathic pain in Parkinson’s dis
ease has been referred to those conditions in which, due to mo
tor or postural abnormalities, spinal roots or peripheral nerves 
can be compressed, with the occurrence of pain located in the 
coherent innervation territories. While, in central neuropathic 
pain, central anatomical structures of the pain sensory system 
can be compromised, including basal ganglia-thalamocortical 
circuits or diencephalo-spinal pathways.30 This latter is 
typically described as diffuse pain, accompanied by the sensa
tion of aching, burning or tingling. It can be closely related to 
motor symptoms, but it can also occur independently from 
them. Interestingly, the clinical features of Parkinson’s 
disease-related neuropathic pain differ from the ‘classic’ cen
tral neuropathic pain, since in ‘classic’ central neuropathic 
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pain deficits in pain and temperature sensation occur in the re
gions anatomically coherent with the central lesion, whereas 
these deficits are not always detectable in pwPD.31,32

Nociceptive pain arises from an actual or threatened damage 
to non-neuronal tissue, due to the activation of peripheral noci
ceptors. In pwPD, this has been referred to musculoskeletal 
pain related to fluctuations in the motor status, such as wearing- 
off pain, dystonia-related pain and dystonic spasms as well as to 
hanger headache and neck pain due to orthostatic hypotension. 
Differently from central neuropathic pain, nociceptive pain is 
always localized and always related to the motor or autonomic 
symptoms. Musculoskeletal pain is prevalently located at the 
upper extremities, in paravertebral region and in the neck.17

Consistently among different clinical studies, it is the most 
prevalent form of pain associated with Parkinson’s disease33

and it is frequently responsive to parkinsonian medications. 
Pain associated with autonomic failure (also known as coat- 
hanger pain) is closely related to orthostatic hypotension and 
typically located in the neck and at the occipito-cervical re
gion.34,35 Visceral pain due to constipation has been classified 
as visceral nociceptive pain.36,37

Finally, nociplastic pain is present when pain is neither 
neuropathic, nor nociceptive, comprising all the conditions 
in which the nociceptive system is overactive, without any 
evidence of somatosensory system lesion or peripheral noci
ceptive activation.38,39 In this condition have been included 
all the painful and discomfort syndromes related to dopa
minergic fluctuations, when non-motor symptoms dominate 
the clinical picture and the patient can face—together with 
pain—sweating, psycho-motor agitation, inner restlessness 
or wandering. Typically, this kind of pain is mostly not loca
lized and migrating or deeply located in the abdomen or in 
the face. Pain related to restless legs syndrome and akathisia 
discomfort have been assigned to this group. Patients with 
Parkinson’s disease nociplastic pain have been classified as 
having dopaminergic agonists withdrawal syndrome or 
Dopamine (DA) dysregulation syndrome and a strong asso
ciation with neuropsychiatric symptoms.27

The main limit of the PD-PCS consists of the prominent 
causative role attributed to motor symptoms in determining 
neuropathic pain in Parkinson’s disease, although not all the 
studies converge on a direct correlation between motor im
pairment and pain development or severity.40,41 In fact, total 
PD-PCS score did not correlate with the MDS-UPDRS motor 
scores in the study by Mylius and coworkers,27 while in a 
consistent percentage of cases pain precedes of years the on
set of motor symptoms,42-44 supporting a multifaceted pain 
aetiology in pwPD. Although reporting a comprehensive 
classification of pain in Parkinson’s disease, based on patho
physiology, PD-PCS lacks in providing detailed neuroana
tomical correlates for different types of central neuropathic 
and nociplastic pain, in which—apart from DA—various 
neuronal pathways of the somatosensory and limbic systems 
are involved.

Table 1 summarizes the classifications of pain in Parkinson’s 
disease according to Ford17 and KPPS.25 Table 2 summarizes 
the PD-PCS.27

Anatomical correlates of 
pain in Parkinson’s disease
General concepts of pain processing 
in relation with Parkinson’s disease
Noxious stimuli are perceived by nociceptors in first-order neu
rons by activating specialized ion channels that generate action 
potentials. Pain signals are propagated by unmyelinated C and 
myelinated A-delta fibres to second-order neurons in the spinal 
cord, where they are modulated by interneurons and local im
mune cells, and inhibited by descending pathways, originating 
from the rostral ventromedial medulla (RVM), the dorsolateral 
ponto-mesencephalic tegmentum and the periaqueductal grey 
(PAG). The descending pathways inhibit pain by releasing 
monoamines (especially norepinephrine [NE] and serotonin) 
and endogenous opioid neuropeptides into the dorsal horn.45

Then, pain signals are projected from the spinal cord to su
praspinal regions by the lateral and medial pain systems. The 
lateral pain system is composed of the lateral spinothalamic 
tract, which projects toward the cortical sensory areas through 
the ventral thalamus [VPL and ventro-posteromedial nucleus 
(VPM) nuclei]. The lateral system is primarily involved in pro
cessing sensory discrimination, localization and pain intensity, 
comprised under the umbrella of epicritic pain. In contrast, the 
medial pain system processes the motivational-affective and 
cognitive-evaluative aspects of pain (e.g. unpleasantness, suf
fering). It projects through the ventral spino-thalamic tract to 
the medial and the anterior thalamic nuclei towards which it 
reaches the anterior cingulate cortex (ACC), the orbito-frontal 
cortex, the amygdala and the other structures of the limbic sys
tem. Abnormal pain processing in Parkinson’s disease has been 
related to increased sensitivity of both lateral and medial pain 
pathways.16 Moreover, a maladaptive neuro-immune crosstalk 
in the context of gut dysbiosis has been recently proposed as 
contributor of pain hypersensitivity with the occurrence of neu
roinflammation at different sites of the lateral and medial pain 
pathways.46

Neuropathologically, a-syn pathology damages different 
anatomical regions throughout the CNS. Synaptic failure in 
the striatum might be one of the earliest pathological events 
related to synucleinopathy,47-49 leading to impaired release 
of DA in the dorsal striatum and neuronal death in the 
SNpc.47,49,50 Besides the nigrostriatal pathway, degeneration 
in different anatomical sites determines a progressively wor
sening and multifaceted clinical picture. Therefore, inquiring 
the nature of pain in Parkinson’s disease, we should consider a 
complex and multifactorial origin that involves the loss of DA 
in the nigrostriatal pathway, but that can be potentially asso
ciated to degeneration of other dopaminergic areas, as well as 
other crucial anatomical sites for pain control, such as the 
brainstem,51 the small peripheral nerve fibres and the spinal 
cord.52 Furthermore, given the impact of chronic pain in driv
ing emotional responses, brain regions, involved in emotional 
processing or motivation-reward behaviours must be consid
ered, including: NAc, amygdala and habenular complex.53
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The controversial role of small fibers 
neuropathy
Peripheral neuropathic pain in Parkinson’s disease has been 
correlated to compressive radiculopathies, due to the occur
rence of postural and vertebral abnormalities. A clear correl
ation between small fibres neuropathy and pain is not 

reported in Parkinson’s disease. However, a high prevalence 
of small fibres alterations was observed in Parkinson’s disease 
population, based on combined neurophysiological and 
pathological assessments.54 Non-length-dependent small fibre 
degeneration (SFD) appears to be among the earliest manifes
tations of Parkinson’s disease, occurring at the prodromal 
phase.55,56 Reduced density of small nervous fibres in the 

Table 1 Clinical classification of pain in Parkinson’s disease according to Ford’s Classification17,25

Pain subtypes Prevalence Clinical features Comorbidities Stage of the disease

Musculo-skeletal 
pain

40–75% Joint pain, lower back pain and spinal 
paravertebral pain

Wearing-off, motor 
fluctuations, dyskinesias 

Exacerbated by: bone 
mineralization disorders and 
arthrosis or arthritis

Increased prevalence in the advanced 
stages of the disease and with 
increased MDS-UPDRS score and 
motor fluctuations

Radicular 
neuropathic 
pain

5–20% Numbness and weakness in a nerve root 
territory

Truncal deformities: Pisa 
syndrome, kyphoscoliosis, 
camptocormia. 

Cervical/lumbar radiculopathies

Prevalence increases during the 
disease course

Polyneuropathic 
pain

37.8–55% Dysesthesia, hyperalgesia and burning 
syndrome involving the lower 
extremities. Neurophysiological 
evidence of peripheral neuropathy

Deficit of vitamin B12 or folic 
acid. 

Increased prevalence in patients 
with intra-duodenal 
administration of DuoDopa 
gels

Increased prevalence at the advanced 
stages of the disease, but present 
also in PD at early stages

‘Central pain’ 22% Diffuse pain, without a precise localization. 
General sensation of aching, burning 
and tingling. General sensation of 
discomfort. Bizarre in quality. Not 
confined to root or nerve territories.

Non-motor symptoms, 
cognitive and behavioural 
symptoms

It can occur at different stages of the 
disease. Prevalent in case of 
dopamine withdrawal

Dystonic Pain 8–50% Painful foot dystonia with a combination of 
toe inversion, eversion, plantar and 
dorsal flexion

Dyskinesias and dystonia 
Typically occurring in the 

morning after the first 
levodopa administration

Increased prevalence in the advanced 
stages and with the occurrence of 
Levo-Dopa-induced dyskinesias or 
Dystonia

Orofacial pain 4–24% Pain when chewing, nocturnal teeth 
grinding and burning mouth syndrome

Abnormalities of the 
temporo-mandibular joint. 
Peripheral neuropathy

Increased prevalence at the advanced 
stages of the disease with the 
occurrence of orofacial dyskinesias

Coat-hanger pain Up to 24% Acute pain, typically located at the neck 
and at the occipito-cervical region

Orthostatic hypotension It can occur at each stage of the 
disease. Typically associated to 
Levo-Dopa therapy

Visceral pain Up to 24% Acute and chronic pain localized at the 
abdominal region

Constipation It can occur at the early stages of the 
disease also before motor 
symptoms. It can be associated 
with Levo-Dopa treatment

Table 2 Parkinson’s disease pain classification system—27

Parkinson’s disease-unrelated pain Parkinson’s disease-related pain

Pain neither started or aggravated by 
Parkinson’s disease and/or by motor 
symptoms and their complications

Pain started or aggravated by Parkinson’s 
disease and/or by motor symptoms and 
their complications

Nociceptive Due to discharge of peripheral nociceptors (musculoskeletal 
pain)

Neuropathic Due to lesions at the peripheral or central pain sensory 
system (peripheral nerves compression, compromission of 
basal ganglia-thalamo-cortical system)

Nociplastic Due to overactivity of the pain processing system 
(dopaminergic fluctuations associated with non-motor 
cognitive and behavioural symptoms)
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skin correlates with thermo-nociceptive abnormalities and 
with impaired sudomotor function and lower sympathetic 
skin response, suggesting the involvement of both sensory 
and autonomic small fibres.54,57,58 The SFD does not appear 
to stem as a secondary effect of levodopa therapy, rather, it 
likely originates from neurodegenerative processes,54,57,59

since in the majority of cases precedes the onset of motor 
symptoms and the starting of parkinsonian medications. 
Accordantly, newly diagnosed Parkinson’s disease patients 
untreated with levodopa, already feature some extent of per
ipheral nerve dysfunction detected in small corneal fibres.55,60

The presence of a-syn aggregates has been reported in small 
cutaneous fibres of Parkinson’s disease patients, using 
Proximity ligation assay (PLA) and correlates with SFD and 
with motor and non-motor scores.59 Moreover, several stud
ies have detected a-syn pathology in the small fibres of the skin 
and have reported its potential application as biomarker for 
the diagnosis of synucleinopathies.61 Small fibres reactive 
for phosphorylated alpha-synuclein (p-a-syn) have been de
tected in the skin of patients affected by Parkinson’s disease 
and by pure autonomic failure.62-66 While a-syn deposition 
has been reported in Schwann cells and has demonstrated 
high sensitivity and specificity in differentiating Parkinson’s 
disease from Multiple System Atrophy.67 Furthermore, 
a-syn aggregation assays, including RT-QuIC, have demon
strated a-syn seeding activity in the skin of Parkinson’s disease 
patients68 and in the skin of patients affected by REM 
behavioural disorder, a prodromal clinical condition for 
synucleinopathies.69,70

The hypothesis that peripheral neuropathy leads to the de
velopment of neuropathic pain in pwPD is suggested by several 
studies conducted in small cohorts of patients,71-73 but remains 
controversial. Occurrence of peripheral neuropathy, with loss 
of small nervous fibres, reduces pain threshold and induces 
nerve ectopic activity74-77 through altered activity of voltage 
ionic channels and hyperexpression of pain receptorial pro
teins.78 Moreover, peripheral neuropathy induces central sen
sitization of second-order post-synaptic neurons in the spinal 
cord. Molecular changes in these neurons induce hyperexcit
ability enabling low-threshold mechanosensitive A-beta and 
A-delta fibres, overactivating pain transmission, with the result 
of hyperalgesia and mechanical allodynia.79,80 Multiple stud
ies have suggested that pwPD have lower pain threshold 
when compared to general population. Significant lowering 
in both mechanical and thermal pain thresholds have been re
ported in pwPD on respect to controls subjects,81-85 together 
with hyperalgesia and mechanical allodynia.86,87 However, re
duced pain thresholds resulted aggravated by the OFF state 
and variably responsive to dopaminergic therapy,81,88 sup
porting the link between DA loss and pain sensitization,81 ra
ther than a reduced pain threshold due to peripheral 
neuropathy. On the other hand, chronic hypoalgesia following 
a period of acute hyperalgesia has also been observed in 
pwPD,89 while Nolano and co-workers57 reported chronic hy
poalgesia and elevated mechanical and thermal pain thresh
olds, in correlation with peripheral small fibres neuropathy 
detected in skin biopsies. In addition, the perception of 

affective touch was affected in a cohort of 27 pwPD and posi
tively correlated with the reduced density of cutaneous 
C-fibers.90 Synucleinopathy in peripheral nerve fibres is a 
widely accepted neuropathological feature of Parkinson’s dis
ease and prevalently involves long, unmyelinated small fi
bres.91 Moreover, altered metabolism of vitamin B12, 
further contribute to small fibres loss in pwPD at the advanced 
stages.92 How peripheral neuropathy contributes to chronic 
neuropathic pain in Parkinson’s disease is controversial. It is 
possible that small fibres degeneration precedes motor symp
toms, determining an altered pain threshold, exacerbated by 
the progressive dopaminergic loss. Conversely, synucleinopa
thy could lead to the development of hypoalgesia and proto
pathic hypoesthesia. Further studies correlating clinical 
evidence of neuropathic pain with neuropathological and 
neurophysiological data in large Parkinson’s disease cohorts 
are mandatory to clarify this aspect.

Spinal circuits: nociceptive neurons 
and modulatory interneurons
The posterior laminae of the spinal cord—corresponding to 
the Lissauer tract (lamina I) and the substantia gelatinosa 
(lamina II and dorsal lamina III)—represent the first centre 
for pain transmission and modulation, and are particularly 
involved in establishing pain threshold, in the modulation 
of the intensity of pain perception, and in intertwining pain 
perception with other sensory modalities. For this reason, 
the dorsal laminae of the spinal cord are characterized by a 
complex network of interneurons and are gathered by differ
ent neurotransmitters pathways arising from the dienceph
alon and the brainstem.

In our recent study we found that the posterior laminae of the 
spinal cord are affected by a-syn pathology in 1 methyl-4 phenyl 
tetrahydro-pyridine (MPTP) models of parkinsonism and that 
different inter-neuronal subtypes in the posterior laminae were 
lost93 (Fig. 1A and B). In particular, after chronic exposure to 
MPTP we have detected roughly 40% neuronal loss in the sub
stantia gelatinosa (lamina II and dorsal lamina III). 
Accordingly, previous autopsic studies have shown neuro
pathological involvement of spinal laminae I, II and III in 
Parkinson’s disease, where nociceptive neurons and interneur
ons show a-syn pathology.94 This is consistent with alpha- 
synuclein pathology affecting nociceptive amyelinic fibres early 
in Parkinson’s disease,94 which were reported to accumulate 
alpha-synuclein in both humans and rodents.95,96

Among interneurons, calretinin interneurons are the lar
gest population in laminae I and II of the spinal cord.97,98

Physiologically, 75% of calretinin positive interneurons are 
considered excitatory, whereas 25% of these neurons re
present a sub-population known as ‘islet cells’ and expressing 
SP.99,100 Activation of excitatory calretinin positive cells is re
ported to cause a reduction of von Frey threshold and facili
tation of transmission of mechanical stimuli,101,102 such a 
condition is reproduced in MPTP models of parkinsonism.103

On the other hand, loss of islet cells (inhibitory calretinin in
terneurons placed in the outer layer of lamina II) might 
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facilitate transmission of pain inputs form the periphery, by 
disinhibition of glutamatergic vertical cells and consequent 
over-activation of pain projecting neurons of lamina 
I. Calbindin D28K positive neurons are mainly present in 
lamina I and in the outer layer of lamina II.104 Calbindin 
D28K positive interneurons of laminae I, II and III are mor
phologically and physiologically heterogeneous. Some stud
ies have shown that lamina I owns mainly projecting 
neurons sensing pain and temperature, which send their ax
ons to the VPM of the thalamus.105,106 Neurons within lam
ina II and dorsal lamina III, instead, are mainly considered as 
interneurons, involved in the modulation of pain and somato
sensory inputs, through both excitatory and inhibitory activ
ity.107 Parvalbumin positive neurons are inhibitory 
GABAergic or glycinergic interneurons, the cell bodies are 
placed within lamina III and their axons move dorsally to 
internal-ventral layer of lamina II, taking part to a complex 
network of interneurons which modulates the vertical gluta
matergic cells of the outer layer of lamina II. These neurons 
are supposed to activate, projecting sensory neurons of lam
ina I. Loss of parvalbumin inhibitory interneurons may 

disinhibit vertical glutamatergic cells thus eliciting pain trans
mission. Moreover, parvalbumin interneurons are also acti
vated by myelinated Aβ fibres transmitting mechanical 
stimuli. Their activation is needed to prevent the engagement 
of nociceptive network during light touch. The loss of these 
interneurons may explain the neurophysiological and behav
ioural features of mechanical allodynia reported in MPTP 
treated animals103 and might also explain mechanical hyper
sensitivity reported in Parkinson’s disease patients.108,109

Met-Enkephalin neurons are crucial for the modulation of 
pain transmission. They receive afferent nociceptive fibres 
from the periphery, and they are activated by descending ser
otoninergic and noradrenergic pathways from the brainstem. 
Activation of Met-Enk neurons leads the inhibition of pro
jecting spino-thalamic neurons of lamina I as well the 
axo-axonic inhibition of fibres A-delta and C coming from 
the periphery and entering the spinal cord at laminae I and 
II. Disruption of Met-Enk network contributes to disinhib
ition of pain transmission and might represent a further 
mechanism underlying the development of chronic pain in ex
perimental parkinsonism and in Parkinson’s disease.

Figure 1 Spinal circuitry of pain in Parkinson’s disease. Schematic representation of the altered anatomical circuits occurring in the 
posterior laminae of the spinal cord in course of Parkinson’s disease. The degeneration of different neuronal populations involved in the spinal 
processing of pain is reported. Neurochemical and topographical organization of the pain projecting neurons and of the interneuronal populations 
of the posterior laminae of the spinal cord is schematically represented in A. Whereas in B, possible patterns of neurodegeneration of the same 
neurons in course of Parkinson’s disease is reported. C and D report immunohistochemistry for Tyrosine Hydroxylase (TH—Millipore anti-TH 
AB1542. 1:10 000–4°C for 72 h) in the posterior laminae of the spinal cord in healthy mice C and in experimental parkinsonism obtained by 
intraperitoneal administration of MPTP D. Black stained structures are TH positive fibres. Cell nuclei are in light purple, counterstained by neutral 
red. Wide-spreading TH positive fibres are detectable in laminae I, II and III, where they result drastically reduced after exposure to MPTP, 
supporting the loss of NA and dopamine modulation in the spinal circuits as a possible pathogenetic mechanism of pain in Parkinson’s disease. 
Linear bar 50 µm.
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The potential role in Parkinson’s disease-related neuro
pathic pain of a degenerative process at the spinal cord is al
most based on neuropathology and pre-clinical evidence. 
Clinical and post-mortem studies correlating degeneration 
of the spinal cord with the incidence of neuropathic pain in 
Parkinson’s disease population are currently unavailable. 
However, the overall anatomical picture suggests that 
a-syn pathology in the posterior laminae of the spinal cord 
is likely to create a scenario in which intra-spinal pain modu
lation is disrupted, contributing to hyperalgesia, reduced 
pain threshold and mechanical allodynia in pwPD.108,109

Locus coeruleus
According to Parkinson’s disease staging proposed by Braak 
et al.,110 locus coeruleus (LC), alongside with caudal raphe nu
clei and magnocellular reticular formation is affected as early 
as in stage 2. In particular, SNc and LC neurons—retaining 
high concentrations on neuromelanin (NM)—appear to be 
the main two populations targeted in early and mid-stage neu
rodegenerative pathology.111 NM in fact, plays a recognized 
neurodegenerative role in Parkinson’s disease.112,113

The mechanism subtending increased vulnerability of cate
cholaminergic neurons may depend on the process of auto- 
oxidation of catecholamines,114 but may also lie in the high 
levels of MHC-I in NM-containing organelles of LC neurons. 
In fact, the expression of MHC-I appears to be exclusive of 
specific neurons affected by Parkinson’s disease pathology.115

As a consequence, CD8 + cells were observed in proximity of 
NM-rich neurons expressing MHC-I in SN and LC, harbouring 
cytotoxic effects.115 In the same neurons, a neuroinflammatory 
state is chronically perpetuated by a devastating microglial 
activation and by release of insoluble NM granules from dying 
neurons into the extracellular space.114,116,117 In cell cultures, 
NM appears to be a major activator of innate immunity as 
well, being a positive chemotactic driver, an activator of 
pro-inflammatory transcription factor kappaB (NF-kB) with 
consequent up-regulation of tumour necrosis factor alpha, 
interleukin-1 and nitric oxide.118

Zarow et al.119 have demonstrated that the LC is the 
site of greatest subcortical neuronal degeneration, in both 
Parkinson’s disease and Alzheimer’s disease, with the average 
LC cell loss being of 67.9% in Alzheimer’s disease (variably 
distributed) and 83.2% in Parkinson’s disease (uniformly se
vere across all cases). Lewy bodies in LC have been consistently 
observed in Parkinson’s disease patients.120 Furthermore, loss 
of LC–Noradrenaline (NA) transmission in Parkinson’s dis
ease patients reverberates on dopaminergic populations and 
leads to both increased vulnerability of DA neurons and im
paired recovery of nigrostriatal DA pathway.121

Neuronal degeneration in the LC correlates with import
ant non-motor symptoms of Parkinson’s disease, which 
manifest in prodromal stages of disease.122 It is estimated, 
in fact, that the onset of LC degeneration occurs more than 
10 years before clinical diagnosis of Parkinson’s disease.110

Among non-motor symptoms, chronic pain might also be re
lated to the loss of NA projections arising from the LC. 

Accordantly, different neuroanatomical regions involved in 
the pain network are targeted by LC projections121,123-125

and NA loss is likely involved in all types of Parkinson’s 
disease-related pain, including neuropathic, nociceptive 
and nociplastic.27

The LC is a critical nucleus for pain modulation through 
descending analgesic pathways.126 LC activation in response 
to pain, results in the release of NA into the laminae I, II and 
III of the spinal cord (dorsal horn—DHSC), leading to inhib
ition of nociceptive neurons, through the activation of enke
phalinergic inhibitory interneurons of lamina II.51,127,128

In chronic pain, an increased release of NA to the DHSC has 
been reported, which notably exerts negative feedback on pain 
perception.129 In accordance, electrical stimulation of the LC 
can effectively suppress neuropathic pain130 and pharmaco
logical approaches inhibiting the reuptake of NA are widely 
used to treat neuropathic pain syndromes. In Parkinson’s dis
ease, the negative feedback exerted by NA on the DHSC is like
ly to be ineffective, due to the depletion of most noradrenergic 
neurons in the LC. Nevertheless, descending NA projections to 
the DHSC are involved in a wide range of neuroprotective me
chanisms such as significant inhibitory effects on microglial ac
tivation and neuroinflammation,131 prevention of oxidative 
stress and promotion of cell survival pathways.132,133

Inhibition of neuroinflammation and microglial activation 
might represent a further mechanism for LC antinociceptive 
activity, due to the contribution of inflammation in the sensi
tization of nociceptive neurons.134,135 Conversely, in pwPD 
noradrenergic fibres are directly involved by neuroinflamma
tion and they may paradoxically act as chemotactic drivers 
of microglial activation and cytokines production through 
the release of NM granules.114,116-118

Loss of LC integrity is reported to facilitate the onset and the 
worsening of L-DOPA-induced dyskinesias,121 by abolishing 
the modulatory effect of NA on D1 receptors.121,136,137 In ac
cordance, loss of NA due to neurodegeneration of the LC 
might be also involved in the development of musculoskeletal 
nociceptive pain, related to dyskinesias.16,17

A complex interaction among brainstem pathways and 
their receptors modulates both inhibition and facilitation 
of pain processing.138 LC neurodegeneration with loss of 
NE projections is likely to affect pain sensitivity and toler
ance through different mechanisms, including the modula
tion of DAergic transmission in the NAc and the direct NE 
transmission to the thalamus and the striatum.

The NA system exerts neuroprotective effect on ventral 
tegmental area (VTA) DA neurons,121 while LC projections 
to the VTA have a key role in homeostatic plasticity of DA 
neurons,139 fostering DA neurons activity through α1- and 
β3-adrenergic receptors (ARs).140,141 Moreover, prefrontal 
cortical NE controls DA transmission in the NAc, spurring it 
through activation of prefrontal cortex α1-ARs142-144

Therefore, LC degeneration, reduces NAc DA transmission, 
due to an altered VTA stimulation (altering DA transmission 
to the forebrain) as well as to the loss of NA in mPFC, which 
further impairs DA transmission in the NAc. Prefrontal NA 
transmission is critical for attribution of motivational salience 
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(modulated by DA in the NAc) to both rewarding and aversive 
stimuli,142,145 indicating that the catecholamine prefrontal- 
accumbal system regulates affective states related to aversive 
stimuli and highlighting its potential role in nociplastic pain. 
Furthermore, a dramatic loss of NA neurons of the LC has 
been reported in Parkinson’s disease patients with depression, 
though the use of Positron Emission Tomography (PET),146

while reduced binding rate to Norepinephrine transporters 
(NET) has been detected in Parkinson’s disease patients with 
anxiety, in both the striatum and the thalamus.147 Notably, 
Parkinson’s disease patients experiencing depression report sig
nificantly higher incidence of chronic pain and significantly 
lower pain threshold in comparison to those without depres
sion.87,148,149 These data support a direct role of NA transmis
sion in Parkinson’s disease-related nociplastic pain.

The multifaced role of dopamine and 
basal ganglia
Dopaminergic dysfunction is the prominent neuroanatomical 
and neurophysiological alteration in pwPD. Data surfacing 
from human and animal experimental studies indicate that 
all the DA neuronal pathways [VTA, SNpc and posterior 
hypothalamic area (PHA)] are extensively involved in pain 
perception and modulation. Accordantly, clinical and experi
mental evidence support the close relationship between DA 
and Parkinson’s disease-related pain, with DA loss and dysre
gulation detrimentally contributing to either nociceptive, as 
neuropathic and nociplastic pain mechanisms.

Pain in Parkinson’s disease was related to motor fluctua
tions.8 Musculoskeletal nociceptive pain, in fact, depends on 
the discharge of peripheral nociceptors in response to potential 
injuries at the musculoskeletal system, which occurs in 
association with Parkinson’s disease motor symptoms. For 
instance, muscular rigidity and dyskinesias can induce pain at 
the joins and postural abnormalities can be themselves a direct 
source of discomfort or the responsible of radiculopathies. 
Accordantly, pwPD referring musculoskeletal pain have a 
higher UPDRS part III and a longer disease duration.150

Musculoskeletal nociceptive pain is variably experienced at dif
ferent points of the dopaminergic treatment. It can occur during 
the wearing-off or in association with dyskinesias.29 Due to its 
direct relation with parkinsonian motor symptoms, nociceptive 
pain frequently responds to dopaminergic therapy, it is attenu
ated during the on-state, and it is inversely correlated to 
dyskinesias.151

Besides musculoskeletal nociceptive pain, central noci
plastic mechanisms closely associate DA to Parkinson’s 
disease-related chronic pain. Many studies have reported 
an increased pain sensitivity in pwPD in comparison to HS, 
and a recent meta-analysis supports a reduced pain threshold 
in Parkinson’s disease across all pain modalities.152

Interestingly, there were no significant differences in pain 
threshold between patients with or without clinical evidence 
of Parkinson’s disease-related pain,88 suggesting a general 
oversensitivity to pain in Parkinson’s disease, which likely 
depends on dopaminergic dysfunction. Neurophysiological 

studies demonstrated that cortical pain processing was al
tered during OFF and unmedicated periods, whereas it be
came again normal in ON periods and under dopaminergic 
medication.85 Levodopa or direct DA agonists increase 
pain threshold and multimodal pain threshold is responsive 
to levodopa treatment and dosing.81,153 Moreover, after 
Deep Brain Stimulation (DBS), patients have shown a signif
icative modification of pain thresholds towards normal va
lues, further suggesting a central nociplastic mechanism 
involving the basal ganglia.154 Nociplastic mechanisms re
lated to DA also affect the emotional and affective aspects 
of pain in pwPD. PET targeting D2 and D3 DA receptors 
has shown alterations in both discriminative and affective- 
motivational pain processing in pwPD155,156 and recently, 
a direct association has been reported between Parkinson’s 
disease-related musculoskeletal pain and the severity of the 
dopaminergic deficiency in the caudate nucleus.157

Mesostriatal and mesolimbic dopaminergic pathways 
have different role in pain perception and therefore are deter
minant for different aspects of pain perception and modula
tion in pwPD.

Meso-striatal DA system plays a role in setting the ‘pain 
threshold’, through the activation of D2-like receptors (D3), 
which have been also involved in the perception of tonic 
pain.158 Indeed, electrophysiological studies have demon
strated that specific groups of neurons within the basal ganglia 
encode stimulus intensity and are preferentially activated by 
noxious stimuli.23,73,159 Moreover, the dorsal striatum is con
nected to the descending pain modulatory system and in par
ticular to the RVM through the medullary dorsal reticular 
nucleus, by which it exerts a robust anti-nociceptive effect on 
the intra-spinal pain circuits.160 In line with this, meso-striatal 
DA depletion causes mechanical hypersensitivity and decreased 
pain threshold in animal studies,161 which are both responsive 
to dopaminergic agonists and apomorphine.162-164 Impairment 
of the meso-striatal DA system, therefore, may determine pain 
oversensitivity in pwPD, which mainly concerns the setting of 
pain threshold165,166 and is responsive to both DBS and dopa
minergic therapy.

On the other hand, VTA and mesolimbic DA system respond 
heterogeneously to pain perception,53 with some DA neurons 
suppressed and some others physically excited by nociceptive 
stimuli, which support the potential role of the VTA in modu
lating behavioural responses to pain. It is likely that VTA con
comitantly inhibits pain by increasing DA firing to the NAc and 
PFC or elicits pain by reducing the DA output to the same areas. 
In keeping with this, a loss of tonic DA release in the NAc is as
sociated with decreased pain tolerance, whereas DA release in 
the shell-NAc leads to reward and pain relief.167 Multiple ro
dent studies support this view, showing that noxious stimuli af
fect DA release in the brain reward centres, including the 
shell-NAc and the ACC, where specific changes in gene expres
sion (of genes commonly associated with depression and anhe
donia) occur, in response to chronic pain168.

In classic studies, meso-cortico-limbic DA neurons were 
shown to form part of a pain-suppression system.169,170 This 
system, classically considered as the core of the brain reward 
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system, processes the salience and valence not only of rewarding 
but also of aversive stimuli. Reward and pain suppression close 
relationship leads to consider them on a hedonic continuum 
with extreme negative and positive affect located at opposite 
ends and normal affect located in the middle, in a reward/ 
anti-reward view.171 Advanced methods involving transgenic 
animals, opto- and chemogenetics, have better unveiled the sep
arate meso-limbic dopaminergic networks exerting opposite ef
fects on pain. One of these networks stems from the medial 
VTA to innervate the NAc shell and produces analgesia through 
D2Rs. In the parallel network, instead, the DA neurons of the 
lateral VTA project to the NAc core, where DA enhances 
pain by its inhibitory effect on the D2Rs.172-174 In line with 
this view, painful stimuli increase DA release in the NAc core, 
as suggested by both rodent and human studies, while suppres
sing DA neurotransmission in the NAc shell.103,167,175-177 NAc 
DA has a crucial role in both transition to neuropathic pain and 
in stress-induced analgesia.178-180 Moreover, DA correlates 
with the intensity of perceived pain,176,177 thus indicating 
that DA response in the NAc is also associated with the affective 
correlates of pain. DA transmission in the NAc is also modu
lated by prefrontal-cortical DA in an inhibitory way,181,182

being accumbal DA response inversely correlated to the meso- 
cortical DA response. It follows that an increase in cortical DA 
transmission caused by adverse stimuli, such as pain, can trans
late into a reduction in dopaminergic transmission in the 
NAc-shell, blunting positive emotional states able to dampen 
the painful experience.

Furthermore, the emotions processed in the limbic areas in
fluence and mediate pain perception by the descending path
way arising from dorso-medial PFC, ACC or amygdala and 
projecting downwards to the PAG, which is the primary centre 
of the descending antinociceptive system.183 DA injection into 
the ACC attenuates pain-related behaviour.184 DA fibres pro
jecting from the VTA to the a-granular insular cortex inhibit 
nociception by activating GABAergic interneurons which in 
turn inhibit insular neurons projecting to the amygdala and 
to the limbic sub-cortical structures involved in motivational 
and affective aspects of pain.185,186 Moreover, they might 
also attenuate the autonomic response to pain by the inhibition 
of the projections from the insula to the hypothalamus.

Dopaminergic projections from the hypothalamus to the 
spinal cord represent a further anatomical pathway for pain 
modulation which can be affected in Parkinson’s disease. 
Hypothalamic dopaminergic neurons project from the PHA 
to the laminae I and II of the spinal cord towards the 
diencephalo-spinal pathway.187,188 Recent studies have also 
highlighted the anti-inflammatory role of DA, which acts on 
the DA receptors expressed by microglia and astrocytes, inhi
biting the NLRP3 inflammasome activated by several noxae, 
including misfolded a-syn.189,190 Several studies have shown 
the central role of neuroinflammation around sensory neu
rons in pain sensitisation,131,191 thus highlighting that DA 
loss occurring in Parkinson’s disease may elicit pain percep
tion by dysregulation of neuroinflammatory response.

The role of DA in pain perception results multifaceted and 
different mechanisms may relate DA loss with Parkinson’s 

disease-related pain. Motor symptoms and motor fluctuations, 
due to dopaminergic dysfunction in the motor striatum, correl
ate with musculoskeletal nociceptive pain. The lack of DA in 
dorso-striatal and nigrostriatal DA pathway leads to the pain 
oversensitivity and reduced pain threshold. On the other 
hand, DA loss in the mesolimbic and mesocortical pathways 
might determine a reduced tolerance to pain and a reduced 
recruitment of the descending anti-nociceptive systems. 
Chronic pain affecting pwPD may reduce and/or disrupt 
reward-associated behaviours, in the same way in which 
reward-decision models illustrate the opposite situation, where 
significantly pleasant stimuli may decrease the perception of 
pain.192 DA may act as reinforcement stimulus counteracting 
nociception acting on the shell NAc, but dysregulated and un
balanced dopaminergic output from the VTA can also enhance 
pain perception by acting of on the NAc core. Finally, dopa
minergic dysfunction may affect descending anti-nociceptive 
systems and recent studies have highlighted the role of DA as 
inhibitor of neuroinflammatory pathways involved in pain 
sensitization at the level of the spinal cord.

A glimpse on clinical trials validate 
multiple roles of dopamine
The heterogenous role of DA is further highlighted by double- 
blinded clinical trials with dopamine agonists. Indeed, in an ex
ploratory double-blind clinical trial, the effect of rotigotine on 
Parkinson’s disease-related pain was evaluated.193 Sixty pa
tients with advanced and at least moderate Parkinson’s 
disease-related chronic pain were randomized 1:1 to receive ro
tigotine or placebo, for 12 weeks. Change in pain severity was 
considered as primary outcome together with KPPS domains. A 
numerical, but not significant, improvement in pain was ob
served in favour of rotigotine and the proportion of responders 
was rotigotine: 60% versus placebo: 47%. Interestingly a 
∼2-fold numerical improvement in KPPS domain ‘fluctuation- 
related pain’ was also observed with rotigotine versus placebo. 
On the other hand, an inconsistent effect on pain score was re
ported by the employment of oxycodone-naloxone in a wide 
cohort of Parkinson’s disease patients with various degrees of 
disease severity (H&Y I-IV).194 Taken together these results 
support the view that DA treatment is consistently efficient on 
Parkinson’s disease-related muscolo-skeletal pain associated 
to motor fluctuations, whereas the efficacy on other pain do
mains is not constantly present, supporting the multifaced 
role of different DA pathways in pain processing.

Amygdala: emotional and cognitive 
processing of pain
The amygdala is a bilateral structure located in the medial tem
poral lobe. It is part of the limbic system, as endorsed from its 
visceral and emotional functions.195 In fact, the amygdala plays 
a pivotal role in attributing emotional significance and in coup
ling emotions with autonomic responses, as first postulated by 
Kluver and Bucy in 1939 who identified a ‘psychic blindness’ in 
animals affected by amygdala lesions.196,197 Anatomically the 
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amygdala is composed of three major nuclear groups198: the 
deep or basolateral group, which contains the lateral nucleus, 
the basal nucleus, and the accessory basal nucleus; the superfi
cial or cortical-like group, which contains the cortical nuclei 
and the nucleus of the lateral olfactory tract; the centromedial 
group, which contains the medial and central nuclei. To this 
canonical classification, other amygdaloid nuclei must be 
added, such as the anterior amygdaloid area, the amygdalo- 
hippocampal area, and the intercalated cells.199 In addition, a 
rostro-medial extension of the centromedian amygdala into 
an area known as extended amygdala has been proposed.200

Braak et al.201 were the first to attribute a particular rele
vance to the amygdala as involved in course of Parkinson’s dis
ease. They postulated an invariable involvement of the 
accessory cortical nucleus and the CeA in Parkinson’s disease, 
consistent across individual cases. Temporarily, they allocate 
the presence of inclusion bodies in these nuclei as early as in 
Braak Parkinson’s disease stage 4, together with ventral claus
trum and the interstitial nucleus of stria terminalis.110 Further 
corroborating this evidence, post-mortem studies have shown 
that the amygdala and the olfactory bulb are the most vulner
able sites of single-location a-syn pathology,202 since they con
tain large amounts of a-syn even in physiological conditions.

Recently, two main Parkinson’s disease subtypes have been 
proposed: a body first model and a brain first model.203 In the 
body first (bottom-up) subtype, the pathology is supposed to 
arise in the enteric or peripheral autonomic nervous system, later 
ascending to the CNS through the vagus nerve and the sympa
thetic trunks, while in the brain first subtype (top-down), 
a-syn pathology rises first in the CNS and later spread peripher
ally to the autonomic nervous system. The amygdala is proposed 
as the site of origin of a-syn inclusions in brain first Parkinson’s 
disease patients.204Accordantly, a longitudinal study conducted 
by Pieperhoff et al.205 using deformation-based morphometry 
showed a superimposition between patterns of brain atrophy 
in Parkinson’s disease patients and the patterns of a-syn depos
ition typically observed in Braak stages 3–5, including the atro
phy of the amygdala, which strictly correlates—in turn—with 
NMSS scores, including the items for anxiety and pain.206

Indeed, the role of the amygdala in generating the 
emotional-affective state might be crucial in pain overlapping 
with aversion, anxiety and fear.207-209 The amygdala plays 
both a facilitating and inhibitory role on pain modulation, 
based on a polymodal integration of environmental conditions 
and affective states. The major amygdala outputs involved in 
pain processing and modulation are the projections of the 
CeA to the ventro-lateral PAG (vlPAG)210-212 and to the dorsal 
raphe nuclei (DR)213-215 which modulate pain via the descend
ing antinociceptive system. The relationship of these two brain- 
stem regions with the CeA is strongly modulated by emotional 
states and environmental circumstances, resulting in either an
algesic or algesic effects.209,216 Moreover, CeA projects to the 
parabrachial nucleus (PBN)217,218 and to the solitary tract nu
cleus,219,220 coupling pain processing with downstream auto
nomic responses.

The dense GABAergic population of the CeA can be func
tionally divided into Central medial amygdala (CeM), lateral 

central amygdala (CeL) and capsular central amygdala 
(CeC),209,221,222 where the CeC is the designated sub- 
nucleus receiving direct inputs from the PBN via the 
spino-parabrachio-thalamic tract, thus referred to as ‘noci
ceptive amygdala’.208 CeC display both local projections to 
the CeL and CeM, and extra-amygdaloid projections to 
PBN, thalamus, hypothalamus, hippocampus and PAG.209

This area features both nociceptive specific and multirecep
tive neurons which can also respond to innocuous cues and 
integrate nociceptive signals with affective information com
ing from the lateral-basolateral pathways.223 The BLA, bet
ter described as lateral-basolateral (LA/BLA), is made up of 
pyramidal glutamatergic projecting neurons receiving poly
modal sensory information (including nociceptive inputs) 
from midline posterior nuclei of the thalamus, insular cortex, 
sensory association cortices, as well as from the NAc and 
medial prefrontal cortex (mPFC).207-209,224 Through this cir
cuits, sensory inputs receive emotional-affective correlates, 
and this highly processed information are transmitted to 
the CeA for further processing within the amygdala fear cir
cuitry.225 Finally, the ITC represent a GABAergic inter
neuron population, containing neuropeptide S (NPS) and 
opioids as co-transmitters.226-228 These neurons receive exci
tatory inputs from the infralimbic and prelimbic cortices and 
from the LA/BLA and they are activated during the extinc
tion of pain and negative emotional responses229,230 exerting 
a pivotal role in the extinction of anxiety and fear.

The interactions between the BLA and the PFC are reciprocal 
and selectively involve cortico-amygdaloid neurons.231,232 The 
neurochemical integration occurring between BLA and mPFC 
is crucial for pain modulation. The nature of BLA projections 
to the infralimbic and prelimbic mPFC is glutamatergic, but 
the overall effect of these inputs is inherently inhibitory.231-233

While direct synapses with pyramidal cells interest fewer BLA 
axons, the strongest connections preferentially interest 
parvalbumin and somatostatin expressing interneurons, which 
act selectively on pyramidal neurons through GABAergic con
nections mediated by non-N-methyl-D-aspartate receptors and 
mGluR1.223,231,234 These monosynaptic connections interest
ing two parallel interneuron populations lie the foundations 
for parallel pathways of robust glutamate-driven feedforward 
inhibition to the mPFC, during pain stimulation.231 In fact, 
BLA hyperactivity leads to amygdala-driven mPFC deactiva
tion, as demonstrated by decreased activity of output neurons 
in the infralimbic and prelimbic mPFC in acute and chronic 
pain models.223,235,236 In turn, mPFC deactivation reverberates 
on control of amygdala processing, reducing the firing of the 
BLA projections.207 This interaction between BLA and mPFC 
is crucial also for cognitive correlates of pain and chronic 
neuropathic pain has been in fact related to development of cog
nitive impairment.235 Furthermore, corticolimbic reverberat
ing loops anticipate pain chronicization and interestingly, 
degeneration in the mPFC-BLA-NAc circuit together with a 
reduced volume of the amygdala have been associated with 
an increased risk of persistent pain.237

Neuropeptides are crucial for emotional and pain responses 
within amygdaloid circuitries. Calcitonin gene-related peptides 
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(CGRP) play a pivotal role in nociceptive afferents from the 
PBN and mediates the excitatory tone of CeA neurons. 
Corticotropin releasing factor (CRF) and somatostatin 
(SOM) serve as long-range projections from the CeA to the tar
get areas, including the DR and PAG. CRF has a crucial func
tion in coupling pain with fear emotional conditioning, having 
excitatory function on both CeA and BLA. Over-population of 
CRF-expressing neurons in the CeA appears to be an import
ant factor contributing to chronic pain development.216,226

NPS plays a gatekeeping role to the amygdala output, being as
sociated with inhibitory ITC neurons.227,228 Whereas complex 
and intertwined functions are played by the opioid peptides 
(b-endorphin, enkephalin, dynorphin) acting on mu, delta 
and kappa receptors (MOR, DOR, KOR). Enkephalinergic 
(Enk) interneurons are the richest population of CeA inter
neurons, and they have a modulatory role on amygdala projec
tions including nociceptive circuits. Enk neurons activation is 
thought to activate non-serotoninergic neurons in DR and 
vlPAG, acting on the descending pain inhibitory system211,238

and exerting antinociceptive and extinction effects like the Enk 
neurons within the spinal cord lamina II.

Overall, the function of the amygdala in pain processing 
and the differential role attributed to CeA, BLA and ITC, 
suggest that disruption of the amygdaloid circuits in 
Parkinson’s disease can result either in abnormal emotional 
or cognitive processing of pain, as in deregulation on the des
cending anti-nociceptive pathways. Hypoconnectivity of all 
subregions of the amygdala was associated with pain in a re
cent functional MRI study.239 Moreover, functional brain 
connectivity comparing pwPD with DA-responsive or non- 
responsive pain and pwPD without clinical evidence of 
pain, revealed an altered connectivity of the amygdala with 
thalamus and putamen in patients with DA unresponsive 
pain on respect to the other groups.240 Although these evi
dences should be considered with caution, since patients 
were not precisely stratified for pain modalities, it is likely 
that the amygdala, by its widespread neuroanatomical con
nections, can contribute to nociceptive, as well as nociplastic 
Parkinson’s disease-related pain. Lesion of the CeA, could be 
responsible of abnormal attribution of visceral and emotion
al correlates to pain, in the context of fear-anxiety network. 
Moreover, lesion of the Enk and NPS interneurons in the 
CeA and in the ITC could suppress the modulatory action 
on the descending anti-nociceptive system and the extinction 
of pain-related fear conditioning. Lesions on the BLA in
stead, could alter the circuitry with the mPFC and the 
NAc, associating pain with cognitive impairment and con
tributing to cognitive aspects of pain chronicization.

Emerging role of habenula
The habenula is a phylogenetically old brain structure, pre
served in all vertebrates.241 In mammals, it is present as bilat
eral small nuclei located in the postero-medial aspect of the 
thalamus and it can be divided into medial habenula (MHb) 
and lateral habenula (LHb). The habenula is involved in 
sensory-evoked and chronic pain induced aversion,242,243 in 

motor responses to pain and in escaping behaviors.244

Furthermore, it is part of the anti-reward system (negative re
inforces), activated in response to aversive stimuli.243,245,246

Habenular nuclei, and especially the MHb are characterized 
by high expression of a-syn, being subject to an increased 
risk of a-syn aggregation during synucleinopathies.95 The 
multidirectional connectivity of the habenula makes it a pos
sible key region in the propagation of a-syn aggregates.

Recent studies highlight the efficacy of pharmacological 
and electric modulation of the habenula in the treatment of 
depression in Parkinson’s disease.247,248 Increased firing of 
the LHb has been detected in animal models of depression- 
pain syndrome.244,249,250 The LHb confers inhibitory tone 
to the dopaminergic projection to mPFC and NAc251,252

and it seems to hold a negative relay-like role in descending 
pain modulation from NAc to PAG.253,254 Also, the LHb 
negatively modulates the neuronal populations involved in 
anti-nociception, such as: the serotoninergic raphe nuclei 
and the noradrenergic neurons of the LC.255-257

The role of the habenula in pain transmission and modula
tion can be direct or indirect and might intervene in both emo
tional correlates of pain and in the modulation of the 
descending anti-nociceptive system. Direct projections from 
the spinal cord lamina I and the trigeminal spinal nucleus 
to the LHb have been reported in animal models.105,241

While, the major route to the LHb is the stria medullaris, 
which brings towards afferents from the basal fore
brain246,258,259 and the lateral hypothalamus.260 The latter, 
in turn, gathers projections from the spinal laminae I and 
II,258,261 involved in the autonomic correlates of pain.262,263

Relevant projections to the LHb arise also from the NAc264

and dorsal striatum.159,265 More relevantly, the LHb projects 
to dopaminergic neurons266 of the VTA and the SNc and to ser
otonergic neurons of medial and dorsal raphe nuclei.256,267,268

The MHb projects predominantly to the interpeduncular nu
cleus via the fasciculus retroflexus.245,258

Habenula increases firing when an expected reward does 
not manifest, on the contrary, it decreases firing when the 
expected reward occurs.269 Accordantly, the role of the habe
nula in pain modulation could be encompassed in the reward- 
deficiency/anti-reward model (CReAM) postulated by 
Borsook et al.171 Pain-related reward deficiency manifests 
with anhedonia and decreased motivation for natural rein
forces and correlates with a state of DA depletion in the shell 
NAc. Conversely, anti-reward entails a pain-related over re
cruitment of limbic structures involved in anxiety and fear, in
cluding: the CeA and BLA, the bed nucleus of the stria 
terminalis, the lateral tegmental noradrenergic nuclei and 
the raphe serotoninergic nuclei, leading to negative affective 
states related to pain.

The role of the habenula appears even more intriguing if we 
consider that chronic pain entails the same mechanisms of neu
roadaptation with addiction, thanks to partly shared neural 
circuits.269 These two processes appear the opposite sides of 
the same spectrum, since both subtend a dysfunction in reward 
system characterized by abnormal reward/aversion processing, 
intertwined to a dysregulation in mesolimbic release of DA and 
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Figure 2 Anatomical pathways involved in Parkinson’s disease-related pain. Schematic representation of the complex and 
heterogeneous anatomical network related to pain perception, processing, and modulation in the CNS. Neurotransmitters mainly involved in each 
circuit are highlighted in the legend at the bottom. Neuropeptides involved in amygdaloid pain processing are also reported: Somatostatin (SOM); 
Neuropeptide S (NPS); Calcitonine Gene-related Peptide (CGRP); Corticotropin Releasing Factor (CRF) and opioid peptides. Possible 
physiological and pathological implications of each neuroanatomical region in course of Parkinson’s disease is reported in the didascaly. Other 
abbreviations include: CeA, central amygdala; PAG, Periaqueductal Gray); BLA, basolateral amygdala; NAc, nucleus accumbens; SNc, substantia 
nigra pars compacta; VTA, ventral tegmental area; LC, locus coeruleus; DA, dopamine; NE, norepinephrine; Serotonin (5-HT); DHSC, dorsal horn 
of spinal cord.
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in reward/aversion-related memory. Reverberant anatomical 
connections of the habenula seem to play a pivotal role in 
both the processes, realizing a feedback mechanism in the 
loop circuits of analgesia/hyperalgesia and reward/aversion.253

Disruption of the habenular circuits, which likely occurs 
in Parkinson’s disease, might have a complex effect on the 
development of nociplastic Parkinson’s disease-related pain 
and on coupling pain with depressive and anxiety states or 
with anhedonia. On one side habenula potentiates the nega
tive affective states related to pain, on the other side it exerts 
an inhibitory effect on the circuits of reward. For this reason, 
disruption of the habenular loops could correlate with pain 
syndromes in which anhedonic and aversive states are 
associated and in which dysregulation of dopaminergic and 
serotoninergic systems might contextually occur.270

Concluding remarks
Dopaminergic dysfunction is the cardinal neuroanatomical 
and neurophysiological alteration of Parkinson’s disease. 
DA loss is responsible of motor symptoms and motor fluc
tuations, which lead in turn, to the development of musculo
skeletal nociceptive pain or radicular neuropathic pain. 
Dopaminergic dysfunction in the nigro-striatal pathway 
has been also linked to a lowering in pain threshold153 which 
is a signature feature of pwPD and results often independent 
from the occurrence of clinically documented Parkinson’s 
disease-related pain. Optimization of the dopaminergic 
treatment should be considered therefore a primary goal 
for the management of both acute and chronic Parkinson’s 
disease-related pain.

Table 3 Neuroanatomy-based interpretation of pain domains in Parkinson’s disease

Altered pain 
domain Clinical features Comorbidities PD-PCS

Candidate 
Anatomical 
correlates

Neurotransmitters and 
neuropeptides

Musculoskeletal pain Acute or chronic pain 
related to motor 
symptoms

Wearing-off 
Motor fluctuations 
dyskinesias

Nociceptive Discharge of peripheral 
nociceptors of 
tendons and 
ligaments

Dopamine 
Glutammate

Pain threshold and 
pain discrimination

Thermic and mechanical 
allodynia

Peripheral neuropathy 
of various origin, 
affective 
hypoesthesia

Peripheral and 
central 
neuropathic

a-Syn pathology in 
peripheral small 
fibres and posterior 
spinal cord laminae

Glutammate 
Substance P 
CGRP 
Met-enkephalin 
GABA

Endogenous 
anti-nociception

Increased pain 
persistence and 
intensity

Non-motor 
symptoms: 
depression, sleep 
disturbances

Central 
neuropathic

a-Syn pathology in LC, 
Hypothalamus and 
posterior spinal cord 
laminae

Dopamine 
Noradrenaline 
Serotonin 
Met- and Leu-enkephalin

Setting of pain 
threshold

Tonic pain—reduced pain 
threshold

Motor symptoms 
Absence of direct 
correlation with 
clinical evidence of 
pain

Central 
neuropathic 
and 
nociplastic

Pathological and 
functional 
alterations in the 
nigro-striatal DA 
pathway

Dopamine

Pain tolerance and 
affective pain 
correlates

Reduced tolerance to pain 
—reduced pain 
suppression by pleasant 
stimuli—altered 
emotional response to 
pain

Anhedonia 
Restless leg 
syndrome 
Akathisia

Nociplastic Alterations in 
mesolimbic and 
meso-cortical DA 
pathways

Dopamine

Attribution of 
emotional and 
autonomic 
correlates to pain

Abnormal fear and 
anxious correlates of 
pain -increased 
autonomic response to 
pain

Anxiety 
Depression

Nociplastic a-Syn pathology at the 
CentroMedian 
Amygdala and the LC

GABA 
CGRP 
Neuropeptide S 
Somatostatin 
Corticotropin-releasing 
factor 
Opioid peptides

Cognitive processing 
of pain

Chronic pain associated 
with cognitive 
symptoms (negative 
thinking, rigidity, 
anhedonia)

Cognitive impairment 
Behavioural 
symptoms

Nociplastic a-Syn pathology at the 
Basolateral 
Amygdala

Glutammate 
Neuropeptide S 
Somatostatin 
Opioid Peptides

Attribution of 
emotional and 
autonomic 
correlates to pain

Reduced tolerance to pain 
associated with fear 
and autonomic 
response—increased 
aversive behaviours

Anhedonia— 
depression— 
anxiety

Nociplastic Disruption of the 
habenular loops

Acetylcholine 
GABA 
Dopamine
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Acute musculoskeletal nociceptive pain related to motor 
fluctuations or dyskinesias are generally responsive to levo
dopa treatment.14 Moreover, the effects of DA replacement 
therapy in Parkinsonian patients extends to the relief of chron
ic pain by rising the pain threshold. Interestingly, such an effect 
is specific of pwPD, suggesting that the absence of the natural 
timing and spacing of DA release within the basal ganglia is 
key to keep the gating of pain transmission at an appropriate 
threshold. In fact, when DA release occurs following an altered 
pattern (low DA levels with a non-canonical timing and spa
cing of DA stimulation) pain threshold is no longer effective 
to prevent abnormal pain perception. In the presence of 
physiological DA transmission, DA levels are high enough to 
enable the efficacy of gating circuits. In such a scenario, DA it
self is not considered as an analgesic neurotransmitter and 
thus, increasing DA levels, does not produce analgesia in 
Parkinson’s disease-free patients with chronic pain and an in
tact meso-striatal DA pathway. In pwPD, analgesic effects of 
DA are instead disclosed, because DA levels are below the 
amount needed to modulate striatal circuits in setting the ap
propriate pain threshold. Moreover, DA projections gather 
the limbic and reward circuits where DA can disclose complex 
and multifaced effects on pain perception. Evaluation of the as
sociated clinical and psychological symptoms should be con
sidered a key aspect to drive an appropriate and personalized 
dopaminergic treatment. In particular, the association of 
pain with anhedonia or apathy may support a dysfunction at 
the mesolimbic DA pathways. In these cases, a combined em
ployment of D2-like agonists and antagonists should be evalu
ated in consideration of the reward/anti-reward view, in which 
DA can both reduce and potentiate pain perception acting on 
the shell or core NAc.

On the other hand, Wasner and Deuschl26 have distin
guished between a DA-maintained pain and a DA independent 
pain (DIP), in which pain is not responsive to dopaminergic 
treatment. In accordance, the effect of dopaminergic agonists 
was found week in a systematic review on chronic pain treat
ment in Parkinson’s disease, while safinamide, cannabinoids 
and opioids were associated with the highest pain reduction 
and selective noradrenaline transports inhibitors (SNRI) 
were mostly effective in sub-groups of patients with comorbid
ity of pain with anxiety and mood disorders.271 This might be 
explained by the heterogeneity of neurotransmitters involved 
in pain processing (Fig. 2) and by the widespread a-syn path
ology occurring in pain network in Parkinson’s disease. 
Neuroanatomy can help in the management of DIP, highlight
ing the importance of differentiated therapeutic approaches, 
based on the semeiology of pain and on the association of 
pain with other key clinical symptoms, featuring different 
underlying anatomical backgrounds (Table 3). Further clinical 
studies are requested to elucidate the neuroanatomy of pain 
network in Parkinson’s disease. In particular, the contribution 
of each neuroanatomical structure needs to be validated in 
cohort of patients accurately stratified, towards ad hoc studies, 
in which key associated symptoms will drive the identification 
of the affected neuronal networks. Neuropathology and func
tional MRI might strongly help a neuroanatomy-based 

approach to Parkinson’s disease-related pain. Personalized 
treatments should be employed, based on the anatomical 
and neurochemical pathways involved in each patient.
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147. Carey G, Görmezoğlu M, de Jong JJA, et al. Neuroimaging of anx
iety in Parkinson’s disease: A systematic review. Mov Disord. 
2021;36(2):327-339.

148. Starkstein SE, Preziosi TJ, Robinson RG. Sleep disorders, pain, and 
depression in Parkinson’s disease. Eur Neurol. 1991;31(6): 
352-355.

149. Urakami K, Takahashi K, Matsushima E, Sano K, Nishikawa S, 
Takao T. The threshold of pain and neurotransmitter’s change 
on pain in Parkinson’s disease. Jpn J Psychiatry Neurol. 1990; 
44(3):589-593.

150. Li J, Zhu BF, Gu ZQ, et al. Musculoskeletal pain in Parkinson’s 
disease. Front Neurol. 2021;12:756538.

151. Slaoui T, Mas-Gerdelat A, Ory-Magne F, Rascol O, Brefel-Courbon 
C. [Levodopa modifies pain thresholds in Parkinson’s disease pa
tients]. Rev Neurol (Paris). 2007;163(1):66-71.

152. Sung S, Vijiaratnam N, Chan DWC, Farrell M, Evans AH. Pain 
sensitivity in Parkinson’s disease: Systematic review and 
meta-analysis. Parkinsonism Relat Disord. 2018;48:17-27.

153. Blanchet PJ, Brefel-Courbon C. Chronic pain and pain processing 
in Parkinson’s disease. Prog Neuropsychopharmacol Biol 
Psychiatry. 2018;87(Pt B):200-206.

154. Cury RG, Galhardoni R, Teixeira MJ, et al. Subthalamic deep 
brain stimulation modulates conscious perception of sensory func
tion in Parkinson’s disease. Pain. 2016;157(12):2758-2765.

155. Farde L, Hall H, Pauli S, Halldin C. Variability in D2-dopamine 
receptor density and affinity: A PET study with [11C]raclopride 
in man. Synapse. 1995;20(3):200-208.

156. Jääskeläinen SK, Rinne JO, Forssell H, et al. Role of the dopamin
ergic system in chronic pain—A fluorodopa-PET study. Pain. 
2001;90(3):257-260.

157. Rukavina K, Mulholland N, Corcoran B, et al. Musculoskeletal 
pain in Parkinson’s disease: Association with dopaminergic defi
ciency in the caudate nucleus. Eur J Pain. 2024;28(2):244-251.

158. Wood PB. Role of central dopamine in pain and analgesia. Expert 
Rev Neurother. 2008;8(5):781-797.

159. Chudler EH, Dong WK. The role of the basal ganglia in nocicep
tion and pain. Pain. 1995;60(1):3-38.

160. Boccella S, Marabese I, Guida F, Luongo L, Maione S, Palazzo E. The 
modulation of pain by metabotropic glutamate receptors 7 and 8 in 
the dorsal striatum. Curr Neuropharmacol. 2020;18(1):34-50.

161. Takeda R, Ikeda T, Tsuda F, et al. Unilateral lesions of mesostriatal 
dopaminergic pathway alters the withdrawal response of the rat 
hindpaw to mechanical stimulation. Neurosci Res. 2005;52(1): 
31-36.

162. Charles KA, Naudet F, Bouali-Benazzouz R, et al. Alteration of 
nociceptive integration in the spinal cord of a rat model of 
Parkinson’s disease. Mov Disord. 2018;33(6):1010-1015.

163. Domenici RA, Campos ACP, Maciel ST, et al. Parkinson’s disease 
and pain: Modulation of nociceptive circuitry in a rat model of ni
grostriatal lesion. Exp Neurol. 2019;315:72-81.

164. Romero-Sánchez HA, Mendieta L, Austrich-Olivares AM, et al. 
Unilateral lesion of the nigroestriatal pathway with 6-OHDA in
duced allodynia and hyperalgesia reverted by pramipexol in rats. 
Eur J Pharmacol. 2020;869:172814.

165. Magnusson JE, Fisher K. The involvement of dopamine in nocicep
tion: The role of D(1) and D(2) receptors in the dorsolateral stri
atum. Brain Res. 2000;855(2):260-266.

166. Niccolini F, Su P, Politis M. Dopamine receptor mapping with PET 
imaging in Parkinson’s disease. J Neurol. 2014;261(12): 
2251-2263.

167. Budygin EA, Park J, Bass CE, Grinevich VP, Bonin KD, Wightman 
RM. Aversive stimulus differentially triggers subsecond dopamine 
release in reward regions. Neuroscience. 2012;201:331-337.

168. Serafini RA, Pryce KD, Zachariou V. The mesolimbic dopamine 
system in chronic pain and associated affective comorbidities. 
Biol Psychiatry. 2020;87(1):64-73.

169. Altier N, Stewart J. The role of dopamine in the nucleus accumbens 
in analgesia. Life Sci. 1999;65(22):2269-2287.

170. Altier N, Stewart J. Dopamine receptor antagonists in the nucleus 
accumbens attenuate analgesia induced by ventral tegmental area 
substance P or morphine and by nucleus accumbens amphetamine. 
J Pharmacol Exp Ther. 1998;285(1):208-215.

171. Borsook D, Linnman C, Faria V, Strassman AM, Becerra L, Elman 
I. Reward deficiency and anti-reward in pain chronification. 
Neurosci Biobehav Rev. 2016;68:282-297.

172. Lee M, Manders TR, Eberle SE, et al. Activation of corticostriatal 
circuitry relieves chronic neuropathic pain. J Neurosci. 2015; 
35(13):5247-5259.

173. Ren W, Centeno MV, Berger S, et al. The indirect pathway of the 
nucleus accumbens shell amplifies neuropathic pain. Nat Neurosci. 
2016;19(2):220-222.

174. Ren W, Centeno MV, Wei X, et al. Adaptive alterations in the me
soaccumbal network after peripheral nerve injury. Pain. 2021; 
162(3):895-906.

175. Berridge KC, Kringelbach ML. Pleasure systems in the brain. 
Neuron. 2015;86(3):646-664.

176. Scott DJ, Heitzeg MM, Koeppe RA, Stohler CS, Zubieta JK. 
Variations in the human pain stress experience mediated by ventral 
and dorsal basal ganglia dopamine activity. J Neurosci. 2006; 
26(42):10789-10795.

177. Wood PB, Schweinhardt P, Jaeger E, et al. Fibromyalgia patients 
show an abnormal dopamine response to pain. Eur J Neurosci. 
2007;25(12):3576-3582.

178. Faramarzi G, Charmchi E, Salehi S, Zendehdel M, Haghparast A. 
Intra-accumbal dopaminergic system modulates the restraint 
stress-induced antinociceptive behaviours in persistent inflamma
tory pain. Eur J Pain. 2021;25(4):862-871.

179. Noursadeghi E, Rashvand M, Haghparast A. Nucleus accumbens 
dopamine receptors mediate the stress-induced analgesia in an ani
mal model of acute pain. Brain Res. 2022;1784:147887.

180. Noursadeghi E, Haghparast A. Modulatory role of intra-accumbal 
dopamine receptors in the restraint stress-induced antinociceptive 
responses. Brain Res Bull. 2023;195:172-179.

181. Cabib S, Puglisi-Allegra S. The mesoaccumbens dopamine in cop
ing with stress. Neurosci Biobehav Rev. 2012;36(1):79-89.

182. Ventura R, Alcaro A, Cabib S, Conversi D, Mandolesi L, 
Puglisi-Allegra S. Dopamine in the medial prefrontal cortex controls 
genotype-dependent effects of amphetamine on mesoaccumbens 
dopamine release and locomotion. Neuropsychopharmacology. 
2004;29(1):72-80.

183. Benarroch EE. Involvement of the nucleus accumbens and dopa
mine system in chronic pain. Neurology. 2016;87(16):1720-1726.

184. Johansen JP, Fields HL, Manning BH. The affective component of 
pain in rodents: Direct evidence for a contribution of the anterior 
cingulate cortex. Proc Natl Acad Sci U S A. 2001;98(14): 
8077-8082.

185. Ohara PT, Granato A, Moallem TM, Wang BR, Tillet Y, Jasmin L. 
Dopaminergic input to GABAergic neurons in the rostral agranu
lar insular cortex of the rat. J Neurocytol. 2003;32(2):131-141.

186. Burkey AR, Carstens E, Jasmin L. Dopamine reuptake inhibition 
in the rostral agranular insular cortex produces antinociception. 
J Neurosci. 1999;19(10):4169-4179.

187. Qu S, Ondo WG, Zhang X, Xie WJ, Pan TH, Le WD. Projections 
of diencephalic dopamine neurons into the spinal cord in mice. 
Exp Brain Res. 2006;168(1-2):152-156.

188. Skagerberg G, Lindvall O. Organization of diencephalic dopamine 
neurones projecting to the spinal cord in the rat. Brain Res. 1985; 
342(2):340-351.

189. Pike AF, Longhena F, Faustini G, et al. Dopamine signaling mod
ulates microglial NLRP3 inflammasome activation: Implications 
for Parkinson’s disease. J Neuroinflammation. 2022;19(1):50.

Neuroanatomy of pain in Parkinson’s disease                                                                        BRAIN COMMUNICATIONS 2024, fcae210 | 19



190. Possemato E, La Barbera L, Nobili A, Krashia P, D’Amelio M. The 
role of dopamine in NLRP3 inflammasome inhibition: Implications 
for neurodegenerative diseases. Ageing Res Rev. 2023;87: 
101907.

191. He W, Long T, Pan Q, et al. Microglial NLRP3 inflammasome 
activation mediates IL-1β release and contributes to central sensi
tization in a recurrent nitroglycerin-induced migraine model. 
J Neuroinflammation. 2019;16(1):78.

192. Becker S, Gandhi W, Schweinhardt P. Cerebral interactions of pain 
and reward and their relevance for chronic pain. Neurosci Lett. 
2012;520(2):182-187.

193. Rascol O, Zesiewicz T, Chaudhuri KR, et al. A randomized con
trolled exploratory pilot study to evaluate the effect of rotigotine 
transdermal patch on Parkinson’s disease-associated chronic 
pain. J Clin Pharmacol. 2016;56(7):852-861.

194. Trenkwalder C, Chaudhuri KR, Martinez-Martin P, et al. 
Prolonged-release oxycodone-naloxone for treatment of severe 
pain in patients with Parkinson’s disease (PANDA): A double-blind, 
randomised, placebo-controlled trial. Lancet Neurol. 2015;14(12): 
1161-1170.

195. MacLEAN PD. Psychosomatic disease and the visceral brain; re
cent developments bearing on the Papez theory of emotion. 
Psychosom Med. 1949;11(6):338-353.

196. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. 
2000;23:155-184.

197. Weiskrantz L. Behavioral changes associated with ablation of the 
amygdaloid complex in monkeys. J Comp Physiol Psychol. 
1956;49(4):381-391.

198. Amaral DG. The primate amygdala and the neurobiology of social 
behavior: Implications for understanding social anxiety. Biol 
Psychiatry. 2002;51(1):11-17.

199. Pitkänen A, Savander V, LeDoux JE. Organization of 
intra-amygdaloid circuitries in the rat: An emerging framework for 
understanding functions of the amygdala. Trends Neurosci. 1997; 
20(11):517-523.

200. Alheid GF, Heimer L. New perspectives in basal forebrain organ
ization of special relevance for neuropsychiatric disorders: The 
striatopallidal, amygdaloid, and corticopetal components of sub
stantia innominata. Neuroscience. 1988;27(1):1-39.

201. Braak H, Braak E, Yilmazer D, et al. Amygdala pathology in 
Parkinson’s disease. Acta Neuropathol. 1994;88(6):493-500.

202. Beach TG, Adler CH, Lue L, et al. Unified staging system for Lewy 
body disorders: Correlation with nigrostriatal degeneration, cog
nitive impairment and motor dysfunction. Acta Neuropathol. 
2009;117(6):613-634.

203. Borghammer P, Van Den Berge N. Brain-first versus gut-first 
Parkinson’s disease: A hypothesis. J Parkinsons Dis. 2019;9(s2): 
S281-S295.

204. Borghammer P. The α-synuclein origin and connectome model 
(SOC model) of Parkinson’s disease: Explaining motor asymmetry, 
non-motor phenotypes, and cognitive decline. J Parkinsons Dis. 
2021;11(2):455-474.

205. Pieperhoff P, Südmeyer M, Dinkelbach L, et al. Regional changes 
of brain structure during progression of idiopathic Parkinson’s dis
ease—A longitudinal study using deformation based morphom
etry. Cortex. 2022;151:188-210.

206. Chen L, Nagaraja C, Daniels S, et al. Synaptic location is a deter
minant of the detrimental effects of α-synuclein pathology to glu
tamatergic transmission in the basolateral amygdala. Elife. 2022; 
11:e78055.

207. Neugebauer V. Amygdala pain mechanisms. Handb Exp 
Pharmacol. 2015;227:261-284.

208. Neugebauer V, Li W, Bird GC, Han JS. The amygdala and persist
ent pain. Neuroscientist. 2004;10(3):221-234.

209. Veinante P, Yalcin I, Barrot M. The amygdala between sensation 
and affect: A role in pain. J Mol Psychiatry. 2013;1(1):9.

210. Behbehani MM. Functional characteristics of the midbrain peria
queductal gray. Prog Neurobiol. 1995;46(6):575-605.

211. Oliveira MA, Prado WA. Role of PAG in the antinociception 
evoked from the medial or central amygdala in rats. Brain Res 
Bull. 2001;54(1):55-63.

212. Rizvi TA, Ennis M, Behbehani MM, Shipley MT. Connections be
tween the central nucleus of the amygdala and the midbrain peri
aqueductal gray: Topography and reciprocity. J Comp Neurol. 
1991;303(1):121-131.

213. Biagioni AF, de Freitas RL, da Silva JA, et al. Serotonergic neural 
links from the dorsal raphe nucleus modulate defensive behaviours 
organised by the dorsomedial hypothalamus and the elaboration 
of fear-induced antinociception via locus coeruleus pathways. 
Neuropharmacology. 2013;67:379-394.

214. Li JN, Sheets PL. The central amygdala to periaqueductal gray 
pathway comprises intrinsically distinct neurons differentially af
fected in a model of inflammatory pain. J Physiol. 2018;596(24): 
6289-6305.

215. Teissier A, Chemiakine A, Inbar B, et al. Activity of Raphé seroto
nergic neurons controls emotional behaviors. Cell Rep. 2015; 
13(9):1965-1976.

216. Andreoli M, Marketkar T, Dimitrov E. Contribution of amygdala 
CRF neurons to chronic pain. Exp Neurol. 2017;298(Pt A):1-12.

217. Gauriau C, Bernard JF. Pain pathways and parabrachial circuits in 
the rat. Exp Physiol. 2002;87(2):251-258.

218. Sah P, Faber ESL, Lopez De Armentia M, Power J. The amygdaloid 
complex: Anatomy and physiology. Physiol Rev. 2003;83(3): 
803-834.

219. Gasparini S, Howland JM, Thatcher AJ, Geerling JC. Central af
ferents to the nucleus of the solitary tract in rats and mice. 
J Comp Neurol. 2020;528(16):2708-2728.

220. van der Kooy D, Koda LY, McGinty JF, Gerfen CR, Bloom FE. 
The organization of projections from the cortex, amygdala, and 
hypothalamus to the nucleus of the solitary tract in rat. J Comp 
Neurol. 1984;224(1):1-24.

221. Cassell MD, Freedman LJ, Shi C. The intrinsic organization of the 
central extended amygdala. Ann N Y Acad Sci. 1999;877: 
217-241.

222. Paxinos G, Franklin KBJ. Paxinos and Franklin’s the Mouse Brain 
in Stereotaxic Coordinates—5th Edition. Accessed 12 January 
2023. https://www.elsevier.com/books/paxinos-and-franklins-the- 
mouse-brain-in-stereotaxic-coordinates/paxinos/978-0-12-816157-9

223. Ji G, Neugebauer V. Pain-related deactivation of medial prefrontal 
cortical neurons involves mGluR1 and GABA(A) receptors. 
J Neurophysiol. 2011;106(5):2642-2652.

224. Janak PH, Tye KM. From circuits to behaviour in the amygdala. 
Nature. 2015;517(7534):284-292.

225. Thompson JM, Neugebauer V. Amygdala plasticity and pain. Pain 
Res Manag. 2017;2017:8296501.

226. Neugebauer V, Mazzitelli M, Cragg B, Ji G, Navratilova E, Porreca 
F. Amygdala, neuropeptides, and chronic pain-related affective be
haviors. Neuropharmacology. 2020;170:108052.

227. Pape HC, Jüngling K, Seidenbecher T, Lesting J, Reinscheid RK. 
Neuropeptide S: A transmitter system in the brain regulating fear 
and anxiety. Neuropharmacology. 2010;58(1):29-34.

228. Reinscheid RK, Xu YL, Civelli O. Neuropeptide S: A new player in 
the modulation of arousal and anxiety. Mol Interv. 2005;5(1): 
42-46.

229. Amano T, Unal CT, Paré D. Synaptic correlates of fear extinction 
in the amygdala. Nat Neurosci. 2010;13(4):489-494.

230. Strobel C, Marek R, Gooch HM, Sullivan RKP, Sah P. Prefrontal 
and auditory input to intercalated neurons of the amygdala. Cell 
Rep. 2015;10(9):1435-1442.

231. McGarry LM, Carter AG. Inhibitory gating of basolateral amyg
dala inputs to the prefrontal cortex. J Neurosci. 2016;36(36): 
9391-9406.

232. Gabbott PLA, Warner TA, Busby SJ. Amygdala input monosynap
tically innervates parvalbumin immunoreactive local circuit neu
rons in rat medial prefrontal cortex. Neuroscience. 2006;139(3): 
1039-1048.

20 | BRAIN COMMUNICATIONS 2024, fcae210                                                                                                                 D. Nardelli et al.

https://www.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates/paxinos/978-0-12-816157-9
https://www.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates/paxinos/978-0-12-816157-9


233. Cheriyan J, Kaushik MK, Ferreira AN, Sheets PL. Specific target
ing of the basolateral amygdala to projectionally defined pyram
idal neurons in prelimbic and infralimbic cortex. eNeuro. 2016; 
3(2):ENEURO.0002-16.2016.

234. Sun H, Neugebauer V. mGluR1, but not mGluR5, activates feed- 
forward inhibition in the medial prefrontal cortex to impair deci
sion making. J Neurophysiol. 2011;106(2):960-973.

235. Ji G, Sun H, Fu Y, et al. Cognitive impairment in pain through 
amygdala-driven prefrontal cortical deactivation. J Neurosci. 
2010;30(15):5451-5464.

236. Zhang Z, Gadotti VM, Chen L, Souza IA, Stemkowski PL, 
Zamponi GW. Role of prelimbic GABAergic circuits in sensory 
and emotional aspects of neuropathic pain. Cell Rep. 2015; 
12(5):752-759.

237. Vachon-Presseau E, Tétreault P, Petre B, et al. Corticolimbic ana
tomical characteristics predetermine risk for chronic pain. Brain. 
2016;139(Pt 7):1958-1970.

238. Paretkar T, Dimitrov E. Activation of enkephalinergic (Enk) inter
neurons in the central amygdala (CeA) buffers the behavioral ef
fects of persistent pain. Neurobiol Dis. 2019;124:364-372.

239. Wang J, Sun L, Chen L, et al. Common and distinct roles of amyg
dala subregional functional connectivity in non-motor symptoms 
of Parkinson’s disease. NPJ Parkinsons Dis. 2023;9(1):28.

240. Zheng JH, Sun WH, Ma JJ, et al. Differences in brain activity be
tween dopa-responsive and -unresponsive pain in Parkinson’s dis
ease. Pain Ther. 2022;11(3):959-970.

241. Freudenmacher L, von Twickel A, Walkowiak W. The habenula as 
an evolutionary conserved link between basal ganglia, limbic, and 
sensory systems—A phylogenetic comparison based on anuran 
amphibians. J Comp Neurol. 2020;528(5):705-728.

242. Hikosaka O. The habenula: From stress evasion to value-based 
decision-making. Nat Rev Neurosci. 2010;11(7):503-513.

243. Wang D, Li Y, Feng Q, Guo Q, Zhou J, Luo M. Learning shapes 
the aversion and reward responses of lateral habenula neurons. 
Elife. 2017;6:e23045.

244. Li J, Li Y, Zhang B, Shen X, Zhao H. Why depression and pain of
ten coexist and mutually reinforce: Role of the lateral habenula. 
Exp Neurol. 2016;284(Pt A):106-113.

245. Hu H, Cui Y, Yang Y. Circuits and functions of the lateral habenula 
in health and in disease. Nat Rev Neurosci. 2020;21(5):277-295.

246. Proulx CD, Hikosaka O, Malinow R. Reward processing by the 
lateral habenula in normal and depressive behaviors. Nat 
Neurosci. 2014;17(9):1146-1152.

247. Dandekar MP, Fenoy AJ, Carvalho AF, Soares JC, Quevedo J. 
Deep brain stimulation for treatment-resistant depression: An inte
grative review of preclinical and clinical findings and translational 
implications. Mol Psychiatry. 2018;23(5):1094-1112.

248. Zhang J, Wang X, Bernardi RE, Ju J, Wei S, Gong Z. Activation of 
AMPA receptors in the lateral habenula produces anxiolytic effects 
in a rat model of Parkinson’s disease. Front Pharmacol. 2022;13: 
821975.

249. Li Y, Wang Y, Xuan C, et al. Role of the lateral habenula in 
pain-associated depression. Front Behav Neurosci. 2017;11:31.

250. Zhou W, Jin Y, Meng Q, et al. A neural circuit for comorbid de
pressive symptoms in chronic pain. Nat Neurosci. 2019;22(10): 
1649-1658.

251. Campos ACP, Berzuino MB, Hernandes MS, Fonoff ET, Pagano 
RL. Monoaminergic regulation of nociceptive circuitry in a 
Parkinson’s disease rat model. Exp Neurol. 2019;318:12-21.

252. Lee YA, Goto Y. Neurodevelopmental disruption of 
cortico-striatal function caused by degeneration of habenula neu
rons. PLoS One. 2011;6(4):e19450.

253. Shelton L, Becerra L, Borsook D. Unmasking the mysteries of the 
habenula in pain and analgesia. Prog Neurobiol. 2012;96(2): 
208-219.

254. Yu LC, Han JS. Habenula as a relay in the descending pathway 
from nucleus accumbens to periaqueductal grey subserving antino
ciception. Int J Neurosci. 1990;54(3-4):245-251.

255. Lecourtier L, Kelly PH. A conductor hidden in the orchestra? Role 
of the habenular complex in monoamine transmission and cogni
tion. Neurosci Biobehav Rev. 2007;31(5):658-672.

256. Metzger M, Souza R, Lima LB, et al. Habenular connections with 
the dopaminergic and serotonergic system and their role in stress- 
related psychiatric disorders. Eur J Neurosci. 2021;53(1):65-88.

257. Sutherland RJ. The dorsal diencephalic conduction system: A re
view of the anatomy and functions of the habenular complex. 
Neurosci Biobehav Rev. 1982;6(1):1-13.

258. Herkenham M, Nauta WJ. Afferent connections of the habenular 
nuclei in the rat. A horseradish peroxidase study, with a note on 
the fiber-of-passage problem. J Comp Neurol. 1977;173(1): 
123-146.

259. Yang Y, Wang H, Hu J, Hu H. Lateral habenula in the pathophysi
ology of depression. Curr Opin Neurobiol. 2018;48:90-96.

260. Rossi MA, Basiri ML, Liu Y, et al. Transcriptional and functional 
divergence in lateral hypothalamic glutamate neurons projecting 
to the lateral habenula and ventral tegmental area. Neuron. 
2021;109(23):3823-3837.e6.

261. Parent A, Gravel S, Boucher R. The origin of forebrain afferents to 
the habenula in rat, cat and monkey. Brain Res Bull. 1981;6(1): 
23-38.

262. Dafny N, Dong WQ, Prieto-Gomez C, Reyes-Vazquez C, Stanford 
J, Qiao JT. Lateral hypothalamus: Site involved in pain modula
tion. Neuroscience. 1996;70(2):449-460.

263. Siemian JN, Arenivar MA, Sarsfield S, et al. An excitatory lateral 
hypothalamic circuit orchestrating pain behaviors in mice. Elife. 
2021;10:e66446.

264. Becerra L, Borsook D. Signal valence in the nucleus accumbens to 
pain onset and offset. Eur J Pain. 2008;12(7):866-869.

265. Hong S, Hikosaka O. The globus pallidus sends reward-related 
signals to the lateral habenula. Neuron. 2008;60(4):720-729.

266. Bromberg-Martin ES, Hikosaka O. Midbrain dopamine neurons 
signal preference for advance information about upcoming re
wards. Neuron. 2009;63(1):119-126.

267. Alenina N, Bashammakh S, Bader M. Specification and differenti
ation of serotonergic neurons. Stem Cell Rev. 2006;2(1):5-10.

268. Ferraro G, Montalbano ME, Sardo P, La Grutta V. Lateral habe
nular influence on dorsal raphe neurons. Brain Res Bull. 1996; 
41(1):47-52.

269. Elman I, Borsook D. Common brain mechanisms of chronic pain 
and addiction. Neuron. 2016;89(1):11-36.

270. Sourani D, Eitan R, Gordon N, Goelman G. The habenula couples the 
dopaminergic and the serotonergic systems: Application to depres
sion in Parkinson’s disease. European Journal of Neuroscience. 
2012;36(6):2822-2829.

271. Qureshi AR, Rana AQ, Malik SH, et al. Comprehensive examin
ation of therapies for pain in Parkinson’s disease: A systematic 
review and meta-analysis. Neuroepidemiology. 2018;51(3-4): 
190-206.

Neuroanatomy of pain in Parkinson’s disease                                                                        BRAIN COMMUNICATIONS 2024, fcae210 | 21


	Pain in Parkinson's disease: a neuroanatomy-based approach
	Introduction
	Clinical burden of pain in Parkinson's disease
	Anatomical correlates of pain in Parkinson's disease
	General concepts of pain processing in relation with Parkinson's disease
	The controversial role of small fibers neuropathy
	Spinal circuits: nociceptive neurons and modulatory interneurons
	Locus coeruleus
	The multifaced role of dopamine and basal ganglia
	A glimpse on clinical trials validate multiple roles of dopamine
	Amygdala: emotional and cognitive processing of pain
	Emerging role of habenula

	Concluding remarks
	Funding
	Competing interest
	Data availability
	References




