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Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) and the appearance of α-synuclein
insoluble aggregates known as Lewy bodies. Neurodegeneration is accompanied by
neuroinflammation mediated by cytokines and chemokines produced by the activated
microglia. Several studies demonstrated that such an inflammatory process is an early
event, and contributes to oxidative stress and mitochondrial dysfunctions. α-synuclein
fibrillization and aggregation activate microglia and contribute to disease onset and
progression. Mutations in different genes exacerbate the inflammatory phenotype in
the monogenic compared to sporadic forms of PD. Positron Emission Tomography
(PET) and Single Photon Emission Computed Tomography (SPECT) with selected
radiopharmaceuticals allow in vivo imaging of molecular modifications in the brain of
living subjects. Several publications showed a reduction of dopaminergic terminals
and dopamine (DA) content in the basal ganglia, starting from the early stages of
the disease. Moreover, non-dopaminergic neuronal pathways are also affected, as
shown by in vivo studies with serotonergic and glutamatergic radiotracers. The role
played by the immune system during illness progression could be investigated with
PET ligands that target the microglia/macrophage Translocator protein (TSPO) receptor.
These agents have been used in PD patients and rodent models, although often without
attempting correlations with other molecular or functional parameters. For example,
neurodegeneration and brain plasticity can be monitored using the metabolic marker
2-Deoxy-2-[18F]fluoroglucose ([18F]-FDG), while oxidative stress can be probed using
the copper-labeled diacetyl-bis(N-methyl-thiosemicarbazone) ([Cu]-ATSM) radioligand,
whose striatal-specific binding ratio in PD patients seems to correlate with a disease
rating scale and motor scores. Also, structural and functional modifications during
disease progression may be evaluated by Magnetic Resonance Imaging (MRI), using
different parameters as iron content or cerebral volume. In this review article, we propose
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an overview of in vivo clinical and non-clinical imaging research on neuroinflammation as
an emerging marker of early PD. We also discuss how multimodal-imaging approaches
could provide more insights into the role of the inflammatory process and related events
in PD development.

Keywords: Parkinson’s disease, early disease markers, neuroinflammation, oxidative stress, PET radioligands, PD
models, microglia

INTRODUCTION: PARKINSON’S DISEASE
PATHOLOGY

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by the progressive loss of dopaminergic neurons in
substantia nigra (SN) pars compacta (SNpc), and the appearance
of α-synuclein (α-syn) positive aggregates known as Lewy bodies
(LBs). PD is a multisystemic disorder since Lewy pathology also
affects nondopaminergic areas (Braak and Del Tredici, 2017;
Giguere et al., 2018). PD is clinically characterized by cardinal
motor symptoms (hypokinesia, bradykinesia, tremor, rigidity,
postural instability) which are accompanied by a plethora
of non-motor symptoms affecting cognition, autonomic and
sensory functions, mood and sleep (Poewe et al., 2017). Motor
symptoms essentially derive from the degeneration of SNpc
neurons and the accompanying dysfunctions in brain regions
and neurostructural pathways involved in the cortico-basal
ganglia-thalamocortical loop, whereas non-motor symptoms are
due to degeneration of non-dopaminergic areas. The prevalence
of PD increases with age (from 41/100,000 individuals between
40–49 years up to 1,903/100,000 individuals >80 years), and
is gender-dependent, being twice more common in males than
females (Van Den Eeden et al., 2003; Pringsheim et al., 2014).
The incidence of PD is progressively increasing worldwide, and
the number of people with PD is expected to exceed 12million by
2040, which has brought some authors to label PD as a pandemic
(Dorsey and Bloem, 2018; Dorsey et al., 2018). Most PD cases are
classified as idiopathic and only <10% have a clear monogenic
origin (familial PD). The etiology of idiopathic PD remains
yet unknown although genetic and environmental factors, and
their interaction, contribute to the onset and progression of
the disease. Genome-wide studies have identified 90 common
variants associated with the risk of PD (Keller et al., 2012; Nalls
et al., 2019), and the genetic contribution to clinical heterogeneity
and progression of PD is also under investigation (Iwaki et al.,
2019). A significant risk association was found with variants of
Human Leukocyte Antigen–Major Histocompatibility Complex
II (HLA–MHC II) genes (Hamza et al., 2010; Pierce and Coetzee,
2017), Nitric Oxide Synthase 1 and 2a (NOS1 and NOS2A) genes
(coding for neuronal and inducible isoforms of NOS, respectively
(Hancock et al., 2008), Tumor Necrosis Factor-α (TNF-α) and
its Receptor 1 (TNFR1) genes (coding for the proinflammatory
cytokine and its receptor; Krüger et al., 2000), suggesting a role
of neuroinflammation in PD etiology (Tansey et al., 2007; Hirsch
and Hunot, 2009; Johnson et al., 2019). To further strengthen
this view, an association between polymorphisms of the gene
encoding for the proinflammatory cytokine IL-1β and PD was
found in different ethnic backgrounds (Mattila et al., 2002;

McGeer and McGeer, 2002; Schulte et al., 2002). Also, other
studies found a correlation between polymorphisms of the genes
of IL-1β (Nishimura et al., 2000), TNF (Nishimura et al., 2001)
and IL-10 (an anti-inflammatory cytokine; Håkansson et al.,
2005) with age at onset of PD.

Several studies showed that environmental factors act
to increase (pesticides, solvents, head trauma, stress) or
reduce (caffeine, smoking, diet, physical exercise) the risk
of PD (Ascherio and Schwarzschild, 2016; Marras et al.,
2019). Some environmental toxins associated with PD induce
microglial activation in experimental animals (see for reviews
Cebrián et al., 2015; Joers et al., 2017) and PD patients
(Teismann et al., 2003). Among these, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP; Czonkowska et al., 1996; Wu
et al., 2002; Sugama et al., 2003; Campos-Acuña et al., 2019),
the pesticide rotenone (Sherer et al., 2003; Emmrich et al.,
2013; Gao et al., 2013) and the herbicide paraquat (Cicchetti
et al., 2005; Purisai et al., 2007). Some epidemiological studies
pointed out that the use of some nonsteroidal anti-inflammatory
drugs (NSAIDs) is associated with a lower risk of PD (Chen
et al., 2003, 2005; Wahner et al., 2007; Gagne and Power,
2010; Rees et al., 2011); other studies failed to prove an
association (Ton et al., 2006; Hancock et al., 2007, 2008;
Becker et al., 2011; Driver et al., 2011). The concept needs
further exploration as NSAIDs have the potential for serious
adverse cardiovascular events such as stroke (Caughey et al.,
2011). Nonetheless, in addition to MPTP and rotenone, another
parkinsonian toxin used to induce PD in rats and mice,
i.e., 6-hydroxydopamine (6-OHDA), causes microglial activation
and in vivo dopamine (DA) cell loss (Akiyama and McGeer,
1989; Cicchetti et al., 2002; Depino et al., 2003). Peripheral
inflammation is also thought to play a role in PD etiology
(Johnson et al., 2019), as proinflammatory compounds such
as lipopolysaccharides (LPS) not only induced per se the loss
of midbrain neurons (Herrera et al., 2000; Arai et al., 2004)
but also potentiated the neurodegeneration induced by MPTP,
rotenone, and 6-OHDA (Gao et al., 2003; Koprich et al.,
2008; Pott Godoy et al., 2008). More recently, the role of gut
microbiota in PD etiology has emerged (Scheperjans et al.,
2015; Breen et al., 2019). Interestingly, the gut microbiota is
shown to influence microglia activity in the brain through the
production of short-chain fatty acids (Erny et al., 2015), and
gut microbiota complexity is reported to enhance microglia
activation and α-syn-induced pathology in a mouse model of
PD (Sampson et al., 2016).

Although it has been established that neuroinflammation is
coupled to neurodegeneration of the monoaminergic system in
PD, it is still unclear if the activation of the immune system is

Frontiers in Aging Neuroscience | www.frontiersin.org 2 June 2020 | Volume 12 | Article 152

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

a cause or consequence of DA cell loss. The observation that at
the early pre-symptomatic stage, α-syn aggregation can promote
microglia activation and neuronal dysfunction without cell death
would suggest that neuroinflammation is not only a consequence
of neurodegeneration (Sanchez-Guajardo et al., 2013). Also
consistent with the view that the inflammatory response
is instrumental to experimentally-induced neurodegeneration,
blockade of microglial activation and the inflammatory response
attenuates DA neuron loss in different animal models of PD (Wu
et al., 2002; Sánchez-Pernaute et al., 2004; Pott Godoy et al., 2008;
Tentillier et al., 2016).

The discovery that α-syn is associated with familiar forms of
PD (Polymeropoulos et al., 1997) and is the main component
of LBs (Spillantini et al., 1997) has shed new light on
the pathogenesis of the disease and the contribution of
neuroinflammation. It is now accepted that that α-synmisfolding
and aggregation are key events in PD pathogenesis in both
familial and sporadic forms. α-syn localizes in different cell
compartments but is most abundant in the presynaptic terminal
(Iwai et al., 1995) where it regulates vesicular biogenesis,
trafficking, and synaptic transmission (for a recent review see
Sulzer and Edwards, 2019). Misfolded and/or aggregated α-syn
triggers a cascade of events, among which microglia activation,
that lead to dopaminergic neurons demise. α-syn released from
neurons in the extracellular space has been shown to directly
activate microglia through the Toll-like receptor 2 (TLR2; Kim
et al., 2013). α-syn can also be taken up bymicroglial cells (Zhang
et al., 2005). This causes microglial activation with the release
of reactive oxygen species (ROS) and inflammatory products
leading to DA neuron death.

Transgenic mice overexpressing human wild-type α-syn
under the tyrosine hydroxylase (Su et al., 2008) or the Thy1
(Watson et al., 2012) promoters, showed an increase of the
activated microglia and expression of TNF-α in the striatum and
SNpc. Interestingly, temporal analysis of the microglia responses
revealed that the striatum was affected earlier than SNpc.
Moreover, also the delivery of the A53T pathogenic variant of
α-syn using an adeno-associated virus serotype 2 (AAV2) in the
rat SN induced striatal inflammation and disrupted nigro-striatal
axon morphology and function before nigral cell loss (Chung
et al., 2009). Likewise, AAV2-mediated overexpression of human
wild-type α-syn in mice activated microglia, upregulated Nuclear
Factor Kappa-light-chain-enhancer of activated B cells (NF-κb)
signal and promoted neuronal death through Fc gamma
receptors (FcγR) activation, suggesting a pathogenic role for
humoral immunity in this model (Cao et al., 2010). Finally, the
inflammatory response has been investigated in the most recent
model of PD where preformed fibrils (PFF) of α-syn are injected
into the striatum to cause endogenous α-syn aggregation and
spreading in the brain (Luk et al., 2012). Different studies both in
α-syn transgenic overexpressors (Theodore et al., 2008; Watson
et al., 2012) and non-transgenic (Duffy et al., 2018; Earls et al.,
2019) rodents pointed out an increased microglia activation in
SNpc that precedes neuronal cell loss.

All these findings strongly indicate that neuroinflammation
and in particular, microglia activation, is linked to α-syn
pathology, playing a key role in PD pathogenesis.

INFLAMMATION IN PARKINSON’S
DISEASE
As for other neurodegenerative disorders, inflammation in the
brain and periphery represents a hallmark of PD. Microglia
are resident cells of the brain immune system that mediate
inflammatory response or trophic function depending on the
environment surrounding cells. However, the precise role
of microglia and peripheral myeloid cells in PD is not clear.
Microglia consist of 10% of brain cells. Resting microglia
sense the presence of pathogens, trauma, oxidative stress,
neuronal damages, and modify their morphology and functions
migrating to the damaged region where also peripheral
monocytes are recruited. Different activated microglial
phenotypes coexist and can be classified, in partial analogy
to peripheral macrophage phenotypes, in M1, also referred
to as the classical or proinflammatory phenotype, and in the
alternative M2 group, which comprises the M2a, M2b and
M2c phenotypes. M1 macrophages react to injury releasing
proinflammatory cytokines (Walker and Lue, 2015) and then
could return to a resting state. M2a macrophages are induced by
IL-4 and IL-13 and release neurotrophic factors and IL-10, which
exert an anti-inflammatory role. The other M2 phenotypes, M2b
and M2c are denominated type II or regulatory and deactivated
macrophages, respectively. M2b macrophages can be polarized
by several stimulatory factors, which include cytokines (IL-4,
IL-10, and IL-13), glucocorticoids, and IC (Boche et al., 2013). In
addition to proinflammatory cytokines (IL-1β, IL-6, and TNF-β),
M2b cells also express and secrete substantial amounts of the
anti-inflammatory cytokine IL-10 and low levels of IL-12. Finally,
M2c macrophages are induced by IL-10 via activating Signal
Transducer and Activator of Transcription 3 (STAT3) through
the IL-10 receptor, and strongly exhibit anti-inflammatory
activities by releasing large amounts of IL-10 and pro-fibrotic
activity by secreting high levels of Transforming Growth Factor β

(TGF-β; Martinez and Gordon, 2014; Wang et al., 2019). Despite
several studies are focused on this issue, the specific role and
enrichment conditions of the various phenotypes described
are not completely elucidated (Cherry et al., 2014). However,
the modulation of microglial phenotypes has been proposed
as a potential therapeutic target for PD (Subramaniam and
Federoff, 2017). In terms of morphology, microglia are classified
in different types: (i) resting, that promote synaptic pruning,
neuronal plasticity and exert surveillance, characterized by a
ramified shape; (ii) amoeboid, that react to immune stimuli
and stress (de Pablos et al., 2014), promote inflammation
(George et al., 2019), motility and phagocytosis, with increased
and longer ramifications; and (iii) dark, that interact with
neurons and synapses, participate in neuronal remodeling (Bisht
et al., 2016), increase inflammation and release nitric oxide
(Lecours et al., 2018), with short and twisted processes and
phagocytic inclusions. All these types, that often coexist, have
been described or associated with PD. During aging, microglia
become senescent and dysfunctional (microglial response is
poorly correlated with neurodegeneration following chronic,
low-dose MPTP administration in monkeys; Hurley et al., 2003).
In PD models and PD patients, microglial cells show MHC class
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II marker (McGeer et al., 1988; Imamura et al., 2003), display
a ramified morphology and express CD11a, CD68, TNF-α, and
IL-6. At the molecular level, increased production of IL-1β,
IL-2, IL-4, IL-6, TNF-α, TGF-α, and TGF-β1 is also reported
(Nagatsu et al., 2000). Some of these markers are common to the
so-called primed microglia, typically during aging. Therefore,
aging and other factors might promote neuroinflammation
and neurodegeneration. However, PD is not limited to aging,
although it represents its main risk factor. Indeed, the severity
of nigrostriatal damage in the early phase of sporadic PD is not
dependent on age at onset as indicated by Panzacchi et al. (2008)
measuring the expression of DA transporter (DAT) in early
phase young and old PD patients. Microglia promote neuronal
survival, pruning, and dendritic spine formation through the
release of neurotrophic factors (Wang et al., 2019). In PD
patients and mice exposed to MPTP or 6-OHDA, nigral levels
of Brain-Derived Neurotrophic Factor (BDNF) are reduced
and this may be related to impaired function of microglial
cells (Nagatsu and Sawada, 2005). Another relevant point is
that a huge number of genes associated with PD are expressed
in microglia and astrocytes. Protein Deglycase DJ-1 (Trudler
et al., 2014), PTEN-Induced Kinase 1 (PINK1), Leucine-Rich
Repeat Kinase 2 (LRRK2; Ho et al., 2018), Triggering Receptor
Expressed on Myeloid Cells 2 (TREM2; Zhang et al., 2018) and
α-syn regulate sensing, the inflammatory response of microglia
and phagocytosis, and modification in their activity might
influence the ability of microglial cells to repair an injury or
sustain neuron viability and functions (see for a review Ferreira
and Romero-Ramos, 2018).

Moreover, most of the genes involved in PD such as
DJ-1, α-syn, Ca2+-independent phospholipases A2 (iPLA2),
ATPase cation transporting 13A2 (ATP13A2), PINK1, and
parkin have a regulatory function on astrocytes. As recently
reviewed by Booth et al. (2017), these genes participate in
the control of astrocytes activation during neuroinflammation,
lipid metabolism and arachidonic acid release, mitochondrial
and lysosomal function. α-syn staining has been found in the
astrocytes of several brain regions in PD patients, including the
thalamus and cerebral cortex. According to Booth et al. (2017),
astrocytes dysfunction participates to neuronal toxicity through
a reduction in water transport and neurotrophic factor release,
and an increase in inflammatory signaling via TLR4, Interferon-
gamma (IFN-γ), and NOD-, LRR- and pyrin domain-containing
protein 3 (NLPR3) inflammasome pathway. An increase in its
activity is associated with reduced glutamate buffering and α-syn
processing (Booth et al., 2017).

Within the immune system, α-syn seems to play a critical
role. MHC class II expressing microglia is associated with α-
syn deposition (Croisier et al., 2005) and PD patients show
T-cells response against α-syn peptides, indicating that immune
system tries to respond to neuronal events related to α-syn
(Sulzer et al., 2017).

Interestingly, microglial cells display region-specific
transcriptome profiles as revealed by post-mortem analysis
in mice and patients (Grabert et al., 2016), with regions
expressing the transcript more related to synaptic plasticity
and neurogenesis like the hippocampus, and others to cell

metabolism and metabolic functions. Using laser capture
analysis, Mastroeni et al. (2018) showed a higher number
of modified transcripts in the SN of PD patients than
in the hippocampus, and these transcripts were related to
synaptic transmission.

As previously stated, another population of cells potentially
involved in PD is represented by astrocytes. Reactive
astrocytosis characterized by change of morphology and
release of chemokines is common during neurodegenerative
processes. Contrary to other neurodegenerative disorders,
no astrocytosis or even a reduction in the astrocyte content
have been described post-mortem in PD patients (Cook et al.,
2016). However, astrocytes exert several functions in the central
nervous system (CNS) including structural, metabolic activity,
synaptic regulation, production and release of neurotrophic
molecules, blood-brain barrier (BBB) regulation, and protection
from neurotoxins.

Finally, regarding inflammation and PD, several reports
are focused on peripheral cells or peripheral inflammatory
markers. Extensive coverage of these studies is beyond the
focus of this review article. However, from these studies,
deregulation of immune system activity emerged: (a) increased
levels of inflammatory markers such as TNF and TNF-1
receptor; (b) association between circulating IL-6 levels and
PD, modifications in monocytes and lymphocytes activity
and concentration; (c) increased susceptibility to infectious
or inflammatory disease including gut disorders; and finally
(d) presence of infiltrated cytotoxic T lymphocytes (CD4+
and CD8+) in SN (Brochard et al., 2009). The peripheral
immune system has been shown to infiltrate the SN of PD
patients, suggesting a potential BBB dysfunction in PD patients
(Hasegawa et al., 2000; Chen et al., 2008; Dufek et al., 2009;
Devos et al., 2013).

IMAGING OF PARKINSON’S DISEASE

In vivomolecular imaging techniques such as Positron Emission
tomography (PET) and Single Photon Emission Computed
Tomography (SPECT) provide relevant information for the
understanding of the pathophysiology of PD, particularly using
radiopharmaceuticals that specifically target Dopamine (DA)
nerve endings or cell bodies (Weingarten et al., 2015; Meles
et al., 2017; Wang et al., 2017). Radiopharmaceuticals that
target DAT, aromatic amino acid decarboxylase ([18F]-FDOPA;
Brooks et al., 2003), or monoaminergic nerve ending vesicles
(VMAT2; [18F]-Dihydrotetrabenazine; Frey et al., 1996; Hsiao
et al., 2014), showed a marked binding reduction in different
striatal and extra-striatal regions, already at the beginning of
the symptomatic phase. [123I]-Ioflupane (DATScanr) is an
approved SPECT ligand specific for DAT and represents a
highly sensitive tool for patients with suspected Parkinsonian
syndrome. In the clinical practice, DATScanr is used for the
differential diagnosis between essential tremor and PD, or
between Lewy Body Dementia (LBD), Parkinson Dementia
Disease (PDD) and PD (Brooks, 2016), when motor signs
are fully evident and striatal neurodegeneration reaches 70%.
The development of new generation PET systems and the

Frontiers in Aging Neuroscience | www.frontiersin.org 4 June 2020 | Volume 12 | Article 152

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

validation of new ligands specific for different markers of
monoaminergic pathways have improved the sensitivity of
PD diagnosis without influencing patient’s management and
survival (Liu et al., 2018). Dopaminergic neurons are not the
only population affected in PD, as also clearly indicated in vivo
by radiopharmaceuticals that target serotonergic or cholinergic
neurons (Marcone et al., 2012). Radiopharmaceuticals
that bind to the serotonin transporter (SERT), such as
[11C]-(3-amino-4-(2-dimethylamino-methyl-phenyl-sulfonyl)-
Benzonitrile) ([11C]-DASB), or to Acetylcholinesterase (AChE)
enzyme as [11C]-methyl-4-piperidyl acetate ([11C]-MP4A),
allow to map brain SERT in patients with different degrees
of PD severity, or cholinergic denervation associated with
progressive cognitive decline and loss of odor discrimination
(Politis et al., 2010).

Despite the growing knowledge of PD risk factors and
biomarkers, and progressive refinements in imaging techniques
and preclinical studies on peripheral cells or neurons,
the early molecular events that trigger PD onset remain
poorly understood. Indeed, several studies now focus on the
identification of preclinical molecular events in the early stages.
As previously stated, the hypothesis that neuron damage starts
from nerve endings and that synaptic impairment represents
an early and key event in PD pathogenesis is also supported
by in vivo PET studies. This issue has been investigated in
different genetic mouse models, clearly showing that different
mutations in genes such as SNCA or LRRK2 impact cortico-
striatal synaptic transmission and plasticity, before neuronal
death appears (Schirinzi et al., 2016).

Among the potential preclinical key events leading to
PD, is the abnormal activation of brain immune system,
or neuroinflammation (Hirsch and Hunot, 2009) that is
considered a potential target for the development of novel
therapeutic strategies.

PET IMAGING OF NEUROINFLAMMATION

Neuroinflammation plays a critical role in the development and
progression of different neurodegenerative disorders including
PD (Infante-Duarte et al., 2008). Activation of the brain immune
system involves both microglia and astrocytes although the
specific cell phenotype at onset and duringmore advanced phases
of PD is not well known (Hunot and Hirsch, 2003). The presence
of activated microglia was first described by McGeer et al. (1988)
in post mortem SN samples of PD patients and then confirmed
by Banati et al. (1998). As previously stated, in vitro studies on
microglia activation in animal models or autoptic samples from
PD brains highlighted that microglia activation occurs in the
early phase, before neuronal death, and plays different, although
still not clearly identified roles during the course of the disease
(Doorn et al., 2014; Hirsch and Hunot, 2009; Nissen et al., 2019).

PET radiopharmaceuticals that specifically bind the 18-KDa
translocator protein (TSPO) enable to in vivo image the
presence of activated microglial cell clusters and thus have
the potential utility to monitor their levels and distribution
during disease progression in living subjects (Politis et al., 2012).
Unfortunately, PET studies with TSPO radiopharmaceuticals

have been performed in small populations of PD patients
and only a few of them compared the regional inflammatory
response with the integrity of dopaminergic neurons. Ouchi et al.
(2005) reported a parallel increase in microglial activation and
dopaminergic terminal loss in the affected nigrostriatal pathway
in early PD, as measured with the DAT radiopharmaceutical
[11C]-2-β-carbomethoxy-3β-(4-fluorophenyl) tropane [11C]-
CFT. According to these findings, the authors suggested that
microglial cells contributed to neuronal degeneration well
before symptoms appearance (Ouchi et al., 2005). Similar results
were described by Gerhard et al. (2006) in the 2-year study,
where they observed that TSPO levels remained stable over
time and did not correlate with clinical signs or putaminal
[18F]-FDOPA uptake. Based on these findings, other studies
tried to verify if drugs able to modulate microglial cells, like
minocycline and celecoxib, exerted a neuroprotective effect in a
patient with PD or parkinsonism, but the results obtained were
not conclusive (Bartels et al., 2010; Dodel et al., 2010). Using
[11C]-acetamide, N-((2-(methoxy−11C)-phenyl)methyl)-N-(6-
phenoxy-3pyridinyl)acetamide ([11C]PBR28) as radioligands,
a reduction of TSPO binding was reported in the striatum and
SN of PD patients treated for 8 weeks with Verdiperstat, an
orally active irreversible myeloperoxidase inhibitor (Jucaite
et al., 2015). The results suggested that the enzyme is
involved in the regulation of microglial activation and thus
it could be of potential interest as a target for PD treatment.
Unfortunately, no other report confirmed these data and
the link between the reduction of TSPO levels and positive
clinical outcomes.

Using 1-(2-Chlorophenyl)-N-[11C]methyl-N-(1-methyl
propyl)-3-isoquinoline carboxamide [11C]-PK11195,
Iannaccone et al. (2013) showed the presence of clusters of
activated microglial cells in nigro-striatal regions of early PD
patients. The different distribution in nigro-striatal and cortical
areas of these patients when compared to early-stage patients
with LBD, indicates that cortical spreading follows a disease-
specific topographical pattern involving the frontal aspects in
PD and the occipital cortex in LBD. Also, Terada et al. (2016)
using the second-generation TSPO-specific radioligand [11C]-N,
N-diethyl-2-[2-(4-methoxyphenyl)-5,7-dimethylpyrazolo[1,5-
a]pyrimidin-3-yl]acetamide ([11C]-DPA713) in early PD
patients observed microglial activation all over the cortex. The
[11C]-DPA713 PET repeated 1 year later showed an increased
signal, especially in the temporal and occipital cortex. Overall,
PET studies, although based on a limited sample of patients,
showed increased binding to TSPO receptors, already at the
beginning of symptoms and involving also cortical regions.

TSPO levels were imaged also in PD patients with cognitive
decline. In PD patients with dementia, increased binding
of [11C]-PK11195 was reported in different cortical regions
including temporal, parietal and occipital cortex, and the
observed increase was associated with cognitive impairment
(Edison et al., 2013), as later confirmed by Fan et al. (2015).

In contrast to that previously reported, Varnas et al. (2019)
reported no differences in TSPO ligand uptake in the brain
of PD patients compared to controls, using [11C]-PBR28 as
radioligand. However, this study was based on a small population

Frontiers in Aging Neuroscience | www.frontiersin.org 5 June 2020 | Volume 12 | Article 152

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

of patients with PD and applied an isoform-sensitive tracer thus
increasing the noise of the images obtained. A single-nucleotide
polymorphism (rs6971) in exon 4 of the TSPO gene influences
the binding profile of most of the second-generation TSPO
radioligands leading to different binding levels between subjects
carrying high-affinity phenotype, or mixed-affinity genotype
(Owen et al., 2011).

As stated, TSPO is expressed in different eukaryotic cells of
the myeloid lineage, and its expression increases in phagocytic
cells. Preclinical studies showed that drugs modulating TSPO
binding can protect from neurodegeneration, possibly through
the modulation of ROS production and metabolism during
microglia activation (Leaver et al., 2012; Gong et al., 2019).

A recent study performed both in vitro and in vivo using
[18F]-DPA-713 and FACS showed that TNF but not IL-4
administration upregulated TSPO binding, suggesting that PET
signal is not associated with an IL-4 associated microglia
population (Pannell et al., 2020). However, it has been
demonstrated that TSPO expression in human myeloid
cells is negatively modulated by pro-inflammatory stimuli
able to increase its level in murine cells (Owen et al., 2017).
With the limitations of in vitro studies in immune cells, this
finding suggests that the signal observed in patients might
be more related to cell recruitment at the lesion site than
to simple up-regulation of the receptors or modification
in binding affinity due to conformational changes of
the complex.

As previously stated, astrocytosis represents an intriguing
target for imaging. Astrocytes number increases during aging,
and astrocytes participate in Glial Fibrillary Acidic Protein
(GFAP) regulation and neuroinflammation (Olmos et al.,
1994; Siemian et al., 2018). Astrocytosis can be imaged
by PET using [11C]-Deuterium-Deprenyl (Fowler et al.,
1987), a radiopharmaceutical that targets monoamine oxidase
type B (MAOB), or by the imidazoline-2 receptor radioligand
[11C]-2-(4,5-dihydro-1H-imidazol-2-yl)-1-methyl-1H-indole
([11C]BU99008) (Tyacke et al., 2012, 2018). The former has
been used to study astrocytosis in the cortex of patients with
Alzheimer’s disease (Rodriguez-Vieitez et al., 2016) but its
use in PD is limited by the high MAOB signal in the basal
ganglia. [11C]-BU99008 has been validated in humans, showing
a favorable kinetics profile. Despite the interest in astrocytosis,
no PET studies in PD have been performed yet. On the other
end, TSPO radiopharmaceuticals can bind both microglia and
astrocyte cells. For this reason, the involvement of astrocytosis in
the PET signal cannot be excluded.

In conclusion, TSPO imaging studies in patients are
inconclusive in confirming the role of neuroinflammation
in PD-associated neurodegeneration. Moreover, these studies
cannot explain whether neuroinflammation is an early event
since they have been performed only after the onset of clinical
signs, i.e., when the neurodegeneration process is in an advanced
stage. Another point regarding in vivo imaging of microglia and
their role in disease progression is represented by the lack of
radiopharmaceuticals able to discriminate between the different
cell phenotypes. Despite several efforts, no radiopharmaceuticals
with optimal biological and kinetics properties have been

developed so far, to be used to image subtype-specific microglial
phenotypes in vivo.

PET Imaging of Neuroinflammation in
Animal Models
Some studies have linked the presence of α-syn aggregates to
inflammation in PD pathogenesis (Kim et al., 2013).Watson et al.
(2012) showed that mice overexpressing human α-syn under
the Thy promoter exhibited early focal microglia activation
limited to the nigro-striatal circuit, before the appearance of
DA neuron loss. According to this study, α-syn aggregates
induce the overexpression of the TRL receptor family on
microglia membranes, promoting microglia activation with the
consequent release of TNF-α in the striatum. Microglia change
their phenotype from resting to activated, first in the striatum
(at 1 month of age), then in SN (at 5–6 months), finally in the
cerebral cortex (at 14 months). Similar results were obtained
using a transgenic rat model of PD overexpressing human native
α-syn (Krashia et al., 2019). Rats overexpressing α-syn showed
an increase of ionized calcium-binding adapter molecule 1 (Iba-
1) positive cells in SN, striatum and dorsal hippocampus at
4 months of age, which was paralleled by an age-dependent
increase of IFN-γ and decrease of the anti-inflammatory IL-10
in cerebrospinal fluid (CSF). Moreover, incubation of striatal
slices of 2-month-old α-syn-overexpressing rats with INF-γ
significantly reduced DA release, suggesting a cytokine role in
accelerating dopaminergic transmission deficits. At this time, the
basal locomotor activity was normal. Altogether, these studies
suggest that α-syn deposition activates microglia leading to a
shift to the proinflammatory pattern and a reduction in DA
levels or a change in the electrophysiological properties of
DA neurons, before motor signs appear. Studies performed in
animal models indicated that the kinetic and distribution of the
inflammatory responses are region and time-dependent, being
limited to nigro-striatal regions first and spreading to the cortex
later on.

Only a few studies have been conducted to investigate
neuroinflammation in animal models of PD using in vivo
imaging. The majority of the studies have been performed
in acute neurotoxic models, i.e., in MPTP treated mice and
6-OHDA hemilesioned rats. MPTP induces oxidative stress
and mitochondrial dysfunction particularly in dopaminergic
neurons (Jackson-Lewis and Przedborski, 2007). This highly
lipophilic pro-toxin is converted into the active form 1-methyl-
4-phenylpyridinium (MPP+) by MAOB in astrocytes, then
released in the extracellular space. MPP+ is actively transported
inside dopaminergic neurons, where it blocks mitochondrial
complex I (MC-I) causing neuronal death. MPTP also induces
microglia activation (an increase of CD68-positive cells),
cyclooxygenase-2 (COX-2) mediated oxidative stress (Teismann,
2012), increased IL-1α and IL-1β immunoreactivity in the
olfactory bulb and striatum (Vroon et al., 2007), and α-syn
nitration in the striatum and midbrain (Przedborski et al.,
2001). MPTP can be administered under acute, sub-acute, or
chronic protocols to induce a rapid or more progressive cell
death, and different patterns of neuropathological changes.
Different preclinical studies investigated the time course
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of nigro-striatal DA neuron degeneration in rodents and
non-human primates treated with MPTP, using different
PET radioligands (Ballanger et al., 2016; Kanazawa et al.,
2017; Seo et al., 2019). To the best of our knowledge, only
one study assessed neuroinflammation using PET (Belloli
et al., 2017). In this study, [11C]-PK11195 was applied for
the ex vivo monitoring of microglia activation to evaluate
the effect of genetic deletion (KO mice) of the microglial
regulator TREM2. Data showed a progressive increase of tracer
binding in striatum and SN of mice acutely treated with MPTP
(20 mg/Kg i.p. x 4, every 90 min), starting from day 2 after
treatment. This was accompanied by the early and transient
rise of TNF-α, Galectin-3 (Gal-3) and Iba-1, and a massive
increase of TREM2, IL-1β, and TSPO transcript levels, which
was paralleled by a progressive decrease of DAT, measured with
the radioligand [11C]-N-(2-fluoroethyl)-2 beta-carbomethoxy-
3 beta-(4-iodophenyl)nortropane [11C]-FE-CIT PET. These
findings clearly indicated that activation of microglia is an
early event after MPTP administration, and is even more
anticipated in TREM2 KO mice. The acute MPTP model has,
however, several limitations such as high general toxicity, acute
dopaminergic cell death (within a few days), absence of α-syn
aggregates, and inconsistent motor phenotype, thus it does
not recapitulate the main neuropathological/clinical features
of the disease and its progressive nature. No imaging study
has been published on microglia/neuroinflammation in the
more progressive subacute/chronic MPTP models. Oxidative
stress was imaged in the unilateral 6-OHDA model, which
is in most cases implemented in the rat. 6-OHDA is unable
to cross BBB and is thus injected stereotactically into the
medial forebrain bundle (mfb), SN, or striatum. 6-OHDA
exerts its toxic effect through MC-I blockade and free radicals
production (Betarbet et al., 2002). However, as for MPTP,
6-OHDA does not reproduce clinical and pathological features
of PD, even when administered into the striatum to induce
a more progressive death of SN neurons compared to mfb
or SN injections (Przedborski et al., 1995). In the 6-OHDA
hemilesioned rat, microglia activation was evaluated in vivo
by PET and [11C]-PK11195 and the results compared with
post-mortem immunohistochemistry (IHC) at different time
points (Cicchetti et al., 2002). Anti-CD11b/c monoclonal
antibody OX-42 staining showed high microglia/macrophages
positivity in the striatum and SN of the lesioned hemisphere,
starting from day 3 and persisting for 4 weeks after lesion.
After 3 weeks, [11C]-PK11195 uptake resulted significantly
increased in the striatum, SN and whole mesencephalon on
the lesioned side. This was paralleled by a 65% reduction in
DAT measured with the radioligand [11C]-CFT. At the same
time point after striatal 6-OHDA injection, Venneti et al.
(2007) compared [11C]-PK11195 binding with that of the new
TSPO-specific compound [11C]-N-(2,5-Dimethoxybenzyl)-
N-(5-fluoro-2-phenoxyphenyl)acetamide [11C]-DAA1106.
A greater binding of [11C]-DAA1106 to damaged area was
found, along with a modest increase of CD68 staining in
the DA-depleted striatum ex vivo. Nevertheless, the IHC
analysis was limited to the protein CD68 that is considered a
marker of phagocytosis (Janda et al., 2018). In a recent study,

6-OHDA hemilesioned rats were evaluated weekly for 3 weeks
after lesion with the new TSPO specific ligand [18F]-2-(4-
fluoro-2-(p-tolyloxy)phenyl)-1,2-dihydroisoquinolin-3(4H)-one
[18F]-FTPQ (Wu et al., 2019). Radiotracer uptake, measured
as ipsilateral hemisphere to cerebellum ratio, progressively
increased compared to the sham-operated hemisphere, reaching
a maximum value at the 3rd week. After this time point, animals
were sacrificed and brains evaluated for CD68 IHC revealing
intense CD68 staining in the toxin-injected (i.e., dopamine-
depleted) side.

A chronic model of PD has been generated in the mouse
by repeated (up to four) injections of prostaglandin J2 (PGJ2)
in SN, leading to gradual microglia activation and progressive
DA neuronal loss in the nigro-striatal pathway (Shivers et al.,
2014). The mechanisms by which PGJ2 activates microglia are
yet unknown but IL-1 might be involved. The in vivo [11C]-
PK11195 PET study was performed 1 week after the last of
the four PGJ2 injections, showing a modest and not significant
increase of tracer uptake, and a progressive increase of Iba-1
staining along with the number of PGJ2 injections.

Despite the studies using TSPO radioligands in toxin-
induced PD models demonstrated the feasibility of using
PET to monitor brain inflammation, several issues remain
unaddressed, such as the identification of the timing of
microglia activation relative to neurodegeneration, themicroglial
phenotype or the involvement of astrocyte, which is another
target of TSPO radiopharmaceuticals. This is likely because
the majority of these studies were not designed to investigate
these aspects. Another limitation is represented by the use
of acute models that do not reproduce the slow evolution of
PD. Transgenic models could provide more information about
disease onset and progression or the role exerted by misfolded
proteins, as α-syn in synaptic demise. Indeed, transgenic
mice overexpressing α-syn showed a loss of nigro-striatal
projections, α-syn inclusions, and motor deficits (Betarbet
et al., 2002). The same holds true for mice or rats where
α-syn overexpression was achieved through the use of viral
vectors (Klein et al., 2002; Song et al., 2015). No PET
study has been done in these models yet, but an interesting
work of Su et al. (2008) in transgenic mice overexpressing
human wild type α-syn demonstrated the early enrolment of
activated microglia. Moreover, the authors reported that in
primary microglia-enriched cultures α-syn directly interacts
with the CD36 scavenger receptor expressed on microglia
cell membranes, triggering the expression of pro-inflammatory
cytokines and ROS production. This might lead to dopaminergic
neuronal death, synapsis toxicity, and propagation of the
neuroinflammation/neurodegeneration process.

Another PD-associated gene is LRRK2. LRRK2 mutations are
the most common pathogenic mutations associated with PD, and
LRRK2 itself represents a risk factor for idiopathic PD (Reed
et al., 2019).

LRRK2-associated PD is clinically and neuropathologically
indistinguishable from idiopathic PD. LRRK2 is expressed not
only in neurons but also in monocytes and microglia where it
modulates a pro-inflammatory response (Moehle et al., 2012).
Indeed, a recent study suggests that LRRK2 modulates microglia
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activity through the CX3C chemokine receptor 1 (CX3CR1)
as revealed by experiments in LRRK2 null mice subjected to
LPS administration (Ma et al., 2016). Interestingly, the response
of LRRK2 KO cultured microglia to LPS resulted delayed or
reduced, as after α-syn exposure, when compared to wild type
cells (Russo et al., 2019), supporting a key role of LRRK2 in
microglia regulation. A multi-tracer PET study was performed
in rats overexpressing human LRRK2 G2019S (Walker et al.,
2014). The authors compared 12-month-old LRRK2 G2019S
rats to age-matched non-transgenic controls. PET assessed
the density of DA with [11C]-methylphenidate ([11C]-MP),
VMAT2 with [11C]-dihydrotetrabenazine ([11C]-DTBZ), and
DA synthesis and storage with [18F]-FDOPA. The integrity of
the dopaminergic system was also tested using [11C]-Raclopride
([11C]-RAC), a DA D2/D3 receptor antagonist, even in presence
of methamphetamine displacement. Unfortunately, combined
PET imaging did not evidence the dopaminergic alterations
typical of PD showed in previous studies using mutant
LRRK2 overexpressing rodents (Li et al., 2009; Dusonchet et al.,
2011) or in presymptomatic subjects carrying LRRK2 mutation
(Nandhagopal et al., 2008). This was probably due to the lack
of a clear neurodegenerative phenotype in the LRRK2 G2019S
model, even if authors used these animals as an early PD
model. Further studies in elderly animals are needed to monitor
disease progression and assess dopaminergic functionality
and correlation with α-syn expression and inflammation
over time to identify and characterize representative
models of PD.

PET IMAGING OF MITOCHONDRIA

Different post-mortem studies in PD patients have demonstrated
deficits in the mitochondrial respiratory chain (Schapira et al.,
1989; Sofic et al., 1992). Moreover, mutations or loss of
function of proteins related to familial PD, like PINK1,
Parkin, DJ-1 and α-syn, generate alterations in mitochondria
metabolism or increased susceptibility to oxidative stress
(Polymeropoulos et al., 1997; Puspita et al., 2017). The
first evidence that mitochondrial dysfunctions are involved
in PD pathogenesis emerged from MPTP studies. Whole
transcriptome RNA deep sequencing in MPTP-treated mice
showed deregulation in genes involved in DA synthesis and
synaptic neurotransmission (Cheng et al., 2016). Moreover,
treatment with the antioxidant compound [CuII]- diacetyl-
bis(N(4)-methylthiosemicarbazonato (CuII(ATSM)), restored
the expression of genes such as tyrosine hydroxylase, which
controls DA biosynthesis and ROS generation, confirming that
oxidative stress promotes dopaminergic dysfunction and that
MPTP is a useful tool to investigate the role of oxidative stress
in PD pathogenesis (Hung et al., 2012). The neuroprotective
effect of the copper complex was confirmed using PET and
the VMAT2 radioligand [18F]-AV133 (Hefti et al., 2010).
The same complex of ATSM, labeled with [64Cu] or [62Cu]
instead of non-radioactive copper, has been used to image
mitochondrial electron chain function related to oxidative stress.
In this study, patients injected with [62Cu]-ATSM showed
an increase of striatal radioactivity uptake, which, according

to the authors, might reflect an over-reduction state mainly
caused by mitochondrial dysfunction, which leads to oxidative
stress (Ikawa et al., 2011). Moreover, the radioligand uptake
was found to positively correlate with disease severity and
not with the age of patients. To the best of our knowledge,
no study in animal models of PD neurodegeneration has
been carried out using ATSM as radioligand, but in vivo
imaging in oncological (Colombié et al., 2015) and ischemia
(Huuskonen et al., 2017) models suggests that this compound
might be a good candidate for both imaging and treatment
of PD.

Another promising target to image mitochondrial activity
in the living brain for application in neurodegenerative
diseases is represented by MC-I (Tsukada et al., 2016; Kazami
et al., 2019). The PET probe 2-tert-butyl-4-chloro-5-{6-
[2-(2[18F]fluoroethoxy)-ethoxy]-pyridin-3-ylmethoxy}-2H-
pyridazin-3-one ([18F]-BCPP-EF) was successfully evaluated as
a radiopharmaceutical for the in vivo imaging of mitochondrial
MC-I activity in brain and periphery in different animal
models and conditions (Tsukada et al., 2014). The uptake
of the MC-I inhibitor ([18F]-BCPP-EF) in cortical and
basal ganglia regions significantly decreased in non-human
primates chronically treated with MPTP. This decline correlated
with a significant decrease of DAT ([11C]-β-CFT) and DA
synthesis (β-[11C]-L-DOPA, [18F]-FDOPA) in the striatum,
confirming the usefulness of this class of compounds in
detecting mitochondrial dysfunction.

PET IMAGING OF OTHER NEURONAL
TARGETS

α-syn aggregates in the brain and periphery represent an
attractive target for detecting/monitoring PD. However,
technical aspects limit the availability of α-syn specific
PET ligands, especially the heterogeneity of fibrils and their
posttranslational modifications, and the interference represented
by the presence of beta-amyloid, to which these ligands also
bind, in the brain of elderly PD patients. Researchers are working
to overcome these issues (Helmich et al., 2018; Knudsen and
Borghammer, 2018).

Different radioligands are available to study autonomic
(sympathetic/parasympathetic) nervous system degeneration.
Autonomic degeneration is particularly relevant in PD
since it leads to gastro-intestinal dysfunctions or cardiac
denervation responsible, among others, of constipation and
orthostatic hypotension that are common in PD patients
(Knudsen and Borghammer, 2018). To this purpose,
[11C]-Donepezil PET was used in PD patients to measure
significant AChE reduction in the small intestine of
early PD patients, whereas [18F]-DA PET and [125I]-m-
iodobenzylguanidine ([125I]-MIBG) scintigraphy were used
to measure progressive heart denervation (Knudsen and
Borghammer, 2018). These radioligands should be tested in
animal models of PD, also to monitor autonomic changes in the
presymptomatic phase.

Brain connectivity represents an additional target to study
early modifications in PD. Together with nuclear imaging,
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functional and structural imaging using functional MRI (fMRI)
could provide detailed information about abnormalities at the
level of brain networks and connectivity (Helmich et al., 2018).
fMRI revealed altered functional connectivity in cortical and
subcortical regions, particularly in striatum, of PD patients
(Hacker et al., 2012). These alterations occurred very early
and were not associated with tremor manifestation, but varied
depending on disease stage, PD subtype, and pharmacological
treatment (Sreenivasan et al., 2019). The main problem of
this application in rodents is represented by the small size
of the mouse and rat brains. Then, although comparative
MRI studies between PD patients and animal models, as the
MPTP model (Hopes et al., 2016), have been performed to
measure changes in regional volume and atrophy, alterations in
connectivity or correlations with disease progression were not
identified. In an interesting study, [18F]-FDG PET was applied
to evaluate metabolic connectivity in 6-OHDA hemilesioned
mice (Im et al., 2016). The voxel-wise-analysis was able
to recognize disrupted connectivity in the cortico-striatal-
thalamocortical loop, in particular, a decreased correlation
between the right or left striatum and the visual cortex
of DA-depleted animals, despite no alteration in regional
metabolism was observed between the naïve and 6-OHDA
groups. Additional studies comparing fMRI and [18F]-FDG PET
in other animal models are needed to understand if these tools
could help characterize early functional and metabolic changes
in PD.

MAGNETIC RESONANCE IMAGING

MRI is applied in clinical practice to identify structural
modifications in oncological and neurodegenerative diseases.
In PD, most patients are addressed to MRI when motor
symptoms have already developed, thus in an advanced
disease stage, whereas imaging during the pre-motor phase is
infrequent. Both conventional and non-conventional MRI plays
an important role in the differential diagnosis between PD and
parkinsonian syndromes (Baglieri et al., 2013). Conventional
MRI, represented among others by T1- and T2-weighted
imaging, proton density-weighted or diffusion-weighted (DWI)
imaging, can determine the volume/size of affected areas, as
SN, and iron content. Non-conventional MRI encompasses
more recent techniques such as spectroscopy, diffusion tensor
imaging (DTI), fMRI or morphometry MRI, that provide details
of structural, functional and metabolic changes to improve
diagnosis and treatment monitoring. Using conventional MRI
sequences, Geng et al. (2006) measured the volume of SN
and basal ganglia of PD patients at two different disease
stages, and despite no changes occurred in total brain volume
compared to controls, early PD patients exhibited a putamen
volume reduction of 87.5%. Moreover, putamen atrophy
inversely correlated with a clinical score, leading the authors
to suggest a potential role of this marker in the diagnosis of
early PD.

Morphometry MRI, a technique that allows the quantification
of the sizes and shapes of brain structures, has been successfully
applied to compare the volume of different brain areas and

distinguish among PD, Multiple-System Atrophy (MSA) and
Progressive Supranuclear Palsy (PSP) patients, with good
sensitivity, specificity, and accuracy (Gama et al., 2010). In
fact, at symptoms onset, PD can be confused with various
atypical parkinsonian disorders, like the Parkinson variant
of multiple system atrophy (MSA-P), or non-degenerative
forms, including vascular parkinsonism. Interestingly, MSA
is characterized by cytoplasmic inclusions of misfolded α-syn
that lead to nigro-striatal degeneration accompanied by
neuroinflammation, oxidative stress, and iron accumulation.
MSA-P, PD, and DLB are classified as α-synucleinopathies, but
unlike PD and DLB, MSA-P mainly affects oligodendrocytes,
the most iron-rich cell population of the brain (Connor
et al., 1990). Considering that iron, in its toxic Fe2+ form,
seems to play a role in both translation and aggregation
of α-syn, and that α-syn aggregation is accelerated in
presence of DA and hydrogen peroxidase (Ostrerova-Golts
et al., 2000), it is plausible to link iron concentrations to
neuroinflammation, even if the mechanism is not fully
understood. MRI is the easiest method to measure brain
iron content in vivo using relaxation time of metal after
magnetic field stimulation. The majority of the studies
consider the R2* value (1/T2*) as the most appropriate to
measure non-heme iron content. Hopes et al. (2016) evaluated
70 PD patients belonging to three different disease stages
(de novo, early and advanced), and found R2* values to be
significantly increased in the SN, putamen and caudate of
de novo patients compared to control subjects. Moreover,
R2* value was significantly increased in the SN of early and
advanced patients compared to de novo patients, indicating
that iron overload occurred faster in the first years of the
disease, and did not linearly correlate with disease progression.
In the same work, the authors found a positive correlation
between MRI R2* value and iron overload in MPTP-treated
mice. Also, You et al. (2015) found that increasing iron
concentrations (measured by MRI R2*) with ferric ammonium
citrate (FAC) exacerbated the damage induced by MPTP
in murine SN, indicating that iron overload contributed to
dopaminergic neuronal death. Moreover, the authors showed
that elevating iron concentrations in SN also exacerbated
oxidative stress promoting apoptosis and therefore contributing
to PD onset.

Other authors applied Susceptibility-Weighted Imaging
(SWI) MRI to estimate metal content in the brain, thus
identifying typical patterns for PD, MSA-P, and PSP (Gupta
et al., 2010). In MSA, iron typically accumulates in the putamen
giving a greater signal reduction (hypo-intensity) compared to
that observed in PD. Interestingly, Yoon et al. (2015) found that
in MSA-P patients this hypo-intensity was also associated with
the decrease of [18F]-FDG uptake measured with PET. In PD,
increased iron concentration is found primarily in SN, but also
in other regions like the putamen and globus pallidus (Kosta
et al., 2006), and this seems to correlate with motor disability
(Atasoy et al., 2004). Post-mortem analysis confirmed that iron
deposits were particularly localized in macrophages, astrocytes,
and reactive microglia of the SN and striopallidum of PD patients
(Jellinger et al., 1990).
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Using rat primary cultures and KOmice for the nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2) gene, which is
involved in the generation of superoxide O2

−, Zhang et al. (2014)
investigated the role of microglia in dopaminergic neuron death
induced by Fe2+.

They found that iron selectively decreased dopaminergic
neuron viability via the activation of NOX2 in the microglia.
Wang et al. (2013) demonstrated that iron homeostasis
in dopaminergic neurons is influenced by pro-inflammatory
cytokines released by the activated microglia. Specifically, the
authors demonstrated that IL-1β and TNF-α can increase
iron transport in primary cultures of ventral mesencephalic
(VM) neurons.

Altogether, these data provide evidence that MRI can capture
iron deposition and inflammation as potential markers of
early PD and that anti-inflammatory and iron chelators, such
as deferoxamine (DFA), might represent valuable therapeutic
approaches in PD.

CONCLUSIONS

PD is the second most common neurodegenerative disorder
and is characterized by motor and non-motor symptoms
that worsen as the disease progresses. Current treatments are
symptomatic and predominantly focused on the rescue of
defective dopaminergic transmission. The main risk factor of PD
is represented by age, but genetic and environmental factors are
emerging as important determinants. Several targets have been
investigated in PD to better understand its pathogenesis, follow
the progression of the disease and the effectiveness of treatments,
and shed light on the early events that precede clinical onset.

Neuroinflammation might represent a very promising marker
since it represents an early event and is involved both in disease
onset and progression. In this respect, preclinical longitudinal
studies in selected animal models could help clarify whether
neuroinflammation precedes or follows neuronal demise. Up to
now, PET imaging with specific radioligands has been applied
to the diagnosis and monitoring of disease progression in
patients, but only after symptoms onset. Moreover, no studies
correlated the TSPO signal with the specific neuroinflammatory
phenotype, even if they clearly demonstrated the feasibility of
using PET to monitor brain inflammation in animal models of
PD. Unfortunately, this technique cannot discriminate between
resident and peripheral inflammation without using combined
in vitro analysis.

With the limitations above, in vivo imaging of
neuroinflammation, better if combined with traditional
molecular analysis, allows to understand the preclinical
modifications occurring in PD. However, this might have
translational potential and an impact on the clinical practice only
if used in predictive animal models.

AUTHOR CONTRIBUTIONS

All authors selected the related literature, conceptualized,
designed, and wrote the manuscript. All authors edited and
revised the manuscript.

FUNDING

This research was supported by ItalianMinistry of University and
Research, PRIN Project n. 2017LYTE9M.

REFERENCES

Akiyama, H., and McGeer, P. L. (1989). Microglial response to
6-hydroxydopamine-induced substantia nigra lesions. Brain Res. 489,
247–253. doi: 10.1016/0006-8993(89)90857-3

Arai, H., Furuya, T., Yasuda, T., Miura, M., Mizuno, Y., and Mochizuki, H.
(2004). Neurotoxic effects of lipopolysaccharide on nigral dopaminergic
neurons are mediated by microglial activation, interleukin-1β and expression
of caspase-11 in mice. J. Biol. Chem. 279, 51647–51653. doi: 10.1074/jbc.m407
328200

Ascherio, A., and Schwarzschild, M. A. (2016). The epidemiology of Parkinson’s
disease: risk factors and prevention. Lancet Neurol. 15, 1257–1272.
doi: 10.1016/S1474-4422(16)30230-7

Atasoy, H. T., Nuyan, O., Tunc, T., Yorubulut, M., Unal, A. E., and Inan, L. E.
(2004). T2-weighted MRI in Parkinson’s disease; substantia nigra pars
compacta hypointensity correlates with the clinical scores. Neurol. India 52,
332–337.

Baglieri, A., Marino, M. A., Morabito, R., Di Lorenzo, G., Bramanti, P., and
Marino, S. (2013). Differences between conventional and nonconventional
MRI techniques in Parkinson’s disease. Funct. Neurol. 28, 73–82.
doi: 10.11138/fneur/2013.28.2.073

Ballanger, B., Beaudoin-Gobert, M., Neumane, S., Epinat, J., Metereau, E.,
Duperrier, S., et al. (2016). Imaging dopamine and serotonin systems onMPTP
monkeys: a longitudinal PET investigation of compensatory mechanisms.
J. Neurosci. 36, 1577–1589. doi: 10.1523/jneurosci.2010-15.2016

Banati, R. B., Daniel, S. E., and Blunt, S. B. (1998). Glial pathology but absence of
apoptotic nigral neurons in long-standing Parkinson’s disease.Mov. Disord. 13,
221–227. doi: 10.1002/mds.870130205

Bartels, A. L., Willemsen, A. T., Doorduin, J., de Vries, E. F., Dierckx, R. A.,
and Leenders, K. L. (2010). [11C]-PK11195 PET: quantification of
neuroinflammation and a monitor of anti-inflammatory treatment in
Parkinson’s disease? Parkinsonism Relat. Disord. 16, 57–59. doi: 10.1016/j.
parkreldis.2009.05.005

Becker, C., Jick, S. S., and Meier, C. R. (2011). NSAID use and risk of Parkinson
disease: a population-based case-control study. Eur. J. Neurol. 18, 1336–1342.
doi: 10.1111/j.1468-1331.2011.03399.x

Belloli, S., Pannese, M., Buonsanti, C., Maiorino, C., Di Grigoli, G.,
Carpinelli, A., et al. (2017). Early upregulation of 18-kDa translocator
protein in response to acute neurodegenerative damage in TREM2-deficient
mice. Neurobiol. Aging 53, 159–168. doi: 10.1016/j.neurobiolaging.2017.
01.010

Betarbet, R., Sherer, T. B., and Greenamyre, J. T. (2002). Animal models
of Parkinson’s disease. Bioessays 24, 308–318. doi: 10.1002/bies.
10067

Bisht, K., Sharma, K. P., Lecours, C., Sanchez, M. G., El Hajj, H., Milior, G.,
et al. (2016). Dark microglia: a new phenotype predominantly associated with
pathological states. Glia 64, 826–839. doi: 10.1002/glia.22966

Boche, D., Perry, V. H., and Nicoll, J. A. (2013). Review: activation patterns
of microglia and their identification in the human brain. Neuropathol. Appl.
Neurobiol. 39, 3–18. doi: 10.1111/nan.12011

Booth, H. D. E., Hirst, W. D., and Wade-Martins, R. (2017). The role of astrocyte
dysfunction in Parkinson’s disease pathogenesis. Trends Neurosci. 40, 358–370.
doi: 10.1016/j.tins.2017.04.001

Braak, H., and Del Tredici, K. (2017). Neuropathological staging of brain
pathology in sporadic Parkinson’s disease: separating the wheat from the chaff.
J. Parkinsons Dis. 7, S71–S85. doi: 10.3233/jpd-179001

Frontiers in Aging Neuroscience | www.frontiersin.org 10 June 2020 | Volume 12 | Article 152

https://doi.org/10.1016/0006-8993(89)90857-3
https://doi.org/10.1074/jbc.m407328200
https://doi.org/10.1074/jbc.m407328200
https://doi.org/10.1016/S1474-4422(16)30230-7
https://doi.org/10.11138/fneur/2013.28.2.073
https://doi.org/10.1523/jneurosci.2010-15.2016
https://doi.org/10.1002/mds.870130205
https://doi.org/10.1016/j.parkreldis.2009.05.005
https://doi.org/10.1016/j.parkreldis.2009.05.005
https://doi.org/10.1111/j.1468-1331.2011.03399.x
https://doi.org/10.1016/j.neurobiolaging.2017.01.010
https://doi.org/10.1016/j.neurobiolaging.2017.01.010
https://doi.org/10.1002/bies.10067
https://doi.org/10.1002/bies.10067
https://doi.org/10.1002/glia.22966
https://doi.org/10.1111/nan.12011
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.3233/jpd-179001
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

Breen, D. P., Halliday, G. M., and Lang, A. E. (2019). Gut-brain axis and the
spread of α-synuclein pathology: vagal highway or dead end? Mov. Disord. 34,
307–316. doi: 10.1002/mds.27556

Brochard, V., Combadiere, B., Prigent, A., Laouar, Y., Perrin, A., Beray-Berthat, V.,
et al. (2009). Infiltration of CD4+ lymphocytes into the brain contributes to
neurodegeneration in a mouse model of Parkinson disease. J. Clin. Invest. 119,
182–192. doi: 10.1172/JCI36470

Brooks, D. J. (2016).Molecular imaging of dopamine transporters.Ageing Res. Rev.
30, 114–121. doi: 10.1016/j.arr.2015.12.009

Brooks, D. J., Frey, K. A., Marek, K. L., Oakes, D., Paty, D., Prentice, R.,
et al. (2003). Assessment of neuroimaging techniques as biomarkers of the
progression of Parkinson’s disease. Exp. Neurol. 184, S68–S79. doi: 10.1016/j.
expneurol.2003.08.008

Campos-Acuña, J., Elgueta, D., and Pacheco, R. (2019). T-cell-driven
inflammation as a mediator of the gut-brain axis involved in Parkinson’s
disease. Front. Immunol. 10:239. doi: 10.3389/fimmu.2019.00239

Cao, S., Theodore, S., and Standaert, D. G. (2010). Fcγ receptors are required for
NF-κB signaling, microglial activation and dopaminergic neurodegeneration
in an AAV-synuclein mouse model of Parkinson’s disease.Mol. Neurodegener.
5:42. doi: 10.1186/1750-1326-5-42

Caughey, G. E., Roughead, E. E., Pratt, N., Killer, G., and Gilbert, A. L. (2011).
Stroke risk and NSAIDs: an Australian population-based study. Med. J. Aust.
195, 525–529. doi: 10.5694/mja11.10055

Cebrián, C., Loike, J. D., and Sulzer, D. (2015). Neuroinflammation in Parkinson’s
disease animal models: a cell stress response or a step in neurodegeneration?
Curr. Top. Behav. Neurosci. 22, 237–270. doi: 10.1007/7854_2014_356

Chen, H., Jacobs, E., Schwarzschild, M. A., McCullough, M. L., Calle, E. E.,
Thun, M. J., et al. (2005). Nonsteroidal antiinflammatory drug use and the
risk for Parkinson’s disease. Ann. Neurol. 58, 963–967. doi: 10.1002/ana.
20682

Chen, H., O’Reilly, E. J., Schwarzschild, M. A., and Ascherio, A. (2008). Peripheral
inflammatory biomarkers and risk of Parkinson’s disease. Am. J. Epidemiol.
167, 90–95. doi: 10.1093/aje/kwm260

Chen, H., Zhang, S. M., Hernan, M. A., Schwarzschild, M. A., Willett, W. C.,
Colditz, G. A., et al. (2003). Nonsteroidal anti-inflammatory drugs and the
risk of Parkinson disease. Arch. Neurol. 60, 1059–1064. doi: 10.1001/archneur.
60.8.1059

Cheng, L., Quek, C. Y., Hung, L.W., Sharples, R. A., Sherratt, N. A., Barnham, K. J.,
et al. (2016). Gene dysregulation is restored in the Parkinson’s disease MPTP
neurotoxic mice model upon treatment of the therapeutic drug Cu(II)(atsm).
Sci. Rep. 6:22398. doi: 10.1038/srep22398

Cherry, J. D., Olschowka, J. A., and O’Banion, M. K. (2014). Neuroinflammation
and M2 microglia: the good, the bad and the inflamed. J. Neuroinflammation
11:98. doi: 10.1186/1742-2094-11-98

Chung, C. Y., Koprich, J. B., Siddiqi, H., and Isacson, O. (2009). Dynamic
changes in presynaptic and axonal transport proteins combined with striatal
neuroinflammation precede dopaminergic neuronal loss in a rat model of AAV
α-synucleinopathy. J. Neurosci. 29, 3365–3373. doi: 10.1523/jneurosci.5427-
08.2009

Cicchetti, F., Brownell, A. L., Williams, K., Chen, Y. I., Livni, E., and Isacson, O.
(2002). Neuroinflammation of the nigrostriatal pathway during progressive
6-OHDA dopamine degeneration in rats monitored by immunohistochemistry
and PET imaging. Eur. J. Neurosci. 15, 991–998. doi: 10.1046/j.1460-9568.2002.
01938.x

Cicchetti, F., Lapointe, N., Roberge-Tremblay, A., Saint-Pierre, M., Jimenez, L.,
Ficke, B. W., et al. (2005). Systemic exposure to paraquat and maneb models
early Parkinson’s disease in young adult rats. Neurobiol. Dis. 20, 360–371.
doi: 10.1016/j.nbd.2005.03.018

Colombié, M., Gouard, S., Frindel, M., Vidal, A., Cherel, M., Kraeber-Bodere, F.,
et al. (2015). Focus on the controversial aspects of (64)Cu-ATSM in tumoral
hypoxia mapping by PET imaging. Front. Med. 2:58. doi: 10.3389/fmed.2015.
00058

Connor, J. R., Menzies, S. L., St Martin, S. M., and Mufson, E. J. (1990). Cellular
distribution of transferrin, ferritin, and iron in normal and aged human brains.
J. Neurosci. Res. 27, 595–611. doi: 10.1002/jnr.490270421

Cook, T. J., Hoekstra, J. G., Eaton, D. L., and Zhang, J. (2016).Mortalin is expressed
by astrocytes and decreased in the midbrain of Parkinson’s disease patients.
Brain Pathol. 26, 75–81. doi: 10.1111/bpa.12274

Croisier, E., Moran, L. B., Dexter, D. T., Pearce, R. K., and Graeber, M. B. (2005).
Microglial inflammation in the parkinsonian substantia nigra: relationship
to α-synuclein deposition. J. Neuroinflammation 2:14. doi: 10.1186/1742-
2094-2-14

Czonkowska, A., Kohutnicka, M., Kurkowska-Jastrzebska, I., and
Czlonkowski, A. (1996). Microglial reaction in MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) induced Parkinson’s disease mice model.
Neurodegeneration 5, 137–143. doi: 10.1006/neur.1996.0020

de Pablos, R. M., Herrera, A. J., Espinosa-Oliva, A. M., Sarmiento, M.,
Munoz, M. F., Machado, A., et al. (2014). Chronic stress enhances microglia
activation and exacerbates death of nigral dopaminergic neurons under
conditions of inflammation. J. Neuroinflammation 11:34. doi: 10.1186/1742-
2094-11-34

Depino, A. M., Earl, C., Kaczmarczyk, E., Ferrari, C., Besedovsky, H., del
Rey, A., et al. (2003). Microglial activation with atypical proinflammatory
cytokine expression in a rat model of Parkinson’s disease. Eur. J. Neurosci. 18,
2731–2742. doi: 10.1111/j.1460-9568.2003.03014.x

Devos, D., Lebouvier, T., Lardeux, B., Biraud, M., Rouaud, T., Pouclet, H., et al.
(2013). Colonic inflammation in Parkinson’s disease.Neurobiol. Dis. 50, 42–48.
doi: 10.1016/j.nbd.2012.09.007

Dodel, R., Spottke, A., Gerhard, A., Reuss, A., Reinecker, S., Schimke, N., et al.
(2010). Minocycline 1-year therapy in multiple-system-atrophy: effect on
clinical symptoms and [11C] (R)-PK11195 PET (MEMSA-trial). Mov. Disord.
25, 97–107. doi: 10.1002/mds.22732

Doorn, K. J., Moors, T., Drukarch, B., van de Berg, W., Lucassen, P. J.,
and van Dam, A. M. (2014). Microglial phenotypes and toll-like receptor
2 in the substantia nigra and hippocampus of incidental Lewy body disease
cases and Parkinson’s disease patients. Acta Neuropathol. Commun. 2:90.
doi: 10.1186/s40478-014-0090-1

Dorsey, E. R., and Bloem, B. R. (2018). The Parkinson Pandemic-A call to action.
JAMA Neurol. 75, 9–10. doi: 10.1001/jamaneurol.2017.3299

Dorsey, E. R., Sherer, T., Okun, M. S., and Bloem, B. R. (2018). The
emerging evidence of the parkinson pandemic. J. Parkinsons Dis. 8, S3–S8.
doi: 10.3233/jpd-181474

Driver, J. A., Logroscino, G., Lu, L., Gaziano, J. M., and Kurth, T. (2011). Use of
non-steroidal anti-inflammatory drugs and risk of Parkinson’s disease: nested
case-control study. BMJ 342:d198. doi: 10.1136/bmj.d198

Dufek,M., Hamanova,M., Lokaj, J., Goldemund, D., Rektorova, I., Michalkova, Z.,
et al. (2009). Serum inflammatory biomarkers in Parkinson’s disease.
Parkinsonism Relat. Disord. 15, 318–320. doi: 10.1016/j.parkreldis.2008.05.014

Duffy, M. F., Collier, T. J., Patterson, J. R., Kemp, C. J., Luk, K. C.,
Tansey, M. G., et al. (2018). Lewy body-like α-synuclein inclusions trigger
reactivemicrogliosis prior to nigral degeneration. J. Neuroinflammation 15:129.
doi: 10.1186/s12974-018-1171-z

Dusonchet, J., Kochubey, O., Stafa, K., Young, S. M. Jr., Zufferey, R., Moore, D. J.,
et al. (2011). A rat model of progressive nigral neurodegeneration induced by
the Parkinson’s disease-associated G2019S mutation in LRRK2. J. Neurosci. 31,
907–912. doi: 10.1523/jneurosci.5092-10.2011

Earls, R. H., Menees, K. B., Chung, J., Barber, J., Gutekunst, C. A.,
Hazim, M. G., et al. (2019). Intrastriatal injection of preformed α-
synuclein fibrils alters central and peripheral immune cell profiles in
non-transgenic mice. J. Neuroinflammation 16:250. doi: 10.1186/s12974-019
-1636-8

Edison, P., Ahmed, I., Fan, Z., Hinz, R., Gelosa, G., Ray Chaudhuri, K., et al. (2013).
Microglia, amyloid and glucose metabolism in Parkinson’s disease with and
without dementia. Neuropsychopharmacology 38, 938–949. doi: 10.1038/npp.
2012.255

Emmrich, J. V., Hornik, T. C., Neher, J. J., and Brown, G. C. (2013). Rotenone
induces neuronal death by microglial phagocytosis of neurons. FEBS J. 280,
5030–5038. doi: 10.1111/febs.12401

Erny, D., Hrabe de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O.,
David, E., et al. (2015). Host microbiota constantly control maturation and
function of microglia in the CNS. Nat. Neurosci. 18, 965–977. doi: 10.1038/
nn.4030

Fan, Z., Aman, Y., Ahmed, I., Chetelat, G., Landeau, B., Ray Chaudhuri, K., et al.
(2015). Influence of microglial activation on neuronal function in Alzheimer’s
and Parkinson’s disease dementia. Alzheimers Dement. 11, 608.e7–621.e7.
doi: 10.1016/j.jalz.2014.06.016

Frontiers in Aging Neuroscience | www.frontiersin.org 11 June 2020 | Volume 12 | Article 152

https://doi.org/10.1002/mds.27556
https://doi.org/10.1172/JCI36470
https://doi.org/10.1016/j.arr.2015.12.009
https://doi.org/10.1016/j.expneurol.2003.08.008
https://doi.org/10.1016/j.expneurol.2003.08.008
https://doi.org/10.3389/fimmu.2019.00239
https://doi.org/10.1186/1750-1326-5-42
https://doi.org/10.5694/mja11.10055
https://doi.org/10.1007/7854_2014_356
https://doi.org/10.1002/ana.20682
https://doi.org/10.1002/ana.20682
https://doi.org/10.1093/aje/kwm260
https://doi.org/10.1001/archneur.60.8.1059
https://doi.org/10.1001/archneur.60.8.1059
https://doi.org/10.1038/srep22398
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1523/jneurosci.5427-08.2009
https://doi.org/10.1523/jneurosci.5427-08.2009
https://doi.org/10.1046/j.1460-9568.2002.01938.x
https://doi.org/10.1046/j.1460-9568.2002.01938.x
https://doi.org/10.1016/j.nbd.2005.03.018
https://doi.org/10.3389/fmed.2015.00058
https://doi.org/10.3389/fmed.2015.00058
https://doi.org/10.1002/jnr.490270421
https://doi.org/10.1111/bpa.12274
https://doi.org/10.1186/1742-2094-2-14
https://doi.org/10.1186/1742-2094-2-14
https://doi.org/10.1006/neur.1996.0020
https://doi.org/10.1186/1742-2094-11-34
https://doi.org/10.1186/1742-2094-11-34
https://doi.org/10.1111/j.1460-9568.2003.03014.x
https://doi.org/10.1016/j.nbd.2012.09.007
https://doi.org/10.1002/mds.22732
https://doi.org/10.1186/s40478-014-0090-1
https://doi.org/10.1001/jamaneurol.2017.3299
https://doi.org/10.3233/jpd-181474
https://doi.org/10.1136/bmj.d198
https://doi.org/10.1016/j.parkreldis.2008.05.014
https://doi.org/10.1186/s12974-018-1171-z
https://doi.org/10.1523/jneurosci.5092-10.2011
https://doi.org/10.1186/s12974-019-1636-8
https://doi.org/10.1186/s12974-019-1636-8
https://doi.org/10.1038/npp.2012.255
https://doi.org/10.1038/npp.2012.255
https://doi.org/10.1111/febs.12401
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.jalz.2014.06.016
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

Ferreira, S. A., and Romero-Ramos, M. (2018). Microglia response during
Parkinson’s disease: α-synuclein intervention. Front. Cell. Neurosci. 12:247.
doi: 10.3389/fncel.2018.00247

Fowler, J. S., MacGregor, R. R., Wolf, A. P., Arnett, C. D., Dewey, S. L.,
Schlyer, D., et al. (1987). Mapping human brain monoamine oxidase A
and B with 11C-labeled suicide inactivators and PET. Science 235, 481–485.
doi: 10.1126/science.3099392

Frey, K. A., Koeppe, R. A., Kilbourn, M. R., Vander Borght, T. M., Albin, R. L.,
Gilman, S., et al. (1996). Presynaptic monoaminergic vesicles in Parkinson’s
disease and normal aging. Ann. Neurol. 40, 873–884. doi: 10.1002/ana.
410400609

Gagne, J. J., and Power, M. C. (2010). Anti-inflammatory drugs and
risk of Parkinson disease: a meta-analysis. Neurology 74, 995–1002.
doi: 10.1212/WNL.0b013e3181d5a4a3

Gama, R. L., Tavora, D. F., Bomfim, R. C., Silva, C. E., Bruin, V.M., and Bruin, P. F.
(2010). Morphometry MRI in the differential diagnosis of parkinsonian
syndromes. Arq. Neuropsiquiatr. 68, 333–338. doi: 10.1590/s0004-
282x2010000300001

Gao, F., Chen, D., Hu, Q., and Wang, G. (2013). Rotenone directly induces
BV2 cell activation via the p38 MAPK pathway. PLoS One 8:e72046.
doi: 10.1371/journal.pone.0072046

Gao, H. M., Liu, B., and Hong, J. S. (2003). Critical role for microglial
NADPH oxidase in rotenone-induced degeneration of dopaminergic neurons.
J. Neurosci. 23, 6181–6187. doi: 10.1523/jneurosci.23-15-06181.2003

Geng, D. Y., Li, Y. X., and Zee, C. S. (2006). Magnetic resonance imaging-based
volumetric analysis of basal ganglia nuclei and substantia nigra in patients
with Parkinson’s disease. Neurosurgery 58, 256–262; discussion 256–262.
doi: 10.1227/01.neu.0000194845.19462.7b

George, S., Rey, N. L., Tyson, T., Esquibel, C., Meyerdirk, L., Schulz, E., et al.
(2019). Microglia affect α-synuclein cell-to-cell transfer in a mouse model
of Parkinson’s disease. Mol. Neurodegener. 14:34. doi: 10.1186/s13024-019-
0335-3

Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A., et al.
(2006). In vivo imaging of microglial activation with [11C](R)-PK11195 PET in
idiopathic Parkinson’s disease. Neurobiol. Dis. 21, 404–412. doi: 10.1016/j.nbd.
2005.08.002

Giguere, N., Burke Nanni, S., and Trudeau, L. E. (2018). On cell loss and selective
vulnerability of neuronal populations in Parkinson’s disease. Front. Neurol.
9:455. doi: 10.3389/fneur.2018.00455

Gong, J., Szego, E. M., Leonov, A., Benito, E., Becker, S., Fischer, A., et al.
(2019). Translocator protein ligand protects against neurodegeneration in
the MPTP mouse model of Parkinsonism. J. Neurosci. 39, 3752–3769.
doi: 10.1523/jneurosci.2070-18.2019

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens, M. P.,
et al. (2016). Microglial brain region-dependent diversity and selective regional
sensitivities to aging. Nat. Neurosci. 19, 504–516. doi: 10.1038/nn.4222

Gupta, D., Saini, J., Kesavadas, C., Sarma, P. S., and Kishore, A. (2010). Utility of
susceptibility-weighted MRI in differentiating Parkinson’s disease and atypical
parkinsonism. Neuroradiology 52, 1087–1094. doi: 10.1007/s00234-010-
0677-6

Hacker, C. D., Perlmutter, J. S., Criswell, S. R., Ances, B. M., and Snyder, A. Z.
(2012). Resting state functional connectivity of the striatum in Parkinson’s
disease. Brain 135, 3699–3711. doi: 10.1093/brain/aws281

Håkansson, A., Westberg, L., Nilsson, S., Buervenich, S., Carmine, A.,
Holmberg, B., et al. (2005). Investigation of genes coding for inflammatory
components in Parkinson’s disease. Mov. Disord. 20, 569–573.
doi: 10.1002/mds.20378

Hamza, T. H., Zabetian, C. P., Tenesa, A., Laederach, A., Montimurro, J.,
Yearout, D., et al. (2010). Common genetic variation in the HLA region
is associated with late-onset sporadic Parkinson’s disease. Nat. Genet. 42,
781–785. doi: 10.1038/ng.642

Hancock, D. B., Martin, E. R., Stajich, J. M., Jewett, R., Stacy, M. A.,
Scott, B. L., et al. (2007). Smoking, caffeine and nonsteroidal anti-inflammatory
drugs in families with Parkinson disease. Arch. Neurol. 64, 576–580.
doi: 10.1001/archneur.64.4.576

Hancock, D. B., Martin, E. R., Vance, J. M., and Scott, W. K. (2008). Nitric oxide
synthase genes and their interactions with environmental factors in Parkinson’s
disease. Neurogenetics 9, 249–262. doi: 10.1007/s10048-008-0137-1

Hasegawa, Y., Inagaki, T., Sawada, M., and Suzumura, A. (2000). Impaired
cytokine production by peripheral blood mononuclear cells and
monocytes/macrophages in Parkinson’s disease. Acta Neurol. Scand. 101,
159–164. doi: 10.1034/j.1600-0404.2000.101003159.x

Hefti, F. F., Kung, H. F., Kilbourn, M. R., Carpenter, A. P., Clark, C. M.,
and Skovronsky, D. M. (2010). 18F-AV-133: a selective VMAT2-binding
Radiopharmaceutical for PET imaging of dopaminergic neurons. PET Clin. 5,
75–82. doi: 10.1016/j.cpet.2010.02.001

Helmich, R. C., Vaillancourt, D. E., and Brooks, D. J. (2018). The future of brain
imaging in Parkinson’s disease. J. Parkinsons Dis. 8, S47–S51. doi: 10.3233/JPD-
181482

Herrera, A. J., Castano, A., Venero, J. L., Cano, J., and Machado, A. (2000). The
single intranigral injection of LPS as a new model for studying the selective
effects of inflammatory reactions on dopaminergic system. Neurobiol. Dis. 7,
429–447. doi: 10.1006/nbdi.2000.0289

Hirsch, E. C., and Hunot, S. (2009). Neuroinflammation in Parkinson’s disease:
a target for neuroprotection? Lancet Neurol. 8, 382–397. doi: 10.1016/s1474-
4422(09)70062-6

Ho, D. H., Je, A. R., Lee, H., Son, I., Kweon, H. S., Kim, H. G., et al. (2018).
LRRK2 kinase activity induces mitochondrial fission in microglia viaDrp1 and
modulates neuroinflammation. Exp Neurobiol 27, 171–180. doi: 10.5607/en.
2018.27.3.171

Hopes, L., Grolez, G., Moreau, C., Lopes, R., Ryckewaert, G., Carriere, N.,
et al. (2016). Magnetic resonance imaging features of the nigrostriatal
system: biomarkers of Parkinson’s disease stages? PLoS One 11:e0147947.
doi: 10.1371/journal.pone.0147947

Hsiao, I. T., Weng, Y. H., Hsieh, C. J., Lin, W. Y., Wey, S. P., Kung, M. P.,
et al. (2014). Correlation of Parkinson disease severity and 18F-DTBZ positron
emission tomography. JAMA Neurol. 71, 758–766. doi: 10.1001/jamaneurol.
2014.290

Hung, L. W., Villemagne, V. L., Cheng, L., Sherratt, N. A., Ayton, S., White, A. R.,
et al. (2012). The hypoxia imaging agent CuII(atsm) is neuroprotective
and improves motor and cognitive functions in multiple animal models
of Parkinson’s disease. J. Exp. Med. 209, 837–854. doi: 10.1084/jem.201
12285

Hunot, S., and Hirsch, E. C. (2003). Neuroinflammatory processes in Parkinson’s
disease. Ann. Neurol. 53, S49–S58; discussion S58–S60. doi: 10.1002/ana.
10481

Hurley, S. D., O’Banion, M. K., Song, D. D., Arana, F. S., Olschowka, J. A.,
and Haber, S. N. (2003). Microglial response is poorly correlated with
neurodegeneration following chronic, low-dose MPTP administration
in monkeys. Exp. Neurol. 184, 659–668. doi: 10.1016/s0014-4886(03)
00273-5

Huuskonen, M. T., Tuo, Q. Z., Loppi, S., Dhungana, H., Korhonen, P.,
McInnes, L. E., et al. (2017). The Copper bis(thiosemicarbazone) Complex
Cu(II)(atsm) is protective against cerebral ischemia through modulation of the
inflammatory milieu.Neurotherapeutics 14, 519–532. doi: 10.1007/s13311-016-
0504-9

Iannaccone, S., Cerami, C., Alessio, M., Garibotto, V., Panzacchi, A., Olivieri, S.,
et al. (2013). In vivo microglia activation in very early dementia with Lewy
bodies, comparison with Parkinson’s disease. Parkinsonism Relat. Disord. 19,
47–52. doi: 10.1016/j.parkreldis.2012.07.002

Ikawa, M., Okazawa, H., Kudo, T., Kuriyama, M., Fujibayashi, Y., and Yoneda, M.
(2011). Evaluation of striatal oxidative stress in patients with Parkinson’s
disease using [62Cu]ATSM PET. Nucl. Med. Biol. 38, 945–951. doi: 10.1016/j.
nucmedbio.2011.02.016

Im, H. J., Hahm, J., Kang, H., Choi, H., Lee, H., Hwang do, W., et al. (2016).
Disrupted brain metabolic connectivity in a 6-OHDA-induced mouse model
of Parkinson’s disease examined using persistent homology-based analysis. Sci.
Rep. 6:33875. doi: 10.1038/srep33875

Imamura, K., Hishikawa, N., Sawada, M., Nagatsu, T., Yoshida, M., and
Hashizume, Y. (2003). Distribution of major histocompatibility complex
class II-positive microglia and cytokine profile of Parkinson’s disease
brains. Acta Neuropathol. 106, 518–526. doi: 10.1007/s00401-003-
0766-2

Infante-Duarte, C., Waiczies, S., Wuerfel, J., and Zipp, F. (2008). New
developments in understanding and treating neuroinflammation. J. Mol. Med.
86, 975–985. doi: 10.1007/s00109-007-0292-0

Frontiers in Aging Neuroscience | www.frontiersin.org 12 June 2020 | Volume 12 | Article 152

https://doi.org/10.3389/fncel.2018.00247
https://doi.org/10.1126/science.3099392
https://doi.org/10.1002/ana.410400609
https://doi.org/10.1002/ana.410400609
https://doi.org/10.1212/WNL.0b013e3181d5a4a3
https://doi.org/10.1590/s0004-282x2010000300001
https://doi.org/10.1590/s0004-282x2010000300001
https://doi.org/10.1371/journal.pone.0072046
https://doi.org/10.1523/jneurosci.23-15-06181.2003
https://doi.org/10.1227/01.neu.0000194845.19462.7b
https://doi.org/10.1186/s13024-019-0335-3
https://doi.org/10.1186/s13024-019-0335-3
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.3389/fneur.2018.00455
https://doi.org/10.1523/jneurosci.2070-18.2019
https://doi.org/10.1038/nn.4222
https://doi.org/10.1007/s00234-010-0677-6
https://doi.org/10.1007/s00234-010-0677-6
https://doi.org/10.1093/brain/aws281
https://doi.org/10.1002/mds.20378
https://doi.org/10.1038/ng.642
https://doi.org/10.1001/archneur.64.4.576
https://doi.org/10.1007/s10048-008-0137-1
https://doi.org/10.1034/j.1600-0404.2000.101003159.x
https://doi.org/10.1016/j.cpet.2010.02.001
https://doi.org/10.3233/JPD-181482
https://doi.org/10.3233/JPD-181482
https://doi.org/10.1006/nbdi.2000.0289
https://doi.org/10.1016/s1474-4422(09)70062-6
https://doi.org/10.1016/s1474-4422(09)70062-6
https://doi.org/10.5607/en.2018.27.3.171
https://doi.org/10.5607/en.2018.27.3.171
https://doi.org/10.1371/journal.pone.0147947
https://doi.org/10.1001/jamaneurol.2014.290
https://doi.org/10.1001/jamaneurol.2014.290
https://doi.org/10.1084/jem.20112285
https://doi.org/10.1084/jem.20112285
https://doi.org/10.1002/ana.10481
https://doi.org/10.1002/ana.10481
https://doi.org/10.1016/s0014-4886(03)00273-5
https://doi.org/10.1016/s0014-4886(03)00273-5
https://doi.org/10.1007/s13311-016-0504-9
https://doi.org/10.1007/s13311-016-0504-9
https://doi.org/10.1016/j.parkreldis.2012.07.002
https://doi.org/10.1016/j.nucmedbio.2011.02.016
https://doi.org/10.1016/j.nucmedbio.2011.02.016
https://doi.org/10.1038/srep33875
https://doi.org/10.1007/s00401-003-0766-2
https://doi.org/10.1007/s00401-003-0766-2
https://doi.org/10.1007/s00109-007-0292-0
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

Iwai, A., Masliah, E., Yoshimoto, M., Ge, N., Flanagan, L., de Silva, H. A., et al.
(1995). The precursor protein of non-A β component of Alzheimer’s disease
amyloid is a presynaptic protein of the central nervous system. Neuron 14,
467–475. doi: 10.1016/0896-6273(95)90302-x

Iwaki, H., Blauwendraat, C., Leonard, H. L., Kim, J. J., Liu, G., Maple-Grodem, J.,
et al. (2019). Genomewide association study of Parkinson’s disease clinical
biomarkers in 12 longitudinal patients’ cohorts. Mov. Disord. 34, 1839–1850.
doi: 10.1002/mds.27845

Jackson-Lewis, V., and Przedborski, S. (2007). Protocol for the MPTP mouse
model of Parkinson’s disease. Nat. Protoc. 2, 141–151. doi: 10.1038/nprot.
2006.342

Janda, E., Boi, L., and Carta, A. R. (2018). Microglial phagocytosis and its
regulation: a therapeutic target in Parkinson’s disease? Front. Mol. Neurosci.
11:144. doi: 10.3389/fnmol.2018.00144

Jellinger, K., Paulus,W., Grundke-Iqbal, I., Riederer, P., and Youdim,M. B. (1990).
Brain iron and ferritin in Parkinson’s and Alzheimer’s diseases. J. Neural
Transm. Park. Dis. Dement. Sect. 2, 327–340. doi: 10.1007/BF02252926

Joers, V., Tansey, M. G., Mulas, G., and Carta, A. R. (2017). Microglial phenotypes
in Parkinson’s disease and animal models of the disease. Prog. Neurobiol. 155,
57–75. doi: 10.1016/j.pneurobio.2016.04.006

Johnson, M. E., Stecher, B., Labrie, V., Brundin, L., and Brundin, P.
(2019). Triggers, facilitators, and aggravators: redefining Parkinson’s disease
pathogenesis. Trends Neurosci. 42, 4–13. doi: 10.1016/j.tins.2018.09.007

Jucaite, A., Svenningsson, P., Rinne, J. O., Cselenyi, Z., Varnas, K., Johnstrom, P.,
et al. (2015). Effect of the myeloperoxidase inhibitor AZD3241 on
microglia: a PET study in Parkinson’s disease. Brain 138, 2687–2700.
doi: 10.1093/brain/awv184

Kanazawa, M., Ohba, H., Nishiyama, S., Kakiuchi, T., and Tsukada, H. (2017).
Effect of MPTP on serotonergic neuronal systems and mitochondrial complex
I activity in the living brain: a PET study on conscious rhesus monkeys. J. Nucl.
Med. 58, 1111–1116. doi: 10.2967/jnumed.116.189159

Kazami, S., Nishiyama, S., Kimura, Y., Itoh, H., and Tsukada, H. (2019). BCPP
compounds, PET probes for early therapeutic evaluations, specifically bind to
mitochondrial complex I.Mitochondrion 46, 97–102. doi: 10.1016/j.mito.2018.
03.001

Keller, M. F., Saad, M., Bras, J., Bettella, F., Nicolaou, N., Simon-Sanchez, J.,
et al. (2012). Using genome-wide complex trait analysis to quantify ’missing
heritability’ in Parkinson’s disease. Hum. Mol. Genet. 21, 4996–5009.
doi: 10.1093/hmg/dds335

Kim, C., Ho, D. H., Suk, J. E., You, S., Michael, S., Kang, J., et al. (2013). Neuron-
released oligomeric α-synuclein is an endogenous agonist of TLR2 for paracrine
activation of microglia. Nat. Commun. 4:1562. doi: 10.1038/ncomms2534

Klein, R. L., King, M. A., Hamby, M. E., and Meyer, E. M. (2002). Dopaminergic
cell loss induced by human A30P α-synuclein gene transfer to the rat substantia
nigra. Hum. Gene Ther. 13, 605–612. doi: 10.1089/10430340252837206

Knudsen, K., and Borghammer, P. (2018). Imaging the autonomic nervous system
in Parkinson’s disease. Curr. Neurol. Neurosci. Rep. 18:79. doi: 10.1007/s11910-
018-0889-4

Koprich, J. B., Reske-Nielsen, C., Mithal, P., and Isacson, O. (2008).
Neuroinflammation mediated by IL-1β increases susceptibility of dopamine
neurons to degeneration in an animal model of Parkinson’s disease.
J. Neuroinflammation 5:8. doi: 10.1186/1742-2094-5-8

Kosta, P., Argyropoulou, M. I., Markoula, S., and Konitsiotis, S. (2006). MRI
evaluation of the basal ganglia size and iron content in patients with Parkinson’s
disease. J. Neurol. 253, 26–32. doi: 10.1007/s00415-005-0914-9

Krashia, P., Cordella, A., Nobili, A., La Barbera, L., Federici, M., Leuti, A.,
et al. (2019). Blunting neuroinflammation with resolvin D1 prevents early
pathology in a rat model of Parkinson’s disease. Nat. Commun. 10:3945.
doi: 10.1038/s41467-019-11928-w

Krüger, R., Hardt, C., Tschentscher, F., Jackel, S., Kuhn, W., Muller, T., et al.
(2000). Genetic analysis of immunomodulating factors in sporadic Parkinson’s
disease. J. Neural Transm. 107, 553–562. doi: 10.1007/s007020070078

Leaver, K. R., Reynolds, A., Bodard, S., Guilloteau, D., Chalon, S., and Kassiou, M.
(2012). Effects of translocator protein (18 kDa) ligands on microglial activation
and neuronal death in the quinolinic-acid-injected rat striatum. ACS Chem.
Neurosci. 3, 114–119. doi: 10.1021/cn200099e

Lecours, C., Bordeleau, M., Cantin, L., Parent, M., Paolo, T. D., and
Tremblay, M. E. (2018). Microglial implication in Parkinson’s disease: loss of

beneficial physiological roles or gain of inflammatory functions? Front. Cell.
Neurosci. 12:282. doi: 10.3389/fncel.2018.00282

Li, Y., Liu, W., Oo, T. F., Wang, L., Tang, Y., Jackson-Lewis, V., et al. (2009).
Mutant LRRK2(R1441G) BAC transgenic mice recapitulate cardinal features
of Parkinson’s disease. Nat. Neurosci. 12, 826–828. doi: 10.1038/nn.2349

Liu, Z. Y., Liu, F. T., Zuo, C. T., Koprich, J. B., and Wang, J. (2018). Update
on molecular imaging in Parkinson’s disease. Neurosci. Bull. 34, 330–340.
doi: 10.1007/s12264-017-0202-6

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q., et al.
(2012). Pathological α-synuclein transmission initiates Parkinson-like
neurodegeneration in nontransgenic mice. Science 338, 949–953.
doi: 10.1126/science.1227157

Ma, B., Xu, L., Pan, X., Sun, L., Ding, J., Xie, C., et al. (2016). LRRK2 modulates
microglial activity through regulation of chemokine (C-X3-C) receptor
1-mediated signalling pathways. Hum. Mol. Genet. 25, 3515–3523.
doi: 10.1093/hmg/ddw194

Marcone, A., Garibotto, V., Moresco, R.M., Florea, I., Panzacchi, A., Carpinelli, A.,
et al. (2012). [11C]-MP4A PET cholinergic measurements in amnestic mild
cognitive impairment, probable Alzheimer’s disease and dementia with Lewy
bodies: a Bayesian method and voxel-based analysis. J. Alzheimers Dis. 31,
387–399. doi: 10.3233/jad-2012-111748

Marras, C., Canning, C. G., and Goldman, S. M. (2019). Environment, lifestyle
and Parkinson’s disease: implications for prevention in the next decade. Mov.
Disord. 34, 801–811. doi: 10.1002/mds.27720

Martinez, F. O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 6:13. doi: 10.12703/p6-13

Mastroeni, D., Nolz, J., Sekar, S., Delvaux, E., Serrano, G., Cuyugan, L., et al.
(2018). Laser-captured microglia in the Alzheimer’s and Parkinson’s brain
reveal unique regional expression profiles and suggest a potential role for
hepatitis B in the Alzheimer’s brain. Neurobiol. Aging 63, 12–21. doi: 10.1016/j.
neurobiolaging.2017.10.019

Mattila, K. M., Rinne, J. O., Lehtimaki, T., Roytta, M., Ahonen, J. P., and
Hurme, M. (2002). Association of an interleukin 1B gene polymorphism
(-511) with Parkinson’s disease in Finnish patients. J. Med. Genet. 39, 400–402.
doi: 10.1136/jmg.39.6.400

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive
microglia are positive for HLA-DR in the substantia nigra of Parkinson’s
and Alzheimer’s disease brains. Neurology 38, 1285–1291. doi: 10.1212/wnl.
38.8.1285

McGeer, P. L., and McGeer, E. G. (2002). Inflammatory processes in
amyotrophic lateral sclerosis. Muscle Nerve 26, 459–470. doi: 10.1002/mus.
10191

Meles, S. K., Teune, L. K., de Jong, B. M., Dierckx, R. A., and Leenders, K. L.
(2017). Metabolic imaging in Parkinson disease. J. Nucl. Med. 58, 23–28.
doi: 10.2967/jnumed.116.183152

Moehle, M. S., Webber, P. J., Tse, T., Sukar, N., Standaert, D. G., DeSilva, T. M.,
et al. (2012). LRRK2 inhibition attenuates microglial inflammatory responses.
J. Neurosci. 32, 1602–1611. doi: 10.1523/JNEUROSCI.5601-11.2012

Nagatsu, T., Mogi, M., Ichinose, H., and Togari, A. (2000). Cytokines in
Parkinson’s disease. J. Neural Transm. Suppl. 58, 143–151.

Nagatsu, T., and Sawada, M. (2005). Inflammatory process in Parkinson’s
disease: role for cytokines. Curr. Pharm. Des. 11, 999–1016.
doi: 10.2174/1381612053381620

Nalls, M. A., Blauwendraat, C., Vallerga, C. L., Heilbron, K., Bandres-Ciga, S.,
Chang, D., et al. (2019). Identification of novel risk loci, causal insights
and heritable risk for Parkinson’s disease: a meta-analysis of genome-wide
association studies. Lancet Neurol. 18, 1091–1102. doi: 10.1016/S1474-
4422(19)30320-5

Nandhagopal, R., Mak, E., Schulzer, M., McKenzie, J., McCormick, S., Sossi, V.,
et al. (2008). Progression of dopaminergic dysfunction in a LRRK2 kindred:
a multitracer PET study. Neurology 71, 1790–1795. doi: 10.1212/01.wnl.
0000335973.66333.58

Nishimura, M., Mizuta, I., Mizuta, E., Yamasaki, S., Ohta, M., Kaji, R.,
et al. (2001). Tumor necrosis factor gene polymorphisms in patients with
sporadic Parkinson’s disease. Neurosci. Lett. 311, 1–4. doi: 10.1016/s0304-
3940(01)02111-5

Nishimura, M., Mizuta, I., Mizuta, E., Yamasaki, S., Ohta, M., and Kuno, S.
(2000). Influence of interleukin-1β gene polymorphisms on age-at-onset of

Frontiers in Aging Neuroscience | www.frontiersin.org 13 June 2020 | Volume 12 | Article 152

https://doi.org/10.1016/0896-6273(95)90302-x
https://doi.org/10.1002/mds.27845
https://doi.org/10.1038/nprot.2006.342
https://doi.org/10.1038/nprot.2006.342
https://doi.org/10.3389/fnmol.2018.00144
https://doi.org/10.1007/BF02252926
https://doi.org/10.1016/j.pneurobio.2016.04.006
https://doi.org/10.1016/j.tins.2018.09.007
https://doi.org/10.1093/brain/awv184
https://doi.org/10.2967/jnumed.116.189159
https://doi.org/10.1016/j.mito.2018.03.001
https://doi.org/10.1016/j.mito.2018.03.001
https://doi.org/10.1093/hmg/dds335
https://doi.org/10.1038/ncomms2534
https://doi.org/10.1089/10430340252837206
https://doi.org/10.1007/s11910-018-0889-4
https://doi.org/10.1007/s11910-018-0889-4
https://doi.org/10.1186/1742-2094-5-8
https://doi.org/10.1007/s00415-005-0914-9
https://doi.org/10.1038/s41467-019-11928-w
https://doi.org/10.1007/s007020070078
https://doi.org/10.1021/cn200099e
https://doi.org/10.3389/fncel.2018.00282
https://doi.org/10.1038/nn.2349
https://doi.org/10.1007/s12264-017-0202-6
https://doi.org/10.1126/science.1227157
https://doi.org/10.1093/hmg/ddw194
https://doi.org/10.3233/jad-2012-111748
https://doi.org/10.1002/mds.27720
https://doi.org/10.12703/p6-13
https://doi.org/10.1016/j.neurobiolaging.2017.10.019
https://doi.org/10.1016/j.neurobiolaging.2017.10.019
https://doi.org/10.1136/jmg.39.6.400
https://doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1002/mus.10191
https://doi.org/10.1002/mus.10191
https://doi.org/10.2967/jnumed.116.183152
https://doi.org/10.1523/JNEUROSCI.5601-11.2012
https://doi.org/10.2174/1381612053381620
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1212/01.wnl.0000335973.66333.58
https://doi.org/10.1212/01.wnl.0000335973.66333.58
https://doi.org/10.1016/s0304-3940(01)02111-5
https://doi.org/10.1016/s0304-3940(01)02111-5
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

sporadic Parkinson’s disease. Neurosci. Lett. 284, 73–76. doi: 10.1016/s0304-
3940(00)00991-5

Nissen, S. K., Shrivastava, K., Schulte, C., Otzen, D. E., Goldeck, D., Berg, D., et al.
(2019). Alterations in blood monocyte functions in Parkinson’s disease. Mov.
Disord. 34, 1711–1721. doi: 10.1002/mds.27815

Olmos, G., Alemany, R., Escriba, P. V., and Garcia-Sevilla, J. A. (1994). The
effects of chronic imidazoline drug treatment on glial fibrillary acidic protein
concentrations in rat brain. Br. J. Pharmacol. 111, 997–1002. doi: 10.1111/j.
1476-5381.1994.tb14842.x

Ostrerova-Golts, N., Petrucelli, L., Hardy, J., Lee, J. M., Farer, M., and Wolozin, B.
(2000). The A53T α-synuclein mutation increases iron-dependent aggregation
and toxicity. J. Neurosci. 20, 6048–6054. doi: 10.1523/jneurosci.20-16-060
48.2000

Ouchi, Y., Yoshikawa, E., Sekine, Y., Futatsubashi, M., Kanno, T., Ogusu, T., et al.
(2005). Microglial activation and dopamine terminal loss in early Parkinson’s
disease. Ann. Neurol. 57, 168–175. doi: 10.1002/ana.20338

Owen, D. R., Gunn, R. N., Rabiner, E. A., Bennacef, I., Fujita, M., Kreisl, W. C.,
et al. (2011). Mixed-affinity binding in humans with 18-kDa translocator
protein ligands. J. Nucl. Med. 52, 24–32. doi: 10.2967/jnumed.110.079459

Owen, D. R., Narayan, N., Wells, L., Healy, L., Smyth, E., Rabiner, E. A., et al.
(2017). Pro-inflammatory activation of primary microglia and macrophages
increases 18 kDa translocator protein expression in rodents but not
humans. J. Cereb. Blood Flow Metab. 37, 2679–2690. doi: 10.1177/0271678x17
710182

Pannell, M., Economopoulos, V., Wilson, T. C., Kersemans, V., Isenegger, P. G.,
Larkin, J. R., et al. (2020). Imaging of translocator protein upregulation is
selective for pro-inflammatory polarized astrocytes and microglia. Glia 68,
280–297. doi: 10.1002/glia.23716

Panzacchi, A., Moresco, R. M., Garibotto, V., Antonini, A., Gobbo, C., Isaias, I. U.,
et al. (2008). A voxel-based PET study of dopamine transporters in Parkinson’s
disease: relevance of age at onset. Neurobiol. Dis. 31, 102–109. doi: 10.1016/j.
nbd.2008.03.012

Pierce, S., and Coetzee, G. A. (2017). Parkinson’s disease-associated genetic
variation is linked to quantitative expression of inflammatory genes. PLoS One
12:e0175882. doi: 10.1371/journal.pone.0175882

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P.,
Volkmann, J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013.
doi: 10.1038/nrdp.2017.13

Politis, M., Su, P., and Piccini, P. (2012). Imaging of microglia in patients with
neurodegenerative disorders. Front. Pharmacol. 3:96. doi: 10.3389/fphar.2012.
00096

Politis, M., Wu, K., Loane, C., Kiferle, L., Molloy, S., Brooks, D. J., et al.
(2010). Staging of serotonergic dysfunction in Parkinson’s disease: an in vivo
11C-DASB PET study. Neurobiol. Dis. 40, 216–221. doi: 10.1016/j.nbd.2010.
05.028

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
et al. (1997). Mutation in the α-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045–2047. doi: 10.1126/science.276.53
21.2045

Pott Godoy, M. C., Tarelli, R., Ferrari, C. C., Sarchi, M. I., and Pitossi, F. J.
(2008). Central and systemic IL-1 exacerbates neurodegeneration and motor
symptoms in a model of Parkinson’s disease. Brain 131, 1880–1894.
doi: 10.1093/brain/awn101

Pringsheim, T., Jette, N., Frolkis, A., and Steeves, T. D. (2014). The prevalence of
Parkinson’s disease: a systematic review and meta-analysis. Mov. Disord. 29,
1583–1590. doi: 10.1002/mds.25945

Przedborski, S., Chen, Q., Vila, M., Giasson, B. I., Djaldatti, R., Vukosavic, S.,
et al. (2001). Oxidative post-translational modifications of α-synuclein in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of
Parkinson’s disease. J. Neurochem. 76, 637–640. doi: 10.1046/j.1471-4159.2001.
00174.x

Przedborski, S., Levivier, M., Jiang, H., Ferreira, M., Jackson-Lewis, V.,
Donaldson, D., et al. (1995). Dose-dependent lesions of the dopaminergic
nigrostriatal pathway induced by intrastriatal injection of 6-
hydroxydopamine. Neuroscience 67, 631–647. doi: 10.1016/0306-4522(95)
00066-r

Purisai, M. G., McCormack, A. L., Cumine, S., Li, J., Isla, M. Z., and Di
Monte, D. A. (2007). Microglial activation as a priming event leading to

paraquat-induced dopaminergic cell degeneration.Neurobiol. Dis. 25, 392–400.
doi: 10.1016/j.nbd.2006.10.008

Puspita, L., Chung, S. Y., and Shim, J. W. (2017). Oxidative stress and cellular
pathologies in Parkinson’s disease.Mol. Brain 10:53. doi: 10.1186/s13041-017-
0340-9

Reed, X., Bandres-Ciga, S., Blauwendraat, C., and Cookson, M. R. (2019). The
role of monogenic genes in idiopathic Parkinson’s disease. Neurobiol. Dis. 124,
230–239. doi: 10.1016/j.nbd.2018.11.012

Rees, K., Stowe, R., Patel, S., Ives, N., Breen, K., Clarke, C. E., et al. (2011). Non-
steroidal anti-inflammatory drugs as disease-modifying agents for Parkinson’s
disease: evidence from observational studies. Cochrane Database Syst. Rev.
11:CD008454. doi: 10.1002/14651858.cd008454

Rodriguez-Vieitez, E., Saint-Aubert, L., Carter, S. F., Almkvist, O., Farid, K.,
Scholl, M., et al. (2016). Diverging longitudinal changes in astrocytosis and
amyloid PET in autosomal dominant Alzheimer’s disease. Brain 139, 922–936.
doi: 10.1093/brain/awv404

Russo, I., Kaganovich, A., Ding, J., Landeck, N., Mamais, A., Varanita, T.,
et al. (2019). Transcriptome analysis of LRRK2 knock-out microglia cells
reveals alterations of inflammatory- and oxidative stress-related pathways upon
treatment with α-synuclein fibrils. Neurobiol. Dis. 129, 67–78. doi: 10.1016/j.
nbd.2019.05.012

Sampson, T. R., Debelius, J. W., Thron, T., Janssen, S., Shastri, G. G., Ilhan, Z. E.,
et al. (2016). Gut microbiota regulate motor deficits and neuroinflammation in
a model of Parkinson’s disease. Cell 167, 1469e12–1480e12. doi: 10.1016/j.cell.
2016.11.018

Sanchez-Guajardo, V., Barnum, C. J., Tansey, M. G., and Romero-Ramos, M.
(2013). Neuroimmunological processes in Parkinson’s disease and their
relation to α-synuclein: microglia as the referee between neuronal processes
and peripheral immunity. ASN Neuro 5, 113–139. doi: 10.1042/an20120066

Sánchez-Pernaute, R., Ferree, A., Cooper, O., Yu, M., Brownell, A. L.,
and Isacson, O. (2004). Selective COX-2 inhibition prevents progressive
dopamine neuron degeneration in a rat model of Parkinson’s disease.
J. Neuroinflammation 1:6. doi: 10.1186/1742-2094-1-6

Schapira, A. H., Cooper, J. M., Dexter, D., Jenner, P., Clark, J. B., and
Marsden, C. D. (1989). Mitochondrial complex I deficiency in Parkinson’s
disease. Lancet 1:1269. doi: 10.1016/s0140-6736(89)92366-0

Scheperjans, F., Aho, V., Pereira, P. A., Koskinen, K., Paulin, L.,
Pekkonen, E., et al. (2015). Gut microbiota are related to Parkinson’s
disease and clinical phenotype. Mov. Disord. 30, 350–358. doi: 10.1002/
mds.26069

Schirinzi, T., Madeo, G., Martella, G., Maltese, M., Picconi, B., Calabresi, P., et al.
(2016). Early synaptic dysfunction in Parkinson’s disease: insights from animal
models.Mov. Disord. 31, 802–813. doi: 10.1002/mds.26620

Schulte, T., Schöls, L., Müller, T., Woitalla, D., Berger, K., and Krüger, R.
(2002). Polymorphisms in the interleukin-1 α and β genes and the risk for
Parkinson’s disease. Neurosci. Lett. 326, 70–72. doi: 10.1016/s0304-3940(02)
00301-4

Seo, J., Lee, Y., Kim, B. S., Park, J., Yang, S., Yoon, H. J., et al. (2019). A non-human
primate model for stable chronic Parkinson’s disease induced by MPTP
administration based on individual behavioral quantification. J. Neurosci.
Methods 311, 277–287. doi: 10.1016/j.jneumeth.2018.10.037

Sherer, T. B., Betarbet, R., Testa, C. M., Seo, B. B., Richardson, J. R., Kim, J. H.,
et al. (2003). Mechanism of toxicity in rotenone models of Parkinson’s
disease. J. Neurosci. 23, 10756–10764. doi: 10.1523/JNEUROSCI.23-34-10
756.2003

Shivers, K. Y., Nikolopoulou, A., Machlovi, S. I., Vallabhajosula, S., and
Figueiredo-Pereira, M. E. (2014). PACAP27 prevents Parkinson-like neuronal
loss and motor deficits but not microglia activation induced by prostaglandin
J2. Biochim. Biophys. Acta 1842, 1707–1719. doi: 10.1016/j.bbadis.2014.06.020

Siemian, J. N., LaMacchia, Z. M., Spreuer, V., Tian, J., Ignatowski, T. A.,
Paez, P. M., et al. (2018). The imidazoline I2 receptor agonist 2-BFI
attenuates hypersensitivity and spinal neuroinflammation in a rat model of
neuropathic pain. Biochem. Pharmacol. 153, 260–268. doi: 10.1016/j.bcp.2018.
01.032

Sofic, E., Lange, K. W., Jellinger, K., and Riederer, P. (1992). Reduced and
oxidized glutathione in the substantia nigra of patients with Parkinson’s
disease. Neurosci. Lett. 142, 128–130. doi: 10.1016/0304-3940(92)
90355-b

Frontiers in Aging Neuroscience | www.frontiersin.org 14 June 2020 | Volume 12 | Article 152

https://doi.org/10.1016/s0304-3940(00)00991-5
https://doi.org/10.1016/s0304-3940(00)00991-5
https://doi.org/10.1002/mds.27815
https://doi.org/10.1111/j.1476-5381.1994.tb14842.x
https://doi.org/10.1111/j.1476-5381.1994.tb14842.x
https://doi.org/10.1523/jneurosci.20-16-06048.2000
https://doi.org/10.1523/jneurosci.20-16-06048.2000
https://doi.org/10.1002/ana.20338
https://doi.org/10.2967/jnumed.110.079459
https://doi.org/10.1177/0271678x17710182
https://doi.org/10.1177/0271678x17710182
https://doi.org/10.1002/glia.23716
https://doi.org/10.1016/j.nbd.2008.03.012
https://doi.org/10.1016/j.nbd.2008.03.012
https://doi.org/10.1371/journal.pone.0175882
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.3389/fphar.2012.00096
https://doi.org/10.3389/fphar.2012.00096
https://doi.org/10.1016/j.nbd.2010.05.028
https://doi.org/10.1016/j.nbd.2010.05.028
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1093/brain/awn101
https://doi.org/10.1002/mds.25945
https://doi.org/10.1046/j.1471-4159.2001.00174.x
https://doi.org/10.1046/j.1471-4159.2001.00174.x
https://doi.org/10.1016/0306-4522(95)00066-r
https://doi.org/10.1016/0306-4522(95)00066-r
https://doi.org/10.1016/j.nbd.2006.10.008
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1016/j.nbd.2018.11.012
https://doi.org/10.1002/14651858.cd008454
https://doi.org/10.1093/brain/awv404
https://doi.org/10.1016/j.nbd.2019.05.012
https://doi.org/10.1016/j.nbd.2019.05.012
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1042/an20120066
https://doi.org/10.1186/1742-2094-1-6
https://doi.org/10.1016/s0140-6736(89)92366-0
https://doi.org/10.1002/mds.26069
https://doi.org/10.1002/mds.26069
https://doi.org/10.1002/mds.26620
https://doi.org/10.1016/s0304-3940(02)00301-4
https://doi.org/10.1016/s0304-3940(02)00301-4
https://doi.org/10.1016/j.jneumeth.2018.10.037
https://doi.org/10.1523/JNEUROSCI.23-34-10756.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10756.2003
https://doi.org/10.1016/j.bbadis.2014.06.020
https://doi.org/10.1016/j.bcp.2018.01.032
https://doi.org/10.1016/j.bcp.2018.01.032
https://doi.org/10.1016/0304-3940(92)90355-b
https://doi.org/10.1016/0304-3940(92)90355-b
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

Song, L. K., Ma, K. L., Yuan, Y. H., Mu, Z., Song, X. Y., Niu, F., et al.
(2015). Targeted overexpression of α-synuclein by rAAV2/1 vectors induces
progressive nigrostriatal degeneration and increases vulnerability to MPTP in
mouse. PLoS One 10:e0131281. doi: 10.1371/journal.pone.0131281

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R.,
and Goedert, M. (1997). α-synuclein in Lewy bodies. Nature 388, 839–840.
doi: 10.1038/42166

Sreenivasan, K., Mishra, V., Bird, C., Zhuang, X., Yang, Z., Cordes, D., et al.
(2019). Altered functional network topology correlates with clinical measures
in very early-stage, drug-naive Parkinson’s disease. Parkinsonism Relat. Disord.
62, 3–9. doi: 10.1016/j.parkreldis.2019.02.001

Su, X., Maguire-Zeiss, K. A., Giuliano, R., Prifti, L., Venkatesh, K., and
Federoff, H. J. (2008). Synuclein activates microglia in a model of Parkinson’s
disease. Neurobiol. Aging 29, 1690–1701. doi: 10.1016/j.neurobiolaging.2007.
04.006

Subramaniam, S. R., and Federoff, H. J. (2017). Targeting microglial activation
states as a therapeutic avenue in Parkinson’s disease. Front. Aging Neurosci.
9:176. doi: 10.3389/fnagi.2017.00176

Sugama, S., Yang, L., Cho, B. P., DeGiorgio, L. A., Lorenzl, S., Albers, D. S.,
et al. (2003). Age-related microglial activation in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced dopaminergic neurodegeneration in
C57BL/6 mice. Brain Res. 964, 288–294. doi: 10.1016/s0006-8993(02)04085-4

Sulzer, D., Alcalay, R. N., Garretti, F., Cote, L., Kanter, E., Agin-Liebes, J., et al.
(2017). T cells from patients with Parkinson’s disease recognize α-synuclein
peptides. Nature 546, 656–661. doi: 10.1038/nature22815

Sulzer, D., and Edwards, R. H. (2019). The physiological role of α-synuclein
and its relationship to Parkinson’s Disease. J. Neurochem. 150, 475–486.
doi: 10.1111/jnc.14810

Tansey, M. G., McCoy, M. K., and Frank-Cannon, T. C. (2007).
Neuroinflammatory mechanisms in Parkinson’s disease: potential
environmental triggers, pathways and targets for early therapeutic intervention.
Exp. Neurol. 208, 1–25. doi: 10.1016/j.expneurol.2007.07.004

Teismann, P. (2012). COX-2 in the neurodegenerative process of Parkinson’s
disease. Biofactors 38, 395–397. doi: 10.1002/biof.1035

Teismann, P., Tieu, K., Choi, D. K., Wu, D. C., Naini, A., Hunot, S., et al. (2003).
Cyclooxygenase-2 is instrumental in Parkinson’s disease neurodegeneration.
Proc. Natl. Acad. Sci. U S A 100, 5473–5478. doi: 10.1073/pnas.08373
97100

Tentillier, N., Etzerodt, A., Olesen, M. N., Rizalar, F. S., Jacobsen, J., Bender, D.,
et al. (2016). Anti-inflammatory modulation of microglia via CD163-targeted
glucocorticoids protects dopaminergic neurons in the 6-OHDA Parkinson’s
disease model. J. Neurosci. 36, 9375–9390. doi: 10.1523/jneurosci.1636-
16.2016

Terada, T., Yokokura, M., Yoshikawa, E., Futatsubashi, M., Kono, S., Konishi, T.,
et al. (2016). Extrastriatal spreading of microglial activation in Parkinson’s
disease: a positron emission tomography study. Ann. Nucl. Med. 30, 579–587.
doi: 10.1007/s12149-016-1099-2

Theodore, S., Cao, S., McLean, P. J., and Standaert, D. G. (2008). Targeted
overexpression of human α-synuclein triggers microglial activation
and an adaptive immune response in a mouse model of Parkinson
disease. J. Neuropathol. Exp. Neurol. 67, 1149–1158. doi: 10.1097/nen.
0b013e31818e5e99

Ton, T. G., Heckbert, S. R., Longstreth, W. T. Jr., Rossing, M. A., Kukull, W. A.,
Franklin, G. M., et al. (2006). Nonsteroidal anti-inflammatory drugs and
risk of Parkinson’s disease. Mov. Disord. 21, 964–969. doi: 10.1002/mds.
20856

Trudler, D., Weinreb, O., Mandel, S. A., Youdim, M. B., and Frenkel, D.
(2014). DJ-1 deficiency triggers microglia sensitivity to dopamine toward a
pro-inflammatory phenotype that is attenuated by rasagiline. J. Neurochem.
129, 434–447. doi: 10.1111/jnc.12633

Tsukada, H., Kanazawa, M., Ohba, H., Nishiyama, S., Harada, N., and
Kakiuchi, T. (2016). PET imaging of mitochondrial complex I with 18F-
BCPP-EF in the brains of MPTP-treated monkeys. J. Nucl. Med. 57, 950–953.
doi: 10.2967/jnumed.115.169615

Tsukada, H., Nishiyama, S., Fukumoto, D., Kanazawa, M., and Harada, N.
(2014). Novel PET probes 18F-BCPP-EF and 18F-BCPP-BF for mitochondrial
complex I: a PET study in comparison with 18F-BMS-747158–02 in rat brain.
J. Nucl. Med. 55, 473–480. doi: 10.2967/jnumed.113.125328

Tyacke, R. J., Fisher, A., Robinson, E. S., Grundt, P., Turner, E. M.,
Husbands, S. M., et al. (2012). Evaluation and initial in vitro and ex
vivo characterization of the potential positron emission tomography ligand,
BU99008 (2–(4,5-dihydro-1H-imidazol-2-yl)-1- methyl-1H-indole). for the
imidazoline2 binding site. Synapse 66, 542–551. doi: 10.1002/syn.21541

Tyacke, R. J., Myers, J. F. M., Venkataraman, A., Mick, I., Turton, S.,
Passchier, J., et al. (2018). Evaluation of 11C-BU99008, a PET Ligand for
the Imidazoline2 binding site in human brain. J. Nucl. Med. 59, 1597–1602.
doi: 10.2967/jnumed.118.208009

Van Den Eeden, S. K., Tanner, C. M., Bernstein, A. L., Fross, R. D.,
Leimpeter, A., Bloch, D. A., et al. (2003). Incidence of Parkinson’s disease:
variation by age, gender and race/ethnicity. Am. J. Epidemiol. 157, 1015–1022.
doi: 10.1093/aje/kwg068

Varnas, K., Cselenyi, Z., Jucaite, A., Halldin, C., Svenningsson, P., Farde, L., et al.
(2019). PET imaging of [11C]PBR28 in Parkinson’s disease patients does not
indicate increased binding to TSPO despite reduced dopamine transporter
binding. Eur. J. Nucl. Med. Mol. Imaging 46, 367–375. doi: 10.1007/s00259-018-
4161-6

Venneti, S., Lopresti, B. J., Wang, G., Slagel, S. L., Mason, N. S., Mathis, C. A., et al.
(2007). A comparison of the high-affinity peripheral benzodiazepine receptor
ligands DAA1106 and (R)-PK11195 in rat models of neuroinflammation:
implications for PET imaging of microglial activation. J. Neurochem. 102,
2118–2131. doi: 10.1111/j.1471-4159.2007.04690.x

Vroon, A., Drukarch, B., Bol, J. G., Cras, P., Brevé, J. J., Allan, S. M., et al. (2007).
Neuroinflammation in Parkinson’s patients and MPTP-treated mice is not
restricted to the nigrostriatal system: microgliosis and differential expression
of interleukin-1 receptors in the olfactory bulb. Exp. Gerontol. 42, 762–771.
doi: 10.1016/j.exger.2007.04.010

Wahner, A. D., Bronstein, J. M., Bordelon, Y. M., and Ritz, B. (2007). Nonsteroidal
anti-inflammatory drugs may protect against Parkinson disease. Neurology 69,
1836–1842. doi: 10.1212/01.wnl.0000279519.99344.ad

Walker, D. G., and Lue, L. F. (2015). Immune phenotypes of microglia in human
neurodegenerative disease: challenges to detecting microglial polarization
in human brains. Alzheimers Res. Ther. 7:56. doi: 10.1186/s13195-015-
0139-9

Walker, M. D., Volta, M., Cataldi, S., Dinelle, K., Beccano-Kelly, D., Munsie, L.,
et al. (2014). Behavioral deficits and striatal DA signaling in LRRK2 p.G2019S
transgenic rats: a multimodal investigation including PET neuroimaging.
J. Parkinsons Dis. 4, 483–498. doi: 10.3233/jpd-140344

Wang, J., Song, N., Jiang, H., Wang, J., and Xie, J. (2013). Pro-inflammatory
cytokines modulate iron regulatory protein 1 expression and iron
transportation through reactive oxygen/nitrogen species production in
ventral mesencephalic neurons. Biochim. Biophys. Acta 1832, 618–625.
doi: 10.1016/j.bbadis.2013.01.021

Wang, R., Xu, B., Guo, Z., Chen, T., Zhang, J., Chen, Y., et al. (2017). Suite PET/CT
neuroimaging for the diagnosis of Parkinson’s disease: statistical parametric
mapping analysis. Nucl. Med. Commun. 38, 164–169. doi: 10.1097/mnm.
0000000000000622

Wang, L. X., Zhang, S. X., Wu, H. J., Rong, X. L., and Guo, J. (2019). M2b
macrophage polarization and its roles in diseases. J. Leukoc. Biol. 106, 345–358.
doi: 10.1002/jlb.3ru1018-378rr

Watson, M. B., Richter, F., Lee, S. K., Gabby, L., Wu, J., Masliah, E., et al. (2012).
Regionally-specific microglial activation in youngmice over-expressing human
wildtype α-synuclein. Exp. Neurol. 237, 318–334. doi: 10.1016/j.expneurol.
2012.06.025

Weingarten, C. P., Sundman, M. H., Hickey, P., and Chen, N. K. (2015).
Neuroimaging of Parkinson’s disease: expanding views. Neurosci. Biobehav.
Rev. 59, 16–52. doi: 10.1016/j.neubiorev.2015.09.007

Wu, C. Y., Chen, Y. Y., Lin, J. J., Li, J. P., Chen, J. K., Hsieh, T. C., et al.
(2019). Development of a novel radioligand for imaging 18-kD translocator
protein (TSPO) in a rat model of Parkinson’s disease. BMCMed. Imaging 19:78.
doi: 10.1186/s12880-019-0375-8

Wu, D. C., Jackson-Lewis, V., Vila, M., Tieu, K., Teismann, P., Vadseth, C.,
et al. (2002). Blockade of microglial activation is neuroprotective in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson
disease. J. Neurosci. 22, 1763–1771. doi: 10.1523/jneurosci.22-05-01763.2002

Yoon, R. G., Kim, S. J., Kim, H. S., Choi, C. G., Kim, J. S., Oh, J., et al.
(2015). The utility of susceptibility-weighted imaging for differentiating

Frontiers in Aging Neuroscience | www.frontiersin.org 15 June 2020 | Volume 12 | Article 152

https://doi.org/10.1371/journal.pone.0131281
https://doi.org/10.1038/42166
https://doi.org/10.1016/j.parkreldis.2019.02.001
https://doi.org/10.1016/j.neurobiolaging.2007.04.006
https://doi.org/10.1016/j.neurobiolaging.2007.04.006
https://doi.org/10.3389/fnagi.2017.00176
https://doi.org/10.1016/s0006-8993(02)04085-4
https://doi.org/10.1038/nature22815
https://doi.org/10.1111/jnc.14810
https://doi.org/10.1016/j.expneurol.2007.07.004
https://doi.org/10.1002/biof.1035
https://doi.org/10.1073/pnas.0837397100
https://doi.org/10.1073/pnas.0837397100
https://doi.org/10.1523/jneurosci.1636-16.2016
https://doi.org/10.1523/jneurosci.1636-16.2016
https://doi.org/10.1007/s12149-016-1099-2
https://doi.org/10.1097/nen.0b013e31818e5e99
https://doi.org/10.1097/nen.0b013e31818e5e99
https://doi.org/10.1002/mds.20856
https://doi.org/10.1002/mds.20856
https://doi.org/10.1111/jnc.12633
https://doi.org/10.2967/jnumed.115.169615
https://doi.org/10.2967/jnumed.113.125328
https://doi.org/10.1002/syn.21541
https://doi.org/10.2967/jnumed.118.208009
https://doi.org/10.1093/aje/kwg068
https://doi.org/10.1007/s00259-018-4161-6
https://doi.org/10.1007/s00259-018-4161-6
https://doi.org/10.1111/j.1471-4159.2007.04690.x
https://doi.org/10.1016/j.exger.2007.04.010
https://doi.org/10.1212/01.wnl.0000279519.99344.ad
https://doi.org/10.1186/s13195-015-0139-9
https://doi.org/10.1186/s13195-015-0139-9
https://doi.org/10.3233/jpd-140344
https://doi.org/10.1016/j.bbadis.2013.01.021
https://doi.org/10.1097/mnm.0000000000000622
https://doi.org/10.1097/mnm.0000000000000622
https://doi.org/10.1002/jlb.3ru1018-378rr
https://doi.org/10.1016/j.expneurol.2012.06.025
https://doi.org/10.1016/j.expneurol.2012.06.025
https://doi.org/10.1016/j.neubiorev.2015.09.007
https://doi.org/10.1186/s12880-019-0375-8
https://doi.org/10.1523/jneurosci.22-05-01763.2002
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Belloli et al. Neuroinflammation in PD

Parkinsonism-predominant multiple system atrophy from Parkinson’s
disease: correlation with 18F-flurodeoxyglucose positron-emission
tomography. Neurosci. Lett. 584, 296–301. doi: 10.1016/j.neulet.2014.
10.046

You, L. H., Li, F., Wang, L., Zhao, S. E., Wang, S. M., Zhang, L. L., et al. (2015).
Brain iron accumulation exacerbates the pathogenesis of MPTP-induced
Parkinson’s disease. Neuroscience 284, 234–246. doi: 10.1016/j.neuroscience.
2014.09.071

Zhang, Y., Feng, S., Nie, K., Li, Y., Gao, Y., Gan, R., et al. (2018). TREM2modulates
microglia phenotypes in the neuroinflammation of Parkinson’s disease.
Biochem. Biophys. Res. Commun. 499, 797–802. doi: 10.1016/j.bbrc.2018.
03.226

Zhang, W., Wang, T., Pei, Z., Miller, D. S., Wu, X., Block, M. L., et al.
(2005). Aggregated α-synuclein activates microglia: a process leading to disease
progression in Parkinson’s disease. FASEB J. 19, 533–542. doi: 10.1096/fj.04-
2751com

Zhang, W., Yan, Z. F., Gao, J. H., Sun, L., Huang, X. Y., Liu, Z., et al. (2014).
Role and mechanism of microglial activation in iron-induced selective and
progressive dopaminergic neurodegeneration. Mol. Neurobiol. 49, 1153–1165.
doi: 10.1007/s12035-013-8586-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Belloli, Morari, Murtaj, Valtorta, Moresco and Gilardi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 June 2020 | Volume 12 | Article 152

https://doi.org/10.1016/j.neulet.2014.10.046
https://doi.org/10.1016/j.neulet.2014.10.046
https://doi.org/10.1016/j.neuroscience.2014.09.071
https://doi.org/10.1016/j.neuroscience.2014.09.071
https://doi.org/10.1016/j.bbrc.2018.03.226
https://doi.org/10.1016/j.bbrc.2018.03.226
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1007/s12035-013-8586-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Translation Imaging in Parkinson's Disease: Focus on Neuroinflammation
	INTRODUCTION: PARKINSON'S DISEASE PATHOLOGY
	INFLAMMATION IN PARKINSON'S DISEASE
	IMAGING OF PARKINSON'S DISEASE
	PET IMAGING OF NEUROINFLAMMATION
	PET Imaging of Neuroinflammation in Animal Models

	PET IMAGING OF MITOCHONDRIA
	PET IMAGING OF OTHER NEURONAL TARGETS
	MAGNETIC RESONANCE IMAGING
	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


