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Abstract: Parkinson’s disease (PD) is a chronic, age-related, progressive multisystem disease associ-
ated with neuroinflammation and immune dysfunction. This review discusses the methodological
approaches used to study the changes in central and peripheral immunity in PD, the advantages and
limitations of the techniques, and their applicability to humans. Although a single animal model
cannot replicate all pathological features of the human disease, neuroinflammation is present in
most animal models of PD and plays a critical role in understanding the involvement of the immune
system (IS) in the pathogenesis of PD. The IS and its interactions with different cell types in the
central nervous system (CNS) play an important role in the pathogenesis of PD. Even though culture
models do not fully reflect the complexity of disease progression, they are limited in their ability to
mimic long-term effects and need validation through in vivo studies. They are an indispensable tool
for understanding the interplay between the IS and the pathogenesis of this disease. Understanding
the immune-mediated mechanisms may lead to potential therapeutic targets for the treatment of PD.
We believe that the development of methodological guidelines for experiments with animal models
and PD patients is crucial to ensure the validity and consistency of the results.

Keywords: Parkinson’s disease; immune systems; neuroinflammation; neurodegeneration; peripheral
immune cells; animal models; cellular models
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1. Introduction

Parkinson’s disease (PD) is the second most common and fastest growing neurode-
generative disease of the elderly, with a prevalence of 1–3% of people over 65 years of age,
already affecting more than 6.2 million people worldwide and expected to increase to more
than 12 million by 2040 [1–3].

PD is a chronic, heterogeneous, and progressive neurodegenerative disease pathologi-
cally characterized by intracellular aggregates of α-synuclein (α-syn) in Lewy bodies (LBs)
and neurites and loss of dopaminergic (DA) neurons in the substantia nigra (SN), which is
responsible for the onset of motor symptoms [4,5].

Moreover, PD is a multisystem disease in which α-syn pathology and neuronal degen-
eration also occur in non-dopaminergic pathways in the central nervous system (CNS) and
peripheral nervous system (PNS), which may precede degeneration in SN and is associated
with a variety of non-motor symptoms, such as hyposmia, constipation, fatigue, depression,
and sleep disorders [4]. Motor impairment, as one of the main pathological features of PD
indicating the onset of clinical PD and encompassing a spectrum of movement and postural
abnormalities (bradykinesia, rigidity, resting tremor, and postural and gait problems),
is primarily associated with a progressive loss of DA neurons of the SN pars compacta
(SNpc) and the consequent reduction in striatal DA levels [6]. This occurs relatively late,
when DA neurodegeneration is around 60–80%, limiting the possibility of effective medical
treatment [6]. However, PD pathology goes beyond DA pathway loss and also involves the
serotonergic, noradrenergic, cholinergic, GABAergic, and glutamatergic systems, which
are associated with the non-motor symptoms of PD that can precede motor symptoms by
years or even decades, which provides a unique opportunity to investigate the progression
of PD, identify potential prodromal markers, perform presymptomatic investigations, and
potentially intervene therapeutically at an early stage [7].

At present, the origin of the initial α-syn aggregates, which appear to propagate from
cell to cell in a prion-like manner, remains unclear. In this sense, the existence of two PD
subtypes has been recently hypothesized: “brain-first” and “body-first” PD, in which
neurodegeneration begins in either the CNS or PNS [8]. The theoretical connectome model
(SOC) for Lewy body disease is based on the hypothesis that, in the majority of patients,
the initial α-syn pathology originates at a single site and spreads from there. The most
common sites of origin are hypothesized to be the olfactory system and the enteric nervous
system. The SOC model predicts that, unlike olfactory-first pathology, which leads to the
“brain first” subtype of PD with fewer non-motor symptoms before diagnosis, “gut first”
pathology leads to a “body first” clinical subtype of PD. This latter subtype is characterized
by older patients, symmetric degeneration of DA neurons, an increased risk of dementia,
autonomic prodromal symptoms, and REM sleep behavior disorders (RBDs) [9].

Although it has been hypothesized that there are two PD subtypes, “brain-first” and
“body-first,” there are currently no definitive diagnostic criteria for the prodromal stage of
PD, apart from non-motor risk markers, such as polysomnographically proven isolated
RBD (iRBD), hyposmia, constipation, orthostatic hypotension, erectile dysfunction, urinary
dysfunction, and depression. iRBD, a parasomnia characterized by enactment out of
dreams due to lack of muscle atonia, is currently considered the most important prodromal
marker for PD and other synucleinopathies [10].

Currently, only symptomatic therapies are available for PD, so both the establishment
of early diagnostic methods and the development of disease-modifying therapies to prevent
the onset or slow the progression of the disease are urgently needed. Although the non-
motor symptoms of PD have attracted much attention as a clue for identifying patients
in the prodromal stage of PD, the new animal models for the prodromal stage of the
disease, in which dopaminergic cell loss is minimal, are essential for the development of
disease-modifying therapies.

In addition, due to the difficulty of reproducing all aspects of the preclinical, prodromal,
and advanced stages of PD in a single animal model, the optimal models should be selected
according to the specific purpose of the experiment [11].
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In the last 20 years, our knowledge of the role of neuroinflammation and peripheral
immune alterations in the pathophysiology of PD has expanded rapidly. PD is now
understood to be a multisystem disorder associated with neuroinflammation and immune
dysfunction, along with the development of a variety of non-motor symptoms that may
precede the diagnosis of the disease by decades [5].

As PD is an age-related disease, immunosenescence (age-related immune deficiency
and inflammation) is an important factor in its pathogenesis. Both the innate and the
adaptive immune system (IS) lose their competence with age and are also altered in PD.
Inflammaging is characterized by excessive production of circulating inflammatory media-
tors or cytokines at low levels, such as C-reactive protein (CRP), interleukin 6 (IL6), and
tumor necrosis factor (TNF), by chronically stimulated innate and adaptive immune cells.

Numerous studies using postmortem, in vitro, and animal model approaches have
shown that neuroinflammation is an important pathway in the pathogenesis of PD and
that this process involves both innate and adaptive immunity mechanisms [12–14].

Hence, understanding the immune-mediated mechanisms may lead to potential thera-
peutic targets for the treatment of PD.

In this review, we will discuss the methodological approaches used to study changes
in central and peripheral immunity in PD using animal models. We will also discuss
the advantages and limitations of the techniques and their transferability to humans. In
addition, we will discuss the possible reasons for the variability in the results of different
studies and possible solutions to overcome these limitations.

2. Animal Models to Study the Immune System in PD

The most commonly used animal models in the study of the immune system in PD
are briefly described below.

2.1. Toxin-Induced Models of PD

Toxic models of PD aim to reproduce some aspects of the pathological and behavioral
changes of the human disease in rodents and primates. They are based on the systemic
or local (intracerebral) administration of specific neurotoxins that can induce selective
degeneration of nigrostriatal DA neurons. The two most commonly used toxic models of
PD are the classical 6-hydroxydopamine-induced (6-OHDA) model in rats [15–17] and the
MPTP model in mice and monkeys (Figure 1) [18].

Figure 1. Schematic summary of the animal models of PD to study the immune system.
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Although in both toxic models, the degeneration of nigrostriatal DA neurons is rapidly
induced (2–3 days or 2–3 weeks, depending on the protocol), their common weakness is
that they lack LB/α-syn pathology. In the past, both models have been used to advance
successful symptomatic treatments and refine therapies for the motor symptoms of PD [19].

2.1.1. 6-Hydroxydopamine-Induced (6-OHDA) Model of PD

6-OHDA is a potent and selective catecholaminergic neurotoxin identified more than
60 years ago [20] and is one of the most commonly used toxins to produce lesions of nigros-
triatal DA neurons in rats and mice [21]. 6-OHDA is a structural analog of dopamine (DA)
that is readily oxidized and taken up by dopamine, noradrenaline, and serotonin trans-
porters [22]. 6-OHDA exerts its cytotoxic effects through several well-described pathways,
i.e., production of reactive oxygen (RO) and nitrogen species [23] and direct inhibition
of mitochondrial respiratory chain complex I and IV [24]. Since 6-OHDA does not cross
the blood–brain barrier (BBB), the injections are administered directly into the brain, i.e.,
intracerebrally, to the desired anatomical region. Specifically, 6-OHDA can be administered
directly into the substantia nigra pars compacta (SNpc), medial forebrain bundle (MBF),
striatum (CPu) [18], or rarely intraventricularly [25]. Injection into the SNpc [26] or MBF
leads to massive death of DA neurons within a few days, whereas injection into the CPu
leads to more uniform, partial degeneration that develops over 1–3 weeks [27]. Specifically,
a lesion affecting the dorsomedial parts of the striatum (including the nucleus accumbens)
has greater effects on locomotion and drug-induced turning behavior, whereas lesions
affecting ventrolateral parts of the caudate nucleus and putamen have greater effects on
movement initiation, sensorimotor function, and motor dexterity behavior [28–30]. There-
fore, injection of the toxin into the SNpc and MBF may mimic the end-stage of PD, whereas
injection into the CPu may be more likely to be associated with early onset of the disease.

2.1.2. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-Induced Model of PD

The neurotoxic properties of MPTP were accidentally discovered in the last quar-
ter of the 20th century when an analog of the synthetic opioid 1-methyl-4-phenyl-4-
propionpiperidine (MPPP) was introduced as a recreational drug with effects similar
to those of heroin. After injection of MPPP synthesized in a home-set-up laboratory, a
23-year-old student experienced severe bradykinesia, which responded to levodopa [31].
Further investigation discovered that besides MPPP, MPTP was also present in the mixture
as a byproduct of the reaction. MPTP is a protoxin that produces the toxic metabolite MPP+,
which impairs mitochondrial function by inhibiting complex I [32,33]. After systemic
injection, MPTP rapidly crosses the BBB and is oxidized by monoamine oxidase B (MOA-
B) to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP+). Since MPDP+ is an unstable
molecule, it is spontaneously dismutated to MPP+ [34–36], which is then released in the ex-
tracellular space and enters the DA neurons via the dopamine transporter (DAT) [37]. Once
in the neurons, it can diffuse into mitochondria, where it inhibits complex I and increases
the production of RO species [38,39]. This cascade triggers mitochondria-dependent apop-
totic molecular pathways [40,41]. Interestingly, rats are generally more resistant to MPTP
than mice, and only higher doses can make them Parkinsonian. The degree of striatum
degeneration is relatively low compared to mice, and a higher dose is associated with a
high mortality rate [42]. However, stereotaxic injection of 1-methyl-4-phenylpyridinium
(MPP+), a toxic metabolite, has been used to induce a PD model in rats. Furthermore, it has
been shown that intranasal administration of MPTP triggers DA degeneration and causes
motor impairment in rats [43].

Symptoms and disease progression depend on several factors, such as the regimen of
the MPTP administration [44], route of administration [41], sex, age, and weight, which are
also important factors influencing sensitivity to MPTP and reproducibility of the lesion [45].
The acute regimen was developed by Jackoson-Lewis and Przedborski. It involved four
injections at a dose of 20 mg/kg 2 h apart, resulting in a loss of 70–90% of dopaminergic
neurons for at least 7 days after MPTP [44]. The sub-acute regimen was developed by
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Tatton and Kish and includes one i.p. injection of 30 mg/kg daily for five days, which leads
to a loss of 40–50% of neurons and keeps the lesion stable for 21 days [46].

Regarding motor impairments, there are large behavioral differences among differ-
ent outbred/inbred strains, and often these differences exist within subtypes of a given
strain [47,48]. Specifically, the mice appear completely normal after recovery from the
injections, meaning that very sophisticated testing is required to determine the presence
and degree of the lesion [49,50], and some motor deficits are transient [51]. Similarly, both
microglia and astrocytes show activation following MPTP intoxication, with microglia
typically showing biphasic activation, whereas astrocytes tend to show a bell-shaped
profile [52].

2.1.3. Advantages and Disadvantages of Toxin-Induced Experimental PD

One of the main advantages of the 6-OHDA model is that the extent of neurode-
generation depends on the site of the lesion, the dose/amount of toxin, and the volume
of microinjection, as well as the number of microinjections administered, which means
that one can model the degree of neurodegeneration with relatively high accuracy and
reproducibility. Another advantage is that this model is most comparable in behavior to
the human disease and offers the possibility of tracking the progression of DA neurode-
generation and the effects of other neurotransmitter systems in PD pathogenesis of motor
symptoms, as well as the prodromal phase with non-motor symptoms of PD [16,53,54].
Furthermore, 6-OHDA toxin is commonly used and validated for examination of levodopa-
induced dyskinesia [55]. Another advantage of the unilateral 6-OHDA model is that the
contralateral side can serve as an internal control. However, it should be noted that in-
terhemispheric compensation may occur, and even DA levels on the contralateral side
have been shown to increase after a 6-OHDA lesion [56]. The main disadvantage of the
6-OHDA model is its relatively rapid development and the absence of real progression of
the pathology, with transient and low-grade neuroinflammation [57,58]. Another pitfall
is the fact that this model is not suitable for examination of the role of immune cells in
PD development and progression due to the nature of the induction. Finally, LB/α-syn
accumulation is not present in this model [59].

The MPTP model has shown great value in studying molecular pathways involved
in PD, as well as probing different therapeutical approaches. The relevance of this model
is reflected in mitochondrial dysfunction, which is also observed in PD patients [60].
Additionally, it demonstrates strong face validity; for instance, MPTP intoxication leads
to severe bradykinesia, which can be effectively treated with levodopa [31]. Another
advantage of the MPTP model is that it allows researchers to work with genetically modified
mice. Due to the nature of the application, this model allows for the study of the role of
peripheral immune cells in the development and progression of parkinsonism [61] and
changes in the gut–brain axis. Interestingly, peripheral immune infiltration is also a likely
player in the neurodegenerative/neuroinflammatory process, as infiltration of CD8+, CD4+,
and monocytes in the nigrostriatal system has been observed in MPTP intoxication [62–64].
However, one of the major drawbacks of the MPTP model, apart from the large variability
described above, is the fact that the mice recover after a certain amount of time [65].
Furthermore, based on this recovery, it has been hypothesized that MPTP may not lead
to cell death but rather to a decrease in the DAT or simple tyrosine hydroxylase (TH)
impairment [66,67]. However, the progressive nature combined with the inflammatory
component makes this model a suitable candidate to address one of these aspects in the
treatment of PD [68,69].

In summary, the 6-OHDA model provides high accuracy and reproducibility for mod-
eling the extent of neurodegeneration in PD. In contrast, the MPTP model, despite its
recovery-related limitations, provides valuable insights into molecular pathways and
immune cell involvement, making both models indispensable for various aspects of
PD research.
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2.2. Genetic Models of PD

Although the exact causes underlying PD are not yet fully understood, it is known
that genetic variants linked to PD occur at different frequencies and lead to different levels
of risk. At one end of the spectrum, certain rare mutations in single genes, such as SNCA
(encoding α-syn protein) and PARK7 (encoding the protein DJ-1), are sufficient to cause the
disease. Conversely, genome-wide association studies (GWASs) have uncovered numerous
common genetic variants, each of which contributes only slightly to PD risk. Within this
spectrum, there exist variants that are rare but not uncommon and have intermediate
risk, such as those found in the GBA (glucocerebrosidase) and LRRK2 (leucine-rich repeat
kinase 2) genes [70]. Among the genetic models used in research to mimic PD pathology in
mice, transgenic mice overexpressing α-syn and LRRK2 gene mutation models stand out.
Regarding genetic models, SNCA transgenic models do not show extra-nigral pathology,
whereas LRRK mice show a slight increase in serotonin levels in the prefrontal cortex and
a decrease in olfactory bulb dopaminergic neurons and locus coeruleus noradrenergic
neurons at 24 months of age, and GBA mutant mice develop cholinergic dysregulation in
the hippocampus [71]. These models provide insights into underlying mechanisms that
contribute to disease development and potential treatments (Figure 1) [72,73].

2.3. Agrochemical-Induced Models of PD

Exposure to pesticides, particularly rotenone, paraquat (PQ), and maneb, has been
linked to an increased risk of PD. Rotenone crosses the BBB and inhibits mitochondrial
complex I (MCI) and proteasomal activity. This action triggers selective degeneration
of DA neurons in the SNpc, leading to motor impairment and the formation of α-syn
inclusions in rodents. PQ, a commonly used herbicide, might not directly penetrate the
BBB. However, once it is metabolized in microglia to the monovalent cation PQ(+), it could
enter DA neurons via the DAT. In rodents, PQ induces partial degeneration of DA neurons
in the SNpc, transiently increases α-syn protein levels, and triggers oxidative/nitrosative
stress, neuroinflammation, and microglial activation [74]. Thus, these models are useful for
studying the role of neuroinflammation induced by pesticides in PD.

The various experimental models and their main characteristics are presented in
Figure 1.

3. Peripheral Immunity in the Pathogenesis of PD
3.1. Adaptive Immunity

The adaptive IS achieves specificity through unique T- and B-cell receptors (TCRs and
BCRs) generated by genomic recombination, allowing recognition of diverse pathogens [75,76].
Memory development in T and B cells enables swift responses upon re-encountering
pathogens [77]. Infection-related immune responses have been linked to PD, demonstrating
associations with influenza, toxoplasmosis, and Epstein–Barr virus (EBV) infections [78–80].
Studies in mice infected with the H5N1 influenza virus or studies with Japanese encephalitis
virus (JEV) infection in humans indicate that inflammation-induced adaptive immune
responses might contribute to neurological disorders associated with PD [81,82].

Numerous viruses are known to study or contribute to the development of parkin-
sonism and PD. Since the description of encephalitis lethargica after the Spanish flu in
1918, the link between the two diseases has been debated. While some viral infections
are associated with an increased risk of PD, others appear to be directly linked to the
manifestation of parkinsonism [83]. Viruses that possess neurotropic properties can cause
direct damage to the nigrostriatal pathway as they enter the central nervous system (CNS)
via three potential entry routes: 1. peripheral nerves; 2. BBB; and 3. blood–cerebrospinal
fluid barrier. In addition, viral infections can indirectly affect the nigrostriatal signaling
pathway by triggering inflammatory, vascular, and/or hypoxic injury [83].

Post-infectious parkinsonism is thought to arise as a result of pathogen-induced au-
toimmunity [83]. Viruses can trigger autoimmune responses through various mechanisms,
such as “molecular mimicry, bystander activation and epitope spreading, with or without
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viral persistence” [83]. Molecular mimicry is a situation in which structural similarities
between “viral and host antigens trigger T- or B-cell responses targeting both host and
autoantigens” [84]; this can be observed in cases such as herpes simplex virus 1 (HSV-1)
and Epstein–Barr virus (EBV) [79,85,86]. Routes of entry of HIV into the brain include the
“Trojan horse” model (virus migration across the BBB by infected monocytes or lympho-
cytes) or the free virion model (by infected endothelial cells) [87]. Following entry into the
brain, HIV has been shown to infect astrocytes, microglia [88,89], and neurons [90,91]. It is
assumed that the infection of monocytes and macrophages by HIV leads to the production
of neurotoxins [83].

3.1.1. T Lymphocytes in PD

According to current evidence, the association of naive and memory T cells with PD
suggests that these lymphocytes may play a role in disease initiation and propagation [92,93].

In animal models of PD, such as the acute MPTP neurotoxin model, CD8+ T cells are
more present than CD4+ T cells [64]. The loss of DA neurons and behavioral problems
resulting from both chronic and acute administration of MPTP are reduced in RAG2
(recombination activating gene 2) knockout (KO) mice (that lack both T and B cells). Mice
with a global absence of αβ-T cells due to the KO of the T-cell receptor β-chain and mice
lacking CD4+ T cells (CD4−/−) are both resistant to the effects of MPTP [94,95]. In the
AAV (adeno-associated vector)-human-α-syn mouse model, B and T lymphocytes continue
to infiltrate the SN even after microglial activation peaks, suggesting that adaptive immune
cells contribute to inflammation [96]. These studies emphasize the role of the adaptive
immune response in influencing neurodegeneration in PD models. T-cell responses to
modified α-syn or other DA neuron antigens may initiate an immune response leading to
neuronal death, depending on how these antigens are presented by innate immune cells.
Identifying specific antigens that trigger T-cell responses in animal models and humans
will be crucial for understanding the role of the adaptive IS in PD pathogenesis [97].

3.1.2. Antibodies and B Lymphocytes in PD

In the adaptive IS, B lymphocytes produce antibodies crucial for humoral immu-
nity [98]. Antibodies targeting CNS proteins in PD patients have been observed to exert
effects in distant regions [99,100], but infiltration of antibody-producing B lymphocytes into
the CNS has not been reported in PD [94,101,102]. In animal models of PD, experiments
involving the direct injection of immunoglobulins from PD patients into the SN of rats have
shown significant effects [103]. These injections resulted in inflammation and activated
immune responses [104]. Also, studies using mouse antibodies against α-syn have shown
that microglial cells can prevent the transfer of antibody-bound α-syn from neurons to
astrocytes [105]. These models suggested a role for humoral immunity and potential BBB
breakdown in contributing to chronic neuroinflammation in PD [96].

In summary, given the persistent inflammatory features of PD, it is thought that
the humoral immune response may have a major impact on the progression, with T-
cell immunity possibly having a greater impact in the early stages of the disease. The
involvement of both naïve and memory T cells in the development and spread of PD is
also a potential factor that needs to be considered.

4. Central Immunity

Neuroinflammation is considered a key feature in PD patients and in animal mod-
els [106]. In PD, there appears to be evidence of inflammation occurring both centrally
and peripherally [107]. Traditionally, the CNS is considered immune-privileged due to the
BBB that separates it from the peripheral IS. Under physiological conditions, microglia and
astroglia actively maintain CNS homeostasis by releasing neurotrophic factors, regulating
synaptic glutamate, and contributing to synaptic remodeling [107,108].

Neuroinflammation is present in most animal models of PD, although a single animal
model does not replicate all the pathological features of the human disease. A recent study
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utilizing the reserpine (an irreversible inhibitor of the vesicular monoamine transporter
2)-induced rat model of progressive PD revealed a shift in microglial phenotypes from
proinflammatory to anti-inflammatory 20 days after the last reserpine injection. This shift
was observed in brain regions implicated in the pathophysiology of PD, highlighting a
dynamic change in microglial responses depending on the disease stage [14].

Activation of microglia and alteration of inflammatory signals were detected in both
mice and non-human primates (NHPs) after MPTP treatment, while astrogliosis and
microgliosis in the SN and striatum of 6-OHDA-treated mice and rotenone-treated rats
are well documented. LPS injected into the SN to model PD increases proinflammatory
cytokine levels. In addition, an increase in microglial numbers and proinflammatory
cytokines is observed in the striatum after AAV-α-syn injection, even before DA neuron
death occurs. In the α-syn preformed fibril (PFF) mouse model, there was a change in
immune cell content in the periphery, microgliosis in several brain regions, and the presence
of reactive astrocytes in the SN [71]. Despite the advances in understanding the role of
neuroinflammation in PD animal models, further studies are needed, especially in the
genetic models of PD.

4.1. PD and Resident Immune Cells

Activation of microglia and subsequent neuroinflammation are associated with the
degeneration of DA neurons, particularly in the SN pars compacta (SNpc) [101].

Microglia play a role in the clearance of misfolded α-syn aggregates in PD, but when
overactivated, they can produce proinflammatory cytokines and ROS and damage DA
neurons [109,110]. Under normal conditions, microglia, which are long-lived macrophages
in the CNS, remain in a dormant state and perform immune surveillance through their
highly mobile processes [111]. They can react quickly to pathological changes in the
CNS. Microglia, which act as phagocytes, remove invaders and debris in the brain. When
exposed to specific stimuli, they can enter an activated state, alter gene expression, and
exert inflammatory functions. Technological advances, particularly single-cell and nuclear
RNA sequencing, have revealed different states of microglia, improving our understanding
of their complexity and unveiling regional variations within the CNS [112,113].

Animal models have played a crucial role in understanding the involvement of mi-
croglia in the pathology of PD. Different neurotoxins, such as MPTP and 6-OHDA, lead
to varying degrees of microglial activation in affected areas. In addition, researchers have
used proinflammatory stimuli such as LPS, α-syn, and inflammatory cytokines to activate
microglia, leading to toxicity in DA neurons. While all these models result in some degree
of activated microglia in the vicinity of damaged DA neurons, they differ in the timing of
microglial activation in response to the toxic stimulus. Furthermore, the sequence of events
in DA areas varies, with microglia activation occurring either before neuronal damage or
as a secondary event, depending on the specific animal model being studied [114,115].

Astrocytes play an important role in supporting neurons, contributing to metabolic
balance, synapse formation, and the maintenance of brain structure and the BBB [116,117].
While they have a protective function by isolating and degrading extracellular α-syn,
elevated levels of α-syn can induce inflammatory responses in astrocytes, potentially wors-
ening synucleinopathy-related conditions [118]. Studies on reactive astrocytes reveal a
dual nature where A1 astrocytes contribute to neurodegenerative diseases with a proin-
flammatory and neurotoxic profile, while A2 astrocytes display a neuroprotective function.
Microglial activation can convert astrocytes into the neurotoxic A1 phenotype, but block-
ing this conversion with a GLP1R agonist (NLY01) shows neuroprotective effects in vivo
against DA neuronal loss and behavioral deficits in a mouse model of sporadic PD [119].
The researchers isolated pure populations of resting astrocytes using immunopanning
and cultured them. Through a microfluidic assay, they explored the impact of various
molecules on gene expression, revealing that A1 astrocyte activation is triggered by the
combined effects of interleukin (IL)-1α, TNF, and complement component 1q (C1q) released
by microglia in response to LPS stimulation. Once activated, A1 astrocytes contribute to
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neuroinflammation-mediated neurotoxicity and exacerbate the progression of neurodegen-
erative diseases [120].

Oligodendrocytes, responsible for myelin production, are under investigation for
their role in PD, with studies suggesting involvement in neuroinflammation and im-
mune response modulation. In a recent study using an in vivo mouse model simulating
inflammation-induced white matter injury in preterm-born pups, researchers observed
distinct responses to neuroinflammation between immature oligodendrocytes and oligoden-
drocyte progenitor cells, particularly in IL-1β-treated animals [121–123]. The neurovascular
unit (NVU), which is composed of neurons, glial cells (astrocytes, oligodendrocytes, and
microglia), and vascular cells (endothelial cells and pericytes), is essential for the establish-
ment of tight junctions. It plays a crucial role in maintaining key functions, such as the
BBB, ion balance, and nutrient transport [124–126]. Brain endothelial cells, with specialized
junctions and high connexin expression, are particularly important for the properties of the
BBB and limiting paracellular permeability [127].

Pericytes, located in the walls of microvessels, play a crucial role by interacting with
endothelial cells, neurons, glial cells, and perivascular macrophages [128,129]. Recent
studies highlight their involvement in neuroinflammatory and neurodegenerative dis-
eases [130], with pericytes producing pleiotrophin, a vital neurotrophic factor for neuronal
survival. Consistent findings from single-cell RNA sequencing revealed a higher expression
of pleiotrophin in pericytes compared to low expression in astrocytes, oligodendrocytes,
and endothelial cells. Removal of pericytes in mice resulted in the immediate breakdown
of the BBB, loss of blood flow, and rapid loss of neurons, highlighting the importance
of pericyte-derived pleiotrophin [131]. In addition, pericytes activated by α-syn release
proinflammatory molecules, indicating their role as the first step in vascular changes and
pathological signaling events within the NVU in PD [132]. This suggests that pericyte
activation could be the initial step in vascular changes and several pathological signaling
events within the NVU in PD.

Overall, the IS and its interactions with various cell types in the CNS play a signif-
icant role in the pathogenesis of PD. Further understanding of these immune-mediated
mechanisms may lead to potential therapeutic targets for PD treatment.

The role of peripheral and central immunity in the pathogenesis of PD is shown
schematically in Figure 2.
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4.2. Tissue Infiltration

Various animal models are used to study the infiltration of the CNS by immune cells
and the role of different cellular products such as α-syn. In a mouse PD model, overexpres-
sion of pathogenic A53T-α-syn (haSyn) by injection of an AAV leads to T-cell infiltration.
Research with T-cell- and/or B-cell-deficient mice, along with a novel haSyn neuronal
cell culture and immune cell assay, confirms that pathogenic α-syn peptide-specific T-cell
responses lead to DA neurodegeneration and contribute to PD-like pathology [133,134]. In
haSyn PD mice, ~80% of the observed T cells were located in the SN parenchyma [134].

Activated microglia and astrocytes produce a variety of proinflammatory cytokines,
including TNF-α, IL-1β, and IFN-γ, creating an environment that mediates cell death [135].
Moreover, activated microglial cells, peripheral myeloid-mediated proinflammatory innate
immune responses, and CNS neurotoxic adaptive immune activity have been implicated in
the pathogenesis of 6-OHDA-induced PD. Brain imaging was performed using PET/CT
imaging and ex vivo autoradiography. Immunohistochemistry was used to observe myeloid
cell activation and DA cell death, and quantitative polymerase chain reaction and flow
cytometry methods were used for target levels in the brain [136]. In particular, whereas
neuroinflammation induced by α-syn has been shown to exacerbate neurodegeneration,
the role of CNS resident macrophages in this process remains unclear. Border-associated
macrophages (BAMs), a subset of macrophages resident within the CNS, have been im-
plicated in initiating the CD4 T-cell response and, therefore, mediating α-syn-associated
neuroinflammation. Furthermore, brightfield and fluorescent imaging and quantification,
confocal imaging, immunohistochemistry, and isolation of mononuclear cells demonstrated
that the presentation of major histocompatibility complex class II (MHCII) antigens on
microglia does not affect neuroinflammation. In addition, BAMs were identified in prox-
imity to T cells in postmortem PD brains. These results suggest that BAMs play a role
in regulating the α-syn-mediated neuroinflammatory response in the pathogenesis of
PD [137].

In the 6-OHDA-induced PD model, increased microglial activation was found to
precede the loss of DA neurons, suggesting that phagocytic microglia may prematurely
engulf degenerating neurons [138]. 6-OHDA destroys nigrostriatal dopaminergic neu-
rons, causing motor and biochemical dysfunctions in PD [58,139]. In the microglia and
macrophage ratios taken from 6-OHDA lesioned rats, decreases in the ratio of CD80/86+
cells were observed, while the increased fraction of CD206+ cells was noted [58]. How-
ever, in the MPTP model, inflammatory markers in the SN, such as HLA-DR-positive
reactive microglia and infiltrations of T lymphocytes, including CD8+T cells and CD4+T
cells, were observed by immunohistochemistry and electron microscopy [94,135,140]. In
the MPTP mouse model, CD8+ and CD4+ T cells, rather than B cells, infiltrate the brain
during neuronal degeneration. The damaging activity of the infiltrating CD4+ T cells is
mediated via the Fas/FasL pathway and not via IFNγ production [94]. Further studies
have shown that peripheral immune infiltration is also a likely player in the neurodegen-
erative/neuroinflammatory process, as infiltration of CD8+, CD4+, and monocytes was
observed in the nigrostriatal system after MPTP treatment. To evaluate monocyte infil-
tration in the SN, laser microdissection-guided chemokine RNA profiling was evaluated
by combining immunohistochemistry and chemokine receptors CCR2-green fluorescent
protein (GFP) (CCR2-GFP) methods [62,63].

Microglial activation and increased expression of inflammation-related proteins such
as TNF-α, IL-1β, and NFκB were detected in the SN of PQ-treated rats [141–144]. In
addition, rotenone leads to the activation of microglia in animal models. Furthermore,
rotenone leads to microtubule instability and progressive death of DA neurons, along with
the formation of α-syn aggregates in rats [145]. Despite these consistent results, further
studies on strategies to suppress microglial activation are needed to clarify the exact role of
microglia in rotenone-induced degeneration [146].

The basic interactions between PD neuroinflammation and peripheral inflammation
have not yet been clarified. In a PD model, data obtained by PET/CT, ex vivo autoradiog-
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raphy, immunohistochemistry, quantitative polymerase chain reaction, and flow cytometry
were analyzed: PD is associated with abnormal innate immune responses, including infil-
tration of peripheral myeloid cells into the CNS [136]. As mentioned before, innate immune
responses triggered by microglia can cause neuronal death and disease progression. In
addition, T cells infiltrate the brains of PD patients and are involved in adaptive immune
responses. Interestingly, α-syn is associated with both innate and adaptive immune re-
sponses by directly interacting with microglia and T cells [147]. There is evidence that the
innate immune system plays a role in DA cell death. The measurement of striatal dopamine,
electron microscopy images, and immunohistochemistry analysis have collectively con-
tributed to the conclusion that T-cell-mediated DA toxicity is primarily influenced by CD4+
T cells. A more detailed characterization of CD4+ T-cell subsets will certainly improve
our understanding of the role of adaptive IS in various neurodegenerative disorders [94].
Antigen specificity is important for neuroimmunological diseases. α-synuclein is thought
to be the cause of PD. However, the lack of a causal link between α-syn responses and
DA neurodegeneration has attracted attention. Methods such as immunohistochemical
stainings and cell quantification, double immunofluorescence, fluorescence-activated cell
sorting (FACS) and cytokine assay, striatal DAT autoradiography, high-performance liquid
chromatography (HPLC), immunocytochemistry, and measurement of fluorescence inten-
sity are used. It has been emphasized that targeting α-syn and α-syn-specific T cells could
serve as a neuroprotective strategy in the immunomodulation of PD [134].

So far, the methods to study innate immune activation in PD are limited. Understand-
ing the interactions between neuroinflammation and peripheral inflammation remains an
important research issue in PD.

4.3. Model to Assess Tissue Infiltration

Most of the PD experimental animal models are performed on rodents, including mice
and rats. One of the first studies on mice used the MPTP administration model [148]. In
those experiments, irradiated mice were reconstituted with bone marrow from GFP+ mice,
and the infiltration of GFP+ cells in midbrain tissue sections was detected by immunoflu-
orescence. Immunohistochemistry showed no infiltration of B lymphocytes into the SN
after MPTP, but most infiltrating lymphocytes were CD25+, and the density of CD8+ lym-
phocytes was higher than that of CD4+ lymphocytes. A later study also showed increased
MPTP-induced infiltration of peripheral CD4+- and CD8+-positive T cells in the SN and
spinal cord compared to controls, based on an immunofluorescence approach [149]. Fur-
thermore, in vitro-generated brain Treg (regulatory T cells)-like cells (iB-Treg cells) induced
via co-culture with astrocytes under several conditions were injected into MPTP-treated
mice, and flow cytometry was used to investigate the presence of brain-infiltrating T and
Treg cells, corroborating the sensitivity of immune cells to this toxic agent [150]. Kozina
et al., in 2018, utilized transgenic mice that carried the two most common pathogenic LRRK2
mutations and induced innate response by LPS injection. Immunohistochemistry on brain
tissue, along with flow cytometry on single-cell brain suspensions, revealed no infiltration
of T cells or monocytes [151]. Another PD mouse model in which an AAV-overexpressing
human mutated A53T-α-syn was stereotaxically injected into the SN showed that a-syn
overexpression induces infiltration of immune cells, particularly CD4+ and CD8+ T cells,
which was demonstrated by flow cytometry [134]. In addition, Lucot et al. used transloca-
tor protein positron emission tomography (TSPO PET) and in vivo PET imaging of TREM 1
(triggering receptor expressed on myeloid cells 1) in a 6-OHDA mouse model of PD. They
demonstrated neuroinflammation, specifically the infiltration of myeloid cells, using flow
cytometry [136].

In addition, liposomes targeting the CD163 receptor were loaded with glucocorti-
coids and injected peripherally in a 6-OHDA-PD rat model. The treated rats showed
infiltration of CD163+ macrophages, particularly into the area of neurodegeneration [152].
In 2006, a study on MPTP-treated monkeys showed infiltration of LFA-1 (lymphocyte
function-associated antigen 1)-positive leukocytes into the brain [153]. The transplantation
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of autograft adrenal or allograft fetal mesencephalic tissues into the CNS of monkeys was
developed as a therapeutic approach for NHP PD. Bakay et al. tried to evaluate the potential
pathology of transplantation at the graft site using immunohistological approaches [154].
They demonstrated the presence of mononuclear cell infiltrates, but the transplantation
protocol did not induce detectable donor-specific sensitization nor nonspecific immuno-
suppression [154]. On the other hand, in a study on zebrafish and tissue regenerative
capacity, Zwi et al. showed that the DA agonist pramipexole, a drug currently approved
for treating PD, specifically enhanced Treg recruitment after injury [155]. For this purpose,
FOXp3a+ Tregs were visualized by epifluorescence in the regenerating tail region. Overall,
fluorescent-based methods, such as flow cytometry or microscopy, are the most widely
accepted approaches for visualizing immune cell infiltration in the brain in experimental
animal models of PD. These studies have shown increased infiltration of both CD4+ helper
and CD8+ cytotoxic T lymphocytes into the brain in PD animal models. Interestingly, the
infiltration of CD163+ macrophages in the inflamed brain aligns with findings from human
studies regarding the role of peripheral monocytes in PD [156].

5. Other Models to Study Immune Dysfunction in PD
5.1. Zebrafish

The zebrafish has emerged as a disease model, particularly due to its transparency
at the larval stage, its high content of orthologs of human disease genes, its genetic re-
producibility, and the affordable cost of housing. The hematopoietic system in zebrafish
resembles that of other vertebrates; however, the development of the adaptive IS does not
occur until approximately 20 days post-fertilization (dpf). As in mammals, microglia are the
resident immune cells of the zebrafish brain. At three to five dpf, zebrafish larvae develop a
microglial signature and express a significant number of genes that they share with mouse
and human microglia [157]. At this early stage of development, translucent zebrafish larvae
possess DA neurons, which can be targeted by the administration of neurotoxins directly
into the media [158], thus making them a simple and affordable model for studying the
link between loss of DA cells and neuroinflammation.

The invasion of peripheral macrophages into the zebrafish brain following an injury
is a subject of debate [159,160]. Neither, to our knowledge, has it been shown that T cells
or B cells enter the zebrafish brain. However, using a transgenic zebrafish line with cyan
fluorescent protein-labeled regulatory T cells (zTreg) that could be ablated using the pro-
drug metronidazole (Mtz), it was demonstrated that zTreg translocated to injured sites after
Mtz washout. This translocation mediated the regeneration process in the retina and spinal
cord, as confirmed by both microscopy and flow cytometry [161].

As in rodents, administration of 6-OHDA into adult zebrafish leads to a loss of DA
neurons. Nevertheless, in contrast to mammalian models, zebrafish are capable of regener-
ating subpopulations of these neurons [162,163]. Thus, they provide a model to elucidate
neuronal regenerating mechanisms that are lacking in mammalian models. The replace-
ment of DA neurons in the zebrafish was dependent on IS activation involving increased
proinflammatory cytokines (IL-1β and TNFα) and microglial activation as measured by
qRT-PCR and immunohistochemistry [163]. Using a combination of transgenesis and
single-cell analysis, Oosterhof et al. showed that neuronal ablation primarily induced a
proliferating response pattern in microglia [160].

Stable gene-based zebrafish KO models have been established for the PD-associated
genes park7 and pink1 [164,165]. In the park7 KO, a dysregulation in proteins involved in
inflammation and mitochondrial metabolism was observed before altered behavior and
downregulation of TH [165,166]. Loss-of-function models are relatively easy to establish
in zebrafish using CRISPR/Cas9-based technology. As more than 90 genetic risk factors
have been identified for sporadic PD [167], zebrafish appear to be an excellent model for
elucidating the role of inflammation associated with these PD risk factors. For example, the
GTP cyclohydrolase (gch1−/−) zebrafish mutants exhibit a reduced amount of TH, although
they do not show loss of DA neurons. On the other hand, RNAseq of larvae brains revealed
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a significant upregulation of transcripts involved in innate immune response and microglial
activation [168].

5.2. Cellular Models

The study of the role of the IS in PD is a constantly evolving field [5]. Cellular models
are an indispensable tool for understanding the intricate interplay between the IS and the
pathological progression of this disease [169]. Below is a selection of the cellular models
used in PD and IS research.

5.2.1. Microglial Cell Cultures

Microglial cell cultures have been used to understand how these cells respond to
inflammation and neuronal damage in PD, and they facilitate the study of microglial
response to genetic or toxicological backgrounds associated with PD under controlled
conditions (temperature, concentration of substances, etc.) [170,171]. Therefore, microglial
cell cultures allow us to gain insights into the response of microglia in PD, with less
variability than when studying in vivo models or PD patients.

A major disadvantage of using primary microglial cultures is that cell cultures do not
consistently replicate the behavior of cells in a whole brain and, therefore, cannot replicate
the complex cellular environment and interactions with other cell types.

As obtaining primary microglial cultures from patients is highly invasive, microglial
cells derived from induced pluripotent stem cells (iPSCs) obtained from human fibroblasts
are currently being studied [172,173]. However, it is not known whether fibroblast-derived
microglial cells behave in the same way as brain-resident microglial cells. Furthermore,
inter-individual variability between patient samples introduces an additional level of
fluctuation, which is a further limitation.

5.2.2. Culture of Peripheral Immune Cells: Monocytes–Lymphocytes

Culturing peripheral immune cells, including monocytes and lymphocytes, is a com-
mon procedure in immunology and cell biology research. These cultures allow researchers
to study the behavior, function, and response of these immune cells under controlled
laboratory conditions [174,175].

The immune cells of mice can be isolated from the brain, peripheral blood, spleen, or
bone marrow by immunomagnetic separation and/or cell sorting, and their phenotypes
can be studied. In addition, the transplantation of immune cells in these animal models
could provide information on the neurodegenerative or neuroprotective effects of different
immune cell populations. In this context, it is important to consider the characteristics and
limitations of the individual experimental models.

To explore the immune cell responses associated with PD, the culture medium could be
supplemented with proinflammatory cytokines (e.g., interleukin-1β, IL-1β) or neurotoxins
(such as LPS) to induce cell activation. The subsequent functional assays could then be
used as tools to assess various physiological parameters, including cytokine production,
oxidative stress, monocyte phagocytic activity, and T-cell activation in lymphocytes.

5.2.3. Co-Culture Models

Cellular co-culture models are valuable tools in PD research as they allow scientists to
study the interactions between immune cells and neurons in the context of the disease [176].
Some approaches to generate co-culture models that focus on the role of IS in PD are
described below.

Microglial cells and/or astrocytes from animal models of PD can be co-cultured with
primary DA neurons or other relevant neuronal cell types to study the effects of microglial
activation on neuronal survival and function. These models facilitate the study of the
interplay between astrocytes, microglia, and neurons in the context of inflammation and
oxidative stress associated with PD and provide valuable insights into the involvement of
astrocyte-mediated immune responses [177–180].
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Some animal models of PD show infiltration of peripheral immune cells into the
CNS [94,96]. Co-culture models of isolated peripheral immune cells (e.g., T cells or mono-
cytes) from these PD models with brain-derived cells such as neurons or microglia can be
generated and evaluated. This approach could help in the investigation of the effects of
immune cell infiltration on neuronal health and inflammation in the CNS [181,182].

Co-culture of iPSC-derived neurons from animal models or PD patients, together with
microglia or macrophages [183] or in conjunction with immune cells such as peripheral
blood lymphocytes [184], is a valuable approach to gaining deeper insights into the intricate
interplay between different cell types and the role of IS in PD [185,186].

5.2.4. Ex Vivo Brain Slice Cultures with Immune Cells

Brain slice cultures from the ventral mesencephalon or striatum of PD animal models
allow us to study the interactions between different cell types. In addition, immune cells
can be introduced directly into the slices to study the interactions between immune cells
within the brain tissue and their effects on neuronal health and inflammation in a more
physiological environment [182,187].

5.2.5. Organoids

Brain organoids are generated from iPSCs or embryonic stem cells (ESCs) to model the
structure and function of the whole brain. Brain organoids can contain neurons, astrocytes,
and microglia-like cells and allow researchers to mimic the complexity of brain and cellular
interactions [188,189]. Cells from organoid-derived animal models or PD patients may
have relevant genetic or physiological changes associated with this disease [190]. Medial
brain organoids do not contain some types of glial or immune cells, so it is necessary
to culture them with additional non-neuronal cell types. Immune cells from PD animal
models could be introduced into the organoids to simulate the immune response observed
in PD [184,191]. Exposure to inflammatory stimuli and substances associated with PD
enables researchers to study the interaction between immune cells and neurons and assess
their role in neuroinflammation and neurodegeneration [192].

The advantage of co-culture models is that they provide a platform for studying the
dynamic and complex interactions between immune cells and neuronal cells, helping
researchers to elucidate the role of IS in PD pathogenesis, neuroinflammation, and potential
therapeutic interventions. All of these experiments are conducted in a controlled and
reproducible experimental setting, which facilitates the manipulation of specific variables
and the assessment of their effects on immune responses and neuronal well-being. They can
also be used to screen drugs and test new immunomodulatory treatments for PD [193,194].

Culture models may not accurately represent the complexity of PD progression and
can only mimic long-term effects to a limited extent. Animal model cells may not accurately
reflect all aspects of PD pathology, making translation of results difficult. Technical diffi-
culties in isolating cells also contribute to experimental variability. Therefore, validation
of these models by more complex in vivo systems or human studies is crucial for clinical
relevance.

In Table 1, a summary of the advantages and disadvantages of the cellular models for
studying the interaction between the IS and PD are shown.

In summary, culture models provide a valuable platform for investigating the role of
IS in PD. However, researchers should be aware of their limitations and carefully consider
the advantages and disadvantages when designing experiments and interpreting results.
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Table 1. Cellular models: advantages and disadvantages.

Cell Culture Models Advantages Disadvantages

Primary microglial cultures
Study of the effect of genetic or toxic

alterations associated with PD
Controlled conditions, isolated effect

Does not replicate the complexity of the
environment or the interaction with other

cells of PD

IPSCs microglial-derived cells Less invasive than primary cultures It is unknown whether it replicates the
phenotype of resident microglia

Culture of peripheral immune cells

The study of the phenotype of peripheral
immune cells

Transplantation from PD models to
controls or vice versa (in vivo effects)

Require in vitro stimuli to induce cellular
activation (e.g., LPS, oxidative stress, etc.)

Co-culture models:
They allow for the study of cellular

interactions between CNS cells and IS
cells under controlled conditions

The structural and environmental
complexity is not replicated

Microglial + Astrocites + Neurons
Peripheral IS cells + Brain cells

IPSCs neurons + IS cells (microglial
and macrophages)

Ex vivo brain slice
cultures + immune cells

Better replicate structural complexity and
can be co-cultured with immune cells to

study their interaction

Does not allow for the study of
long-term effects

Organoids

Mimic the complexity of brain and
cellular interactions

Reproduces the genetic background of
the animal model or the patient

Does not contain some types of glial or
immune cells, needs co-culture with them
Requires a long time for proper organoid

maturation

6. BBB Alterations in PD and the Immune Response

During aging, in neurodegenerative diseases such as PD and in immune disorders, the
integrity of the BBB can be compromised, leading to increased permeability to materials and
cells from the bloodstream [195]. Using a human wild-type α-syn gene that is fused to the
green fluorescent protein (GFP) gene and overexpressed under the mouse α-syn promoter
in mice, Elabi et al. developed a transgenic animal model that showed α-syn accumulates
and PD-like symptoms with age, mimicking the human disease. They then analyzed the
longitudinal changes associated with the BBB. They found a very early appearance of
leakage in the BBB and activation of pericytes that may contribute to the pathogenesis of
the disease [196]. In another study, a PD mouse model that overexpresses human wild-type
α-syn was analyzed, and several early BBB changes were detected. These included changes
in striatal capillaries, decreased vascular density, alterations in AQP-4 coverage, reduced
P-glycoprotein (P-gp) expression, increased LRP1 expression, deposition of pS129-α-syn,
elevated expression of VCAM-1 and MMP-3, and an early reduction in the tight junction
protein occludin [197]. These changes lead to a pronounced leakiness of the BBB when a
toxic insult occurs, such as LPS injection.

From the astrocyte perspective, there are also data showing early astrocyte activation
and BBB changes [198]. Exposure to oligomeric α-syn has been shown to result in signif-
icant astrocyte activation and release of VEGFA (vascular endothelial growth factor A),
which, in turn, results in BBB degradation. Furthermore, when astrocytes are activated by
inflammatory stimuli, they may interact with endothelial cells, pericytes, and microglia.
Therefore, they may be involved in the progression of PD and neurodegeneration [199].

The inflammatory mediators can also trigger and/or amplify immunological mech-
anisms. Serum-derived inflammatory mediators, such as TGF-beta, can interact with
BBB cells, activating the inflammasome complex and pericytes. This activation leads to
enhanced immune responses and disruption of the BBB [200], resulting in an increased
number of immunological cells, such as T and B cells, in the brain parenchyma [94].
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7. Glymphatic System and PD

In contrast to other organs, there is no structural system for lymphatic drainage in
brain tissue. Lymphatic drainage is very important for the removal of metabolic waste and
the regulation of immunological responses.

In 2012, Maiken Nedergaard and colleagues described the glymphatic system (GS),
where cerebrospinal fluid (CSF) and BBB interact in the removal of waste products in
brain tissue [201]. The name of this system is composed of the terms “glial cells” and
“lymphatic system” and refers to a waste removal system that is primarily controlled
by glial cells, particularly astroglia [202]. The glymphatic flow reaches interstitial space
through Aquaporin-4 (AQP-4) water channels located in the end foot of the astrocytes [201].

GS plays an important role in the clearance of α-syn from the brain, whereas AQP-4
dysfunction accelerates the pathological deposition of α-syn, promoting the loss of DA
neurons and accelerating PD-like symptoms [203]. These data were obtained by inducing a
PD model through the injection of a vector expressing A53T-α-syn into the SN of AQP-4-
deficient mice and controls, demonstrating that GS dysfunction leads to decreased clearance
of α-syn. Correlated with the animal model, DTI (diffusion tensor imaging) in the brain was
performed in PD patients and control subjects [204]. Using the DTI-ALPS (diffusion tensor
image analysis along the perivascular space) index as an indicator of glymphatic circulation,
the authors found a significant decrease in glymphatic circulation that correlated with the
severity of motor symptoms [204]. Further studies on the role of the GS in PD pathogenesis
were performed in the A53T transgenic PD model, showing that occlusion of cervical
lymph nodes of the GS significantly aggravated α-syn pathology and led to dysfunctions
of coordination and balance [205]. In line with this in vivo animal PD model, a study found
that the condition of PD patients with a low DTI-ALPS index deteriorated more rapidly,
and there was a positive correlation with autonomic dysfunction [206] as well as enlarged
perivascular spaces also related to freezing of gait [207] and the stage of the disease in PD
patients [208].

Research on the glymphatic pathway is new and promising. Studies in both animal
models and PD patients are necessary to better understand the role of the GS in the
pathophysiology of this disease.

8. Discussion and Conclusions

This review provides evidence that experimental animal models are valuable tools
for studying the characteristic features and aspects of PD disease and offer a variety of
approaches suitable to understanding the role of immune dysfunction in PD genesis and
progression. The study of PD benefits from a wide range of available animal models, but this
complicates the selection of the optimal model for a particular research purpose [11,71,209].

The pharmacological models of PD, induced by differential peripheral administration
of reserpine and haloperidol, were the first to be developed and contributed significantly
to the discovery of symptomatic drugs such as levodopa. Although the pharmacological
models of PD are the simplest to create, they are transient. For more permanent effects,
toxic animal models were developed with neurotoxins (6-OHDA and MPTP), pesticides
(rotenone, paraquat, and permethrin), and endotoxins (lipopolysaccharide; LPS).

Toxin-induced models represent a cost-effective approach characterized by validity,
accuracy, and high reproducibility for the investigation of different facets of PD. These
models allow precise and graded control of DA neuron degeneration and provide a valuable
platform for studying molecular signaling pathways, immune cell involvement, the gut–
brain axis, and other important aspects of PD.

With the discovery of several forms of familiar PD, researchers have developed genetic
animal models that attempt to replicate the disease through genetic mutation. There are
at least 13 different α-syn (SNCA) mutation models alone, in addition to the mutations in
leucine-rich repeat kinase 2 (LRRK2) and the lysosomal enzyme glucocerebrosidase (GBA)
in mice, with clear links to both familiar and sporadic forms of PD. The SNCA model is
associated with the pathology of PD and has been widely used to study spreading, toxicity,
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misfolding, and aggregation. It also led to the development of non-transgenic α-syn models
by using AAVs to overexpress α-syn in the CNS of wild-type rodents and non-human
primates, as well as the PFF model. All of these animal models of PD have different
pathological features and are differentially compatible with the human disease [71].

Animal models are essential to study the role of BBB penetration by immune cells and
their effects on CNS, especially in the well-known process of neuroinflammation. In this
context, a wide range of fluorescent-based methods, such as flow cytometry or microscopy,
are often used.

Additional approaches for preclinical studies of PD are cell cultures derived from
animal models, which can provide valuable insights into the underlying pathophysiological
mechanisms of this disease [71]. It is worth noting that the study of cellular models of IS in
PD could benefit from the methodology already established in other neurodegenerative
diseases where the role of the IS has been previously elucidated.

Considerable progress in the differentiation of distinct cell types from human fibroblast-
derived iPSCs and the development of human organoids [184,210] has outpaced the de-
velopment of corresponding cultures from animal models of PD. Nevertheless, we must
not lose sight of the advantages of cell cultures from PD animal models, as they allow a
reduction in the number of environmental and genetic variables and thus promote the
generation of potentially more reproducible results.

In particular, specific animal models are employed to investigate the interplay between
peripheral and central immunity in PD, a relationship that is increasingly recognized as
pivotal for comprehending its complex mechanisms. Understanding the interplay between
these ISs is crucial as it sheds light on potential triggers, disease progression, and the
development of novel therapeutic interventions for PD. Animal models, in this case, offer
the possibility to assess CNS infiltration by immune cells and the role played by these cells
in neurodegeneration.

Animal models are essential to understand the key role of IS in neuroinflammation
and neurodegeneration. The 6-OHDA-induced PD and MPTP models are frequently used
to understand the role of microglial activation or to try to find markers of inflammation in
the SN [94,135,140].

In addition, transgenic mouse models, such as the α-syn mouse model of PD [137],
have changed the classical understanding of neuroinflammatory mechanisms in neurode-
generative diseases, showing the key role of border-associated macrophages (BAMs) in
mediating α-syn-related neuroinflammation, due to their unique role as antigen-presenting
cells required for initiation of a CD4 T-cell response.

However, it is important to keep in mind that all these diverse arrays of animal models
in PD research, which replicate various aspects of the disease, require careful consideration
when it comes to selecting the most appropriate animal model based on specific research
needs and translating the results to what happens in humans. All the models mentioned
in this review, and any others that we did not mention for the sake of brevity, as the term
implies, are models of PD and cannot fully explain the complexity of the disease as it occurs
in humans.

Table 2 shows some of the animal models and technical approaches used to study
(especially visualize) the infiltration of immune cells into brain tissue. The wide range of
animal models and methods, such as flow cytometry and the isolation of specific cell types,
to investigate the role of the immune system in PD is offset by the limitation that the results
are sometimes not reproducible.

Animal models and technical approaches to visualizing immune cell infiltration in brain
tissue. As shown in the table, the majority of the methods used so far to visualize immune
cells are based on fluorochrome-conjugated, lineage-specific antibody methodologies.

Therefore, we believe that in the future, the development of methodological guidelines
for experiments involving both animal models and PD patients is crucial to ensure the
validity and consistency of the results.
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Table 2. Technical approaches to studying immune cell infiltration in brain tissue.

Animal Model Technical Approaches Ref.

MPTP/mice Immunofluorescence of GFP+

cells
Depboylu et al., 2012

[148]

MPTP/mice Immunofluorescence Samantaray et al., 2015
[149]

MPTP/mice Flow cytometry Yamamoto et al., 2022
[150]

LRKK2 transgenic mice Immunohistochemistry and
flow cytometry

Kozina et al., 2018
[151]

A53T-α-synuclein injection Flow cytometry Karikari et al., 2022
[134]

6-OHDA/mice TSPO PET scan Lucot et al., 2022
[136]

6-OHDA/rat Immunofluorescence Tentillier et al., 2022
[152]

MPTP/monkeys Immunohistochemistry Miklossy et al., 2006
[153]

Transplantation/monkeys Immunohistology Bakay et al., 1998
[119]

Zebrafish Epifluorescence Zwi et al., 2019
[155]
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64. Kurkowska-Jastrzebska, I.; Wrońska, A.; Kohutnicka, M.S.; Czlonkowski, A.; Czlonkowska, A. The Inflammatory Reaction Following
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Intoxication in Mouse. Exp. Neurol. 1999, 156, 50–61. [CrossRef] [PubMed]

65. Date, I.; Felten, D.L.; Felten, S.Y. Long-Term Effect of MPTP in the Mouse Brain in Relation to Aging: Neurochemical and
Immunocytochemical Analysis. Brain Res. 1990, 519, 266–276. [CrossRef] [PubMed]

66. Rothblat, D.S.; Schroeder, J.A.; Schneider, J.S. Tyrosine Hydroxylase and Dopamine Transporter Expression in Residual Dopamin-
ergic Neurons: Potential Contributors to Spontaneous Recovery from Experimental Parkinsonism. J. Neurosci. Res. 2001, 65,
254–266. [CrossRef] [PubMed]

67. Aznavour, N.; Cendres-Bozzi, C.; Lemoine, L.; Buda, C.; Sastre, J.-P.; Mincheva, Z.; Zimmer, L.; Lin, J.-S. MPTP Animal Model of
Parkinsonism: Dopamine Cell Death or Only Tyrosine Hydroxylase Impairment? A Study Using PET Imaging, Autoradiography,
and Immunohistochemistry in the Cat. CNS Neurosci. Ther. 2012, 18, 934–941. [CrossRef] [PubMed]

68. O’Callaghan, J.P.; Sriram, K.; Miller, D.B. Defining “Neuroinflammation”. Ann. N. Y. Acad. Sci. 2008, 1139, 318–330. [CrossRef]
[PubMed]

69. Machado, V.; Zöller, T.; Attaai, A.; Spittau, B. Microglia-Mediated Neuroinflammation and Neurotrophic Factor-Induced
Protection in the MPTP Mouse Model of Parkinson’s Disease-Lessons from Transgenic Mice. Int. J. Mol. Sci. 2016, 17, 151.
[CrossRef] [PubMed]

70. Day, J.O.; Mullin, S. The Genetics of Parkinson’s Disease and Implications for Clinical Practice. Genes 2021, 12, 1006. [CrossRef]
[PubMed]

71. Lama, J.; Buhidma, Y.; Fletcher, E.J.R.; Duty, S. Animal Models of Parkinson’s Disease: A Guide to Selecting the Optimal Model
for Your Research. Neuronal Signal. 2021, 5, NS20210026. [CrossRef] [PubMed]

72. Volta, M.; Melrose, H. LRRK2 Mouse Models: Dissecting the Behavior, Striatal Neurochemistry and Neurophysiology of PD
Pathogenesis. Biochem. Soc. Trans. 2017, 45, 113–122. [CrossRef]

73. Aniszewska, A.; Bergström, J.; Ingelsson, M.; Ekmark-Lewén, S. Modeling Parkinson’s Disease-Related Symptoms in Alpha-
Synuclein Overexpressing Mice. Brain Behav. 2022, 12, e2628. [CrossRef]

74. El-Gamal, M.; Salama, M.; Collins-Praino, L.E.; Baetu, I.; Fathalla, A.M.; Soliman, A.M.; Mohamed, W.; Moustafa, A.A. Neurotoxin-
Induced Rodent Models of Parkinson’s Disease: Benefits and Drawbacks. Neurotox. Res. 2021, 39, 897–923. [CrossRef]

75. Schonhoff, A.M.; Williams, G.P.; Wallen, Z.D.; Standaert, D.G.; Harms, A.S. Innate and Adaptive Immune Responses in Parkinson’s
Disease. Prog. Brain Res. 2020, 252, 169–216. [CrossRef] [PubMed]

76. Bassing, C.H.; Swat, W.; Alt, F.W. The Mechanism and Regulation of Chromosomal V(D)J Recombination. Cell 2002, 109, S45–S55.
[CrossRef] [PubMed]

77. Vitetta, E.S.; Berton, M.T.; Burger, C.; Kepron, M.; Lee, W.T.; Yin, X.M. Memory B and T Cells. Annu. Rev. Immunol. 1991, 9,
193–217. [CrossRef]

78. Miman, O.; Kusbeci, O.Y.; Aktepe, O.C.; Cetinkaya, Z. The Probable Relation between Toxoplasma Gondii and Parkinson’s
Disease. Neurosci. Lett. 2010, 475, 129–131. [CrossRef] [PubMed]

79. Woulfe, J.; Hoogendoorn, H.; Tarnopolsky, M.; Muñoz, D.G. Monoclonal Antibodies against Epstein-Barr Virus Cross-React with
Alpha-Synuclein in Human Brain. Neurology 2000, 55, 1398–1401. [CrossRef] [PubMed]

80. Ravenholt, R.T.; Foege, W.H. 1918 Influenza, Encephalitis Lethargica, Parkinsonism. Lancet 1982, 2, 860–864. [CrossRef] [PubMed]
81. Jang, H.; Boltz, D.; McClaren, J.; Pani, A.K.; Smeyne, M.; Korff, A.; Webster, R.; Smeyne, R.J. Inflammatory Effects of Highly

Pathogenic H5N1 Influenza Virus Infection in the CNS of Mice. J. Neurosci. 2012, 32, 1545–1559. [CrossRef] [PubMed]
82. Shoji, H.; Watanabe, M.; Itoh, S.; Kuwahara, H.; Hattori, F. Japanese Encephalitis and Parkinsonism. J. Neurol. 1993, 240, 59–60.

[CrossRef] [PubMed]
83. Leta, V.; Urso, D.; Batzu, L.; Lau, Y.H.; Mathew, D.; Boura, I.; Raeder, V.; Falup-Pecurariu, C.; van Wamelen, D.; Ray Chaudhuri, K.

Viruses, Parkinsonism and Parkinson’s Disease: The Past, Present and Future. J. Neural Transm. 2022, 129, 1119–1132. [CrossRef]
[PubMed]

84. Blackburn, K.M.; Wang, C. Post-Infectious Neurological Disorders. Ther. Adv. Neurol. Disord. 2020, 13, 1756286420952901.
[CrossRef] [PubMed]

85. Caggiu, E.; Paulus, K.; Arru, G.; Piredda, R.; Sechi, G.P.; Sechi, L.A. Humoral Cross Reactivity between α-Synuclein and Herpes
Simplex-1 Epitope in Parkinson’s Disease, a Triggering Role in the Disease? J. Neuroimmunol. 2016, 291, 110–114. [CrossRef]
[PubMed]

https://doi.org/10.1111/j.1471-4159.2008.05604.x
https://www.ncbi.nlm.nih.gov/pubmed/18680555
https://doi.org/10.1038/emm.2015.100
https://www.ncbi.nlm.nih.gov/pubmed/27534533
https://doi.org/10.1186/s12974-017-0830-9
https://www.ncbi.nlm.nih.gov/pubmed/28320442
https://doi.org/10.1002/glia.22935
https://www.ncbi.nlm.nih.gov/pubmed/26511587
https://doi.org/10.1006/exnr.1998.6993
https://www.ncbi.nlm.nih.gov/pubmed/10192776
https://doi.org/10.1016/0006-8993(90)90088-S
https://www.ncbi.nlm.nih.gov/pubmed/1975765
https://doi.org/10.1002/jnr.1149
https://www.ncbi.nlm.nih.gov/pubmed/11494360
https://doi.org/10.1111/cns.12009
https://www.ncbi.nlm.nih.gov/pubmed/23106974
https://doi.org/10.1196/annals.1432.032
https://www.ncbi.nlm.nih.gov/pubmed/18991877
https://doi.org/10.3390/ijms17020151
https://www.ncbi.nlm.nih.gov/pubmed/26821015
https://doi.org/10.3390/genes12071006
https://www.ncbi.nlm.nih.gov/pubmed/34208795
https://doi.org/10.1042/NS20210026
https://www.ncbi.nlm.nih.gov/pubmed/34956652
https://doi.org/10.1042/BST20160238
https://doi.org/10.1002/brb3.2628
https://doi.org/10.1007/s12640-021-00356-8
https://doi.org/10.1016/BS.PBR.2019.10.006
https://www.ncbi.nlm.nih.gov/pubmed/32247364
https://doi.org/10.1016/S0092-8674(02)00675-X
https://www.ncbi.nlm.nih.gov/pubmed/11983152
https://doi.org/10.1146/annurev.iy.09.040191.001205
https://doi.org/10.1016/j.neulet.2010.03.057
https://www.ncbi.nlm.nih.gov/pubmed/20350582
https://doi.org/10.1212/WNL.55.9.1398
https://www.ncbi.nlm.nih.gov/pubmed/11087792
https://doi.org/10.1016/S0140-6736(82)90820-0
https://www.ncbi.nlm.nih.gov/pubmed/6126720
https://doi.org/10.1523/JNEUROSCI.5123-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22302798
https://doi.org/10.1007/BF00838449
https://www.ncbi.nlm.nih.gov/pubmed/8380848
https://doi.org/10.1007/s00702-022-02536-y
https://www.ncbi.nlm.nih.gov/pubmed/36036863
https://doi.org/10.1177/1756286420952901
https://www.ncbi.nlm.nih.gov/pubmed/32944082
https://doi.org/10.1016/j.jneuroim.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26857504


Int. J. Mol. Sci. 2024, 25, 4330 22 of 27

86. Caggiu, E.; Paulus, K.; Galleri, G.; Arru, G.; Manetti, R.; Sechi, G.P.; Sechi, L.A. Homologous HSV1 and Alpha-Synuclein Peptides
Stimulate a T Cell Response in Parkinson’s Disease. J. Neuroimmunol. 2017, 310, 26–31. [CrossRef] [PubMed]

87. Ene, L. Human Immunodeficiency Virus in the Brain-Culprit or Facilitator? Infect. Dis. 2018, 11, 117863371775268. [CrossRef]
[PubMed]

88. Budka, H. Human Immunodeficiency Virus (HIV) Envelope and Core Proteins in CNS Tissues of Patients with the Acquired
Immune Deficiency Syndrome (AIDS). Acta Neuropathol. 1990, 79, 611–619. [CrossRef] [PubMed]

89. Brach-Werner, R. Astrocytes: HIV Cellular Reservoirs and Important Participants in Neuropathogenesis. AIDS 1999, 13, 1–22.
[CrossRef] [PubMed]

90. Wheeler, E.D.A.; Achim, C.L.; Ayyavoo, V. Immunodetection of Human Immunodeficiency Virus Type 1 (HIV-1) Vpr in Brain
Tissue of HIV-1 Encephalitic Patients. J. Neurovirol. 2006, 12, 200–210. [CrossRef] [PubMed]

91. Cantó-Nogués, C.; Sánchez-Ramón, S.; Álvarez, S.; Lacruz, C.; Muñóz-Fernández, M.Á. HIV-1 Infection of Neurons Might
Account for Progressive HIV-1-Associated Encephalopathy in Children. J. Mol. Neurosci. 2005, 27, 79–89. [CrossRef] [PubMed]

92. Van der Most, R.G.; Murali-Krishna, K.; Ahmed, R. Prolonged Presence of Effector-Memory CD8 T Cells in the Central Nervous
System after Dengue Virus Encephalitis. Int. Immunol. 2003, 15, 119–125. [CrossRef] [PubMed]

93. Cose, S.; Brammer, C.; Khanna, K.M.; Masopust, D.; Lefrançois, L. Evidence That a Significant Number of Naive T Cells Enter
Non-Lymphoid Organs as Part of a Normal Migratory Pathway. Eur. J. Immunol. 2006, 36, 1423–1433. [CrossRef]

94. Brochard, V.; Combadière, B.; Prigent, A.; Laouar, Y.; Perrin, A.; Beray-Berthat, V.; Bonduelle, O.; Alvarez-Fischer, D.; Callebert, J.;
Launay, J.M.; et al. Infiltration of CD4+ Lymphocytes into the Brain Contributes to Neurodegeneration in a Mouse Model of
Parkinson Disease. J. Clin. Investig. 2009, 119, 182–192. [CrossRef] [PubMed]

95. Lira, A.; Kulczycki, J.; Slack, R.; Anisman, H.; Park, D.S. Involvement of the Fc Gamma Receptor in a Chronic N-Methyl-4-
Phenyl-1,2,3,6-Tetrahydropyridine Mouse Model of Dopaminergic Loss. J. Biol. Chem. 2011, 286, 28783–28793. [CrossRef]
[PubMed]

96. Theodore, S.; Cao, S.; McLean, P.J.; Standaert, D.G. Targeted Overexpression of Human Alpha-Synuclein Triggers Microglial
Activation and an Adaptive Immune Response in a Mouse Model of Parkinson Disease. J. Neuropathol. Exp. Neurol. 2008, 67,
1149–1158. [CrossRef] [PubMed]

97. Kannarkat, G.T.; Boss, J.M.; Tansey, M.G. The Role of Innate and Adaptive Immunity in Parkinson’s Disease. J. Park. Dis. 2013, 3,
493–514. [CrossRef] [PubMed]

98. Shlomchik, M.J.; Weisel, F. Germinal Center Selection and the Development of Memory B and Plasma Cells. Immunol. Rev. 2012,
247, 52–63. [CrossRef] [PubMed]

99. Han, M.; Nagele, E.; DeMarshall, C.; Acharya, N.; Nagele, R. Diagnosis of Parkinson’s Disease Based on Disease-Specific
Autoantibody Profiles in Human Sera. PLoS ONE 2012, 7, e32383. [CrossRef] [PubMed]

100. Besong-Agbo, D.; Wolf, E.; Jessen, F.; Oechsner, M.; Hametner, E.; Poewe, W.; Reindl, M.; Oertel, W.H.; Noelker, C.; Bacher, M.;
et al. Naturally Occurring α-Synuclein Autoantibody Levels Are Lower in Patients with Parkinson Disease. Neurology 2013, 80,
169–175. [CrossRef] [PubMed]

101. McGeer, P.L.; Itagaki, S.; Boyes, B.E.; McGeer, E.G. Reactive Microglia Are Positive for HLA-DR in the Substantia Nigra of
Parkinson’s and Alzheimer’s Disease Brains. Neurology 1988, 38, 1285–1291. [CrossRef] [PubMed]

102. McGeer, P.L.; Itagaki, S.; McGeer, E.G. Expression of the Histocompatibility Glycoprotein HLA-DR in Neurological Disease. Acta
Neuropathol. 1988, 76, 550–557. [CrossRef] [PubMed]

103. Chen, S.; Le, W.D.; Xie, W.J.; Alexianu, M.E.; Engelhardt, J.I.; Siklós, L.; Appel, S.H. Experimental Destruction of Substantia Nigra
Initiated by Parkinson Disease Immunoglobulins. Arch. Neurol. 1998, 55, 1075–1080. [CrossRef] [PubMed]

104. He, Y.; Le, W.D.; Appel, S.H. Role of Fcγ Receptors in Nigral Cell Injury Induced by Parkinson Disease Immunoglobulin Injection
into Mouse Substantia Nigra. Exp. Neurol. 2002, 176, 322–327. [CrossRef]

105. Bae, E.J.; Lee, H.J.; Rockenstein, E.; Ho, D.H.; Park, E.B.; Yang, N.Y.; Desplats, P.; Masliah, E.; Lee, S.J. Antibody-Aided Clearance
of Extracellular α-Synuclein Prevents Cell-to-Cell Aggregate Transmission. J. Neurosci. 2012, 32, 13454–13469. [CrossRef]

106. Zhang, X.; Shao, Z.; Xu, S.; Liu, Q.; Liu, C.; Luo, Y.; Jin, L.; Li, S. Immune Profiling of Parkinson’s Disease Revealed Its Association
With a Subset of Infiltrating Cells and Signature Genes. Front. Aging Neurosci. 2021, 13, 605970. [CrossRef] [PubMed]

107. Pajares, M.; I Rojo, A.; Manda, G.; Boscá, L.; Cuadrado, A. Inflammation in Parkinson’s Disease: Mechanisms and Therapeutic
Implications. Cells 2020, 9, 1687. [CrossRef]

108. Chen, Z.; Trapp, B.D. Microglia and Neuroprotection. J. Neurochem. 2016, 136, 10–17. [CrossRef] [PubMed]
109. Brück, D.; Wenning, G.K.; Stefanova, N.; Fellner, L. Glia and Alpha-Synuclein in Neurodegeneration: A Complex Interaction.

Neurobiol. Dis. 2016, 85, 262–274. [CrossRef]
110. Gustot, A.; Gallea, J.I.; Sarroukh, R.; Celej, M.S.; Ruysschaert, J.M.; Raussens, V. Amyloid Fibrils Are the Molecular Trigger of

Inflammation in Parkinson’s Disease. Biochem. J. 2015, 471, 323–333. [CrossRef] [PubMed]
111. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting Microglial Cells Are Highly Dynamic Surveillants of Brain Parenchyma in

Vivo. Science 2005, 308, 1314–1318. [CrossRef] [PubMed]
112. Amor, S.; McNamara, N.B.; Gerrits, E.; Marzin, M.C.; Kooistra, S.M.; Miron, V.E.; Nutma, E. White Matter Microglia Heterogeneity

in the CNS. Acta Neuropathol. 2022, 143, 125–141. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jneuroim.2017.06.004
https://www.ncbi.nlm.nih.gov/pubmed/28778441
https://doi.org/10.1177/1178633717752687
https://www.ncbi.nlm.nih.gov/pubmed/29467577
https://doi.org/10.1007/BF00294238
https://www.ncbi.nlm.nih.gov/pubmed/2360408
https://doi.org/10.1097/00002030-199901140-00003
https://www.ncbi.nlm.nih.gov/pubmed/10207540
https://doi.org/10.1080/13550280600827377
https://www.ncbi.nlm.nih.gov/pubmed/16877301
https://doi.org/10.1385/JMN:27:1:079
https://www.ncbi.nlm.nih.gov/pubmed/16055948
https://doi.org/10.1093/intimm/dxg009
https://www.ncbi.nlm.nih.gov/pubmed/12502732
https://doi.org/10.1002/eji.200535539
https://doi.org/10.1172/JCI36470
https://www.ncbi.nlm.nih.gov/pubmed/19104149
https://doi.org/10.1074/jbc.M111.244830
https://www.ncbi.nlm.nih.gov/pubmed/21693708
https://doi.org/10.1097/NEN.0b013e31818e5e99
https://www.ncbi.nlm.nih.gov/pubmed/19018246
https://doi.org/10.3233/JPD-130250
https://www.ncbi.nlm.nih.gov/pubmed/24275605
https://doi.org/10.1111/j.1600-065X.2012.01124.x
https://www.ncbi.nlm.nih.gov/pubmed/22500831
https://doi.org/10.1371/journal.pone.0032383
https://www.ncbi.nlm.nih.gov/pubmed/22384236
https://doi.org/10.1212/WNL.0b013e31827b90d1
https://www.ncbi.nlm.nih.gov/pubmed/23255825
https://doi.org/10.1212/WNL.38.8.1285
https://www.ncbi.nlm.nih.gov/pubmed/3399080
https://doi.org/10.1007/BF00689592
https://www.ncbi.nlm.nih.gov/pubmed/2974227
https://doi.org/10.1001/archneur.55.8.1075
https://www.ncbi.nlm.nih.gov/pubmed/9708957
https://doi.org/10.1006/exnr.2002.7946
https://doi.org/10.1523/JNEUROSCI.1292-12.2012
https://doi.org/10.3389/fnagi.2021.605970
https://www.ncbi.nlm.nih.gov/pubmed/33633562
https://doi.org/10.3390/cells9071687
https://doi.org/10.1111/jnc.13062
https://www.ncbi.nlm.nih.gov/pubmed/25693054
https://doi.org/10.1016/j.nbd.2015.03.003
https://doi.org/10.1042/BJ20150617
https://www.ncbi.nlm.nih.gov/pubmed/26272943
https://doi.org/10.1126/science.1110647
https://www.ncbi.nlm.nih.gov/pubmed/15831717
https://doi.org/10.1007/s00401-021-02389-x
https://www.ncbi.nlm.nih.gov/pubmed/34878590


Int. J. Mol. Sci. 2024, 25, 4330 23 of 27

113. Zang, X.; Chen, S.; Zhu, J.Y.; Ma, J.; Zhai, Y. The Emerging Role of Central and Peripheral Immune Systems in Neurodegenerative
Diseases. Front. Aging Neurosci. 2022, 14, 872134. [CrossRef] [PubMed]

114. Frank-Cannon, T.C.; Alto, L.T.; McAlpine, F.E.; Tansey, M.G. Does Neuroinflammation Fan the Flame in Neurodegenerative
Diseases? Mol. Neurodegener. 2009, 4, 47. [CrossRef] [PubMed]

115. Ramsey, C.P.; Tansey, M.G. A Survey from 2012 of Evidence for the Role of Neuroinflammation in Neurotoxin Animal Models of
Parkinson’s Disease and Potential Molecular Targets. Exp. Neurol. 2014, 256, 126–132. [CrossRef] [PubMed]

116. Alvarez, J.I.; Dodelet-Devillers, A.; Kebir, H.; Ifergan, I.; Fabre, P.J.; Terouz, S.; Sabbagh, M.; Wosik, K.; Bourbonnière, L.; Bernard,
M.; et al. The Hedgehog Pathway Promotes Blood-Brain Barrier Integrity and CNS Immune Quiescence. Science 2011, 334,
1727–1731. [CrossRef] [PubMed]

117. Jeon, M.T.; Kim, K.S.; Kim, E.S.; Lee, S.; Kim, J.; Hoe, H.S.; Kim, D.G. Emerging Pathogenic Role of Peripheral Blood Factors
Following BBB Disruption in Neurodegenerative Disease. Ageing Res. Rev. 2021, 68, 101333. [CrossRef] [PubMed]

118. Rannikko, E.H.; Weber, S.S.; Kahle, P.J. Exogenous α-Synuclein Induces Toll-like Receptor 4 Dependent Inflammatory Responses
in Astrocytes. BMC Neurosci. 2015, 16, 57. [CrossRef] [PubMed]

119. Yun, S.P.; Kam, T.I.; Panicker, N.; Kim, S.; Oh, Y.; Park, J.S.; Kwon, S.H.; Park, Y.J.; Karuppagounder, S.S.; Park, H.; et al. Block
of A1 Astrocyte Conversion by Microglia Is Neuroprotective in Models of Parkinson’s Disease. Nat. Med. 2018, 24, 931–938.
[CrossRef] [PubMed]

120. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481–487. [CrossRef]
[PubMed]

121. Boccazzi, M.; Van Steenwinckel, J.; Schang, A.L.; Faivre, V.; Le Charpentier, T.; Bokobza, C.; Csaba, Z.; Verderio, C.; Fumagalli, M.;
Mani, S.; et al. The Immune-Inflammatory Response of Oligodendrocytes in a Murine Model of Preterm White Matter Injury: The
Role of TLR3 Activation. Cell Death Dis. 2021, 12, 166. [CrossRef] [PubMed]

122. Zeis, T.; Enz, L.; Schaeren-Wiemers, N. The Immunomodulatory Oligodendrocyte. Brain Res. 2016, 1641, 139–148. [CrossRef]
[PubMed]

123. Raffaele, S.; Boccazzi, M.; Fumagalli, M. Oligodendrocyte Dysfunction in Amyotrophic Lateral Sclerosis: Mechanisms and
Therapeutic Perspectives. Cells 2021, 10, 565. [CrossRef]

124. Castellani, G.; Schwartz, M. Immunological Features of Non-Neuronal Brain Cells: Implications for Alzheimer’s Disease
Immunotherapy. Trends Immunol. 2020, 41, 794–804. [CrossRef] [PubMed]

125. Mészáros, Á.; Molnár, K.; Nógrádi, B.; Hernádi, Z.; Nyúl-Tóth, Á.; Wilhelm, I.; Krizbai, I.A. Neurovascular Inflammaging in
Health and Disease. Cells 2020, 9, 1614. [CrossRef]

126. Vedam-Mai, V. Harnessing the Immune System for the Treatment of Parkinson’s Disease. Brain Res. 2021, 1758, 147308. [CrossRef]
[PubMed]

127. Procter, T.V.; Williams, A.; Montagne, A. Interplay between Brain Pericytes and Endothelial Cells in Dementia. Am. J. Pathol. 2021,
191, 1917–1931. [CrossRef] [PubMed]

128. Uemura, M.T.; Maki, T.; Ihara, M.; Lee, V.M.Y.; Trojanowski, J.Q. Brain Microvascular Pericytes in Vascular Cognitive Impairment
and Dementia. Front. Aging Neurosci. 2020, 12, 80. [CrossRef] [PubMed]

129. Ding, X.; Gu, R.; Zhang, M.; Ren, H.; Shu, Q.; Xu, G.; Wu, H. Microglia Enhanced the Angiogenesis, Migration and Proliferation
of Co-Cultured RMECs. BMC Ophthalmol. 2018, 18, 249. [CrossRef]
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