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Neurodegenerative diseases share the fact that they derive from altered proteins that 
undergo an unfolding process followed by formation of β-structures and a pathological 
tendency to self-aggregate in neuronal cells. This is a characteristic of tau protein in 
Alzheimer’s disease and several tauopathies associated with tau unfolding, α-synuclein in 
Parkinson’s disease, and huntingtin in Huntington disease. Usually, the self-aggregation 
products are toxic to these cells, and toxicity spreads all over different brain areas. We have 
postulated that these protein unfolding events are the molecular alterations that trigger 
several neurodegenerative disorders. Most interestingly, these events occur as a result 
of neuroinflammatory cascades involving alterations in the cross-talks between glial cells 
and neurons as a consequence of the activation of microglia and astrocytes. The model 
we have hypothesized for Alzheimer’s disease involves damage signals that promote 
glial activation, followed by nuclear factor NF-kβ activation, synthesis, and release of 
proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, 
and IL-12 that affect neuronal receptors with an overactivation of protein kinases. These 
patterns of pathological events can be applied to several neurodegenerative disorders. 
In this context, the involvement of innate immunity seems to be a major paradigm in the 
pathogenesis of these diseases. This is an important element for the search for potential 
therapeutic approaches for all these brain disorders.

Keywords: Alzheimer’s disease, Parkinson’s disease, tauopathies, neuroinflammation, microglia, astrocytes, 
proinflammatory cytokines

CROSS-TALKS BETWEEN GLIAL CELLS AND NEURONS AND 
ORIGINS OF ALZHEIMER’S DISEASE

The German physician Alois Alzheimer discovered, in the beginning of the past century, a 
neuropsychiatric disorder, with clinical features of a dementia, called Alzheimer’s disease (AD) after 
him. He analyzed the postmortem brain of an elderly woman with cognitive impairment and found 
anomalous structures which correspond to the intracellular neurofibrillary tangles (NFTs) formed 
by aggregates of hyperphosphorylated tau protein. These along with the oligomers of β-amyloid (Aβ) 
peptide became the major hallmarks of this disease. Along with these hallmarks, during many years 
of research, several factors have been elucidated, neuroinflammation being a key element in the 
development of the disease. In dementia, one of the most frequent is AD that affects mainly people 
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over 65 years old. Because of the expansion of life expectancy, 
AD has become a major health problem, with an estimated 50 
million people all over the world having it (Bettens et al., 2010). 
According to the World Health Organization (WHO), AD 
progressively affects learning and memory as well as mood and 
behavior, displaying a constantly increasing prevalence and 
impact (Maccioni, 2012; Guzman-Martinez et al., 2013).

A major constituent of NFTs is a hyperphosphorylated form 
of the axonal protein tau, whereas a major constituent of senile 
plaques (SPs) is Aβ protein. SPs are extracellular deposits and 
correspond to deposition of Aβ peptides, derived from the 
amyloid precursor protein (AβPP) (Chapman et al., 2002). Aβ is 
generated by a sequential processing of the AβPP by two proteases 
and usually exported from the brain to the cerebrospinal fluid 
(CSF) and local degradation by microglia, the major constituent 
of the brain’s innate immune system. In principle, microglia can 
engulf Aβ by phagocytosis (Heneka et al., 2015).

Hyperphosphorylated tau protein originally forms oligomeric 
structures called paired helical filaments (PHFs); then it turns 
into NFTs. The deposition of these structures causes loss of 
synaptic function and finally neuronal death (Giannakopoulos 
et  al., 2003). Evidence supports the toxicity of tau aggregates 
when they are exported into the extracellular environment, 
along with being spread all over the brain (Neumann et al., 
2011; Andrade et  al., 2017). Studies of cell morphology and 
organelle distribution under tau overexpression show alterations 
in transport through the axis by motor axonal microtubule-
associated proteins (MAPs) (Cambiazo et al., 1995).

On the other hand, in AD pathophysiology, a key event 
is neuroinflammation in the central nervous system (CNS). 
Thus, in this review, we will focus on how neuroinflammatory 
processes are directly related to cognitive impairment and to 
the neurodegenerative processes, describing yet the implications 
of the involvement of both astrocytes and microglia in the 
inflammatory and neuro-immunomodulatory processes 
(Fernandez et al., 2008; Morales et al., 2010; Maccioni, 2011; 
Neumann et al., 2011). The microglial cells regulate the innate 
immune functions of astrocytes, under both physiological and 
pathological conditions; the inflammatory factors released by 
activated microglia can induce transduction of intracellular 
signals in astrocytes. On the other hand, the reactive astrocytes 
release factors that favor changes in the permeability of the blood–
brain barrier (BBB), resulting in the recruitment of immune cells 
in the brain parenchyma. This leads to an amplification of the 
initial innate immune response. In turn, these reactive astrocytes 
secrete a wide range of factors, such as neurotrophic factors, 
growth factors, and cytokines, promoting neuronal survival, 
neurite growth, and neurogenesis. Both the microglia and the 
astrocytes release various signaling molecules, establishing an 
autocrine feedback. The feedback between both types of glial cells 
generates a close reciprocal modulation for various lesions in the  
CNS (Jha et al., 2019).

There are several neuroinflammatory factors that are involved 
in both the onset and the progression of AD. This process 
depends on the innate immune system which includes microglia 
and astrocytes (Maccioni et al., 2009). Residues from bacteria, 
viruses, fungi, abnormal endogenous proteins, iron overload, 

complement factors, antibodies, cytokines, and chemokines, 
including toll-like receptors (TLRs) and receptor for advanced 
glycation end products (RAGE), comprise a large number of 
damage signals, which represent a danger for homeostasis of 
the CNS, and participate in microglial action and its activation 
(Shastri et al., 2013). Under these conditions, microglial cells 
regulate the expression of different surface markers, such as 
the major histocompatibility complex II (MHC-II) molecular 
pattern recognition receptors (PPRs), which produce cytokine 
proinflammatory drugs such as interleukin (IL) 1 beta (IL-1β), 
IL-6, IL-12, interferon (IFN) gamma (IFN-γ), and tumor necrosis 
factor (TNF) alpha (TNF-α). They also synthesize and release 
short-lived cytotoxic factors, such as superoxide radicals (O2

−), 
nitric oxide (NO), and reactive oxygen species (ROS) (Meda 
et al., 2001; Colton and Wilcock, 2010). Therefore, and in relation 
to the above, microglial cells have an important role in innate 
immunity and are the main source of proinflammatory factors 
in the human brain. The microglial activation process depends 
on phenotypic characteristics and is functionally diverse, because 
the response depends on the type, intensity, and context of the 
stimulus that generates it. The factors that affect microglia can 
also generate neuroprotection. Under pathological conditions, 
neurotoxicity will be expressed, due to the breakdown of the 
delicate balance between neurotoxic and neuroprotective effects.

Microglial cells exhibit ramified processes having high motility 
and allowing a dynamic and continual survey of the healthy brain 
as observed by using in vivo two-photon imaging (Nimmerjahn 
et al., 2005). They sample, detect, and eliminate debris or 
apoptotic neurons by phagocytosis, but this ability is considerably 
decreased in a proinflammatory context (Koenigsknecht-Talboo 
and Landreth, 2005). Microglia is involved in multiple processes 
such as neurogenesis, synapse elimination in a complement-
dependent manner, or synapse plasticity (Paolicelli et al., 2014). 
The involvement of microglia in AD pathogenesis was studied in 
the light of the Aβ (Guillot-Sestier et al., 2015; Heneka et al., 2015) 
and also in the context of tau oligomerization (Maccioni et al., 
2009; Morales et al., 2010; Maccioni, 2012; Morales et al., 2014).

Another key factor is the accumulation of monocytes and 
microglia around blood vessels, due to the CCL2 chemoattractant 
protein and its affinity receptor CCR2. Studies showed that 
removal of the receptor increases the microglia accumulation 
phenomena, possibly through recruitment of mononuclear 
phagocytes and bone marrow, which promotes the deposition of 
perivascular Aβ (Ransohoff, 2016b). Care should be taken, since 
most experiments of circulating monocytes include conditions 
in which the BBB is open by irradiation procedures in AD, 
leading to controversy. Interestingly, the reduction of monocyte 
infiltration following ccr2 deficiency has been involved in 
tau hyperphosphorylation in traumatic brain injury (TBI) 
(Ransohoff, 2016b).

It is known that Aβ oligomers induce the activation of microglia 
through oligomers-surface receptors such as TLRs, being part 
of a physiological duty to eliminate them via phagocytosis 
(Walter et al., 2007). Certain receptors are associated with the 
reduction of microglial Aβ phagocytic capacity like triggering 
receptors expressed in myeloid cells 2 (TREM2), whose specific 
missense mutations increase the risk of AD (Jonsson et al., 2013;  
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Parhizkar et al., 2019). Deficiencies in receptor CX3CR1, a chemokine 
CX3CL1 microglial receptor which partly mediates the infiltration of 
monocytes, induce overexpression or activation of microglia and tau 
hyperphosphorylation (Maphis et al., 2015), increased CD33 with 
a specific single-nucleotide polymorphism (SNP) in the promoter 
which inhibits immune response promoting Aβ1–42 accumulation 
(Griciuc et al., 2013), B3 domain-containing transcription factor 
ABI3 (ABI3) (Sims et al., 2017), and several other factors.

On the other hand, some variants in phospholipase  
C gamma 2 (PLCG2) have a positive outcome for AD, reducing 
the late onset of the disease (Sims et al., 2017). Friedman et al. 
(2018) determined the gene expression profile associated with 
neurodegeneration, where 75% of these genes are linked with 
gene ontology (GO) related to plasmatic membrane. Altogether, 
this information and the effect of mutations in several receptors 
and other plasma membrane proteins suggest that changes 
depend on the interaction with the environment. The paper of 
Keren-Shaul et al.  (2017) describes a new kind of microglia, the 
disease-associated microglia (DAM) that only gets expressed 
in AD. The study determined several gene modules. In DAM, a 
neurodegeneration gene core is expressed. Other modules include 
the IFN gene. In AD animal models, there are abundant cells 
that express the IFN module. The DAM gene expression changes 
as follows: there is downregulation of homeostatic genes like  
CX3CR1 and upregulation of genes associated with the disease like 
Apoε and phagocytic genes for plaque clearance. Every microglia 
has promoters and enhancers associated with DAMs, indicating 
that these stage changes might pass through an epigenomic change. 
They also discovered the three stages of microglia: homeostatic, 
intermediated, and finally DAM stage through an unknown 
Trem2-independent mechanism. In microglia gene expression 
modules, lipopolysaccharide (LPS) and neutrophil/monocyte 
are exacerbated, suggesting that inflammation and infiltration 
elements are involved in the neurodegenerative disease (ND).

Along with microglia, astrocytes are involved in the 
neuroinflammation process. Astrocytes have roles in metabolic 
regulation, neuronal scaffold, and synaptogenesis. In addition, 
there is a close contact with microglia and blood vessels in BBB 
(Morales et al., 2014). It also participates in the clearance of Aβ, 
by enzyme secretion (Mulder et al., 2012), and APOε from the ε2 
allele is considered a protective factor. (Koistinaho et al., 2004). 
Like microglia, astrocytes also surround Aβ plaques (Medeiros 
and LaFerla, 2013), turning into an activated phase. Calcium 
deregulation, expression of the APOε4 allele, gives rise to APOε4 
activity, which does not affect the synthesis of Aβ but does increase 
the deposition of the same, meaning a defect in the Aβ clearance 
(Holtzman et al., 2000). The astrocytes can be activated through 
a pathway involving NF-κB, to release a C3 complement which 
binds to the C3aR receptor, inducing neuronal damage (Lian et al., 
2015), along with soluble CD40, which binds to microglia and 
induces the release of TNF-α and other proinflammatory cytokines 
(Frankola et al., 2011). In neuroinflammation, astrocytes also 
contribute to NO toxicity, by expressing inducible NO synthase 
(iNOS) (Phillips et al., 2014). Besides, there is overexpression of 
the glial fibrillary acidic protein (GFAP), a protein essential in the 
astrocyte cytoskeleton, related to astrocyte activation (Hol and 
Pekny, 2015). In the tauopathy context, Aβ can bind to the calcium 

sensing receptor (CaSR) in astrocytes, which triggers signaling 
pathways involved in the production and release of phosphorylated 
tau (Chiarini et al., 2017).

NEUROINFLAMMATION IN AD

Neuroinflammation is a process related with the onset of several 
neurodegenerative disorders and it is an important contributor 
to AD pathogenesis and progression. Several damage signals 
appear to induce neuroinflammation, such as trauma, infection, 
oxidative agents, redox iron, oligomers of tau, and Aβ. In effect, 
neuroinflammation is responsible for an abnormal secretion of 
proinflammatory cytokines that trigger signaling pathways that 
activate brain tau hyperphosphorylation in residues that are 
not modified under normal physiological conditions. Indeed, 
evidence exists that AD pathogenesis is not restricted to the 
neuronal compartment but includes strong interactions with 
immunological cells in the brain such as astrocytes, microglia, 
and infiltrating immune cells from the periphery, which could 
contribute to the modification of the process of neuroinflammation 
and neurodegeneration in AD brains. In this context, this 
is where our theory of neuroimmunomodulation plays an 
important role and focuses on the link between neuronal damage 
and brain inflammatory process, mediated by the progressive 
activation of astrocytes and microglial cells with the consequent 
overproduction of proinflammatory agents (Maccioni et al., 
2009). Despite clinical and pathological differences, increasing 
experimental evidence indicates that neuroinflammatory events 
lead to tau protein misfolding (Cortes et al., 2018).

The participation of the innate immune system in disease 
progression has shown a harmful bidirectional connection with 
regard to tau pathology. It is known that the tau protein belongs 
to the family of MAPs and is expressed mainly by neurons with 
preferential axonal localization. It has been observed that tau  
in vitro promotes the polymerization of tubulin and decreases 
the transition rate between the phases of growth and contraction, 
generating a stable but dynamic state in microtubules (Weingarten 
et al., 1975; Drechsel et al., 1992).

Tau is found mainly in axons, but a small amount is distributed 
physiologically in dendrites. The postsynaptic function of tau is 
not yet well defined, but it may be involved in synaptic plasticity. 
On the other hand, in addition to axons and dendrites, a nuclear 
function of tau (Citron, 2010) has been discovered, which could 
be regulating transcriptional activity and maintaining DNA/RNA 
integrity under physiological and stress conditions (Weingarten 
et al., 1975; Violet et al., 2014).

The tau structure corresponds to a hierarchical phosphorylation 
process in which different sites modulate the conformation of 
the protein, promoting the action of secondary kinases. In AD, 
different sites are phosphorylated earlier than others, leading to 
the creation of new epitopes. This sequential process has been 
studied by the use of antibodies such us AT100, whose epitopes 
in PHFs only appear after successive phosphorylation of residues 
Thr212 and Ser214, by glycogen synthase kinase (GSK)-3β and 
protein kinase A (PKA) along with Ser199, Ser202, Ser208, and 
Thr205 (Bussiere et al., 1999; Malia et al., 2016).
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It was also shown that the expression of tau by microglial cells 
promotes its activation (Wang et al., 2013). Overall, the exact 
pathway leading to phosphorylation of tau remains poorly defined, 
but subsequent structural changes induce its detachment from the 
microtubules and produce higher levels of soluble free tau. Before 
the formation of NFTs, the hyperphosphorylation of tau favors a 
dynamic and progressive self-assembly of tau in oligomeric forms 
and insoluble materials such as PHFs throughout the disease with 
different degrees of neurotoxicity (Braak and Braak, 1991).

NEUROINFLAMMATION IN  
SEVERAL TAUOPATHIES

Neuroinflammation in the Context of Tau 
and Tauopathies
These neurodegenerative disorders (tauopathies) do not have a 
defined clinical, biochemical, and morphological characteristic, 
like other diseases. Neurodegenerative disorders are distinguished 
by accumulation of misfolded proteins, such as α-synuclein 
(α-syn) protein in Parkinson’s disease (PD) and tau protein in AD 
(Cortes et al., 2018). An important group of degenerative diseases 
are the so-called tauopathies, which consist in the pathological 
accumulation of tau protein in intracellular fibrillary aggregates. The 
spectrum of tauopathies covers a large number of disorders such 
as progressive supranuclear palsy (PSP), corticobasal degeneration 
(CBD), frontotemporal dementia (FTD), FTD and parkinsonism 
linked to chromosome 17, chronic traumatic encephalopathy, and 
argyrophilic grain disease (Spillantini and Goedert, 2013; Arendt 
et al., 2016). On the other hand, this last pathology is identified 
by atrophy of the ambient gyrus and presence of argyrophilic and 
4R-tau immunoreactive grains in medial temporal-lobe structures 
(Tolnay and Clavaguera, 2004). On the other hand, AD is considered 
a secondary tauopathy because it also presents aggregates of Aβ (SPs) 
(Musiek and Holtzman, 2015). On the other hand, the pathological 
aggregates of tau protein, cells of the cerebral immune system, 
such as activated astrocytes and microglia, are other common 
pathological features of tauopathies (Wyss-Coray and Mucke, 
2002; Ransohoff, 2016a). The existence of neuroinflammatory 
processes exacerbated in various tau pathologies, known as the  
theory of neuroimmunomodulation, was initially described in AD by 
Dr. Maccioni’s group, in which the bases of the molecular cascades 
associated with these events were laid (Maccioni et al., 2009). 
Recent studies have discovered multiple mechanisms by which an 
overstimulation of glial cells causes a harmful neuroinflammation 
that would influence the tau pathology and accelerate the 
neurodegenerative processes. The chronic activation of glial cells 
alters the physiological function of the tau protein, inducing the 
activation of enzymes that phosphorylate tau, such as the enzymes 
CDK5 and GSK-3β, giving way to the formation of NFTs, thus 
decreasing the neuronal capacity (Wyss-Coray and Mucke, 2002; 
Lull and Block, 2010; Ransohoff, 2016a). In addition, glial cells 
can also contribute physically to the spread of tau pathology (Asai 
et al., 2015). In turn, the glial cells are also positively fed back by 
the tau pathology, since the degenerating neurons and their axons 
and dendrites release aggregated and toxic tau species, generating 

a constant neuroinflammatory cycle (Morales et al., 2010; Morales 
et al., 2013; Cortes et al., 2018).

As indicated, activated microglia release proinflammatory 
cytokines to their cell environment, among which we can highlight 
IL-1β, IL-6, IL-12, IFN-γ, and TNF-α. In turn, they can also 
produce ROS and NO, among others that may be characteristic 
of neurodegenerative disorders (Wang et al., 2015). On the 
other hand, the astrocytes are the main and most numerous of 
the glial cells; they are fundamental to supporting the function 
and health of the neuronal cells. In turn, astrogliosis can also be 
considered as an important factor in chronic neuroinflammation, 
affecting considerably the neuron and its integrity (Sofroniew 
and Vinters, 2010). As microglia, astrocytes also synthesize and 
secrete proinflammatory cytokines. In addition, experimental 
evidence has indicated that ILs such as IL-1β, TNF-α, IL-6, 
and C1q (secreted by the microglia) coactivate the astrocytes, 
resulting in neuronal dysfunction and ultimately death (Jacobs 
and Tavitian, 2012). In contrast, in PSP, only IL-1β increased 
significantly in the substantia nigra and in the subthalamic nucleus  
(Fernandez-Botran et al., 2011; Lopez Gonzalez et al., 2016).

Currently, there is an increase in the evidence that the 
pathological activation of both microglia and astrocytes causes 
chronic neuroinflammation in patients with tauopathies, 
negatively affecting the progression of the disease, although the 
first signs of neuroinflammation considered reactive gliosis in 
tauopathies and other NDs (Leyns and Holtzman, 2017).

Frontotemporal Dementia
More than a new pathological entity is the redefinition of the 
classic Pick’s disease. The term FTD is used to mean all those 
primary degenerative processes of the anterior portion of the 
brain, characterized by their clinical manifestations, neuroimaging 
findings, and histopathological elements, which are of particular 
importance for psychiatry, due to the tendency of patients to present 
behavioural disorders, being a frequent cause of dementia (Neary 
et al., 1988). FTD is a heterogeneous syndrome that involves several 
disorders that originate mainly in the frontal lobe and temporal 
areas of the human brain. These alterations can cause problems 
in language and motor and behavioural disorders (Neary et al., 
1998; Olney et al., 2017). In terms of prevalence, after AD, FTD is 
considered the second most important type of neurodegenerative 
disorder (Knopman and Roberts, 2011; Hughes et al., 2015). The 
onset of FTD is between 45 and 65 years of age, with a survival range 
of between 2 and 20 years, averaging 8 years. In turn, demographic 
data indicate that the distribution of this disease is similar among 
men and women (Hodges et al., 2003; Onyike and Diehl-Schmid, 
2013; Coyle-Gilchrist et al., 2016), with a prevalence between 15 
and 22 people per 100,000 inhabitants, varying according to the age 
of onset (Irwin et al., 2015). On the other hand, FTD associated 
with pathological tau represents 36–50% of all cases of FTD (Bang 
et al., 2015). There are different subtypes of FTD, which are directly 
related to an existing clinical classification, establishing the following 
main forms of FTD: the behavior variant of FTD (bvFTD), the non-
fluid variant (nfFTD), and the semantic variant (svFTD).

Both nfFTD and svFTD are classified as primary progressive 
aphasia, since they mainly affect language functions, according 

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org


Neuroinflammation in Brain DisordersGuzman-Martinez et al.

5 September 2019 | Volume 10 | Article 1008Frontiers in Pharmacology | www.frontiersin.org

to the criteria of clinical diagnosis. The type of FTD that presents 
the greatest insight is bvFTD, which covers about 60% of cases 
(Rascovsky et al., 2011; Onyike and Diehl-Schmid, 2013; Olney 
et  al., 2017). Likewise, other alterations in the FTD category are 
related to motor neuron disorder (MNFTD), PSP-FTD, and 
corticobasal syndrome (CBS) (Wang and Mandelkow, 2015; Olney 
et al., 2017). In the same context, frontotemporal lobar degeneration 
(FTLD) is based on the neuropathological alterations that occur 
in the frontal and temporal lobes. Different types of FTD are 
determined by protein aggregates. In this way, the protein aggregates 
associated with FTD are the following: (i) tau protein (FTLD-tau); 
(ii) ubiquitin proteasome system (FTLD-UPS); (iii) transactive 
response of the DNA binding protein (FTLD-TDP); and (iv) fused 
in sarcoma, Ewing sarcoma, and TAF15 protein family (FTLD-FET) 
(Mackenzie et al., 2010; Irwin et al., 2015; Olney et al., 2017). For the 
purpose of this review, we focus on FTDs caused by pathological 
inclusions of tau, which correspond to approximately half of FTDs, 
whose histopathological hallmark corresponds to aggregates of tau 
protein in both neurons and glial cells (Sieben et al., 2012). These 
include Pick’s disease (PiD-FTD), CB, PSP-FTD, and other rare 
FTDs, described as globular glial tauopathies and argyrophilic grain 
disease, which are included in former classifications (Mackenzie 
et al., 2010; Ghetti et al., 2015; Olney et al., 2017). The pathologies 
described previously are principally characterized by repetitions of 
4R-tau sequences; on the other hand, PiD-FTD are related to 3R-tau 
aggregates (Ghetti et al., 2015).

Previously, a study reported an increase in the levels of cytokines 
associated to inflammation, specifically TNF-α and transforming 
growth factor (TGF)-β in subjects affected by an unspecified form of 
FTD as compared to healthy people, suggesting a likely interference 
of inflammatory proteins in the pathogenesis of FTD that was 
immediately verified by Bellucci et al. (2004); this group reported 
a considerable rise of cytokines as IL-1 and cyclooxygenase-2 
(COX2), both being involved in proinflammatory response; also, 
studies in transgenic mice with mutation of tau show activation of 
microglia cells with tau inclusions in the brainstem and spinal cord. 
Moreover, studies conducted in transgenic mouse with mutation of 
human tau associated with FTD model reported microgliosis and 
synaptic disruption, prior to formation of NFT in the hippocampus, 
suggesting that inflammatory response can carry over to the 
formation of NFT in FTD (Yoshiyama et al., 2007), in accordance 
with our theory of neuroimmunomodulation (Fernandez et al., 
2008; Rojo et al., 2008; Maccioni et al., 2009). In turn, several 
trans-models with the FTD tau mutation model have also 
reported a microglial activation with the subsequent inflammatory 
process, which further emphasizes that these alterations directly 
depended on the expression of tau (Wes et al., 2014). In this way, 
the neuroinflammatory process has been proposed as possible 
diagnostic tools, through in vivo uptake of the microglia, using 
positron emission tomography (PET) images with the translocator 
protein (TSPO) ligand [11C]-PK11195 in the FTD and other 
tauopathies (Cagnin et al., 2004; Venneti et al., 2009; Zhang, 2015).

Progressive Supranuclear Palsy
It is a rare neurodegenerative disorder that is increasing over 
time. It affects movement, walking, balance, speech, swallowing, 

vision, mood, behavior, and thinking. One of the classic signs of 
the disease is the inability to focus and move the eyes correctly, 
which people can manifest as blurred vision. The prevalence of 
PSP is 5.8 to 6.5 per 100,000 (Ling, 2016). Like CBD, PSP presents 
hyperphosphorylated 4R-tau in neurons and glial cells. PSP is 
defined primarily by tau-positive NFTs, coiled bodies, threads, 
and tufted astrocytes, in contrast to the ballooned neurons,  
pre-tangles, threads, and astrocytic plaques that are characteristic 
of CBD (Yoshida, 2014).

Imaging studies used conventional magnetic resonance; atrophy 
can be seen at the level of the midbrain and superior cerebellar 
peduncle. In turn, when using diffusion tensor, the white matter 
of degeneration can be appreciated, especially in the superior 
cerebellar peduncles and the superior longitudinal fasciculus in 
the case of Richardson’s syndrome; dopamine transporter single-
photon emission computed tomography imaging shows reduced 
tracer uptake in the striatum; finally, fluorodeoxyglucose PET 
may identify focal midbrain hypometabolism (Yoshida, 2014; 
Ling, 2016; Kovacs, 2017).

The NFTs of tau in subcortical structures are a characteristic 
sign of PSP. These pathological aggregates of tau are located 
especially in the subthalamic nucleus, the basal ganglia, and 
the brainstem. The subcortical NFTs are associated in a variable 
but characteristic way, with astrocytes in tufts and spiral 
oligodendroglial bodies, as well as with threads, which present 
immunoreactivity for the isoform of tau 4 repetitions (4R-tau). 
Studies conducted by Williams et al. (2007) identified that certain 
brain regions are affected by these pathological tau aggregates. 
In this context, the pallido-luyso-nigral system is affected early, 
followed by the basal ganglia, the pontine nuclei, and the dentate 
nucleus; then the frontal and parietal lobes; and finally other 
neocortical areas and cerebellar structures (Williams et al., 
2007; Kovacs, 2017). When doing comparative studies between 
CBD and PSP, a greater amount of pathological tau is observed 
in neurons in the anterior brain in CBD, whereas in PSP the 
structures of the posterior brain are mainly affected (Dickson, 
1999). In addition, the different astroglial pathology associated 
with the pathological tau protein, associated with the presence 
of subcortical NFTs in the PSP, facilitates its neuropathological 
differentiation (Clavaguera et al., 2013).

Corticobasal Degeneration
This disease, a rare and progressive neurodegenerative disorder 
that affects about 4.9 to 7.3 per 100,000 of the population 
(Mahapatra et al., 2004), is characterized pathophysiologically 
by neuronal loss, asymmetric frontoparietal cortical atrophy, 
gliosis, and swollen achromatic neuronal cell bodies (Rebeiz et 
al., 1968; Gibb et al., 1989). However, the exact cause of CBD 
still remains unknown, and although CBD is considered a 
sporadic disease, there have been some reports of families with 
pathology similar to CBD (Uchihara and Nakayama, 2006) or 
mutations in tau protein, a gene linked to pathological findings 
similar to CBD (Mirra et al., 1999; Spillantini et al., 2000). The 
average age at which the symptoms begin to manifest in the 
affected subjects, due to this disease, is close to 62 ± 7 years. The 
average survival can vary from 2 to 13 years (Rinne et al., 1994c;  
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Schneider et al., 1997; Wenning et al., 1998; Josephs et al., 2006a). 
The youngest case, according to the pathological confirmation, 
began at age 45 (Wenning et al., 1998). Demographic studies 
indicate a higher incidence of this disease in women compared 
to men of the same age (Rinne et al., 1994c).

CBD can be characterized by the following signs and 
symptoms: action and postural tremor, resting tremor, 
bradykinesia, myoclonus, ideomotor apraxia, exotic extremity 
phenomena, extremity dystonia, gait deterioration, dysarthria, 
aphasia, speech apraxia, and/or dementia; these symptoms can 
be presented, in turn, in combination (Wenning et al., 1998). In 
this disease, cognitive deterioration is more affected in the area 
of speech and language (Josephs, 2010) and, in a lesser extent, 
visuospatial and perceptual deficits (Tang-Wai et al., 2003a; Bak 
et al., 2006). The CBD is molecularly characterized by deposits 
of hyperphosphorylated 4R-tau protein; this makes it possible 
to differentiate it from other tauopathies, which consist mainly 
of 3R-tau or a mixture of 3R- and 4R-tau (Trojanowski and 
Dickson, 2001). Brain neurons with CBD react positively with 
antibodies generated against ubiquitin, hyperphosphorylated 
tau, phosphorylated neurofilament protein, alpha-B crystal, and 
synaptophysin. In addition, aggregates of Aβ have been found 
in some cases of CBD, which are similar to those found in AD 
(Armstrong, 2015).

Neuropathological CBD alters the anatomical pathways 
associated with movement control: (i) striatum and (ii) substantia 
nigra, which usually presents with loss of pigmented neurons. 
In turn, it also presents at the neuronal level cytoplasmic 
inclusions and neuronal bodies with greater volume, compared 
with normal neuronal cells, also presenting glial pathology that 
affects both oligodendroglia and astrocytes (Armstrong et al., 
2000). These damages are especially complex in the posterior 
frontal area anterior to the precentral gyrus, but they are lesser 
in the primary motor area (Tsuchiya et al., 1997). These neuronal 
hallmarks of CBD are found in several brain regions, including 
the superior temporal gyrus, the frontal cortex, the motor cortex, 
the brainstem tegmentum, the basal ganglia, the thalamus, and 
the amygdala (Halliday et al., 1995; Matsumoto et al., 1996).

The experimental evidence shows that the dysregulation of 
proinflammatory cytokines is one of the most harmful factors 
in tauopathies. Several investigations have been carried out, 
using neuroimaging technologies by means of PET, in order 
to examine more deeply the neuroinflammatory events in the 
neurodegenerative process. These studies have been used with 
markers that bind to the TSPO, which is expressed by glial cells 
(microglia and astrocytes) and other cells of the immune system 
infiltrating the brain. These findings have shown that the TSPO 
signal increases proportionally with the activation of microglia in 
various tauopathies, which include AD, PSP, FTD, and FTDP-17 
(Maeda et al., 2011; Zhang, 2015), as well as other NDs, and in 
models of brain injuries such as FTD, PD, stroke, and traumatic 
brain injuries (Wu et al., 2013).

The overexpression of IL-1β, TNF-α, and IL-6 has one positive 
feedback, which generates a cascade that leads to an increase in the 
hyperphosphorylation of the tau protein, reducing the markers of 
synapses and finally leading to degeneration and neuronal death 
(Morales et al., 2014). Currently, less information is available about 

the levels of cytokine transcription in other less common tauopathies; 
However, the histological characteristics of activated glial cells are 
a common characteristic of tau protein aggregates (Morales et al., 
2010; Leyns and Holtzman, 2017; Cortes et al., 2018).

In summary, tauopathies including AD involve the 
neuroinflammatory cascade that leads to tau modifications and 
subsequent oligomerization. However, in PD, the neuroinflammatory 
cascade seems to trigger α-syn oligomerization, an event that is 
critical in PD (Figure 1).

FUTURE DIRECTIONS: SEARCH FOR 
THERAPEUTIC TARGETS BASED ON THE 
NEUROIMMUNOLOGICAL MODEL

Alzheimer Disease
According to the information collected, the microglial cells 
become one of the points of convergence in the development of 
the neuroinflammatory process, since not only did the activation 
process and the changes that occur determine this condition, but 
it was also shown that a permanent activation can increase the 
permeability of the BBB and promote an increase in macrophage 
infiltration peripherals These alterations can complicate the 
vicinity of the damaged area and contribute to neuronal 
dysfunction, thus accelerating the neurodegenerative process 
(Zarrouk et al., 2018).

FIGURE 1 | Schematic representation showing that the protein aggregates 
involved in Alzheimer’s disease and in tauopathies, as well as those of 
Parkinson’s disease, share a common cascade of molecular signaling as a 
result of the activation of microglia by signals of damage.
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Within the various factors that modulate the phenotypes 
activated by the glia, the APO immunomodulatory genotype 
and the recently identified AD genes can be included. Another 
important factor to mention is normal aging, which is also 
associated with the chronic activation of the glia (Zverova 
et  al., 2018) and the factors induced by lesions depending 
on the focal stage. Context-dependent responses must be 
expected for nonsteroidal anti-inflammatory drugs (NSAIDs), 
which act as inhibitors of cyclooxygenase by reducing the 
concentrations of prostaglandin products, in particular PGE2, 
by tapping PTGER1–4 receptors and producing very different 
results. One can highlight the activation of PTGER2, which 
is predominantly dedicated to proinflammatory neurotoxic 
pathways, whereas the ligands of PTGER4 have been found to 
produce anti-inflammatory and neuroprotective effects (Salmon 
et al., 2015; Alzheimer’s Association, 2018). Thus, NSAIDs that 
inhibit conventional cyclooxygenase could cause a blockage of 
the incipient pathogenesis of AD driven by inflammation in the 
early stages. In addition, these NSAIDs may have adverse effects 
in advanced disease, mainly by restriction of resolution and 
interference with phagocytic clearance of Aβ and extracellular 
tau aggregates (McKee et al., 2008).

Recent findings suggest for anti-Aβ immunotherapy that 
stage-dependent efficacy also stimulates microglial phagocytosis 
of Aβ, and the potential benefits could be seen only with 
early intervention. A remarkable argument is that aging or 
inflammation induced by Aβ or by lesions initiates tauopathy, 
leading to neurodegeneration and subsequent clinical decline. 
Therefore, possible explanations for the failure of immunotherapy 
to treat established dementia include an inability to stop the 
spread of fully established and planted tauopathy and to rescue 
deficits caused by the loss of neurons. Whatever the explanations 
for the failures of previous NSAID trials, based on new and 
convincing genetic evidence of the causal role of innate immunity 
in AD risk, new trials with longer and earlier interventions and 
alternative approaches to treatment are warranted.

There is evidence that neuroinflammation could drive 
the pathogenic process in AD. In this context, it should be 
noted that the brain can no longer be seen as an organ with 
immune privileges, and advances in immunology must be 
integrated into the known pathological pathways of various 
neurodegenerative disorders. Ligand–receptor interactions in 
the CNS microenvironment, which keep the microglia under 
strict control in the healthy brain, may be disturbed in chronic 
ND, although it is not yet clear when and how this occurs in AD. 
While it is true that the simple idea of activated microglia has 
been useful, it has undoubtedly prevented the understanding 
and recognition of the diversity of microglial phenotypes and the 
extraordinary plasticity of these cells. An important approach 
that future studies should have should be to better understand 
the individual contributions of microglia and other cell types 
to the neuroinflammatory response during the course of AD 
(Maccioni, 2012; Guzman-Martinez et al., 2013; Morales et al., 
2013; Morales et al., 2014).

Innate immune cells of the brain can respond rapidly to systemic 
events, and these responses are further accentuated in the stages 
of aging and the diseased brain. In future studies, the effect of 

systemic comorbidities of AD (such as diabetes and hypertension), 
associated systemic inflammation, and aging as an important risk 
factor for AD should be considered in order to understand and 
exploit the immunological processes associated with AD. The 
recognition that the modification of the immune system contributes 
to the pathogenesis of chronic NDs could open several pathways 
in potential treatments to delay its onset and progression (Morales 
et al., 2014; Andrade et al., 2017; Cortes et al., 2018).

On the other hand, to date, treatments for AD have been have 
established based on the nature of the symptomatic AD and, in 
most cases, are used to counteract the disturbance produced 
in the level of the neurotransmitters involved in this disease. 
Therapies based on tau protein suggest that this protein is an 
interesting target, because the formation of PHFs constitute a 
critical event in the neurodegenerative process.

An important research suggests that the anti-inflammatory 
activity may be controlled with a natural formula which contains 
the Andean compound, a natural product endemic to the north 
of Chile, and vitamins of the B complex (i.e., B6, B9, and B12), 
called BrainUp-10®. Interestingly, according to studies done by 
Cornejo et al. (2011), the active principal of this compound, fulvic 
acid, is able to block auto-aggregation of tau in vitro that inhibits 
the length and morphology of the PHFs generated. Indeed, this 
compound can disassemble the preformed PHFs and oligomers 
and tau species released into the extracellular environment. 
This natural compound is a potent anti-inflammatory substance 
and a biologically safe nutraceutical. In a clinical trial pilot, 
patients with AD who underwent treatment with this compound 
showed less tendency towards cognitive deterioration, in 
addition to a reduction in neuropsychological symptoms and 
less neuropsychiatric stress for caregivers of patients. The 
Andean compound is a complex mixture of humic substances 
generated by decomposition of plant material through thousands 
of years (Carrasco-Gallardo et al., 2012). Currently, there are 
therapeutic approaches based on the use of antioxidant and anti-
inflammatory nutraceutical compounds, a multi-target therapy 
which appears to have benefits as compared with the mono-
target approach using drugs, thus contributing to the health and 
quality of life of AD patients. Studies based on this type of natural 
compounds have been growing, as well as the search for natural 
antioxidant compounds with a strong anti-inflammatory activity 
and the ability to cross the BBB. Therefore, an important strategy 
to prevent brain damage is based on changes in lifestyles, diet, 
and science-based nutraceuticals, among other multiple factors. 
However, there is a need for further investigations, in order to 
medically validate this natural approach (Andrade et al., 2017; 
Cortes et al., 2018).

Treatments for Tauopathies
Drugs such as cholinesterase inhibitors and N-methyl-d-
aspartate receptor antagonist are being used to treat cognitive 
problems. On the other hand, speech and physical therapies have 
shown positive effects on patients with aphasia syndromes and 
alterations in motor function, respectively. Serotonin reuptake 
inhibitors (SSRIs) have been used as a therapy in cases of apathy 
and depression (Halliday et al., 1995). In addition, specifically, 
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medicaments such as sertraline, paroxetine, and fluvoxamine, 
which may improve behavioral and psychiatric symptoms but 
not cognitive impairment, have been selected to treat FTD due to 
the serotonergic deficit involved (Yoshida, 2014). Citalopram has 
been reported to lead to an improvement in behavioral symptoms 
after treatment (Irwin et al., 2015). Acetylcholinesterase inhibitors 
(AChEIs) are well-established treatments of AD, but until now, 
there is no report of their efficacy in patients affected by FTD 
(Kempster et al., 2007). Memantine, which has some effects in 
advanced AD and neuroprotective characteristics (Ling, 2016), 
could improve behavioral disorders and enhance metabolic rate 
in certain brain regions (Williams et al., 2007).

Treatment of cognitive and other symptoms of PSP based 
on serotonergic drugs has shown to be ineffective, despite its 
positive effect on depression (Dickson, 1999). Rivastigmine 
trials in a group of PSP patients reported a mild improvement 
in cognitive disorders (Garcia-Reitboeck et al., 2013) and had 
also reported improvement in neuropsychiatric symptoms, but 
they did not show an effect in cognition (Goedert et al., 2013). 
Levodopa trials have shown only 20–40% of response in patients 
affected by PSP, and studies of CBD patients have reported its 
ineffectiveness because of unresponsiveness (Harper et al., 2008). 
Actually, some therapeutic strategies are linked to inhibition 
of tau posttranslational modifications, proteolytic activity, and 
self-aggregation. The decrease of tau mRNA with antisense 
oligonucleotides has been reported to decrease harmful tau 
aggregates, disrupt neuronal loss, and increase life duration of 
transgenic mice expressing human tau harboring the disease-
associated P301S mutation (PS19 mouse model). Furthermore, 
a study of monkeys has reported a drastic decrease of tau mRNA 
and protein in the CNS (King et al., 2013). Also, the Food 
and Drug Administration (FDA) has approved an antisense 
oligonucleotide directed against mutant survival motor neuron 
gene 1 (SMN1) for treatment of spinal muscular atrophy (Bezard 
et al., 2013), characterized by alteration of lower motor neurons. 
Studies of brain injury in mice treated with an antibody directed 
against phospho-tau (p-tau) reported that it halted formation of 
tau oligomers and complexes, prevented expansion of harmful 
tau in neighbor cells, decreased brain atrophy, and regained long-
term potentiation (Arendt et al., 2016).

According to the existing relation among tauopathies and 
insulin resistance, therapies previously utilized for treatment of 
diabetes approved by the FDA are being tested in preclinical and 
clinical trials. Insulin supplied intranasally in subjects presenting 
amnestic mild cognitive disorder or AD has been reported to have 
cognitive benefits (Jochum et al., 2004), (Musiek and Holtzman, 
2015), and thus, this opened the way to a new clinical trial: the 
Study of Nasal Insulin in the Fight Against Forgetfulness (SNIFF, 
NCT01767909). This trial is studying the effects of insulin supplied 
intranasally on cognition and brain atrophy; it is not actually certain 
how insulin administered by this way affects tau protein (Orr et al., 
2017). Liraglutide, a drug which stimulates insulin production, 
has been shown to prevent and decrease the phosphorylation 
of tau in a mouse model of type II diabetes (Wyss-Coray and 
Mucke, 2002) and to decrease phosphorylated tau and improve 
motor function in a mouse model of tauopathy (hTauP301L); also, 
there is a report about improvement in motor function on this  

(Ransohoff, 2016a). Studies on 3xTg-AD mice treated with 
linagliptin has shown that there is a decrease of tau phosphorylation 
and improvement in cognition (Asai et al., 2015). Metformin, a 
suppressor of hepatic glucose production, tested in a neuronal 
cell model of insulin resistance has been reported to prevent tau 
phosphorylation (Sarazin et al., 2003). A decrease in pathological 
tau phosphorylation has been reported in trials with tau transgenic 
mice, along with an increase in tau cleavage, aggregation, synaptic 
disruption, and hind limb atrophy (Maccioni et al., 2009).

Immunotherapy-based antibodies against tau and active 
immunizations targeting pathogenic tau oligomers are actually 
in clinical trials (Riederer et al., 2003). These would prevent 
intercellular tau spread. For instance, tau vaccine (AADvac1) 
has been reported to have favorable safety and immunogenicity 
outcomes (Bussiere et al., 2003), and antibodies against tau have 
been shown to be assimilated by neurons in ex vivo cultured 
brain slices in vivo (Grant et al., 1997; Kovari et al., 2003; Josephs 
et al., 2006b; Yu et al., 2016), and tau linked to an antibody may 
be removed by a pathway implying lysosome (Krishnamurthy 
et al., 2011; Collin et al., 2014). Rapamycin, a mammalian target 
of rapamycin (mTOR) inhibitor, upregulates autophagy, thus 
decreasing aberrant tau and improving cognition in multiple 
mouse models (Laihinen et al., 1994; Lee et al., 1994; Rinne et al., 
1994a; Rinne et al., 1994c), and prevents neuronal death in tau 
transgenic Drosophila (Rinne et al., 1994b). Studies conducted by 
Salonen et al (1994) with transgenic mice of human tau P301S, 
observed that rapamycin decreases both phosphorylation of tau 
and its aggregate state when it is delivered at different stages 
of the disease. In turn, in trials with 3xTg-AD mice, the intake 
of prophylactic rapamycin notably prevents the formation of 
aberrant tau deposits (Salonen et al., 1994). Analogs of rapamycin 
have been reported to increase autophagy, decrease p-tau and 
NFTs, and improve cognition in studies with tau transgenic mice 
(Tang-Wai et al., 2003b; Bak et al., 2006). The natural compound 
wogonin that inhibits mTOR demonstrated a reduction of p-tau 
in cultured cells (Tang-Wai et al., 2003a). In Drosophila, a decrease 
of tau-induced neurotoxicity has been achieved by multiple 
strategies such as heterochromatin loosening, genetic reversal 
of filamentous actin, nuclear envelope disorder, and decline of 
oxidative stress (Schmidt et al., 2001; Trojanowski and Dickson, 
2001; Fulga et al., 2007; Kandimalla et al., 2014; Armstrong, 2015).

THE NEUROIMMUNE CONTEXT OF PD

Neuroimmunology of PD
After AD, the second most common neurodegenerative disorder 
is PD. This pathology affects the normal movement of the subject, 
as a consequence of multifactorial factors, such as environmental 
and genetic factors. The molecular basis is still unclear. The 
triggering causes have not yet been determined, but it is known 
that factors such as oligomerization of α-syn, mitochondrial 
dysfunction, oxidative stress, inflammation, and aging have 
pathogenic roles in the disease Its main neuropathological marker 
is the degeneration of neurons which contain neuromelanin in 
substantia nigra pars compacta; this results in loss of dopamine 
and cytoplasmic protein aggregates, called Lewy bodies (LBs), 
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mainly composed by α-syn filaments (Forno, 1996). α-Syn has 
140 amino acids and three regions, a carboxyl end which is 
negatively charged, an amino terminal end which is charged 
positively, and a hydrophobic segment at the center, between 
residues 61 and 90 (considered as the non-amyloid component 
or NAC). The protein has four tyrosine residues, Tyr39 next to 
the amino region and Tyr125, Tyr133, and Tyr136 close to the 
C-terminus. It is also able to bind lipids (Uversky, 2007).

Among people over 50 years, ~2.0% is affected with PD 
(Maarouf et al., 2012). The clinical signature consists of motor, 
cognitive (dementia), neuropsychiatric (depression and anxiety), 
and autonomic dysfunctions (hypotension and constipation). 
The motor affections usually present (i) rest tremor, (ii) 
bradykinesia (impairment in the normal movement, mainly of 
complex voluntary movements), (iii) postural instability, and 
(iv) rigidity (Thomas and Beal, 2007). There are a diminished 
number of dopaminergic neurons in the substantia nigra, which 
consequently ameliorates dopamine in the striatum, promoting 
dysregulation in the basal ganglia. The previous effects trigger 
the motor symptoms observed. Briefly, this pathology is 
considered a ND characterized among the synucleinopathies, 
which also considers PD with dementia (PDD), LB dementia 
(DLB), and multiple-system atrophy (MSA). DLB is also able to 
present parkinsonism, but also hallucinations (mainly visual) 
and dementia (McKeith et al., 2005). These symptoms make the 
diagnosis for this disease difficult (McKeith et al., 2005).

Relationships Between Tauopathies  
and Synucleinopathies
α-Syn hyperphosphorylation promotes misfolding and 
oligomerization. α-Syn deposits are ubiquitous in the CNS, 
commonly at presynaptic neuron terminals. These molecular effects 
are categorized among synucleinopathies (Golde and Miller, 2009; 
Uversky, 2009). Synucleinopathies usually share their occurrence 
with tauopathies and different diseases commonly associated with 
protein misfolding. Although the etiology of most of the processes 
involved in these pathologies suggest the effect of misfolded 
proteins in pathways, also affecting them, they are still unknown 
(Jellinger, 2010a; Jellinger, 2010b; Kovacs et al., 2010). It seems there 
is an overlap in both diseases, but they also present different genetic, 
clinical and pathological characteristics. It is common to find NFTs 
and LB presence in the brain or in a cell (Arai et al., 2001; Iseki et al., 
2003). Their co-occurrence has been previously reported several 
times by (i) Schneider et al. (2006), who found NFT in the substantia 
nigra of PD patients with displacement damage, and (ii) Joachim 
et al. (1987), who found them in the same region in AD patients, 
Down syndrome, and PD. Furthermore, the presence of p-tau has 
been noticed in dopaminergic neurons of PD and PDD subjects 
(Wills et al., 2010). p-Tau has also been seen in striatal neurons 
of a transgenic model that overexpress human α-syn (Haggerty 
et al., 2011). Moreover, it was noticed that the phosphorylation of 
the GSK-3β protein does not happen if the expression of α-syn is 
silenced (Duka et al., 2006). Finally, these mechanisms considering 
tau and α-syn can be discussed by this manner: the promotion 
of α-syn expression leads to its accumulation in the brain, so on, 
GSK-3β gets phosphorylated, which in turn phosphorylate tau 

(Duka et  al., 2006). NFT start forming because of the increase 
in p-tau. It is also interesting that almost 60% of AD subjects present 
LB, in familial and sporadic cases (Arai et al., 2001; Jellinger, 2011). 
We can consider an aggressive progression of these pathologies and 
an accelerated cognitive dysfunction because of the presence of 
synucleinopathies and tauopathies at the same time (Langlais et al., 
1993; Olichney et al., 1998; Kraybill et al., 2005). It is suggested that 
the synergistic interaction between tau, Aβ, α-syn and the activate 
form of GSK-3β could trigger their misfolding, oligomerization and 
accumulation (Giasson et al., 2003; Lee et al., 2004).

There has been studies that shown the tau/α-syn binding in 
vitro, which in turn, promote their phosphorylations (Jensen 
et  al., 1999). Tau fibril generation could be induced by α-syn, 
but also they induce pathological filaments formation between 
each other when they are co-incubated (Giasson et al., 2003). The 
tau and α-syn interaction have also been observed in vivo, using 
mice that overexpress Ala53Thr α-syn (A53T SNCA), evidencing 
aggregation in both proteins (Giasson et al., 2003). Besides, p-tau 
in Ser396 and Ser202, 396/404, were found in PD cortex synapses 
(Muntane et al., 2008) and brainstem samples, respectively, in 
mice models overexpressing A-309P α-syn (Frasier et al., 2005). 
Moreover, the direct relation of tau and α-syn in these diseases 
is supported by: (i) hyperphosphorylation of tau as consequence 
of α-syn effect in the mice model for PD, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) (Duka et al., 2006), (ii) 
α-syn and p-tau presence in NFT and LBs (Shao et al., 2006); 
(iii) the proteasome promotes the oxidation of α-syn, which in 
turn triggers recruitment of tau inside oligodendroglial cells in 
synucleinopathies (Riedel et al., 2009). In addition, it was also 
observed tau phosphorylation by α-syn in an in vitro study, in 
the residues Ser262 and Ser356 by the PKA (Jensen et al., 1999). 
As an interesting fact, GSK-3β does not phosphorylate tau in 
Ser262, meanwhile PKA does not in residues Ser396 and Ser404, 
suggesting their synergic role in the development of tauopathies 
mediated by α-syn.

It was reported that α-syn could promote activation of GSK-3β, 
hyperphosphorylation tau in Thr181, Ser396, and Ser404 (Duka  
et al., 2006; Duka et al., 2009; Kawakami et al., 2011; Ciaccioli et al., 
2013). It seems that this is a consequence of an augmented activity 
in GSK-3β (Duka et al., 2009; Wills et al., 2011) but also of the 
generation of a tau, α-syn, and GSK-3β complexes. Although there 
are more kinases binding to hyperphosphorylated tau and α-syn. 
Actually, c-Jun N-terminal kinase (JNK) and extracellular signal-
regulated kinase (ERK), which also phosphorylate tau in Ser404 
and Ser396, were shown by fluorescence intensity distribution 
analysis (FIDA) to have correlation with the p-tau presence in 
mice models of PD (α-syn overexpression) (Frasier et al., 2005; 
Kaul et al., 2011; Oaks et  al., 2013). It was also showed that in 
the presence of inductors for cationic aggregation (Fe3+, Al3+, or 
DMSO) co-oligomers of α-syn and tau, and their co-aggregated 
forms are present at nanomolar concentrations (Nubling et al., 
2012). Nonetheless, tau phosphorylation by GSK-3β strongly 
promotes mixed oligomers appearance (Nubling et al., 2012). 
Finally, we are demonstrating that α-syn polymerization is 
promoted by tau and that α-syn induce the same to tau, through 
the NAC hydrophobic region. In line with this, the main 
difference of both, is that α-syn aggregates itself, meanwhile 
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tau cannot and needs an inductor (Goedert et al., 1996).  
Considering all the previous data, we are able to 
integrate the molecular mechanisms discussed into the 
neuroimmunomodulation theory (Maccioni et al., 2009) described 
above, since there are common effectors with the capacity to trigger 
neuronal damage and death by inflammatory processes.

Neuroinflammation and Parkinsonism
Following the inflammatory cascade triggered by damage signals, 
there is synapse impair by several molecular mechanisms. 
The previous process also generates a positive feedback loop 
promoting even more damage, mainly mediated by microglial 
cells (Rojo et al., 2008; Andrade et al., 2017).

Increased permeability of the BBB and neurovascular 
dysfunction have been associated with severe conditions in PD. This 
effect could be linked to infiltration of inflammation molecules to 
the middle brain, microglia activation and dopaminergic neurons 
death (Collins et al., 2012). The systemic inflammatory response 
in PD seems to be promoted by peripheral lymphocytes activation 
and augmented levels of serum cytokines, such as IL-2, IL-6 
and TNF-α in PD patients (Collins et al., 2012). However, there 
is not a general confirmation on the release of proinflammatory 
cytokines associated with PD. The adaptive immune response 
could be explained by elevated levels of MHC II in astrocytes of 
the ventral midbrain and microglia in a mice PD model, after 
inflammatory processes induction (Martin et al., 2016). Among 
the different mechanisms which direct microorganisms or non-
cerebral immune cells into the brain, one of the recently described 
are direct vascular channels. They connect the skull bone marrow 
to the brain surface through the meninges, enabling other cells 
to travel into this region, which is commonly considered as 
“aseptic” (Kandimalla et al., 2011b). Leukocytes derived from 
the bone marrow can trigger inflammatory processes in the 
tissue they exert their protective function. In this context, it is 
well established that several brain pathologies, which involved 
neurodegeneration, commonly present neuroimmune dynamics 
triggering neuroinflammation, among their paramount action 
mechanisms (Rojo et al., 2008; Andrade et al., 2017). Since the 
immune response is also triggered by pathogens, inflammatory 
processes are elicited as well. This could explain part of the onset 
and progression of not just PD, but also, several neuronal illness 
conditions, after their invasion in the brain.

As widely discussed, microglia activation can be triggered by 
different damage signals including pathogens, toxins, endogenous 
proteins, products generated by dying neurons, and other toxic 
agents. The constitutive expression of proinflammatory cytokines, 
such as IL-2, IL-6, IL-1β, TNF-α, and IFN-γ, the presence of 
ROS and eicosanoids, were also noticed in postmortem patients 
with PD by cerebral analysis. Moreover, it was seen in serum 
and CSF in vivo, and in animal models for PD. The microglial 
activation product of neuronal death may lead to a vicious circle of 
neuroinflammation and neurodegeneration (Collins et al., 2012). 
Some of these substances released upon degeneration of neurons 
include aggregates of α-syn, neuromelanin, adenosine triphosphate, 
and metalloproteinase-3 (MMP-3) (Collins et al., 2012). The 
activation of microglial cells by the pathological forms of α-syn in 

PD, DLB and multisystemic atrophy, results in a balance between 
the elimination of α-syn-mediated phagocytosis through neuronal 
dysfunction, TLR4 microglia and degeneration of neurons because 
of proinflammatory cytokines and ROS presence (Bruck et al., 2016). 
Recently, astrocytes have been also implied in brain degradation of 
α-syn fibrils, instead of spreading. This mechanism is triggered by 
the transfer of α-syn to neighbor cells, which is more efficient into 
astrocytes, which then localize inside lysosomes, where they seem 
to be degraded (Kandimalla et al., 2011a). Later, since lysosomal 
dysfunction is a common hallmark of NDs, it was shown that α-syn 
fibrils are transferred through tunneling nanotubes (TNTs) between 
neurons inside lysosomes and induce the misfolding/aggregation of 
the normal soluble protein (Wani et al., 2011). Finally, the stressed 
lysosomes that function as the vehicle of transfer α-syn fibrils inside 
TNTs allows, after fibrils escape, the seeding of cytosolic protein, 
thus explaining the progression of the pathology and highlighting 
an unsuspected role of lysosomes in this process. (Kandimalla et al., 
2013). Thus, and considering also the presence p-tau and NFT in 
regions affected in PD as discussed before, we are again, able to 
consider the neuroimmunomodulation theory in the context of 
inflammation for PD.

The new insights are the gut-brain axis regulation, and its role 
in the pathogenesis of PD. Gut disorders present another way to 
induce an immune response and inflammatory processes which 
could contribute to PD pathology. The most common early 
manifestations in PD that don’t affect movement or motor skills, 
are olfactory impairment and constipation. This is shared with the 
Braak staging system: the enteric nervous system (ENS), α-syn in 
the dorsal motor nucleus of the vagus nerve, the olfactory bulb 
and the submandibular gland, since all of them are a gateway 
to the environment. The neuropathological process leading to 
the pathology seems to start in the ENS or the olfactory bulb, 
spreading by the rostrocranial transmission to the substantia 
Nigra and finally to the CNS, suggesting that the environment 
could be part of the disease onset and development.

For instance, it was shown that the pesticide rotenone 
can almost completely reproduce the common clinical and 
pathogenic features of PD after intragastric administration 
(Kandimalla et al., 2011b). It has been reported that there is 
an altered intestinal microbiome in patients with PD and that 
there is an influence of gut microbiota in enteric neuron activity 
(Chang et al., 2017; Maldonado-Lasuncion et al., 2018; Wei 
et al., 2018). Alselmi and co-workers evaluated that the gastric 
coadministration of subthreshold doses of lectins and paraquat 
reproduces the disease symptoms in rats and its behavioral 
affections. They used a solution containing paraquat + lectin for 
administration via gastric gavage and then evaluated behavior 
in the context of PD and gastric dysmotility. Pathological 
α-syn in the dorsal motor nucleus of the vagus (DMV) and in 
the substantia nigra pars compacta of SNpc neurons was also 
observed. Besides, nigrovagally evoked gastric motility was 
affected in the rats which underwent the treatment. This was seen 
before the onset of PD manifestations, which were improved 
by l-dopa treatment. They also made a vagotomy, preventing 
the progression of PD effects and constraining the appearance 
of pathological α-syn only to enteric neurons. These reports 
demonstrated that coadministration of these molecules induces 
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a progressive, l-dopa-responsive PD which is preceded by 
gastric dysmotility (Anselmi et al., 2018). Finally, it is important 
to notice the role of the microbiota in the CNS, where the host 
is constantly controlling the maturation and function of the 
microglial cells (Cosin-Tomas et al., 2018), a reason to consider 
their effects and imbalances in the subject, which, in the future, 
could be key in the control, prevention, or even treatment of PD.

Another factor for evaluation is sleep disorders that are 
common in these diseases, the most common being called rapid 
eye movement (REM) sleep behavior disorder (RBD), representing 
between 30% and 46% of the cases for PD (Gagnon et al., 2002) and 
50–80% of the cases for DLB (Boeve et al., 2007). Even Donaghy 
and McKeith (2014) suggest that this symptom could be used as 
a previous diagnosis for DLB. This is interesting to consider, since 
previous research has pointed out that REM sleep disturbances 
could be associated with the formation of aggregated forms of the 
proteins already discussed, promoting the mechanisms underlying 
the inflammatory context (Hebert et al., 2008; Leidinger et al., 2013; 
Nagaraj et al., 2017). As a conclusion, the new pharmacotherapies 
proposed and their further research for these pathologies, and 
possible sleep-disruptive effects in PD understanding, are crucial in 
order to improve the quality of life of the patients.

Novel Therapies for Parkinson
The pharmacological approaches in PD are the usual modality to 
treat the pathology. Oral levodopa and a dopamine decarboxylase 
inhibitor, such as carbidopa, are considered as the best therapeutic 
agents (Geekiyanage and Chan, 2011). In the immunomodulatory 
context, several approaches target to diminish the inflammatory 
response. Recently, the focus has been mainly aimed to the immune 
signaling from the periphery of the CNS. Williams et al. proposed 
to target the chemokine receptor type 2 (CCR2) and the MHC 
OO (MHCII), since this has been previously demonstrated as 
neuroprotective in rodent models of PD (Martinez and Peplow, 
2019). The group evaluated the genetic knockout and RNA 
silencing of the class II transactivator (CIITA), which coactivates 
transcriptionally MHCII. Their results provided evidence that CIITA 
is needed for the induction and infiltration of MHCII in peripheral 
immune cells by α-syn, in a mice model for PD, presenting it as a 
novel promising therapeutic target (Benussi et al., 2017). In this 
context, it is also important in a preventive manner, since it has also 
been reported that peripheral immune cell recruitment occurs prior 
to neurodegeneration and microglia; monocytes and macrophages 
all contribute to MHCII expression in PD (Du et al., 2018). Harms 
et al. also demonstrate that extravasation of proinflammatory 
peripheral monocytes into the CNS has a paramount role in 
neurodegeneration. Using a PD synucleinopathy model, they 
ended up proposing that peripheral monocytes are targets for PD, 

as a neuroprotective therapy. They observed that the expression 
of the full-length human α-syn in vivo promotes the infiltration of 
proinflammatory CCR2+ peripheral monocytes into the substantia 
nigra. Moreover, they found that α-syn-induced monocyte entry can 
be prevented by the genetic deletion of CCR2, attenuating MHCII 
expression and ending the degeneration of dopaminergic neurons 
(Sjodin et al., 2017).

Lots of immunotherapies for the treatment of PD use vaccines 
with AS or antibodies against it. A variety of procedures for 
vaccination have evidenced that the induction of regulatory T 
cells in the periphery protects the animal in PD models. In this 
context, the formulation glatiramer acetate (Copaxone®), which 
is commonly used for treatment of multiple sclerosis, is presented 
as a possible candidate because of its capacity to increase the 
number and the action as suppressors of regulatory T cells (Wani 
et al., 2014). Several reviewers also considered other approaches 
in order to diminish the inflammatory context; for instance, 
transcription factors were proposed in order to address this 
issue. There are alternatives like this promoting inflammation 
by effectors such as STAT 3, AP1, NF-κB, and TLRs which are 
constitutively upregulated in PD, while pathways considered as 
neuroprotective such as TGF-β, YY1, and mTOR are significantly 
downregulated in the microglia of patients with PD. Finally, it 
seems that their regulation could contribute to novel agent 
generation in order to treat PD, improve patient condition, or 
prevent the development of the pathology (Pal et al., 2016).
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