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    Chapter 4   
 The Role of Chronic Infl ammation 
in the Etiology of Parkinson’s Disease                     

     Yuval     Nash       and     Dan     Frenkel     

4.1           Introduction 

  Infl ammation   is a natural process within tissues in which immune cells, such as 
macrophages and dendritic cells in the periphery and microglia in the brain, mount a 
response against external infection or injury to the tissue [ 1 ]. This response is  char-
acterized   by vasodilation (expansion of blood vessels), increased capillary permea-
bility, and migration of phagocytes into the tissue [ 2 ]. Such an infl ammatory response 
can be either  acute  , i.e., short and powerful around the time of insult, or chronic, 
which lasts over a long period of time. As neurons appear to be more vulnerable to 
infl ammatory responses compared to other tissues, chronic infl ammation in the brain 
could be harmful to the tissue [ 3 ]. 

 Infl ammation might play a double-edged sword in  neurodegenerative diseases  . It 
might be linked to neuronal stress and death signals through cytokines such as inter-
leukin 1 beta (IL-1β) [ 4 ], tumor necrosis factor alpha (TNFα) [ 5 ], and interferon 
gamma (IFNγ) [ 6 ], increased secretion of reactive oxygen species (ROS) [ 7 ], and 
by activation of the complement system [ 8 ]. However, infl ammation may also be 
linked to increased secretion of  antiapoptotic cytokines      such as IL-10 [ 9 ] and IL-4 
or neurotrophic factors such as brain-derived neurotrophic factor (BDNF), neuro-
trophin 3 (NT3), or insulin-like growth factor 1 (IGF-1) [ 10 – 12 ]. It has been sug-
gested that within the central nervous system, astrocytes might play a role as sensors 
and modulate the infl ammation in the microenvironment [ 13 ]. In many neurodegen-
erative diseases, evidence for such infl ammatory processes is seen both at the site of 
the degeneration, as well as in the peripheral system [ 14 – 16 ]. 
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4.1.1     Infl ammation and PD 

 Parkinson’s disease (PD) is  characterized   by progressive degeneration of 
neuromelanin- containing dopaminergic neurons throughout the  substantia nigra 
pars compacta (SNc)   within the basal nuclei [ 17 ]. This degeneration is accompanied 
by the formation of intracellular inclusion bodies, termed  Lewy bodies  , within 
neurons [ 18 ]. These inclusion bodies are comprised of several proteins, the most 
studied of which are ubiquitin and α-synuclein [ 19 ]. 

 It has been reported that the infl ammatory processes may play a role in pathogen-
esis of the disease. In PD  patients’ brains  , there is evidence of chronic infl ammation, 
seen in the elevated levels of proinfl ammatory cytokines such as IL-1 β  and IL-6 in the 
cerebrospinal fl uid (CSF) and TNFα in the substantia nigra of patients [ 20 ]. This reac-
tion is attributed, at least in part, to the activation of microglia and infi ltrated monocyte 
cells, marked by [ 11 C]( R )-PK11195 reactivity in the midbrain of patients [ 21 ] and an 
increase in EBM11 (CD68)-positive cells in the substantia nigra, in postmortem [ 22 ]. 
In addition to  proinfl ammatory cytokines  , activated microglia and monocytes also 
exhibit a higher expression of inducible nitric-oxide synthase (iNOS) and cyclooxy-
genases 1 and 2 (COX1 and COX2) which can exert cytotoxic effects through oxida-
tive stress [ 23 ]. Since these fi ndings were observed in patients at different disease 
stages and disease durations, it is possible that the increase in the presence of microg-
lia is linked to chronic infl ammation, rather than an ad hoc activation. 

 In contrast to  microglia  , the role of  astrocytes   in chronic infl ammation in PD is 
not clear. In some PD patients’ brains, there is no morphological evidence for reac-
tive astrocytes in the substantia nigra, compared to control samples [ 24 ]. In com-
parison, others have found astrocytic activation in the substantia nigra accompanied 
with increased expression of  intercellular adhesion molecule-1 (ICAM-1)   [ 25 ]. 

 The  complement system      also appears to play a role in the pathogenesis of PD, as 
early-stage complement proteins such as iC3b, as well as late-stage complement 
proteins such as C9, surround Lewy bodies in PD patients’ brains [ 26 ]. Of note, 
iC3b was also observed around melanized neurons in the SN, i.e., dopaminergic 
neurons still containing neuromelanin. This suggests that complement activation 
could play a role in triggering the death of dopaminergic neurons in the SN [ 26 ]. 

   Immune cells   in the periphery also show abnormalities in PD patients: PD 
patients exhibit lower levels of circulating CD4 +  T-helper 1 lymphocytes and lower 
levels of B cells, concomitant with increased levels of  natural killer (NK) cells   [ 27 ]. 
Similarly, PD patients show lower levels of induced secretion of IL-2 [ 28 ]. In line 
with these fi ndings, PD patients’ monocyte-derived macrophages also showed 
impairment in inducible expression of CD200R, the ligand for the T-cell-expressed 
CD200 protein [ 29 ]. As the CD200-CD200R signaling is thought to exert an inhibi-
tory effect on myeloid-lineage cells, such as macrophages and microglia [ 30 ], 
impairment in this signaling could lead to excessive activation of proinfl ammatory 
functions among these cells. Finally, PD patients also exhibit increased levels of 
infi ltrating CD4 +  and CD8 +  T cells within the substantia nigra, suggesting that 
peripheral lymphocytes play a role in degenerative processes in PD  [ 31 ]. 
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 Together, these fi ndings point to an abnormality in lymphocyte cells and their 
interaction with macrophages in the peripheral system of PD patients, which has 
possible implications on processes within the central nervous  system   (see Fig.  4.1 ).

4.2          Parkinson Genes   and Infl ammation 

  Several genes have been linked to familial forms of PD, which can present either 
autosomal-dominant or autosomal-recessive inheritance, and often cause early onset 
of the disease [ 32 ]. Furthermore, recent studies regarding PD biomarkers in patients 
reveal an association between PD cases and variation in the   human leukocyte antigen  
( HLA ) gene  , which is linked to regulation of immune functions, suggesting that 
variations in immune functions affect the risk of developing PD [ 33 ]. 

 It has been reported that some of the genes which cause familial forms of PD can 
also directly modulate a proinfl ammatory response or their expressed proteins might 
trigger infl ammation. 

  Fig. 4.1    The role of infl ammation in triggering and exacerbating dopaminergic neurons death in 
PD. Infl ammation can cause neuronal death through two potential mechanisms: ( 1 ) As a result from 
stress signals of apoptotic dopaminergic neurons. Toxin-based models can induce mitochondrial dys-
function and inhibition of dopamine synthesis in dopaminergic neurons, leading to secretion of stress 
signals that induce neurotoxic infl ammatory responses. ( 2 ) As an initiation stage by which infl amma-
tory activation of brain-resident cells and infi ltrating cells may trigger dopaminergic neuronal stress. 
Infl ammation-based models (lipopolysaccharide, or LPS) induce infl ammatory activation of brain-res-
ident cells and infi ltrating cells, which in turn induce toxicity in dopaminergic neurons by Infl ammatory 
signals such as nitric oxide (NO), ROS, IFNγ, TNFα, IL-1β, and complement proteins. Abbreviations: 
6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)       
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   α-Synuclein   : Alpha-synuclein is a protein predominantly expressed in the central 
nervous system and found in presynaptic terminals of neurons [ 34 ], as well as in 
astrocytes, microglia, and oligodendrocytes [ 35 ]. Mutations in the  α-synuclein  gene 
are linked to dominant inheritance of PD [ 36 ], although duplication mutations of the 
gene are also implicated in the disease [ 32 ]. 

 Several α-synuclein mouse models for PD exist, with either overexpression of 
wild-type α-synuclein or expression of mutant forms of α-synuclein, through differ-
ent promoters [ 37 ]. While such models exhibit only some dopaminergic degenera-
tion in older ages, they exhibit chronic microglial activation in the SN, accompanied 
by increased expression of infl ammatory markers such as ICAM-1, IL-1β, IL-6, 
TNF-α, and iNOS [ 38 ,  39 ]. 

 Interestingly, α-synuclein has been shown to be a negative regulator of cellular 
degradation processes such as autophagy in T cells [ 40 ]. As autophagy has been 
shown to degrade aggregated α-synuclein in these cells, this could represent a positive- 
feedback mechanism, in which α-synuclein accumulation prevents its own degrada-
tion, furthering the accumulation and cellular burden [ 40 ]. Likewise, α-synuclein has 
been shown to play a role in mediating B-cell-dependent immune responses, as 
 α-synuclein  −/−  animals have lower levels of B cells, and reduced production of IgG 
antibodies in response to immune challenges [ 41 ]. 

  PINK-1 :  Phosphotensin-induced kinase 1 (PINK1)   is a serine/threonine kinase 
which is located both in the cytosol and in the mitochondrial membrane [ 42 ,  43 ] and 
is important for various mitochondrial functions [ 44 ]. As PD-related mutations are 
thought to act through a loss of function mechanism [ 44 ], most of the research on 
PINK1 pathology is carried through knockout or knockdown models. 

  PINK1  −/−  mice do not exhibit major abnormalities compared to WT mice, except 
for some mitochondrial impairments [ 37 ]. In contrast, organotypic cortical slices of 
 PINK1  −/−  mice show higher expression of proinfl ammatory genes such as TNF-α, 
IL-6, and IL-1β [ 45 ], and these mice produce larger amounts of IL-1β, IL-12, and 
IL-10 in response to a peripheral injection of lipopolysaccharides (LPS) [ 46 ]. 

   DJ-1 : DJ-1   is almost ubiquitously expressed in human tissues [ 47 ] and is located 
both in the cells’ cytosols and around mitochondria [ 48 ]. DJ-1 acts as an oxidative- 
stress response protein which protects neurons from various oxidative-stress condi-
tions [ 49 ]. Several mutations observed in human PD patients have been found to 
generate unstable proteins, generating an “effective knockout” or knockdown of 
DJ-1 [ 50 ], suggesting that DJ-1-related pathology is due to DJ-1 loss of function. 

  DJ-1  −/−  mice do not show prominent Parkinsonian symptoms or marked neurode-
generation [ 37 ]. In vitro models of DJ-1 defi ciency, however, reveal impairments in 
immune responses to various challenges: primary astrocytes derived from  DJ-1  −/−  
mice exhibited stronger proinfl ammatory and neurotoxic effects in response to an LPS 
challenge, compared to astrocytes from WT animal [ 51 ], and the same phenomena are 
observed in microglia [ 52 ]. Of note, glial cells cultured from  DJ-1  KO mice exhibit 
increased phosphorylation of the infl ammatory signaling molecule  signal transducers 
and activators of transcription 1 (STAT1)  , resulting in enhanced infl ammatory 
responses following INF-γ stimulation [ 53 ]. These fi ndings suggest that DJ-1 exerts 
anti-infl ammatory effects and that loss of DJ-1 function can lead to exacerbation of 
infl ammatory processes  [ 52 ].  
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4.3     Infl ammation and Toxin Animal Model of PD 

 Dopaminergic death in PD has been found to be accompanied by an increase in 
infl ammatory markers. However, it is hard to defi ne whether one is a trigger for the 
other. Indeed, experiments in animal models of PD suggest two potential roles of 
infl ammation in PD: (1) infl ammation exacerbates neuronal death following stress 
signals from neurons, and (2) infl ammation triggers dopaminergic neuronal stress 
and death (see Fig.  4.1 ). 

4.3.1     Toxin-Mediated Animal Model 

 Parkinson’s disease research employs several toxins which cause dopaminergic 
degeneration and induce PD-like symptoms in animal models, enabling diverse 
in vitro and in vivo experimental models. 

     6-OHDA animal model   : One of the most studied toxins is  6-hydroxydopamine 
(6-OHDA)  , a hydroxylated derivative of dopamine. 6-OHDA enters catecholamin-
ergic neurons via natural reuptake mechanisms [ 54 ], where it exerts its toxic effects 
by two main processes: the fi rst involves the generation of reactive oxygen species 
through activation of NADPH oxidase [ 55 ], and the second involves impairment 
in mitochondrial activity through inhibition of mitochondrial complex I and 
complex IV [ 56 ]. 

 In addition to its direct effects on dopaminergic neurons, research in recent years 
has shown that the deleterious effects of 6-OHDA involve signifi cant infl ammatory 
activation, both in vitro and in vivo. 

 Administration of 6-OHDA to neuronal cells induces rapid translocation of the 
infl ammatory nuclear factor-kB (NF-kB) to the nucleus, where it binds to the 
DNA [ 57 ]. Moreover, striatal injection of 6-OHDA causes astrogliosis, marked by 
increased numbers of astrocytes and increased expression of GFAP within the 
astrocytes [ 58 ]. 

  Microglia   cells show a robust reaction following striatal 6-OHDA injection, 
around dopaminergic neurons, and these cells also have been shown to participate 
in phagocytosis of dopaminergic neurons [ 59 ]. Microglia-induced degeneration of 
dopaminergic neurons is attenuated in a mice harboring knock-in of  DNAX adaptor 
protein 12 (DAP-12)   [ 59 ]. Conversely, enhancement of microglia activity, by blocking 
the inhibitory CD200-CD200R signaling in microglia, results in increased 
 neurodegeneration after 6-OHDA administration, accompanied by increased secre-
tion of the proinfl ammatory cytokines IL-6 and TNFα [ 60 ]. 

 Intrastriatal injection of 6-OHDA also has been shown to induce disruption of 
the blood–brain barrier (BBB), leading to SN blood leakage, which co-localizes 
with degeneration of dopaminergic neurons [ 61 ]. Moreover, increased levels of 
MHC-II-reactive microglia were also observed in the same areas [ 61 ]. These fi nd-
ings suggest that 6-OHDA administration induces a secondary reaction by glial 
cells that contributes to the progressive neurodegeneration.   
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   MTPT animal model    :  MPTP (1-  methyl    -4-  phenyl    -1,2,3,6-tetrahydro  pyridine       ) is 
another frequently used substance in PD research. It is rapidly converted into MPP+ 
(1-methyl-4-phenylpyridinium) by the MAO-B enzyme within astrocytes [ 62 ], and 
in this ionized form, it is readily taken by dopaminergic neurons’  dopamine trans-
porter (DAT)   [ 63 ]. Once inside the cells, MPP +  inhibits the generation of dopamine 
by nitration of tyrosine hydroxylase, directly contributing to dopamine depletion in 
the brain [ 64 ]. Moreover, MPP +  inhibits the activity of the mitochondrial complex I 
and causes a depletion of ATP levels and the generation of ROS [ 65 ]. 

 Aside from its direct effects on dopaminergic neurons, MPTP exerts marked 
infl ammatory responses in the brain: shortly after the exposure to MPTP, there is acti-
vation of both microglia and astrocytes in the SN, accompanied with infi ltration of 
CD4+ and CD8+ T cells [ 66 ]. Moreover, several days after the administration of the 
toxin, increased expression of MHC-II and ICAM-1 on microglia cells is observed in 
the mouse brain [ 66 ], and increased expression of astrocytic ICAM-1 and microglia 
leukocyte function antigen 1 (LFA-1) is observed in the monkey brain [ 25 ]. 

 Mice defi cient of  iNOS   show a similar glial response to MPTP, compared to WT 
mice, but the neurodegeneration is almost completely abolished in the  iNOS  −/−  mice. 
Interestingly, dopamine levels are still decreased in this phenotype [ 67 ]. These fi nd-
ings suggest an active role for infl ammatory responses in the MPTP model that occur 
simultaneously with the direct effects of this toxin on dopaminergic neurons. 

   Rotenone animal model   : Rotenone is an inhibitor of the mitochondrial complex 
I, and it exerts toxic effects through disruption of cell respiration and ATP synthesis, 
as well as enhanced production of ROS by the mitochondria [ 68 ]. 

  Rotenone   induces dopaminergic neurodegeneration in the SN after chronic 
administration, accompanied by microglial activation [ 69 ]. Interestingly, however, 
in vitro experiments on primary microglia cultures show that microglia do not 
exhibit infl ammatory responses to rotenone [ 70 ], suggesting that the activation of 
microglia cells is not a direct effect of rotenone, but rather a secondary effect, per-
haps by signals from damaged neurons. 

   Paraquat animal model      : Paraquat is an inhibitor of mitochondrial complex I, which 
causes a reduction in cell respiration and increased free radical formation [ 71 ]. 

 When administered to lab animals, prolonged exposure to paraquat induces 
dopaminergic degeneration, simultaneously with oxidative damage [ 72 ]. The oxi-
dative damage appears to be a causative neurotoxic factor, as transgenic mice which 
are more resistant to oxidative damage show no susceptibility to this toxin [ 72 ]. 
Finally, similarly to rotenone, paraquat does not elicit infl ammatory reactions in 
microglia cells [ 70 ].  

4.3.2      Infl ammatory Mediated Animal Model   

  As infl ammation appears to play a role in the pathology of PD, some experimental 
models utilize infl ammatory agents to initiate dopaminergic neuronal pathological 
processes. These models commonly involve the use of  lipopolysaccharide (LPS)  , a 
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macromolecule found on the outer membrane of gram-negative bacteria, which 
elicits infl ammatory responses in mammalian cells through Toll-like receptor 4 
(TLR4) signaling [ 73 ]. 

 A single intraperitoneal injection of LPS can elicit rapid proinfl ammatory 
responses in microglia at the substantia nigra and cause a signifi cant reduction in the 
numbers of dopaminergic neurons 7–10 months after the injection [ 74 ]. Furthermore, 
a single injection of LPS into the substantia nigra can cause selective dopaminergic 
degeneration and dopamine depletion, starting 4 days after the injection and persisting 
for 12 months. This effect is preceded by microgliosis, but not astrocyte prolifera-
tion in the injection site, starting only 2 days after the injection [ 75 ]. These fi ndings 
suggest that the neurodegeneration is not a primary result of the infl ammatory toxin, 
but rather a secondary process to microglia activation and neurotoxic infl ammatory 
responses. 

 Of note, several reports have suggested that infl ammation and α-synuclein aggre-
gation create a positive-feedback loop, whereas oxidative stress causes α-synuclein 
aggregation, and α-synuclein aggregation causes infl ammation and oxidative stress 
[ 20 ]. Since α-synuclein deposition in PD patients appears to begin in the vagus 
nerve and in the anterior olfactory nucleus [ 76 ], it is possible that infl ammatory 
processes in the gastric epithelium and olfactory epithelium, which are exposed to 
the external environment and external pathogens, are a key factor in the pathogen-
esis of PD [ 20 ]. Together, various lines of evidence link infl ammatory processes to 
neurotoxic responses from microglia, aggregation of α-synuclein, and the possible 
spreading of  α-synuclein   between neighboring cells.    

4.4      Anti-infl ammatory Treatment   and PD 

  The link between infl ammation and PD pathology suggests a potential for an anti- 
infl ammatory approach for treating PD. Indeed, this approach is supported by 
results in a PD animal model, where attenuation of infl ammatory processes in 
 MPTP   experimental models appears to mitigate the deleterious effects of this toxin: 
Inhibition of the signaling of peptide angiotensin II, an inducer of infl ammatory 
responses, reduces microglia activation and mitigates MPTP-induced neurotoxicity 
[ 77 ]. Similarly, administration of the anti-infl ammatory drug dexamethasone 
reduces MPTP-induced upregulation of MHC-II and ICAM-1, reduces microglia 
reactivity, and signifi cantly abolishes T-cell infi ltration into the SN; these processes 
coincide with reduced neurotoxicity [ 66 ]. These fi ndings suggest an active role for 
infl ammatory responses in the MPTP model, which occurs simultaneously with 
direct effects of this toxin on dopaminergic neurons and signifi cantly contributes to 
the neurotoxic effects of this substance. 

 Epidemiological studies among regular users of aspirin and  nonsteroidal anti- 
infl ammatory drugs (NSAIDs)   suggest a reduction in the risk for developing PD 
[ 78 ]. Nevertheless, a clinical trial with aspirin and other NAISDs, except ibuprofen 
[ 79 ], did not show signifi cant effects in reducing the risk for PD [ 80 ]. Of note, the 
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positive results with ibuprofen might be mediated through its effect on other genes 
such as APOE4 [ 81 ] and not through its effect on infl ammation. Interestingly, some 
therapeutic approaches in animal models suggest induction of immune responses 
specifi cally against α-synuclein may also result in neuroprotection [ 82 ].   

4.5     Conclusion 

 Infl ammation plays a major role in processes in which the body preserves homeosta-
sis and protects itself from various insults. Those insults may be linked to abnormali-
ties that prompt the development of neurodegenerative diseases such as PD. Further 
understanding the role of each infl ammatory biomarker in the etiology and the pro-
gression of PD may elucidate the role of infl ammation in the disease and may lead to 
the rational development of immunomodulation approaches in PD.
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