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Abstract The molecular mechanism of neuronal loss and
synaptic damage in Alzheimer’s disease (AD), Parkinson’s
disease dementia (PDD), frontotemporal dementia (FTD)
and Lewy body dementia (LBD) is poorly understood and
could differ among different types of neurodegenerative pro-
cesses. However, the presence of neuroinflammation is a com-
mon feature of dementia. In this setting, reactive microgliosis,
oxidative damage and mitochondrial dysfunction are associ-
ated with the pathogenesis of all types of neurodegenerative
dementia. Moreover, an increased body of evidence suggests
that microglia may play a central role in AD progression. In
this paper, we review the scientific literature on neuroinflam-
mation related to the most common neurodegenerative de-
mentias (AD, PDD, FTD and LBD) focussing on the possible
molecular mechanisms and the available clinical evidence.
Furthermore, we discuss the neuroimaging techniques that
are currently used for the study of neuroinflammation in hu-
man brain.
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Introduction

It was estimated that 35.6 million people lived with dementia
worldwide in 2010, with numbers expected to almost double
every 20 years, to 65.7 million in 2030 and 115.4 million in
2050 [1]. Apart from Alzheimer’s disease (AD), which ac-
counts for 60 % of dementia, other causes of neurodegenera-
tive dementia are Parkinson’s disease dementia (PDD),
frontotemporal dementia (FTD) and Lewy body dementia
(LBD) [2]. Mild cognitive impairment (MCI) can represent a
transitional stage between health and AD and was originally
defined by the Petersen criteria [3]. The estimated prevalence
of MCI in older adults is around 7-20 % depending on
the population studied [4]. Despite the large number of
people affected by these diseases, the molecular mecha-
nisms accounting for neuronal loss and synaptic damage
in AD, PDD, FTD and LBD are still poorly understood.
Neuroinflammation in the form of glial activation is a com-
ponent of all these diseases, and oxidative damage, mitochon-
drial dysfunction and reactive microgliosis are all factors in
the pathogenesis and progression of the neurodegenerative
dementias [5-7].

Postmortem studies in neurodegenerative dementias have
shown activated microglia targeting different areas of the
brain depending on the syndrome. The exact role of inflam-
mation in the pathological process of neurodegeneration has
led to both primary and secondary hypotheses in neurodegen-
erative diseases [8]. Some of the first evidence was shown by
McGeer et al., who detected large numbers of human leuko-
cyte antigen DR (HLA-DR) positive reactive microglia along
with Lewy bodies in the substantia nigra of all cases studied
with Parkinson’s disease. They also found that dementia cases
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with a pre-mortem diagnosis of AD or PD showed large num-
bers of HLA-DR-positive reactive microglia and significant
plaque and tangle counts in the hippocampus, with reduced
cortical choline acetyltransferase activity [8]. Although it was
previously thought that the central nervous system (CNS) was
an immune-privileged site, it is now well established that in-
flammatory processes occur in the CNS in response to injury,
infection or neurodegenerative disease [9]. It has also become
evident that glial cells can be activated by the presence of
systemic inflammation and that this can act as a trigger for
clinical deterioration of Alzheimer’s and Parkinson’s diseases
[9].

All current evidence suggests that neuroinflammation is a
significant component of neurodegenerative disease develop-
ment. One hypothesis of its role is that the initial pathogenic
insult (e.g. aberrant protein aggregation) induces an ongoing
inflammatory/cytotoxic response and the secondary neuroin-
flammation is a diffuse process, leading to alterations in neu-
ronal function with a predilection for selected regions depend-
ing on the nature of the neurodegenerative disease associated
with the dementia [10—-12]. Growing preclinical and clinical
evidence supports this hypothesis, and studies suggest that
systemic inflammation can worsen, or possibly trigger, neuro-
degenerative diseases as cytokines cross the blood-brain bar-
rier. In this paper, we reviewed the scientific English literature
on neuroinflammation and dementia related to most common
neurodegenerative diseases (AD, PDD, FTD and LBD) focus-
sing on possible molecular mechanisms and clinical evidence.
Moreover, we discuss the neuroimaging techniques that are
currently available or under investigation for the study of neu-
roinflammation in humans.

Neuroinflammation in AD, PDD, FTD and LBD Patients

The term “neuroinflammation” as used here refers to the in-
trinsic cellular response in the central nervous system associ-
ated with cell neurodegeneration. Microglial cells and astro-
cytes are mainly involved in the inflammatory response in the
CNS [13]. Microglial cells are the resident macrophages of the
CNS; they represent around the 10-12 % of the CNS popula-
tion [14] and play a crucial role not only in neurogenesis,
neuronal plasticity and regeneration but also serve as a first
line of immune defence in any type of brain insult. They have
the unique capability to phagocytose toxic products, release
cytotoxic factors and behave as antigen presenting cells [13,
15]. In the absence of foreign stimuli, microglial cells are in a
“resting” state but have spidery processes constantly scanning
the local environment for changes in brain milieu without
interfering with neurons and neuronal function,[15]. When
activated by any insult to the brain, they undergo morpholog-
ical changes, with the ramified processes becoming ameoboid
[16], and may move toward the site of injury [15]. The cells
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can stay in an activated phase for weeks after an acute insult,
releasing cytokines and neurotoxic agents that further exacer-
bate CNS damage [17]. This cidal activation pattern of behav-
iour is generally exhibited by microglia expressing an M1 or
classical phenotype. However, activated microglial can also
behave in a restorative fashion as an M2, or alternatively ac-
tivated phenotype, releasing growth factors and remodelling
synapses [18]. In cell culture, microglia develop an M1 phe-
notype in the presence of lipopolysaccharide (LPS) and/or
interferon (IFN) and tumor necrosis factor (TNF) and produce
a massive inflammatory response releasing interleukin-13
(IL-1f3), IL-12, TNF- and inducible nitric oxide synthase
(INOS). The M2 phenotype is generated in cell cultures in
the presence of IL-4 and IL-13 and has an anti-inflammatory
profile. The M2 phenotype can also exist as subtypes—M2b is
stimulated by immune complex formation and toll-like recep-
tor TLR or IL-1f3 activation; M2c¢ represents deactivated mac-
rophages, which contribute to the suppression of pro-
inflammatory cytokines [19¢, 20]. The switch of macrophages
between M1 and M2 states is a dynamic process in peripheral
inflammation [20] and, although peripheral macrophages and
microglia have differences, it is possible to adopt a similar
classification [7]. Microglial activation can switch from M2
to M1 phenotype during the course of disease [7]; in the
hippocampus of aged rodents, Jimenez et al. demon-
strated a distinctive shift from M2 to M1 phenotype of
microglial activation [7, 21] .

Tanaka et al. [22] have demonstrated that sub-acute admin-
istration of LPS activated microglia and increased production
of IL-13 and TNF-«, resulting in learning and memory defi-
cits in the animals. This did not occur in IL-1 knockout [23]
mice proving that IL-1 plays an important role in microglial
LPS-induced impairment of learning and memory [22, 24].
Given that, in microglia cells, amyloid activation of the
NOD-like receptor family, pyrin domain containing 3
(NLRP3) inflammasome is a crucial event for IL-1{3 produc-
tion and subsequent neuroinflammatory response, Heneka
et al. [25] evaluated active caspase-1 expression in human
MCI and AD patients, showing a strongly enhanced activity
in neurodegeneration. Indeed, they found that NLRP3 (—/—) or
Caspl (—/—) mice carrying mutations associated with familial
AD were largely protected from loss of spatial memory and
other AD-related features. Moreover, NLRP3 inflammasome
deficiency skewed microglial cells to M2 phenotype, resulting
in the decreased deposition of amyloid in the APP/PS1 model
of AD. Overall, these data suggest an important role of
NLRP3/caspase-1 axis in the pathogenesis of AD and indicate
new possible therapeutic interventions for the disease [25].
Interestingly, in neurodegenerative diseases, activated
microglial cells seem to increase the release of membrane-
type 1 (metalloproteinase MMP-1) in the interstitial space.
Some evidence suggests that microglial/macrophage MMP-
14 expression is upregulated in AD tissue and also in mouse



Curr Neurol Neurosci Rep (2015) 15: 17

Page3 of 11 17

models of human AD [26]. It has also been shown that, in
animals with prion disease, microglial cells switch from an
anti-inflammatory phenotype to the pro-inflammatory aggres-
sive phenotype when stimulated with LPS, starting an inflam-
matory response characterised by the increasing of IL-103,
TNF and IL-6 and leading to behavioural changes, neuronal
death and more rapid progression of the disease [27, 28]. On
this basis, Lunnon et al. [29] studied the molecular mecha-
nisms underlying the microglial phenotype switching, con-
cluding that, during chronic neurodegeneration, microglia
show an increased expression levels of activating FcyR and
a lower signalling threshold for Ab-mediated cell activation.

In chronic neuroinflammation, microglial cells can remain
activated for extended periods, releasing quantities of cyto-
kines and neurotoxic molecules that may contribute to long-
term neurodegeneration [30]. In AD, activated microglia sur-
round amyloid plaques, and resting microglia are activat-
ed by amyloid oligomers, fibrils and amyloid precursor
protein (APP) [31, 32]. Interestingly, knockout mice
without the APP gene show decreased microglial activation
[33]. In PDD or LBD, microglial cells can be activated by o-
synuclein fibrils [34]. Moreover, alterations in inflammatory
cells/molecules before the aggregation of tau in several differ-
ent mouse models of FTD have been observed [35].

Neuroinflammation results in synaptic impairment and
neuronal death and contributes to neurodegeneration within
the brain [19¢]. In this regard, specific markers of neuroin-
flammation have been found in CNS areas of AD-affected
patients, while subjects with high plaque burden without de-
mentia show little evidence of neuroinflammation [36]. In
neurodegenerative disorders such as AD, PD, Huntington’s
disease and multiple sclerosis, inflammation plays a crucial
role, substantiated by high levels of pro-inflammatory cyto-
kines [13, 31, 32, 37]. Wright et al. [38] found that loss of
neurons from the hippocampal CA1 region begins as early as
12 weeks of age in hAPP-J20 AD mice and that the extent of
neuronal loss increases with age and correlates with the num-
ber of activated microglia. In a PD model, it has been demon-
strated that chronic stress enhances susceptibility to inflam-
mation in the substantia nigra. Indeed, the induction of inflam-
matory process in stressed rats resulted in higher inflammato-
ry response and was associated with higher rate of death of
dopaminergic neurons in the substantia nigra, suggesting that
stress may be an important risk factor in the degenerative
processes and symptoms of PD [39].

At a molecular level, separate from classical pathways in-
volved in inflammation such as cyclooxygenase (COX), sev-
eral intracellular pathways have been discovered in the mac-
rophage activation processes and which are also relevant to
microglial cells [40]. One of the most important pathways is
related to p38 mitogen-activated protein kinase (MAPK) and
was observed by Hensley et al. [41]. Activation of the p38
MAPK pathway has been observed at different stages of AD

pathogenesis, which is related to microglial activation and
inflammatory mediator production [41, 42]. Another pathway
potentially involved in neuroinflammation involves peroxi-
some proliferator-activated receptor gamma (PPAR-v), a nu-
clear receptor protein that functions as a transcriptional factor
regulating gene expression involved in energy metabolism,
adipocyte differentiation, insulin sensitisation and tumour
suppression. Interestingly, it has been found that PPAR-y ag-
onists interfere with inflammatory gene expression and
microglia-mediated inflammatory responses in the brain
[43]. Recently, the insulin signalling pathway has been impli-
cated in control of neuronal excitability and metabolism and is
altered in microglial cells of mouse models of AD. Glucagon-
like peptide-1 (GLP-1), an insulinotropic hormone, has simi-
lar functions and growth-like properties as insulin/insulin-like
growth factor. Alterated function of these pathways can con-
tribute to the progressive loss of neurons in Alzheimer’s dis-
ease and Parkinson’s disease [44]. GLP-1 analogues reduce
microglial activation in transgenic mice, suggesting a possible
role for them as neuroprotectants. A preclinical study on the
interrelation between AD and diabetes using a high-fat diet
(HFD) in a mouse model of genetically induced AD-like neu-
ropathology (3xTg-AD) showed that that cerebral expression
of human AD transgenes led to peripheral glucose intolerance,
associated with pancreatic human amyloid accumulation.
Moreover, HFD enhanced glucose intolerance, increased
brain inflammation, brain soluble amyloid and memory im-
pairment in 3xTg-AD mice. Surprisingly, a single insulin in-
jection reversed the deleterious effects of HFD on memory
and soluble amyloid levels. These findings, taken together,
strongly support a hypothesis of a common relationship be-
tween peripheral metabolic disturbances such as glucose in-
tolerance and an increased risk of neurodegeneration mediated
through inflammatory processes [45] Figure 1 details the un-
derlying common mechanism of neurodegenerative diseases.

Preclinical and Pathological Evidence
of Neuroinflammation in Neurodegenerative Diseases

Alzheimer’s Disease

An increasing body of evidence suggests that IL-1 released by
inflammatory cells into the CNS is an important driving force
in the transformation of diffuse amyloid deposits into neuritic
amyloid plaques as well as in the spread of these plaques and
neuronal degeneration across regions of cerebral cortex in
patients with AD [12]. In order to understand the role of IL-
13 in AD pathogenesis, Ghosh et al. [46] used an inducible
model of sustained IL-13 overexpression and a transgenic
mouse model of AD, which develops amyloid deposition
and tau phosphorylation. They observed a marked increase
in tau phosphorylation and a reduction in amyloid burden
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Fig. 1 The common process of
neurodegenerative diseases in
Alzheimer’s disease (4D),
Parkinson’s disease dementia
(PDD), and fronto-tempotal
dementia (F7D). The
inflammatory signals induce
microglia to an activated state
leading to morphological changes
and secretion of
pro-inflammatory factors [i.e.
interleukin 1, 6 (/L-/—6) and
tumor necrosis factor (7NF)], é’?
which in turn maintain the ‘3
inflammatory status and favour Alpha-synuclein
the production of reactive oxygen
species (ROS). This inflammatory
cycle may trigger neurofibrillary
tangle (NVFT) deposition and/or
neuronal death
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along with a huge increase in plaque-associated microglia and
evidence of microglial activation at the site of inflammation.
They have also demonstrated that increased p38 MAPK and
glycogen synthase kinase-3f3 activity contribute to tau phos-
phorylation. Interestingly, this finding suggests that neuroin-
flammation may act in opposite manner in the amyloid and
tau pathology associated with mouse transgenic models [46].
TNF-« has also been proposed to contribute to the activation of
microglial cells and thus to the onset and progression of AD.
Detrait et al. [47] showed that systemic administration of an
anti-TNF medication counteracts amyloid-induced memory
impairment and normalises increased TNF-« levels in the hip-
pocampus in a non-transgenic mouse model. Moreover, Sun
et al. [48] have shown that TNF-« converting enzyme
(TACE/ADAM-17) in the cerebrospinal fluid (CSF) of subjects
with MCI and in AD patients is significantly higher than that of
cognitively healthy controls. They also found a significant cor-
relation between plasma TACE activity and CSF t-tau and
A42 levels and CSF Af342/tau ratios in AD patients. The
levels of plasma TACE activity correlated significantly and
negatively with cognition. These findings strongly support a
role of TNF-« in AD-related neuroinflammation and the pos-
sible use of TNF-« blockers as a protectant from the disease
[48]. There is some evidence suggesting that endogenous anti-
inflammatory pathways are involved in A (3-induced inflamma-
tion. Interestingly, Woodling et al. showed that signalling
through the prostaglandin-E2 (PGE2) EP4 receptor reduces
microglial inflammatory responses to A(342 peptides. In partic-
ular, they documented that, in cultured microglial cells, EP4
stimulation attenuated levels of Af42-induced inflammatory
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factors and potentiated phagocytosis of A(342, while deletion
of microglial EP4 in APPSwe-PS1IAE9 (APP-PS1) mice in-
creased inflammatory gene expression, oxidative protein mod-
ification and A3 deposition in the brain at early stages of pa-
thology, but not at later stages. In this regard, EP4 receptor
levels decreased significantly in human cortex with progression
from normal to AD states. These findings suggest that an early
loss of anti-inflammatory signalling system in AD development
may contribute to subsequent progression of pathology [49].

Parkinson’s Disease Dementia

In a post-mortem study, Imamura et al. [5S0] showed that major
histocompatibility complex (MHC) class II-positive activated
microglia are widely distributed in the affected regions, frequent-
ly in association with a-synuclein and monoaminergic neuritis in
PD brains. PDD is characterised at a molecular level by abnor-
mal aggregation of o-synuclein into intra-neuronal fibrils [8].
The immune system plays a significant role in the pathophysiol-
ogy of PDD as evidenced by the activation of both innate and
adaptive immunity [51]. In human post-mortem studies and in
animal models of PD or PDD, «-synuclein aggregation is asso-
ciated with inflammation and immune response including reac-
tive microgliosis, increased pro-inflammatory cytokine expres-
sion, lymphocyte infiltration [52] and immunoglobulin deposi-
tion [53]. In PDD, a-synuclein is not only present in neuronal
cells, but it can be released from them and transferred to
neighbouring glial cells. Lee et al. [54] demonstrated that
neuron-released o-synuclein can be transferred into astrocytes
using both tissue cultures and transgenic mouse models, thus
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explaining how astrocytes of patients with PD and dementia with
Lewy bodies, which normally express low levels of «-synuclein,
present o-synuclein deposits [55]. Interestingly, a microarray
study showed that astrocytes, after the exposition of neuron-
released o-synuclein, increased the expression of specific genes
that are involved in pro-inflammatory responses, such as cyto-
kines and chemokines [54], which in turn could act as mediators
of more extensive inflammation with the recruitment and activa-
tion of microglial cells [56]. It has been shown that MHCII has a
central role for the activation of both the innate and adaptive
immune responses to o-synuclein. Using an in vivo mouse mod-
el, induced by viral overexpression of «-synuclein and in vitro
systems to study the role of the MHCII complex in o-synuclein-
induced neuroinflammation and neurodegeneration, Harms et al.
[53] demonstrated that overexpression of full-length human «-
synuclein induces MHCII expression in microglia, activation of
antigen processing and presentation of antigen leading to CD4 T
cell proliferation and subsequent cytokine release. This study
also demonstrated that MHCII knockout mice prevented oc-
synuclein-induced microglial activation, IgG deposition and the
degeneration of dopaminergic neurons [53].

Frontotemporal Dementia

Progranulin (PGRN) is 70-kDa protein involved in biological
processes such as inflammation and wound healing [57], which
acts as a TNF regulator in inflammation [58] and also as a
growth factor. Interestingly, in humans, mutations of the
PGRN gene are causally linked to FTD [59]. However, how
loss of PGRN function targets frontotemporal neurodegenera-
tion is still poorly understood. Interestingly, when mice lacking
PGRN (Gr—/-) are treated with 1-methyl-4-(2"-methylphenyl)-
1,2,3,6-tetrahydrophine (MPTP), they present greater neuron
loss and increased microgliosis compared to controls. The
marked neuronal loss in PGRN (Gr—/—) mice seems not to be
due to selective vulnerability of neurons to MPTP, but rather to
an increased microglial activation response, thus suggesting that
PGRN deficiency leads to neuroinflammation and neuronal loss
via microglia activation [60]. Numerous mutations of the tau
gene in chromosome 17 have been linked to FTD [61].
Changes in CNS of a patient affected by FTD tau P301S muta-
tion are consistent with a strong neuroinflammatory reaction. In
this setting, activated microglia expressing MHCII receptors
were detected in the cortex and hippocampus. In addition, IL-
13 and COX-2 expression were induced in neuronal and glial
cells of these patients [62].

Evidence from Genetic Studies

Recent genome-wide association studies (GWAS) have
identified significant correlations between components
of the innate immune system and the incidence of sporadic
AD, supporting a link between the immune system

(neuroinflammation) and dementia pathophysiology [63,
64]. In this setting, the identification of a novel variant in the
gene encoding the triggering receptor expressed on myeloid
cells 2 (TREM2) in AD patients reinforces the hypothesis of
the causative link between inflammatory cells and degenera-
tion. This is substantiated by a recent study from Jiang et al.
[65] who demonstrated that TREM2 levels in the brains of 3-
month old senescence-accelerated mice were increased during
the aging process. By knocking down TREM2 expression in
brains of the same mice by non-viral RNA interference, they
found a significant increase in pro-inflammatory cytokines
including TNF-o and IL-6, associated with a reduction in
IL-10. Neuronal and synaptic losses along with cognitive im-
pairment have also been observed [65]. In humans, it has been
found not only that variants in TREM2 triple the risk of de-
veloping late-onset AD but also that its mutation is associated
with an increased risk of developing PD and PDD [66—68].
TREM?2 is expressed on microglial cells and acts as stimulator
of phagocytosis on the one hand and as suppressor of cytokine
production and inflammation on the other hand [66—68].
Recent GWAS studies were able to identify several other ge-
netic risk factors: CLU, PICALM and CR1 [69]. Additionally
several other loci have been demonstrated including BIN1,
EPHAI1, MS4A, CD33, CD2AP and ABCA7 [70]. Apart
from demonstrating increased risk, these findings shed light
on the different pathways, which could be involved in the
disease pathogenesis. Even though the role of inflammation
has been proposed for some time, genetic data suggest a pri-
mary role of inflammation in the development of AD, in con-
trast with the hypothesis that immune and inflammatory relat-
ed processes are secondary to AD occurrence. The two genes
that code for proteins acting as regulators of the complement
system (CLU and CR1) are risk factors for the development of
the most common form of AD [71]. Clusterin is a lipoprotein
expressed in most mammalian tissues, and it interacts with a
variety of molecules. It is involved in a number of physiolog-
ical processes, including inhibition of the complement system.
Clusterin is able to modulate the membrane attack complex
(MAC) and can act by preventing the inflammatory response
associated with complement activation after protein aggrega-
tion. CR1 is a polymorphic protein that also acts as a negative
regulator of the complement system (inhibiting both the clas-
sical and alternative pathways). CR1 on erythrocytes acts as a
vehicle for clearance of C3b-coated immune complexes, be-
ing involved in immune adherence and phagocytosis. BIN1,
members of the MS4A gene family, CD33, ABCA7, CD2AP
and EPHA 1 may also potentially be related to the immune and
inflammatory responses [72]. BIN1 knockout mosaic mice
have been reported to show reduced inflammation with aging.
MS4A1 (CD20) has been demonstrated to have a function in
regulating calcium influx downstream of the activated B-cell
antigen receptor [72]. Furthermore, mutations in toll-like re-
ceptors (TLRs), as major innate immune mediators, may be
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have a role in the clearance amyloid-f3 (Af3) deposits. The
TLR9 signalling pathway is associated with the immune in-
flammatory response, and it has been associated with the re-
duction of A3 burden in AD mice. A recent publication doc-
umented that TLR9 polymorphism may modify LOAD risk in
the Han Chinese population [73].

Role of Systemic Inflammation in Central Inflammation
and Neurodegeneration

Studies in animal models show that systemic inflammation
can lead to exaggerated acute symptoms of brain func-
tion (sickness syndrome), accelerate neurodegeneration
and increase neuronal loss [74, 75]. Interestingly, sys-
temic inflammation generates an exaggerated immune
response in the CNS of AD and PD animals that is
probably mediated by the local innate immune system
with a priming effect [19+]. Likewise, the influence of
peripheral inflammation on microglial cells is thought to be
present in the human where it might contribute to neurode-
generative processes. Although the blood—brain barrier (BBB)
is not permeable to pro-inflammatory mediators, they can en-
ter via the choroid plexus and peripheral inflammation could
trigger a neuroinflammatory response in glial cells and neu-
rons stimulating both to release and transmit inflammatory
mediators and allow leucocyte migration into the CNS.
Several preclinical animal models have been developed for
evaluating the effects of peripheral inflammation and brain
inflammatory response [76, 77]. Most of them showed a direct
link between specific peripheral inflammation/oxidative stress
and AD. Some studies focussed on the protective effect of
specific cytokines on AD progression [77, 78e¢].

Other clinical studies have evaluated the relationship be-
tween metabolic inflammatory status and cognition [79-81].
Apart from the classical systemic inflammatory diseases, it is
well known that some metabolic alterations such as metabolic
syndrome or obesity are characterised by an increased release
of pro-inflammatory cytokines resulting in a chronic periph-
eral inflammatory status [79, 81]. In this regard, it has been
found that obesity and metabolic alterations could be associ-
ated with development of MCI and AD [79-81]. Moreover,
other studies showed a link between specific peripheral chron-
ic inflammatory diseases, such periodontitis, and cognitive
deficit [82, 83]. Metabolic diseases as well as chronic inflam-
matory conditions could contribute to the AD neurodegener-
ative process in different ways inducing both CNS oxidative
stress and/or a chronic neuroinflammation (triggered by pe-
ripheral inflammation) [68]. Interestingly, rheumatoid arthritis
(RA) seems negatively associated with AD development [84].

One possible explanation of the differential effect of
peripheral inflammatory processes on central inflamma-
tion in CNS in the AD process could be reflected in the
function of microglial cells. The CNS cells could be
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influenced by peripheral inflammatory/anti-inflammatory me-
diator switching in one or other activated phenotype (M1 or
M2) in neurodegenerative diseases [85]. This hypothesis
might explain why obese patients, who show a significant
release of IL-6 in the portal circulation, may have an increased
risk of developing AD. By contrast, the inverse relationship
between AD and RA could be explained by the influence of
differential inflammatory mediators produced by the chronic
joint inflammation. A large meta-analysis of 17 epidemiolog-
ical studies suggested that non-steroidal anti-inflammatory
drugs (NSAIDs) decrease the risk of developing AD [84],
although subsequent randomised trials failed to show a bene-
ficial effect of NSAID on established AD [86, 87]. Otherwise,
a recent revision of the AD Anti-inflammatory Prevention
Trial [88e¢] supports a beneficial role of NSAID only in the
early, asymptomatic, phases of the disease [89], suggesting
that neuroinflammation could be crucial in the initial events
of the neurodegeneration process.

In PD patients, an increased body of evidence suggests a
possible role of peripheral inflammation, especially in gastro-
intestinal apparatus, on neurodegeneration [90]. In this setting,
increased expression of TNF-«, IFN-y, IL-6 and IL-1f3
(similar to that observed in inflammatory bowel diseases)
has been found [91, 92]. Devos et al. [92] provided evidence
that PD enteric inflammation is tightly associated with glial
dysregulation showing that the expression of glial markers in
colonic biopsies from PD patients are elevated and correlate
with the expression of pro-inflammatory cytokines. Several
epidemiological studies have shown that NSAIDs are also
associated with a reduced risk of developing PD [93, 94].

Evidence for Neuroinflammation in Neurodegenerative
Diseases from Neuroimaging Studies

Considering the central role of microglial cells in neu-
rodegeneration, the evaluation of activated microglia
in vivo is an important strategy to shed more light into
the pathophysiology of neurodegenerative dementia, to
evaluate possible treatment targets and also as a marker
of disease progression. Quantification and localisation of
CNS inflammation may offer a potential tool for evalu-
ating novel therapeutic targets. Positron emission tomog-
raphy (PET) is the most widely used in vivo method for
detecting microglial activation.

Activated microglial cells overexpress mitochondrial
translocator protein (TSPO), which is found only at
low levels in healthy CNS [95]. In vivo animal studies
of neurodegenerative diseases demonstrated that TSPO
can also be overexpressed in reactive astrocytes [96].
However, an animal model of focal ischaemia suggested a
temporal relationship between TSPO expression in microglia
and reactive astrocytes. Some experimental models have
shown that TSPO co-localises better with the temporospatial
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profile of microglial activation than with that of reactive as-
trocytes [97]. Moreover, a post-mortem study on AD brains
showed that TSPO is mainly overexpressed in microglial cells
of several areas of the cortex and limbic lobe and is localised
within or surrounding senile plaques [98]. Even though there
could be a degree of overlap in TSPO expression between
activated microglia and reactive astrocytes, TSPO expression
and neuroimaging of TSPO using PET is a good marker of
neuroinflammation.

The most commonly used PET radioligand to detect TSPO
protein in humans is [11C] (R) PK11195 [1-(2-chlorophenyl)-
N-methyl-N-(1-methylpropyl)-3-isoquinoline carboxamide.
[11C] PK11195 has a half-life of 20 min and has been exten-
sively used to image neurological diseases in humans [99,
100]. [11C] PK11195 PET may detect in vivo microglial ac-
tivation in the brain of AD mouse models and in AD patients
[101, 102]. In the latter, [11C] PK11195 PET studies con-
firmed that activated microglial cells throughout the associa-
tion cortex have a distribution pattern similar to that of amy-
loid plaque [97, 103]. Increased cortical [11C] PK 11195 bind-
ing can be detected in around 60 % of mild to moderate AD
patients and around 40 % of subjects with MCI [103, 104].
Figure 1 demonstrates [11C] PK11195 PET in different types
of dementia. Levels of cortical [11C] PK11195 binding show
an inverse correlation with mini-mental state examination
(MMSE) ratings, suggesting involvement of microglial acti-
vation in neuronal dysfunction and cognitive impairment.
However, not all studies have detected increased [11C]
PK11195 binding in MCI and mild to moderate AD, which
may reflect different sensitivities of the cameras and analytical
approaches used. A recent [11C] PK11195 PET study found
significant binding in the substantia nigra and putamen of PD
cases, and those with demenita had higher microglial activa-
tion in association cortex compared to non-demented subjects.
This finding is consistent with the pathological studies dem-
onstrating involvement of association cortex in PD and LBD
[6, 50, 105] (Fig. 2).

PET studies have also detected increased [11C] PK11195
binding in FTD [104, 106]. A recent study showed that high

Fig. 2 [11C]-(R)-PK11195 binding potential of patients with
Alzheimer’s disease (4D), mild cognitive impairment (MCI),
Parkinson’s disease dementia (PDD) and Parkinson’s disease (PD)
compared to control by positron-emission tomography (PET). The

levels of microglial activation in the temporal lobe of FTD
patients might serve as a marker of inherited FTD associated
with intronic mutations in MAPT, with a relatively intense
signal in this region in PET studies using [11C] PK11195
[106]. Moreover, a significant increase in CSF carbonylation
was shown in FTD patient groups, and [11C] PK11195 PET
studies have shown increased uptake in frontotemporal re-
gions and basal ganglia. It is important to note that the pathol-
ogy of FTD does not involve amyloid plaques, suggesting that
microglial activation is not specifically related to the amyloid
pathology and may reflect part of a common neurodegenera-
tive process.

Although [11C] PK11195 has been the most commonly
used PET radioligand for detecting microglial activation, a
second generation of TSPO ligands has been developed,
which have a higher affinity for TSPO with lower non-
specific signals in preclinical models, and are undergoing clin-
ical evaluation with encouraging results. Compounds with
improved BBB permeability and affinity for TSPO, including
[11C] DAA1106 [107] and [18F] fluoroethoxy-DAA1106
([18F] FEDAA1106) [108], were developed and applied to
neuroimaging of AD patients [109]. Other promising high
affinity TSPO tracers are [18F] PBR111, [11C] PBR28,
[18F] GE180 and [11C] DPA713 [110e, 111¢]. However, the
affinity of these newer tracers for TSPO is dependent on which
genetic polymorphism of the protein is present, and it is now
clear that the presence of a non-synonymous polymorphism of
TSPO, coded by the rs6971 single nucleotide polymorphism
(SNP) lowers the binding potential of these tracers [112].

Kreisl et al. [113] found that AD cases without the rs6971
polymorphism showed increased cortical [11C] PBR28 bind-
ing to TSPO, which worsens with disease severity; however,
they were unable to detect a raised signal in their MCI
cases. PET scans with [11C] DAA1106, a potent and
selective ligand for TSPO, were performed on ten non-
genotyped patients with AD and ten age-matched control
subjects by Yasuno et al. [109] again showing that the mean
binding potential was increased in the brain of AD patients
compared with control subjects in all measured regions.

Healthy Control

presence of diffuse microglial activation in patients with AD, PDD, PD
and MCI suggests a common neuroinflammatory pathway for the neuro-
degenerative diseases
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Statistical significance has been reached across many of the
regions examined, including dorsal and medial prefrontal cor-
tex, lateral temporal cortex, parietal cortex, occipital cortex,
anterior cingulate cortex, striatum and cerebellum [109].
Neuroimaging thus represents a powerful tool to detect the
presence of neuroinflammation in neurodegenerative demen-
tia, also in the pre-symptomatic phase of neurodegenerative
diseases. If novel PET techniques using 18F-labelled tracers
are validated, they may have potential for prognostic purposes
and to follow up the clinical outcome in the early phases of the
disease in multicentre studies.

Recently, we have demonstrated that temporoparietal cor-
tical regions show a significant inverse correlation between
levels of microglial activation measured using [11C]
PK11195 PET and cerebral glucose metabolic rate measured
by [18F] FDG PET in the immediate vicinity, suggesting a
deleterious effect of microglia on neuronal function in AD
and PDD [114]. In other brain regions, raised cortical
microglial activation was also associated with reduced glucose
metabolism in the medial temporal lobe, suggesting microglial
activation in the regions of cortical projections from medial
temporal lobe could lead to neuronal damage and reduction in
glucose metabolism at a distance. This study suggests that
microglial activation is a common process in neurodegenera-
tive diseases such as AD, MCI and PDD. This study also
suggested that microglial activation, along with amyloid de-
position, could cause neuronal damage and reduced glucose
metabolism, while microglial activation and neuroinflamma-
tion could occur independently of amyloid deposition.

Conclusion

Neuroinflammation in the form of miocroglial activation plays
a significant role in the pathogenesis of neurodegenerative
dementias. There is compelling evidence to suggest that neu-
roinflammation is a common process and is associated with
neuronal damage and cognitive impairment. It can be detected
with TSPO markers such as [11C] PK11195 PET and also
newer higher affinity ligands, but brain uptake of the latter is
influenced by the TSPO polymorphism expressed by individ-
uals. Chronic M1 phenotype microglial activation leads to the
release of inflammatory mediators, which result in neurotoxic
responses that could drive the neurodegenerative processes.
The M2 microglial phenotype, however, is potentially protec-
tive and aids adaptive recovery. There is evidence to suggest
that peripheral inflammation can exacerbate or trigger central
inflammation. For an effective treatment for neurodegenera-
tive diseases, it may be necessary to intervene in both central
and peripheral inflammatory pathways, such as by giving cy-
tokine antagonists. It is likely that anti-inflammatory ap-
proaches to halting dementias will dominate the field in the
years to come.
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