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MICROGLIA 
Microglia are the myeloid resident cell population in the central nervous system (CNS) 
making up approximately 10% of total glial cells (Cartier et al., 2014). Microglia are 
regionally distributed at various densities. First discovered by Pio del Rio-Hortega 
in 1932, microglia are cells with specific morphology in the CNS. In healthy adult 
CNS, microglia extend long processes with branches from soma, which were named 
as “ramified microglia” and were previously considered as the “resting” phenotype. 
However, in fact, the processes are highly motile (Nimmerjahn et al., 2005). Microglia 
actively survey their environment by extending their processes, sense signals, and 
interact closely with blood vessels and other cell types such as neurons, astrocytes, 
and oligodendrocytes (Gomez-Nicola and Perry, 2015; Hanisch and Kettenmann, 
2007; Wolf et al., 2017). From this perspective, microglia represent the primary innate 
immune cell type in the CNS. Any disturbance or loss of brain homeostasis, e.g., 
infection or aggregated protein (amyloid-β, α-synuclein, mutant huntingtin, mutant 
superoxide dismutase 1), can promote rapid changes in the microglia morphology, 
gene expression, and functional behaviour (Kettenmann et al., 2011; Wolf et al., 2017), 
summarized as microglia activation. The state is characterized by a more ameboid, 
rod-like morphology, and could be accompanied by an increased in cell number, termed 
“microgliosis” (Boche et al., 2013). Interestingly, microglia activation is considered as 
a shift in the functional phenotype, rather than a stepwise transformation (Hanisch 
and Kettenmann, 2007). Pathogen-associated molecular patterns (PAMPs, e.g., 
fragments of bacteria or viruses) and damage-associated molecular patterns (DAMPs, 
associated with trauma, ischemia, and tissue damage) could be recognized by pattern 
recognition receptors (PRRs) expressed on microglia, e.g., toll-like receptors (TLRs), 
CD14, CD36, triggering receptor expressed by myeloid cells 2 (TREM2), and CD33. 
The proinflammatory signal could be transduced via myeloid differentiation primary 
response protein 88 (MYD88)-nuclear factor-κB (NF-κB) pathway. The subsequent 
maturation of cytokine IL-1β is dependent on the activation of caspase 1. During 
the process of maturation, inflammasome play an important role (Halle et al., 2008; 
Heneka et al., 2013). 

Professional phagocytes in the brain

In response to damage, pathogen invasion, or misfolded protein, ramified microglia 
could transform into active phagocytic microglia, migrate, and migrate to the site of 
injury through a process known as chemotaxis. The involved receptors on the microglia 
surface include TLRs, chemokine receptors, TREM2, CD33, Fc receptors, complement 
receptors, and scavenger receptors (Fu et al., 2014; Sierra et al., 2013). In addition, 
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microglia remove the dead- and dying neurons as well as synapses and processes of 
live neurons. Microglia phagocytose stressed-but-viable neurons, which is termed 
“phagoptosis” (Brown and Neher, 2014; Neher et al., 2012). In this process, receptors 
such as MER receptor tyrosine kinase (MERTK), vitronectin receptors (VNRs) are 
involved. The release of milk fat globule EGF factor 8 (MFG-E8) by activated microglia 
could promote the phagocytosis of the phosphatidylserine-tagged neuron through 
VNRs expressed on microglia (Brown and Neher, 2014). Hence, microglia, which are 
the professional phagocytes in the brain, support the function and health of neurons 
and neuronal circuit.

Functions of microglia in the healthy brain

Apart from their ability to surveil the microenvironment, phagocytose cell debris, and 
eliminate pathogens, microglia have been shown to play roles in synaptic pruning and 
neuromodulation (Gomez-Nicola and Perry, 2015). Microglia release growth factors, 
such as insulin-like growth factor-1 (IGF-1) and brain-derived neurotrophic factor 
(BDNF) and promote the development, differentiation, and survival of neuronal 
networks (Butovsky et al., 2006; London et al., 2013; Ueno et al., 2013). Microglia 
are involved in the active elimination of superfluous synapses at the early phases of 
postnatal brain development. In postnatal retinogeniculate system, microglia have 
been reported to engulf some synapses in a complement-dependent manner (Schafer et 
al., 2012; Stevens et al., 2007). It has also been suggested CX3CR1-CX3CL1 signalling 
is involved in regulation of synapse pruning by microglia, because a mouse model 
with  the deficiencies in CX3CR1 led to a transient reduction in microglial density, 
which was in turn associated with an increased number of immature synapses and 
a delay in synaptic pruning (Paolicelli et al., 2011). The depletion of microglia in mice 
led to deficits in multiple learning tasks and reduced synapse formation, which could 
be due to the decreased level of BDNF from microglia (Parkhurst et al., 2013). Thus, 
microglia show multiple functions such as surveilling microglia, proliferative microglia, 
pruning/neuromodulatory microglia, and phagocytic microglia in the healthy brain  
(Gomez-Nicola and Perry, 2015). 

Microglial priming

In the aging brain, microglia show an exaggerated or enhanced response to 
inflammatory signals from periphery, which is much stronger than the response of 
microglia isolated from young brain (Raj et al., 2014; Sierra et al., 2007). The over-
reactive phenotype resulting in an exaggerated immune response is called microglial 
“priming” (Fig. 1). Primed microglia in aging brain show increased expression of MHC 

II, lysosomal protein CD68, CD11b, and CD11c (Norden and Godbout, 2013). These 
so-called primed microglia do not secrete high amounts of cytokines. Once triggered, 
primed microglia become completely activated and secrete high amounts of cytokines, 
chemokines, and reactive molecules (e.g., IL-1β, IL-6, TNF-α, and iNOS), which are 
neurotoxic (Norden and Godbout, 2013). On the other hand, the aging background 
may accelerate and exacerbate neurodegeneration in animal models. For example, 
using 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to induce Parkinson’s 
disease mouse model in young and aged mice (high doses of MPTP for a short time  
or low doses of MPTP for a long time), studies have shown that aging mice were more 
sensitive to neurotoxicity with severe loss of dopaminergic neurons, and had a faster 
development of neurodegeneration, compared to young mice (Muñoz-Manchado et 
al., 2016; Sugama et al., 2003). Using the adeno-associated virus to transfer tau gene to 
substantia nigra (SN) has induced more dopaminergic cell loss and more pronounced 
microgliosis in aged rats than that in young rat (Klein et al., 2010).

Aside from aging, previous studies showed microglia also adopt the over-reactive 
“priming” phenotype, in response to neurodegeneration and accumulated misfolded 
proteins (Perry and Holmes, 2014). Intraperitoneal injection of LPS induced a greater 
increase in proinflammatory cytokines and iNOS in the ME7 model of prion disease 
(Cunningham et al., 2005). In a 6-hydroxydopamine (6-OHDA)-treated animal model 
of Parkinson’s disease, neurodegeneration in the SN was exacerbated upon chronic 
systemic administration of IL-1β, and the enhanced neuronal degeneration was 
partially mediated by nitric oxide (Godoy et al., 2008). Meanwhile, indirect evidence 
suggests that microglia priming bears relevance for AD pathology. For example, in 
Tg2576 mice, enhanced expression of cytokines has been observed in the cortex and 
hippocampus after intravenous administration of LPS (Sly et al., 2001). Furthermore, 
in 3xTg-AD mice, repeated challenges with LPS have been shown to exacerbate central 
nervous system (CNS) inflammation (Kitazawa et al., 2005). Finally, in AD patients, 
acute systemic infection, associated with an increased serum level of TNF-α was shown 
to lead to a two-fold increase in the rate of cognitive decline over a 6-month period 
(Holmes et al., 2009), which has been suggested to originate from a higher response 
of primed microglia upon peripheral inflammatory signal (Perry and Holmes, 2014).

The chronic stimulation of immune system might be a potential inducer for 
microglia priming. In vitro experiments show that exposure of macrophages to 
subclinical low doses of lipopolysaccharide (LPS) could also induce priming (Maitra 
et al., 2012; Saeed et al., 2014). Microglia were primed in a mouse strain that lacked 
a major regulator of the complement cascade (complement receptor 1-related protein 
y, Crry).  Experimental autoimmune encephalomyelitis (EAE) model of autoimmune 
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inflammatory disease multiple sclerosis was exacerbated in Crry-deficient mice 
(Ramaglia et al., 2012).

The mechanism for microglia priming may relate to decreased inhibition and 
direct activation of microglia (Norden and Godbout, 2013; Perry and Holmes, 2014). 
Neuronal impairment decreases the expression of neuronal ligands that stimulate 
inhibitory receptors on microglia, e.g., CD200, CX3CL1, CD47, and eventually release 
microglia from inhibition (Perry and Holmes, 2014). Using Gene Co-expression 
Network Analysis (WGCNA), a highly consistent transcriptional profile of priming 
genes was identified, whose key features are related to phagocytosis, lysosome, and 
antigen presentation. These priming genes include MHC II, Axl, Clec7a (Dectin 1), 
Lgals3 (Mac 2), and Itgax (CD11c) (Holtman et al., 2015).

Microglia phenotypes

Initially, microglia phenotypes were divided into two major categories: classically 
activated (M1) and alternatively activated (M2). These phenotypes were established 
in vitro, and have mostly been translated from macrophage activation (Murray 
et al., 2014). The M1 phenotype is induced by proinflammatory agents including 
lipopolysaccharide (LPS) and interferon gamma (IFN-γ). M1 activated microglia show 
increased production of reactive oxygen species and proinflammatory cytokines such 
as tumor necrosis factor (TNF)-α and interleukin (IL)-1β (Walker and Lue, 2015). 
The M2 phenotype is associated with removal of cellular debris, release of growth 
factors, and secretion of anti-inflammatory cytokines. In a more refined classification 
the M2 phenotype was called M2a. In addition classification of alternative states 
activation of microglia yielded two further subcategories: M2b and M2c. It has been 
argued recently that the classification into M1 and M2 phenotypes might be insufficient 
or oversimplified to describe the states of microglia in vivo. For example in the EAE 
mouse model, M1/M2 mixed microglia phenotypes were found (Ponomarev et al., 
2013). In the human astrocytomas of different grades, only a part of M2 cell markers 
elevated in high-grade gliomas (Prosniak et al., 2013). In the model of brain injury, 
microglia did not transform to classical M1 or M2 phenotypes, but adopted a new 
regulatory phenotype (Girard et al., 2013).

ALZHEIMER’S DISEASE
Prevalence 

More than 35 million people worldwide suffer from Alzheimer’s disease (AD), which 
is hallmarked by a gradual decline in memory and other cognitive domains that makes 

patients at the final stage bedridden and completely care dependent. Death occurs 
normally within 3 to 9 years after diagnosis (Querfurth and LaFerla, 2010). Age is 
the primary risk factor for AD and the incidence of the disease doubles every 5 years 
after 65 years old (Hirtz et al., 2007). Because of the ongoing increase in life expectancy, 
the number of AD patients is expected to more than triple to reach 115 million by 

Figure 1. Effects of systemic inflammation on microglia. A In the healthy brain, microglia survey 
the microenvironment by motile process, and stay in ramified state regulated by inhibitory ligands 
expressed on the surface of neurons. B During the systemic inflammation, the inflammatory signals transfer 
from periphery to the central nervous system, and transiently activate microglia, leading to the release of 
cytokines and reactive molecules in the brain, then eventually induce sickness behaviors. C In the brain 
of aging and neurodegenerative diseases, neurotoxic misfolded proteins and debris from dying neurons 
accumulate, leading to the reduction of inhibitory neuronal ligands and microglia priming. Primed 
microglia show altered morphology, increased proliferation, and upregulation of cell surface molecules, 
e.g., CD68, MHC II, Axl, Mac-2, CD11c, and Dectin 1. D In the brain of aging and neurodegenerative 
disease, systemic inflammatory stimulus induces primed microglia fully activated, resulting in exaggerated 
release of cytokines and other inflammatory mediators. 
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2050. AD is the most common form of dementia, accounting for around 70% cases of 
dementia. There are also significant gender differences in the prevalence. Almost two 
thirds of American aging population affected Alzheimer’s disease patients are female. 

Genetic risk factors 

Most patients start to show symptoms of AD later than 65 year and belong to the late-
onset AD group (LOAD). Only 4% to 5% Alzheimer’s disease cases are early-onset 
familial Alzheimer’s disease and is hereditary. These patients show AD symptoms at 
very early age, mostly between 30 to 50 years. Genetic mutations of amyloid precursor 
protein (APP), presenilin-1 (PS1), and presenilin-2 (PS2) are responsible for familial 
AD. These mutations profoundly alter APP metabolism and result in Aβ accumulation. 
In late-onset AD patients, recent genome-wide association studies identified significant 
correlations between polymorphisms in genes (GLU, CR1, CD33, EPHA1, MS4A4A/
MS4A6A, APOE, ABCA7, PICALM, BIN1, CD2AP, and TREM2) (Harold et al., 2009; 
Hollingworth et al., 2011; Lambert et al., 2009, 2011, 2013; Naj et al., 2011; Seshadri 
et al., 2010) and incidence of late-onset AD (Malik et al., 2015). The “Amyloid cascade 
hypothesis”, which was prevalent in the past 20 years, hypothesized that the deposition 
of the Aβ in the brain is the central event in AD pathology (Karran et al., 2011), whereas 
other disease hallmarks occur as a consequence of this event. However, in recent years, 
the evidence from the animal experiments and clinical trials (Doody et al., 2014; 
Holmes et al., 2008; Salloway et al., 2014; Villemagne et al., 2011) indicates that Aβ is 
only a contributor to AD progression (Herrup, 2015). N-methyl-D-aspartate (NMDA) 
receptor activation (Kamat, 2016), lysosomal dysfunction (Orr and Oddo, 2013), a loss 
of Ca2+ homeostasis (Popugaeva and Bezprozvanny, 2014) may represent putative 
mechanisms underlying oxidative stress and synaptic dysfunction in Alzheimer’s 
disease. These mechanisms may help us to understand the pathophysiological 
implication of genetic risk factors in LOAD. Of these risk factors several genes are 
relevant to the inflammation and function of microglia, e.g., Trem2 and CD33. 

Trem2 

Trem2 is expressed in myeloid cells in the brain and shows increased expression in 
microglia in plaque regions of APP23 mice (Melchior et al., 2010). Trem2 mediates 
signaling through the immunoreceptor tyrosine-based activating motif (ITAM) and 
the adaptor protein TyroBp and results in activation of the tyrosine-protein kinase 
Syk (Paloneva et al., 2000; Tomasello and Vivier, 2005). This regulates activation of 
the phosphoinositide 3-kinase (PI3K), and later the actin assembly and phagocytic cup 
formation for target engulfment (Fig. 2) (Deschamps et al., 2013). Mutations in Trem2 

and its adaptor protein TyroBp have been identified to cause Nasu-Hakola disease, 
a rare, autosomal recessive syndrome marked by severe disruption of cortical white 
matter and early-onset progressive dementia (Malik et al., 2015; Perry and Holmes, 
2014). The R47H variant of Trem2, which was identified in the recent GWAS (Jonsson 
et al., 2013), blunts the sensitivity of Trem2 for anionic and zwitterionic lipids (Wang et 
al., 2015). Previous studies reported that the plaque load in the hippocampus reduced 
in 4-month-old APPPS1Trem2-/- mice (Jay et al., 2015), whereas the plaque load 
in the brain increased in 8.5-month-old 5XFADTrem2-/- mice (Wang et al., 2015). 
The different outcomes may be due to different AD mouse models, Trem2 knockout, 
and age (Phimister and Tanzi, 2015). Surrounding the Aβ plaques, infiltrating Trem2+ 
macrophage failed to efficiently clear plaques (Jay et al., 2015), whereas Trem2+ 
microglia could be more efficient in clearing Aβ plaque (Wang et al., 2015). 

CD33 

CD33, a member of the sialic acid-binding immunoglobulin-like lectin (SIGLEC) 
family of receptors (Varki, 2005), is expressed largely in microglia (Griciuc et al., 2013). 
It has been shown that CD33 functions to limit immune activation and phagocytosis 
(Schwarz et al., 2015). Sialic acid binding activates CD33 and leads to increased 
activity of the protein-tyrosine phosphatases, SHP-1, and SHP-2, which inhibit Syk 
and ITAM-signaling proteins (Fig. 2). The impaired phagocytic ability of microglia 
in Alzheimer’s disease may be because of increased expression of sialylated agents in 
the Aβ plaque region, which stimulates CD33 and inhibits phagocytosis (Conejero-
Goldberg et al., 2014; Salminen and Kaarniranta, 2009; Xu et al., 1999). It has been 
reported that the expression of CD33 in the brain is modestly increased in AD, and is 
associated with reduced Aβ phagocytosis (Bradshaw et al., 2013; Griciuc et al., 2013). 
People who carry the AD protective rs3865444A allele decreased the number of CD33+ 
microglia (Griciuc et al., 2013; Malik et al., 2013)

Non-genetic risk factors also play important roles in the prevalence of AD. Aging 
is the most important known non-genetic risk factor for late-onset AD (Huang 
and Mucke, 2012). In addition, low educational levels, smoking, physical inactivity, 
depression, hyperlipidemia, hypertension, diabetes mellitus, and obesity have also 
been found to be relate to the onset of AD (Barnes, 2013; Luchsinger and Mayeux, 
2004; Sharp and Gatz, 2011).
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Neuropathological hallmarks
Aβ production, plaque formation, and plaque types

Cerebral Aβ plaques with dystrophic neurites as well as intracellular neurofibrillary 
tangles (NFT), of which the major component is the abnormally hyperphosphorylated 
and aggregated form of microtubule-associated tau protein, are important pathological 
features of Alzheimer’s disease.

Aβ peptide is generated from amyloid precursor protein (APP), which is 
a transmembrane glycoprotein expressed in many tissues. The physiological processing 
of APP has two types: non-amyloidogenic- and amyloidogenic processing (Querfurth 
and LaFerla, 2010). Cleavage by α-secretase initiates non-amyloidogenic processing, 
and soluble APPα (sAPPα) is released. The 83-residue carboxy-terminal fragment 
(C83) of the left fragment is then cleaved by γ-secretase, liberating extracellular Aβ 
peptide called p3. To generate Aβ fibrils and plaque formation, APP has to undergo 
the amyloidogenic pathway. APP is firstly cleaved by β-site amyloid precursor protein–
cleaving enzyme 1 (BACE-1), releasing of sAPPβ and a remaining 99 amino acid 
fragment (β-CTF or C99) in the membrane. C99 is then subsequently cut within 
the transmembrane region by γ-secretase to generate Aβ. Depending the cleavage site 

Figure 2. Trem2 and CD33 show opposite functions in microglial activation. Trem2 binds to the lipid 
ligands (negatively charged), probably through the arginine residues (R+, positively charged). The signal 
is transmitted through TyroBp (DAP12) to activate the tyrosine-protein kinase Syk. Syk further activates 
PI3K, which further regulates microglia activation and phagocytosis. In contrast, sialic acid binding to 
CD33 results in activation of SHP1 phosphatase, which inhibits the activation of PI3K and microglia 
activation. Genetic evidence suggests that loss of CD33 function decreases AD risk, whereas the loss of 
TREM2 function increases AD risk.

of γ-secretase, various Aβ sequences of different lengths (e.g., 40, 42 or 43 amino acids) 
will be generated (O’Brien and Wong, 2011).

Mutation in the APP gene leads to increased Aβ production, while mutations 
in PSEN gene cause a higher ratio of amyloid β protein 42/40 (Aβ42/Aβ40), which 
results in increased toxicity due to higher aggregating capacity of longer Aβ peptides 
(Wolfe, 2007). Monomeric forms of Aβ protein tend to self-aggregate, and undergo 
oligomerization: forming dimers, trimer, tetramers, and higher molecular weight 
oligomers. Aβ oligomers have a wide molecular weight ranging from <  10  kDa to 
> 100 kDa, and lose their solubility with on-going aggregation. They continue to form 
β-sheet structures and fibrils, then finally assemble in the form of plaques (O’Brien and 
Wong, 2011).

The molecular characteristics of Aβ plaque isoforms are known since the early days 
of AD research (Armstrong, 1997; Ulrich, 1985). The classification system of Aβ- fibrils 
and plaques has been consistently adapted with the development of novel staining and 
detection approaches (Armstrong, 1997; Bussière et al., 2004; Dickson and Vickers, 
2001). The diffuse plaque (amorphous and sparse Aβ deposits with blurred borders) 
was described as an immature stage of plaques, while the fibrillar plaque (fibrillar 
β-amyloid throughout the plaque structure) and dense-core plaque (with a central core 
of β-amyloid) were defined as mature stages of plaques (Bussière et al., 2004; Dickson 
and Vickers, 2001)(Fig. 3). In human AD (D’Andrea et al., 2004; Sheng et al., 1997) and 
in transgenic Aβ overexpressing mouse models (Stalder et al., 1999), it has been found 
that morphologically activated, ameboid microglia gather tightly in the vicinity of 
mature plaques. In contrast activated microglia are not associated with diffuse plaques. 
Till now, the specific phenotypes of microglia close to mature plaque and those in 
the diffuse-plaque region are not known. 

Pathological progression and    Braak staging

The development of intracellular neurofibrillary tangles in AD is not random but 
shows a characteristic pattern (Braak and Braak, 1991). According to the distribution 
of NFTs in the brain of AD patients, AD pathology was classified into six stages. At 
stages I and II, NFTs are mainly limited to transentorhinal areas, whereas at the stages 
III and IV, NFT are found in limbic regions. The last two stages (V and VI) describe 
the final state of the pathology where neocortical regions show an abundance of NFTs 
observed (Alafuzoff et al., 2008; Braak and Braak, 1991) (Fig. 4).
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Changes in gray matter and white matter related to aging and AD 
pathology

Previous studies have reported structural changes of gray matter (GM) and white 
matter (WM) during aging and neurodegeneration. MRI studies on healthy human 
subjects showed that loss of GM volume seems to be a constant, linear function of 
age, which already starts at early adulthood, whereas loss of WM volume starts at 
middle adult life (Ge et al., 2002). In AD, a widespread distribution of grey matter 
loss was observed by MRI (Bozzali et al., 2001, 2002; Serra et al., 2010). In addition to 
the classical AD pathology hallmarks such as intracellular neurofibrillary tangles and 
extracellular Aβ accumulation, loss of layer III and V large pyramidal neurons was 
also observed (Serrano-Pozo et al., 2011). Pathological changes in white matter in AD, 
such as tissue damage and the loss of structural integrity of white matter, have been 
observed by diffusion tensor MRI (Bozzali et al., 2001, 2002; Rose et al., 2000; Serra et 
al., 2010). In AD brains, researchers observed reduced fractional anisotropy in white 
matter volume and decreased regional structural connectivity in the hippocampal 
connections to temporal, inferior parietal, posterior cingulate, and frontal regions, 
compared to the brains of healthy aged people (Rowley et al., 2013). Several studies 
have reported that some specific regional patterns of white matter and/or grey matter 
abnormalities in MRI are correlated with cognitive impairment in AD (Bozzali et al., 
2002; Rose et al., 2000). Neuropathological findings of white matter pathology in AD 
include decreased myelin density (Sjöbeck et al., 2005), mild gliosis, and a non-amyloid 
small-vessel sclerosis in the deep white matter (Englund, 1998).

Figure 3. Scanned images of stained sections for different plaque types. A A dense-core plaque was 
stained with Thioflavin S in a preclinical AD case (83 years). The Image shows a central core (arrow) 
surrounded by an outer ring-like rim of β-amyloid (arrowhead). B A fibrillary plaque was stained with 
Thioflavin S in a preclinical AD case (81 years). Aβ accumulation show a spoke-like pattern (arrow).  
C The diffuse plaque was labelled with an anti-Aβ antibody in an end-stage AD case (74 years) (Adapted 
from Dickson et al, 2001).

Figure 4. Sections from different Braak staging immunohistochemically stained with AT8 antibody. 
Sections were derived from: Block 1 – occipital cortex including the calcarine fissure; Block 2 – temporal 
cortex including middle temporal gyrus and at least a part of superior temporal gyrus; Block 3 – anterior 
hippocampus at the level of uncus; and Block 4 – posterior hippocampus at the level of the lateral 
geniculate nucleus. The arrowheads indicate the relevant neuropathological regions for each stage: 
Braak I – transentorhinal region; Braak II – entorhinal region; Braak III – temporo-occipital gyrus;  
Braak IV – temporal cortex; Braak V – peristriatal cortex; and Braak VI – striatal cortex (Taken from 
Alafuzoff, et al, 2008).
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Axons in the white matter play an important role in transport and support of central 

nervous system. The inflammation hypothesis of LOAD suggests that impairment of 
axonal integrity and transport may explain the neuropathological consequences of 
LOAD (Krstic and Knuesel, 2013). Under chronic inflammatory conditions during 
(pathological) aging, tau becomes hyperphosphorylated and forms neurofibrillary 
tangles in the axonal compartment. Consequently, neuropathological changes including 
APP accumulation in axonal compartments, axonal swelling, synaptic destabilization 
and loss, axonal leakage, and senile plaque formation. The proposed sequence of events 
provides a link between tau-related neuropathology in white matter and the onset of 
LOAD (Krstic and Knuesel, 2013). 

Transgenic Alzheimer’s disease mouse models

AD transgenic mouse models are based on the amyloid cascade hypothesis and 
the mutations in the APP, presenilin-1, and presenilin-2, which cause early-onset 
familial Alzheimer’s disease have been applied. These transgenic mice show Aβ plaque 
accumulation, working- and spatial memory impairment at early age. Transgenic 
mouse AD models have provided important contributions to our understanding of 
the pathophysiological process of AD. The most widely used animal models are briefly 
described below and have been summarized in Table 1.

The APP23 transgenic mouse strain contains the Swedish (K670N/M671L) mutation 
in APP that leads to a 7-fold overexpression of human APP (Sturchler-Pierrat et al., 
1997). In these mice Aβ deposits start to show at 6 months old, and age-dependent 
cognitive decline appears even before the Aβ deposition (Van Dam et al., 2003).

The 5XFAD transgenic mouse line contains five genetic mutations, including 
the Swedish (K670N/M671L), Florida (I716V) and London (V717I) mutations in APP, 
and M146L and L286V mutations in PSEN1. 5XFAD is a rapid transgenic AD mouse 
model, showing amyloid deposits and gliosis already at 2 months as well as neuronal 
loss and memory impairment. In addition, age-dependent motor neuron deficits, 
reduced anxiety, and axonal degeneration have been reported in this mouse model 
(Jawhar S, Trawicka A, Jenneckens C, Bayer TA, 2012). 

The APPswe/PS1dE9 transgenic mouse strain contains the Swedish (K670N/
M671L) mutation in APP and the PSEN1, but lacks exon 9, which leads to a 3-fold 
overexpression of human APP. Aβ plaques appear at about 6 months old (Radde et al., 
2006). APPswe/PS1dE9 mice exhibit impairment (including acquisition and reversal 

learning) in both behavioral tests (Radde et al., 2006) and the Morris water maze 
(Ferguson et al., 2013).

THE TAUOPATHIES 
The tauopathies represent a group of disease entities marked by the pathological 
accumulation of the hyperphosphorylated tau protein in the CNS. Tauopathies 

Table 1. Summaries of the familial AD mutations and the main phenotypes of the most widely used 
transgenic mouse models of AD.

Tg line Mutation promoter Neurropathological features References

PDAPP hAPP minigene
Indiana: V717F

PDGF Aβ plaque (6-9 months), 
10-fold overexpression of 
APP, dystrophic neurites, 
gliosis, synaptic loss 

(Games  
et al., 1995)

Tg2576 hAPP 695
Swedish: K670N/M671L

Hamster PrP Aβ plaque (11-13 months), 
8-fold overexpression of 
APP, gliosis,  
vascular amyloid 

(Hsiao  
et al., 1995)

APP23 hAPP 751 
Swedish: K670N/M671L

Murine Thy-1 Aβ plaque (6months), 
7-fold overexpression of 
APP, dystrophic neurites, 
neuronal loss in CA1 
region of  
hippocampus, gliosis

(Sturchler-Pierrat  
et al., 1997)

TgCRND8 hAPP 695
Swedish/Indiana: 
K670N/M671L + V717F 

Hamster PrP Aβ plaque (3 months), 
5-fold overexpression of 
APP, dystrophic neurites, 
gliosis

(Chishti  
et al., 2006)

APPswe/
PS1dE9 

hAPP 695
Swedish: K670N/M671L
PSEN1: exon-9 deleted

Mouse PrP Aβ plaque (6 months), 
3-fold overexpression

(Radde  
et al., 2006)

3xTg-AD hAPP 695 
Swedish: K670M/M671L
PSEN1: M146V  
Tau: P301L

Murine Thy-1 Aβ plaque (6 months), 
synaptic dysfunction

(Oddo  
et al., 2003)

5XFAD hAPP 695
Swedish/Florida/London: 
K670M/M671L + I716V + 
V717I  
PSEN1: M146L + L286V

Murine Thy-1 Aβ plaque (2 months), 
dystrophic neurites, gliosis, 
synapse degeneration 

(Oakley  
et al., 2006)
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consist of more than 20 clinical diseases including AD, progressive supranuclear palsy, 
corticobasal degeneration, and frontotemporal dementia and parkinsonism linked to 
chromosome 17 (Litvan, 2009). Tau protein is encoded by the MAPT gene, which is 
located on human chromosome 17q21. Under pathological conditions, tau protein 
becomes hyperphosphorylated and assembles as characteristic paired helical filaments, 
which eventually form intracellular neurofibrillary tangles.

Tau isoforms and tau-related pathology

In the human brain, tau proteins constitute a family of six isoforms (ranging from 352 
to 441 amino acids) of particular physiological functions (Fig. 5). The tau isoforms 
differ from each other in the presence of either 3 repeat (3R) or 4 repeat (4R) regions 
in the carboxy-terminal (C-terminal) and the absence (0N) or presence of one (1N) 
or two (2N) 29-amino-acid long inserts in the amino-terminal (N-terminal) of 
the protein (Buée et al., 2000). Normally Tau is soluble, and it promotes the assembly 
and stability of both microtubules and vesicle transport axons. Hyperphosphorylated 
tau is insoluble, lacks affinity to microtubules, and self-aggregates into paired helical 

Figure 5. Overview of human tau isoforms. The human tau gene contains 16 exons, of which 11 were 
used in CNS (labelled in yellow, pink, and green). Alternative splicing of exon 2, 3 and 10 (pink boxes) 
generate six isoforms. The isoforms can differ from each other in the number of tubulin-binding repeats in 
the C-terminal and the absence (0N) or presence of either one (1N) or two (2N) inserts in the N-terminal 
of the protein. 

filament structures, which are cytotoxic. Consequently, the microtubules become 
destabilized, axonal transport is impaired, which might eventually contribute to tau-
mediated neurodegeneration and cognitive decline.

Transgenic tauopathy mouse models

Transgenic tauopathy mouse models have been generated from human MAPT cDNA 
containing the P301L or P301S mutation in exon 10. Although development of 
tauopathy and its distribution vary in different transgenic tauopathy mouse models, 
many of them show cognitive decline and motor neuron impairment (Lewis et al., 
2000; Yoshiyama et al., 2007). The main phenotypes of the most widely used transgenic 
tauopathy mouse models are listed in Table 2.

The Tau58/2 and Tau 58/4 mouse models both express the P301S mutant human 
tau (4R/0N isoforms) under control of the neuron-specific Thy 1 promoter. In the Tau 

Table 2. Summaries of the main phenotypes of the most widely used Tau transgenic mouse models with Tau 
58/4 mouse model. The models included in this table have a mutation at exon 10 of the human MAPT gene.

Tg line Mutation isoform promoter Motor phenotype
Tau-related 
pathological features Reference

JNLP3 P301L 4R/0N Mouse PrP HOM: 4.5 months 
HET: 6.5 months

2.5 months 
brain stem, spinal cord

(Lewis  
et al., 2000)

pR5 P301L 4R/2N Murine 
Thy-1

absent 6 months
cortex, spinal cord 

(Götz  
et al., 2001)

Tau 4R/2N-
P301L

P301L 4R/2N Murine 
Thy-1

9-10 months 9 months
brain stem, spinal cord

(Terwel  
et al., 2005)

rTg4510 P301L 4R/0N Murine 
CaMKII-α

absent within  
6 months

4-6 months
cortex, hippocampus

(Santacruz 
et al., 2005)

PS19 P301S 4R/1N Mouse PrP 3 months 3-6 months 
brain stem, spinal cord

(Yoshiyama 
et al., 2007)

Line 2541 P301S 4R/0N Murine 
Thy-1

HOM:  5-6 months
HET: 12-14 months

5-6 months
brain stem, spinal cord

(Allen  
et al., 2002)

Tau 58/2 P301S 4R/0N Murine 
Thy-1

2-3 months 2 months
brain stem, spinal cord

(van Eersel 
et al., 2015)

Tau 58/4 P301S 4R/0N Murine 
Thy-1

3 months 6 months
whole brain, spinal cord
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58/2 mouse model, tau-related pathology is visible at 2 months of age. It shows strong 
pathology in the brainstem and the spinal cord as most tau transgenic mouse models 
do, and the NFT remain mostly in somatodendritic compartments. The motor 
neuron deficits occur at early age. The Tau 58/4 mouse model starts to show tau-
related pathology at 6 months old. The tau-related pathology is equally distributed 
in the whole brain and spinal cord. The NFT are mostly distributed in axons and 
the motor impairment also occurs at early age.

HIGH-FAT DIET AND NEURODEGENERATION 
Obesity and neurodegenerative diseases

Due to world-wide spreading of the western diet pattern and the global aging, the levels 
of obesity and the population of neurodegenerative diseases have reached epidemic 
proportions. In 2014, there are globally more than 1.9 billion overweight adults, of 
which over 600 million are obese (data from: http://www.who.int/mediacentre/
factsheets/fs311/en/). There are more than 4 million patients with PD over age 50 
(Dorsey et al., 2007), and over 35.6 million patients with AD (Querfurth and LaFerla, 
2010). Although AD and PD have markedly different clinical and pathological features, 
they share several common mechanisms which include oxidative stress/mitochondrial 
dysfunction, lipid pathway alterations, and neuroinflammation, associated with 
abnormal protein aggregates (Perl et al., 1998; Xie et al., 2014). AD and PD thus share 
several disease mechanistic elements with the systemic metabolic dysfunction observed 
in obesity and metabolic syndrome, such as insulin resistance, hyperinsulinemia and 
disordered glucose metabolism (Ashrafian et al., 2013). Patients with type 2 diabetes 
mellitus have a higher risk of AD (Leibson et al., 1997), and one probable mechanism 
of the peripheral insulin-related dementia is that the insulin degrading enzyme (IDE) 
in the brain can be occupied by the extra peripheral insulin, which crosses the blood 
brain barrier and the occupied enzyme cannot degrade Aβ efficiently, which leads 
to Aβ accumulation (Farris et al., 2003). Metabolic syndrome is also considered as 
a risk factor for PD (Zhang and Tian, 2014) with possible mechanisms: 1) Body fat 
may damage dopaminergic neurons in the substantia nigra; 2) In mice with genetically 
determined obesity, adiposity increases the body’s susceptibility to environmental 
factors which are associated with PD, e.g., methamphetamine and kainic acid (Sriram 
et al., 2002); 3) Obesity is associated with dysregulation of the dopaminergic system 
which increases the risk of PD (Abbott et al., 2002).

High-fat diet and hypothalamic innate immune reaction 

Fatty acids have important physiological functions, such as being constituents of cell 
membranes, membrane targeting molecules, fuel molecules, and messengers. Essential 
fatty acids, omega-3 fatty acid and omega-6 fatty acid, are unsaturated fatty acids with 
one or more double bonds, while saturated fatty acids are absent of double bonds 
between carbon atoms. 

Using positron emission tomography (PET), it has been observed that the fatty 
acid uptake increases in patients with metabolic syndrome and reverses by weight loss 
(Karmi et al., 2010). Selective uptake of essential polyunsaturated fatty acid (EPUFA) 
into the brain requires specific transporters in brain-blood barrier, e.g., monocarboxylic 
acid transporters (Edmond, 2001). The hypothalamus plays a key role in sensing 
metabolic feedback and regulating energy homeostasis (Gao et al., 2014). After a short 
term high-fat diet in mice, hypothalamic inflammation was observed as indicated 
by microglia activation and higher expression of proinflammatory cytokines, which 
may be toxic to neurons, and may lead to neuronal injury and loss of anorexigenic 
proopiomelanocortin (POMC) neurons. This happened even prior to the weight gain 
(Thaler et al., 2012). Furthermore, both in vitro and ex vivo experiments showed that 
microglia, but not astrocytes, underwent inflammatory activation upon exposure to 
saturated fatty acids (Valdearcos et al., 2014). 

Calorie restriction and neurodegeneration

A case-control study reported a higher caloric intake in PD patients, compared to 
control subjects (Logroscino et al., 1996). In a 4-year follow-up study, it was shown that 
a higher intake of calories and fat may be associated with higher risk of AD in individuals 
carrying the Apoe ε4 allele (Luchsinger et al., 2002). Conversely, the neuroprotective 
mechanism of caloric restriction may include protection of the brain from neurotoxins 
(Bruce-Keller et al., 1999; Sharma and Kaur, 2005), the expression of brain-derived 
neurotrophic factor (BDNF) (Hock et al., 2000; Howells et al., 2000; Stranahan et al., 
2009; Wittea et al., 2009), the release of neuroprotective chaperone proteins (Yu and 
Mattson, 1999), and co-existing with anti-aging pathways (Heilbronn and Ravussin, 
2003; Morley et al., 2010).

Recently, increasing evidence shows the advantages of caloric restriction and 
metabolically protective therapies in patients at the risk of neurodegenerative disease 
and these interventions may develop future treatment strategies for worldwide growing 
population with obesity and neurodegenerative diseases  (Ashrafian et al., 2013; Chen 
et al., 2009; Gräff et al., 2013). 

THESIS OUTLINE



General introduction

26 27

1
Aging is associated with a dysregulated neural immune- and inflammatory response, 
which likely contributes to the increased incidence of neurodegenerative diseases in 
elderly individuals. The prominent role of the immune cells in the functioning of 
the nervous system and in the pathology of aging-associated disease has obtained 
more and more attention. Examples of aging-associated diseases are cardiovascular 
disease, type 2 diabetes, cancer, and Alzheimer’s disease. The aim of this thesis is to 
explore phenotypical and functional changes of microglia in aging-associated diseases. 
For this purpose, we studied animal models and human samples for healthy aging, 
Alzheimer’s disease, tauopathies, and obesity. We hypothesized that the increased 
microglial activity in aging-related diseases is associated with specific brain regions 
and misfolded proteins. 

In chapter 2, we took a close look at the function and phenotype of Aβ plaque-
associated microglia in Alzheimer’s disease. For this purpose, we used transgenic AD 
mouse models, APP23 mice, APPPS1 mice and 5XFAD mice, and human AD samples 
from early-onset AD (EOAD) and late-onset AD (LOAD). We assessed the reactivity 
of Aβ plaque-associated microglia upon systemic inflammation. We also investigated 
the gene expression profiling of MHC II+ microglia isolated from 5XFAD mice and 
plaque/non-plaque regions laser-captured from AD human samples.

It is still unclear whether the phenotypical change of microglia occurs globally or 
is region-specific during aging and neurodegeneration. In chapter 3, we investigated 
microglia activity in various brain regions upon healthy aging and AD-related pathology 
in both human and mouse samples. We compared the gene expression patterns of 
purified mouse microglia isolated from white matter and grey matter. We detected 
the inflammatory activity of human microglia through immunohistochemistry and 
positron emission tomography (PET) imaging using [11C]-(R)-PK11195, a ligand that 
preferentially binds to activated microglia. 

The prevalence of obesity increases in the elderly. The effect of obesity, diet 
pattern, and lifestyle on microglia during aging is not fully understood. In chapter 
4, we reported the microglia phenotype in different brain regions of mice fed with 
high-fat diet (HFD) or low-fat diet (LFD) using immunohistochemistry. We compared 
the gene expression profiles of hypothalamus microglia between HFD mice and LFD 
mice. We also compared the immune response of microglia from HFD or LFD mice 
towards system infection. Finally, we investigated the effect of diet, physical exercise, 
and calorie restriction on the white matter microglia during aging. 

In chapter 5, we report a novel tauopathy mouse model Tau 58/4 to investigate 
the motor abnormalities in association with the nervous system. We assessed 
the motor function, the status of muscle hypotrophy, and the innervation status of 

the neuromuscular junction in the Tau 58/4 mouse model. The age-dependent 
expression of mutant tau in the spinal cord and the glia activity in corticospinal tract 
were analyzed using immunohistochemistry. The ultrastructural changes in the sciatic 
nerve of Tau 58/4 mice were observed using electron microscopy. 

Finally, in chapter 6, the results of the studies described in the thesis were 
discussed. Moreover, suggestions for future research and possible clinical implications 
of the research are addressed.
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