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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
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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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ABSTRACT
Alzheimer’s disease (AD) is strongly associated with microglia-induced 
neuroinflammation. Particularly, Aβ plaque-associated microglia take on an “activated” 
morphology. However, the function and phenotype of these Aβ plaque-associated 
microglia are not well understood. We show hyperreactivity of Aβ plaque-associated 
microglia upon systemic inflammation in transgenic AD mouse models (i.e. 5XFAD 
and APP23). Gene expression profiling of Aβ plaque-associated microglia (MHC 
II+ microglia) isolated from 5XFAD mice revealed a proinflammatory phenotype. 
The upregulated genes involved in the biological processes (gene ontology terms) 
including “immune response to external stimulus” such as Axl, CD63, Egr2, and 
Lgals3, “cell motility”, such as Ccl3, Ccl4, Cxcr4, and Sdc3, “cell differentiation”, and 
“system development”, such as St14, Trpm1, and Spp1. In human AD tissue with similar 
Braak stages, expression of phagocytic markers and AD-associated genes, including 
HLA-DRa, APOE, AXL, TREM2, and TYROBP, was higher in laser-captured early-
onset AD (EOAD) plaques than in late-onset AD (LOAD) plaques. Interestingly, 
the non-plaque parenchyma of both EOAD and LOAD brains, the expression of above-
mentioned markers were similarly low. Here, we provide evidence that Aβ plaque-
associated microglia are hyperreactive in their immune response and phagocytosis 
in the transgenic AD mice as well as in EOAD brain tissue. We suggest that Aβ 
plaque-associated microglia are the primary source of neuroinflammation related to  
AD pathology.

INTRODUCTION
Although distinct risk genes have been recognized for Alzheimer’s disease (AD), 
aging is still the primary established major risk for AD. The age of 65 years is used as 
the cutoff to classify AD patients into early-onset Alzheimer’s disease (EOAD, ~5%) 
and late-onset Alzheimer’s disease (LOAD, ~95%). Comparing to LOAD, EOAD 
patients show more frequent family history, less frequent amnesic onset, more focal 
cortical symptoms (e.g. visual dysfunction, aphasia), and a quickly degrading clinical 
course (van der Flier et al., 2011). 

It is generally known that AD is strongly associated with chronic inflammation 
(Heneka et al., 2014; Heppner et al., 2015; Krstic and Knuesel, 2013), which is 
mediated by microglia, the local immune cells of the CNS. Nowadays, AD-associated 
neuroinflammation is not only viewed as a passive response to senile plaques or 
neurofibrillary tangles, but is considered an active factor in the pathogenesis of AD 
(Heppner et al., 2015; Zhang et al., 2013). 

In patients with AD as well as transgenic mouse models of AD, activated microglia 
accumulate in the vicinity of Ab plaques. On one hand, Aβ plaque-associated 
microglia show a pronounced reduction in phagocytic capacity (Grathwohl et al., 
2009; Hellwig et al., 2015) and motility (Krabbe et al., 2013). On the other hand, they 
upregulate inflammatory markers and inflammasome activity (Heneka et al., 2013, 
2014). An increased incidence of spontaneous intracellular Ca2+ transients, induced 
by the activation of ATP receptors has also been reported in Aβ plaque-associated 
microglia (Brawek et al., 2014). During the accumulation of Aβ plaques, the number 
of CD11c+ microglia increases rapidly. Transcriptional profiling of CD11c+ microglia 
around Aβ plaques shows differential expression in immune signaling, lysosomal 
atctivation, lipid metabolism, and immune suppression (Kamphuis et al., 2016). 
Interestingly, recently a distinctive electron-dense “dark” microglia phenotype has 
been discovered at several pathological conditions, including in the vicinity of Aβ 
plaques of APP/PS1 mice. These “dark microglia” are phagocytically more active in 
engulfing dendritic spines, axon terminals, and synapses (Bisht et al., 2016). These 
findings strongly suggest that plaque-associated microglia represent the most relevant 
microglia phenotype for AD pathology. Clearly, our understanding of Aβ plaque-
associated microglia is not complete. 

In this study, we have investigated Aβ plaque-associated microglia in both 
transgenic AD mouse models and in postmortem brain tissue of AD patients (both 
EOAD and LOAD). After intraperitoneal injection (i.p.) with lipopolysaccharide (LPS), 
hyperreactive microglia were found specifically around dense-core plaques of transgenic 
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mice, already at a young age. We also isolated Aβ plaque-associated microglia from 
transgenic 5XFAD mice and analyzed their gene expression on a PCR array. Compared 
to non-plaque associated microglia, the upregulation of phagocytic genes (e.g. Axl, 
Itgax, Clec7a, and Trem2) in Aβ plaque-associated microglia indicated a hyperreactive 
microglia phenotype. Using laser capture microdissection, we compared the gene 
expression between plaque regions and non-plaque areas in postmortem tissues from 
EOAD and LOAD patients. Particularly, plaque regions from EOAD patients show 
significantly higher expression of phagocytic genes than the plaque areas of LOAD, 
despite their similar Braak staging criteria. Together, in EOAD patients and transgenic 
mouse models, Aβ plaque-associated microglia are hyperreactive in their immune 
response and upregulate phagocytic genes. 

MATERIALS AND METHODS
Study approval

All animal work were approved by the local ethical committees (i.e. Animal Ethics 
Committee of University of Antwerp and University of Goettingen, Animal 
Experimentation Committee of the Royal Netherlands Academy of Arts and Sciences) 
and adhered to the European Directive (2010/63/EU) on the protection of animals 
used for scientific purposes. Formal approval was obtained from Netherlands Brain 
Bank (NBB) and Institute Born-Bunge (IBB) for the use of human material and clinical 
data for research purposes.  

Transgenic mouse models

Transgenic animals were examined at different ages. APP23 and WT mice: 16 months 
old (APP23 n = 5; WT n = 5), 20 months (APP23 n = 14; WT n = 20) and 24 months 
(APP23 n = 6; WT n = 6); APPswePS1dE9 (APP/PS1) and WT mice: 18 months (APP/
PS1 n = 3; WT n = 3); 5XFAD and WT mice: 9 months (5XFAD n = 5; WT n = 5) and 
12 months (5XFAD n = 9; WT n = 8). Animals were housed in standard mouse cages 
under conventional laboratory conditions (constant temperature and humidity, 12/12h 
light/dark cycle, food and water ad libitum).

Human tissue samples

Snap-frozen brain samples of medial frontal gyrus were obtained from the NBB, 
including LOAD (≥ 75 y), EOAD (≤ 60 y), aged controls (≥ 75 y), and young controls 
(≤ 60 y). Formalin-fixed, paraffin embedded brain samples of temporal lobe were 
obtained from the IBB and NBB, including LOAD (≥ 75 y) and EOAD (≤ 60 y)  
(Details in Table 1). 

LPS injection and tissue processing for immunohistochemistry

APP23 (20, 24 months), 5XFAD (12 months), and age-matched WT mice were i.p. 
injected with 1 mg/kg LPS (Sigma-Aldrich, L4391, DE) or phosphate buffered saline 
(PBS) as control randomly. After 6 hours (APP23 and WT) or 10 hours (5XFAD and 
WT) animals were anaesthetized and sacrificed. The Brain was removed and cut into 
two sagittal halves. One half was frozen down in liquid nitrogen, and another half was 
fixed in 4% paraformaldehyde (PFA) for 1 day, subsequently in 25% sucrose for 1 day, 
then were frozen down in a cryostat (-50°C). 

Table 1. Information of human brain samples for laser capture microdissection and immunohistochemistry 

Brain samples for laser capture microdissection

Group NBB No. Sex Age NFT Amyloid

Old control 2011-111 m 93 1 O
2010-038 f 79 1 O
2009-042 f 84 1 O

Young control 2011-081 m 55 0 O
2012-071 f 57 0 O

2014-043 f 60 0 O

LOAD 2012-073 f 92 6 C
2009-041 f 85 6 C
2011-116 f 80 6 C
2013-036 f 90 6 C
2013-075 f 86 6 C
2014-050 f 90 6 C

EOAD 1997-110 f 54 6 C
2011-030 f 57 6 C
2014-004 f 43 6 C
2002-005 f 42 6 C
2008-042 f 54 6 C
2006-005 f 57 6 C

Brain samples for immunohistochemistry

Group IBB No. Sex Age NFT Amyloid
LOAD 5944 f 87 5 B-C

6023 m 84 5-6 C
6154 f 83 6 C

EOAD 4282 f 34 6 C
3836 f 40 6 C
NBB No. Sex Age NFT Amyloid
2002-005 f 42 6 C

Abbreviations: NBB: Netherlands Brain Bank; IBB: Institute Born-Bunge; NFT: neurofibrillary tangle
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Acute microglia isolation

Brains from 5XFAD and WT mice (9 months) were mechanically homogenized. 
The steps to remove myelin and obtain single-cell suspension were done as before 
(Vainchtein et al., 2014). The pellet was incubated with CD11b-BV421 (1:40, Biolegend, 
101236, USA), CD45-FITC (1: 250, eBioscience, 11-0451-85, USA), Ly-6C-APC 
(1:150, Biolegend, 128016, USA), MHC II-PE/Cy7 (1:200, Biolegend, 107630, USA) 
and Propidium Iodide (PI). Microglia were defined as CD11bposCD45intLy-6CnegPIneg 
and sorted using BD FACSAria II (BD Biosciences). 

RNA isolation and OpenA rray® qPCR platform

RNA was extracted (Qiagen, 74034, USA) and reverse transcription of RNA was 
performed using Applied Biosystems Gene Amp 9700 thermal cycler. cDNA was 
amplified by PCR using custom preamplification pools that matched the targets on 
the OpenArray® platform. Quantitative PCRs were carried out using the OpenArray® 
qPCR platform (Life technologies, 4471090, USA) containing 841 selected microglial 
inflammation targets. Data analysis was performed using the Expression Suite software 
package and R programming (Lundbeck, Paramus). Genes with undetectable samples 
were filtered out. 

Immunohistochemistry, immunofluorescence staining and confocal imaging

Sections of PFA-fixed mouse brains were pre-incubated in 0.3% H2O2 (only for 
light microscopy), then 10% serum. Sections were incubated overnight at 4 °C with 
the primary antibodies: Iba1 (1:1000, WAKO, 019-19741, JPN), IL-1β [light microscopy 
(1:500, PeproTech, 500-P51, raised in rabbit, USA), fluorescent microscopy (1:100, 
R&D, AF-401-NA, raised in goat, USA)], Aβ17-24 (1:500, Biolegend, 800701, USA), 
Mac-2 (1:1000, Cedarlane, CL8942AP, CAD), and MHC II (1:100, eBioscience, 
14-5321, USA). For light microscopy, sections were incubated firstly with biotinylated 
goat anti-rabbit IgG (1:400, Vector Laboratories, BA-1000, USA) or rabbit anti-rat 
IgG (1:400, Vector Laboratories, BA-4001, USA) for 1 hour, then in avidin-biotin-
peroxidase complex (Vector Laboratories, PK-6100, USA) for 30 min and visualized 
with 3, 3’-Diaminobenzidine (DAB, Sigma, D-5637, DE). Highly compacted Aβ 
plaques containing a dense amyloid core could be stained with fibril-binding dyes such 
as Congo red and Thioflavin S. Sections were counterstained with Congo red (Sigma, 
C6277, DE) to identify dense-core plaque and mounted with glycerol. For 2-colour 
fluorescence microscopy, sections were incubated in donkey anti-rabbit Alexa 488 
(1:400, ThermoFisher, A-21206, USA) and donkey anti-goat Cy3 (1:400, JIR, 705-165-
003, USA). The sections were mounted with Mowiol (Calbiochem, 475904, USA). 

For 3-colour fluorescence microscopy, sections were incubated first for 1 hour with 
horse anti-mouse biotinylated secondary antibody (Vector Laboratories, BA2000, 
USA), secondly for 1 hour with streptavidin Alexa 594 (JIR, 016-580-084, USA), then 
followed by 1 hour donkey anti-rabbit Alexa 488 (ThermoFisher, A-21206, DE) and 
donkey anti-rat Alexa 674 (JIR, 712-605-153, USA). Then sections were mounted on 
StarFrost® glass slides and embedded in Mowiol.

Paraffin temporal lobe samples of human EOAD and LOAD groups were 
deparaffinized and followed by antigen-retrieval. The sections were pre-incubated in 
3% H2O2 and 10% donkey serum, then incubated overnight at 4°C with Aβ (1:100, 
DAKO, Clone 6F/3D, M0872, USA) and Iba1 (1:1000, WAKO, 019-19741, BE). 
Secondary antibodies [donkey anti-rabbit Alexa 488 (1:400, Mol Probes, A21206, 
USA) and goat anti-mouse IgG Cy3 (1:400, JIR, 115-165-003, USA)] were incubated 
for 1 hour. The sections were incubated in Hoechst (Fluka) for 3 min and mounted 
with Mowiol. 

Consecutive sections of paraffin-embedded tissue of human brains were used for 
the immunohistochemical detection of Aβ (DAKO, Clone 6F/3D, M0872, USA) and 
HLA-DR (eBioscience, Clone LN3, 14-9956-82, USA). Sections were deparaffinized 
with xylene, dehydrated with ethanol, followed by antigen-retrieval. Microwave 
antigen-retrieval step using sodium citrate buffer, pH 6.0 was used for anti-HLA-DR 
antibody. The 3-min incubation in formic acid (Merck, 1002642500, concentration 
98-100%, DE) was used for anti-Aβ antibody. After rinsing in PBS, sections were pre-
incubated in 3% H2O2 for 30 min and blocked with 10% normal horse serum in PBS 
with 0.3% Triton-X100 for 30 min. Sections were incubated overnight at 4°C with 
the primary antibody in PBS with 0.3% Triton-X100 and 1% normal horse serum. 
Subsequently, sections were incubated for 1 hour at room temperature with the horse 
anti-mouse biotinylated antibody (Vector Laboratories, BA2001, USA). The sections 
were incubated in avidin-biotin-peroxidase complex for 30 min. For Aβ, the section 
was visualized with DAB. For HLA-DR, the section was visualized with DAB and 
nickel ammonium sulfate. 

Brain sections from snap frozen mouse brains were used for detecting the following 
antibodies: CD11c (1:100, eBioscience, 14-0114, USA), Dectin-1 (1:100, AbDSerotec, 
MCA2289, USA), and Trem2 (R&D, MAB17291, USA). Sections were acetone-fixed 
for 10 min, pre-incubated for 15 min in Peroxidase Blocking Reagent (DAKO, K4009, 
USA) and blocked for 30 min in 5% fetal bovine serum. Sections were incubated for 
2 hours at room temperature with primary antibodies. For primary antibodies which 
were not raised in rabbit, sections were incubated in secondary antibody which was 
raised in rabbit for another hour. Afterwards, sections were incubated for 30 min with 
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labelled polymer-HRP anti-rabbit (DAKO, K4009, USA). The complex was visualized 
after 10-min incubation with 3-amino-9-ethylcarbazole (AEC) substrate-chromogen 
solution (DAKO, K4009, USA) and counterstained with hematoxylin.

Confocal images were acquired with a Leica Sp8 confocal microscope using 
LASAF software. The maximum-intensity-projection function was used to optimize 
the appearance of microglia processes. 

Morphological analysis

To quantify the Iba1 expression in plaque regions, plaque-associated microglia in 
EOAD and LOAD groups were selected (10-29 cells/brain, gray matter) and Iba1 
mean gray value was quantified in Image J, which represents the average intensity of 
fluorescence in microglia. 

Cortical sections of APP23, APP/PS1, and 5XFAD mice were immunostained 
with Mac-2 or MHC II, then counterstained with Congo red. The number of Mac-2+ 
or MHC II+ cells in the cortex were counted. The percentage of congophilic plaque-
associated cells and non-plaque-associated cells were calculated (n = 3).  

Laser capture microdissection and quantitative PCR 

Frozen medial frontal lobe samples from EOAD, LOAD and age-matched control 
subjects were sectioned and collected on Membrane Slide (Zeiss, 415190-9041-000, 
DE). Sections were fixed in 70% ethanol for 1 min, followed by 0.02% Thioflavin 
S in 50% ethanol for 2 min. Plaque and non-plaque regions were isolated by laser 
microdissection microscopy (Leica Microsystems BV, LMD6500), collected in Adhesive 
Cap tubes (Zeiss, 415190-9211-000, DE). RNA was extracted (Qiagen, 74804, USA) 
and reverse transcription and quantitative PCR were performed as previous study (Raj 
et al., 2014). See primer information in supplementary Table 1.

Statistical analysis

Data were analyzed using GraphPad Prism software. Between two different groups, 
non-parametric Mann-Whitney test was used. Comparisons of multiple groups were 
analyzed by one-way ANOVA followed by post-hoc analysis using Bonferroni’s test. 
The significance was asserted as * p<0.05, ** p<0.01, *** p<0.001. 

RESULTS
Enhanced inflammatory activity of Aβ plaque-associated microglia 

To investigate the immune reactivity of Aβ plaque-associated microglia, 5XFAD, 
APP23, and age-matched WT mice were challenged with LPS or PBS (Fig. 1A). In 

all PBS-challenged animals, no specific IL-1β expression was observed in the brain 
(Fig. 1B, C). In the LPS group, abundant expression of IL-1β was found exclusively 
in cells close to congophilic dense-core plaques in 12-month-old 5XFAD mice and in 
20-month-old APP23 mice, while in the plaque-free areas only very moderate IL-1β 
expression was observed (Fig. 1B, C). In 24-month-old aged APP23 mice, abundant 
IL-1β expression was found in both plaque- and non-plaque regions (Fig. 1C). Co-
staining for Iba1 showed that IL-1β-expressing cells were Iba1+ microglia (Fig. 1D-F). 
These data indicate that specifically Aβ dense-core plaque-associated microglia show 
enhanced inflammatory reactivity upon systemic inflammatory challenge. 

Figure 1. Microglial expression of IL-1β after i.p. LPS injection was associated with Aβ plaques in APP23 
and 5XFAD mice. A 12-month-old 5XFAD, 20-, 24-month-old APP23, and age-matched WT mice were 
challenged with LPS (1 mg/kg, i.p.) or PBS (Ctl) [5XFAD and WT: n = 4-5; APP23 and WT: n = 7-10 (20 
months); n = 3 (24 months)]; (B, C) Sections of the hippocampus, pons and cortex in 12-month-old 5XFAD 
mice, cortical sections of 20- and 24-month-old APP23 mice, were stained with Congo red to label dense-
core plaques and immunostained for IL-1β after i.p. injection of LPS or PBS (Ctl). Immunofluorescence 
staining of pons sections of 12-month-old 5XFAD mice (D) and cortical sections of 20-month-old (E), 
24-month-old (F) APP23 mice for IL-1β with Iba1. Scale bars: B = 30 μm; C = 200 μm, insert = 20 μm; 
D-F = 10 μm.
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Molecular characterization of Aβ plaque-associated microglia isolated 
from 5XFAD mice 

HLA-DR (MHC II) is upregulated in human AD brains (Perlmutter et al., 1992). 
MHC II+ microglia were observed around Aβ plaques in APP23 and 5XFAD mice 
(Supplementary Fig. 1A). Furthermore, the percentage of MHC II+ cells around 
congophilic-dense-core plaques was 93.1 ± 1.1 % in APP23, 95.3 ± 0.6 % in APP/PS1, 
and 93.2 ± 0.5 % in 5XFAD mice (Supplementary Fig. 1B, C). In a postmortem EOAD 
sample, most HLA-DR+ cells were observed around the dense-core plaques, whereas 
only a few HLA-DR+ cells were observed in diffuse plaques and in non-plaque regions 
(Supplementary Fig. 1D-I). These data indicate that MHC II is a good marker for Aβ 
dense-core plaque-associated microglia.

We further isolated MHC II+ and MHC II- microglia from 5XFAD mice and 
WT littermates for characterizing phenotype of Aβ plaque-associated microglia 
(Fig. 2A). The gene expression profiles of the three selected pure populations (WT/
MHC II-, 5XFAD/MHC II- and 5XFAD/MHC II+, gene list and expression profiling 
in supplementary material) were compared in a correlation plot (Fig. 2B). Using 
principal component analysis (PCA), the second principal component separated 
the three populations, and the third principal component distinguished the WT/MHC 
II- population from both 5XFAD populations (Fig. 2C). Genes, which fulfill the criteria 
(fold change > 2, FDR adjusted p < 0.05) were selected and plotted in a heatmap (Fig. 
2D). We used the website String (http://string-db.org/) to predict the functional 
protein-protein network of these upregulated genes in the heatmap (Fig. 2E). Based on 
the number of connections, TyroBp and CD11c (encoded by “Itgax”) were found as key 
regulators of the protein-protein network. The upregulated genes in 5XFAD/MHC II+ 
microglia showed overlap with genes found in the “primed microglia” gene expression 
network recently described (Holtman et al., 2015) and included Axl, Apoe, Clec7a, 
Itgax, Lgals3, Cst7. LOAD-related genes, Trem2 and TyroBp, were also upregulated 
in 5XFAD/MHC II+ microglia populations but TyroBp did not reach statistical 
significance (p = 0.4197). Cd33 and Bin1, which have also been described as LOAD 
risk genes (Bettens et al., 2013), were significantly downregulated in 5XFAD/MHC II+ 
microglia (Fig. 2D, F). Gene ontology (GO) analysis showed genes from the heatmap 
involving in biological processes as “cell locomotion” and “cell response to external 
stimulus”, e.g. Ccl3, Ccl4, Ccl6, Cd63, Egr2, Runx3, Sdc3, and Spp1, “cell differentiation” 
and “system development”, e.g. Clic4, Cst3, Gpnmb, and Trpm (Supplementary Table 2). 
Clearly, plaque-associated/MHC II+ microglia express genes involved in phagocytosis, 
microglia priming, innate immune response, and system development.  

We further validated the upregulation of the phagocytic markers CD11c, Dectin-1 
(encoded by “Clec7a”), and Trem2 in the cortex and hippocampus of APP23 and 
5XFAD mice, compared to age-matched WT controls (Supplementary Fig 2A-C). We 
also observed Mac-2+ microglia around the Aβ plaques in 5XFAD mouse and APP23 
mouse (Supplementary Fig 2D). A large portion of the Mac-2+ cells were surrounding 
dense-core plaques in APP23, 5XFAD, and APP/PS1 mice (Supplementary Fig 2E, F). 

Phagocytic markers in the dense-core plaque regions of EOAD brains 

We further investigated the morphology of Aβ plaque-associated microglia in human 
postmortem AD brains. In both EOAD and LOAD patients, microglia showed an 
“activated” morphology in the vicinity of Aβ plaques. In the non-plaque region, 
microglia in LOAD showed deramified shape, whereas microglia in EOAD showed 
more ramified morphology (Fig. 3A, B). The mean gray value of Iba1, which represented 
the fluorescence intensity of Iba1, was significantly higher in the plaque regions and in 
the non-plaque regions in LOAD, compared to that in EOAD (Fig. 3C). 

In order to compare the gene expression of plaque-associated microglia in EOAD 
and LOAD, we used Thioflavin S to specifically label dense-core plaques (Bussière et 
al., 2004) and applied laser capture microdissection to isolate plaque and non-plaque 
regions. We found that APOE, AXL, TREM2, and HLA-DRa were significantly higher 
expressed in plaque regions than in the non-plaque regions in the EOAD group. 
Expression of TyroBp also was higher in plaque regions, although this difference was 
not statistically significant (p = 0.222). In the LOAD group, there was no significant 
difference in the expression of above-mentioned genes between plaque and non-plaque 
regions (Fig. 3D). 

Subsequently, the difference in ΔCT (CTgene of interest – CThousekeeping gene) 
between plaque regions and non-plaque regions (ΔCTnon-plaque region – ΔCTplaque 
region) was compared. We observed significantly higher expression levels of APOE, 
AXL, HLA-DRa, and TYROBP in plaque regions of EOAD, compared to LOAD  
(Fig. 3E). The expression level of Trem2 was not significantly higher in EOAD 
patients. These results (Fig. 3D, E) indicate that microglia in EOAD CNS have a more 
pronounced expression of phagocytic markers in the vicinity of dense-core plaques 
than inLOAD CNS.

DISCUSSION 
In this study, we characterized Aβ plaque-associated microglia in three transgenic AD 
mouse models, i.e. APP23, APP/PS1, and 5XFAD mice, as well as in postmortem AD 
brains. In mice we found a hyperreactive microglial immune response and in both 
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Figure 2. Gene expression profiling of Aβ plaque-associated microglia from 5XFAD mice brain. 
A Representative flow cytometry plots for MHC II+ and MHC II- microglia from 9-month-old 5XFAD 
and WT mice brains (n = 5). B Correlation plot of total gene expression between every two groups within 
5XFAD/MHC II+, 5XFAD/MHC II- and WT/MHC II- groups. C PCA plot of PCR array expression 
profiles for 5XFAD/MHC II+, 5XFAD/MHC II- and WT/MHC II- microglia. D A heatmap of the 72 most 

mouse and human we found genes relating to proinflammatory process, phagocytosis 
and cell motility upregulated in plaque-associated microglia.

Gene expression profiling of 5XFAD/MHC II+ plaque-associated microglia revealed 
a proinflammatory phenotype. The innate immune response related to AD pathology, 
as indicated by increased expression of Trem2 and TyroBp, showed upregulated genes 
including “immune response to external stimulus” (e.g. Axl, CD63, Cst3, Egr2, Runx3, 
Itgax, and Lgals),  which have also been previously shown (Orre et al., 2014; Zhang et 
al., 2013). Other top GO classes included “cell motility” (e.g. Ccl3, Ccl4, Ccl6, Cxcr4, 
Myo5a, and Sdc3), “cell differentiation”, and “system development” (e.g. St14, Trpm1, 
and Spp1). A recent transcriptional profiling study on CD11c+ microglia in APP/PS1 
mice (Kamphuis et al., 2016) showed an overlapping expression profile with MHC 
II+ plaque-associated microglia of our study in the following aspects: (1) microglia 
priming or activation, i.e. Axl, Clec7a, Cst7, and Spp1; (2) immune modulation and 
suppression, i.e. Gpnmb and Lilrb4; (3) carbohydrate and lipid metabolism, i.e. Igf1 
and Apoe. 

Using electron microscopy, Bisht’s group detected so-called “dark microglia” that 
were associated to various pathologies. These electron-dense microglia appeared to be 
hyperreactive in phagocytosis and interacting with synapse components. In APP/PS1 
mice, an increased number of dark microglia was found in the vicinity of Aβ plaques 
(Bisht et al., 2016). It could well be that Aβ plaque-associated microglia are comparable 
to these “dark microglia”. The research on the phenotypic characterization of dark 
microglia in AD is still lacking, which may be an interesting topic in future.

In Aβ plaque-associated microglia we observed upregulation of phagocytic markers 
(e.g. Axl, Clec7a, LgalS3, Itgax, Trem2, and TyroBp) and reduction of CD33. Since it has 
been shown that microglia in the vicinity of plaques lack the capacity to phagocytose 
Aβ, it could well be that upregulation of these genes reflects an attempt to enhance 
phagocytosis in plaque-associated microglia. Trem2 in microglia has been shown to 
act as a sensor for damage-associated lipids during Aβ deposition (Wang et al., 2015). 
Loss of a single allele of Trem2 could alter the morphological phenotype of Aβ plaque-
associated microglia (Ulrich et al., 2014). Furthermore, Trem2-TyroBp signaling has 
been shown to play a key role in immune regulation and phagocytosis (Zhang et al., 
2013), whereas CD33 inhibits Aβ phagocytosis (Griciuc et al., 2013). Previous studies 

differentially expressed genes in 5XFAD/MHC II+, 5XFAD/MHC II- and WT/MHC II- microglia, selected 
from the Lundbeck OpenArray®. E Predicted protein-protein interaction network graph of upregulated 
genes according to the heatmap, generated by website http://string-db.org/. F Illustration of selected gene 
expression from the heatmap (n = 5, Mean ± SEM, one-way ANOVA, Bonferroni post hoc test, *p < 0.05, 
**p < 0.01, ***p < 0.001). 
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Figure 3. Characterization of Aβ plaque-associated microglia in human Alzheimer’s disease. (A) 
Sections from the hippocampus of a 40-year-old EOAD patient and (B) sections from the hippocampus of 
an 81-year-old LOAD patient were immunostained with Iba1 and anti-Aβ antibody. In both plaque- and 
non-plaque regions, microglia of LOAD showed shorter process and more amoeboid shape than those 
of EOAD in the same region. C The mean gray value of Iba1 was compared between EOAD and LOAD. 
In both plaque and non-plaque regions of LOAD brains, the mean gray value of Iba1 was significantly 
higher than those of EOAD brains (n = 3, 10-29 cells/brain, Mean ± SEM, Mann-Whitney test, two-tailed, 

*p<0.05, **p < 0.01, ***p < 0.001). D Sections of the medial frontal gyrus from EOAD patients, LOAD 
patients, aged and young healthy people were stained with Thioflavin S to label dense-core Aβ plaques. 
The expression of APOE, AXL, HLA-DRa, TREM2, and TYROBP in laser-captured plaque regions and 
non-plaque regions was checked by qPCR (n = 3-6, Mean ± SEM, Mann-Whitney test, two tailed, *p < 0.05,  
**p < 0.01). E The difference values of ΔCT of [(non-plaque region) - (plaque region)] were compared 
between EOAD- and LOAD samples (n = 6, Mean ± SEM, Mann-Whitney test, two tailed, *p < 0.05,  
**p < 0.01) Scale bars: A-B = 20 μm. 

found TyroBp as a key regulator of complement cascade network in LOAD (Zhang et 
al., 2013). The protein-protein interaction analysis of our study (Fig. 2E) also showed 
TyroBp and CD11c as key regulators of the genes that were significantly upregulated in 
Aβ plaque-associated microglia and related to biological processes as immune response 
and cell motility. Myeloid-specific leukocyte integrin CD11c is clearly expressed in 
microglia and macrophages that are involved in phagocytosis of complement-coated 
particles (Kan et al., 2015). 

Aging is the main risk factor for neurodegenerative diseases. Upon aging, 
microglia undergo phenotypic changes including hyper-responsive inflammatory 
activity, dysregulated neuron-glia communication, and inhibited motility (Udeochu 
et al., 2016). In aged APP23 mice (24 months), microglia in both plaque- and non-
plaque regions showed significant IL-1β expression after LPS challenge (Fig. 1C). This 
indicates that immune-hyperreactivity occurs both in aging-associated microglia and 
Aβ plaque-associated microglia. Interestingly, in LOAD patients, microglia showed 
less expression of inflammatory and phagocytic markers both in plaque and plaque-
free regions, compared to EOAD patients. This is quite different from aged transgenic 
mice where abundant markers for microglia hyperactivity are found. This may be due 
to the microglia phenotype in transgenic mouse models resembling EOAD more than 
LOAD. In humans, the age difference between LOAD and EOAD patients is more than 
20 years, whereas in mice the timespan between plaque-induced and age-induced 
microglial hyperreactivity is only a few months. In LOAD, the age-associated microglia 
senescence may drive a population of microglia to be dystrophic (hallmarked by de-
ramification, instances of fragmented processes) (Streit et al., 2014) and may cause 
a failure to respond actively to stimuli (Luo and Chen, 2012).  Our results suggest 
that the chronic aging process during the course of pathology in LOAD patients may 
lead to dystrophy and possibly blunt the hyper immune activity of microglia and thus 
contribute to microglia dysfunction.

Our results indicate that Aβ plaque-associated microglia resemble “primed 
microglia”. Microglia priming leads to a hypersensitive state of pro-inflammatory 
microglia responsiveness, which is caused by chronic low-grade inflammation (Sierra 
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et al., 2007; Norden and Godbout, 2013; Perry and Holmes, 2014; Raj et al., 2014). 
Primed microglia in aged brain show exaggerated proinflammatory responsiveness 
to LPS-induced systemic inflammation (Raj et al., 2014; Sierra et al., 2007). Previous 
studies have suggested that microglia priming bears relevance for AD pathology. 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, which has been suggested to originate from a higher response of primed 
microglia upon peripheral inflammatory signal (Holmes et al., 2009). In 5XFAD and 
APP23 mice, we observed strong LPS-induced expression of IL-1β specifically in Aβ 
plaque-associated microglia. Microglia priming is characterized by the expression of 
surface markers including MHC II, Mac-2, Axl, Dectin-1, Apoe, and CD11c (Holtman 
et al., 2015). We found exactly these markers higher expressed in MHC II+, plaque-
associated microglia isolated from 5XFAD mice and in dense-core plaque regions of 
EOAD patients.

In conclusion, we found the hyperreactivity in immune response and upregulation 
of phagocytic markers in dense-core plaque-associated microglia in transgenic mouse 
models as well as EOAD patients. We suggest this enhanced plaque-associated immune 
hyperreactivity is an important factor in AD-related neuroinflammation.
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figure 1. The expression of MHC II (HLA-DR) increases in the vicinity of dense-core 
plaques. A Immunofluorescence staining of cortical sections of 12-month-old 5XFAD mice and 20-
month-old APP23 mice for Iba1, Aβ and MHC II. B Sections of cortex, subiculum and thalamus from 12-
month-old 5XFAD mice, sections of cortex and thalamus from 18-month-old APP/PS1 mice and cortical 
sections from 20-month-old APP23 mice were stained with Congo red and MHC II. C Quantification of 
the percentage of congophilic plaque-associated MHCII+ microglia and non-plaque associated MHC II+ 
microglia in APP23, APP/PS1 and 5XFAD mice. Consecutive sections from the gray matter of superior 
temporal gyrus of a 40-year-old EOAD patient were immunostained with Aβ (D-F) and HLA-DR (G-I). 
In the vicinity of dense-core plaques (E), the expression of HLA-DR was increased (H). In the region of 
diffuse plaques (F), there was no significant expression of HLA-DR (I). Scale bars: A = 20 μm; B = 100 μm, 
nsert = 20 μm; D, G = 100 μm; E, F, H, I = 30 μm.
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Supplementary Figure 2 Expression of phagocytic markers and AD-related marker in microglia in 
APP23, 5XFAD, and APP/PS1 mice. Cortical sections from 16-month-old APP23 and WT mice, 12-
month-old 5XFAD and WT mice were immunostained with (A) CD11c, (B) Dectin-1, (C) Trem2 and 
counterstained with hematoxylin. D Immunofluorescence staining of cortical sections of 12-month-old 
5XFAD mice and 20-month-old APP23 mice for Iba1, Aβ, and Mac-2. E Sections of cortex, subiculum 
and thalamus from 12-month-old 5XFAD mice, sections of cortex and thalamus from 18-month-old 
APP/PS1 mice and cortical sections from 20-month-old APP23 mice were stained with Congo red and 
Mac-2. (F) Quantification of the percentage of congophilic plaque-associated Mac-2+ microglia and non-
plaque associated Mac-2+ microglia in APP23, APP/PS1, and 5XFAD mice. Scale bars: A-C = 200 μm,  
insert = 20 μm; D = 20 μm; E = 100 μm, insert = 20 μm.
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Supplementary Table 2. Gene ontology (GO) analysis on genes (total genes and upregulated genes) in 
the heatmap

GO class Name p-value Genes

Total genes listed in the heatmap
Biological process

GO.0009605 response to external 
stimulus

1.31e-06 Apoe, Atf3, Axl, B2m, Ccl3, Ccl4, Ccl6, Cd63, 
Cst3, Cxcr4, Egr2, Itgax, Lgals3, Mrc1, Npc2, 
Runx3, Spp1

GO.0040011 locomotion 2.12e-05 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Egr2, Lgals3, 
Myo5a, Runx3, Sdc3, Spp1, St14

GO.0006928 movement of cell or 
subcellular component

3.41e-05 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Egr2, Lgals3, 
Myo5a, Runx3, Sdc3, Spp1, St14

GO.0002376 immune system process 0.00014 B2m, Ccl3, Ccl4, Ccl6, Cd74, Colec12, Dcstamp, 
Itgax, Lgals3, Lilrb4, Mrc1, Runx3, Spp1, Tyrobp

GO.0044763 single-organism cellular 
process

0.000149 Actr3b, Apoe, Atf3, B2m, Bcar3, Ccl3, Ccl4, 
Ccl6, Cd22, Cd63, Cd74, Ch25h, Colec12, 
Cox6a2, Cp, Csf2ra, Cxcr4, Dcstamp, Egr2, 
Fabp5, Gas7, Itgax, Lgals3, Mrc1, Myo5a, Rgs16, 
Runx3, Sdc3, Spp1, St14, Trpm1, Tyrobp

GO.0051716 cellular response to 
stimulus

0.000149 Apoe, Atf3, Axl, Bcar3, Ccl3, Ccl6, Cd22, Cd63, 
Cd74, Clic4, Colec12, Csf2ra, Cst3, Dcstamp, 
Egr2, Itgax, Lgals3, Mrc1, Myo5a, Rgs16, Spp1, 
Trpm1, Tyrobp

GO.0016477 cell migration 0.000224 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Lgals3, Sdc3, 
Spp1, St14

GO.0006935 chemotaxis 0.000265 Ccl3, Ccl4, Ccl6, Cxcr4, Egr2, Lgals3,  
Runx3, Spp1

GO.0051179 localization 0.000265 Apoe, Axl, Ccl3, Ccl4, Ccl6, Cd63, Cd74, Clic4, 
Colec12, Cox6a2, Cp, Cxcr4, Egr2, Lgals3, Mrc1, 
Myo5a, Npc2, Sdc3, Spp1, St14, Trpm1

GO.0070887 cellular response to 
chemical stimulus

0.000265 Atf3, Axl, Ccl3, Ccl6, Cd74, Clic4, Csf2ra, Cst3, 
Dcstamp, Egr2, Lgals3, Mrc1, Myo5a, Spp1

GO.0051674 localization of cell 0.000328 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Lgals3, Sdc3, 
Spp1, St14

GO.0006955 immune response 0.002 Axl, Ccl3, Ccl4, Ccl6, Cd74, Colec12, Lgals3, 
Mrc1, Tyrobp

GO.0050896 response to stimulus 0.00239 Apoe, Atf3, Axl, Bcar3, Ccl6, Cd22, Cd63, Cd74, 
Clic4, Colec12, Csf2ra, Dcstamp, Fabp5, Itgax, 
Lgals3, Mrc1, Myo5a, Npc2, Rgs16, Runx3, 
Spp1, Trpm1, Tyrobp

GO.0060326 cell chemotaxis 0.0031 Ccl3, Ccl4, Ccl6, Lgals3, Spp1
GO.0030154 cell differentiation 0.00323 Apoe, Atf3, B2m, Ccl3, Cd63, Cd74, Clic4, Cst3, 

Cxcr4, Dcstamp, Egr2, Gas7, Lgals3, Myo5a, 
Runx3, St14, Trpm1
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Supplementary Table 2. (continued)

GO class Name p-value Genes

GO.0048731 system development 0.00394 Apoe, Atf3, B2m, Bcar3, Ccl3, Cd74, Clic4, Cst3, 
Cxcr4, Dcstamp, Egr2, Gas7, Lgals3, Myo5a, 
Runx3, Spp1, St14, Trpm1

GO.0036230 granulocyte activation 0.00439 Ccl3, Cxcr4, Tyrobp
GO.0006952 defense response 0.00661 Axl, B2m, Ccl3, Ccl4, Cd74, Cst3, Itgax,  

Lgals3, Mrc1
GO.0007155 cell adhesion 0.0074 Axl, B2m, Cd22, Cd63, Cd74, Cxcr4, Itgax, 

Sdc3, Spp1
GO.0030595 leukocyte chemotaxis 0.0074 Ccl3, Ccl4, Lgals3, Spp1
GO.0001775 cell activation 0.00951 Axl, B2m, Ccl3, Cd74, Cst3, Dcstamp, Tyrobp

Cellular component

GO.0009986 cell surface 1.61e-06 Axl, B2m, Ccr1, Cd22, Cd33, Cd63, Cd74, Clic4, 
Cxcr4, Eng, Itgax, Lgals3, Mrc1,  
Sdc3, Tyrobp

GO.0070062 extracellular exosome 9.6e-06 Actr3b, Apoe, Axl, B2m, Cd22, Cd63, Cd74, 
Clcf1, Clic4, Colec12, Cp, Cst3, Cxcr4, Dnajc7, 
Fabp5, Lgals3, Lilrb4, Mgat4a, Myo1b, Myo5a, 
Npc2, S100a10, Spp1, St14

GO.0009897 external side of plasma 
membrane

1.14e-05 B2m, Ccr1, Cd22, Cd33, Cd74, Cxcr4, Eng, 
Itgax, Lgals3

GO.0044421 extracellular region part 2.25e-05 Actr3b, Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, 
Cd22, Cd63, Cd74, Clcf1, Clic4, Colec12, Cp, 
Cxcr4, Dnajc7, Eng, Fabp5, Igf1, Lgals3, Lilrb4, 
Mgat4a, Myo1b, Myo5a, Npc2, S100a10, Spp1

GO.0005886 plasma membrane 3.27e-05 Axl, B2m, Bin1, Ccr1, Cd22, Cd33, Cd63, Cd74, 
Cdh23, Clic4, Csf2ra, Cxcr4, Cysltr1, Dapp1, 
Eng, Gna15, Gpnmb, Lgals3, Lilrb4, Mrc1, 
Myo1b, Ptafr, Rgs16, S100a10, Sdc3, Sema6d, 
Trpm1, Tyrobp

GO.0071944 cell periphery 4.64e-05 Axl, B2m, Bin1, Ccr1, Cd22, Cd33, Cd63, Cd74, 
Cdh23, Clic4, Csf2ra, Cxcr4, Cysltr1, Dapp1, 
Eng, Gna15, Gpnmb, Lgals3, Lilrb4, Mrc1, 
Myo1b, Ptafr, Rgs16, S100a10, Sdc3, Sema6d, 
Trpm1, Tyrobp

GO.0098552 side of membrane 4.97e-05 B2m, Ccr1, Cd22, Cd33, Cd74, Cxcr4, Eng, 
Gna15, Itgax, Lgals3

GO.0031988 membrane-bounded vesicle

5.7e-05

Actr3b, Apoe, Axl, B2m, Cd22, Cd63, Cd74, 
Clcf1, Clic4, Colec12, Cp, Cst3, Cxcr4, Dnajc7, 
Fabp5, Gpnmb, Lgals3, Lilrb4, Mgat4a, Myo1b, 
Myo5a, Npc2, S100a10, Spp1, St14

GO.0005576 extracellular region 7.14e-05 Actr3b, Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, Cd22, 
Cd63, Cd74, Clcf1, Clic4, Colec12, Cp, Cst7, 
Cxcr4, Dnajc7, Eng, Fabp5, Igf1, Lgals3, Lilrb4, 
Mgat4a, Myo1b, Myo5a, Npc2,  
S100a10, Spp1

Supplementary Table 2. (continued)

GO class Name p-value Genes

GO.0005615 extracellular space 0.000261 Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, Clcf1, Cp, 
Cst3, Eng, Igf1, Lgals3, Spp1, St14

GO.0044425 membrane part 0.000722 Axl, B2m, Bin1, Ccr1, Cd22, Cd33, Cd63, Cd74, 
Cdh23, Ch25h, Clic4, Colec12, Cox6a2, Csf2ra, 
Cxcr4, Cysltr1, Dapp1, Eng, Gna15, Gpnmb, 
Lgals3, Lilrb4, Mgat4a, Mrc1, Ptafr, Rgs16, Sdc3, 
Sema6d, Tlr5, Trpm1,  
Tspan18, Tyrobp

GO.0016020 membrane 0.00233 Apoe, Axl, B2m, Bin1, Ccr1, Cd22, Cd33, Cd63, 
Cd74, Cdh23, Ch25h, Clic4, Colec12, Cp, Csf2ra, 
Cst3, Cxcr4, Cysltr1, Dnajc7, Eng, Gna15, 
Gpnmb, Lgals3, Lilrb4, Mgat4a, Mndal, Mrc1, 
Myo1b, Myo5a, Ptafr, Rpl13a, Sdc3, Sema6d, 
Tlr5, Trpm1, Tspan18, Tyrobp

GO.0016021 integral component of 
membrane

0.00389 Axl, Ccr1, Cd22, Cd33, Cd63, Cd74, Cdh23, 
Ch25h, Clic4, Colec12, Csf2ra, Cxcr4, Cysltr1, 
Eng, Gpnmb, Itgax, Lilrb4, Mgat4a, Mrc1, Ptafr, 
Sdc3, Sema6d, St14, Tlr5, Trpm1, Tspan18, 
Tyrobp

GO.0005771 multivesicular body 0.0059 Cd63, Cd74, Cst3
GO.0005773 vacuole 0.0059 Cd63, Cd74, Clic4, Cp, Cst3, Cxcr4, Myo5a, 

Npc2
GO.0044459 plasma membrane part 0.00932 B2m, Bin1, Ccr1, Cd22, Cd33, Cd63, Cd74, 

Cxcr4, Cysltr1, Eng, Gna15, Gpnmb, Lgals3, 
Ptafr, S100a10

Molecular function

GO.0005488 binding 0,000144 Actr3b, Apoe, Atf3, Axl, B2m, Bin1, Ccl3, Ccl4, 
Ccr1, Cd22, Cd33, Cd74, Cdh23, Ch25h, Clcf1, 
Colec12, Cp, Csad, Csf2ra, Cst3, Cxcr4, Dapp1, 
Dnajc7, Egr2, Eng, Fabp5, Gas7, Gna15, Itgax, 
Khdrbs3, Lgals3, Mgat4a, Mndal, Mrc1, Myo1b, 
Myo5a, Npc2, Nuak1, Pdlim4, Ptafr, Rpl13a, 
Runx3, Sema6d, Spp1, Tlr5, Tppp, Tyrobp

GO.0005515 protein binding 0,000769 Apoe, Atf3, Axl, B2m, Bin1, Ccl3, Ccl4, Ccr1, 
Cd74, Clcf1, Cp, Csf2ra, Cst3, Cxcr4, Dnajc7, 
Egr2, Eng, Gas7, Gna15, Lgals3, Mndal, Myo1b, 
Myo5a, Npc2, Nuak1, S100a10, Sema6d, Spp1, 
Tlr5, Tppp, Tyrobp

GO.0003674 molecular function 0,00175 Actr3b, Apoe, Atf3, Axl, B2m, Bcar3, Bin1, Ccl3, 
Ccl4, Ccr1, Cd22, Cd33, Cd74, Cdh23, Clcf1, 
Clic4, Colec12, Cox6a2, Cp, Crybb1, Csf2ra, 
Cst3, Cst7, Cysltr1, Dnajc7, Egr2, Eng, Fabp5, 
Gas7, Gna15, Itgax, Khdrbs3, Lgals3, Mgat4a, 
Mndal, Mrc1, Myo1b, Myo5a, Npc2, Nuak1, 
Pdlim4, Ptafr, Rgs16, Runx3, Sema6d, Spp1, 
Tppp, Trpm1, Tyrobp
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Supplementary Table 2. (continued)

GO class Name p-value Genes

GO.0038023 signaling receptor activity 0,00515 Axl, Ccr1, Cd22, Cd74, Colec12, Csf2ra, Cxcr4, 
Cysltr1, Eng, Mrc1, Ptafr, Tlr5

GO.0004871 signal transducer activity 0,00892 Axl, Ccr1, Cd22, Cd74, Colec12, Csf2ra, Cxcr4, 
Cysltr1, Eng, Gna15, Mrc1, Ptafr, Tlr5

Upregulated genes listed in the heatmap
Biological process

GO.0009605 response to external 
stimulus

1.31e-06 Apoe, Atf3, Axl, B2m, Ccl3, Ccl4, Ccl6, Cd63, 
Cst3, Cxcr4, Egr2, Itgax, Lgals3, Mrc1, Npc2, 
Runx3, Spp1

GO.0040011 locomotion 2.12e-05 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Egr2, Lgals3, 
Myo5a, Runx3, Sdc3, Spp1, St14

GO.0006928 movement of cell or 
subcellular component

3.41e-05 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Egr2, Lgals3, 
Myo5a, Runx3, Sdc3, Spp1, St14

GO.0044763 single-organism cellular 
process

0.000179 Actr3b, Apoe, Atf3, B2m, Bcar3, Ccl3, Ccl4, 
Ccl6, Cd22, Cd63, Cd74, Ch25h, Colec12, 
Cox6a2, Cp, Csf2ra, Cxcr4, Egr2, Fabp5, 
Gpnmb, Igf1, Itgax, Lgals3, Mrc1, Myo5a, Rgs16, 
Runx3, Sdc3, Spp1, St14, Trpm1, Tyrobp

GO.0051716 cellular response to 
stimulus

0.000179 Apoe, Atf3, Axl, Bcar3, Ccl3, Ccl6, Cd22, Cd63, 
Cd74, Clic4, Colec12, Csf2ra, Cst3, Egr2, Igf1, 
Itgax, Lgals3, Mrc1, Myo5a, Rgs16, Spp1, 
Trpm1, Tyrobp

GO.0016477 cell migration 0.000262 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Lgals3, Sdc3, 
Spp1, St14

GO.0006935 chemotaxis 0.000314 Ccl3, Ccl4, Ccl6, Cxcr4, Egr2, Lgals3,  
Runx3, Spp1

GO.0051179 localization 0.000314 Apoe, Axl, Ccl3, Ccl4, Ccl6, Cd63, Cd74, Clic4, 
Colec12, Cox6a2, Cp, Cxcr4, Egr2, Lgals3, Mrc1, 
Myo5a, Npc2, Sdc3, Spp1, St14, Trpm1

GO.0002376 immune system process 0.000383 B2m, Ccl3, Ccl4, Ccl6, Cd74, Colec12, Itgax, 
Lgals3, Lilrb4, Mrc1, Runx3, Spp1, Tyrobp

GO.0051674 localization of cell 0.000383 Axl, Ccl3, Ccl4, Ccl6, Cd63, Cxcr4, Lgals3, Sdc3, 
Spp1, St14

GO.0007155 cell adhesion 0.00139 Axl, B2m, Cd22, Cd63, Cd74, Cxcr4, Gpnmb, 
Itgax, Sdc3, Spp1

GO.0070887 cellular response to 
chemical stimulus

0.00139 Atf3, Axl, Ccl3, Ccl6, Cd74, Clic4, Csf2ra, Cst3, 
Egr2, Lgals3, Mrc1, Myo5a, Spp1

GO.0006955 immune response 0.00175 Axl, Ccl3, Ccl4, Ccl6, Cd74, Colec12, Lgals3, 
Mrc1, Tyrobp

GO.0050896 response to stimulus 0.00211 Apoe, Atf3, Axl, Bcar3, Ccl6, Cd22, Cd63, 
Cd74, Clic4, Colec12, Csf2ra, Fabp5, Igf1, Itgax, 
Lgals3, Mrc1, Myo5a, Npc2, Rgs16, Runx3, 
Spp1, Trpm1, Tyrobp

Supplementary Table 2. (continued)

GO class Name p-value Genes

GO.0030334 regulation of cell migration 0.0027 Apoe, Ccl3, Ccl4, Cd74, Clic4, Cxcr4, Igf1, 
Lgals3

GO.0060326 cell chemotaxis 0.0027 Ccl3, Ccl4, Ccl6, Lgals3, Spp1
GO.0030154 cell differentiation 0.00275 Apoe, Atf3, B2m, Ccl3, Cd63, Cd74, Clic4, 

Cst3, Cxcr4, Egr2, Gpnmb, Igf1, Lgals3, Myo5a, 
Runx3, St14, Trpm1

GO.0043067 regulation of programmed 
cell death

0.0029 Apoe, Atf3, Axl, Ccl3, Cd74, Cst3, Egr2, Igf1, 
Lgals3, Runx3, Spp1

GO.0048731 system development 0.00314 Apoe, Atf3, B2m, Bcar3, Ccl3, Cd74, Clic4, 
Cst3, Cxcr4, Egr2, Gpnmb, Igf1, Lgals3, Myo5a, 
Runx3, Spp1, St14, Trpm1

GO.0036230 granulocyte activation 0.00347 Ccl3, Cxcr4, Tyrobp
GO.0006952 defense response 0.00514 Axl, B2m, Ccl3, Ccl4, Cd74, Cst3, Itgax, Lgals3, 

Mrc1
GO.0030595 leukocyte chemotaxis 0.00551 Ccl3, Ccl4, Lgals3, Spp1
GO.0050850 positive regulation of 

calcium-mediated signaling
0.00551 Ccl3, Ccl4, Igf1

GO.0001775 cell activation 0.00743 Axl, B2m, Ccl3, Cd74, Cst3, Igf1, Tyrobp
GO.0048513 organ development 0.00783 Atf3, B2m, Bcar3, Cd74, Clic4, Cst3, Cxcr4, 

Egr2, Gpnmb, Igf1, Myo5a, Runx3, Spp1, St14, 
Trpm1

GO.0002687 positive regulation of 
leukocyte migration

0.0093 Ccl3, Ccl4, Cd74, Lgals3

GO.0048583 regulation of response to 
stimulus

0.0093 Apoe, Atf3, Axl, B2m, Ccl3, Ccl4, Cd63, Cd74, 
Colec12, Cxcr4, Igf1, Lgals3, Myo5a, Rgs16, 
Runx3

GO.0032680 regulation of tumor 
necrosis factor production

0.00984 Axl, Ccl3, Ccl4, Gpnmb

Cellular component

GO.0009986 cell surface 2.43e-06 Axl, B2m, Cd22, Cd63, Cd74, Clic4, Cxcr4, 
Itgax, Lgals3, Mrc1, Sdc3, Tyrobp

GO.0070062 extracellular exosome 2.43e-06 Actr3b, Apoe, Axl, B2m, Cd22, Cd63, Cd74, 
Clic4, Colec12, Cp, Cst3, Cxcr4, Fabp5, Lgals3, 
Lilrb4, Myo5a, Npc2, Spp1, St14

GO.0044421 extracellular region part 5.94e-06 Actr3b, Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, Cd22, 
Cd63, Cd74, Clic4, Colec12, Cp, Cxcr4, Fabp5, 
Igf1, Lgals3, Lilrb4, Myo5a, Npc2, Spp1

GO.0031988 membrane-bounded vesicle 8.86e-06 Actr3b, Apoe, Axl, B2m, Cd22, Cd63, Cd74, 
Clic4, Colec12, Cp, Cst3, Cxcr4, Fabp5, Gpnmb, 
Lgals3, Lilrb4, Myo5a, Npc2,  
Spp1, St14

GO.0005576 extracellular region 1.06e-05 Actr3b, Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, Cd22, 
Cd63, Cd74, Clic4, Colec12, Cp, Cst7, Cxcr4, 
Fabp5, Igf1, Lgals3, Lilrb4, Myo5a, Npc2, Spp1
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Supplementary Table 2. (continued)

GO class Name p-value Genes

GO.0005615 extracellular space 4.73e-05 Apoe, Axl, B2m, Ccl3, Ccl4, Ccl6, Cp, Cst3, Igf1, 
Lgals3, Spp1, St14

GO.0005773 vacuole 0.000283 Cd63, Cd74, Clic4, Cp, Cst3, Cxcr4, Myo5a, 
Npc2

GO.0009897 external side of plasma 
membrane

0.00071 B2m, Cd22, Cd74, Cxcr4, Itgax, Lgals3

GO.0005764 lysosome 0.000899 Cd63, Cd74, Cp, Cst3, Cxcr4, Myo5a, Npc2
GO.0005771 multivesicular body 0.00184 Cd63, Cd74, Cst3
GO.0005770 late endosome 0.0019 Cd63, Cd74, Cst3, Cxcr4, Myo5a
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ABSTRACT
Chronic neuroinflammation, which is primarily mediated by microglia, plays an 
essential role in aging and neurodegeneration. It is still unclear whether this microglia-
induced neuroinflammation occurs globally or is confined to distinct brain regions. In 
this study, we investigated microglia activity in various brain regions upon healthy aging 
and Alzheimer’s disease (AD)-related pathology in both human and mouse samples. 
In purified microglia isolated from the aging mouse brain, we found a profound gene 
expression pattern related to pro-inflammatory processes, phagocytosis, and lipid 
homeostasis. Particularly in white matter microglia of 24-month-old mice, abundant 
expression of phagocytic markers including Mac-2, Axl, CD16/32, Dectin1, CD11c, 
and CD36 was detected. In white matter of human brain, first signs of inflammatory 
activity were already detected during middle age. Quantification of microglial proteins, 
such as CD68 (commonly associated with phagocytosis) and HLA-DR (associated with 
antigen presentation), in postmortem human white matter brain tissue showed an age-
dependent increase in immunoreactivity already in middle-aged people (53.2 ± 2.0 
yr), which was also detectable by non-invasive positron emission tomography (PET) 
imaging using [11C]-(R)-PK11195, a ligand that binds to activated microglia. Increased 
microglia activity was also prominently present in the white matter of human early-
onset postmortem AD (EOAD) brains. Interestingly, microglia activity in the white 
matter of late-onset AD (LOAD) CNS was similar to that of the aged controls. 

These data indicate that microglia-induced neuroinflammation is predominant in 
the white matter of aging mice and humans as well as in EOAD brains. This white 
matter inflammation may contribute to the progression of neurodegeneration, 
and have prognostic value for detecting the onset and progression of aging and 
neurodegeneration. 

INTRODUCTION
Chronic neuroinflammation is a long-lasting inflammatory response that includes 
the persistent activation of local immune cells (microglia), the release of inflammatory 
molecules, and the enhancement of oxidative stress (Frank-Cannon et al., 2009). 
Gene expression studies in the aging brain have clearly outlined the importance of 
neuroinflammation and its role in neurodegenerative diseases (Glorioso and Sibille, 
2011; Lee et al., 2000; Lu et al., 2004). Glia cells, particularly microglia, are the major 
source of expressed neuroinflammatory genes in the brain of aged mice. The expression 
of molecules involved in pattern recognition (Letiembre et al., 2007) and phagocytosis 
(Hickman et al., 2013) is increased in aged microglia. Aging microglia respond stronger 
to peripheral immune stimuli, alluded to as microglia priming (Godbout et al., 2008; 
Perry et al., 2007; Raj et al., 2014; Sierra et al., 2007). 

Age is the primary risk factor for neurodegenerative diseases  [e.g., Alzheimer’s disease 
(AD) and Parkinson’s disease] (Hung et al., 2010). Accumulating evidence suggests 
that microglia-induced neuroinflammation is a major contributor to the etiology 
of age-related neurodegeneration (Heppner et al., 2015; Krstic and Knuesel, 2013), 
rather than a passive response. The process of neurodegeneration is associated with 
chronic neuroinflammation in various neurodegenerative diseases (Frank-Cannon et 
al., 2009). Our understanding of neuroinflammation. However, our understanding of 
neuroinflammationis still limited with respect to its causes and progression. Detecting 
neuroinflammation at an early stage in different microenvironments may become 
a key for finding the means of preclinical diagnosis and therapeutic interventions  
(Yankner, 2000).

Microglia display phenotypical diversity in different brain regions (Olah et al., 
2011), and brain region-specific effects of aging on microglial gene expression have 
also been reported (Grabert et al., 2016). With increasing age, the number of HLA-DR/
MHC II-positive microglia, particularly in the white matter, is increased compared to 
other brain regions (Ogura et al., 1994; Sheffield and Berman, 1998). This may influence 
the myelin loss, and lead to the eventual cognitive decline as observed in aged human 
and non-human primates (Ogura et al., 1994; Sheffield and Berman, 1998). It has been 
reported that iNOS immunoreactive microglia mediate increased protein nitration in 
the white matter of the aging non-human primate brain (Sloane et al., 1999). This might 
lead to a decrease in white matter integrity. In addition, upon aging, white matter was 
shown to contain complement-immunoreactive oligodendrocytes in association with 
activated microglia (Duce et al., 2006). Both CD11c-positive cells and CD3-positive 
T cells were particularly enriched in the white matter of the aged brain (Stichel and 
Luebbert, 2007), which indicates a crucial role of leukocytes in age-related response 
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in the brain. These studies suggest that microglia-induced neuroinflammation might 
be more pronounced in white matter regions of the aging brain. Neuroinflammation 
has been directly implicated in cognitive decline (Ownby, 2010). White matter tracts 
in the brain serve for learning (Fields, 2015; Hill, 2013) and information-processing 
(Fields, 2008). Neuroimaging studies revealed that age-related white matter alterations 
underlie cognitive decline (Bendlin et al., 2010). Considering the above-mentioned 
factors, a detailed regional characterization of microglia-induced neuroinflammation 
could provide insights into the initiation of neurodegeneration. 

Here, we analyzed the nature of microglial activity through both the course of 
healthy aging and AD-related pathology to investigate whether microglial activity 
shows a regional difference between white matter and gray matter. Both human 
and mouse tissues were studied. Gene expression analysis revealed aging microglia 
involved in the pro-inflammatory response, phagocytosis, and lipid homeostasis. 
Morphological changes in microglia and phagocytosis markers expression were most 
prominent in white matter regions of the aging mouse brain. Using postmortem human 
brain samples as well as non-invasive PET analysis, we were able to demonstrate that 
the inflammatory activation of microglia starts in the white matter regions already 
in middle-aged subjects. Finally, the analysis of neuroinflammation in human early-
onset AD (EOAD) and late-onset AD (LOAD) samples showed prominently increased 
microglial activity in white matter regions of EOAD brains, compared to young controls. 
These data provide evidence that increased microglia-induced neuroinflammation is 
predominant in the white matter of aging- and AD brains. It is tempting to speculate 
that neuroinflammation in the white matter may be used as an early marker for 
the prediction of cognitive decline during aging.

MATERIALS AND METHODS
Animals

Young (2 and 4 months), middle age (13 months), and aged (24 and 27 months) 
male C57BL/6 and DBA/2J mice were purchased from Envigo. The animals were 
group-housed under standard conditions (a 12 hours light-dark alternating cycle, 
constant temperature and humidity) and standard chow diet ad libitum (ab diets; 
Cat. No. 2103). All experiments were approved by the Animal Experimentation 
Committee of the University Medical Center Groningen and performed in accordance 
with the European Directive (2010/63/EU) on the protection of animals used for 
experimental and other scientific purposes. Studies adhered to the ARRIVE guidelines 
for animal research in EAE (Kilkenny et al., 2010).

Table 1. Patient data

Case 
Age 
(years) Sex

Category  
in experiment Disease/cause of death

1 33 Female Young Subarachnoid bleeding
2 30 Male Young Familial cardiac problems  (No pathology in brain)
3 27 Male Young Arrhythmia (No pathology in brain)
4 53 Male Middle-aged Cardiac arrest (No pathology in brain)
5 53 Male Middle-aged Myocardial infarction, in brain minor hypertension 

related pathology
6 55 Male Middle-aged Myocardial infarction
7 51 Male Middle-aged Suicide
8 51 Male Middle-aged Esophageal cancer/ Euthanasia
9 56 Male Middle-aged Unknown
10 70 Male Aged Gastrointestinal bleeding, No pathology in brain
11 71 Female Aged Respiratory insufficiency due to bronchitis,

in brain minor hypertension related pathology
12 71 Female Aged CREST syndrome, In brain small lacunar infarcts  

in thalamus
13 88 Male Aged Rectum and prostate cancer, Cachexia and dehydration
14 82 Male Aged Pleuritis carcinomatosis
15 87 Male Aged Pneumonia and heart failure

Acute isolation of microglia from adult mouse brain

Animals were sacrificed by means of saline perfusion under inhalation anesthesia 
with 4% isoflurane in oxygen. The brains were isolated and kept in ice-cold dissection 
solution (medium A: HBSS containing 0.6% glucose and 15 mM HEPES buffer, Gibco). 
For the isolation of microglia from white and gray matter regions, the forebrain and 
cerebellum were cut into approximately 1.5 mm thick coronal sections. Coronal 
sections were further separated into white or gray matter-enriched regions on ice 
under a magnifying glass. From the collected tissue, microglia were isolated at high 
purity (> 98%) using a discontinuous Percoll gradient (Vainchtein et al., 2014). All 
steps of the isolation and staining procedure were performed at 4°C. Briefly, the tissue 
was transferred to a tissue homogenizer (glass potter, Braun Melsungen, Germany), 
and mechanically dissociated. The brain homogenate was then filtered through a 70 
μm cell strainer, washed with medium A, and pelleted by centrifugation (220 g, 10 min, 
arc 9, brake 9, 4°C). The density gradient separation was done using Percoll solutions 
with different densities (GE Healthcare, 17-0891). To obtain a stock isotonic Percoll 
solution (100%, density 1.123 g/ml), nine volume parts of Percoll (density 1.13 g/ml) 
were mixed with one volume part of 10x HBSS. Percoll solutions with the appropriate 
concentration were prepared via dilution of 100% Percoll with 1x PBS. 
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Table 2. Patient data

Sample 
ID

Age 
(years) Sex

Braak 
stage

Category in 
experiment Disease/cause of death

16 44 Male I Young control Arrhythmia
17 48 Male I Young control Cardiac death
18 47 Male I Young control Lymphoma
19 21 Male 0 Young control Cardiac death
20 30 Female I Young control Myocardial infarction
21 21 Female I Young control Pulmonary embolism
22 44 Male I Young control Septicemia (acute inflammation)
23 39 Female I Young control Cardiac death
24 39 Female I Young control Cardiac death
25 45 Female I Young control Drug poisoning
26 42 Male 0 Young control Cardiac death
27 24 Female 0 Young control Ulcerative colitis
28 45 Male I Young control Pancreatitis (acute inflammation)
29 39 Male I Young control Pneumothorax
30 35 Male I Young control Drug overdose
31 34 Female VI EOAD Familial AD (neuropathologically confirmed)
32 40 Female VI EOAD Familial AD (neuropathologically confirmed)
33 56 Female V-VI EOAD AD,  mutation PSEN 1 gene
34 58 Male V-VI EOAD AD
35 56 Male V-VI EOAD AD
36 67 Female I Old control Sepsis, pericarditis (acute inflammation)
37 65 Male I Old control Pneumonia (acute inflammation)
38 82 Male I Old control Myocardial infarction
39 77 Male I Old control Pancreas carcinoma
40 79 Male I Old control Respiratory insufficiency
41 81 Male V LOAD Cardiac death, leg infection (acute inflammation)
42 63 Male VI LOAD Bronchopneumonia (acute inflammation)
43 76 Female V LOAD Cachexia
44 74 Male V LOAD Aortic rupture
45 75 Male VI LOAD Pancreas carcinoma
46 76 Male V LOAD Pneumonia (acute inflammation)
47 73 Female V LOAD n.k

For the phagocytosis assay and fluorescence-activated cell sorting (FACS) analysis, 
the cell pellet was resuspended in 75% Percoll (10 ml), overlaid with 25% Percoll  
(10 ml), and PBS (6 ml) was added as the final layer. Density separation was achieved by 
centrifugating the discontinuous Percoll gradient in a swinging bucket centrifuge (800 
g without brake for 25 min). After centrifugation, cells were collected from the 75% - 
25% Percoll interface, washed with PBS, and pelleted by centrifugation (220 g, 3 min, 
arc 9, brake 9, 4°C). The cell pellet was resuspended in culture medium containing 

DMEM without phenol red, and containing 5% FCS, 1% penicillin/streptomycin, and 
1% sodium pyruvate for the phagocytosis assay. In case of flow cytometric analysis 
of surface expression markers, the pellet was resuspended in medium A which was 
prepared with HBSS devoid of phenol red. Subsequent sample preparation steps are 
described in the flow cytometry section. 

For RNA used for microarray and quantitative real-time polymerase chain reaction 
(qPCR), the cell pellet was resuspended in 22% Percoll, and centrifuged for 20 min 
at 950 g. The pellet was resuspended in HBSS buffer, and incubated with CD11b-
BV421 (Biolegend, 101236) and CD45-FITC (eBioscience, 11-0451-85). The CD11bhi 

/ CD45int / DAPIneg population was isolated using FACS (FACSAria III cell sorter, BD 
Biosciences). The collected populations were lysed in RLT lysis buffer in subsequent 
steps for preparing the microarray and qPCR.

Flow cytometry 

Cells resuspended in medium A (without phenol red) were treated with 1% anti-
CD16/32 (eBiosciences, 14-0161) for 15 min to block Fc receptors and subsequently 
stained for different surface markers (see below) for 20 min, washed with PBS, pelleted 
by centrifugation, and resuspended in 200 μl of medium A for subsequent flow 
cytometry analysis. During the staining procedure, cells were kept on ice. The surface 
expression of markers was measured with an FACSCaliburTM flow cytometer (Becton 
Dickinson), and the flow cytometric measurements were analyzed using FlowJo 
software®. A small sample of the cell suspension was stained for CD11b and CD45, and 
the nuclear stain 4’,6-diamidino-2-phenylindole (DAPI, Biostatus), to demonstrate 
the vital microglia (CD11bhi / CD45int / DAPIneg), and to determine the purity of 
the preparation. The antibodies used for immunophenotyping of mouse microglia 
are listed in Table 3. For each staining, the appropriate isotype control was used in 
a concentration-matched manner. 

RNA amplification, microarray, and analysis

Microglia were sorted as a CD11bhi / CD45int / DAPIneg population in RNA lysis buffer, 
and RNA was extracted using the Qiagen RNeasy micro kit (Qiagen, 74004). RNA 
concentration and integrity were measured on the Experion RNA HighSens chip (Bio-
Rad). Additional RNA amplification was performed with the Nugen Ovation RNA 
amplification kit. Subsequently, RNA was labeled and hybridized onto the Illumina 
mouseref-8 V2.0 expression beadchip containing 25,600 probes, coding for 19,100 
genes. Genomestudio (version 1.9.0) was used to generate expression values. Raw data 
were preprocessed and analyzed using project R (version 2.13.1) and BioConductor 
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package Limma (version 1.8.18). Background correction was done using infrared 
negative probes, and subsequently, quantile normalization and log2 transformation 
were applied. Probes were filtered out below a detection level of p < 0.05 in all samples 
as “no expression” cases. A linear model approach was used to perform differential 
gene expression analysis (with a false discovery rate of p < 0.05 as the cut-off value 
for significance). For further gene ontology and pathway analysis, DAVID (Database 
for Annotation, Visualization, and Integrated Discovery) were used. Heatmaps were 
generated using the heatmap.2 function of Bioconductor Package gplots. 

Validation of array data by qPCR

RNA from sorted microglia was extracted using the Qiagen RNeasy micro kit (Qiagen, 
74004). Reverse transcription of the RNA was performed on a MiniTM Thermal 
cycler (Bio-Rad) with a reaction mixture containing RevertAidTM M-MuLV Reverse 
Transcriptase, RibolockTM RNase Inhibitor, and M-MLV buffer (all Fermentas). 
The RT-qPCR reaction, which contained iQTM SYBR® Green Supermix (Bio-Rad, 
170-8882), was performed in 384-well plates (Applied Biosystems) in an ABI7900HT 
Real-time PCR system (Applied Biosystems). All primers bought Biolegio, were 
designed using NCBI Primer BLAST software. Table 4 details the primers used.

Table 3. Antibodies for flow cytometry

Antigen
Species 
reactivity

Host 
species Vendor

Catalogue 
number Isotype Conjugate

CD11b Mouse Rat eBioscience 12-0112 Rt IgG2b PE
CD45 Mouse Rat eBioscience 11-0451 Rt IgG2b FITC
F4/80 Mouse Rat Biolegend 123107 Rt IgG2a FITC
CD14 Mouse Rat eBioscience 11-0141 Rt IgG2a FITC
TLR1 Mouse Rat eBioscience 12-9011 Rt IgG2a PE
TLR4 Mouse Rat eBioscience 12-9041 Ms IgG1 PE
CD80 Mouse Hamster eBioscience 12-0801 Hm IgG PE
CD83 Mouse Rat eBioscience 11-0831 Rt IgG1 FITC
MHC II Mouse Rat eBioscience 11-5321 Rt IgG2b FITC
CD36 Mouse Rat eBioscience 12-0361 Rt IgG2a PE
CD88 Mouse Rat Biolegend 135805 Rt IgG2b PE
isotype Mouse Rat Biolegend 407105 Rt IgG2a FITC
isotype Mouse Rat Biolegend 400607 Rt IgG2b PE
isotype Mouse Rat eBioscience 11-4210 Rt IgG2a FITC
isotype Mouse Rat eBioscience 11-4220 Rt IgG2b FITC
isotype Mouse Rat eBioscience 12-4015 Ms IgG1 PE
isotype Mouse Hamster eBioscience 11-4888 Hm IgG PE
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Phagocytosis assay

Isolated cell pellets were resuspended in culture medium, and seeded in an 8-well 
Lab-Tek™ II Chambered Coverglass (ThermoFisher Scientific, 155409) at the density 
of 5,000 cells per well. Cells were attached to the culture dish. Two hours after seeding, 
the medium was replaced with culture medium containing 25 μg/ml of pHrodo™ E.coli 
BioParticles® conjugate (ThermoFisher Scientific, P35366). The cells were subsequently 
imaged for 18 h with a Solamere Nipkow Spinning Disc Confocal laser scanning 
microscope. The microscope was mounted on a Leica DM IRE2 inverted microscope 
which was equipped with a Stanford Photonics XR/Mega-10I (intensified) CCD camera 
and an ASI MS2000 Piezo motorized stage (37°C, 5% CO2). The pHrodo dye was 
excited with the 568 nm laser line of a dynamic Krypton laser. For image acquisition, 
a 10x dry objective was used. The fluorescence emission maximum of pHrodo is 
585nm. A bright field and a red channel image (pHrodo emission) were acquired every 
5 min at each condition. Multiple cells were selected as regions of interest (ROIs) based 
on the bright field images. The intensity of the ROIs in the red channel images was 
measured in each frame of the entire image stack using an ImageJ plugin (written by 
K. Sjollema; Microscopy Centre, University Medical Center Groningen, University of 
Groningen). The data were plotted as a time versus intensity curve, on which the time 
to reach half maximum response for each cell was determined.

Immunohistochemistry used in animal brain tissues

Animals were anesthetized and were perfused transcardially for 20 min with 0.1M 
phosphate buffer (40-60 ml; pH 7.4). Brains were removed and cut into two sagittal 
parts. The right hemisphere was snap-frozen in liquid nitrogen. The left hemisphere 
was immersed in 4% paraformaldehyde (PFA) overnight at 4°C, then transferred to 
25% sucrose in PBS for one day, and finally frozen at -50°C. 

Brain sections (60 μm free-floating cryostat sections) from PFA-fixed samples were 
used for detecting Iba1 or Mac-2. Sections were incubated for 10 min in 2% H2O2 in 
70% methanol, followed by blocking solution containing 5% normal goat serum or 
fetal calf serum in phosphate buffered saline (PBS) containing 0.1% Triton-X (Sigma, 
X-100) (denoted as PBS+) for 30 min at room temperature. Subsequently, sections 
were incubated overnight at 4°C with rabbit anti-Iba1 (1:1000; WAKO, 019- 19741) 
or rat anti-Mac-2 (1:1000, Cedarlane, CL8942AP) (detailed information in table 5). 
As negative controls, sections were incubated in buffer lacking the primary antibody. 
After washed with PBS+, sections were incubated at room temperature for 1.5 h with 
biotinylated goat anti-rabbit (1:200; Vector Laboratories, BA-1000) or biotinylated 
rabbit anti-rat (1:200; Vector Laboratories, BA-4000). Sections were then rinsed in 

PBS+, and incubated with streptavidin-horseradish peroxidase in accordance to 
the manufacturer’s instructions (PK-6100; Vector Laboratories). The peroxidase 
reaction was visualized by incubating the sections in PBS containing 0.5 mg/ml 
3,3’-diaminobenzidine (DAB, Sigma, D-5637), and 0.33 μl/ml H2O2. Then free-floating 
sections were subsequently mounted on glass slides, dehydrated, and mounted with 
DePeX (Merck, 130-12-2). Alternatively, to differentiate between white and gray matter 
tissues, some sections were stained with Luxol Fast Blue (LFB) after the DAB reaction. 
Sections were subsequently mounted on glass slides and dehydrated in an ascending 
ethanol series (up to 96% ethanol), incubated in LFB working solution [prepared by 
dissolving 0.5 g of Solvent Blue 38 (Sigma, 229342) in 500 ml 96% ethanol including 
10% acetic acid (Merck, 10063)] at 60°C overnight, and washed with 96% ethanol and 
distilled water. Differentiation was achieved in 0.125% lithium carbonate solution. 
The sections were rinsed in 70% ethanol followed by distilled water. After dehydration, 
the sections were mounted in DePeX. 

Brain sections (10 μm) from snap-frozen samples were used for immunohistochemical 
analysis using the following primary antibodies: Axl, Dectin1, Trem2, CD36, CD16/32, 
and CD11c (detailed information in table 5). Sections were fixed with acetone for 
10 min and then air-dried. Endogenous peroxidase was inactivated by a 30-min 
incubation with peroxidase blocking reagent from the DAKO envision kit (DAKO, 
K4009). Sections were incubated for 30 min in 5% serum blocking, and then for 2 
h in the primary antibody at room temperature, followed by rinsing with PBS. For 
those primary antibodies which were not raised in rabbit, sections were incubated 
with the secondary antibody which was raised in rabbit for another hour. Afterward 
sections were incubated with labeled polymer-HRP anti-rabbit (DAKO, K4009) at 
room temperature for 30 min. The complex was visualized after 10 min incubation 

Table 5. Antibodies for Immunohistochemistry

Antigen Species reactivity Host species Vendor Catalogue number Concentration

Iba1 Mouse/Human Rabbit Wako 019-19741 1:1000
Mac2 Mouse Rat Cedarlane CL8942AP 1:1000
Axl Mouse Goat Santa cruz SC-1096 1:100
Dectin1 Mouse Rat AbD Serotec MCA2289 1:100
CD36 Mouse Rat eBioscience 14-0361 1:100
CD16/CD32 Mouse Rat eBioscience 14-0161 1:100
CD11c Mouse Hamster eBioscience 14-0114 1:100
Trem2 Mouse/Human Rat R&D systems MAB17291 1:100
CD68 Human Mouse Dako IR613 1:50
HLA-DR Human Mouse eBioscience 14-9956-80 1:250
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with 3-amino-9-ethylcarbazole (AEC) substrate-chromogen solution (DAKO, K4009), 
and counterstained with Mayer’s hematoxylin (Merck, 104302). Sections were finally 
covered with glycerol jelly.

Postmortem human brain tissues

Postmortem human brain samples used for studying the aging effect were obtained 
from the Department of Pathology, VU University, Amsterdam and Pathology division 
of the Department of Pathology & Medical Biology, University Medical Center 
Groningen, Groningen. Formalin-fixed, paraffin-embedded tissue sections were from 
15 subjects without neurological or psychiatric disease in the age range of 27-87 years 
(details in table 1).

Postmortem human brain samples used for investigating the effect of AD pathology 
were obtained from Pathology division of the Department of Pathology & Medical 
Biology, University Medical Center Groningen and the Biobank of the Institute Born-
Bunge, University of Antwerp. Paraffin-embedded samples were classified according 
to Braak staging and age: (1) LOAD group: Neurofibrillary tangles (NFT) stage = V or 
VI, age > 60 yr, n = 4; (2) Old control group:  NFT stage = 0 or I, age > 60 yr, n = 3; (3) 
EOAD group: NFT stage = V or VI, age ≤ 60 yr, n = 5; (4) Young control group: NFT 
stage = 0 or I, age ≤ 60 yr, n = 13 (details in table 2).

Brain samples from patients who died of acute inflammatory diseases (e.g., 
sepsis, pancreatitis) were used as positive controls for detecting neuroinflammation. 
These brain samples were obtained from the Pathology division of the Department 
of Pathology & Medical Biology, University Medical Center Groningen (details in  
table 2).

Post-mortem human brain tissue samples from the Department of Pathology, 
VU University medical center were obtained in collaboration with the Netherlands 
Brain Bank (coordinator Dr. I. Huitinga), following approval by local legal and ethical 
committees. All patients and control donors had given informed consent for autopsy 
and the use of brain tissue for research purposes. 

Immunohistochemistry used in human brain tissues

Paraffin-embedded tissue (5 μm) of human brains from AD and control groups were 
immunostained with Iba1 (1:1000, WAKO, 019- 19741), CD68 (1:50, DAKO, M0876) 
and HLA-DR (1:100, eBioscience, 14-9956-82). Paraffin-embedded tissues from 
different age groups were immunostained with CD68 (1:100, DAKO, M0814) and 
HLA-DR (1:100, eBioscience, 14-9956-82). Sections were deparaffinized with xylene 
and rehydrated gradually from 100% ethanol to demi water. For antigen retrieval, 

the sections were placed in 10 mM sodium citrate buffer (pH 6.0) in a microwave for 
12 min. 

After rinsing in PBS, sections were pre-incubated in 3% H2O2 for 30 min and then 
blocked with 10% normal horse serum in PBS with 0.3% Triton-X100 for 30 min. 
Sections were incubated overnight at 4°C with abovementioned primary antibodies 
in PBS with 0.3% Triton-X100 and 1% normal horse serum. Sections were incubated 
with horse anti-mouse biotinylated antibody (1:400, Vector Laboratories, BA2001) for 
1 h at room temperature, incubated in avidin-biotin-peroxidase complex for 30 min, 
and then visualized with DAB. Sections were counterstained with Cresyl Violet and 
mounted with DePeX.

Slides were scanned using a digital slide scanner (Hamamatsu), and data were 
analyzed with the positive pixel count algorithm (Imagescope). For each human sample, 
5-10 pictures per brain region (20x magnification) were quantified. Transentorhinal 
region is the first region where the AD pathology evolves (Braak stage I), whereas 
frontal cortex is involved in the late stage of AD (Braak stage V) (Braak et al., 2006). 
To investigate the regional differences in AD and control groups, the positive pixels 
in the white matter below the transentorhinal cortex (EC) and in the frontal cortex 
(FC) were quantified. For samples from different age groups, the cortex and cerebellum 
were quantified. The pictures of the stained sections were separated by using color 
deconvolution method (Image J), and the DAB-positive pixels were quantified. 

Human non-invasive PET study for [11C]-(R)-PK11195 binding 

Seven young (25.1 ± 2.9 yr) and seven middle-aged (55.7 ± 11.2 yr) healthy subjects 
were included in the study. Exclusion criteria were the presence of inflammation as 
measured by C-reactive protein (CRP) (i.e., CRP < 0.5 mg/L), concomitant or past 
severe medical conditions, substance abuse, use of non-steroidal anti-inflammatory 
drugs or paracetamol, and pregnancy. The study was approved by the Medical Ethical 
Committee of the University Medical Center Groningen. All subjects provided written 
informed consent after receiving a complete description of the study. All subjects 
had a structural T1-weighted MRI scan of the brain (1.5 or 3 T) within two weeks of 
the PET procedure. The MRI was used for anatomical reference and the delineation of 
the ROIs.

[11C]-PK11195 PET images were acquired using an ECAT EXACT HR+ camera 
(Siemens/CTI, Knoxville, TN, USA). A 60-min dynamic scan in 3D-mode was 
performed, which consists of 21 successive frames of increasing duration (6x 10, 2x 
30, 3x 60, 2x 120, 2x 180, 3x 300, and 3x 600 sec). During the scan, arterial blood 
radioactivity was continuously monitored with an automated sampling system, and 
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additional manual arterial samples were taken for radio-metabolite analysis. Detailed 
scanning and sampling procedures were published previously (Doorduin et al., 
2009). Head movement was minimized with a head-restraining adhesive band, and 
a neuroshield was used to minimize the interference of radiation from the subject’s 
body. The images were reconstructed by filtered back projection, and attenuation 
correction was performed with the separate ellipse algorithm. The PET and MRI 
images were coregistered using Statistical Parametric Mapping (SPM2) software, and 
the aligned MRI image was normalized to the SPM2 MRI template. The normalization 
was then applied to the PET images. ROIs were created using the automated anatomical 
labeling template (Tzourio-Mazoyer et al., 2002) or were manually drawn onto the MRI. 
The ROIs include the frontal cortex, occipital cortex, parietal cortex, temporal cortex, 
cerebellum, hippocampus, thalamus, basal ganglia, mesencephalon, pons, and corpus 
callosum. The time-activity curves of all ROIs were used for kinetic modeling using 
software developed in Matlab 7.1 (Mathworks, Natick, Massachusetts). Two-tissue 
compartment modeling was used to calculate the K1-K4 according to the curve 
of whole blood and metabolite-corrected plasma. The primary outcome measure 
was the binding potential (BPP), defined as k3/k4. Statistical analysis was performed 
in PASW Statistics 18. One-way ANOVA was used to determine differences in BPP 
between young and middle-aged subjects. The correlation between age and the BPP 
were assessed with Pearson’s product moment correlation coefficient (r). Differences 
were considered statistically significant when p < 0.05.

RESULTS
Microglia in the aged mouse brain are characterized by increased 
phagocytosis and altered lipid homeostasis

To examine age-associated changes in gene expression, microglia were isolated from 
aged mouse brain, and RNA expression was determined. Microarray analysis of pure 
microglia showed > 1.5-fold increased expression of 54 transcripts in aged mouse 
microglia compared to young microglia. To relate the changes in gene expression to 
a biological function, we applied DAVID software and identified that differentially 
expressed genes were involved in biological categories such as antigen processing and 
-presentation, interferon signaling, regulation of macrophage cytokine production, 
chemotaxis, cell adhesion, phagocytosis of apoptotic cells, and lipid homeostasis.

Increased gene expressions in aged microglia, indicative of a pro-inflammatory 
status, were grouped into the categories of antigen presentation, interferon signaling, 
and cytokine signaling. These groups were represented as a heatmap (Fig. 1A), and 
included several histocompatibility 2 genes (e.g., Egr1, Egr2, Stat1, and Stat2) and 
phagocytic receptor genes (e.g., Axl, Clec7a, Cd36, Clec1a, Fcgr4, Clec3b, Clec4a1, 

Anxa3, Anxa4, and Anxa5). Phagocytosis-associated genes were strongly upregulated 
in aged microglia as validated by quantitative PCR of Axl, Cd36, Ctse, Clec7a, and 
Lamp2 (Fig. 1B). In addition, aged microglia showed changes in genes involved in 
cellular lipid homeostasis (e.g., Apoe, Csf1, and Lpl). The altered genes are depicted in 
a heat map (Fig. 1A). 

Despite their increased mRNA levels, the protein expression levels of pattern 
recognition receptors (e.g., CD14, TLR1, TLR4) and proteins required for antigen 
presentation (e.g., MHC II, CD80, and CD83) in aged microglia were not upregulated 
compared to young microglia as shown in Fig. 1C. Acutely isolated microglia from 
aged mice display high autofluorescence levels compared to young microglia as shown 
by flow cytometry (Fig. 1D). This could be due to the presence of lipofuscin. Aged 
microglia also upregulate the expression of lipid-related phagocytic receptor CD36 and 
complement receptor CD88 at the protein level (Fig. 1E).

To study their phagocytic activity, acutely isolated microglia from young and aged 
mouse brains were incubated with pHrodo-coupled Escherichia coli (E. coli) bacterial 
particles. pHrodo is a pH sensitive dye which fluoresces only at acidic pH, as found 
in late endocytic vesicles. This allows live cell imaging of phagocytic uptake. Aged 
microglia phagocytose E. coli bioparticles faster than young microglia. This is likely 
mediated by increased expression of phagocytic receptors (Fig. 1F). Quantification 
shows that aged microglia reach half-maximal levels of phagocytosis several minutes 
earlier than young microglia (Fig. 1G). 

Increased microglial activity in the white matter tracts of the aged mouse brain 

To investigate the effect of aging on the microglia phenotype, age-related changes 
in microglia morphology were visualized by staining with Iba1. During aging, 
Iba1 immunoreactivity particularly increased particularly in white matter regions, 
such as corpus callosum (2 months, 13 months, 24 months, and 27 months;  
Supplementary Fig. 1A). Morphological changes were also visible in gray matter 
regions of the brain at 27 months (Supplementary Fig. 1A). Microglia cell clusters and 
changes in microglia morphology were clearly observed at 24 months, particularly 
in white matter areas like corpus callosum, anterior commissure, dorsal fornix, and 
cerebellar white matter, compared to 4-month-old mice (Fig. 2A). In addition to 
white matter-enriched regions, the cortex, hippocampus (Fig. 2A), hypothalamus, and 
spinal cord gray matter regions (data not shown) also showed changes in microglia 
morphology in aged (24 months) mouse brain. Microglia cell clusters (Supplementary 
Fig. 1B) and the presence of beaded structures in processes of Iba1-positive microglia 
(Supplementary Fig. 1B) were exclusively found in the aged (24 months) mouse brain.
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Mac-2, also known as LgalS3, expressed by phagocytic subpopulations of microglia 
(Rotshenker, 2009), was selectively detected in the white matter tracts of the aged 
brain, particularly in the corpus callosum, anterior commissure, and the cerebellar 
white matter (Fig. 2B). Gray matter regions, such as cerebral cortex did not express 
Mac-2 (LgalS3, Fig. 2B). Similar patterns of expression were also observed for Axl, 
CD36, CD16/32, CD11c, Trem2, and Dectin1 (Clec7a) in the genu of corpus callosum  
(Fig. 2C). All these proteins were highly expressed in the white matter of the aged brain.  
Microglia were isolated from white or gray matter-enriched brain regions, and checked 
for RNA expression of phagocytosis- and activation markers found in the weighted 
correlation network analysis (WGCNA) (Holtman et al., 2015). Axl, Cd36, Clec7a, 
LgalS3, and Apoe were all significantly higher expressed in the white matter of the aged 
mice (Fig. 2D). 

Neuroinflammation in the human brain starts during middle age in white 
matter regions 

In order to investigate whether the observed differences in white- and gray matter in 
terms of morphology and gene expression in mice also occurred in humans. Postmortem 
human brain tissues of young (27-33 years), middle-aged (51-56 years), and aged (70-87 
years) people were analyzed. The selected individuals were devoid of neurological 
conditions or inflammatory diseases around the period of death. Immunostaining 
for Iba1, CD45, HLA-DR, and CD68 was performed. Microglia stained with Iba1 
and CD45 were found in white and gray matter (data not shown). CD68, a protein 
associated with lysosomes, was selectively detected in microglia in white matter 

Figure 1. Gene expression change and increased phagocytic capacity in aged microglia, compared to 
young microglia. A Heatmap of pro-inflammatory genes in aged microglia vs. young mouse microglia. 
Functional annotation reveals genes upregulated in aged microglia to be involved in antigen processing 
and presentation (red cluster), interferon signaling (light blue cluster) and cytokine signaling (dark blue 
cluster) (n = 8); B Heatmap of genes involved in phagocytosis and lipid homeostasis in aged microglia 
vs. young microglia (n = 8); C Quantitative PCR validation of phagocytic genes in sorted microglia from 
young (white bars) and aged (black bars) mouse brain (n = 4);  D After purification, gated cells are CD11b 
high, CD45 intermediate, and F4/80 positive microglia. Antigen presenting molecules, CD14, TLR4, TLR1, 
CD80, CD83, and MHC II, are not higher expressed at the protein level in aged microglia (n = 5); E 
Increased autofluorescence of aged microglia; F Lipid-related scavenger receptor CD36 and complement 
receptor CD88 are found to be up-regulated in aged microglia (red) compared to young microglia (green) 
and higher than the corresponding isotype controls and autofluorescence values (derived from unstained 
cells) (n = 5); G The phagocytic capacity of acutely isolated microglia was investigated by means of live 
cell imaging using pHrodo coupled to bacterial particles (n = 4); H Quantification of the time to reach 
half maxima during phagocytic response of acutely isolated microglia from young and aged mouse brains. 
The aged microglia need less time to reach the half maxima. Each depicted experiment is representative of 
four independent experiments that yielded similar results. 
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regions, such as corpus callosum, cerebellar white matter, and cortical white matter  
(Supplementary Fig. 2C, G, I compared to B, H; low magnification overview 
in supplementary Fig. 2A). HLA-DR, a molecule involved in antigen 
presentation, was restricted to white matter tracts within the same brain regions  
(Supplementary Fig. 2F, J, L compared to E, K; Low magnification overview in 
supplementary Fig. 2D). The expression levels of CD68 and HLA-DR increased with 
age in cortical and cerebellar white matter (Fig. 3A). Quantification of immunostaining 
showed an increase with age and regional microglia activation (Fig. 3B).

To further investigate the regional difference of microglia activation in the middle-
aged people, microglia activation was determined by quantifying the extent of 
radioactive ligand [11C]-PK11195 binding using PET imaging. The PET images 
displayed an axial plane of the human brain, showing the binding of [11C]-PK11195 in 
the white matter of young and middle-aged healthy volunteers. The images (axial view) 
represent the average [11C]-PK11195 uptake in the white matter of 7 young (Fig. 4A) 
and 7 middle-aged (Fig. 4B) healthy volunteers 50-60 min post-injection. The axial 
images clearly showed average [11C]-PK11195 uptake increased in the white matter 
of the aged brain already during middle age. Positive correlation was observed in  
[11C]-PK11195 binding in the corpus callosum upon aging (Fig. 4C). The binding 
of [11C]-PK11195, indicative of neuroinflammation, was significantly higher in  
the corpus callosum of middle-aged subjects than in young subjects (3.14 ± 0.51 vs. 
2.31 ± 0.72; p < 0.05) (Details in Table 6).

Comparison of microglia activation upon systemic inflammation and LOAD 

To evaluate the neuroinflammation status in aging and AD, we firstly investigated 
brain sections from people who died of acute inflammatory diseases, which were 
used as positive controls for the further study. In addition, we compared the young 

Figure 2. The change of microglial gene expression during aging mainly occurs in the white matter of 
mouse brain. A Iba1 staining coupled to Luxol fast blue staining in young and aged brains. Comparison 
of the density of microglia in the cortex, hippocampus and white matter regions, such as corpus callosum 
(CC), anterior commissure (AC), cerebellar white matter, and dorsal fornix; B Mac-2 staining together with 
luxol fast blue staining show increased Mac-2 positivity in the white matter of aged compared to young 
brain. Increased Mac-2 positivity is observed in white matter tracts including corpus callosum, anterior 
commissure, and cerebellar white matter; C The increased expression of genes involved in microglia 
phagocytosis and activation (Axl, CD36, CD16/32, CD11c, Trem2, and Dectin1) is found specifically 
in the white matter of aged brain (24 months, n = 3), compared to young brain (4 months, n = 3); D 
Quantitative PCR evaluation of microglia phagocytic genes associated with aging (4 months, n = 4; 24 
months, n = 4). Increased expression of phagocytic markers (Axl, Cd36, Clec7a, LgalS3, and Apoe) in 
microglia isolated from white matter enriched brain regions. GM = gray matter, WM = white matter. Scale 
bar: A-C = 100 µm. 

non-demented control group (Braak stage 0-I) with a group of LOAD tissue samples 
(Braak stage V-VI). For each group, we compared the expression of Iba1, HLA-DR, 
and CD68 between the patients who died of acute inflammatory disease and those who 
died without systemic inflammation (Supplementary Fig. 3A). In the non-demented 
group, white-matter microglia of samples with acute infection showed deramified 
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morphology (Supplementary Fig. 3A) and expressed significantly higher levels of Iba1 
and CD68. However, the expression of HLA-DR did not change significantly in the white 
matter between acute-inflammation- and non-inflammation groups (Supplementary 
Fig. 3B). In the LOAD group, the expression of Iba1, HLA-DR, and CD68 was 
not significantly different between inflammation- and non-inflammation groups  
(Supplementary Fig. 3B). In conclusion, these data indicate that acute inflammation in 
addition to neurodegeneration did not further alter microglial morphology.

Increased microglial immunoreactivity in the white matter of early-onset 
AD brains

To investigate the effect of AD pathology on microglial immunoreactivity in white 
matter in relation to age, we compared the immunostaining between EOAD, LOAD, 

Table 6. Binding potential of [11C]-PK11195 in different brain regions of young and mid-aged brains

Brain region
Young 
Average

Young 
SD

Middle-aged 
Average

Middle-aged 
SD P-value

Amygdala 1.42 0.35 1.79 0.37 0.090
Basal ganglia 1.26 0.21 1.65 0.73 0.238
Cerebellum 0.92 0.19 1.47 1.06 0.242
Cingulum 1.21 0.32 1.52 0.59 0.278
Frontal cortex 1.55 0.65 1.82 1.13 0.591
Hippocampus 1.14 0.29 1.47 0.39 0.094
Insula 1.04 0.13 1.19 0.29 0.228
Occipital cortex 1.68 0.81 1.36 0.28 0.381
Parietal cortex 1.72 0.88 1.28 0.22 0.262
Temporal cortex 1.05 0.28 1.21 0.21 0.279
Thalamus 1.04 0.27 1.16 0.42 0.566
Mesencephelon 1.51 0.51 2.05 1.23 0.307
Pons 1.31 0.37 1.89 0.59 0.051
Corpus callosum_total 2.69 0.92 3.64 0.63 0.045
Corpus callosum_trunk 2.31 0.72 3.14 0.51 0.038
Corpus callosum_splenium 3.52 1.16 4.34 1.23 0.223
Corpus callosum_genu 2.79 1.03 4.42 1.99 0.078
White matter 1.73 0.60 1.79 0.40 0.829

Figure 3. Age-associated immunoreactivity increases in CD68 and HLA-DR. A Immunostaining for 
CD68 and HLA-DR in young, middle aged, and aged human brain. The regions are cortex and cerebellum. 
The boundary between white and gray matter regions is drawn in green. B Quantification of immunostaining 
for CD68 and HLA-DR shows clear differences in white matter compared to corresponding gray matter 
within the same brain region. Changes in white matter start in middle aged samples (Young, n = 3; middle 
aged, n = 6; Aged, n = 6). Scale bar: A = 200 µm, insert = 25 µm.
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and age-matched controls. Patients with inflammatory diseases prior to death were 
excluded. We investigated microglial activity in the white matter of frontal cortex and 
entorhinal cortex. Interestingly, white matter microglia in both regions of EOAD tissues 
showed significantly increased expression of Iba1, HLA-DR, and CD68, compared to 
age-matched controls (Fig. 5B). To check the effect of aging on microglia activity, we 
studied the white matter of healthy old control tissues, which showed upregulated 
expression of Iba1, HLA-DR, and CD68, compared to healthy young control tissues 
(Fig. 5B). To investigate the combined effect of aging and AD pathology on white 
matter pathology, we further compared the expression of Iba1, HLA-DR, and CD68 
between LOAD and healthy old control groups. Interestingly, there was no significant 
difference between these two groups (Fig. 5B). In summary, aging and AD-related 
pathology may increase microglia activity separately, but the combined effect is not 
additive. Aging- and AD-related microglial activation are morphologically similar.

Figure 4. PET studies using [11C]-PK11195 to localize age-associated microglial activation in white 
matter. Axial image of the human brain showing white matter [11C]-PK11195 average uptake in (A) young 
and (B) middle aged healthy volunteers (n = 7); C Positive correlation between [11C]-PK11195 binding 
potential (BPP) in the total corpus callosum and age of subjects. 

Figure 5. White matter immunoreactivity in Iba1, HLA-DR and CD68 increases in early-onset AD, but 
not in late-onset AD. A Transentorhinal cortex (EC) and frontal cortex (FC) sections of early-onset AD 
(Braak stage V-VI, n = 5), late-onset AD (Braak stage V-VI, n = 4) and their age-matched controls (Braak 
stage 0-I; Young control n = 13; Old control n = 3) are immunostained for Iba1, HLA-DR, and CD68. B 
Quantification of positive pixels of Iba1, HLA-DR, and CD68 staining shows that the expression of Iba1, 
HLA-DR and CD68 increases in early-onset AD, compared to age-matched controls.  There is no significant 
differences of Iba1, HLA-DR, or CD68 expression between the late-onset AD and age-matched control 
group (Nonparametric test: Mann-Whitney test, *p < 0.05, **p < 0.01, mean ± s.e.m). Scale bar: A = 40 μm.
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DISCUSSION 
In this study, we investigated age- and AD-related neuroinflammation in the white 
matter of both mice and humans. Upon aging, microglia activation (an indicator of 
neuroinflammation) was increased specifically in white matter regions in both mice 
and humans. The presence of activated microglia during aging in humans was also 
examined using PET scanning. The findings reveal that white matter is strongly 
affected both in aging and AD pathology. The regional phenotypic change of microglia 
in white matter may be of special relevance for the mechanism of brain aging. Whereas 
cognitive dysfunction during aging has been proposed to be due to neuronal loss, 
modern stereotactic approaches have shown limited neuronal death in the aged brain 
(Bishop et al., 2010; Burke and Barnes, 2006; Rock, Kenneth L; Kono, 2008). The white 
matter tracts in the brain serve for functional connectivity and speed of processing. 
Compromised white matter integrity during aging can, therefore, affect cognition 
markedly (de Lange et al., 2016). Microglia as sentinels of the brain show early 
alterations in white matter, and therefore draw attention to changes in the white matter 
of the aging brain. In AD patients, the upregulation of proinflammatory cytokines, 
chemokines, and other immune mediators has been associated with neuropathology 
(Griffin et al., 1989; Ojala et al., 2009; Xia et al., 1998). Interestingly, the increased 
expression of immune factors may precede AD-like pathology (Krstic et al., 2012). Our 
research, for the first time, shows increased microglia-induced neuroinflammation in 
the white matter of EOAD, compared to age-matched young controls. Interestingly, 
the microglia-induced neuroinflammation did not increase in the white matter of 
LOAD compared to aged-matched control individuals.

We performed the mRNA expression analysis of microglia isolated from young and 
aged mouse brains. As expected for aging brain tissue (Luo et al., 2010), the expression 
of pro-inflammatory genes involved in antigen presentation, interferon-, cytokine-, 
and chemokine signaling, and phagocytosis were enhanced in aged microglia. This 
gene expression pattern suggests that, during aging, the brain changes from a state 
of homeostatic equilibrium to a proinflammatory state. However, the activation 
of microglia is a graded process depending on the nature and extent of injury. 
The aging-related phenotype of microglia correlates with enhanced sensitivity for 
proinflammatory stimuli referred to as “immune primed” (Perry et al., 2007). Our data 
shows that the upregulation of pro-inflammatory transcripts is present at the RNA 
level, but not at the protein level. This suggests that, while microglia are in a “prepared” 
state at the RNA level, active translation or functional consequence is not initiated in 
the absence of an additional stimulus. 

Several phagocytic receptors, including CD36, CD16/32, Axl, Dectin 1, and Trem2 
are upregulated in white matter microglia. Scavenger receptor CD36 is involved 
in inflammatory responses to many ligands [e.g., lipids, amyloid β, and bacteria 
(Silverstein et al., 2010)]. Fc gamma receptors (i.e., CD16 and CD32) show multiple 
functions in a number of cellular responses including the release of inflammatory 
mediators, cytotoxic triggering, cell activation, and the phagocytosis of antibody-coated 
particles (Nagarajan et al., 1995). Axl is an inflammatory response receptor involved 
in the clearance of apoptotic cells, and its expression is induced by proinflammatory 
stimuli (Zagorska et al., 2014). Dectin 1 is a pattern-recognition receptor which can 
detect β-glucans in fungal cell walls (Goodridge et al., 2011). Trem2-mediated signaling 
has been shown to be responsible for regulating phagocytosis and lipid catabolism 
in vivo (Poliani et al., 2015). In our study, acute isolation of microglia from young 
and aged mouse brains shows that aged microglia phagocytose at a faster rate than 
young microglia, although the maximal amount of particles that can be phagocytosed 
by young and aged microglia is similar. Interestingly, other studies have convincingly 
shown that in aged microglia the phagocytosis of amyloid-β is impaired (Floden and 
Combs, 2011; Njie et al., 2012). Studies which investigated phagocytosis in vivo have 
shown exciting new functions for microglia, and this approach might reveal interesting 
insights for aging microglia as well (Sierra et al., 2013). 

In line with previous findings, we observed that, in human white matter, 
the activation of microglia was already detected at middle age (Brickman et al., 
2006; Salat et al., 2005). A large gene expression study in the aging human brain 
also showed upregulation of neuroinflammation-associated genes at middle age (Lu 
et al., 2004). Interestingly, cognitive decline in humans has been reported to begin 
as early as at the age of 45 years (Singh-Manoux et al., 2012). PET imaging using 
the radioactive ligand [11C]-PK11195 for translocator protein (TSPO) located on 
the outer mitochondrial membrane of glial cells (Casellas et al., 2002), has been used 
to study neuroinflammation in a variety of conditions (Stephenson et al., 1995; Venneti 
et al., 2009; Vowinckel et al., 1997). In the current study we investigated young and 
middle-aged subjects, but a systematic investigation in a large extended cohort of aged 
human subjects above 75 years old is required to fully confirm our findings. Currently, 
a proper correlation between the cognitive performance, and the BPP in the white 
matter of middle-aged individuals is still lacking. A longitudinal study with repeated 
measurements of cognitive performance and BPP of [11C]-PK11195 in different regions 
of the middle-aged control brain would be of interest in this matter.

Our study shows increased microglia-induced neuroinflammation in the white 
matter of EOAD, compared to young controls. Previous imaging studies showed white 
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matter atrophy and degeneration in EOAD patients in the genu, body, and the splenium 
of corpus callosum, fornix, and main anterior-posterior pathways (Caso et al., 2015; 
Migliaccio et al., 2012), which is consistent with the white matter pathology observed 
in our study using immunohistochemistry. Interestingly, in a study using diffusion-
tensor MR imaging subtle changes along the white matter tracts in AD patients were 
detected (Caso et al., 2015). This would mean that white matter abnormalities could be 
an early marker that possibly precedes gray matter atrophy, particularly in EOAD (Caso 
et al., 2015), as well as in healthy aging. Previous studies in mild cognitive impairment 
patients clearly indicated that white matter changes could be detected even before 
the development of cortical atrophy (Agosta et al., 2011; Maier-Hein et al., 2015). 
Detection of neuroinflammation at an early stage might serve as a good predictor for 
the onset of dementia and neurodegeneration in EOAD. Clearly, our present study 
using immunohistochemistry to investigate the post-mortem samples has limitations 
to answer whether the occurrence of neuroinflammation in the white matter is indeed 
the initiator of the cognitive decline in EOAD. To address this question in future, it 
will be necessary to conduct a long-term study (including neuroimaging and cognitive 
studies) on the carriers of EOAD mutations at the preclinical stage. 

In contrast to EOAD, the expression of Iba1, HLA-DR, or CD68 in the white 
matter of LOAD brain is not significantly higher than that in age-matched controls. 
The different underlying mechanisms of EOAD and LOAD may explain the difference 
in the contribution of the neuroimmune system to AD pathology. Early-onset familial 
AD patients carry mutations in three genes, which encode amyloid precursor protein 
(APP), presenilin-1 (PS1), and PS2. These mutations can change the APP metabolism 
profoundly, and lead to overexpression and aggregation of Ab. However, in LOAD, 
recent genome-wide association studies have found risk genes (e.g., Trem2, CD33) 
relating to microglia phagocytosis in the innate immune system. The mutations of 
Trem2 and CD33 will lead to reduced Aβ clearance and an increased inflammatory 
response (Griciuc et al., 2013; Hickman and El Khoury, 2014). The chronic 
inflammatory response may cause the dysregulation of clearing misfolded neuronal 
proteins which accumulate during aging (Krstic and Knuesel, 2013). The relationship 
between white matter changes and cognitive functions in LOAD is a matter of debate, 
and neuroimaging studies have shown conflicting results. A few studies have reported 
a significant correlation (Diaz et al., 1991; Stout et al., 1996), whereas others have failed 
to find any relationship in AD (Brilliant et al., 1995; Hirono et al., 2000; Leys et al., 
1990). In our study, the non-significant change in the white matter of LOAD and aging 
brains supports the latter notion that cognitive decline in LOAD is not associated with 
white matter change. 

Until now, the systematic evaluation of white matter neuroinflammation in 
relation to aging and neurodegeneration has received much less attention than gray 
matter neuroinflammation. Postmortem AD brain samples analysis, together with 
the information of premortem cognitive status and the presence of neuritic plaques, 
has shown that microglia activation is more prominent in white matter than in grey 
matter at early clinical dementia stages [i.e., Clinical Dementia Rating (CDR) score: 
0, non-demented; 0.5, questionable dementia](Xiang et al., 2006). With progressive 
increase in plaque pathology and the worsening of clinical dementia symptoms, 
microglia activation becomes comparable in both white- and gray matter (Xiang et al., 
2006). Here, we provide evidence of increased microglia-induced neuroinflammation 
in the white matter of aging and AD brains. With the fast development of 
neuroimaging techniques and novel imaging-based, CSF-based biomarkers (Humpel, 
2011; Varrone and Nordberg, 2015; Zhang, 2015), the detection of microglia-induced 
neuroinflammation in the white matter may identify reliable markers to monitor 
disease onset, progression, and therapeutic efficacy.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Increased expression of Iba1 in the white matter during aging. A Immunostaining 
of Iba1 showed changes in microglia morphology with increasing age (2 months; 13 months; 24 months; 
27 months) in gray matter (GM) of cerebral cortex and white matter (WM) of corpus callosum (CC)  
(n = 3). White matter microglia showed progressive changes from age 13 months, while gray matter 
microglia begin to change at age 24 months; B Iba1 staining showed clusters of microglia in the aged 
brain, while such clustering is absent in young brain. Spheroids frequent in processes of aged microglia in 
the white matter visualized with Iba1 staining; Scale bar: A = 100 µm, B = 50 µm.
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Supplementary Figure 2. Immunohistochemical staining with CD68 and HLA-DR in the aged brain. 
Representative immunohistochemical staining for CD68 (A-F) and HLA–DR (G-L) in the cortex, 
cerebellum, and corpus callosum (CC) of aged brain. Increased staining for CD68 in white matter 
compared to gray matter (C compared to B; G, I compared to H). Increased staining for HLA-DR in white 
matter compared to gray matter (F compared to E; J, L compared to K). Scale bars:  A, G = 200 μm; B-F,  
H-L = 100 μm.

Supplementary Figure. 3 Systemic inflammation increases the expression of Iba1 and CD68 in the white 
matter of non-demented brain. In order to detect neuroinflammation, brain sections of patients who died 
of acute inflammatory diseases were applied as positive controls. A Transentorhinal cortex (EC) sections 
and frontal cortex (FC) of non-demented subjects (Braak stage 0-I) and late-onset AD patients with/without 
acute systemic inflammation were immunostained for Iba1, HLA-DR, and CD68. B The positive pixels of 
Iba1, HLA-DR, and CD68 staining in the white matter were compared between subjects with systemic 
inflammation and those without systemic inflammation. In non-demented subjects (Braak stage 0-I), 
Iba1 and CD68 increased in patients with systemic inflammation. The difference in HLA-DR expression 
between subjects with and without systemic inflammation did not reach significance. In the late-onset AD 
group, no significant differences of Iba1, HLA-DR or CD68 expression between subjects with and without 
systemic inflammation were noted (Nonparametric test: Mann-Whitney test, *p < 0.05, mean ± s.e.m). 
Scale bar: A = 40 μm.
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ABSTRACT
Rodent models of aging and obesity are characterized by inflammation in specific 
brain regions, notably corpus callosum, fornix, and hypothalamus. Microglia play an 
important role in immune responses and physiology of the central nervous system 
(CNS). However, the effect of diet and lifestyle including exercise on microglia during 
aging is poorly understood. Here we report on microglia functional phenotypes in 
different brain regions of mice fed with high-fat diet (HFD) or low-fat diet (LFD) during 
aging and in reaction to exercise. We compared the expression levels of genes involved 
in immune response, phagocytosis, and metabolism in hypothalamic microglia 
of 6-month-old HFD- and LFD mice. We also compared the immune response of 
microglia from HFD or LFD mice to peripheral inflammation [intraperitoneal (i.p.) 
injection of lipopolysaccharide (LPS)]. Finally, we investigated the effect of diet, 
physical exercise, and calorie restriction on microglia in 24-month-old HFD- and LFD 
mice. We observed that changes of diet led to morphological changes of microglia, 
but did not alter the microglial reaction towards systemic inflammation. Expression 
of phagocytic markers (i.e., Mac-2, Dectin 1, and CD16/CD32) in the white matter 
microglia of 24-month-old brain was markedly decreased in LFD mice combined with 
calorie restriction, which might be an underlying mechanism for the protective role of 
calorie restriction during aging decline.

INTRODUCTION
Aging and obesity are worldwide health issues affecting millions of people (Han et al., 
2011). Both aging and obesity are associated with chronic low-grade inflammation that 
is associated with multisystem diseases (Lumeng and Saltiel, 2011; Woods et al., 2012). 
Aging and obesity could interact with each other and aging is considered as a pro-
obesogenic factor, which is associated with age-related metabolic decline characterized 
by changes in fat distribution, obesity, and insulin resistance (Gabriely et al., 2002). 
A previous study also suggested that obesity can aggravate age-related decline 
in physical function and cause frailty (Villareal et al., 2005). A number of obesity-
associated comorbidities such as type 2 diabetes (Eckel et al., 2011), hypertension 
(Kotsis et al., 2010), and cardiovascular disease (Poirier et al., 2006) may ultimately 
contribute to premature aging and shortened lifespan. Metabolic dysfunction and 
obesity are associated with learning and memory impairment in early old age (Sabia et 
al., 2009; Singh-Manoux et al., 2012). It has been suggested that a high-fat diet (HFD) 
promotes the progression of obesity (Golay and Bobbioni, 1997). Thus, investigating 
the pathological alterations of HFD in aging brain will help to better estimate the role 
of obesity in neurodegeneration in the elderly. 

The brain has for long been viewed as an immune privileged organ with limited 
access for peripheral immune signals. However, the differently structured blood-brain 
barrier in the hypothalamic arcuate nucleus-median eminence (ARC-ME) complex 
allows more blood-borne signals to enter the brain (Gross, 1992). Microglia, CNS 
immune cells, play a pivotal role in chronic inflammation observed in aging (Norden 
and Godbout, 2013) as well as metabolic diseases such as obesity (Kälin et al., 2015). 
Previous work from our group showed that aged mouse microglia are more pro-
inflammatory, phagocytic and have altered lipid metabolism. Increased inflammation 
in the aging brain is most predominant in the white matter, e.g., loss of myelinated 
fibers, malformation of myelin sheaths (Gunning-Dixon et al., 2009), and increased 
expression of CD68 (lysosome) and MHC II (antigen presentation). In addition to 
aging, a high fat diet also induces brain inflammation (Zhang et al., 2008). Young 
wild-type mice on HFD for a short-term show an increase in microglia numbers 
and proinflammatory factors in ARC-ME areas (Gao et al., 2014; Thaler et al., 2012), 
without an effect on body weight (Gao et al., 2014). Clearly HFD may cause central 
leptin- (Enriori et al., 2007; Münzberg et al., 2004) and insulin resistance (De Souza 
et al., 2005), which leads to an increase in food take and hepatic glucose production 
(Pocai et al., 2005), a reduction in energy expenditure, culminating in obesity, diabetes, 
and cardiovascular disease (Thaler and Schwartz, 2010). A recent study reported mixed 
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pro- and anti-inflammatory response in the hypothalamus during a prolonged period 
of HFD (Baufeld et al., 2016). Thus, our understanding of the CNS immune response 
towards HFD is obviously not complete. 

Lifestyle, e.g., diet pattern, physical exercise, may considerably impact aging 
phenotypes (Akbaraly et al., 2013; Woods et al., 2012) and indeed calorie restriction 
has a preventive effect on age-related chronic diseases (Heilbronn and Ravussin, 2003) 
and accelerated aging (Vermeij et al., 2016). The neuroprotective mechanisms of 
calorie restriction may include: 1) upregulation of brain-derived neurotrophic factor 
(BDNF) (Stranahan et al., 2009) and heat shock proteins, such as HSP-70 (Yu and 
Mattson, 1999); 2) increased resistance to neuronal excitotoxic damage (Bruce-Keller 
et al., 1999); and 3) inhibition of age-related lipid peroxidation increase and antioxidant 
decline (Sharma and Kaur, 2005; Sohal and Weindruch, 1996). MRI experiments show 
that calorie restriction can also attenuate age-related deterioration in white matter 
(Bendlin et al., 2011). There is also growing evidence suggesting that physical exercise 
could induce the loss of adipose tissue, decrease the expression of systemic markers 
of inflammation (Woods et al., 2012), upregulate the level of BDNF (Stranahan et al., 
2009), and increase hippocampal neurogenesis (Van Der Borght et al., 2009; Van Praag 
et al., 1999), which may be the underlying mechanism for improving memory, attention, 
and protecting aging brain from cognitive decline (Ma et al., 2017). Microglia play an 
essential role in the dynamic communication between neurons and microglial immune 
response towards disease and injury in the CNS. However, the function and phenotype 
of microglia under calorie restriction and physical exercise are still poorly understood.

The aim of this study is to investigate the effects of diet pattern, aging, calorie 
restriction, and physical exercise on microglia in a basal and inflammatory state 
induced by LPS in mice. In different regions of the brain, microglia were phenotyped 
according to their gene expression profile, expression of phagocytosis markers  
and morphology. 

MATERIALS AND METHODS
Mice

Adult mice of different ages were used and kept under specific pathogen-free 
conditions on a 12-h light/dark cycle. Animals were housed under standard conditions 
(temperature, humidity, and ventilation). Table 1 describes the experimental design 
(i.e., animal strain, age, exercise, and diets) of this study in detail. All animal work 
was approved by the Animal Ethics Committee of University of Groningen, and 
adhered to the European Directive (2010/63/EU) on the protection of animals used for  
scientific purposes. Ta
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LPS injection 

HFD and low-fat diet (LFD) mice (6 months) were injected intraperitoneally (i.p.) 
with 1 mg/kg LPS (Sigma-Aldrich, L4391) or phosphate buffered saline (PBS). After 
3 h, animals were anesthetized and perfused with 0.9% saline. Then the brains were 
separated and used for two purposes: 1) acute microglia isolation from total brain 
and RNA extraction (n = 5); 2) hypothalamus separation and RNA extraction from 
the hypothalamus (n = 5). 

Acute isolation of microglia and cell sorting

Total brain (n = 5) was mechanically homogenized in HBSS with 0.6% glucose and 7.5 
mM HEPES, and then centrifuged at 220 RCF for 10 min. The pellet was resuspended 
in a mixture of 22% Percoll (GE Healthcare, 17-0891-01), 77% myelin gradient buffer 
(5.6 mM NaH2PO4.2H2O, 20 mM Na2HPO4.2H2O, 140 mM NaCl, 5.4 mM KCl, 11 
mM Glucose) and 40 mM NaCl, and centrifuged for 20 min at 950 RCF. The pellet 
was incubated with phycoerythrin (PE)-coupled rat anti-mouse CD11b (Clone M1/70, 
eBiosciences), fluorescein isothiocyanate (FITC)-coupled rat anti-mouse CD45 (Clone 
30-F11, eBiosciences). Microglia were defined as CD11bposCD45intDAPIneg, and sorted 
using BD FACSAria II (BD Biosciences). 

Primary Microglia Culture and LPS stimulation

Primary microglia culture was prepared from brains of postnatal day 1 wild-type 
C57BL/6 mice (both female and male pups) as previously described (Schaafsma 
et al., 2015). Briefly, after the removal of the meninges and brain stem, the brains 
were triturated and washed in medium A {HBSS with 0.6% glucose [D-(+)-Glucose 
solution, Sigma, G8769], 15 mM HEPES buffer (Lonza BE17-737E), 1% penicillin/
streptomycin}. The minced brains were incubated in 2.5% trypsin at 37 ˚C for 20 
min. The enzymatic reaction was stopped by adding trypsin inhibitor medium, and 
followed by washing with medium containing medium A, 10% fetal calf serum (FCS), 
and 0.5 μg/ml DNaseI. Cells were triturated using a glass pipette in 25 ml normal 
medium (Dulbecco’s Modified Eagle Medium, Lonza, BE12-707F, 10% FCS, 1 mM 
sodium pyruvate, Gibco, 11360-070, and 1% penicillin/streptomycin), and centrifuged 
at 960 rpm at 12°C for 12 min. The supernatant was removed, and then the pellet was 
resuspended and plated as 1.5 brains per T75 culture flask in DMEM supplemented 
with 10% FCS. After 7 days of culture, 5 ml L929 fibroblast-conditioned medium was 
added to 10 ml culture medium per flask to stimulate microglia proliferation. After 
around 10 days of culture, astrocytes reached 100% confluence, and microglia were 
harvested at the 14th day by shaking the flask for 1 h at 150 rpm in a shaking incubator. 

Microglia were then seeded to 6-well plates, and cultured in above-mentioned normal 
medium and medium collected from the mixed glial cultures in a ratio of 1:1 at 
37°C incubator containing 5% CO2. Cultured microglia were stimulated with leptin 
[recombinant mouse leptin protein, (1 µg/ml, R&D, CF 498-OB-01M)] for 24 h, and 
then followed by 100 ng/ml LPS stimulation for 4 h.

RNA isolation and RT-PCR 

RNA from sorted microglia and cultured microglia was extracted using RNeasy 
Plus Micro Kit (Qiagen, 74034), while RNA from hypothalamus was extracted using 
RNeasy Plus Mini Kit (Qiagen, 74134). After RNA isolation, reverse transcription PCR 
(RT-PCR) was performed using Applied Biosystems Gene Amp 9700 thermal cycler, 
and quantitative PCR was performed as previously described (Raj et al., 2014). See 
primer information of supplementary Table 1.

Tissue sampling for immunohistochemistry

Animals (details are shown in Table 1), were sacrificed and transcardially perfused 
with saline. Brains were separated, then snap frozen in liquid nitrogen or 4% 
paraformaldehyde (PFA) in PBS fixed for 1 day (details are shown in Table 1), 
dehydrated with 25% sucrose in PBS overnight at 4 ºC, and then frozen at -50ºC. All 
the samples were stored at -80ºC.

Immunohistochemistry 

Sections (30 μm) of mouse brain were pre-incubated in 0.3% H2O2, and then in 10% 
serum. Sections were incubated overnight at 4°C with primary antibodies: Iba1 
(1:1000, WAKO, 019-19741) and Mac-2 (1:1000, Cedarlane, CL8942AP). After PBS 
washing, sections were incubated first with biotinylated goat anti-rabbit IgG for 1 h 
(1:400, Vector Laboratories, BA-1000) or biotinylated rabbit anti-rat IgG for 1 h (1:400, 
Vector Laboratories, BA-4001), then in avidin-biotin-peroxidase complex (Vector 
Laboratories, PK-6100) for 30 min, finally visualized with 3, 3’-diaminobenzidine 
(DAB, Sigma, D-5637). 

Brain sections (14 μm) from snap-frozen mouse brains were used for detecting 
the following antibodies: Dectin-1 (1:100, AbDSerotec, MCA2289) and CD16/
CD32 (1:100, eBioscience, 14-0161-82). Sections were acetone-fixed for 10 min, pre-
incubated for 15 min in Peroxidase Blocking Reagent (DAKO, K4009), and blocked for 
30 min in 5% fetal bovine serum. Sections were incubated for 2 h at room temperature 
with primary antibodies. For primary antibodies which were not raised in rabbit, 
sections were incubated with the secondary antibody which was raised in rabbit for 
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another hour. Next, sections were incubated for 30 min with labeled polymer-HRP 
anti-rabbit (DAKO, K4009). The complex was visualized after 10-min incubation with 
3-amino-9-ethylcarbazole (AEC) substrate-chromogen solution (DAKO, K4009), and 
counterstained with hematoxylin.

Imaging analysis

Immunohistochemically stained sections were imaged using a Hamamatsu 
Nanozoomer (Hamamatsu Photonics). The images of AEC-stained sections (Fig. 5) 
were analyzed with the positive pixel count algorithm (Imagescope). 5-10 pictures 
(20x magnification) from the internal capsule were quantified for each sample (n = 
4-7). The average positive pixels were compared among different groups. The images of 
DAB-stained sections (Fig. 1) were analyzed using Image J. The cell number of cortex, 
hypothalamus, and cerebellum of each sample was counted (n = 3-4). The cell soma 
of around 200-600 cells was calculated for each region (cortex, hypothalamus, and 
cerebellum) of different ages (6 mo, 9 mo, and 12 mo).

Plasma assays

The peripheral blood of mice fed with HFD or LFD was collected.  The concentration 
of leptin in the plasma was measured (n = 8-10) at multiple time points (i.e., week 2, 6, 
10, 16, 26, 32, 42, and 46). The body weight of the mice (n = 12-16) was also measured 
at multiple time points (i.e., week 2, 6, 10, 12, 16, 20, 24, 28, 32, 36, 42, 46, 48, and 50).

Statistical analysis

Data were analyzed using GraphPad Prism software. For comparison of two different 
groups, a two-tailed Student’s t-test was used. Comparisons of multiple groups were 
analyzed by one-way analysis of variance (ANOVA) followed by post-hoc analysis 
using Bonferroni’s multiple-comparison test. The significance was asserted as * p<0.05, 
** p<0.01, *** p<0.001. 

RESULTS
HFD augments the aging-induced increase in microglial cell number and 
morphological changes

Microglia number and the cell soma area have been used before to assess 
the morphological phenotype of microglia in aging human brain (Torres-Platas et al., 
2014). Previously, it was observed that mice show a significant increase in the number 
of microglia in the hypothalamic ARC  region after 4 and 16 weeks of HFD (42% 
fat), which was accompanied by an increase in cell size (Valdearcos, 2014). A similar 

increase in microglia number in the hypothalamus was observed in HFD (60% fat) mice 
after 8 weeks (Baufeld et al., 2016). Here we set out to evaluate regional differences in 
the number and body size of microglia at the age of 6-, 9-, and 12 months. For this, Iba1 
immunohistochemistry was performed on brain sections from 6-, 9-, and 12-month-
old HFD (45% fat) and LFD (10% fat) mice (Fig. 1A). Differences in microglia number 
and phenotype between HFD and LFD mice were assessed in the cortex, hypothalamus, 
and cerebellum (Fig. 1B, C). In the cortex, microglia numbers were relatively constant 
both in LFD and HFD mice, only a small, but non-significant increase in cell number 
was observed in HFD mice at 12 months of age (Fig. 1B). However, the soma surface of 
cortical microglia increased significantly in HFD mice at 9 and 12 months, compared 
to LFD mice (Fig. 1C). In the hypothalamus, microglia numbers increased significantly 
in both HFD and LFD mice at 12 months of age compared to 6-month-old mice. HFD 
mice showed a significantly higher number of microglia compared to age-matched 
LFD mice at 12 months (Fig. 1B). No significant changes were observed between HFD 
and LFD mice in the soma size of hypothalamic microglia (Fig. 1C). In the cerebellum, 
microglia numbers were significantly increased in 12-month-old mice compared to 
6-month-old mice for both HFD and LFD mice. At 12 months of age, HFD mice 
showed a higher number of microglia compared to their age-matched LFD controls, 
although it did not reach statistical significance (Fig. 1B). Microglia soma area in both 
LFD and HFD mice increased with age, and HFD mice showed significantly increased 
cell body area at the age of 9 and 12 months when compared to their age-matched LFD 
controls (Fig. 1C). 

The effect of HFD on LPS-induced gene expression in total brain microglia

To assess if HFD affects the microglia response to proinflammatory stimuli, microglia 
were isolated from total brains of 6-month-old LFD and HFD mice, which were i.p. 
injected with either PBS or LPS (1 mg/kg). The expression levels of pro-inflammatory-, 
phagocytic- and immune responses, and energy metabolism markers in microglia 
were determined 4 h after injection with PBS or LPS. The basal expression of pro-
inflammatory genes Il-1β, Tnf-α, and Il-6 did not show significant differences between 
HFD and LFD. After i.p. injection with LPS, as expected, a significant increase in 
proinfammatory gene expression was observed. However, this response was not 
significantly different between microglia from HFD and LFD mice (Fig. 2A). Expression 
levels of phagocytic markers, Axl and Lgals3 (Mac-2), and the acute activation marker 
Spp1, showed a similar expression pattern with increased expression induced after LPS 
injection but no significant differences between LFD and HFD conditions (Fig. 2B). 
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Figure 1. Microglia number and morphology in the cortex, hypothalamus, and cerebellum of HFD and 
LFD mice. A Representative brain sections of HFD and LFD mice at the indicated ages immunostained for 
Iba1, and counterstained with Cresyl violet. Iba1+ microglia in the cortex, hypothalamus, and cerebellum 
were analyzed. The number of microglia (B) and cell soma size (C) were compared between HFD animals 
and LFD animals at the indicated ages. In both HFD and LFD mice, the number of microglia was increased 
during aging. The number of microglia was significantly increased in the hypothalamus of 12-month-old 
HFD animals. In the cortex and cerebellum of HFD mice at 9 and 12 months, the size of  microglia somata 
was significantly increased (n = 3, Mean ± SEM., Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001). Scale 
bar: A = 100 µm.

Figure 2. Expression of immune-related genes by microglia isolated from LFD and HFD mice. 
6-month-old HFD and LFD animals were i.p. injected with LPS or PBS. Microglia were FACS isolated, 
RNA was extracted and quantified using RT-qPCR. RNA expression levels were normalized to Hmbs and 
the expression levels in PBS-injected LFD mice were set at 1. The gene expression was compared between 
HFD and LFD animals (with or without LPS injection). (A) proinflammatory cytokines (Il-1β, Il-6, and 
Tnf-α), (B) phagocytosis genes (Axl, Lgals3) and immune response gene (Spp1), and (C) energy metabolism 
genes (Apoe, Cybb). Genes were upregulated after LPS injection, but no significant difference between 
HFD+LPS and LFD+LPS samples was detected (n = 5, Mean ± SEM, one-way ANOVA with Bonferroni 
post hoc comparison).

For Apoe and Cybb, genes involved in energy metabolism and microglia-mediated 
neurotoxicity, a slight basal increase of expression was observed in HFD mice, whereas 
both in HFD and LFD mice LPS similar increased expression was observed (Fig. 2C).

The effect of HFD on LPS-induced gene expression in total hypothalamus 

In microglia isolated from total mouse brain no significant changes in LPS-induced 
inflammatory responses were observed in LFD and HFD mice. However, it is possible 
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that regional effects of LFD/HFD are obscured when analyzing total brain microglia. 
Indeed, previously, regional differences in inflammatory microglia responses have 
been observed. The hypothalamus is substantially affected by HFD (Gao et al., 2014; 
Thaler et al., 2012). Hence, a microglial gene expression profile of the hypothalamus 
was generated of 6-month-old LFD and HFD mice, which received an i.p. injection 
of PBS or LPS (1 mg/kg). LPS induced a significant increase in expression of 
the proinflammatory cytokines Il1β and Tnf-α in the hypothalamus of both HFD 
and LFD mice, but their expression was not significantly different between HFD and 
LFD mice (Fig. 3A). In addition, the expression of several other genes involved in 
the immune response was determined. The hypothalamus from HFD mice treated 
with LPS showed a non-significant higher expression of Cd44, Cryab, Sirpa, and Ifitm3, 
whereas a significantly higher expression of Ifitm2 was observed in the hypothalamus 
from LPS-injected HFD mice (Fig. 3B). No substantial differences in the hypothalamus 
were observed in the expression of phagocytic markers. LPS induced a similar, not 
significantly increased expression of Cd36, Axl, Clec7a (Dectin 1), and Lgals3 in 
the hypothalamus in both HFD and LFD mice (Fig. 3C). The metabolism-related gene 
Csf-1 was upregulated in LPS-injected HFD mice, compared to LPS-injected LFD mice, 
although the difference did not reach statistical significance (Fig. 3D).

Increases of leptin plasma levels do not induce hyperreactivity  
of microglia 

Peripheral effects in HFD or LFD mice were studied by measuring leptin and weight 
increase during 1 year. It was observed that upon HFD feeding, leptin plasma level was 
strongly influenced, peaking at 24 weeks of age [Fig. 4A, data has been published (Roel 
A van der Heijden et al., 2015; Roel A. van der Heijden et al., 2015)]. Interestingly, we 
already observed that hypothalamic microglia from HFD and LFD animals responded 
strongly to peripheral inflammatory signals at around 24 weeks (Fig. 3). We therefore 
evaluated the effect of leptin (1 µg/ml) on the inflammatory responses of cultured 
primary microglia. In primary microglia, LPS induced a significant upregulation of 

Figure 3. Expression of immune-related genes in the hypothalamus. 6-month-old HFD and LFD animals 
were injected i.p. with LPS or PBS, total RNA was extracted from the hypothalamus and analyzed using 
RT-qPCR. RNA expression levels were normalized to Hmbs and the expression levels in PBS-injected LFD 
mice were set as 1. The gene expression was compared between HFD and LFD animals with or without 
LPS injection. (A) proinflammatory cytokines (Il-1β and Tnf-α), (B) genes relating to immune response 
(Cd44, Cryab, Sirpa, Spp1, Ifitm3, Ifitm2), (C) phagocytic marker genes (Axl, Lgals3, Cd36, Clec7a), and 
(D) genes relating to metabolism (Apoe, Csf-1, Lpl, and Lrp12) (n = 5, Mean ± SEM, one-way ANOVA with 
Bonferroni post hoc comparison, *p < 0.05).
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the pro-inflammatory genes Il1β and Tnf-α. However, pretreatment with leptin for 24 
h did no  t affect the microglia LPS response (Fig. 4B).

Effects of running wheel exercise and calorie restriction on white  
matter pathology

Increased inflammation in the aging brain is most predominantly found in the white 
matter (Gunning-Dixon et al., 2009). However, the effect of long-term diet pattern 
and exercise on the aging brain and its white matter inflammation has not been 
assessed. We evaluated microglia numbers and -activation in white matter regions 
in 6-month-old and 24-month-old LFD and HFD mice. In addition, 24-month-old 
mice were subjected either to a lifelong running wheel paradigm or lifelong calorie 
restriction (Fig. 5). At the age of 24 months, both HFD and LFD mice showed increased 
expression of Iba1 as well as larger somata and shorter processes in the fimbria of 
the hippocampus. Clustering of microglia was also observed in fimbria (Fig. 5A). 
Interestingly, in LFD mice, calorie restriction completely prevented this increase in Iba1 

Figure 4. Leptin did not induce microglia hypersensitivity. A The plasma level of leptin of animals and 
the total body weight on a high-fat or low-fat ad libitum diet were measured multiple times during one 
year. The plasma level of leptin in HFD mice increased rapidly from week 10 to week 26, and decreased 
gradually from week 26 to week 52. B Primary mouse microglia were incubated with leptin (1 µg/ml) for 
24 h, followed by LPS stimulation (100 ng/ml) for 4 h. RNA expression levels were normalized to Hmbs 
and the expression levels in microglia without leptin or LPS treatment were set as 1. The gene expression 
of proinflammatory cytokines (Il-1β and Tnf-α) was compared between control and leptin pre-treated 
cells with or without LPS stimulation. Leptin pre-treatment had no significant effect on the LPS-induced 
expression of proinflammatory cytokines (n = 3, Mean ± SEM, one-way ANOVA with Bonferroni post  
hoc comparison). 

expression, whereas in HFD mice, calorie restriction had little effect. Subjecting mice 
to the running wheel paradigm also reduced the increase of microglial Iba1 expression 
in the fimbria of 24-month-old HFD and LFD mice (Fig. 5A). Microglial expression of 
the phagocytic marker Mac-2 in the fimbria was increased in both 24-month-old HFD 
and LFD mice when compared to 6-month-old mice. Similar to Iba1, the expression 
of the phagocytic marker Mac-2 (LgalS3) was completely diminished in 24-month-old 
LFD mice with calorie restriction, indicating that low-fat diet plus calorie restriction 
reduces microglia activation (Fig. 5B). In another prominent white matter brain region, 
the internal capsule, we quantified the expression of phagocytic markers Dectin 1 and 
CD16/CD32 in 24-month-old HFD- and LFD mice. These mice either had access 
to a running wheel or were subjected to calorie restriction (Fig. 5B-E). Remarkably, 
except for the LFD calorie restricted mice, in all other experimental groups a significant 
increase in the expression of Dectin 1 and CD16/CD32 in the white matter bundle was  
observed (Fig. 5D, E). 

DISCUSSION
Previous studies suggested that obesity is associated with synapse loss (Bocarsly 
et al., 2015), hypothalamic gliosis, and cognitive deficits (Kälin et al., 2015; Thaler 
et al., 2013). It was indicated that obesity could also be a facilitator and predictor 
of neurodegenerative diseases (Cai, 2013). In this study, we observed a marked 
effect of aging on microglia proliferation in hypothalamus and cerebellum. In HFD 
mice, the cell number and cell soma of microglia increased compared to their age-
matched LFD littermates, especially at the age of 9 and 12 months. These results are in 
accordance with previous studies. An increase in microglia cell number was observed 
in the hypothalamus of mice subjected to 20-week HFD (Valdearcos et al., 2014; 
Baufeld et al., 2016). The expression of inflammatory genes increases significantly in 
the cerebellum upon 16-week HFD, while those genes in cortex remained unchanged 
(Guillemot-Legris et al., 2016). 

Basal expression levels of pro-inflammatory, phagocytosis, immune response, 
and energy metabolism markers did not differ in microglia isolated from total brain 
tissue of HFD- and LFD mice. Furthermore, we show that microglial responsiveness 
to LPS did not differ between HFD- and LFD mice, in agreement with results observed 
previously (Baufeld et al., 2016). Previously, experiments in HFD mice have shown 
an increase the expression of pro-inflammatory cytokines and activation of NFκB 
in the hypothalamus (De Souza et al., 2005). Microglia have been proposed to be an 
important player in this inflammatory cascade, perpetuating hypothalamic injury 
(Milanski et al., 2009; Posey et al., 2009; Thaler et al., 2012; Zhang et al., 2008). 
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Inflammation in the hypothalamus disrupts feeding-related pathways, and promotes 
insulin and leptin resistance, thereby favoring an elevated body weight (Posey et al., 2009; 
De Souza et al., 2005; Spencer and Tilbrook, 2011). However, the exact role of microglia 
in HFD-induced neuroinflammatory events is still poorly understood. A recent study 
showed that HFD induced an acute inflammatory response in the hypothalamus after 
3 days, but the upregulation of pro-inflammatory genes was no longer observed after 
4 and 8 weeks. In contrast, at these time points a more pronounced anti-inflammatory 
gene expression profile was observed (Baufeld et al., 2016). Recent studies are mostly 
focusing on young animals. 

    Concerning the detrimental effect of HFD on the brain, the hypothalamus is 
the central brain region. The hypothalamus has an important role in feeding behavior, 
where leptin and insulin play key roles in regulating hunger signals and energy 
expenditure, mainly by acting through neuronal subpopulations in the arcuate nucleus 
(Yi et al., 2012). In the hypothalamus, the expression of most genes involved in pro-
inflammatory cytokine signaling, immune response, phagocytosis, and metabolism 
between HFD and LFD mice was not significantly changed. However, a significant 
difference was observed in the expression of interferon-induced transmembrane 
protein 2 (IFITM2), where HFD mice showed a significant higher expression compared 
to LFD mice. In our study, the expression of IFITM3 was also increased in HFD mice 
compared to LFD mice after LPS injection, although the difference did not reach 
statistical significance. IFITM proteins are important players in the type I interferon 
antiviral response. Deletion of Ifitm genes in mice, IfitmDel mice, has been linked to 
an obese phenotype and metabolic dysfunction. In IfitmDel mice, microglia show an 
activated phenotype in the hypothalamus. IfitmDel mice show an exaggerated pro-
inflammatory response in the hypothalamus in response to Poly I:C, a viral mimetic 
(Wee et al., 2015). 

Leptin, referred to as the satiety hormone, secreted by adipose tissue, is essential 
in regulating the body weight, and has been reported to enter the brain (Rivest, 2002). 
Since leptin has been described as a prominent factor in the detrimental effects of 

Figure 5. Low-fat diet with calorie restriction reduces white matter pathology during aging. A Brain 
sections of 6 or 24-month-old mice on different diets were immunostained for Iba1 and Mac-2, and 
counterstained with cresyl violet. LFAL: low-fat diet ad libitum; HFAL: high-fat diet ad libitum; LFRW: 
low-fat diet with running wheel; HFRW: high-fat diet with running wheel; LFCR: low-fat diet with calorie 
restriction; HFCR: high-fat diet with calorie restriction. Tissue from animals on different diets (LFAL, 
HFAL, LFRW, HFRW, LFCR, and HFCR) was immunostained for (B) Dectin 1 and (C) CD16/CD32 and 
counterstained with hematoxylin. The quantification of (D) Dectin 1 and (E) CD16/CD32 in different 
groups showed a significantly lower expression of Dectin 1 and CD16/CD32 in the LFCR group (n = 4-7, 
Mean ± SEM, Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar A, B, D = 40 µm.

HFD (Lin et al., 2000), we took a more detailed look both in vivo and in vitro. Here, we 
observed that the high peripheral level of leptin did not change the responsiveness of 
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microglia to the systemic inflammatory signals compared to microglia from LFD mice. 
Previous studies reported that in obesity, the ability of leptin to cross the blood-brain 
barrier is reduced (Banks et al., 2006; Burguera et al., 2000). In order to test the effect 
of leptin on microglia, we pretreated cultured, primary microglia with leptin, which 
did not change the LPS response of microglia. In summary, neither HFD nor leptin 
induced changes in the inflammatory responses of microglia in aging mice. 

Although no major differences were observed in cytokine expression levels in 
microglia isolated from total brain tissue and hypothalamic tissue from HFD- and 
LFD mice, we observed very profound differences in prominent white matter bundles 
between HFD- and LFD mice at different ages in combination with calorie restriction. 
Previous studies showed that dietary intervention, such as calorie restriction, slows 
the aging process (Colman et al., 2014; Johnson et al., 2006). Indeed a lifelong reduction 
in calorie intake reduces the oxidative damage in the brain (Mattson et al., 2001), 
preserves long-term potentiation of synaptic transmission (Hori et al., 1992), and 
ameliorates cognitive decline (Pitsikas and Algeri, 1992). In peripheral nerves, calorie 
restriction maintains the nerve structure, improves nerve function, and attenuates 
the age-associated reduction of myelin proteins and widening of the nodes of Ranvier 
(Rangaraju et al., 2009). The underlying mechanisms might be the expression of 
protein chaperones and the activation of the autophagy-lysosomal pathway (Rangaraju 
et al., 2009). Here, the reduction of phagocytic markers in white matter microglia of 
LFD with calorie restriction might be also due to decreased axonal stress in CNS. 
However, the pathology of axons at LFD combined with calorie restriction conditions 
has not been studied yet. Physical exercise, which was represented by a running 
wheel paradigm in our study, has been reported to reduce the risk of cardiovascular 
disease, type 2 diabetes, obesity, stroke, and acts as a neuroprotectant against age-
related cognitive decline (McKee et al., 2014). In our study, the expression of Mac-2 
and Dectin 1 remained high in the running wheel HFD group, only the expression of 
CD16/CD32 was partially decreased in LFD mice in the running wheel experiment. 
However, the expression of CD16/CD32 was still significantly higher in HFD mice 
than in LFD mice with calorie restriction. Although previous studies reported physical 
exercise plays an equivalent role in terms of energy balance (Redman et al., 2007) and 
regulating insulin resistance (Coker et al., 2009), our data suggest that in mice, calorie 
restriction might be a more effective intervention in protecting white matter structure  
than physical exercise. 

In this study, we show that HFD increases the number and soma size of microglia in 
the hypothalamus and cerebellum during aging in mice. Under basal- or inflammatory 
conditions, induced by LPS, gene expression analysis of the total brain microglia 

population or hypothalamus tissue shows similar findings in HFD- and LFD mice. 
In LFD mice with calorie restriction a decreased expression of phagocytic markers in 
the white matter microglia of the aging brain was observed. This may play an important 
role in ameliorating the inflammatory process in brain aging.
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ABSTRACT
Tauopathies include a variety of neurodegenerative diseases associated with 
the pathological aggregation of hyperphosphorylated tau, resulting in progressive 
cognitive decline and motor impairment. The underlying mechanism for motor 
deficits related to tauopathy is not yet fully understood. Here, we use a novel transgenic 
tau mouse line, Tau 58/4, with enhanced neuron-specific expression of P301S mutant 
tau to investigate the motor abnormalities in association with the peripheral nervous 
system (PNS). Using stationary beam-, gait- and rotarod tests, motor deficits were 
found in Tau 58/4 mice already 3 months after birth, which deteriorated during 
aging. Hyperphosphorylated tau was detected in the cell bodies and axons of motor 
neurons. At the age of 9 and 12 months, significant denervation of the neuromuscular 
junction in the extensor digitorum longus (EDL) muscle was observed in Tau 58/4 
mice, compared to wild-type (WT) mice. Muscle hypotrophy was observed in Tau 
58/4 mice at 9 and 12 months. Using electron microscopy, we observed ultrastructural 
changes in the sciatic nerve of 12-month-old Tau 58/4 mice indicative of the loss 
of large axonal fibers and hypomyelination (assessed by g-ratio). We conclude that 
the accumulated hyperphosphorylated tau in the axon terminals may induce dying-
back axonal degeneration, myelin abnormalities, neuromuscular junction denervation 
and muscular atrophy, which may be the mechanisms responsible for the deterioration 
of the motor function in Tau 58/4 mice. Tau 58/4 mice represent an interesting 
neuromuscular degeneration model, and the pathological mechanisms might be 
responsible for motor signs observed in some human tauopathies.

INTRODUCTION
Tauopathies comprise various neurodegenerative diseases characterized by 
the pathological accumulation of hyperphosphorylated microtubule-associated 
protein tau (MAPT) in the nervous system. Most tauopathies, including Alzheimer’s 
disease (AD), frontotemporal dementia with parkinsonism linked to chromosome 
17 (FTDP-17), progressive supranuclear palsy (PSP), and corticobasal degeneration 
(CBD) cause dementia or degeneration of the motor system (Lee et al., 2001). In 
AD, motor signs have been described in long term follow-up of large AD cohorts. 
Some of the motor signs are due to mixed pathologies and/or the involvement of 
neuropathological lesions in substantia nigra, striatum, and mesocortical pathways 
etc (Gianutsos and Golomb, 1997; Scarmeas et al., 2004). FTDP-17, PSP, and CBD 
share some motor deficits with Parkinson’s disease including bradykinesia, tremors, 
and rigidity, which occur at an early stage of the disease (Williams, 2006). Till now, 
no symptomatic treatment for FTDP-17, CBD, or PSP has been approved by the US 
Food and Drug Administration. Off-label use of symptomatic medication for motor 
symptoms such as levodopa is based on clinical experience (Karakaya et al., 2012), but 
the percentage of levodopa resistance in tauopathies remains high (Karakaya et al., 
2012; Nath et al., 2003). Loss of dopaminoreceptive neurons in substantia nigra may be 
one of the reasons for the levodopa-resistant motor dysfunction in tauopathy (Chiba 
et al., 2012). Disturbance of axonal transport has also been indicated as a possible 
mechanism for motor deficits in transgenic tauopathy mouse models (Audouard et 
al., 2015). Clearly, further research on peripheral nerve pathology and motor function 
in tauopathies is required to better understand the underlying mechanisms and to 
provide new therapeutic possibilities for motor impairment in tauopathy.

Tau, as one of the major microtubule-associated proteins, is important for 
stabilization of microtubules and maintenance of axoplasmic flow (Iqbal et al., 2005). 
Several mutations in the tau gene have been identified in FTDP-17 families, e.g., exon 
10 (P301L, P301S, N279K), exon 9 (G257T, G272V), exon 12 (V337M), or exon 13 
(R406W) (Ingram and Spillantini, 2002), which all appear to alter the conformation 
of the protein. Consequently, mutant tau has a higher affinity for brain protein 
kinases, phosphorylates at a faster rate, self-aggregates more easily into paired helical 
filaments and, subsequently, into neurofibrillary tangles (Iqbal et al., 2005). Abnormal 
accumulation of hyperphosphorylated tau leads to pathological alterations in neuronal 
structures including dystrophic neurites observed in AD, which is characterized by 
the disorganization of the microtubule- and neurofilament network (Boutajangout 
et al., 2004). Hyperphosphorylated tau can disassemble microtubules, which may 
block axoplasmic flow and induce retrograde neuronal degeneration (Iqbal et al., 
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2005). Restoration of microtubule stabilization has been demonstrated to improve 
axonal transport and motor symptoms in transgenic tau mice (Zhang et al., 2005). 
Axonal transport could, therefore, be a future therapeutic target for tauopathy  
(Lingor et al., 2012).

Various transgenic mouse models for tau pathology have been generated (Lee et al., 
2005), which show many features of human tauopathy. Expression of FTDP-17-related 
(e.g. P301L/S, V337M, and R406W) mutant tau proteins in transgenic mice, induces 
symptoms of human tauopathy, such as motor disturbances and memory loss (Lee et 
al., 2005; Lewis et al., 2000; Takeuchi et al., 2011). Loss of functional synapses and 
axon degeneration were also observed in transgenic tau mouse models (Audouard et 
al., 2015; Ishihara et al., 1999; Yoshiyama et al., 2007). The phenotype of tau mouse 
models depends on the tau mutation, promoters, and tau isoform composition (Götz 
et al., 2001; Lewis et al., 2000; Yoshiyama et al., 2007). Understanding pathological 
alterations and phenotypic changes in tau transgenic mouse models may provide new 
insight into the onset and development of human tauopathy (Yoshiyama et al., 2007). 

The current study focusses on a novel mouse model Tau 58/4, which contains 
the point mutation P301S in exon 10 of the human MAPT gene under regulation 
by the neuron-specific Thy-1.2 promoter. As a consequence, mutant tau proteins 
distribute both in neuronal somata and axonal compartments. A battery of motor 
tests, including gait analysis, the stationary beam test, the hindlimb clasping test, 
and rotarod performance were applied to evaluate the motor function of Tau 58/4 
mice. By immunofluorescence staining, the percentage of partially innervated and 
denervated neuromuscular junctions was quantified in the extensor digitorum longus 
(EDL) muscle. Using electron microscopy, ultrastructural alterations of axons were 
observed in the sciatic nerve of 12-month-old Tau 58/4 mice. Our data suggest 
that the expression of human transgenic tau in the motor neurons impairs axonal 
function and the maintenance of neuromuscular junctions (NMJ). Subsequently, it 
leads to muscle denervation, which could be one of the underlying mechanisms of 
the deteriorating motor function observed during aging in Tau 58/4 mice. 

MATERIALS & METHODS
Tau 58/4 transgenic mice

Generation of transgenic mice was performed as described preciously (Andrä et al., 
1996). Briefly, to create the Tau58/4 construct, a F115 TAU cDNA encoding the human 
tau isoform (0N4R) containing the P301S mutation was cloned into the pTSC21K 
bacterial expression vector including the murine Thy1.2 gene (Lüthi et al., 1997) using 
the XhoI restriction site. Vector sequences were removed by NotI PvuI digestion. 

Injection and manipulation of mice was identical to described procedures (Andrä et 
al., 1996). Tau 58/4 mice were generated in a hybrid C57BL/6 x DBA2 background, 
and then the mice were backcrossed to C57BL/6J to create an isogenic line. The 58/4 
transgenic line is fertile and produces normal sized litters. Only heterozygous, male 
mice were used for experiments.  

Mice were weaned 4 weeks after birth and group housed with littermates of 
the same sex. Food and water were supplied ad libitum. Custom primers were used for 
genotyping by PCR analysis with ear punches, collected from mice aged approximately 
4 weeks, as source of DNA. Motor tests and surgical procedures were performed 
during the light phase of the animals, and all mice were acclimatized for at least 1 h 
before conducting the experiments. Experimenters were blinded to the genetic status 
of the animals. All experiments were carried out in compliance with the European 
Community Council Directive (2010/63/EU) and were approved by the Animal Ethics 
Committee of the University of Antwerp (ECD 2013-31).

Behavioral tests

Male heterozygous (HET) mice and wild-type (WT) control littermates aged 3, 6, 9 
and 12 months were subjected to a battery of motor function-related behavioral tests. 
The numbers of used animals are listed in Table 1.

Hindlimb clasping test

Animals were suspended by the tail and kept at a height of 40 cm above the able top 
for a duration of 30 seconds, during which the presence of hindlimb clasping behavior 
was observed.

Gait analysis

Gait characteristics (stride length, toe span, and track width) were analyzed by applying 
ink to the hind paws of the animals. Mice were then allowed to walk on a strip of 
paper in a brightly lit walk lane (width: 4.5 cm, length: 40 cm), towards a dark goal 
box. At least 2 complete gait patterns from each mouse were obtained on which gait 
characteristics were measured by caliper. 

Stationary beam test

The stationary beam test of equilibrium and balance was performed on a wooden 
beam (diameter: 25 mm, length: 110 cm) covered with a layer of masking tape to 
provide a firm grip. The beam was divided into 11 segments and placed at a height of 
38 cm above a cushioned bench. The ends of the beam were shielded with cardboard to 
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prevent the mice from escaping. Testing commenced by placing an animal in the middle 
of the beam. The number of segments crossed (four-paw criterion), the latencies before 
falling, and the number of falls were measured for four trials with a cut-off period of 1 
min per trial and an intertrial interval of 10 min. 

Accelerating rotarod

Equilibrium, balance, and motor coordination were tested on an accelerating rotarod 
apparatus (Panlab, Barcelona, Spain). After two acclimatization trials with a maximum 
duration of 2 min each at a constant speed (4 rpm), each mouse was placed on the rotating 
rod for four test trials, during which the rotation speed gradually increased from 4 to 
40 rpm (intertrial interval: 1 min). The time an animal remained on the rotating rod 
was measured during the test trials with a cut-off period of 5 min per trial.

Tissue sampling and embedding

Tau 58/4 and WT mice were anesthetized and transcardially perfused with saline. Spinal 
cord tissue was removed and cut into cervical, thoracic, lumbar, and sacral segments. 
Sciatic nerves and EDL muscles were also collected. For immunohistochemistry, spinal 
cord tissue (n = 8) was formalin fixed and embedded in paraffin. Spinal cord tissue  
(n = 3), left sciatic nerve (n = 5) and left EDL muscle (n = 3-5) were put in 4% PFA in 
PBS for 1 day, dehydrated with 25% sucrose in PBS overnight at 4 °C and then frozen  
at -50 °C. For neuromuscular junction innervation analysis, right EDL muscle  
(n = 3-4) was snap frozen in 2-methylbutane, which was kept on dry ice (-40 °C) and 
then stored at -80 °C. 

For electron microscopy, the right sciatic nerve (n = 5) was cut into 2 mm-long 
pieces, and fixed with 2% PFA and 2.5% glutaraldehyde in 0.1 M PHEM buffer (20 
mM PIPES, 50 mM HEPES, pH 6.9, 20 mM EGTA, 4 mM MgCl2) at room temperature 
(Schliwa and Van Blerkom, 1981) for 3 h. Samples were washes 3 times with 0.1 M 
PHEM buffer before being post-fixed in 1% osmium tetroxide and 1% potassium 
ferricyanide in 0.1M PHEM buffer at 4 °C for 90 min. Samples were then embedded in 
Epon resin as previously described (Verheije et al., 2008).

Immunohistochemistry

Coronal sections of thoracic spinal cord and sagittal sections of sacral spinal cord (5 
µm, paraffin-embedded) of Tau 58/4 mice at the age of 6 and 12 months were cut for 
immunohistochemical staining. The sections were firstly deparaffinized in xylene and 
ethanol. The sections were subsequently pre-incubated in 1% H2O2 for 30 min. After 
washing in TBS, the sections were blocked for 30 min with 4% normal swine serum in 
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TBS + 1% bovine serum albumin (BSA). Sections were then incubated at 4 °C overnight 
with primary antibody (AT8, 1:10000, produced by Institute Born-Bunge, University 
of Antwerp) in TBS + 1% BSA. After TBS washing, the sections were incubated with 
biotinylated anti-mouse IgG (1:200, Amersham, RPN1001) in TBS + 1% BSA at room 
temperature for 30 min. Next, all the sections were washed with TBS and incubated in 
avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector Laboratories, PK-6100) 
for 30 min and visualized with 3, 3’-Diaminobenzidine (DAB, Sigma, D-5637). 

Coronal sections of the lumbar spinal cord (14 µm for sections on glass slides, 40 
µm for free floating tissue) of Tau 58/4 and WT mice at the age of 3, 9, and 12 months 
were pre-incubated in 0.3% H2O2 in PBS for 30 min (only for light microscopy). Then 
the sections were blocked with 10% normal serum. Sections were incubated overnight 
at room temperature with the primary antibodies: NeuN (1:500, Abcam, EPR12763), 
AT8 (1:10000, Antwerp), Mac-2 (1:1000, Cedarlane, CL8942AP), GFAP (1:1000, 
DAKO, Z0334). After PBS washing, for light microscopy, sections were incubated 
with biotinylated secondary antibodies for 1 h (goat anti-rabbit IgG, 1:400, Vector 
Laboratories, BA-1000; rabbit anti-rat IgG, 1:400, Vector Laboratories, BA-4001; 
horse anti mouse IgG, 1:400, Vector Laboratories, BA-2000) followed by addition of 
the avidin-biotin-peroxidase complex (Vector Laboratories, PK-6100) for 30 min and 
visualized with DAB. The sections were mounted with Depex (Sigma, 06522). For 
fluorescence microscopy, sections were incubated in donkey anti-rabbit Alexa 488 
(1:400, ThermoFisher, A-21206) and donkey anti-rat Cy3 (1:400, JIR, 712-165-150). 
The sections were mounted with Mowiol (Calbiochem, 475904).

Immunofluorescence labeling of neuromuscular junctions

Snap frozen EDL muscle samples (100 µm for free floating tissue) of Tau 58/4 and WT 
mice at the age of 3, 9, and 12 months were cut using a cryostat. Muscle sections were 
incubated in α-bungarotoxin Alexa 594 (1:200, Molecular Probes, B13423) in PBS for 
30 min, followed by 4% PFA in PBS for 10 min. The sections were then blocked with 
4% BSA in PBS for 1 h. Sections were incubated in primary antibody neurofilament-M 
(165 kDa) (1:300, DSHB, 2H3) with 1% BSA in PBS + 0.3% Triton X-100 for 2 h. 
After washing in PBS, sections were incubated in donkey anti-mouse AF488 (1:400, 
Molecular Probes, A21202) with 1% BSA in PBS + 0.3% Triton X-100 for 1 h. After 
another washing step in PBS, sections were incubated in Hoechst for 3 min and 
mounted on slides using Mowiol (Calbiochem, 475904). 

Imaging techniques

Histochemically stained sections were imaged using a Hamamatsu Nanozoomer 
(Hamamatsu Photonics). Immunofluorescent stained sections were imaged using 

a Leica SP8 confocal (Leica Microsystems) using LASAF software. The z-maximum-
intensity projection function was used to image the complete neuromuscular junctions 
in the muscle.  

Motor neuron counting 

The number of motor neurons in the lumbar spinal cord sections of 3-, 9-, and 12-
month-old WT and Tau 58/4 mice were counted after the immunostaining of NeuN 
(n = 3). On both sides of the anterior ventral horn of the spinal cord, motor neurons, 
identified on the basis of the location and the large size of the cell body, were counted. 

Transverse area of muscle fiber measurement

Paraffin-embedded EDL muscles of 3-, 9-, and 12-month-old WT and Tau 58/4 mice 
were cut (5 μm) and stained with Hematoxylin. The sections were scanned with 
a Hamamatsu Nanozoomer (Hamamatsu Photonics) and the transverse area of EDL 
muscles was measured by ImageJ software (100-150 fibers / sample, n = 3 - 5).

Analysis of the innervation of motor endplates

After the immunofluorescence labeling of neuromuscular junctions with neurofilament 
and α-bungarotoxin, at least 90 neuromuscular junctions per animal (n = 3 - 4) were 
imaged and quantified. The innervation status of the NMJ was evaluated by categorizing 
them as fully innervated when there was complete overlap between the two labels, 
partially innervated when neurofilament was partially absent at the synaptic junction 
or denervated in case neurofilament was completely absent at the synaptic junction.

Analysis of axon and myelin structure

Epon-resin-embedded samples were cut into semithin (100 nm) and ultrathin sections 
(70 nm) using a LEICA ultramicrotome UC7. Semithin sections were colored with 
toluidine blue and imaged using light microscopy before measuring the diameters 
of axons. The inner area of axons was measured in Image J, then the diameter was 
calculated and then the average diameters was extrapolated. Approximately 650-1100 
axons were quantified for each sample (n = 3).

For electron microscopy, ultrathin sections were stained as previously described 
(Verheije et al., 2008) and examined in an 80-kV transmission electron microscope 
(TEM, CM100; FEI). Three independent grids (100 axons/grids) were used to assess 
the number of degeneration axons in each individual mouse. The g-ratio of axons 
with intact myelin were assessed. The g-ratio [diameter (axon) / diameter (axon + 
surrounding myelin)] were also calculated using Image J. Approximately 60-150 fibers 
was measured per animal (n = 4). 
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Statistical analysis

For the statistical analysis, SPSS version 20.0 and GraphPad Prism 5.0 software were 
used with the probability level set at 95%. For comparison between two groups, 
Student’s t-test, and non-parametric Mann-Whitney test were used. For comparison 
of multiple groups, Two-way RM-ANOVA test was performed with a Bonferroni 
post hoc test. The data was considered statistical significant as * p < 0.05, ** p < 0.01,  
*** p < 0.001. In the figures, the p-value of the analysis is shown.

RESULTS
Tau 58/4 mice show deteriorating motor dysfunction during aging

To evaluate the coordination of motor function, we examined Tau 58/4 and WT mice 
in the hindlimb clasping test, gait analysis, stationary beam test, and rotarod test at 
the age of 3-, 6-, 9-, and 12 months (data listed in Table 1). The degree of hindlimb 
clasping in mice, when suspended by the tail, is used as an indicator of the severity of 
motor dysfunction (Lei et al., 2014; Zhu et al., 2016). WT mice at all indicated ages and 
Tau 58/4 mice at young ages (i.e. 3- and 6 months) showed a normal extension reflex 
of the hindlimbs. Tau 58/4 mice of 9- and 12 months old showed typical hindlimb 
clasping behavior (Fig. 1A). Gait is a general indicator of coordination and muscle 
function (Brooks and Dunnett, 2009). Gait analysis indicated that the stride length in 
Tau 58/4 animals is shorter than that in WT control animals. A decrease in the stride 
length was observed bilaterally, with a significant shorter length visible from 6 months 
on in the Tau 58/4 strain (Fig. 1B). The stationary beam test was used to detect balance 
and coordination abnormalities. Tau 58/4 mice of 9- and 12 months old remained 
significantly shorter on the beam. Tau 58/4 mice of all ages covered a significantly 
lower number of beam segments, and Tau 58/4 mice of 3-, 9- and 12 months old had 
a significantly higher number of falls, compared to WT animals (Fig. 1C-E). Motor 
neuron performance and equilibrium were analyzed using an accelerating rotarod (Fig. 
1F). In all age groups, significant differences between Tau 58/4 and WT animals were 
observed for the fourth trial (T4). From the age of 9 months on, significant differences 
were found for all trials performed. Also, from the age of 3 months, the learning 
curves differed significantly between Tau 58/4 and WT animals, with the HET animals 
exhibiting a much flatter learning curve. However, the results found in the rotarod 
experiment are possibly confounded by the agitated and stressed behaviour observed in 
the Tau 58/4 animals, which resulted in early termination of a trial due to the jumping 
of the rotarod. This behavior was only this pronounced in the rotarod experiment and 
did not result in the early termination of the other motor experiments described above.

Human Tau transgenic protein is expressed in the motor neurons of Tau 
58/4 mice

In order to investigate the relationship between motor dysfunction and tauopathy in 
Tau 58/4 mice, we determined tauopathy in the spinal cord and sciatic nerve of Tau 
58/4 mice. AT8 antibody, which is specific for the phospho-tau residues Ser202, and 
Thr205, was used for immunohistochemical staining. The staining was performed on 
transverse sections of thoracic spinal cord and sagittal sections of the sacral spinal cord 
of Tau 58/4 mice at 6 months and 12 months (Fig. 2A). In 6-month-old Tau 58/4 mice, 
phosphorylated tau has mainly accumulated in the axonal processes. At the age of 12 
months, the expression of phosphorylated tau was increased and was also observed in 
the somatic compartments of motor neurons of the ventral horn (Fig. 2A). To detect 
the accumulation of tau-induced neuronal loss, the numbers of motor neurons were 
counted in the lumbar spinal cord of Tau 58/4 and WT mice at the age of 3-, 9-, and 12 
months. No significant differences in motor neuron numbers were observed between 
Tau 58/4 and WT mice at all ages (Fig. 2B, C). In the sciatic nerve, enhanced expression 
of AT8 was observed in 9-month-old Tau 58/4 mice but not in WT mice (Fig. 2D). 

Tau 58/4 mice show muscle hypotrophy during aging 

To investigate the development of muscular atrophy, transverse sections of EDL 
muscles of WT and Tau 58/4 mice were stained with hematoxylin. Transverse areas 
were measured and grouped into separate regions according to size (Fig. 3A, B). 
The percentage of muscle fiber numbers in different regions was compared between 
WT and Tau 58/4 mice. At the age of 3 months, the distribution of fiber size in WT 
and Tau 58/4 mice is similar. At the age of 12 months, 94.5% fibers of Tau 58/4 mice 
belong to smaller area regions (i.e. fiber area < 150 µm2), compared to WT mice, 
which indicated hypotrophy of muscle in Tau 58/4 mice (Fig. 3A, B). The average area 
of muscular fibers was also compared between WT and Tau 58/4 mice at different 
ages. At the age of 3 and 9 months, no significant differences were observed. During 
aging, the average transverse area of EDL fibers in 12-month-old Tau 58/4 mice was 
significantly smaller than that of WT mice (Fig. 3C). 

Tau 58/4 mice show progressive neuromuscular junction denervation 
during aging

In order to investigate whether the axonal terminals at the neuromuscular junction 
are early targets for lower motor neuron pathology in Tau 58/4 mice, we analyzed 
the integrity of the neuromuscular junction in EDL muscle from hindlimbs. Based on 
the innervation of the motor endplate, neuromuscular junctions were grouped into 
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Figure 1. Motor dysfunction deteriorates in Tau 58/4 mice during aging. A Representative postures of 
Tau 58/4 and wild-type (WT) mice in the hindlimb clasping test at the age of 3-, 6-, 9- and 12 months. WT 
mice of all ages, Tau 58/4 mice of 3- and 6 months old showed a normal extension reflex in the hindlimbs. 
However, hindlimb clasping was observed in Tau 58/4 HET animals at the age of 9- and 12 months. B Gait 
analysis was performed in Tau 58/4 mice and WT mice at the age of 3-, 6-, 9- and 12 months. Tau 58/4 
mice of 6-, 9-, and 12 months old showed a shorter stride length compared to WT control mice. Indicated 
in this figure is the stride length of the right side of the animal and no significant difference was observed 
between the right and the left stride lengths. Most prominent differences were observed in 12-month-old 
mice (p < 0.001). C-E Stationary beam testing was performed in Tau 58/4 mice and WT mice at the age of 
3-, 6-, 9- and 12 months. Tau 58/4 mice scored inferior for all measured parameters (the number of covered 
segments and falls and the duration until the first fall), indicating an impairment in motor function and 
equilibrium. For Tau 58/4 animals, a significant reduction was observed in the number of covered segments 

of all age groups [3 months (p = 0.002), 6 months (p = 0.003), 9 months (p = 0.010), and 12 months  
(p = 0.010)]. The number of falls from the beam was increased in Tau 58/4 animals as well [3 months  
(p = 0.022), 9 months (p = 0.002), and 12 months (p < 0.001)]. The latency to fall was significant shorter in 
Tau 58/4 animals of 9 months old (p = 0.007) and for mice aged 12 months (p < 0.001). F Rotarod results 
for Tau 58/4 and WT mice at the age of 3-, 6-, 9- and 12 months. WT animals scored significantly better in 
the test phase (4 trials, T1, T2, T3, and T4, with a 5-min acceleration to 40 rpm). 3 months: WT n = 9, HET  
n = 10; 6 months: WT n = 11, HET n = 11; 9 months: WT n = 11, HET n = 12; 12 months: WT n = 15, HET 
n = 16; Mean ± SEM; All age groups: Two-way RM-ANOVA with Bonferroni post hoc comparison;  Each 
individual time point: Student’s t-test, two-tailed, * p < 0.05; ** p < 0.01, and *** p < 0.001. 

fully innervated, partially innervated, and denervated junctions (Fig. 4A). At 3 months, 
the innervation of the motor endplate in WT and Tau 58/4 mice was not significantly 
different. In 12-month-old Tau 58/4 mice, there was widespread endplate denervation. 
This was evident by degeneration of presynaptic motor nerve terminals that had either 
entirely or partially disappeared from the post-synaptic motor endplate. Upon aging, 
there was a decreased percentage of fully innervated endplates and accordingly an 
increased percentage of partially or completely denervated endplates in Tau 58/4 mice 
(Fig. 4B). The development of neuromuscular junction denervation during aging was 
accompanied by deteriorating motor dysfunction, which indicated the distal axonal 
pathology could be a cause of motor deficit of Tau 58/4 mice.

Ultrastructural analyses reveal axonal degeneration in the sciatic nerve of 
Tau 58/4 mice

In order to study the structural alterations in myelinated axons of Tau 58/4 mice of 
12 months old, we quantified the axon diameter of transverse sections of sciatic nerve 
stained with toluidine blue (Fig. 5A-D). The average diameter of axons in sciatic nerve 
was significantly decreased in Tau 58/4 mice (Fig. 5B). The histogram of diameter 
distribution showed that 89.8% axons of Tau 58/4 mice had a small size (< 4 µm), whereas 
in WT mice the percentage was 75.0% (Fig. 5C). We classified the axons larger than 
the average diameter of WT mice as “large axons”, and those smaller than the average 
diameter as “small axons”. Tau 58/4 mice had a significantly higher percentage of small 
axons and a significantly lower percentage of large axons, compared to WT mice (Fig. 
5D). To evaluate the axonal degeneration of Tau 58/4 mice, we examined the sciatic 
nerve morphology of WT and Tau 58/4 mice at the age of 12 months using electron 
microscopy (Fig. 5E). We observed proliferation of nonmyelinated axons surrounded 
by Schwann cells (white arrow) in the sciatic nerve of Tau 58/4 mice. We compared 
the myelin sheath thickness using the g-ratio, the numerical ratio between the diameter 
of the axon and the outer diameter of the myelinated fiber. Tau 58/4 mice showed 
an increasing tendency in g-ratio, which was significantly different in the axons 
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Figure 2. Tau pathology develops in the spinal cord of Tau 58/4 mice with aging. A The spinal cord of Tau 
58/4 mice at the age of 6 or 12 months was immunostained with AT8 antibody, specific for human mutant 
tau. The expression of AT8 increased with aging. Magnified pictures show tau pathology in the gray matter 
and white matter of thoracic spinal cord and sacral spinal cord. B The spinal cord of WT and Tau 58/4 mice 
at 3-, 9-, and 12 months old was immunostained with NeuN. Motor neurons in the anterior horn were 
clearly identified. C The number of motor neurons in the lumbar spinal cord of WT (white bar) and Tau 
(black bar) was quantified at the age of 3, 9, and 12 months. There were no significant differences of motor 
neuron numbers between WT and Tau 58/4 mice at different ages (n = 3, Mean ± SEM, Mann-Whitney 
test, two-tailed, * p < 0.05). D The sciatic nerve of 9-month-old WT and Tau 58/4 mice was immunostained 
with AT8. The expression of phosphorylated tau was higher in Tau 58/4 mice. Scale bars: A = 100 µm, 
Magnification = 10 µm; B, D = 40 µm. 

Figure 3. Muscle hypotrophy in Tau 58/4 mice. A Hematoxylin staining on transverse sections of extensor 
digitorum longus (EDL) muscle from 3-. 9-, 12-month-old WT and Tau 58/4 mice. B Quantification of 
transverse area of the muscular fiber of 3-. 9-, 12-month-old WT (white bar) and Tau 58/4 mice (black 
bar). At the age of 3 months, the distribution of fiber areas in EDL was similar between WT and Tau 58/4 
mice. At the age of 9 months and 12 months, there were significantly reduced proportions of largest muscle 
fibers in Tau 58/4 mice, compared to WT mice (n = 3-5). C Average area of the transverse section of EDL 
was compared between WT and Tau 58/4 mice at the age of 3, 9, and 12 months (n = 3-5, Mean ± SEM, 
Mann-Whitney test, two-tailed, * p < 0.05). Scale bar: A = 40 µm. 

with a diameter of 6-8 µm (Fig. 5F). This observation indicated an hypomyelination 
of motor-related axons of Tau 58/4 mice (Lopes et al., 2016). Except the axons with 
intact myelin sheath (Supplementary Fig. 1A), we also observed less electron-dense 
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Figure 4. Expression of human mutant tau protein leads to neuromuscular junction (NMJ) denervation 
in Tau 58/4 mice. A The neuromuscular junctions of EDL muscle were immunostained with 165 
kDa neurofilament (green) to reveal pre-synaptic axons and motor nerve terminals and labeled with 
α-bungarotoxin (red) to show post-synaptic motor endplates. Arrows indicate examples of fully innervated 
(orange arrows), partially innervated (blue arrows), and denervated (white arrows) NMJs. B Quantification 
of percentages of fully innervated, partially innervated, and denervated NMJs, comparing 3-, 9- and 12-
month-old WT (white bar) and Tau 58/4 mice (black bar). At the age of 3 months, the percentage of 
innervated NMJs is similar between WT and Tau 58/4 mice. There is a significantly reduced percentage of 
fully innervated NMJs and a significantly higher percentage of partially innervated and denervated NMJs 
in Tau 58/4 mice at the age of 9 and 12 months. (> 90 NMJ / animal, n = 3-4, Mean ± SEM, Mann-Whitney 
test, two-tailed, * p < 0.05, ** p < 0.01). Scale bar: A = 20 µm. 

lines (black arrow) in the myelin sheath of axons (Supplementary Fig. 1B) in both WT 
and Tau 58/4 mice. However, this type of axons was more pronounced in Tau 58/4 
animals. Although this was evident, the low frequency of this type of axons did not 
allow to determine whether this difference was significant (Supplementary Fig. 1C). 
The irregular structures in the myelin sheath might be Schmidt-Lanterman incisura, 
which is a funnel tube-like cytoplasmic structure that crosses the compact myelin and 
connects the Schwann cell abaxonal cytoplasm to the adaxonal cytoplasm (Tricaud et 
al., 2005). However further investigation will be needed to confirm that these structures 
are Schmidt-Lanterman incisures. 

Increased glia activity in the corticospinal tract of spinal cord in Tau 58/4 mice

In order to investigate the involvement of upper motor neurons in the lower motor 
neuron dysfunction in Tau 58/4 mice, we investigated the glia activity in the corticospinal 
tract of the spinal cord of Tau 58/4 mice and WT mice. Mac-2, which is a member of 
the lectin family, has been observed to be upregulated in microglia and astrocytes upon 
aging and pathological conditions (Raj et al., 2014). At the age of 9 and 12 months, we 
observed upregulation of Mac-2 in the region of the lateral corticospinal tract of Tau 
58/4 mice (Fig. 6A), whereas in 3 months old mice, this difference was not obvious. 
The number of Mac-2 positive pixels in Tau 58/4 mice was significantly increased in 
the white matter regions (Fig. 6B). We also observed co-staining of Mac-2 and GFAP in 
the region of the lateral corticospinal tract (Fig. 6C), indicative of astrocyte activation 
in the region of corticospinal tract responding to neuronal changes.

DISCUSSION
In this study, we investigated the motor function and pathological alterations of 
peripheral nerves in a novel tauopathy mouse model, the Tau 58/4 model. We observed 
loss of large size peripheral axons, denervation of neuromuscular junctions in 12-
month-old Tau 58/4 mice as compared to control littermates. These alterations may lie 
at the basis of muscle hypotrophy and progressive motor impairment (Fig. 7). 

In our study, the stationary beam- and rotarod tests revealed a decline in the motor 
function already at the age of 3 months. However, rotarod results can be influenced 
by certain alterations in behavior, such as agitation (Spittaels et al., 1999). Training 
a highly anxious and agitated animal on the rotarod is much more challenging when 
compared with calmer animals (Balkaya et al., 2012), resulting in an apparently 
decreased performance of animals that is unrelated to motor function, as described 
in the PS19 tauopathy mouse model [17]. In previous studies, it was found that 
rotarod experiments failed to reveal subtle motor alterations, whereas gait analysis and 
stationary beam tests were more sensitive (Roth et al., 2015; Stroobants et al., 2013). 
Based on the stationary beam tests, the apparent decline in motor functioning in Tau 
58/4 mice, starts already at the early age of 3 months. Tau 58/4 mice started to show 
hindlimb clasping behavior at the age of 9 months, which was later than the onset 
of the motor coordination impairment observed in the rotarod test and stationary 
beam. We also observed hindlimb muscle hypotrophy at 9 months, which may explain 
the observed muscle weakness. Previous studies have exposed diverse cognitive and 
motor phenotypes in various transgenic tauopathy models which may well be due to 
distinctive pathways of tau molecular pathogenesis and different localization of tau 
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Figure 5. Ultrastructural features of the sciatic nerve reveal axonal degeneration in Tau 58/4 mice. 
A Representative light microscopy photograph of toluidine blue staining of the sciatic nerve of 12-month-
old WT and Tau 58/4 mice (650-1100 axons / animal, n = 3). B Quantification of the average transverse 
diameter of axons in 12-month-old WT (white bar) and Tau 58/4 (black bar). C The histogram of axon 
diameters shows more axons of Tau 58/4 mice have a small diameter (< 4 µm). D Compared to the average 
diameters of WT mice, axons were set as “large axons” and “small axons”. Tau 58/4 has a significantly higher 

percentage of small axons and a lower percentage of large axons. E Coronal and sagittal ultrathin sections 
of the sciatic nerve of WT and Tau 58/4 mice at the age of 12 months (white arrows: non-myelinating axons 
surrounded by Schwann cells). F Quantification of the g-ratio in the sciatic nerve of 12-month-old WT and 
Tau 58/4 mice (60-150 axons / animal, n = 5, Mean ± SEM, Mann-Whitney test, two-tailed, * p < 0.05). 
Scale bar: A = 10 µm, E = 2 µm.

Figure 6. Astrocyte activation in the lateral corticospinal tract in Tau 58/4 mice. A Lumbar spinal 
cord sections of 3-, 9-, and 12-month-old Tau 58/4 and WT mice were immunostained with Mac-2 and 
counterstained with Cresyl violate. Representative pictures were taken from the region of the lateral 
corticospinal tract. B The percentage of positive pixels of Mac-2 in the white matter of lumbar spinal cord, 
and the expression of Mac-2 was significantly increased in the Tau 58/4 mice of 9- and 12 months old 
compared to WT (n = 3-5, Mean ± SEM, Mann-Whitney test, two-tailed, * p < 0.05, ** p < 0.01). C Lumbar 
spinal cord sections of 12-month-old Tau 58/4 and WT mice were immunostained with GFAP and Mac-2. 
Co-staining were observed between GFAP and Mac-2. Scale bar: A = 25 µm, C = 40 µm. 

pathology (Melis et al., 2014). In PS19 transgenic mice expressing the P301S human 
T34 tau isoform driven by the mouse prion protein (Prnp) promoter, increased 
hyperactivity and nociceptive sensitivity, and decreased anxiety-like behavior have 
been reported (Takeuchi et al., 2011). Delayed learning and spatial memory loss have 
also been found in various transgenic tauopathy mouse models (Ramsden et al., 2005; 
Schindowski et al., 2006; Takeuchi et al., 2011). Motor dysfunction and dystonic 
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posture interference are phenomena observed in transgenic tau mouse models with 
aggregated mutant tau in axons (Audouard et al., 2015; Melis et al., 2014; Scattoni et 
al., 2010). However, in the two previously described P301S tauopathy mouse models 
(Allen et al., 2002; Yoshiyama et al., 2007), the motor deficits are so severe that they 
hinder the age-dependent investigation of specific motor-related functions, as paralysis 
occurs early in the disease. One exception is the THY-Tau22 model with G272V and 
P301S mutations, which does not display any motor disturbance (Schindowski et al., 
2006), although insoluble tau was early (3 months) detected in the axon tracts. In Tau 
58/4 mice, mutant tau proteins accumulate both in somata and axonal compartments of 
motor neurons, and the axonal distribution of mutant tau may be pivotal for the motor 
impairment. Previous studies in transgenic tau-P301L mouse models indicated that 
mutant tau mainly aggregated in the soma and dendritic compartments, rather than in 
axons. Interestingly, no axonal dilations were observed at any age in latter model, and 

Figure 7. A schematic representation of hypothetical mechanism for motor deficit in Tau 58/4 mice. In 
WT mice, motor neurons in the ventral horn of the spinal cord send axons toward the peripheral muscle. 
Each muscle fiber is innervated by a single motor axon branch. In Tau 58/4 mice, accumulated mutant 
tau in the axon terminals may induce hypomyelination, loss of large axon fibers, neuromuscular junction 
denervation, and muscle hypotrophy, which may be the mechanism responsible for motor deficit in  
Tau 58/4 mice.

it shows very weak motor symptoms accordingly (Terwel et al., 2005). In this respect, 
Tau 58/4 mice represent a straightforward neuromuscular degeneration model. 

We observed progressive hypotrophy of muscle fibers and denervation of 
the neuromuscular junction in aging Tau 58/4 mice. At the age of 9 and 12 months, 
the muscle hypotrophy accompanied a further decrease in motor dysfunction. This 
has also been reported in other transgenic tauopathy mouse models (Allen et al., 
2002; Lewis et al., 2000). In Tg30 mice (carrying tau P301S and G272V mutations), 
two phases of muscular pathology were observed. Initially, muscular hypertrophy 
was observed at the age of 3 months followed by hypotrophy at the age of 10 
months. The muscle hypertrophy at the early age was interpreted as a compensatory 
mechanism for the degeneration of the nearby muscles and protected the animals 
from motor dysfunction until 8 months of age (Audouard et al., 2015). In Tau 58/4 
mice muscular hypertrophy was not observed in 3-month-old animals, which may 
explain the rapid development of motor dysfunction in this model. Neuromuscular 
junction denervation has been associated with aging (Gonzalez-Freire et al., 
2014) and pathological conditions, such as contraction-induced injury (Pratt 
et al., 2013) and neurodegenerative disorders (Ling et al., 2012; Moloney et al., 
2014). In Tau 58/4 mice, the development of neuromuscular junction denervation 
occurs together with the progression of muscle hypotrophy, which is indicative for  
denervation-mediated atrophy. 

Interestingly, mutant tau also accumulated in the cell body of the motor neurons 
at the anterior horn of the spinal cord. However, we did not observe a decrease in 
the number of motor neurons. This suggests that the pathology of the motor neurons 
follows a distal-to-proximal direction. Axon degeneration in Tau 58/4 mice could 
be considered to be “dying back degeneration”, which has been described previously 
in chronic neurodegenerative diseases, such as ALS (Dadon-Nachum et al., 2011), 
spinal muscular atrophy (Boido and Vercelli, 2016), diffuse Lewy body disease 
(Zesiewicz et al., 2001), and peripheral neuropathy (Bennett et al., 2011). Generally, 
this type of chronic axonal degeneration originates from the distal region of the axon 
and is followed by axon degeneration in a distal-to-proximal direction. The axon 
subsequently undergoes a progressive fragmentation morphologically resembling 
Wallerian degeneration (Lingor et al., 2012). The mechanisms underlying “dying back 
degeneration” are not fully understood, but mitochondrial dysfunction (Reddy, 2011; 
Shi et al., 2010), protein aggregation (Reddy, 2011), synaptic pathology (Chang et al., 
2006), disturbance of axonal transport (Dawson et al., 2010; Smith et al., 2007) and 
abnormal activity of autophagy (Sanchez-Varo et al., 2012) have been previously found 
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to be involved in the process. In Tau 58/4 mice, the neuronal accumulation of mutant 
tau might be a key player in axonal degeneration. In cultured neurons, aggregated tau 
inhibits kinesin-dependent transport of organelles, e.g. peroxisomes, mitochondria, 
and Golgi-derived vesicles into neurites (Stamer et al., 2002). The inhibition of axonal 
transport causes oxidative stress, reduces ATP content in synapses and leads to cellular 
degeneration. Tau could also impair axonal and dendritic ATP transport and thus 
lead to the accumulation of APP in the cell body (Mandelkow et al., 2003; Stamer et 
al., 2002). The reduction of tau expression does not influence axonal transport under 
physiological conditions, however, it could prevent Aβ oligomers-impaired axonal 
motility (Vossel et al., 2010). 

In our study, we also observed axonal hypomyelination in the sciatic nerve of 12-
month-old Tau 58/4 mice. Axonal demyelination in sciatic nerve has been observed 
under various pathological conditions including physical injury, chronic inflammatory 
polyneuropathy, and diabetes (Mizisin et al., 1998). A previous study in PNS myelin-
deficient Trembler mice showed a reduction in the rate of slow axonal transport 
and a slower regeneration rate in demyelinated sciatic nerve (de Waegh and Brady, 
1990). Tau protein plays an important role in the structure and function of myelin. 
In a recent study, enhanced degenerating, demyelinated fibers and motor impairment 
in the sciatic nerve of aged Tau -/- mice was observed (Lopes et al., 2016). Abnormal 
phosphorylation of tau was associated with both neuronal and axonal loss in animal 
models of experimental autoimmune encephalomyelitis as well as in human multiple 
sclerosis (Anderson et al., 2008; Schneider et al., 2004).  Here, our observations indicate 
that hyperphosphorylation and accumulation of tau may be associated with axonal 
degeneration in PNS.

We observed the proliferation of non-myelinating axon surrounded by Schwann cell 
in the sciatic nerve of 12-month-old Tau 58/4 mice. Schwann cells play an important role 
in modulation and regenerative support of peripheral axons (Kirkpatrick et al., 1994; 
de Waegh and Brady, 1990). Regeneration of non-myelinated axons was also observed 
after the injury of mammalian peripheral nerve (Lisney, 1989). Previous studies report 
the non-myelinating Schwann cells distal to nerve injury undergo a large scale change 
in gene expression, which alters the Schwann cell function from the maintenance of 
axonal ensheathment to the support of axonal regeneration (Arthur-Farraj et al., 2012; 
Jessen and Mirsky, 2016). Here, the proliferation of non-myelinating Schwann cells 
may imply an attempt for repair. 

Astrocytes play an important role in axon guidance during development and repair 
(Vickland and Silver, 1997). Previous studies have reported progressive astrogliosis and 
microglia activation in the brain of transgenic Tau mice (Sasaki et al., 2008; Yoshiyama 

et al., 2007). Here, we for the first time observed increased Mac-2 expression by 
astrocytes in the region of the lateral corticospinal tracts in the spinal cord. Mac-2 is 
a marker associated with the degradation of myelin by microglia, the brain’s professional 
phagocyte, (Rotshenker, 2009) and nonprofessional phagocytes, e.g. astrocyte (Nguyen 
et al., 2011), Schwann cells (Reichert et al., 1994). The increased number of phagocytic 
astrocytes might be a response in respect of clearance of neuronal debris, which may 
indicate an increased axonal stress from corticospinal tracts or lower motor neurons 
in Tau 58/4 mice. Future research may aim at the elucidation of the underlying 
mechanisms. 

In this study, we show that accumulation of human tau in axons and cell bodies of 
motor neurons leads to axonal atrophy and hypomyelination, followed by denervation 
of neuromuscular junctions and muscular atrophy, leading to impairment of motor 
functions. The underlying mechanisms of motor deficits in Tau 58/4 mice might be 
responsible for motor signs observed in some human tauopathies.
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SUPPLEMENTARY FIGURE

Supplementary Figure 1. The percentage of axons with less electron-dense lines in the myelin sheath 
was not changed in the sciatic nerve of 12-month-old Tau 58/4 mice. Representative electron microscopy 
photograph of axons with intact myelin (A) and axons with less electron-dense lines in the myelin sheath 
(B, black arrow) in the sciatic nerve. C The percentage of axons with less electron-dense lines in the myelin 
sheath (B) was not significantly changed between WT and Tau 58/4 mice of 12 months old (n = 5, Mean ± 
SEM, Mann-Whitney test, two-tailed). Scale bar: A = 0.5 µm, B = 1 µm.
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SUMMARY
Accompanied by the improvement in the public health and medical care, the life span 
of human beings has elongated considerably over the last decades. Consequently, 
the prevalence of aging-associated diseases has also increased. Age-related alterations 
of the central nervous system include general morphological changes and functional 
deterioration as well as increased incidence of neurodegenerative diseases. 
Neuroinflammation, which also increases during aging, could be an important link or 
a common feature for healthy aging and neurodegenerative diseases. Microglia, the local 
immune cells in the CNS, are the key cellular mediators of neuroinflammatory processes. 
The aim of this thesis is to explore phenotypical and functional changes of microglia in 
aging-associated neurodegenerative diseases. In chapter 2, we observed hyperreactivity 
of Aβ plaque-associated microglia upon systemic inflammation in transgenic AD mouse 
models (i.e., 5XFAD and APP23). We investigated the gene expression profiling of Aβ 
plaque-associated microglia of 5XFAD mice. The upregulated genes were involved in 
biological processes including immune response to external stimulus, cell motility, and 
cell differentiation. Next, we observed that the expression of phagocytic markers and 
AD-associated genes was higher in laser-captured EOAD plaques than that in LOAD 
plaques. Aβ plaque-associated microglia are the primary source of neuroinflammation 
related to AD pathology. In chapter 3, we found a profound gene expression pattern 
related to pro-inflammatory processes, phagocytosis and lipid homeostasis in microglia 
isolated from the aging mouse brain, compared to young microglia. An abundant 
expression of microglia phagocytic markers was found particularly in the white 
matter of aging mouse brain. Using human post-mortem samples, we observed 
that early inflammatory activity starts to appear in white matter at middle age. We 
further provided evidence that microglia-induced neuroinflammation is predominant 
in the white matter of aging and EOAD brains. Neuroinflammation may contribute 
to the progression of neurodegeneration, and have prognostic value for detecting 
the onset and progression of aging and neurodegeneration. In chapter 4, we observed 
the morphological changes and proliferation of microglia in HFD mice in the cortex, 
hypothalamus, and cerebellum. However, the change of diet didn’t alter the microglial 
reaction towards peripheral administration of LPS. Finally, we observed that LFD, 
combined with calorie restriction could decrease the expression of phagocytic markers 
in the white matter microglia of the aging brain. Our study indicates the protective 
role of calorie restriction during aging-related decline. In chapter 5, we describe 
neuromuscular pathology in a novel transgenic tauopathy mouse strain with enhanced 
neuron-specific expression of P301S mutant tau.  We observed that motor deficits 
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already appeared in Tau 58/4 mice 3 months after birth and deteriorated during aging. 
During aging, we observed a significant denervation of the neuromuscular junction and 
muscle hypotrophy in the EDL muscle from Tau 58/4 mice. Using electron microscopy, 
we observed ultrastructural changes in the sciatic nerve of Tau 58/4 mice indicative of 
the loss of large axonal fibers and hypomyelination. We also observed increased glia 
activity in the corticospinal tract of the spinal cord in Tau 58/4 mice. We conclude that 
the accumulated hyperphosphorylated tau aggregates in axonal terminals may induce 
‘dying-back axonal degeneration’, myelin abnormalities, neuromuscular junction 
denervation, and muscular atrophy, which may be the mechanisms responsible for 
the deterioration of the motor function in Tau 58/4 mice. 

Immune hyperreactivity in Aβ plaque-associated microglia 

There is a long-lasting discussion on the function and phenotype of Aβ plaque-
associated microglia in AD. Previous studies show that Aβ plaque-associated 
microglia reduced their capacity in phagocytosis in vitro (Hellwig et al., 2015), but 
they upregulated inflammatory markers and inflammasome activity (Heneka et al., 
2013). In acute hippocampal brain slices, the processes of plaque-associated microglia 
show hypermotility (Gyoneva et al., 2016). However, the microglial process motility 
towards the tissue lesion or damage site is suppressed in transgenic AD mouse models 
(Gyoneva et al., 2016; Krabbe et al., 2013). In chapter 2, we observed the upregulation 
of phagocytic markers and AD-associated genes (e.g., Axl, MHC II/HLA-DRa, Apoe, 
Trem2, and TyroBp) in Aβ plaque-associated microglia in transgenic AD mouse 
models and in human EOAD. The Aβ plaque-associated microglia in APP23 and 
5XFAD mice secreted a substantial IL-1β after i.p. Injection of LPS. Gene expression 
profiling of MHC II+ microglia (representing Aβ plaque-associated microglia) showed 
the upregulated genes involved in the biological processes (gene ontology terms) 
including “immune response to external stimulus” (e.g., Axl, CD63, Egr2, and Lgals3), 
“cell motility” (e.g., Ccl3, Ccl4, Cxcr4, and Sdc3), “cell differentiation”, and “system 
development” (e.g., St14, Trpm1, and Spp1). Our results point out Aβ plaque-associated 
microglia as a proinflammatory phenotype, which resembles “primed microglia”. 
Recently, a distinctive electron-dense “dark microglia” has been discovered at several 
pathological conditions, e.g., chronic stress, aging, and AD. In the vicinity of Aβ plaques 
of APP/PS1 mice, these “dark microglia” are more active in engulfing dendritic spines, 
axon terminals, and synapses (Bisht et al., 2016). It could well be that Aβ plaque-
associated microglia are comparable to these “dark microglia”. However, studies on 
the origin and characterization of “dark microglia” in either transgenic AD mouse 
models or AD patients are lacking. It may be an interesting topic in future. Besides, we 

will further investigate the gene expression profile and perform the functional analysis 
of Aβ plaque-associated microglia in human EOAD and LOAD. 

Increased white matter inflammation in aging- and Alzheimer’s disease brain

MRI studies have shown that the white matter in the brain is vulnerable to the aging 
environment (Gunning-Dixon et al., 2009). In a recent longitudinal diffusion MR 
imaging trial the white matter changes (i.e., global fractional anisotrophy, mean 
diffusivity, and white matter lesion) of more than 500 people have been recorded over 
a 2-year follow-up interval. The study clearly showed microstructural deterioration 
of the normal-appearing white matter during normal aging (de Groot et al., 2016). 
Besides, white matter damage has also been observed in EOAD and focal AD forms 
and occurs even earlier than cortical atrophy (Caso et al., 2015). In chapter 3, we 
investigated the phenotypical and functional changes of microglia in the white matter 
in the context of aging and Alzheimer’s disease. Interestingly, we observed an abundant 
expression of microglia phagocytic markers (e.g., Mac-2, Axl, CD16/32, Dectin1, 
CD11c, and CD36) particularly in the white matter of 24-month-old mouse brain. 
Using microglia isolated from white or gray matter-enriched brain regions, RNA 
expression of phagocytosis and activation markers (i.e., Axl, CD36, Clec7a, LgalS3, and 
ApoE) were all significantly higher expressed in the white matter of the aged mice. In 
the human brain, increased microglia activity already starts to show from middle age. 
We also observed that increased microglia activity is prominently present in the white 
matter of EOAD brains, compared to young controls. Microglia activity in the white 
matter might have prognostic value for detecting the onset and progression of aging 
and neurodegeneration in future.

White matter pathology is also related to cognitive impairment

During aging, the white matter in the brain is characterized by pathological alterations, 
e.g., mild astrocytic gliosis and partial loss of myelin, axons, and oligodendrocytes. 
Previous studies have shown that white matter pathology is related to cognitive 
impairment (e.g., global cognition (Longstreth et al., 1996; Prins et al., 2005) and 
information processing speed (Prins et al., 2005; Ylikoski et al., 1993)). Meta-analysis 
of longitudinal studies has demonstrated that the cognitive decline parallels white 
matter hyperintensities in MRI scans (Debette and Markus, 2010). The progression 
in periventricular white matter hyperintensities (PVWMH) volume has also been 
longitudinally associated with the decline in mental processing speed (van den Heuvel 
et al., 2006). The occurrence of PVWMH also indicated an increased risk of dementia 
(Prins et al., 2004). 
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The hypothesized mechanisms for cognitive decline in patients with changes in 
white matter structure include brain atrophy, axonal stress, and small vessel disease. 
Previous studies have shown that the severity of white matter lesions was related 
to the loss of brain volume and cognitive decline (e.g., memory, conceptualization) 
(Schmidt et al., 2005). White matter hyperintensities may associate with Wallerian 
degenerations of axons (Du et al., 2005). Due to the hypoperfusion caused by 
aging and hypertension-related changes of microvessels, microinfarcts occur in  
the white matter.

In future, considering the white matter pathology might be an indicator of cognitive 
impairment (Smith et al., 2008), it would be worthwhile to conduct longitudinal 
studies (including the neuroimaging examination of white matter change/activated 
microglia and cognitive studies) on 1) the carriers of EOAD mutations from early life 
on, when they are still at the preclinical stage; 2) healthy aging people starting at their  
middle age. 

Reversal of inflammatory process in the aging brain by low-fat diet with 
calorie restriction

It has been known that animal models of aging and obesity are characterized by 
inflammation in specific brain regions, e.g., hypothalamus. In chapter 4, we investigated 
microglia phenotypes in different brain regions of mice fed with HFD or LFD. HFD 
could increase the number or soma of microglia in the cortex, hypothalamus, and 
cerebellum. The expression level of genes involved in immune response, phagocytosis, 
and metabolism didn’t change in the hypothalamic microglia of young HFD mice, 
compared to LFD mice. Previous studies have shown that caloric restriction could 
prolong the lifespan of yeast, rodents, and monkeys (Colman et al., 2014; Lee and 
Longo, 2016). Age-related deficits in memory and motor coordination are also 
ameliorated by caloric restriction in rodents (Grayson et al., 2014; Kuhla et al., 2013; 
Vermeij et al., 2016). Caloric restriction could suppress microglial activation and 
prevent neuronal death after cortical injury (Loncarevic-Vasiljkovic et al., 2012). In 
chapter 4, the expression of phagocytic markers in the white matter microglia of aging 
brain was markedly decreased in LFD mice with caloric restriction, which indicates 
the protective role of caloric restriction on microglia function during aging decline. 
Thus, calorie restriction is a non-genetic intervention for successful brain aging.

FUTURE PERSPECTIVE
Trem2 function during AD and aging

Genome-wide association studies have identified rare variants of Trem2 as risk factors 
for LOAD. In chapter 2 and 3, we showed the increase of Trem2 mRNA expression 
surrounding Aβ plaques in transgenic AD mice and in EOAD brains, as well as in 
the white matter of aging brain tissue. It has been postulated that during AD, Trem2 
signaling may control the microglial response to Aβ (Kleinberger et al., 2014; Wang et 
al., 2015). The mechanisms for Trem2 regulating microglial response to Aβ plaques are 
not yet clear. Recent studies provide following possibilities: 1) Trem2 could promote 
phagocytosis and the clearance of apoptotic neurons and Aβ. In parallel, Trem2 limits 
the pro-inflammatory signals which are transmitted by pattern recognition receptors 
upon Aβ (Colonna and Wang, 2016; Takahashi et al., 2005). 2) As a lipid receptor, 
Trem2 senses the changes in the lipid microenvironment during AD owing to cell 
death, synaptic dysfunction, and Aβ production. Trem2 sustains microglial activation 
by PRRs or other receptors to limit Aβ accumulation (Colonna and Wang, 2016; 
Wang et al., 2015). 3) Trem2 expression on peripheral monocytes is required for their 
recruitment and these myeloid cells originated from peripheral blood monocytes 
cluster around Aβ plaques (Jay et al., 2015). Besides its effects in AD, Trem2 also has an 
impact on microglial senescence during aging. Aged TREM2-/- mice have significantly 
reduced the numbers of microglia with an abnormal morphology in the white matter 
(Poliani et al., 2015). 

Recently, soluble Trem2 (sTrem2), the ectodomain of Trem2, which is proteolytically 
cleaved and released into the extracellular space, has gained attention. The level of 
sTrem2 in the cerebral fluid is increased in the early symptomatic phase of AD (Suárez-
Calvet, Kleinberger, et al., 2016) and is associated with the increase in gray matter 
volume in early AD using MRI (Gispert et al., 2016). Interestingly, in patients with 
autosomal dominant AD, the changes in CSF sTrem2 appeared after brain amyloidosis 
and neuronal injury (Suárez-Calvet, Araque Caballero, et al., 2016). sTrem2 might be 
a potential biomarker for microglia activity in neurodegeneration. The function of 
sTrem2 still needs further investigation.  

Anti-β-amyloid immunotherapy for Alzheimer’s disease

In the last decades, based on the “amyloid cascade hypothesis”, various anti-Aβ 
strategies have been pursued as the main direction for the treatment of Alzheimer’s 
disease. The strategies include inhibition of the secretases responsible for Aβ generation 
(Panza et al., 2009), prevention of the aggregation of Aβ deposition, and acceleration 
of the rate of Aβ clearance (C.A. and E., 2010). With respect to the clearance of Aβ, 
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a large number of studies have been designed to investigate the immunotherapy in 
AD. Aβ immunization includes active vaccination (the administration of Aβ antigens) 
and passive vaccination (anti-Aβ antibodies). It was firstly observed that anti-Aβ 
antibodies inhibit fibrillar aggregation of Aβ peptide and prevent the neurotoxic effects 
of Aβ in vitro (Solomon et al., 1996, 1997). In 1999, Schenk et al. reported the first 
evidence that active immunotherapy with Aβ could attenuate AD-like pathology 
in vivo (Schenk et al., 1999). In this study, the researchers vaccinated transgenic 
PDAPP mice with synthetic human Aβ42, which prevented plaque deposition and 
attenuated the gliosis and neuritic dystrophy. Similar findings were observed in various 
transgenic AD mouse models, using different adjuvants and routes of administration 
(Asuni et al., 2006; Lemere et al., 2000; Sigurdsson et al., 2001; Yu et al., 2016). In 
these animal models, active Aβ immunization could not only reduce the Aβ burden 
but also attenuate behavioral deficits (Janus et al., 2000; Morgan et al., 2000; Yu et 
al., 2016). Besides active vaccination, passive Aβ immunotherapy could also prevent 
AD-like pathology in transgenic AD mouse models. Thus passive immunization with 
anti-Aβ monoclonal antibodies lowered the plaque load, reduced neuritic dystrophy, 
and reversed behavioral deficits (Bard et al., 2003; DeMattos et al., 2001; Kotilinek et 
al., 2002). The routes of administration included systemic injection (DeMattos et al., 
2001), intra hippocampal injection (Oddo et al., 2004), and intracerebroventricular 
infusion (Chauhan and Siegel, 2002). The overall efficacy of active Aβ immunotherapy 
might be higher when the immunization occurs at an early stage of AD pathology, even 
before the aggregation of Aβ and tau (C.A. and E., 2010). 

The successful preclinical studies promoted the development of clinical trials of 
immunotherapy in human AD patients. Unfortunately, the first active immunization 
therapy (AN1792) failed because of severe side effects (i.e., meningoencephalitis) 
(Orgogozo et al., 2003). The excessive Th1-mediated response may have been 
the reason for the cytotoxic T-cell reactions surrounding cerebral vessels (Ferrer et 
al., 2004). The second generation of active Aβ immunotherapy (CAD106) now has 
completed its phase IIa trials, and didn’t cause unexpected safety findings, which might 
be a therapeutic option in future (Farlow et al., 2015). Passive Aβ immunotherapy with 
the administration of humanized antibodies seems to avoid induction of Th1-mediated 
autoimmunity (Panza et al., 2014). The monoclonal antibody Bapineuzumab, which 
recognizes the Aβ1-5 region, was shown to lower the brain Aβ burden in a Phase II 
trial (Rinne et al., 2010). However, after two Phase III trials in mild-to-moderate AD 
were completed it appeared that the level of cognitive behavior was not improved 
in the Bapineuzumab-treated AD group (Salloway et al., 2014). Another anti-Aβ 
monoclonal antibody Solanezumab, which is directed against the Aβ13-28 region, 

has finished the Phase III trial. Eli Lilly just announced that patients treated with 
Solanezumab did not show slowing in cognitive decline compared to patients treated 
with placebo in the Phase III trial. Recently, Biogen announced the positive results of 
a Phase II trial of anti-Aβ monoclonal antibody Aducanumab. The brain levels of Aβ 
were reduced in a dose- and time-dependent manner, accompanied by a slowing of 
cognitive decline, during one year of monthly intravenous infusion of Aducanumab 
(Sevigny et al., 2016). Considering the negative results of previous Aβ immunotherapy 
studies, the “Aβ cascade hypothesis” is still under debate (Panza et al., 2014).

CONCLUSION
We have investigated the phenotypical and functional changes of microglia in aging-
associated diseases. Based on the thesis we speculate that misfolded proteins, specific 
brain environment, and dietary changes could affect the microglia phenotype in 
the context of aging and neurodegeneration. We propose that immune hyperreactivity 
of microglia surrounding Aβ plaques and the increased microglia activity in the white 
matter of aging and AD brains could be potential diagnostic and therapeutic targets. 
As a low-fat diet combined with calorie restriction reduced the increased activity of 
microglia in the white matter during aging a protection of the ageing brain by calorie 
restriction seems effective.
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NEDERLANDSE SAMENVATTING
Verbeteringen met betrekking tot de gezondheidszorg hebben er toe geleid dat  
de levensverwachting van de mens de laatste jaren aanzienlijk is gestegen, met een 
toename van ouderdomsziektes tot gevolg. Verouderings-gerelateerde veranderingen  
in het centraal zenuwstelsel (CZS) omvatten morfologische veranderingen en 
functionele achteruitgang, alsmede een toename van neurodegeneratieve ziektes. 
Ook zien we neuroinflammatie toenemen in het verouderende brein, en dit 
fenomeen zou het verschil kunnen maken tussen gezond oud worden en het ontstaan 
van neurodegeneratieve ziektes. Microglia, de immuuncellen van het CZS, zijn  
de hoofdrolspelers in deze neuroinflammatoire processen. Het doel van dit proefschrift 
is om de fenotypische en morfologische veranderingen in microglia te beschrijven 
in ouderdoms-gerelateerde neurodegeneratieve ziektes. In hoofdstuk 2 bestuderen 
we microglia in 5xFAD en APP23 muizen, twee muizenmodellen voor de ziekte 
van Alzheimer (AD). We beschrijven de aanwezigheid van hyperreactieve microglia 
in de nabijheid van Aβ plaques na inductie van een systemische ontsteking en uit 
genexpressie onderzoek van deze microglia blijkt dat genen die een rol spelen in AD, 
zoals immuunrespons, cel beweeglijkheid en cel differentiatie, verhoogd tot expressie 
komen. Ook vergeleken we plaques van donoren met ouderdoms-gerelateerde AD met 
plaques van juveniele AD donoren. Hier vonden we vooral in juveniele AD donoren 
een verhoging van fagocytose genen en AD gerelateerde genen. In de AD pathologie 
lijken juist deze Aβ-plaque geassocieerde microglia de primaire oorzaak te zijn van 
neuroinflammatie. In hoofdstuk 3 wordt het genexpressie profiel van microglia uit 
hersenen van oude en jonge muizen met elkaar vergeleken en tonen we aan dat het 
profiel van ‘oude microglia’ duidelijk afwijkt. Vooral in de witte stof van oude muizen 
zien we een verhoogde expressie van genen die een rol spelen bij pro-inflammatoire 
processen, vet recycling en fagocytose. In humane post mortem hersenmonsters zagen 
we al beginnende neuroinflammatie in de witte stof van donoren van middelbare 
leeftijd en blijkt in de witte stof van oude donoren en donoren met juveniele AD 
neuroinflammatie dominant aanwezig. Wij concluderen dat neuroinflammatie kan 
bijdragen tot de progressie van neurodegeneratie en een voorspellende waarde kan 
hebben met betrekking tot de eerste symptomen en de progressie van hersenveroudering 
en neurodegeneratie.

Hoofdstuk 4 beschrijft het effect van een dieet met hoog vetgehalte (HFD) op 
microglia. In HFD muizen ondergaan deze cellen morfologische veranderingen en is 
er een toename van proliferatie in de cortex, hypothalamus en cerebellum. Echter, de 
verandering van dieet had geen invloed op de reactie van microglia na een i.p. injectie 
van lipopolysacchariden (LPS) afkomstig uit de bacteriële celwand. Een dieet met 
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laag vetgehalte (LFD) in combinatie met calorische restrictie leidt tot een verlaging 
van expressie van fagocyterende genen in witte stof microglia van ouder wordende 
hersenen. Deze studie toont de beschermende rol van calorische restrictie gedurende 
veroudering aan. Hoofdstuk 5 beschrijft de neuromusculaire symptomen in een 
nieuwe transgene muizenstam met tauopathie. In deze muizen vindt een verhoogde 
neuron-specifieke expressie van P301S mutante eiwit Tau plaats. Drie maanden na 
geboorte vertoont deze Tau 58/4 muis al problemen met het motorische systeem en 
dit verslechtert gedurende veroudering, met bijkomende symptomen als beschadiging 
van de zenuwverbindingen en verschrompeling van de kuitspier Musculus extensor 
digitorum longus. Met behulp van elektronenmicroscopie zagen we ultra-structurele 
veranderingen in de sciatische zenuw, hetgeen een aanwijzing geeft voor het verlies en 
beschadiging van grote zenuwvezels. Tevens zagen we een verhoging van glia activiteit 
in de betreffende zenuwvezels van het ruggenmerg van deze muizen. We concludeerden 
dat de accumulatie van hypergefosforyleerde tau eiwitten in zenuwuiteinden 
veranderingen in de witte stof, beschadiging van de zenuwverbindingen en spieratrofie 
veroorzaakt. Al deze waarnemingen zijn waarschijnlijk verantwoordelijk voor  
de verslechtering van de motor functie in deze Tau58/4 muizen.

Immuun hyperreactiviteit in Aβ-plaque geassocieerde microglia 

Er is al lange tijd een discussie gaande over de functie en het fenotype van microglia 
uit de directe nabijheid van Aβ-plaques. In hoofdstuk 2 beschrijven we verhoogde 
expressie van fagocytose - en AD-geassocieerde genen, zoals Axl, MHC II/HLA-DRa, 
Apoe, Trem2 en TyroBp in microglia uit de directe nabijheid van Aβ-plaques in AD 
muizenmodellen en in post mortem hersenweefsel van juveniele Alzheimer patiënten. 
De uitscheiding van het cytokine IL-1β is substantieel verhoogd in microglia uit 
de directe nabijheid van Aβ-plaques van APP23 en 5xFAD muizen na een i.p. LPS 
injectie. Het genexpressie profiel van MHCII+ microglia (representatie van microglia 
uit de directe nabijheid van Aβ-plaques) toont aan dat de versterkt gereguleerde genen 
betrekking hebben op biologische processen aangaande “immuun response op een 
externe stimulus” (b.v., Axl, CD63, Egr2 en Lgals3), “cel beweeglijkheid” (b.v., Ccl3, Ccl4, 
Cxcr4 en Sdc3), “differentiatie” en “systeem ontwikkeling” (b.v., St14, Trpm1 en Spp1). 
Onze resultaten wijzen uit dat microglia rondom Aβ-plaques een pro-inflammatoir 
fenotype bezitten.

Toename van inflammatie in de witte stof van hersenen van ouderen en 
patiënten met de ziekte van Alzheimer

Uit MRI studies komt naar voren dat de witte stof in de hersenen gevoelig is voor zijn 
verouderende omgeving. Aantasting van de witte stof is ook beschreven in juveniele 

Alzheimer patiënten en manifesteert zich zelfs eerder dan de beschadiging in de grijze 
stof. In hoofdstuk 3 onderzochten we de fenotypische en functionele veranderingen 
van witte stof microglia in de context van het ouder wordende brein en in AD. Microglia 
uit witte stof van oude muizen brengen specifieke ‘fagocytose genen’ tot expressie  
(b.v., Mac-2, Axl, CD16/32, Dectin1, CD11c en CD36). Bij een vergelijking van 
microglia uit witte en grijze stof bleek dat de RNA expressie van facocytose- en activatie 
markers (b.v., Axl, CD36, Clec7a, LgalS3 en ApoE) significant hoger waren in witte 
stof microglia van oude muizen. In humane post mortem hersenmonsters worden  
de eerste symptomen van microglia activatie al gezien vanaf middelbare leeftijd en vindt 
dit voornamelijk plaats in de witte stof en in juveniele Alzheimer patiënten. Microglia 
activatie in de witte stof kan in de toekomst mogelijk een prognostische waarde 
hebben met betrekking tot de signalering van de aanzet van het ouder wordende brein  
en neurodegeneratie.

Onderdrukking van ontstekingsprocessen in de oudere hersenen door 
een dieet met laag vetgehalte in combinatie met calorische restrictie.

Het is bekend dat diermodellen voor het bestuderen van veroudering en obesitas 
worden gekarakteriseerd door ontstekingen in bepaalde hersengebieden, waaronder 
de hypothalamus. In hoofdstuk 4 onderzochten we microglia fenotypes in  
de verschillende hersengebieden van muizen met een dieet met een hoog -  (HFD)  
en laag vetgehalte (LFD).  Een HFD zorgt voor een toename van het aantal microglia en 
een toename van het oppervlak van het microglia cellichaam in de cortex, hypothalamus 
en cerebellum. We zagen geen verschil in expressie profielen van genen die betrekking 
hebben op de immuunrespons, fagocytose en metabolisme tussen microglia afkomstig 
uit de hypothalamus van jonge HFD en LFD muizen. De expressie van fagocytose 
genen was daarentegen aanzienlijk gedaald in LFD muizen met calorische restrictie, 
wat duidt op een beschermende rol van calorische restrictie gedurende veroudering. 
Concluderend, calorische restrictie is een niet-genetische interventie met een positief 
effect op de verouderende brein.

CONCLUSIE
Wij hebben onderzoek gedaan naar de fenotypische en functionele veranderingen van 
microglia in relatie tot verouderings-gerelateerde ziektes. Gebaseerd op dit onderzoek 
kunnen we speculeren dat verkeerd gevouwen eiwitten, specifieke omgevingsfactoren 
van de hersenen en dieet veranderingen een effect kunnen hebben op het fenotype 
van microglia in de context van veroudering en neurodegeneratie. Wij stellen dat 
hyperreactive microglia rondom Aβ-plaques en de toename van microglia activatie 
in de witte stof van de ouder wordende hersenen en AD hersenen een potentiele 
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rol kunnen spelen bij het onderzoek naar diagnostische en therapeutische targets. 
Calorische restrictie lijkt effectief als bescherming tegen de ouder wordende brein, 
aangezien een dieet met een laag vetgehalte in combinatie met calorische restrictie 
voor ‘rustiger microglia’ in de witte stof zorgt.   
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