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Abstract 

Alzheimer´s disease (AD) is a chronic neurodegenerative disorder and is the most 

common cause of dementia. The two major neuropathological hallmarks of the disease 

are senile plaques, mainly composed of extracellular deposits of amyloid  (A), and 

neurofibrillary tangles, consisting of intracellular aggregates of aberrantly 

phosphorylated tau protein. This is accompanied by synaptic loss and neuronal loss, 

dendritic and axonal changes, and inflammatory reactive lesions. Cumulative data 

suggests that neuroinflammation plays a prominent role in AD pathogenesis and age-

associated dysregulation of the neuroimmune system. From a clinical point of view, 

despite the resemblance of neuropathological, there are important differences between 

the group of patients with sporadic early onset (<65 years old) and late onset 

Alzheimer's disease (>65 years old). Thus, it seems important to understand the age-

dependent relationship between neuroinflammation and the underlying biology of AD 

in order to identify potential explanations for clinical heterogeneity, interpret 

biomarkers and to promote the best treatment for different clinical AD phenotypes. 

In this thesis, it is first demonstrated that microglia activation has particular 

characteristics associated to AD that are distinct from frontotemporal dementia (FTD), 

another type of neurodegenerative dementia studied in this work. Subsequently, we 

found that the neuroinflammatory pathological markers (microglia activation and 

astrogliosis) in late stage AD human tissue have an overall similar pattern in both early 

and late onset AD, despite the greater severity of the pathological markers in the 

younger group. In a prospective clinical study, we showed a pro- and anti-inflammatory 

immune dysregulation in the cerebrospinal fluid cytokines in patients with AD and FTD, 

together with findings of particular signatures for each disorder. Furthermore, our 

results supports a possible protective role of inflammatory upregulation in early disease 

stages and suggest an age effect on IP-10 mediated pathogenesis in AD. The studies 

presented in this thesis call for a reappraisal of aging as a modulating factor in sporadic 

AD associated inflammation and highlight the idea that inflammation in this context is 

not exclusively detrimental or beneficial, but has to be fine-tuned. The study of this 

delicate balance in the different ages will be important to understand treatment 

efficacy, namely immunotherapeutic approaches, in clinical trials.  
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Resumo 

A doença de Alzheimer (DA) é uma doença neurodegenerativa crônica e é a causa mais 

frequente de demência. As características neuropatológicas principais da doença são as 

placas senis, compostas principalmente por depósitos extracelulares de substância 

amilóide β (Aβ) e tranças neurofibrilhares, constituídas por agregados intracelulares de 

proteína tau fosforilada. Estes achados acompanham-se de perda neuronal e sináptica, 

alterações dendríticas e axonais e lesões inflamatórias reativas. A literatura suporta um 

papel proeminente da neuroinflamação na patogénese da DA, assim como a existência 

de uma desregulação do sistema neuroimune associada ao envelhecimento. Do ponto 

de vista clínico, apesar da semelhança dos achados neuropatológicos, existem 

diferenças importantes entre os doentes com DA esporádica de início precoce (<65 

anos) e início tardio (> 65 anos). Assim, é importante compreender o papel da idade na 

relação entre neuroinflamação e a biologia subjacente da DA, para identificar possíveis 

explicações para a heterogeneidade clínica, interpretar os biomarcadores e promover o 

melhor tratamento para os seus diferentes fenótipos clínicos. 

Nesta tese, demonstramos que a ativação da microglia possui características 

particulares associadas à DA, que foram distintas da demência frontotemporal (DFT), 

outro tipo de demência neurodegenerativa estudada neste trabalho. Posteriormente, 

verificamos que os marcadores patológicos de neuroinflamação (microglia ativada e 

astrogliose) apresentam um padrão similar na DA de início precoce e tardio, embora 

exiba maior severidade no grupo mais jovem. Num estudo clínico prospetivo, 

mostramos que existe uma desregulação imune anti- e pro-inflamatória pela análise de 

citocinas do líquido cefalorraquidiano em doentes com DA e DFT, juntamente com 

achados que sugerem uma assinatura específica para cada entidade. Além disso, os 

resultados suportam um possível papel protetor da hiper-regulação inflamatória nos 

estágios iniciais da doença e sugerem um efeito modelador da idade na patogénese da 

DA mediada pelo citocina IP-10. Os estudos apresentados nesta tese requerem uma 

reavaliação do envelhecimento como modulador na inflamação associada à DA 

esporádica e fortalecem que essa inflamação não é exclusivamente prejudicial ou 

benéfica, mas tem que ser ajustada. O estudo deste equilíbrio nas diferentes idades será 

importante para entender a eficácia de tratamentos, nomeadamente nos baseados em 

imunoterapia, em ensaios clínicos.  
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1. Introduction  

In this chapter, the concept of neuroinflammation in aging and Alzheimer´s disease (AD) 

is reviewed, with particular emphasis on the differences between early and late onset 

AD, and the interplay between brain aging, neuroinflammation and AD phenotypes. Part 

of this revision has been published (Taipa et al., 2016) 

 

1.1. General  

Alzheimer´s disease  is a chronic neurodegenerative disorder and is the most common 

cause of dementia worldwide, accounting for 50-70% of cases (Winblad et al., 2016). 

Because the primary risk factor for AD is old age, the prevalence of the disease is 

increasing dramatically with ageing populations worldwide and represents significant 

health-care cost in developed countries (Reitz et al., 2011; Winblad et al., 2016).  An 

estimated 40 million people, the majority older than 60 years, have dementia 

worldwide, and this figure is projected to double every 20 years, until at least 2050.  

The classical clinical presentation of AD includes a gradual and progressive decline of 

cognitive domains, with prominent memory impairment and executive dysfunction 

interfering with daily life activities. Atypical presentations of AD include language, visual, 

praxis, or executive problems before, and more pronounced, than memory deficits 

(McKhann et al., 2011; Scheltens et al., 2016).  The former is the typical presentation in 

elderly patients and the later more common in early onset AD.  

 The two major neuropathological hallmarks of the disease are senile plaques, which are 

mainly composed of extracellular deposits of amyloid β (Aβ) and neurofibrillary tangles, 

which consist of intracellular aggregates of aberrantly phosphorylated tau protein. This 

is accompanied by neuronal and synaptic loss, dendritic and axonal changes, and 

inflammatory reactive lesions (Cummings and Cummings, 2004; Taipa et al., 2012). 

Despite the significant advances that have been made in the understanding of AD 

pathogenesis, it remains largely unknown. After two decades of the amyloid cascade 

hypotheses proposed by Hardy and Higgins (Hardy and Higgins, 1992), multiple lines of 

research still support  Aβ aggregation as the critical step that initiates AD pathology. The 

strongest evidence for Aβ aggregation as a causative factor comes from studies of 
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familial Alzheimer’s disease cases with mutations of amyloid precursor protein (APP), 

presenilin 1 (PSEN1) or presenilin 2 (PSEN2).  

Cumulative data suggests that neuroinflammation plays a prominent and early role in 

AD (Heneka et al., 2015). The amyloid cascade-inflammatory hypothesis proposes that 

Aβ induces an inflammatory response that is enhanced by the presence of tau (Bolós et 

al., 2017). The inflammatory response is driven principally by activated microglia, the 

predominant resident immune cell in the central nervous system (CNS) (Norden and 

Godbout, 2013; Ransohoff, 2016).  

More recently, studies have highlighted the biological process of age related changes 

associated to microglial cells (Flanary et al., 2007; Mosher and Wyss-Coray, 2014; Streit 

et al., 2009) and suggested that microglial senescence can be directly associated to 

neurofibrillary degeneration (Streit et al., 2014). Despite clinical resemblance and similar 

neuropathological findings, there are important differences between the group of 

patients with sporadic early onset (<65 years old) and late onset Alzheimer's disease 

(>65 years old). Thus, it seems important to understand the age-dependent relationship 

between neuroinflammation and the underlying biology of AD in order to identify 

potential explanations for clinical heterogeneity, interpret biomarkers and to promote 

the best treatment for different clinical AD phenotypes.    

 

1.2. Neuroinflammation in aging and Alzheimer´s disease 

1.2.1. Brain immune system 

Microglia are the resident immune cells of the CNS and considered the tissue-resident 

macrophages. Nissl, who first described these cells in 1899, distinguished microglia from 

other neural cells based on the shape and their nuclei (Nissl, 1989). Microglia arise from 

myeloid precursors and constitute an autonomous population distinct from the 

peripheral circulating mononuclear phagocytes (Ginhoux et al., 2010). These cells 

account for up to 16% of total cell CNS population and this is dependent on the brain 

region (Norden and Godbout, 2013). There is limited replication and turnover of 

microglia, suggesting that microglia are a very long-lived and stable cell population 

(Mosher and Wyss-Coray, 2014; Norden and Godbout, 2013). Microglia can offer several 

macrophage related activities that provide an innate immune response as the first and 
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main form of active immune defense in the brain (Norden and Godbout, 2013). The term 

microglial activation encompasses the process where microglia change shape, molecular 

signature, and cellular physiology in order to respond to injury or disease (Kettenmann 

et al., 2011). Resting microglia are characterized by a small cell body, highly ramified 

processes with weak expression of associated cell surface marker antigens (Derecki et 

al., 2014). In contrast, activated microglia display shortened processes and hypertrophy 

of cell body (Perry et al., 2010). The definition of resting microglia does not mean a 

passive spectator in the healthy adult CNS. In vivo two-photon microscopy imaging 

studies, showed that microglia survey the brain parenchyma by constantly extending 

and retracting their processes, and react rapidly to brain injury or insult, and are more 

properly termed “surveillant” (Davalos et al., 2005; Malm et al., 2015; Nimmerjahn et 

al., 2005). The functions of microglia in the normal healthy brain beyond immune 

surveillance are unclear, but recently functions that are more sophisticated have been 

described such, as participating actively in the maintenance and plasticity of neuronal 

circuits, contributing to the protection and the remodeling of synapses (Ji et al., 2013; 

Lourbopoulos et al., 2015). 

Microglial activation states have been classically described as activated (M1) or 

alternatively activated (M2) (Martinez et al., 2008). The M1 phenotype is characterized 

by production of proinflammatory cytokines, such as IL-1β, TNF-α and IFN-γ, whereas in 

the M2 phenotype microglia secrete anti-inflammatory cytokines, such as IL-4, IL-10 and 

transforming growth factor-β, which downregulate inflammation and promote tissue 

remodeling/repair and angiogenesis (Czeh et al., 2011). However, this categorizing 

system relies on peripheral macrophages studies, which do not recapitulate all 

microglial functions. Microglial cells show high levels of diversity and plasticity and their 

classification into an M1 and M2 polarized state is likely an oversimplification (Malm et 

al., 2015; Ransohoff, 2016). Recently, it has been proposed that microglia switch 

continuously between phenotypes (Heneka et al., 2015; Town et al., 2005). Another type 

of neuroimmune cells are the perivascular macrophages (Hickman and El Khoury, 2013). 

They seem to be derived from circulating macrophages, and are able to perform all the 

known functions of peripheral macrophages; they undergo complete turnover 

approximately every 3 months (Audoy-Rémus et al., 2008; Bechmann et al., 2001). 

Circulating blood monocytes can enter the CNS, but it is not clear how often it happens 
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under non-inflammatory conditions. In conditions of disrupted blood brain barrier, and 

when properly stimulated, they can differentiate into microglia-like cells or perivascular 

macrophages morphologically and phenotypically (Hickman and El Khoury, 2013).   

Astrocytes are the most abundant glial cells in the central nervous system and their 

function is critical for the support of neuronal homeostasis (Sofroniew and Vinters, 

2010). The term astrogliosis describes a wide range of both molecular and functional 

changes in astrocytes aimed to neuroprotection and repair of injured neural tissue 

(Osborn et al., 2016; Sofroniew and Vinters, 2010) . It has been shown that that reactive 

astrogliosis and glial scar formation play essential roles in regulating CNS inflammation 

(Sofroniew and Vinters, 2010). Reactive astrocytes in response to different kinds of 

insult can produce molecules with either pro- or anti-inflammatory potential. 

Additionally, reactive astrocytes can exert both pro- and anti-inflammatory effects on 

microglia (Burda and Sofroniew, 2014; Farina et al., 2007). More recently, in an analogy 

to the M1/M2 macrophage nomenclature, two different types of reactive astrocytes, 

named A1 and A2, were described (Liddelow et al., 2017). A1 astrocytes upregulate 

many classical complement cascade genes previously shown to be destructive to 

synapses and A2 upregulate neurotropic factors. Interestingly, this group showed that 

A1 astrocytes are induced by activated microglia (Liddelow et al., 2017).  

In summary, microglia and astrocytes are fundamental players of the brain immune 

system and their (dys)functions are highly interdependent.   

 

1.2.2. Neuroinflammation in the brain aging 

Brain aging is a dynamic process that adapts to different external and internal challenges 

(Lövdén et al., 2013). There is clinical and experimental evidence that 

neuroinflammation in the aged brain is characterized by a shift towards a pro-

inflammatory state (Barrientos et al., 2010; Norden and Godbout, 2013). Additionally, 

aging is associated to an imprecisely defined process of “immunosenescence” that 

affects both adaptive and innate immune systems (Di Benedetto et al., 2017).  

Inflammation in the brain is defined by upregulated astrocyte and microglial cell 

reactivity in association with increased levels of circulating cytokines such as TNFα, IL-

1β and IFN-γ (McGeer and McGeer, 2001; Ojo et al., 2015; Streit et al., 2004). With aging, 
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microglia phenotype shifts progressively towards the activated form, together with 

enhanced sensitivity to inflammatory stimuli (priming phenomena) (Norden and 

Godbout, 2013; Perry and Teeling, 2013). In normal human brain aging, microglia is 

characterized by up-regulation of glial activation markers such as IL-α (Sheng et al., 

1998) and major histocompatibility complex II (MHC II) (Sobel and Ames, 1988). MHC II 

is important because it is conserved across species and its presence is interpreted as 

indicative of microglial priming (Norden and Godbout, 2013). There is compelling 

evidence from different research groups and aging models, that following different 

types of challenge (bacteria, virus, stress, surgical intervention), aged animals exhibited 

a clear and exaggerated neuroinflammatory response, when compared to young adult 

animals (Abraham et al., 2008; Barrientos et al., 2010; Godbout et al., 2005; Rosczyk et 

al., 2008). These studies provided evidence that over the lifespan, episodes of systemic 

inflammation and cytokine stimulation can “instruct” microglia and increase their 

reactivity (Barrientos et al., 2010; Lourbopoulos et al., 2015). Interestingly, some of 

these sensitized neuroinflammatory responses are specific to the hippocampal 

formation, which is important for memory function (Barrientos et al., 2010). Microglia 

from the aged CNS could be described as hyper-vigilant to disturbances in central 

homeostasis with less capability of shifting among functional states. Proteins expressed 

in CNS microenvironment, which are known to inhibit microglia activation or pro-

inflammatory immune responses, have been implicated in the mechanism of how 

microglia becomes chronically sensitized during normal aging (Biber et al., 2007).  In fact, 

various proteins have been described that activate anti-inflammatory signals following 

ligand receptor interactions (Griffiths et al., 2009), particularly CD200 (Barrientos et al., 

2015; Hoek et al., 2000; Lyons et al., 2007) and fractalkine (CX3CL1) (Barrientos et al., 

2015; Corona et al., 2010; Wynne et al., 2010); interestingly, both are preferentially 

expressed in neurons. These proteins inhibit microglia through their cognate receptor, 

which is expressed predominantly in myelomonocytic cell types. During aging, the 

expression of levels of these ligands decreases concurrently with increases in microglial 

activation status. More recently, another line of research suggests that significant and 

prolonged elevation in hippocampal corticosterone (the endogenous glucocorticoid in 

rodents) leads to microglial priming (Barrientos et al., 2015). However, the simplistic 

view that aging CNS shifts microglial polarization from alternative M2 state to the 
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classical, proinflammatory state, should be interpreted cautiously because many studies 

found that both M1 markers and M2 markers are increased in aged mice (Mosher and 

Wyss-Coray, 2014). For example, active microglia from aged mice actually had higher 

levels of IL-10 production (an anti-inflammatory cytokine) than those of adult mice and 

lower expression of TGFβ (an inflammatory cytokine) (Sierra et al., 2007). In this case, 

the maintenance of inflammatory response could be attributed to an impaired response 

to IL-10 in the aged brain (Norden and Godbout, 2013). Furthermore, primed microglia 

phenomena have been described mainly in mouse models (Norden and Godbout, 2013; 

Raj et al., 2014), and less in human brain research (Sheng et al., 1997). More recently, 

studies have shown that the cerebrospinal fluid (CSF) levels of YKL-40 (a microglial 

marker) increases in normal aging (Alcolea et al., 2015; Olsson et al., 2013; Sutphen et 

al., 2015). 

Together with this perspective that microglia becomes primed and more reactive with 

age, others have shown that microglia become senescent and less reactive with age 

(Flanary et al., 2007; Streit et al., 2014, 2009). In the heathy young CNS, microglia have 

a typical ramified morphology and are distributed throughout the neural parenchyma in 

a “space-filling” manner (Wong, 2013). Due to the prolonged lifespan of CNS microglia 

they are more susceptible to accumulate aging-related changes (Gehrmann and Banati, 

1995), such as in their distribution, morphology and behavior (Mosher and Wyss-Coray, 

2014; Wong, 2013) (table 1). Many microglial cells in the aged brain show dystrophic 

features indicative of age-related alterations. These dystrophic microglia have de-

ramification or decreased arborization of their processes, loss of finely branched 

cytoplasmic processes, cytoplasmic beading/spheroid formation, shortened and twisted 

cytoplasmic processes and in some instances there is partial or complete cytoplasmic 

fragmentation (Streit et al., 2004). More recently, shortening of microglial cell processes 

and reduced of coverage of brain parenchyma with aging has been reported, however, 

without microglia dystrophy or changes in cell density. (Davies et al., 2016). The meaning 

of these morphological changes or why they happen is still to be understood.    

There is limited knowledge about ageing of astroglia and the data available is 

controversial. In human post-mortem tissue analysis there was no significant changes in 

astroglial cell counts between old and young adult brains (Fabricius et al., 2013; Pelvig 

et al., 2008).  In old rodents, an increase, a decrease and no change in the number of 



7 
 

GFAP positive astroglial cells have been reported (Verkhratsky et al., 2016). Some data 

supports that aged astrocytes show characteristics of the senescence-associated 

secretory phenotype, which involves increased secretion of inflammatory components 

(Salminen et al., 2011).  

In summary, aged microglia are primed with exaggerated and prolonged responses to 

inflammatory stimuli and display dysfunctional dystrophic age associated features. Yet, 

it is still to be determined if microglia activation is the cause of neurodegeneration or a 

secondary reactive (beneficial) process; or if the neurodegeneration is actually 

secondary to microglia senescence and associated loss of microglial protection.   

 

 

Table 1  

Summary of principal changes associated with microglial aging, adapted from Wyss-

Coray (Wyss-Coray et al., 2006) and Wong (Wong, 2013).  

 

Changes in microglial distribution 

Replicative senescence (reduced mitotic activity in response to CNS injuries) 

Decreases in regularity in distribution 

Changes in morphology 

Decrease in individual microglial ramification (dendritic arbor area, branching, and total 

process length) 

Appearance of morphological changes suggestive of increased activation state (shortened 

and extensively branched processes and hypertrophy of cell body)  

Appearance of dystrophic microglia (de-ramified, fragmented, or tortuous processes, 

cytoplasmic beading/spheroid formation) 

Changes in microglial dynamic behavior and function 

Decrease in the motility and migration process 

Changes in intercellular signaling and marker expression (MHC II, CD11b) 

Impaired phagocytosis  

Impaired proteostasis 
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1.2.2. Neuroinflammation in Alzheimer´s disease  

After two decades of the amyloid cascade hypotheses proposed by Hardy and Higgins 

(Hardy and Higgins, 1992), multiple lines of research still support the Aβ aggregation as 

the critical step that initiates AD pathology. However, despite being required, it appears 

that Aβ aggregation alone is not sufficient for the development of the neuropathological 

and clinical syndrome of AD (Musiek and Holtzman, 2015). Several research studies 

report links between AD and genes regulating immunity as well as the expression of 

immune factors in blood, CSF and brain tissue (Eikelenboom et al., 2010; Heneka et al., 

2015; International Genomics of Alzheimer’s Disease Consortium (IGAP), 2015; Mhatre 

et al., 2015; Xiang et al., 2006). There is data supporting that neuroinflammation in 

Alzheimer’s disease is not a passive mechanism activated by senile plaques and 

neurofibrillary tangles, but instead contributes, as much or even more, to pathogenesis 

as do plaques and tangles (Heneka et al., 2015; Mhatre et al., 2015; Zhang et al., 2013). 

Epidemiological studies indicate that systemic markers of the innate immunity are risk 

factors of late-onset AD (Dik et al., 2005; Schmidt et al., 2002; Wichmann et al., 2014; 

Yaffe et al., 2003). More recently, inflammation in AD gained strong support from 

genome-wide association studies that identified genes involved in inflammation that are 

associated with increased risk of developing AD (Schellenberg and Montine, 2012), 

including TREM2 (triggering receptor on myeloid cells 2) (Guerreiro et al., 2013; 

Korvatska et al., 2015) and CD33 (sialic acid-binding immunoglobulin lectin 3) (Bradshaw 

et al., 2013; Griciuc et al., 2013). Prospective cohort studies have suggested that 

elevations in inflammatory mediators may be present years before clinical disease onset 

(Engelhart et al., 2004; Schmidt et al., 2002; Tan et al., 2007). However, other 

longitudinal studies reported no associations between inflammation and AD risk 

(Ravaglia et al., 2007; Sundelöf et al., 2009). Furthermore, non-steroidal anti-

inflammatory drug (NSAID) epidemiology and clinical trials showed mostly negative 

results, playing against the importance of inflammation in AD pathogenesis 

(Jaturapatporn et al., 2012). However, these disappointing results are not surprising if 

one takes into account that normal physiological cytokine regulation of glial activation 

and microglial phenotypes are highly dependent on the context and the disease stage 

(Heneka et al., 2015).  
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The activated immune response associated with AD, that leads do the chronic 

production of inflammatory cytokines close to the AD associated pathology in brain 

tissue, can be detected in CSF and peripheral blood. The levels of cytokines, their 

receptors and other proteins associated with immune responses in blood and CSF of AD 

patients have been frequently investigated (Brosseron et al., 2014) and the cytokines IL-

1β, IL-6, and TNF-α seem to increase slightly but steadily over the time during the course 

of AD (Brosseron et al., 2014).  

More recently, studies have consistently found an increase in CSF YKL-40 levels in AD. 

They also found a correlation between CSF YKL-40 levels with markers of 

neurodegeneration, such as tau, and with at-risk ε4 carriers during mid middle age 

(Alcolea et al., 2015; Olsson et al., 2013; Sutphen et al., 2015). Lipocalin-2 (LCN2), a 

member of the lipocalin protein family, became increasingly relevant in recent years as 

a biomarker in several diseases, including Alzheimer´s disease (Choi et al., 2011). In the 

brain, LCN2 expression was found to occur mainly in response to an injury or 

inflammatory status (Marques et al., 2008). Regarding the inflammatory response in the 

context of AD associated pathology, it was recently showed that LCN2 production was 

up-regulated in both choroid plexus epithelial cells and astrocytes (Mesquita et al., 

2014). Additionally, the same study showed that Aβ toxicity for astrocytes required the 

presence of LCN2 (Mesquita et al., 2014). Furthermore, it was shown that AD patients 

present altered levels of LCN2 in the CSF (Naude et al., 2012). LCN2 production by 

reactive astrocytes appears to be a critical step for the course of the disease, whether 

by potentiating or attenuating the inflammatory response (Ferreira et al., 2015).   

A recent meta-analysis found evidence to suggest elevated peripheral levels of IL-1β, IL-

2, IL-6, IL-18, sTNF-R1, sTNF-R2, homocysteine, hsCRP, IFN-γ, CXCL-10, EGF, VCAM-1, α1-

antichymotrypsin and transferrin and decreased levels of IL-1Ra transferrin and leptin in 

patients with AD compared with healthy controls, highlighting the role of peripheral 

inflammation in AD pathology (Lai et al., 2017). The authors also emphasize that there 

was significant heterogeneity in most comparisons (Lai et al., 2017). Actually, the data 

obtained from different studies (either in CSF or blood) is controversial, particularly due 

to the different methodological approaches and to the lack of longitudinal studies 

(Brosseron et al., 2014). 
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Neuropathological studies have shown the presence of a broad variety of inflammation-

related proteins (complement factors, acute-phase proteins, proinflammatory 

cytokines) and clusters of activated microglia around amyloid plaques (Figure 1) in AD 

subjects and also in AD mice models (Eikelenboom et al., 2010), and these findings have 

been implicated in the process of neurodegeneration (Akiyama et al., 2000; Meda et al., 

1995).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.  Alzheimer´s disease neuropathology. A - Senile plaques and globose diffuse 

deposits demonstrated with anti-Aβ antibody (M 0804, Dako). B – Neurofibrillary tangles 

demonstrated by phosphorylated tau protein immunohistochemistry (PHF-Tau; AT8, 

Thermo Scientific); C – Diffuse distribution of activated microglia in the cortex with 

clustering within and around amyloid plaques; D – Higher magnification of amyloid 

plaque with activated microglial in the CA4 region of the hippocampus (C and D: CD68 

immunohistochemistry; PGM1 clone, Dako).    

 

Neuropathological studies also showed that the neuroinflammatory response in the 

neocortex is present in the early stages of AD pathology and precedes the late stage, 
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tau-related pathology (Webster et al., 2006). Furthermore, microglial activation has 

been shown to progress with the clinical stage of dementia, with neuropathological 

stage of disease severity, and with stage of progression of Aβ plaques (Mrak, 2012; 

Vehmas et al., 2003; Xiang et al., 2006). In vivo imaging studies, using 11-C-R-PK1195 PET 

ligand, showed that activated microglia accumulate near the amyloid plaque 

pathology(Edison et al., 2008). Correlation analysis between these ligands and AD 

severity provided heterogeneous findings, with studies showing that activated microglia 

burden correlates with cognitive decline (Edison et al., 2008; Kreisl et al., 2016) while 

other study found an opposite correlation (Hamelin et al., 2016).  

 

The pathological accumulation of Aβ is considered the key factor that drives 

neuroinflammation responses in Alzheimer´s disease (Heneka et al., 2015). The chronic 

deposition of amyloid-β stimulates the persistent activation of microglial cells in 

Alzheimer’s disease (Prinz et al., 2011). Microglia undergoes a progressive switch from 

a neuroprotective M2 status to a classically activated phenotype M1, characterized by 

production of proinflammatory cytokines (Wang et al., 2015). The persistent microglia 

activation and consequently microglia-derived cytokine overexpression, caused by 

continuous formation of Aβ and positive feedback loops between inflammation and 

amyloid precursor protein processing, can increase Aβ production and decrease Aβ 

clearance, ultimately causing neuronal damage (Heneka et al., 2015; Mrak, 2012; Wang 

et al., 2015). In addition, ongoing exposure to Aβ, chemokines, cytokines and other 

inflammatory mediators can be responsible for the functional impairment of microglial 

cells seen at plaque sites (Krabbe et al., 2013; Streit et al., 2009) and thus impede the 

protective role of microglia in Aβ clearance (Hickman et al., 2008). Recently, Kim et al. 

(Kim et al., 2013), showed that soluble Aβ oligomers impair synaptic plasticity and cause 

synaptic loss in mouse AD models and brains of AD patients binding to the murine PirB 

(paired immunoglobulin-like receptor B) and its human ortholog LilrB2 (leucocyte 

immunoglobulin-like receptor B2) receptors, respectively. The PirB receptor was first 

described exclusively in the immune system but is now know to be expressed by 

neurons.    

Microglia can have different roles and effects depending on the particular disease stage 

and which brain region is affected in each model (Heneka et al., 2015). Alzheimer´s 
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disease mouse models studies showed that in younger ages, together with the 

appearance of the first Aβ  plaques, the microglia is activated towards the alternative 

state and at older ages, together with the increased accumulation of extracellular 

oligomeric Aβ, there is a widespread microglial activation toward the classic phenotype 

(Jimenez et al., 2008). Recently, Sudduth et al. described in the early-stage AD brains an 

apparent polarization toward either M1 or M2 brain inflammatory states (Sudduth et 

al., 2013). The M2 polarized group had greater numbers of neuritic plaques, eventually 

reflecting disease progression. The heterogeneity found in the early stage AD can 

influence the response to therapeutic agents that act on immune system and 

inflammation (Sudduth et al., 2013). The neuropathological study of AD patients that 

had undergone active amyloid-β vaccination as part of the AN1792 trial showed 

significantly reduced levels of β-amyloid, reduction of aggregated tau in neural 

processes (not in neurofibrillary tangles) and, although there was no difference in the 

total microglial load, there were reduced levels of a range of activated microglial species 

when compared to patients who died from AD without treatment (Boche et al., 2010; 

Zotova et al., 2013). These findings suggest that downregulation of microglial activation 

through amyloid-β immunotherapy possibly reduces the inflammatory component of 

the neurodegeneration of Alzheimer's disease (Boche et al., 2010).  However, a different 

line of research supports that aging-related microglial degeneration and loss of 

microglial neuroprotection rather than microglial activation contributes to the onset of 

sporadic Alzheimer´s disease (Streit et al., 2009). Furthermore, a recent in vivo imaging 

study using a second-generation 18-kDa translocator protein positron emission 

tomography radiotracer, showed that microglial activation appears at the prodromal 

and possibly at the preclinical stage of AD, and seems to play a protective role in the 

clinical progression of the disease at these early stages (Hamelin et al., 2016). A role for 

peripheral-derived macrophage cells in AD pathophysiology have recently coming into 

attention (El Khoury et al., 2007). There is extensive evidence that blood-derived 

monocytes can phagocytose Aβ (Hohsfield and Humpel, 2015) and that these cells can 

be recruited to the AD brain, albeit in low numbers (Lampron et al., 2013).  

Reactive astrocytes tend to accumulate around fibrillary amyloid plaques (Medeiros and 

LaFerla, 2013). Similar to microglia, astrocytes release cytokines and other potentially 

cytotoxic molecules after exposure to Aβ thus aggravating the neuroinflammatory 
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response (Heneka et al., 2015). Glial cell activation can be an early event in the 

Alzheimer´s disease process, even preceding Aβ deposition. Recently, Rodriguez-Vieitez 

and colleagues (Rodriguez-Vieitez et al., 2016), using a PET tracer for astrocytes (11C-

deuterium-L-deprenyl), showed prominent initially high and then declining astrocytosis 

in autosomal dominant Alzheimer's disease carriers, contrasting with the increasing 

amyloid-β plaque load during disease progression. This study provided in vivo evidence 

that astrocyte activation is a very early feature of, at least familial, Alzheimer's disease 

pathology (Rodriguez-Vieitez et al., 2016). Other lines of research have linked senescent 

astrocytes to the increased risk of sporadic AD (Bhat et al., 2012). In transgenic AD 

animals studies, astrocyte atrophy was reported in both hippocampus (Olabarria et al., 

2010) and entorhinal cortex (Yeh et al., 2011). Interestingly, while astroglial atrophy 

appears as a generalized process, the astrocytes that surround plaques were 

hypertrophic with increased surface and volume of GFAP-immunostained profiles 

(Olabarria et al., 2010). 

 

In summary, the role of microglia remains controversial in AD pathogenesis and the 

question of whether activated microglia aid in promoting clearance of toxic Aβ species 

or if their proinflammatory profile exacerbates pathology is currently a topic of debate 

(Schott and Revesz, 2013). Although there is broad evidence of a large immune response 

component in AD, it remains to be completely solved the issue of which activation 

phenotype affects the onset or progression of the disease and, consequently, which 

should be the therapeutic target (Varnum and Ikezu, 2012). In addition, the questions 

regarding the role of excessive astrogliosis or astrocyte senescent loss of function in AD 

pathogenesis remain to be solved (Medeiros and LaFerla, 2013).   

 

1.3. Early and late onset Alzheimer´s disease 

Regardless of the similar neuropathological features, important differences exist 

between early and late onset AD (EOAD and LOAD) patients (Koedam et al., 2010; Möller 

et al., 2013; Rabinovici et al., 2010). The separation of EOAD from LOAD at 65 years old 

is a conventional cutoff point indicative of a sociological partition in terms of 

employment and retirement, but there is no specific biological significance in the use of 
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this specific age, and there is a range of disease features that do not respect this 

arbitrary division (Koedam et al., 2010; Rossor et al., 2010). However, this arbitrary 

cutoff point has been used widely by different research groups and allowed the uniform 

study of AD patients with different ages of onset.   

 

1.3.1. Clinical presentation 

Clinical diagnosis of any dementia syndrome depends on taking a history from the 

patient and their caregivers, neuropsychological testing, and assessment of symptoms 

with time (Scheltens et al., 2016). Memory impairment is the most common syndromic 

presentation of AD dementia (McKhann et al., 2011). Atypical forms of AD include the 

less frequent but well defined clinical phenotypic variants of non-amnestic focal cortical 

syndromes (language, visuospatial, executive) (Dubois et al., 2014; McKhann et al., 

2011; Scheltens et al., 2016).  

Whether age of onset defines the clinical presentation of AD has been a matter of 

debate for decades and reports on this issue are often contradictory. Nonetheless, some 

differences have been consistently recognized. Earlier onset is associated with a worse 

prognosis and a faster progression (Lam et al., 2013). Younger-onset patients have 

comparatively worse outcomes in the MMSE at baseline, show a steeper cognitive and 

functional decline and seem to have higher mortality risks when compared to older-

onset patients (Jacobs et al., 1994; Koedam et al., 2008; Panegyres and Chen, 2013). In 

addition, different patterns of cognitive deficits are apparent; non-amnestic 

presentations are more often found in early onset disease, described in 33-64% of EOAD 

compared to 6-12.5% of LOAD patients (Koedam et al., 2010; Mendez et al., 2012).  

Earlier neuropsychological studies have shown that younger patients have more 

language disability when compared to older-onset patients (Chui et al., 1985; Filley et 

al., 1986; Seltzer and Sherwin, 1983). The risk of having language difficulties detected by 

caregivers has also been shown to nearly duplicate for each 10-year decrease in AD 

patients’ age (Koss et al., 1996). Other groups have recognized a greater impairment in 

measures of attention, praxis and visuo-construction tasks in EOAD (Frisoni et al., 2005; 

Fujimori et al., 1998; Suribhatla et al., 2004). On the other hand, LOAD patients seem to 

consistently have preferential memory involvement (Gour et al., 2014; Kaiser et al., 
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2012; Möller et al., 2013). More recently, a research group showed that EOAD and LOAD 

groups showed distinct patterns of memory impairment (Joubert et al., 2016). Despite 

both groups being similarly affected on measures of episodic, short term and working 

memory, semantic memory was significantly more impaired in LOAD than in EOAD 

patients.  

 To explore the relation between this clinical duality and pathologic features, Murray et 

al (Murray et al., 2011) divided a cohort of AD patients into “hippocampal sparing”, 

“limbic predominant” and “typical AD” according to neurofibrillary pathology 

distribution. They have shown that a younger age of onset (mean 63 years) was 

associated with greater neurofibrillary tangle burden in cortical association areas and 

that older age (mean 76 years) was more often associated with limbic predominant 

pathology. The hippocampal sparing group had greater prevalence of atypical 

presentations and a faster cognitive decline, similar to what has been described in EOAD. 

Seizures and extrapyramidal features seem to be more frequent in EOAD (Amatniek et 

al., 2006; Chui et al., 1985). There are contradictory reports of other symptoms in both 

groups. For example, there are reports of higher anxiety levels in EOAD (Porter et al., 

2003), while others have shown greater neuropsychiatric and behavioural symptoms in 

LOAD, including anxiety, depression, agitation, hallucinations and delusions (Toyota et 

al., 2007; van Vliet et al., 2012).  

Limited research has been reported into sex differences in brain aging, particularly of 

the neuroinflammation process. However, gender effect is an interesting issue due to 

the differences of the neuroendocrine milieu and its possible relation to inflammation 

cascades (particularly steroid related pathways). The dynamic change in hormonal 

status in women during the menopause transition may promote a dysregulation of 

cellular processes involved in hypothalamic-pituitary-adrenal axis and thus have 

potential implications on stress mediated neurotoxicity (Bale and Epperson, 2015). It is 

also important to recognize the importance of immunological differences in males and 

females within the CNS at different development time points and their possible 

relevance for the susceptibility in the development of neurological conditions later in 

life (Hanamsagar and Bilbo, 2016). A recent study in mice by Mangold and colleagues 

showed a greater induction of MHC class I components and receptors with aging, this 

finding being greater in females than in males (Mangold et al., 2017). However, despite 
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the prevalence of AD being greater in women, the prevailing view has been that this 

difference is due to the fact that women live longer than men on average, and older age 

is the greatest risk factor for Alzheimer's. Many studies of incidence of Alzheimer's have 

found no significant difference between men and women in the proportion who develop 

Alzheimer's at any given age (Alzheimer’s Association, 2015). 

 

1.3.2. Biomarkers 

Biomarkers are parameters (physiological, biochemical, anatomic) that can be measured 

in vivo and that reflect specific features of disease-related pathophysiological processes 

(Jack et al., 2011). AD biomarkers can be related specifically to the presence of amyloid 

(CSF Aβ42 or PET amyloid) and tau pathology (CSF or PET tau), or reflect “downstream” 

damage by selective topographical brain involvement, either by brain atrophy measure 

by magnetic resonance imaging (MRI) structural analysis or  hypometabolism of 

neocortical regions measured by fluorodeoxyglucose (FDG)—PET (Dubois et al., 2014).  

MRI studies show that younger-onset patients have greater generalized neocortical 

atrophy than LOAD subjects when compared to healthy controls (Frisoni et al., 2007; 

Gour et al., 2014). This is in accordance with glucose metabolism studies, which 

demonstrate a premature decline in glucose metabolism and a more severe and 

widespread hypometabolism in EOAD (Kim et al., 2005). Regarding regional differences, 

older patients tend to have a more circumscribed involvement, with preferential 

reduction in the hippocampus and related structures, including the amygdala (Cavedo 

et al., 2014), retrosplenial and temporoparietal junction volumes (Frisoni et al., 2007), 

while younger patients tend to have a greater temporoparietal and parietooccipital grey 

matter atrophy (Frisoni et al., 2005; Möller et al., 2013). White matter atrophy mimics 

this pattern (Canu et al., 2012). Moreover, both perfusion and glucose metabolism 

studies have shown a predilection for temporo-parietal-occipital association areas in 

early AD versus medial temporal cortex susceptibility in late AD (Kaiser et al., 2012; 

Kemp et al., 2003). Interestingly, another study has shown no significant difference in 

total or regional amyloid burden, measured by Pittsburg compound-B PET, despite 

showing decreased glucose metabolism in bilateral temporoparietal and occipital cortex 

in EOAD. This finding suggests that both early amyloid-β and increased susceptibility to 
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pathology in younger onset patients might be responsible for cortical dysfunction in 

EOAD (Rabinovici et al., 2010). The greater involvement of hippocampal related 

structures in LOAD is also apparent in functional connectivity studies that have shown 

that older patients have decreased activation of the anteromedial temporal network, 

correlating with poorer performance in memory tasks; EOAD was associated with less 

activation of the dorsolateral prefrontal network, manifested by worse performance on 

executive function tasks (Gour et al., 2014). 

CSF pathophysiological markers for AD include decreased levels of Aβ1–42 and 

increased levels of total tau and hyperphosphorylated tau. The combined use of these 

biomarkers is associated with significant sensitivity and specificity in the diagnosis of AD 

(Dubois et al., 2014). There is some evidence that EOAD patients have a greater 

reduction of Aβ1-42 (and corresponding greater elevation of tau) than LOAD patients 

when compared to young and old controls, respectively, although no differences 

emerge in the direct comparison between EOAD and LOAD (Bouwman et al., 2009). 

Others have reported lower levels of Aβ1-42 in EOAD (Andreasen et al., 1999) or no 

differences (Möller et al., 2013; Ossenkoppele et al., 2015b). A study comparing CSF 

biomarkers in different EOAD subtypes, including amnestic, logopenic progressive 

aphasia and posterior cortical atrophy (PCA) found no differences in the Aβ levels, but 

showed that PCA was associated with lower levels of total tau and phosphorylated tau 

(Teng et al., 2014). 

 

1.3.3. Genetics 

Amyloid precursor protein, presenilin 1 and presenilin 2 mutations can cause autosomal 

dominant AD, and although they may be present in up 71% of familial cases, they 

account for only about 1-5% of all AD patients. These patients typically have an early or 

very early onset disease (<45years) (Campion et al., 1999; Scheltens et al., 2016; van der 

Flier et al., 2011). Apolipoprotein E (ApoE) ε4 is the major genetic risk factor for AD. For 

ApoE ε4 homozygotes lifetime risk for AD is more than 50% and for ApoE ε3ε4 carriers 

is around 20-30%, compared with 11% for men and 14% for women overall irrespective 

of ApoE genotype (Genin et al., 2011). It is usually associated with greater hippocampal 

atrophy and a poorer performance in memory based tasks (Murray et al., 2011; van der 
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Flier et al., 2011) and it decreases the age of onset by up to 2.45 years for each copy of 

the allele (Naj et al., 2014; van der Flier et al., 2011). Conversely, non-ApoE ε4 patients 

tend to have greater structural and clinical involvement of non-hippocampal, 

neocortical areas (Murray et al., 2011). ApoE ε4 allele carriers among AD patients are 

most frequently found in the 60-69-year-old range (Davidson et al., 2006), therefore 

including both older EOAD patients and younger LOAD patients. The ApoE ε2 allele is 

less frequently found in AD patients than in normal controls and there seems to be no 

difference in its prevalence between EOAD and LOAD (Davidson et al., 2006). Genome 

wide association studies have identified several other risk genes for LOAD. The 

association between nine of them (PICALM, CLU, CR1, BIN1, CD2AP, EPHA1, MS4A4A, 

CD33 and ABCA7) has been shown to account for 1.1% of age of onset variation, versus 

3.9% of variation provided by ApoE. The most significant association was found for the 

CR1, BIN1 and PICALM genes (Naj et al., 2014). Another candidate gene that may have 

an impact on age of onset is DCHS2, a gene expressed in the cerebral cortex (Kamboh et 

al., 2012). Yet, and surprisingly, these genetic variants do not seem to bring significant 

value for the distinction between EOAD and LOAD, as they simply seem to anticipate 

pathology. 

 

1.4 Interplay between brain aging, neuroinflammation and AD phenotypes 

AD prevalence is strongly associated with increasing age and aging changes in microglia 

have been hypothesized to play a prominent role in disease pathogenesis (Wong, 2013). 

Recently, the consistent pattern of increases in YKL-40 level with aging supports the 

concept that neuroinflammation is a process that occurs normally with aging (Alcolea et 

al., 2015; Olsson et al., 2013; Sutphen et al., 2015). The additional finding of a stronger 

association with at-risk ε4 carriers during mid middle age suggests that this age-related 

process may be further exacerbated in the presence of insults including amyloid 

deposition and neuronal injury (Sutphen et al., 2015). There are important clinical 

differences between sporadic EOAD and LOAD. Taking into account the data regarding 

the importance of neuroinflammation in the pathogenesis of AD, and the differences of 

the neuroimmunological milieu of the aged brain, it is conceivable that the 

neuroinflammation associated with AD can, at least in the beginning, differ between 
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these two groups and contribute to the clinical differences.  Not many studies have 

addressed this issue.   

Hoozemans et al (Hoozemans et al., 2011) compared the presence of microglia and 

astrocytes, in clinically and pathologically confirmed AD and non-demented control 

cases in relation to age. In their study they suggested that the association between 

neuroinflammation and AD is much stronger in relatively young patients as compared 

to the older patients (age at death <80 vs >80 years old). Kreisl et al (2016) reported 

higher 11C-PBR28 (an 18kDa translocater protein of second generation, used as microglia 

marker) binding in EOAD patients than LOAD patients, both at baseline and follow-up 

(Kreisl et al., 2016). Microglial activation increases with the neuropathological stage and 

disease severity (Vehmas et al., 2003; Xiang et al., 2006). A key issue would be to know 

if inflammation differs between these two groups (EOAD vs LOAD) at different 

pathological and clinical AD stages.  

Another remarkable finding is that, in contrast to AD, activated microglia are not found 

in the similar-appearing Aβ diffuse deposits of the brains of neurologically normal 

elderly individuals (Mackenzie et al., 1995). One of the possibilities is that for those 

unusual elderly individuals with only diffuse Aβ deposits there is an inherent difference 

in the responsiveness of microglia (Mrak, 2012). Curiously, plaque-associated microglia 

were not seen in diffuse plaque-only young Down´s syndrome brain (Stoltzner et al., 

2000). This subgroup of cases was from very young patients (between 12 and 29 years 

old), possibly supporting the notion that Aβ inflammatory response may also differ in 

the very young. More recently, a study showed that in Down´s syndrome patients with 

AD pathology (>40 years old) there is a distinct neuroinflammatory phenotype 

compared to sporadic Alzheimer's disease due to microglia bias toward an M2b 

phenotype (Wilcock et al., 2015). Interestingly, a recent study using an ex vivo model by 

co-culturing organotypic brain slices from an AD mouse model (APPPS1) and young, 

neonatal wild-type (WT) mice, showed that exposing old microglial cells to conditioned 

media of young microglia or addition of granulocyte-macrophage colony-stimulating 

factor (GM-CSF) was sufficient to induce microglial proliferation and reduce 

amyloidplaque size (Daria et al., 2017). Clinicopathological studies from brain donation 

programs showed that the presence of moderate and severe Alzheimer´s-disease type 

pathology changes is more associated to dementia in younger old persons than in older 
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old persons (Savva et al., 2009). These findings suggest that additional factors are 

involved in the clinical expression of dementia in the oldest old, such as variable 

tolerance to neuropathological lesions (Savva et al., 2009). We speculate that a different 

neuroinflammation apparatus in this age can partial explain this discrepancy.    

The study of inflammatory cytokines in CSF as biomarkers of AD has shown very different 

and contradictory results between different research groups (Wang et al., 2015). The 

analysis of different neuroinflammation-related proteins in the blood, including several 

interleukines (IL-1α, Il-1β, IL-6, IL-10), α2-macroglobulin, brain-derived neurotrophic 

factor (BDNF), complement factor H and heat shock protein 90 (Hsp90) has not shown 

significant differences between EOAD and LOAD, but studies are scarce and with small 

sample numbers (Dursun et al., 2015; Gezen-Ak et al., 2013). Tumor necrosis factor 

alpha (TNFα) levels have been shown to be both higher and lower in EOAD (Alvarez et 

al., 1996; Gezen-Ak et al., 2013). 

Some of the risk loci in modifying age of disease onset identified in genome wide 

association studies have recognized roles in the immune system, including phagocytosis 

and immune cell trafficking (Rosenthal and Kamboh, 2014). Both CLU and CR1 encode 

for proteins that regulate complement activation; EPHA1, mostly expressed in 

leukocytes, is involved in T cell regulation; ABCA7 is highly expressed in the hippocampal 

neurons and in microglia and is involved in Aβ processing; and CD33, overexpressed in 

AD patient’s microglia, encodes for an endocytic receptor that takes part in cell-cell 

interactions and in immune cell regulation (Nuutinen et al., 2009; Rosenthal and 

Kamboh, 2014). TREM2, another identified loci associated with increased risk for AD, is 

involved in immune response (Guerreiro et al., 2013). There are studies that found a 

significantly earlier onset of symptoms in patients with TREM2 variants (Slattery et al., 

2014), but others found only an association to shortened disease duration and not to 

age of onset (Korvatska et al., 2015). Aβ cerebral amyloid angiopathy (CAA) and 

particularly Aβ related angiitis (ABRA), is other AD related clinical feature that bridges 

AD, inflammation and age. CAA describes a group of biochemically and genetically 

diverse disorders, which have in common the deposition of amyloid in media and 

adventitia of cortical and leptomeningeal vessels (Revesz et al., 2009). Sporadic CAA and 

AD have overlapping biology with shared risk factors (Yamada, 2002). Aβ vascular 

deposition affects about 30% of the otherwise normal elderly and over 90% of those 
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with Alzheimer’s disease, in whom CAA tends also to be more severe (Revesz et al., 2009; 

Scolding et al., 2005). ABRA is characterized by a vasculitic transmural, often 

granulomatous, inflammatory infiltrates affecting leptomeningeal and cortical vessels 

that have abundant amyloid-beta deposition within the vessel walls (Salvarani et al., 

2013; Scolding et al., 2005). The recent finding of autoantibodies against Aβ1-40 and 1-

42 forms of amyloid in the CSF of 2 patients with ABRA and inflammation associated to 

CAA (DiFrancesco et al., 2011; Hermann et al., 2011), together with the description of 

meningoencephalitis caused by active or passive immunotherapeutic approaches to 

reduce Aβ burden in AD (Orgogozo et al., 2003), suggests that an immune response 

directed against Aβ may represent a common disease mechanism shared by ABRA and 

in complications of therapy for AD (Salvarani et al., 2013). The mean age of presentation 

of ABRA is lower than that of sporadic non-inflammatory Aβ-related CAA (66 vs 76 years, 

respectively) (Salvarani et al., 2013; Scolding et al., 2005). These findings support a role 

for the interactions between age, and inflammation in AD related pathophysiology and 

clinical expression.  

In summary, the pathophysiological mechanisms underlying the clinical differences 

between EOAD and LOAD are still not well known, but the differences of 

neuroinflammation characteristics with aging may help to partially explain it (Figure 2).  
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2. Aims of the PhD Thesis 

 

This Thesis project aimed to investigate the interplay between the immune system and 

the disease progression of patients with early and late onset sporadic AD. The key 

question to be answered was to know if neuroinflammation associated to AD is different 

in early and late onset patients. Additionally, to address the issue of the possibility of a 

disease specific signature of neuroinflammation in AD, another neurodegenerative 

dementia (FTD) was studied for comparison. The tasks of the Thesis were:  

 

a) Pathological study 

- Analysis of the microglia activation pattern in different regions of AD and FTLD 

pathologically confirmed cases.   

- Analysis of pathological neuroinflammatory markers (microglia and astrocytes) in 

clinically and pathologically confirmed AD patients with different ages of onset. 

 

b) Clinical study  

- Analysis of the inflammatory profile of AD and FTD cases.  

- Correlate the inflammatory profile with clinical phenotype, neuropsychological and 

clinical progression within the AD group according to the age of onset.   
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3. Experimental work 

3.1. Pathological study 

For this task pathological proven AD, FTLD and non-demented aged matched controls 

cases were obtained from different Brain Banks (Portuguese Brain Bank, Manchester 

Brain Bank, Oxford Brain Bank and Queen Square Brain Bank). The table below 

summarize the details of the cases used for this task.   

 

Table 2. Pathological study. Clinical and demographic characteristics.  

Cases Brain Bank Pathology diagnosis Gender Braak stage PMD Age Onset Age Death 

1 Manchester AD (EO) M VI na 58 67 

2 Manchester AD (EO) M V-VI na 58 68 

3 Manchester AD (EO) M VI na 58 70 

4 Manchester AD (EO) M V-VI na 54 59 

5 Manchester AD (EO) M V na 53 66 

6 Manchester AD (EO) M VI 96 59 69 

7 Manchester AD (EO) M VI na 55 65 

8 Manchester AD (EO) F VI 130 54 61 

9 Manchester AD (EO) M VI na na 71 

10 Manchester AD (EO) M VI 125 61 73 

11 Manchester AD (EO) M V-VI 96 57 66 

12 Manchester AD (EO) M VI 79 37 45 

13 Manchester AD (EO) M V-VI 61,75 52 65 

14 Manchester AD (EO) M V-VI 131 63 70 

15 Manchester AD (EO) M V-VI 75 55 64 

16 Manchester AD (EO) F VI 64 64 71 

17 Manchester AD (EO) M VI 81 59 72 

18 Manchester AD (EO) M VI 107 64 73 

19 Manchester AD (EO) M V-VI 36 60 73 

20 Manchester AD (LO) F V-VI 72 82 89 

21 Manchester AD (LO) M V-VI na 71 76 

22 Manchester AD (LO) M V 96 75 83 

23 Manchester AD (LO) F VI 72 80 88 

24 Manchester AD (LO) F VI 176 77 86 

25 Manchester AD (LO) F V 72 79 88 

26 Manchester AD (LO) F V-VI 60 80 87 

27 Manchester AD (LO) M VI 96 75 82 

28 Manchester AD (LO) F VI 52 67 76 

29 Manchester AD (LO) M VI 96 NA 76 

30 Manchester AD (LO) F V 25,5 74 81 

31 Manchester FTLD-TDP A M na na 49 58 

32 Manchester FTLD-TDP A M na na 60 68 

33 Manchester FTLD-TDP A M na na 59 64 

34 Manchester FTLD-TDP A M na na 69 75 

35 Manchester FTLD-TDP A M na na 54 66 

36 Manchester FTLD-TDP A M na na 64 72 

37 Manchester FTLD-TDP A F na 45,5 66 72 

38 Manchester FTLD-TDP A M na 96 78 82 

39 Manchester FTLD-TDP A M na 94,5 63 65 

40 Manchester FTLD-TDP A M na 81 54 65 

41 Porto FTLD-TDP B M 0-I na 60 63 

42 Porto FTLD-TDP A M 0 < 24 54 61 
43 Porto FTLD-TDP C F I 6 65 78 
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Cases Brain Bank Pathology diagnosis Gender Braak stage PMD Age Onset Age Death 

44 Manchester CONT y F 0 92,5 - 53 

45 Oxford CONT y M I-II 48 - 69 

46 Oxford CONT y F I-II 48 - 60 

47 Oxford CONT y F I-II 48 - 69 

48 Oxford CONT y M I 24 - 63 

49 Oxford CONT y F I  51 - 71 

50 Oxford CONT y F 0 60 - 62 

51 Oxford CONT y M I 33 - 51 

52 Oxford CONT y M 0 48 - 68 

53 Oxford CONT y M I 38 - 56 

54 Oxford CONT y M I-II 24 - 59 

55 QSBB CONT y F 0-I 82 - 56 

56 QSBB CONT y M 0 80,35 - 38 

57 QSBB CONT y F 0 79 - 64 

58 QSBB CONT y F I-II 29,5 - 53 

59 Manchester CONT o F IV na - 81 

60 Manchester CONT o M IV 48 - 92 

61 Manchester CONT o F I-II 72 - 88 

62 Manchester CONT o M 0-I 24 - 92 

63 Manchester CONT o M I-II 12 - 85 

64 Manchester CONT o F 0 41,5 - 90 

65 Manchester CONT o M I-II 12 - 95 

66 Oxford CONT o M III 23 - 77 

67 Oxford CONT o F 0-I 21 - 80 

68 Oxford CONT o F I-II 29 - 79 

69 Oxford CONT o F 0 48 - 81 
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3.1.1. Analysis of the microglial activation pattern in different regions of AD and FTLD 

pathologically confirmed cases. 

 

 

Taipa R, Brochado P, Robinson A, Reis I, Costa P, Mann DM, Melo Pires M, Sousa N. 

Patterns of Microglial Cell Activation in Alzheimer Disease and Frontotemporal Lobar 

Degeneration. 

Neurodegener Dis. 2017;17(4-5):145-154 
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FTLD than in controls. Additionally, AD had higher microglial 
activation in the CA1 and FTLD in the hippocampal white 
matter than the controls. Microglial activation was greater in 
the dentate gyrus molecular layer in AD than in FTLD. In the 
cortical regions, the 2 pathological groups differed only in 
frontal white matter, with the FTLD group showing higher 
microglial scores. FTLD showed higher microglial activation 
in the white matter compared to the respective gray matter 
in the entorhinal, temporal, and frontal regions.  Conclusions:  
Our work expands the knowledge of the distribution and 
magnitude of microglial activation in these disorders. Addi-
tionally, we found some microglial circuit-specific patterns 
that could help to explain some of the clinical overlap be-
tween AD and FTLD-TDP, namely in memory deficits. 

 © 2017 S. Karger AG, Basel 

 Introduction 

 Microglial cells are the predominant resident immune 
cells of the central nervous system and are considered as 
tissue-resident macrophages. The functions of microglia 

 Keywords 

 Alzheimer disease · Frontotemporal lobar degeneration · 
Microglia · Hippocampus · Memory 

 Abstract 

  Aims:  Microglia-driven neuroinflammation can play an im-
portant role in the pathophysiology of neurodegenerative 
disorders. In this study, we sought to characterize the distri-
bution of microglial cell activation in 2 neurodegenerative 
dementias with distinct protein signatures, Alzheimer dis-
ease (AD) and frontotemporal lobar degeneration (FTLD) of 
the TDP subtype, and to determine if there was an anatomi-
cal correlation with the phenotypes most commonly associ-
ated with these conditions.  Methods:  The distribution and 
extent of microglial cell activation was assessed semiquanti-
tatively in the hippocampal formation, cortical gray matter, 
and subcortical white matter of CD68-immunostained sec-
tions of the frontal, temporal, parietal, and occipital cortices 
from 15 pathologically confirmed cases of AD, 13 cases of 
FTLD, and 18 controls.  Results:  Significantly higher levels of 
microglial cell activation occurred in the subiculum in AD and 
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in the normal healthy brain beyond immune surveillance 
are unclear, but, recently, more sophisticated functions 
such as participating actively in the protection and re-
modeling of synapses were described  [1, 2] . In addition, 
microglial activation occurs early in the pathogenesis of 
neurodegenerative diseases  [3, 4] .

  Alzheimer disease (AD) is the most common cause of 
dementia worldwide, followed by frontotemporal lobar 
degeneration (FTLD) in people younger than 65 years
of age  [5] . Both AD and FTLD are characterized by the 
accumulation and aggregation of misfolded proteins. 
Whereas AD pathology is characterized by extracellular 
amyloid beta (Aβ) plaques and intracellular aggregates of 
aberrantly phosphorylated tau protein, i.e., neurofibril-
lary tangles (NFT), the pathology of FTLD is more het-
erogeneous. Approximately half of the cases are defined 
by the presence of tau-immunoreactive changes (NFT-
like structures, Pick bodies, or glial inclusions)  [6] , and 
have been designated as FTLD-tau  [7] . Most of the re-
maining cases of FTLD are associated with the presence 
of various combinations of immunoreactive TDP43 neu-
ronal cytoplasmatic inclusions, dystrophic neurites, and 
neuronal intranuclear inclusions  [6] , and such cases have 
been designated as FTLD-TDP  [7] . It is believed that the 
abnormal protein accumulation can trigger a brain in-
flammatory reaction, inducing the production of a series 
of proinflammatory mediators and microglial activation 
 [8, 9] .

  Cumulative data suggest that neuroinflammation 
plays a prominent and early role in AD  [8] . Neuropatho-
logical studies have shown the presence of a broad variety 
of inflammation-related proteins (complement factors, 
acute-phase proteins, and proinflammatory cytokines) 
and clusters of activated microglia around amyloid 
plaques in AD subjects  [10] . In vivo imaging studies, us-
ing the 11-C-R-PK1195 PET ligand, showed that acti-
vated microglia accumulate near the amyloid plaque pa-
thology, and that activated microglia burden correlates 
with cognitive decline in AD  [11] . Using the same ligand, 
in a small cohort of FTLD patients, activated microglia 
were detected in the typically affected frontotemporal 
brain regions  [12] . Recently, Lant et al.  [13] , in a post-
mortem immunohistochemistry (IHC) study, showed 
higher levels of microglial activation in the frontal and 
temporal cortices, and the white matter of FTLD pa-
tients.

  Previous neuropathological studies were focused on 
individual neurodegenerative disorders and limited 
brain regions, and so they did not address possible re-
gional differences in microglial activation within the

central nervous system or pathologies. Taking into ac-
count the microglia-driven neuroinflammation role in 
the pathophysiology of neurodegenerative disorders, we 
sought to extend previous studies, regarding the charac-
terization of the distribution of microglial cell activation 
in these 2 neurodegenerative dementias. We selected the 
TDP43 pathological subtype of FTLD to compare 2 dis-
tinct “proteinopathies.” TDP43 pathology was found to 
be present in AD  [14]  and it has been shown to be associ-
ated with typical AD characteristics such as episodic 
memory loss and hippocampal atrophy  [15] . Further-
more, the FTLD-TDP subtype has been associated with 
more severe episodic memory, and hippocampal atrophy 
may be a potential biomarker for FTLD-TDP in vivo 
 [16] . AD cases with TDP43 pathology were excluded 
from the analysis. 

  Patient and Methods 

 Patients 
 Forty-six cases were investigated. The majority were obtained 

from the Manchester Brain Bank (15 AD, 10 FTLD, and 4 controls) 
through appropriate consent procedures for the collection and use 
of human brain tissues. Additionally, 14 control cases were ob-
tained from the Oxford Brain Bank and 3 FTLD cases were ob-
tained from the Portuguese Brain Bank, also through appropriate 
consent procedures for the collection and use of human brain tis-
sues. Cases were approximately age-matched. The AD cases met 
the pathological criteria for definite AD (“high” AD neuropatho-
logic change)  [17] . Cases with associated hippocampal sclerosis 
and/or TDP43 pathology were excluded. The FTLD cases met the 
pathological criteria for FTLD  [18]  and all cases were FTLD-TDP 
(11 FTLD-TDP type A, 1 type B, and 1 type C)  [7] . The 18 controls 
were judged to be clinically normal and none showed any pathol-
ogy beyond that which might be anticipated for their age. 

  Methods 
 Immunohistochemistry 
 The IHC staining for CD68 was performed using the Ventana 

OptiView DAB IHC detection kit and BenchMark Ultra processor 
(Ventana, Tucson, AZ, USA). Sections of the temporal (including 
hippocampus and parahippocampal region), frontal, parietal, and 
occipital cortices were cut at 6-μm thickness from formalin-fixed, 
paraffin-embedded blocks and mounted on to glass slides. Paraffin 
tissue sections were deparaffinized with EZ Prep (Ventana) at 
75   °   C for 16 min and pretreated with heat treatment with Ultra Cell 
Conditioning Solution (CC1, Ventana), and then the endogenous 
peroxidase was inactivated before incubation with the CD68 anti-
body (PG-M1, 1:   400, Dako, Glostrup, Denmark) for 24 min at 
36   °   C. Subsequently, the slides were incubated with OptiView HQ 
linker for 8 min, and with OptiView universal HRP multimer 
(Ventana) for 8 min at 36   °   C. Tissue sections were incubated with 
OptiView universal DAB chromogen (Ventana) for 8 min to detect 
the antigen-antibody complex and then counterstained with he-
matoxylin II (Ventana). 
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  Similar study methods for IHC were used with Iba1 antibody 
(Wako cat. No. 019-19741) in a random series of frontal sections 
from across the groups (15 cases).

  Microscopic Analysis 
 The CD68 and Iba1 antibodies mark microglial cells, both in a 

resting and activated condition ( Fig. 1 ). Sections of the different 
regions of interest were assessed for the presence of immuno-
stained microglial cells within both the cortical gray matter and the 
subcortical white matter at ×20 magnification. As previously de-
scribed  [13] , the frequency and “severity” (in terms of morpho-
logical types, with activated microglial cells being considered to be 
more severe than ramified microglial cells) of CD68-immunos-
tained sections were assessed according to the following criteria:
  0 = no immunostained cells present; 1 = very few immunostained 
cells present, all as ramified microglia; 2 = a moderate number of 
immunostained cells present, mostly ramified but some activated 
cells present; 3 = many, diffusely spread, immunostained cells 
present, all as activated microglia; 4 = many, large clusters of acti-
vated microglial cells present ( Fig. 2 ). The perivascular CD68-im-
munostained cells (perivascular macrophages) were not consid-
ered for the score analysis.

  In each section, scores were given for the cortex and the white 
matter. Additionally, in the temporal block, scores were given for 
hippocampal formation (CA1, CA2/3, the dentate gyrus [DG] 
granular cell layer, the DG molecular layer [DG-ML], and the su-
biculum), the hippocampal white matter, the entorhinal cortex, 
and the entorhinal white matter.

  The assessment of Iba1 scores followed the same methods as 
for CD68.

  All assessments were made by a single observer (R.T.), who was 
blinded to diagnosis. Sections were scored twice to increase objec-
tivity, and discrepancies were reconciled by consultation with a 
second observer (M.M.P.). In addition, a random set of 8 sections 
was scored on a weekly basis over the course of the study.

  Statistical Analysis 
 Rating data were entered into an Excel spreadsheet and ana-

lyzed using SPSS software v22.0. A  p  value <0.05 was considered 
statistically significant. The Kruskal-Wallis test was performed for 
analysis. If this detected any significant differences between the 
groups, post hoc testing was performed to identify the groups be-
tween which significant differences existed (by pairwise compari-
son). The Friedman two-way analysis and the Wilcoxon signed-
rank test were used to compare different areas within each group.

  Results 

 Three groups were established ( Table 1 ) based on con-
firmation from pathology; cases were grouped as AD
( n  = 15), FTLD ( n  = 13) and nondemented controls ( n  = 
18). There were no differences between AD, FTLD, and 
controls in age at death. The AD and FTLD groups do not 
differ in age at onset or disease duration ( p  > 0.05) (online 
suppl. Table  1; for all online suppl. material, see www.
karger.com/doi/10.1159/000457127). 

  Histological Analysis  
 Resting microglia are characterized by a small cell 

body and ramified processes with a weak expression of 
associated cell surface marker antigens  [19] . This “rami-
fied” microglial cell phenotype is seen when no apparent 
tissue pathology is present ( Fig. 1 a). In response to injury 
or disease, microglia change into a macrophage-like phe-
notype ( Fig. 1 b), displaying shortened processes and hy-
pertrophy of the cell body  [3] .

  As previously described  [13] , the topographic distri-
bution of activated microglial cells generally followed that 
of the principal pathological changes within the cortex 
and hippocampal formation. In the AD group, activated 
microglial cells were often clustered within and around 
amyloid plaques. The number of morphologically acti-
vated microglial cells was also high in the subcortical 
white matter, with a more dispersed distribution. In the 
FTLD group, activated microglial cells were more evident 
in the upper (I–III) than in the lower (IV–VI) cortical lay-
ers, and more so in the subcortical white matter than in 
the cortical gray matter (particularly in the entorhinal, 
temporal, and frontal areas).

  In the controls, activated microglial cells were largely 
absent in most of the cases, though a few were occasion-
ally seen in association with rare amyloid deposits. Ram-
ified microglial cells were commonly seen in many of 
these cases.

a
50 μm 50 μm

b
  Fig. 1.  Ramified ( a ) and activated ( b ) mi-
croglia cells. CD68. 

Co
lo

r v
er

si
on

 a
va

ila
bl

e 
on

lin
e

D
ow

nl
oa

de
d 

by
: 

U
ni

v.
 o

f C
al

ifo
rn

ia
 S

an
 D

ie
go

   
   

   
   

   
   

   
   

  
13

2.
23

9.
1.

23
1 

- 
4/

27
/2

01
7 

9:
47

:1
2 

A
M



 Taipa/Brochado/Robinson/Reis/Costa/
Mann/Melo Pires/Sousa

 

 Neurodegener Dis 2017;17:145–154 
DOI: 10.1159/000457127

148

  The morphological patterns were similar with both an-
tibodies, with Iba1 showing a better definition of the ram-
ified morphology of the resting microglia (online suppl. 
Fig. 1). In the sections analyzed with both antibodies, mi-
croglial scores showed a good correlation between them

( r  = 0.609,  p  < 0.01 in frontal cortex;  r  = 0.514,  p  < 0.05 in 
frontal subcortical white matter, the Kendall τ coefficient; 
online suppl. Fig. 2). The CD68 antibody was used as the 
principal microglial marker in the study for better com-
parison with the original study of the group  [13] .

Gray matter

White matter

100 μm

100 μm

1 2

3 4

1 2

3 4

  Fig. 2.  Representative examples of the mi-
croglial assessment according to the scale 
description. CD68. 
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  Microglial Scores Based on the Patterns of CD68 
Staining 
 Hippocampal Formation 
 Microglial cell scores were significantly different 

across the AD, FTLD, and control groups for the CA1 
region of the hippocampus ( p  = 0.037), the DG-ML
( p  = 0.016), the subiculum ( p  = 0.002), and the hippo-
campal white matter ( p  = 0.016). Pairwise comparisons 
showed that the AD group had higher microglial scores 
than the control group in CA1 ( p  = 0.031) and subicu-
lum ( p  = 0.005). The FTLD group had higher micro-
glial scores than the control group in the subiculum
( p  = 0.022) and hippocampal white matter ( p  = 0.014), 
and, interestingly, lower microglial scores in the DG-
ML ( p  = 0.043). The scores of the 2 pathological groups 
(AD and FTLD) differed only in the DG-ML, with the 
AD group showing higher microglial scores ( p  = 0.026) 
( Fig. 3 ).

  Cortex and Subcortical White Matter 
 Microglial cell scores were significantly different in the 

AD, FTLD, and control groups for the entorhinal cortex 
and white matter ( p  = 0.036 for both), the temporal cortex 
( p  = 0.007), and the frontal cortex and white matter ( p  = 
0.047 and  p  = 0.007, respectively). There was no signifi-
cant effect of disease status in the other regions studied 
(temporal white matter, parietal cortex and white matter, 
occipital cortex and white matter).

  Pairwise comparisons showed that the AD group had 
higher microglial scores than the control group in the 
entorhinal cortex ( p  = 0.030) and temporal cortex ( p  = 
0.007). The entorhinal white matter showed a trend ( p  = 
0.053) of higher values in the AD cases. The FTLD group 
had higher microglial scores than the control group in 
the frontal white matter ( p  = 0.012) and a trend in the 
frontal cortex ( p  = 0.053). The 2 pathological groups
(AD and FTLD) differed only in the frontal white matter, 
with the FTLD group showing higher microglial scores 
( p  = 0.025).

  Microglial Cell Activation in the Cortical and 
Subcortical Areas 
 To assess the distribution of microglial cell activation 

in each group, the Wilcoxon signed-rank test was used. 
In the AD group, there were no differences when compar-
ing the microglial scores in the cortical and subcortical 
white matter in each region ( p  > 0.05). In the FTLD group, 
the entorhinal, temporal, and frontal regions had signifi-
cantly higher microglial scores in the white matter com-
pared to their respective gray matter ( p  = 0.020,  p  = 0.003, 

 Table 1.  Clinical status, demographic information, and disease du-
ration

Case Pathological
diagnosis

Gender Braak
stage

PMD Age at
onset, 
years

Age at
death, 
years

1 AD M V–VI n.a. 58 68
2 AD M VI n.a. 58 70
3 AD M V–VI n.a. 54 59
4 AD M V n.a. 53 66
5 AD M VI 96 59 69
6 AD M VI n.a. 55 65
7 AD F VI 130 54 61
8 AD M V–VI n.a. 71 76
9 AD M V–VI 96 57 66
10 AD M VI 96 75 82
11 AD M V–VI 61.75 52 65
12 AD M V–VI 131 63 70
13 AD M V–VI 75 55 64
14 AD F VI 64 64 71
15 AD M VI 107 64 73
16 FTLD-TDP A M n.a. n.a. 49 58
17 FTLD-TDP A M n.a. n.a. 60 68
18 FTLD-TDP A M n.a. n.a. 59 64
19 FTLD-TDP A M n.a. n.a. 69 75
20 FTLD-TDP A M n.a. n.a. 54 66
21 FTLD-TDP A M n.a. n.a. 64 72
22 FTLD-TDP A F n.a. 45.5 66 72
23 FTLD-TDP A M n.a. 96 78 82
24 FTLD-TDP A M n.a. 94.5 63 65
25 FTLD-TDP A M n.a. 81 54 65
26 FTLD-TDP B M 0–I n.a. 60 63
27 FTLD-TDP A M 0 <24 54 61
28 FTLD-TDP C F I 6 65 78
29 Control F IV n.a. n.a. 81
30 Control F IV–V n.a. n.a. 79
31 Control F I–II 72 n.a. 75
32 Control M I–II 12 n.a. 85
33 Control F 0 92.5 n.a. 53
34 Control M I–II 48 n.a. 69
35 Control F I–II 48 n.a. 60
36 Control F I–II 48 n.a. 69
37 Control M I 24 n.a. 63
38 Control F I 51 n.a. 71
39 Control F 0 60 n.a. 62
40 Control M III 23 n.a. 77
41 Control F 0–I 21 n.a. 80
42 Control F I–II 29 n.a. 79
43 Control F 0 48 n.a. 81
44 Control M 0 48 n.a. 68
45 Control M I 38 n.a. 56
46 Control M I–II 24 n.a. 59

Group Age at
onset1 

Age at
death1

Disease
duration1

AD (n = 15) 59.47 ± 6.74 68.33 ± 5.81 8.87 ± 2.56
FTLD (n = 13) 61.15 ± 7.66 68.38 ± 6.99 7.23 ± 3.39
Controls (n = 18) n.a. 70.39 ± 9.78 n.a.

n.a., not available.
1 These values refer to the mean number of years ± SD.
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  Fig. 3.  Comparison of microglia scores between groups in different regions. Bars represent ± SE. CONT, control; 
DG, dentate gyrus; wm, white matter.  *   p  < 0.05 compared to control cases;  *  *   p  < 0.01 compared to control cas-
es;  §   p  < 0.05 compared to control and AD cases.  

  Fig. 4.  Comparison of microglia scores between gray matter and white matter within groups in different regions. 
Ec, entorhinal cortex; Ewm, entorhinal white matter; Tc, temporal cortex; Twm, temporal white matter; Fc, fron-
tal cortex; Fwm, frontal white matter; Pc, parietal cortex; Pwm, parietal white matter; Oc, occipital cortex; Owm, 
occipital white matter. Bars represent ± SE.  *   p  < 0.05;  *  *   p  < 0.01.     
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and  p  = 0.021, respectively). As expected, in the control 
group, the test showed that all cortical areas had lower 
microglial scores when compared to their subcortical 
white matter ( p  = 0.011 for the entorhinal, temporal, and 
parietal areas;  p  = 0.001 in frontal area and  p  = 0.003 in 
occipital area) ( Fig. 4 ).

  Correlations between Microglial Cell Activation and 
Age at Onset, Age at Death, and Disease Duration 
 In the AD group, there was a positive correlation be-

tween both age at onset and age at death and the occipital 
cortex microglial scores ( r  = 0.590,  p  = 0.021, and  r  = 
0.570,  p  = 0.027, respectively). For the occipital white 
matter, there was a positive correlation only with age at 
death ( r  = 0.603,  p  = 0.017). There were no correlations in 
any of the other areas studied or with the years of disease 
duration. 

  In the FTLD group, there were no correlations be-
tween any of the 3 variables and the microglial cell acti-
vation scores.

  In the control group, there were no correlations be-
tween age at death and microglial scores in any region.

  Discussion 

 This study underscores the differences in severity and 
distribution of activated microglial cells in 2 neurodegen-
erative dementias with distinct misfolded protein signa-
tures. We assessed and compared levels of microglial cell 
activation in 3 groups (cases of AD and FTLD-TDP and 
controls) in several cortical and subcortical white matter 
areas (entorhinal, temporal, frontal, parietal, and occipi-
tal), and also hippocampal formation.

  In the hippocampal region, we found higher micro-
glial scores in the CA1 and subiculum in the AD group 
than in controls. This is not surprising, given that the CA1 
and the subiculum region of the hippocampus are the ar-
eas the most affected by neuronal loss in AD  [20] ; they are 
also associated with a higher burden of Aβ plaques and 
NFT  [21] . Postmortem studies on AD brains and in AD 
mouse models also show the increase of activated micro-
glial cells in these areas  [22–25] . Furthermore, it is known 
that the density of NFT correlates with that of activated 
microglia in the subiculum but not in other hippocampal 
areas  [26] . Although microglial activation is a known fea-
ture of FTLD pathology  [9, 13] , the detailed histopatho-
logical study of the different hippocampal areas has not 
been done before.

  In this study, we found that the FTLD group showed 
higher microglial scores than the control group in the su-
biculum, but not in the CA1 area. Additionally, there was 
significantly higher microglial activation in the hippo-
campal white matter in the FTLD than in the control 
group. 

  We excluded AD patients with concomitant hippo-
campal TDP43 pathology, in order to avoid difficulties in 
the interpretation of the results. Episodic memory deficits 
are a well-established early feature of AD  [27] , and there 
is a widely documented relationship between hippocam-
pal impairment and early episodic memory deficits in AD 
 [28] . Moreover, CA1 pathology (neuron loss and NFT 
burden) correlates with the memory deficits  [29, 30] . In-
terestingly, some studies have demonstrated that patients 
with a behavioral variant of FTD can present with severe 
episodic memory  [6, 31] , and pathological studies have 
shown atrophy of the hippocampus  [14, 18, 32]  and other 
structures of the Papez circuit  [33]  on the FTLD spec-
trum. Additionally, in vivo imaging studies have shown 
that behavioral-variant FTD cases are associated with 
more extensive white matter degradation than in AD  [34, 
35] . Our study supports the contribution of extrahippo-
campal structures for the episodic memory deficits found 
in FTLD-TDP patients, i.e., within the connection path-
ways, as we found prominent microglial activation in the 
hippocampal white matter (alveolus) without CA1 in-
volvement. This microglial activation is likely to reflect 
the response to a transsynaptic or transaxonal retrograde 
cortical degeneration. Moreover, the higher microglia 
scores found in the DG-ML of the AD group versus in the 
FTLD group emphasize the contribution of Aβ pathology 
to the local neuroinflammatory process driven by the mi-
croglia. Surprisingly, the control group showed higher 
microglial scores in this region than the FTLD group; al-
though this finding is difficult to explain (and it is prob-
ably related to some Aβ deposits found in the control 
group), it reinforces the absence of microglial reaction in 
the DG of the FTLD-TDP cases (despite the known den-
tate fascia TDP43 inclusions in this pathology).

  When addressing the cortex and subcortical white 
matter regions, and as would be expected, we found high-
er levels of microglial cell activation in the AD group than 
in controls in the entorhinal and temporal cortices, 2 key 
regions affected by AD pathology. In contrast to Lant et 
al.  [13] , we did not find differences in the temporal sub-
cortical white matter or the frontal cortex. The differenc-
es in the age at death, particularly in the control group 
(younger and with a wider age range in Lant et al.  [13] ) in 
these studies can partially explain this discrepancy. There 
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are compelling data that microglia shift towards a pro-
inflammatory state with aging  [36] . Previous studies have 
showed that the density of ferritin-stained microglial cells 
were higher in nondemented elderly control subjects 
than in young controls in the entorhinal cortex and all 
areas of the hippocampal formation  [26] . Taking this into 
account, the magnitude of the differences found in the 
quantification of microglial cell activation, at least using 
the methods of this study, can be attenuated with increas-
ing aging due to the age-related changes in microglia.

  The frontal subcortical white matter in the FTLD 
group was different from that in the control group, and 
there was trend of higher microglial activation in the 
frontal cortex of the FTLD group. Lant et al.  [13]  also de-
scribed higher microglial activation scores in the frontal 
and temporal cortices and the associated subcortical 
white matter compared to controls. They showed that 
FTLD-tau have more microglial activation cells in the 
temporal region (cortical and particularly subcortical 
white matter) than FTLD-TDP  [13] . In our study, we an-
alyzed only the FTLD-TDP subtype, and our results re-
inforce their finding of a less microglial pathology in its 
temporal regions. As expected, there were no differences 
in the other cortical areas analyzed, in agreement with the 
selective anatomical involvement that characterizes most 
FTLD cases  [37] . Interestingly, when comparing the 2 
pathological groups (AD and FTLD), we found the same 
differences in subcortical frontal gray matter as Lant et al. 
 [13]  found in these 2 groups, and the FTLD group showed 
higher microglial scores, but not in temporal cortex (al-
though there was a trend for higher microglial scores in 
the AD group). The smaller number FTLD cases in our 
sample may also have contributed to some of the discrep-
ancies between these 2 studies. However, our findings 
support the importance of neuroinflammation in neuro-
degenerative disease, particularly the more pronounced 
microglial activation in the frontal subcortical white mat-
ter in FTLD-TDP and the more prominent involvement 
of temporal regions in AD. This pattern likely reflects the 
distribution of the pathology signature of both condi-
tions. In AD, there is a recognized association between 
microglial cells and amyloid plaques, leading to a higher 
cortical gray matter-activated microglia burden in this 
group  [38] . In FTLD-TDP, our findings possibly reflect 
the direct involvement of TDP43 glial cytoplasmic inclu-
sions usually seen in cerebral white matter, or, and more 
likely, a microglial cell activation response to a transsyn-
aptic or transaxonal retrograde cortical degeneration. 
The latter concept is supported by the correlation be-
tween the extent of microglial activation and neuronal 

loss but no correlation with TDP-43 pathology, the find-
ing of a pathological autopsy study of patients with amy-
otrophic lateral sclerosis with and without dementia  [39] .

  Interestingly, regional analysis showed the prominent 
involvement of the white matter rather than the regional 
cortical gray matter in the FTLD group, namely, in the 
entorhinal, temporal, and frontal regions. In the AD 
group, despite there being more frequent clusters of acti-
vated microglia surrounding the amyloid plaques in the 
cortical gray matter, there were no differences when this 
was compared the subcortical regional white matter. 
These findings reflect the presence of a more diffuse mi-
croglial activation pathology in end-stage AD brains, and 
reinforce the imaging studies that showed more extensive 
white matter degradation in the behavioral variant of 
FTD than in AD  [34, 35] . As expected, according to mi-
croglia distribution in normal human brains  [36] , all cor-
tical areas had lower microglial scores than the regional 
subcortical white matter in the control group.

  The findings reported in this study should be interpret-
ed by taking into account the possibility of interindividu-
al variability in the pathology burden of the 2 entities (Aβ 
deposition, tau, and TDP pathology), and further studies 
that correlate microglial activation with these pathology 
markers would be helpful. For instances, a recent study 
reported that microglial cells in the hippocampi of severe-
ly affected Braak stage V–VI samples were no longer even 
associated with neuritic plaques or with the vascular amy-
loid, highlighting the range of microglial alterations  [40] .

  Despite the relatively small age range of the patients in 
this study, we found a positive correlation between age 
and microglial activation scores in the occipital cortex of 
the AD group. This should be further analyzed in a bigger 
sample with a greater age range, but it does highlight the 
possibility of the age-modifying effect in microglia reac-
tions in AD. Vascular pathology was not significant in 
either of the groups (there was minor small-vessel disease 
in 1 AD case and 1 control case), so this does not explain 
differences.

  In conclusion, our work extends the knowledge of the 
distribution and magnitude of microglial activation in 
these 2 conditions, and describes some microglial circuit-
specific patterns that can help to explain the clinical over-
lap between AD and FTLD-TDP, namely, in memory
deficits.
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3.1.2 Analysis of pathological neuroinflammatory markers (microglia and astrocytes) 

in clinically and pathologically confirmed AD patients with different disease ages of 

onset 

 

 

 

Taipa R, Ferreira V, Brochado P, Robinson A, Reis I, Marques F, Mann DM, Melo-Pires 

M, Sousa N 

Inflammatory pathology markers (activated microglia and reactive astrocytes) in early 

and late onset Alzheimer disease: a post-mortem study 

Neuropathology and Applied Neurobiology, 2017 (Epub ahead of print), 

DOI:10.1111/nan.12445 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Inflammatory pathology markers (activated microglia
and reactive astrocytes) in early and late onset
Alzheimer disease: a post mortem study

R. Taipa*,†,‡ , V. Ferreira†,‡, P. Brochado*, A. Robinson§, I. Reis*, F. Marques†,‡, D. M. Mann§,
M. Melo-Pires* and N. Sousa†,‡

*Neuropathology Unit, Department of Neurosciences, Centro Hospitalar do Porto, Porto, Portugal, †Life and Health

Sciences Research Institute, University of Minho, Braga, Portugal, ‡ICVS/3B’s Associate Lab, PT Government

Associated Lab, Braga/Guimar~aes, Portugal and §Division of Neuroscience and Experimental Psychology, Faculty of

Biology, Medicine and Health, School of Biological Sciences, Salford Royal Hospital Foundation NHS Trust, University of

Manchester, Salford, UK

R. Taipa, V. Ferreira, P. Brochado, A. Robinson, I. Reis, F. Marques, D. M. Mann, M. Melo-Pires, N. Sousa

(2017) Neuropathology and Applied Neurobiology

Inflammatory pathology markers (activated microglia and reactive astrocytes) in early and late

onset Alzheimer disease: a post mortem study

Aims: The association between the pathological features

of AD and dementia is stronger in younger old persons

than in older old persons suggesting that additional fac-

tors are involved in the clinical expression of dementia

in the oldest old. Cumulative data suggests that neu-

roinflammation plays a prominent role in Alzheimer0s
disease (AD) and different studies reported an age-asso-

ciated dysregulation of the neuroimmune system. Con-

sequently, we sought to characterize the pattern of

microglial cell activation and astrogliosis in brain post

mortem tissue of pathologically confirmed cases of early

and late onset AD (EOAD and LOAD) and determine

their relation to age. Methods: Immunohistochemistry

(CD68 and glial fibrillary acidic protein) with morpho-

metric analysis of astroglial profiles in 36 cases of AD

and 28 similarly aged controls. Results: Both EOAD and

LOAD groups had higher microglial scores in CA1,

entorhinal and temporal cortices, and higher astroglial

response in CA1, dentate gyrus, entorhinal and tempo-

ral cortices, compared to aged matched controls. Addi-

tionally, EOAD had higher microglial scores in

subiculum, entorhinal and temporal subcortical white

matter, and LOAD higher astrogliosis in CA2 region.

Conclusions: Overall, we found that the neuroinflamma-

tory pathological markers in late stage AD human tissue

to have a similar pattern in both EOAD and LOAD,

though the severity of the pathological markers in the

younger group was higher. Understanding the age effect

in AD will be important when testing modifying agents

that act on the neuroinflammation.

Keywords: ageing, Alzheimer0s disease, astrocytes, microglia, pathology

Introduction

Alzheimer0s disease (AD) is a chronic neurodegenera-

tive disorder and is the most common cause of demen-

tia. The two major neuropathological hallmarks of the

disease are senile plaques, mainly composed of extracel-

lular deposits of amyloid b (Ab), and neurofibrillary

tangles, consisting of intracellular aggregates of
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aberrantly phosphorylated tau protein. This is accom-

panied by neuronal and synaptic loss, dendritic and

axonal changes and inflammatory reactive lesions

[1,2]. Cumulative data suggest that neuroinflammation

plays a prominent and early role in AD [3–9]. In fact,

neuropathological studies have shown the presence of

a broad variety of inflammation-related proteins (com-

plement factors, acute-phase proteins, proinflammatory

cytokines) and clusters of activated microglia around

amyloid plaques in both transgenic models and AD

subjects [8]. Furthermore, polymorphisms in genes

encoding microglia-specific proteins involved in phago-

cytic and protein degradation pathways increase the

risk of AD [10,11]. Reactive astrocytes also tend to

accumulate around fibrillar amyloid plaques [12] and

similar to microglia, astrocytes release cytokines and

other potentially cytotoxic molecules after exposure to

Ab, thus aggravating the neuroinflammatory response

[9].

The prevalence of AD is strongly associated with

increasing age, and age-related changes in microglia

have been hypothesized to play a prominent role in dis-

ease pathogenesis [13]. Regardless of clinical resem-

blance and neuropathological features, important

differences exist between early and late onset AD

[EOAD (<65 years old) and LOAD (>65 years old)]

patients [14–17]. Taking into account data regarding

the importance of neuroinflammation in the pathogen-

esis of AD, particularly the role of microglia, and the

differences in the neuroimmunological milieu of the

aged brain, it is conceivable that the pattern of neu-

roinflammation associated with AD might differ

between these two groups and contribute to, or

explain, clinical differences [17]. Hoozemans et al. [18]

suggested that an association between neuroinflamma-

tion and AD is much stronger in relatively young

patients compared to older patients (age at death <80

vs. >80 years old). More recently, shortening of micro-

glial cell processes and reduced of coverage of brain

parenchyma with normal ageing and AD has been

reported [19].

In this study, we characterized the distribution of

activated microglia in multiple anatomical areas (hip-

pocampal formation; frontal, temporal, parietal and

occipital cortical grey and subcortical white matter)

and the degree of astrogliosis in selected areas (hip-

pocampal formation and temporal cortical grey and

subcortical white matter), in clinically and

pathologically confirmed AD and non-demented control

cases in relation to age. Our results suggest that overall

there is a similar topographical pattern in pathological

markers of neuroinflammation in both EOAD and

LOAD. However, there are differences in the severity of

microglial scores and astrogliosis when comparing

these two groups with age-matched controls.

Patient and methods

Patients

Fifty-seven cases were investigated. The majority of

cases were obtained from the Manchester Brain Bank

(30 AD and 9 control cases) through appropriate con-

senting procedures for the collection and use of the

human brain tissues. Additional control cases were

obtained from Oxford Brain Bank (14 cases) and from

Queen Square Brain Bank (4 cases), also through

appropriate consenting procedures for the collection

and use of the human brain tissues. Cases were approx-

imately age-matched. The AD cases met the pathologi-

cal criteria for definite AD (‘High’ AD neuropathologic

change) [20]. Cases with associated hippocampal scle-

rosis were excluded. The 18 controls were judged to be

clinically normal and none showed any pathology

beyond that which might be anticipated for age. The

study was approved by the relevant local Brain Bank

Committees under their devolved Generic Tissue Bank

ethics.

Methods

Immunohistochemistry (IHC) IHC staining for CD68

and glial fibrillary acidic protein (GFAP) was performed

using the Ventana OptiView DAB IHC detection kit and

the Ventana BenchMark Ultra processor (Ventana,

Tucson, AZ, USA). Sections of temporal (including

hippocampus and parahippocampal region), frontal,

parietal and occipital cortices were cut at 6 lm
thickness from formalin fixed, paraffin embedded blocks

and mounted on to glass slides. Paraffin tissue sections

were deparaffinized with EZ Prep (Ventana), pre-treated

with heat treatment with Ultra Cell Conditioning

Solution (CC1; Ventana) and the endogenous

peroxidase was inactivated before the incubation with

the CD68 antibody (PG-M1, 1:400; Dako, Glostrup,

Denmark) for 24 min at 36°C and GFAP (Z 0334,
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1:2500; Dako) for 12 min at 36°C. Subsequently, the

slides were incubated with OptiView HQ linker for

8 min, and then with OptiView universal HRP

multimer (Ventana) for a further 8 min at 36°C. Tissue

sections were incubated with OptiView universal DAB

chromogen (Ventana) for 8 min to detect the antigen-

antibody complex and then counterstained with

Haematoxylin II (Ventana).

Similar study methods for IHC were used with Iba1

antibody (Wako Cat. #019-19741, Wako Pure Chemi-

cal Industries, Osaka, Japan) using a series of random

temporal cortical sections across the groups (16 cases).

Microscopic semi-quantitative analysis Microglia—Both

CD68 and Iba1 antibodies mark microglial cells, both

in resting and activated states (Figure 1a,b). Resting

microglia were defined by a small cell body and

ramified processes [21] and activated microglia by their

shortened processes and hypertrophy of cell body [22].

Sections from the different interest regions were

assessed for the presence of immunostained microglial

cells within both the cortical grey and subcortical

white matter at 9 20 magnification. As previously

described [23,24], the frequency and ‘severity’ (in

terms of morphological types, with activated microglial

cells being considered to be more severe than ramified

microglial cells) of CD68-immunostained sections was

assessed according to:

0 = No immunostained cells present.

1 = Very few immunostained cells present, all as rami-

fied microglia.

2 = A moderate number of immunostained cells pre-

sent, mostly ramified but some activated cells present.

3 = Many, diffusely spread, immunostained cells pre-

sent, all as activated microglia.

4 = Many, large clusters of activated microglial cells

present (Figure 2).

Perivascular CD68 immunostained cells (perivascular

macrophages) were discounted for the scoring analysis.

For each section, the cortex and white matter was

scored separately. Additionally, in the temporal block,

hippocampal formation [CA1, CA2/3, dentate gyrus

Figure 1. Ramified (a) and activated (b) microglia cells, as seen in CD68 immunostaining in temporal cortex [a – CONTy case; b – early

onset Alzheimer0s disease (EOAD) case]. Clustering of activated microglial cells within an amyloid plaque (c, EOAD case). Astrocytes

immunoreactive for glial fibrillary acidic protein (GFAP) immunostaining closely associated to an amyloid plaque (d) and dispersed in the

cortex (e). Example of a hippocampal section of an AD case with GFAP immunostaining (f). (d–f, EOAD case). Scale bars: 50 lm (a,c,d),

100 lm (b,e), 1 mm (f). a–c: CD68 immunohistochemistry (PGM1 clone; Dako); d–f: GFAP immunohistochemistry (Z 0334; Dako).
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(DG) and subiculum], hippocampal white matter,

entorhinal cortex and entorhinal white matter were

also scored separately.

The assessment of Iba1 scores followed the same pro-

cedures as CD68.

Astrocytes—Astrogliosis is characterized by cellular

hypertrophy with an increase in expression of GFAP

and an abnormal apparent increase in the number of

astrocytes [25]. Sections of the temporal block were

assessed for the presence of astrogliosis within both the

cortical grey and subcortical white matter and

hippocampal formation. The presence and degree of

astrogliosis of GFAP-immunostained sections was

assessed according to:

0 = No GFAP immunostained cells present.

1 = Very few GFAP immunostained cells present with

thinly ramified processes and no cell body hypertrophy.

2 = Moderate number of GFAP immunostained cells

present, some with intense immunoreactive processes

and cell body hypertrophy.

3 = Many, diffusely spread, GFAP immunostained cells

present, all with cell body hypertrophy and intense

immunoreactive processes.

4 = Many GFAP immunostained cells present, all with

cell body hypertrophy and intense immunoreactive pro-

cesses with areas of large clusters of GFAP immunos-

tained cells with these characteristics (Figure 2).

In the white matter, increased numbers of fibroblas-

tic astrocytes were employed for grading (0–3) with

increased GFAP staining with aspects of glial scarring

being considered for grade 4.

All microglial and astrocytes assessments were made

by a single observer (RT), who was blinded to case

diagnostics.

Cell counting procedure An unbiased microscopic

stereological analysis was performed in the subiculum and

entorhinal cortex (five cases per group) and correlated

with the semi-quantitative scales scores for microglia

activation and astrogliosis. Quantification of GFAP+ and

CD68+ cells was performed in accordance with the

following criteria: (i) large cells with increased processes

complexity were counted as GFAP+ cells; and (ii) large

cells with shortened processes were counted as CD68+

cells (activated microglia), respectively. Additionally, a

total count of cells with visible processes (small and thick

or ramified) in CD68 immunohistochemistry assay was

performed. The cells were counted on Visiopharm

Integrator System Software (version 2.12.3.0; Hoersholm,

Denmark), using a motorized microscope (BX-51;

Olympus, Hamburg, Germany) attached to a digital

camera (U-TV1X-2; Olympus), with the 409 oil-

immersion objective. The subiculum and entorhinal cortex

were selected and inside it, two smaller areas were

designated for cell counting. Square probes (50 9 50 lm)

Figure 2. Representative examples of the microglial and astrocytosis assessment according to the scale description. Scale bars: 100 lm
(CD68) and 200 lm [glial fibrillary acidic protein (GFAP)]. CD68 (PGM1 clone; Dako) and GFAP immunohistochemistry (Z 0334; Dako).

© 2017 British Neuropathological Society

4 R. Taipa et al.



were placed randomly over the selected areas, covering

20% of the total defined areas, ensuring unbiased

sampling. The cells within the criteria aforementioned and

inside the probes were counted. All counts were performed

by a single observer (VF) blinded to the diagnosis.

Astrocytes profiles morphological analysis Three-

dimensional reconstructions of representative GFAP+

cells within the subiculum region were made. Cell

reconstruction was performed in accordance with the

following criteria: (i) dendritic tree does not have

truncated processes and (ii) relative isolation from

neighbouring marked cells. According these criteria

and using the Neurolucida software (MBF Bioscience,

Williston, VT, USA) and a motorized microscope

(Axioplan 2; Carl Zeiss, Oberkochen, Germany)

attached to a camera (3CCD Color Video Camera;

Sony, Minato, Tokyo, Japan), the GFAP+ cells were

reconstructed, with the 1009 oil-immersion objective.

The first three GFAP+ cells identified in the region of

interest that complied with the criteria were

reconstructed, per experimental case, and subsequently

analysed by NeuroExplorer Software (MBF Bioscience).

All reconstructions were performed by a single observer

(VF) blinded to diagnosis.

Statistical analysis

Rating data was entered into an Excel spreadsheet and

analysed using Statistical Package for Social Sciences

(SPSS) software (version 22.0), Armonk, NY. A P-value

of <0.05 was considered statistically significant.

Kruskal–Wallis test was performed for analysis. If this

detected any significant differences between the groups,

post hoc testing was performed to identify the groups

between which significant differences existed (Dunn–

Bonferroni). Kendall0s s coefficient was used to assess

correlation between age and microglial scores or

astrogliosis in each group.

Results

Four groups were established (Table 1) based on con-

firmation from pathology (AD vs. controls) and age at

death. In the AD group, a cut-off of ≤ 65 years for

age of onset was used for classification in EOAD and

LOAD. An age at death of 75 years was used in the

control group (CONTy and CONTo) as a cut-off to

match the age at death of the AD groups. Cases were

grouped as EOAD (n = 19), LOAD (n = 11), young

non-demented controls (CONTy) (n = 15) and old non-

demented controls (CONTo) (n = 12). There were no

differences between EOAD and CONTy, and between

LOAD and CONTo in age at death (P = 0.575 and

P = 1.0, respectively; Kruskal–Wallis). EOAD and

LOAD groups differed in the disease duration

(P = 0.016; Kruskal–Wallis), with EOAD cases having

a longer disease duration than LOAD cases (9.8 years

vs. 7.6 years, respectively). The groups were not

homogeneous regarding to gender with over represen-

tation of males in EOAD group (see Table S1 for

detailed pathological and demographic details, and dis-

ease duration per case).

As previously described [23,24], the topographic dis-

tribution of activated microglial cells generally followed

that of the principal pathological changes within the

cortex and hippocampal formation of AD cases, with

activated microglial cells often being clustered within

and around amyloid plaques (Figure 1c). Similarly to

other descriptions, activated microglial cells were also

Table 1. Clinical and pathological status, demographic information and disease duration

Male: female Mean age at death (SD) Interval of age at death Mean age of disease onset (SD) Mean disease duration (SD)

EOAD

n = 19

17M: 2F 66.74 (�6.62) 45–73 56.72 (�6.11) 9.78 (�2.46)

LOAD

n = 11

4M: 7F 82.91 (�5.13) 76–89 76.0 (�4.59) 7.60 (�1.26)

Controls young

n = 15

7M: 8F 59.47 (�8.73) 38–71 NA NA

Controls old

n = 12

6M: 6F 83.75 (�6.81) 75–95 NA NA

NA, not applicable; EOAD, early onset Alzheimer0s disease; LOAD, late onset AD.
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observed apparently unassociated with amyloid plaques

[26]. In the control cases activated microglial cells were

largely absent in most of the cases, though a few were

occasionally seen in association with rare amyloid

deposits. Ramified microglial cells were commonly seen

in many of these cases. The morphological patterns

were similar with both antibodies, though Iba1 showed

a better definition of the ramified morphology of the

resting microglia (Figure S1). CD68 and Iba1 scores

showed a strong correlation in the same region anal-

ysed (r = 0.659, P < 0.01 in entorhinal cortex;

r = 0.464, P < 0.05 in entorhinal subcortical white

matter, r = 0.782, P < 0.001 in temporal cortex;

r = 0.529, P < 0.05 in temporal subcortical white mat-

ter, Kendall’s s coefficient; Figure S2).

As expected, astrogliosis in the AD group was

more prominent in layers II–III and layer V [27].

Similarly to microglia, we found a dense astrogliosis

both intimately associated with amyloid plaques and

also remote from amyloid plaques [28] (Figure 1d,e).

Most control cases showed rare immunoreactive

astrocytes with long and thin dendritic arborizations

without laminar pattern. Figure 3 shows repre-

sentative examples of CD68 and GFAP immunostain-

ing in the entorhinal region in the four different

groups.

Figure 3. Representative examples of CD68 and glial fibrillary acidic protein (GFAP) immunostaining in cases of the different groups

studied. Scale bar: 50 lm. EC, entorhinal cortex; EWM, entorhinal white matter. CD68 (PGM1 clone; Dako) and GFAP

immunohistochemistry (Z 0334; Dako).
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Semi-quantitative scores for microglial cell counts

showed a strong correlation with stereological counting

of activated microglia in the subiculum (r = 0.629,

P < 0.001) and entorhinal cortex (r = 0.771,

P < 0.001). Similarly, semi-quantitative scores for

astrogliosis showed a strong correlation with stereologi-

cal counting of GFAP positive astrocytes in subiculum

(r = 0.629, P < 0.001) and entorhinal cortex

(r = 0.650, P < 0.01) (Figure S3). Interestingly, in the

subiculum stereological counting of microglia corre-

lated with GFAP (stereological counting and semi-

quantitative scale) only when activated microglia were

considered (r = 0.386, P < 0.05 and r = 0.471,

P < 0.05, respectively).

Microglial scores based on the patterns of CD68
staining

Hippocampal formation Microglial cell scores were

significantly different between EOAD, LOAD, CONTy and

CONTo groups for the CA1 region of hippocampus

(P = 0.001), subiculum (P = 0.001) and hippocampal

white matter (P = 0.022). Post hoc testing showed that

in the CA1 region the AD groups differed from their aged

Figure 4. Comparison of microglia scores between groups in different regions (a - h) and correlation between microglia severity score in

occipital cortex and age at death (i). a - h: *P < 0.05 and **P < 0.01, Kruskal–Wallis. Y axes represent semi-quantitative scale mean

and bars represent �SE. i: r = 0.322; p < 0.05, Kendall’s t coefficient
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matched controls (EOAD vs. CONTy and LOAD vs.

CONTo, P = 0.024 and P = 0.043, respectively).

Additionally, the LOAD group displayed higher

microglial scores than the CONTy (P = 0.012)

(Figure 4a). In the subiculum, only the EOAD had

higher microglial scores than their aged matched control

group (CONTy) (P = 0.001) (Figure 4b). Post hoc testing

in the hippocampal white matter did not show

differences between any of the groups (Figure 4c). There

were no differences between EOAD and LOAD in any of

the regions studies. Similarly, no differences were found

between CONTy and CONTo groups.

Cortex and subcortical white matter Microglial cell

scores were significantly different between EOAD,

LOAD, CONTy and CONTo groups for entorhinal cortex

and entorhinal subcortical white matter (P < 0.001

and P = 0.005, respectively) temporal cortex and

temporal subcortical white matter (P < 0.001 and

P = 0.048, respectively) and occipital cortex

(P = 0.037). There was no significant effect of disease

status in the other regions studied (frontal cortex and

white matter, parietal cortex and white matter,

occipital white matter).

Post hoc testing showed that both AD groups had

higher microglial scores than their aged matched con-

trol groups in entorhinal cortex (P = 0.002 for EOAD

vs. CONTy and P = 0.018 for LOAD vs. CONTo). They

both differed from the non-age matched control group

(EOAD vs. CONTo, P = 0.026; LOAD vs. CONTy,

P = 0.002) (Figure 4d). In the entorhinal subcortical

white matter, only the EOAD had higher microglia

scores compared to the age matched control group

(P = 0.006). The LOAD did not differ in this region

from either of the control groups (Figure 4e).

In the temporal cortex, both AD groups had higher

microglial scores than their aged matched control

groups (P = 0.001 for EOAD vs. CONTy and P = 0.028

for LOAD vs. CONTo). Similar to the entorhinal region,

they also both differed from the non-age matched con-

trol group (EOAD vs. CONTo, P = 0.003; LOAD vs.

CONTy, P = 0.020) (Figure 4f). Similar to the entorhi-

nal region, in the temporal subcortical white matter,

only the EOAD showed higher microglial scores com-

pared to their control group (EOAD vs. CONT y,

P = 0.045) (Figure 4g). Post hoc testing did not show

differences between any of the groups in the occipital

cortex (Figure 4h).

Correlations between microglial cell activation with age of

onset, age at death and disease duration In the AD

group, there was a positive correlation between age at

death and occipital cortex microglial scores (r = 0.322,

P = 0.025) (Figure 4i). In addition, in the AD group

there was a positive correlation between disease

duration and the microglial scores of frontal and

occipital white matter (r = 0.375, P = 0.019;

r = 0.318, P = 0.044, respectively).

In the control group, there was no correlation

between age at death and microglial scores.

Astrogliosis based on the patterns of GFAP staining

Hippocampal formation Astrogliosis scores were

significantly different between EOAD, LOAD, CONTy

and CONTo groups in all hippocampal regions assessed,

namely CA1 (P < 0.001), CA2/3 (P = 0.001), CA4

(P = 0.012), DG (P < 0.001), subiculum (P < 0.001)

and hippocampal white matter (P = 0.002).

Post hoc testing showed that in the CA1 region, both

AD groups had higher astrogliosis scores than their aged

matched controls (EOAD vs. CONTy, P < 0.001 and

LOAD vs. CONTo, P = 0.007) and non-aged matched

control group (EOAD vs. CONTo, P = 0.013 and LOAD

vs. CONTy, P < 0.001) (Figure 5a). Remarkably, in

CA2/CA3 region only the LOAD group had higher scores

compared to both their age matched control (P = 0.002)

and non-aged matched control (P = 0.009) (Figure 5b).

In CA4 post hoc testing did not show differences between

any of the groups (Figure 5c). In the DG and subiculum

both groups differed from their age matched control

(EOAD vs. CONTy, P = 0.003 and LOAD vs. CONTo,

P = 0.008 for DG; EOAD vs. CONTy, P = 0.001 and

LOAD vs. CONTo, P = 0.001 for subiculum) and non-

age matched control (EOAD vs. CONTo, P = 0.005 and

LOAD vs. CONTy, P = 0.005 for DG; EOAD vs. CONTo,

P = 0.001 and LOAD vs. CONTy, P = 0.001 for subicu-

lum) (Figure 5d,e). In the hippocampal white matter,

there were differences between EOAD group and CONTy,

with higher scores in the former group (P = 0.003).

LOAD showed higher scores only when compared to the

non-aged matched control (LOAD vs. CONTy,

P < 0.001).

Entorhinal and temporal neocortical regions Astroglial

scores were significantly different between EOAD,

LOAD, CONTy and CONTo groups for entorhinal cortex

© 2017 British Neuropathological Society
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and temporal cortex (P < 0.001 for both) and

entorhinal subcortical white matter (P = 0.022). There

was no significant effect of disease status in the

temporal cortex white matter.

Post hoc testing showed that in the entorhinal and

temporal cortices, both groups differed from their age

matched control (EOAD vs. CONTy, P < 0.001 and

LOAD vs. CONTo, P = 0.004 for entorhinal cortex;

EOAD vs. CONTy, P < 0.001 and LOAD vs. CONTo,

P = 0.021 for temporal cortex) and non-age matched

control (EOAD vs. CONTo, P < 0.001; LOAD vs.

CONTy, P = 0.001 for entorhinal cortex; EOAD vs.

CONTo, P < 0.001 and LOAD vs. CONTy, P = 0.025

for temporal cortex). In the entorhinal subcortical

white matter, post hoc testing did not show differences

between any of the groups (Figure 5f–i).

Correlations between and astrogliosis with age of onset, age

at death and disease duration In the AD group, there

was a positive correlation between age at death and

astrogliosis scores in the hippocampal white matter

(r = 0.393, P = 0.039) and entorhinal cortex

Figure 5. Comparison of astroglial scores between groups in different regions (a - i). *P < 0.05, **P < 0.01 and ***P < 0.001, Kruskal–
Wallis. Y axes represent semi-quantitative scale mean and bars represent �SE.
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subcortical white matter (r = 0.392, P = 0.043). There

was no correlation with other regions or with age of

onset or disease duration.

In the control group, there was a positive correlation

with age at death and hippocampal white matter

(r = 0.450, P = 0.006). There was no correlation with

other regions studied.

Astroglial morphological profiles

Forty cases showed sufficient quality of immunohisto-

chemistry staining to permit morphological analysis

(13 EOAD, 5 LOAD, 13 CONTy and 9 CONTo). There

were no significant differences in surface, volume or

cell body area and perimeter of astrocytes in the

subiculum between the different groups. Similarly,

when considered together there were no differences

between the AD group (EOAD plus LOAD) and controls

(Figure 6).

Discussion

There is clinical and experimental evidence that the

aged brain is characterized by a shift towards a pro-

inflammatory state [29,30]. This age-associated neu-

roinflammation is characterized by an upregulated

Figure 6. Bar graphs representing glial fibrillary acidic protein surface, volume, and cell body area of astrocytes in subiculum (a - c; Y

axes represent cell count density in lm2). Representative examples of astrocyte profiles reconstructions in the bottom panel. Variability

within groups is depicted by astrocytes with higher and lower complexity of processes (upper and lower examples within groups

respectively). Scale bar: 10 lm
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astrocyte and microglial cell reactivity in association

with increased levels of circulating cytokines such as

TNF-alfa, IL-1beta and IFN-gamma [31,32]. AD is an

age-related disease and there is compelling data show-

ing that the activation of the immune system accompa-

nies and contributes to the pathogenesis of this

disorder [33,34]. There is still ongoing controversy

about the role of neuroinflammation in AD, namely the

possibility of a disease-initiating mechanism in neu-

rodegenerative disorders [34]. Large numbers of studies

have investigated the microglia and astrocyte response

to Ab, mainly using in vitro culture approaches and/or

animal models for tissue immunostaining. However,

and as an example, the study of AD degenerative pro-

cess involving microglial cells in the AD hippocampus

of human post mortem samples is not mimicked by Ab
models, and only partially so by tau animal models

[26]. Human post mortem studies are relatively few

and, despite their inherent difficulties, their major value

is the study of the disease itself and, thus, helping in

bridging the vast knowledge obtained by disease animal

models.

This study explores the severity of neuroinflamma-

tion pathology markers (microglia activation and

astrogliosis) in AD pathologically proven cases (Braak

stage V–VI) and controls in relation to their age. Two

populations were defined according to the age onset/

age of death to mimic clinical common distinction

between EOAD and LOAD. Our results show that over-

all the pattern of neuroinflammation is similar between

both age AD groups. In fact, we did not find the differ-

ences reported by Hoozemans et al. [18] claiming a

stronger association with neuroinflammation in rela-

tively young AD cases compared to old AD cases. A

major difference between the two studies relates to the

pathological criteria for inclusion: while in the present

study Braak stage V or VI was a pathological criterion

for inclusion, in the Hoozemans et al. work different

Braak stages were included, namely with some of old

AD cases classified as Braak stage II and all of young

cases Braak stage V or VI. In fact, the purpose of this

study was to assess the degree of neuroinflammation

according to age in AD, and not an association with

AD pathological severity.

Although we did not find any differences in direct

comparison between EOAD and LOAD cases, there were

differences in the magnitude of the neuroinflammatory

markers studied when compared to the respective aged

matched non-demented controls. Regarding microglial

activation, there were higher microglial activation

scores in EOAD when compared to aged matched con-

trols, particularly in white matter (entorhinal and tem-

poral regions). The simplest and most plausible

explanation is that age-associated increases in micro-

glial expression attenuate local differences in the older

group [24]. However, it is worth highlighting that

imaging studies of AD cases with a similar group anal-

ysis (EOAD vs. age matched controls and LOAD vs. age

matched controls) have reported greater WM atrophy

in EOAD than LOAD [35,36], probably reflecting a

more aggressive form of the disease [35]. Recently,

McAleese et al. [37] showed that white matter lesions

differ between AD and non-demented individuals at

pathological and biochemical levels, suggesting that the

pathogenesis is associated with degenerative axonal

changes, these probably occurring secondary to cortical

AD-pathology. In our study, despite similar AD neocor-

tical pathology severity (Braak stage V or VI) we found

a greater activation of microglia in the white matter of

entorhinal and temporal regions in EOAD, suggesting

that age and microglia response can influence the role

of AD pathology in the pathogenesis of white matter

lesions. Curiously, there was a positive correlation with

age at death and microglia activation in the occipital

cortex in AD cases. This finding seems to contradict the

regional differences reported between EOAD and LOAD,

where older patients tend to have a more circumscribed

disorder affecting the medial temporal lobe regions,

whereas EOAD have broader neocortical involvement

[17]. Functional imaging studies have shown a

predilection for temporo-parietal-occipital association

areas in EOAD vs. medial temporal cortex susceptibility

in LOAD [38,39] and, recently, it was shown that with

a comparable burden of fibrillar amyloid-b (as mea-

sured by Pittsburgh compound-B PET), there was

greater posterior cortical hypometabolism in EOAD.

This study focused on late stage AD pathology, thus

probably obscuring differences that are typically

reported in early disease stages [40]. However, it is

interesting that microglial cell activation in the occipi-

tal cortex increases in relation to age in this AD post

mortem sample, highlighting the complex relation

between pathological findings and level of function.

Serrano-Pozo [41] reported no differences in age at

death in microglial cell activation in the temporal cor-

tex of AD patients, but did not analyse other regions.
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We did not found a correlation with age and microglial

scores in the control group. Certainly, complementary

morphometric studies or studies directed towards func-

tional microglial analysis would be of importance in

order to interpret the current findings.

While the role of microglia in the neuroinflammatory

response in AD is well established [34], several studies

indicate that astrocyte-mediated inflammatory process

also contribute to neurodegeneration in AD [42].

Enhanced expression of GFAP and astrocyte hypertro-

phy have been identified in post mortem tissue from AD

cases [27,43,44]. As expected, we found a higher

astrocyte response in AD cases when compared to aged

matched control cases in the majority of the regions

studied. Similar to the microglial findings in this study,

the pattern of response did not differ between EOAD to

LOAD. In astrocyte response, at least in the temporal

region, there are no significant age-associated changes

in GFAP astrocyte expression to attenuate the differ-

ences in astrocyte response pattern in AD. There is lim-

ited knowledge about ageing of astroglia and data

available are controversial. In human post mortem tis-

sue analysis there was no significant changes in astro-

glial cell counts between old and young adult brains

[45,46]. In old rodents, an increase, a decrease and no

change in the number of GFAP positive astroglial cells

have been reported [47]. Interestingly, in the CA2/3

area of the hippocampal formation, we found signifi-

cant differences in the LOAD group when compared to

control groups. It is worth highlighting that the CA2/3

region is generally considered more resistant to AD

pathology, leading us to speculate that the astrocyte

reaction may be linked to other underlying mecha-

nisms, which reinforces the importance of possible vari-

ations in pathology patterns that are associated with

increasing age. Regarding astrocytes, age-dependent

changes in morphology were also reported in rodents,

with apparent significant increase volumes in neocortex

(primary and secondary somatosensory cortex) and

hippocampus (astrocytes from CA3 stratum molecular

region) [48]. These findings were also reported to be

region-specific, with GFAP-positive astroglial profiles

increased in the CA1 region and lower in the entorhi-

nal cortex [49]. In transgenic AD animals studies,

astrocyte atrophy in both hippocampus (CA1 and DG)

[50] and entorhinal cortex was reported [51]. While

astroglial atrophy appears as a generalized process, the

astrocytes that surround plaques were hypertrophic

with increased surface and volume of GFAP-immunos-

tained profiles [50]. All these findings must be inter-

preted with caution, taken into account the probable

region-specific morphological changes associated with

age and, particularly in AD mouse models, several

pathological features of AD pathology are missing. Sur-

prisingly, we did not find any differences between AD

and controls in the astroglial profiles (surface, volume

and soma perimeter and area) despite the higher astro-

glial scores found in the subiculum. The subiculum is

the major output structure of the hippocampus [52]

and is severely affected by AD pathology. We expected

to find differences in the morphological analysis

between AD and control cases in this region but the

analysis did not prove it. There was also no correlation

with age at death and any of the morphological param-

eters studied in the control group. To the best of our

knowledge, there are no human tissue studies in age-

ing or AD that have addressed this issue previously.

Some data support the concept that reactive astrocytes

show hypertrophy of their intermediate filament-rich

main cellular processes but do not extend to occupy a

greater volume of tissue than nonreactive astrocytes

[53,54]. It is also possible that, similar as reported in

animal models [49], there are region-specific astroglial

changes in human ageing and AD. Additionally, the

analysis of astrocyte morphology in relation to proxim-

ity of AD pathology (Ab and tau) could also be infor-

mative [50]. Nevertheless, our (negative) findings

remind us that we need to translate carefully the find-

ings of AD animal models to human tissue analysis.

This work has methodological limitations. We used a

semi-quantitative scale for the assessment of the pathol-

ogy, which has limitations when compared to stereol-

ogy-based quantitative methods. However, we achieved

a strong correlation between unbiased stereological

counting performed in two regions and the semi-quanti-

tative grading. Furthermore, there is recent data suggest-

ing that the increase in glia in the AD brain is due to a

phenotypic change in existing resting glial cells and not

due to glial cell proliferation per se [41]. The assessment

of microglia by present methods allowed us to quantify

microglia activation rather than total microglia

immunohistochemistry intensity ‘signal’. Further studies

using different methods are needed to replicate and

extend these findings, and additional inflammatory

markers can be added in order to better understand

inflammatory process associated with AD pathology.
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Additionally, the understanding of neuroinflammation

in AD warrants further study of the consequences of

alterations in microglial cell and astrocyte morphology

with respect to phenotype and function [34]. Finally,

taken into account the higher risk of developing AD [55]

and potential stronger inflammatory dysregulation in

woman [56], it would be important to explore gender dif-

ferences in AD associated inflammation and ageing.

Conclusion

Understanding the delicate balance between age of

onset and AD pathophysiology will be important to

understand the effect of interventions in dementia. Tak-

ing into account the cumulative data regarding neu-

roinflammatory changes associated with ageing, these

differences must be addressed when modifying agents

that act on the neuroinflammatory system are tested

[17]. In the present study, we have shown that, over-

all, the neuroinflammatory pathological markers in late

stage AD human tissue have a similar pattern at differ-

ent ages. However, when compared to aged matched

controls, the magnitude of the pathological markers in

the younger AD group becomes more evident. The

association between the pathological features of AD

and dementia is stronger in younger old persons

(75 years) than in older old persons (95 years), sug-

gesting that additional factors are involved in the clini-

cal expression of dementia in the oldest old [57].
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3.2. Clinical study  

For the study of the inflammatory profile of the CSF and serum, patients were recruited 

from the dementia outpatient clinic of the Department of Neurology of the Hospital 

Santo António – Centro Hospitalar do Porto (CHP) between February 2013 and April 

2017. Patients with subjective memory complaints that underwent the study protocol 

were included as controls. Details of the clinical characterization of the cohort are 

presented here.  

 

3.2.1. Clinical assessment and neuroimaging analysis 

All patients underwent clinical assessment by a neurologist from the department every 

6 months that included clinical history and neurological examination. In the first visit, 

detailed family history was assessed. The clinical history followed a structured proforma, 

which documents systematically alterations in cognition and behaviour.  

 

The neuropsychological assessment performed in the Neuropsychology Unit of CHP 

included an extended battery of tests, most with normative data for the Portuguese 

population available (Mini Mental State Examination, Dementia Rating Scale, Auditory 

Verbal Learning Task, Benton Visual Retention Test, Complex Rey Figure, Digit Span, 

Judgment of Line Orientation, Trail Making Test, Wisconsin Card Sorting Test, Verbal 

Fluency and Boston Naming Test, Hospital Anxiety and Depression Scale  and 

Neuropsychiatric Inventory).   

 

MRI acquisition was performed at CHP, using a Philips Achieva 3.0T TX MRI scanner, and 

the sequence analysis included: 3D FLAIR, 3D T1 SPGR, Axial T2* (gradiente-eco), Axial 

T2, Coronal T2 and diffusion tensor imaging (DTI). The brain MRI acquisitions were 

validated by a neuroradiologist and visual scales were used (Fazekas et al., 1987; 

Koedam et al., 2011; Scheltens et al., 1992) to establish the clinical diagnosis.  

 

Volumetric analysis 

Data preprocessing was performed using Freesurfer (http://surfer.nmr.mgh.harvard.edu/), 

a tool developed for automatic brain segmentation whose technical details are 
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described in several publications (Dale et al., 1999; Reuter et al., 2012). Freesurfer offers 

consistency in its automated processing and validation studies have demonstrated that 

its measurements are comparable to those derived from manual tracing of brain regions 

(Fischl et al., 2002; Tae et al., 2008). Freesurfer has also been shown to be a highly 

reliable method for automated cortical thickness measurements across scanner 

strength and pulse sequence in all regions of the brain, with minor variability being 

attributed to cytoarchitectural differences of certain ROIs and difficulties with surface 

reconstructions in temporal lobe regions (Fjell et al., 2009).  

While allowing for a full automated processing of the data, the guidelines of the tool 

(https://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction) suggest 

that the user does several corrections and validations. Three main steps were 

addressed: the validation of the registration, where the tkregister2 tool was used to 

verify the overlap of the reference brain and the subject brain using the shape of the 

corpus callosum, the medial line, the sulcus of the brain and the overall shape of the 

brain as references. Whenever necessary the tool allowed for alterations on the 

registration with 12 degrees of freedom; next the tkmedit tool was used for the 

validation of the skull extraction and the pial line, where it was verified that the latter 

restricted only brain tissue and did not overlap with outside structures; finally tkmedit 

was used to validate the segmentation of the white matter using the white matter mask 

and possible misclassified white matter hypointensity areas were reclassified as such.  

 

3.2.2. Clinical cohort  

Ninety-three subjects were initially screened and sixty-one subjects satisfied diagnostic 

criteria for inclusion in the study: 7 mild cognitive impairment (MCI-AD), 33 AD [22 early 

onset AD (EOAD) and 11 late onset AD (LOAD)] and 21 FTD. Nine cases with subjective 

memory complaints and four cases with pseudodementia/depression that underwent 

the study protocol were included as controls (clinical, imaging, CSF and serum studies). 

Four additional cases from the Minho integrative neurosciences database (MIND) 

biobank were used as non-inflammatory neurological controls. The following patients 

were excluded: 4 cases of MCI with CSF biomarkers not supporting an Alzheimer´s 

disease pathophysiology, 5 cases with dementia with clinical phenotype suggestive of 



59 
 

AD but without CSF biomarkers suggestive of this pathophysiology, 5 with psychiatric 

disorder and other causes, including one case with a post-mortem diagnosis of 

argyrophilic grain disease. One case was excluded due to elevated PCR on the day of the 

LP (respiratory infection). One AD case had pathological confirmation of AD with 

neocortical Lewy bodies. Three cases of the FTD group had a genetic form of FTD (two 

with a progranulin mutation and one with C9orf72 hexanucleotide repeat expansion). 

Two sporadic FTD cases developed motor neuron disease.  

 

 

Figure 2: Clinical enrolment. *Plus 4 additional cases from MIND biobank.  

 

The demographic, clinical and CSF biomarkers characteristics are summarized in table 3 

and 4. There was an overrepresentation of male cases in the FTD group. The AD and FTD 

groups did not differ in global cognitive scales (MMSE and DRS-2), but the sub-scores 

showed that the AD group had greater impairment in memory and a trend for 

impairment in visuoconstruction (p = 0.005 and p = 0.060, respectively; Mann-Whitney 

T test).    
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Table 3: Demographic, clinical and CSF biomarkers characteristics 

 
Controls 

n = 17 
MCI-AD 

n = 7 
AD 

n = 33 
FTD 

n = 21 
 

Sex (M:F) 6 : 11  3 : 4 13 : 20 17:4  

Age 60.4 ± 7.9 68.7 ± 6.3 62.8 ± 8.0 64.2 ± 7.5 p = 0.068 

Education 
(years) 

6.4 ± 3.5 6.1 ± 3.7 6.5 ± 4.4 4.9 ± 1.9 p = 808 

MMSE 28.1 ± 1.9 25.9 ± 2.8 18.3 ± 6.5a,b 22.9 ± 4.3c P < 0.001 

DRS-2 (z score) - 1.1 ± 1.6 - 1.2 ± 1.3 - 5.4 ± 2.8a,d - 5.1 ± 4.1b,e p < 0.001 

CSF pTau 50.3 ± 13.1 82.0 ± 21.8g 88.7 ± 29.8e,f 39.2. ± 17.8 p < 0.001 

CSF hTau 233.3 ± 64.3 532.3 ± 183.9c,h 673.3 ± 328.3a,f 275.4 ± 203.6 p < 0.001 

Aβ1-42 1225.9 ± 222.7 545.9 ± 71.9a,h 538.4 ± 103.3a,f 897.0 ± 252.1 p < 0.001 

 

Data are presented as means ± SD. The p-values in the right column refers to differences 

between all groups using the Kruskal-Wallis test and post-hoc testing using Dunn-Bonferroni.  

 

ap < 0.001 vs controls  

bp < 0.05 vs MCI-AD 

c p < 0.05 vs controls 

d p < 0.01 vs MCI-AD 

e p < 0.01 vs controls 

f p < 0.001 vs FTD 

g p < 0.01 vs FTD 

h p < 0.05 vs FTD 
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Table 4. Family history of dementia within the cohort.  

 CONT MCI-AD AD FTD 

Autosomal Dominant - - - 2 

≥ 3 with dementia history - - - 1 

≥ 1 family member with < 65 years - - 3 1 

≥ 1 family member with > 65 years - 1 10 4 

No family history 13 6 20 13 

Total 13 7 33 21 

 

 

Detailed clinical information from neurological assessment are showed in table 5. The 

AD and FTD group differed statistically in memory, praxis, apathy, depression symptoms, 

behaviour change and insight loss. Despite the small sample size, it was interesting to 

demonstrate such a different clinical pattern in a semi-structured clinical interview. The 

DRS-2 subscales showed statistically significant more severe memory deficits in the AD 

compared to FTD (table 6).    

During the follow-up period of the study, 4 (57%) of the MCI cases converted to AD (time 

to conversion in years: 1.5 ± 0.6). The median of the follow-up period of the MCI group 

was 39 months (minimum of 25 months and maximum of 45 months).   
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Table 5. Detailed clinical information 

Behaviour change considered positive if there was one symptom within the FTD spectrum.   

*p < 0.05, **p < 0.01, ***p < 0.001 Chi-square (or Fisher’s exact when appropriate) comparing 

AD and FTD groups. 

 
Controls 
n=13 

MCI-AD 
n=7 

AD 
n=33 

FTD 
n=21 

Clinical interview 
    

Memory 13/13 (100%) 8/8 (100%) 32/32 (100%)*** 14/21 (66.7%)*** 

Language 9/13 (69.2%) 2/7 (28.6%) 22/32 (68.7%) 11/20 (55%) 

Calculus 1/13 (7.7%) 1/6 (31.5%) 16/27 (59.2%) 6/17 (35.3%) 

Visuo-spatial 1/13 (7.7%) 2/7 (28.6%) 18/32 (56.2%) 7/21 (33.3%) 

Praxis 0/13 (0%) 0/7 (0%) 8/32 (25)* 0/21 (0%)* 

Executive 8/13 (61.5%) 2/7 (28.6%) 20/32 (62.5%) 13/19 (68.4%) 

Insight loss 0/13 (0%) 0/7 (0%) 12/30 (40%)** 17/20 (85%)** 

Depressive symptoms 9/13 (69.2%) 2/7 (28.6%) 13/32 (40.6%)* 2/21 (9.5%)* 

Apathy 1/13 (7.7%) 1/6 (31.5%) 7/32 (21.9%)* 12/21 (57.1%)* 

Behavior change  0/13 (0%) 1/6 (31.5%) 3/32 (9.4%)*** 20/21 (95.2%)*** 

Psychotic symptoms 0/13 (0%) 0/7 (0%) 3/32 (9.4%) 6/21 (28.6%) 

Neurological examination     

Limb apraxia 0/13 (0%) 0/7 (0%) 4/32 (12.5%) 0/21 (0%) 

Orobucofacial apraxia 0/13 (0%) 0/7 (0%) 0/32 (0%) 0/21 (0%) 

Copy hands posture 0/13 (0%) 0/7 (0%) 7/32 (21.9%) 1/21 (4.8%) 

Primitive reflexes 0/13 (0%) 0/7 (0%) 3/32 (9.4%) 5/21 (23.8%) 

Oculomotor movem. 0/13 (0%) 0/7 (0%) 0/32 (0%) 0/21 (0%) 

Bulbar signs 0/13 (0%) 0/7 (0%) 0/32 (0%) 1/21 (4.8%) 

Cortical sensory loss 0/13 (0%) 0/7 (0%) 0/32 (0%) 0/21 (0%) 

Pyramidal signs 0/13 (0%) 0/7 (0%) 1/32 (3.1%) 2/21 (9.5%) 

LMN 0/13 (0%) 0/7 (0%) 0/32 (0%) 2/21 (9.5%) 

Cerebellar signs 0/13 (0%) 0/7 (0%) 0/32 (0%) 0/21 (0%) 

Myoclonus 0/13 (0%) 0/7 (0%) 2/32 (6.2%) 0/21 (0%) 

Parkinsonism 0/9 (0%) 0/9 (0%) 3/32 (9.4%) 6/21 (28.6%) 
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Table 6. Neuropsychological characteristics in Control, AD and FTD groups.  

 
Controls 

n = 13 
AD 

n = 33 
FTD 

n = 21 
 

DRS-2     

Attention - 0.88 ± 1.68 - 3.25 ± 2.63b - 2.83 ± 4.46 p < 0.01 

Initiation/Perseveration - 0.87 ± 1.35 - 3.53 ± 1.99b - 3.85 ± 2.18b p < 0.001 

Construction - 0.56 ± 1.40 - 2.05 ± 2.51 - 1.11 ± 2.43 p = 0.062 

Conceptualization - 0.09 ± 0.75 - 2.05 ± 2.32d - 2.69 ± 2.64b p < 0.01 

Memory - 1.38 ± 1.43 - 5.42 ± 1.58a,c - 3.78 ± 2.35d p < 0.001 

Total - 1.11 ± 1.65 -  5.45 ± 2.77a - 5.20 ± 4.00b p < 0.001 

Auditory Verbal Learning Task 
(AVLT) 

    

Total 
30´ 

Recognition 

- 0.75 ± 1.17 
- 0.95 ± 1.26 
26.41 ± 3.04  

- 2.82 ± 1.00a 

- 3.12 ± 0.56a 

19.14 ± 5.37a 

- 2.18 ± 1.28d 

- 2.46 ± 0.98d 

20.13 ± 7.34d 

p < 0.001 
p < 0.001 
p < 0.001 

Complex Rey Figure      

Copy 
Memory 

Total 

23.69 ± 5.27 
- 0.50 ± 1.10 
- 0.14 ± 0.90 

11.59 ± 7.17a 

- 1.83 ± 0.56b 

- 2.54 ± 1.32a,c 

18.35 ± 9.37 
- 1.32 ± 1.07 
- 1.05 ± 1.89 

p < 0.001 
p < 0.01 
P < 0.001 

Corsi - 0.19 ± 1.09 - 2.46 ± 1.61a -1.24 ± 1.03  p < 0.001 

Benton visual retention test 0.52 ± 1.32  -2.13 ± 0.78b - 1.35 ± 1.56  p < 0.05 

Verbal fluency     

Categorical 
Literal 

- 0.73 ± 1.22 
- 0.60 ± 1.14 

- 1.78 ± 0.92d 

- 1.44 ± 0.98  
- 1.84 ± 1.14  

- 1.71 ± 0.66d 

p < 0.05 
p < 0.05 

Judgment of line orientation - 0.49 ± 1.61 - 2.34 ± 1.62d - 1.68 ± 1.57 p < 0.05 

Boston naming test - 0.93 ± 3.18 - 1.33 ± 1.11d - 1.31 ± 1.05 p < 0.05 

Sentence repetition - 0.44 ± 1.44 - 2.26 ± 2.13 - 1.32 ± 1.87 p = 0.069 

Token 33.33 ± 5.32 24.35 ± 11.17 25.29 ± 12.51 p = 0.240 

Digit span -0.74 ± 1.08 - 1.39 ± 0.98 - 1.67 ± 1.03 p = 0.081 

Trail making test A - 0.69 ± 1.24 - 2.08 ± 1.61 - 1.40 ± 1.35 p = 0.065 

Hospital Anxiety and Depression 
Scale (HADS) 

    

Anxiety 
Depression 

12.54 ± 5.49e 
9.15 ± 5.93 

7.56 ± 4.42 
7.56 ± 3.36 

8.33 ± 4.76 
8.40 ± 5.50 

p < 0.05 
p = 0.559 

 

Data are presented as means ± SD of the z scores, with exception of the recognition in AVLT, the 

copy of Complex Rey figure, Token and HADS that are expressed in absolute values. The p-values 

in the right column refers to differences between all groups using the Kruskal-Wallis test and 

post-hoc testing using Dunn-Bonferroni.  
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a p < 0.001 compared to controls 
b p < 0.01 compared to controls 
c p < 0.05 compared to FTD 
dp < 0.05 compared to controls 
ep < 0.05 compared to AD 

 

Characteristics of AD according to age of onset (EOAD and LOAD) 

In table 7 the demographic and clinical characteristics of the AD group are detailed 

according to age of onset. There were no differences in any of the characteristics 

showed, with exception of age.  

 

Table 7. Demographic and clinical information of AD according to age of onset. 

 Age Sex 

(M:F) 

Education 

(years) 

MMSE DRS-2  

(z score) 

pTau hTau Aβ1-42 

EOAD 

n = 22 

58.1 ± 

4.7 

9 : 13 7.3 ± 4.8 17.2 ± 

6.7 

- 5.9 ± 

3.0 

89.2 ± 

29.3 

671.8 ± 

323.9 

547.2 ± 

90.2 

LOAD 

n = 11 

72.1 ± 

3.7 

4 : 7 5.2 ± 3.4 20.2 ± 

5.9 

- 4.6 ± 

2.2 

88.0 ± 

32.2 

676.1 ± 

352.3 

522.6 ± 

127.1 

Data are presented as means ± SD.  

 

Table 8 and table 9 show the detailed clinical information from neurological and 

neuropsychological assessment respectively. EOAD cases had higher frequency of praxis 

and visuospatial complaints, together with more frequent signs of visuospatial 

impairment (copy of hand postures) and dyspraxia on neurological examination. 

However, these differences did not reach statistical significance (p > 0.05; Chi-square or 

Fisher exact test when applied). In neuropsychological testing EOAD group had severe 

impairment in attention/working memory and categorical verbal fluency when 

compared to LOAD group. 
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Table 8. Detailed clinical information in AD group according to age of onset groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
EOAD 
n=22 

LOAD 
n=11 

Clinical interview 
  

Memory 22/22 (100%) 11/11 (100%) 

Language 16/21 (76.2%) 6/11 (54.5%) 

Calculus 11/17 (64.7%) 5/10 (50.0%) 

Visuo-spatial 14/21 (66.7%) 4/11 (36.4%) 

Praxis 7/21 (33.3%) 1/11 (9.1%) 

Executive 15/21 (71.4%) 5/11 (45.5%) 

Insight loss 8/19 (42.1%) 4/11 (36.4%) 

Depressive symptoms 9/21 (42.8%) 4/11 (36.4%) 

Apathy 4/21 (19.0%) 3/11 (23.7%) 

Behavior change  2/21 (9.5%) 1/11 (9.1%) 

Psychotic symptoms 2/21 (9.5%) 1/11 (9.1%) 

Neurological examination   

Limb apraxia 4/21 (19.0%) 0/11 (0%) 

Orobucofacial apraxia 0/21 (0%) 0/11 (0%) 

Copy hands posture 6/21 (28.6%) 1/11 (9.1%) 

Primitive reflexes 2/21 (9.5%) 1/11 (9.1%) 

Oculomotor movem. 0/21 (0%) 0/11 (0%) 

Bulbar signs 0/21 (0%) 0/11 (0%) 

Cortical sensory loss 0/21 (0%) 0/11 (0%) 

Pyramidal signs 1/21 (4.8%) 0/11 (0%) 

LMN 0/21 (0%) 0/11 (0%) 

Cerebellar signs 0/21 (0%) 0/11 (0%) 

Myoclonus 2/21 (9.5%) 0/11 (0%) 

Parkinsonism 2/21 (9.5%) 1/11 (9.1%) 
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Table 9. Neuropsychological characteristics in EOAD and LOAD. 

 
EOAD 
n = 22 

LOAD 
n = 11 

 

DRS-2    

Attention - 3.74 ± 2.57 - 2.41 ± 2.65 p = 0.116 

Initiation/Perseveration - 3.97 ± 1.91 - 2.77 ± 1.98 p = 0.098 

Construction - 2.73 ± 2.85 - 0.88 ± 1.13 p = 0.106 

Conceptualization - 2.22 ± 2.59 - 1.74 ± 1.81 p = 0.715 
Memory - 5.45 ± 1.83 - 5.37 ± 1.11 p = 0.651 

Total - 5.94 ± 3.00 - 4.59 ± 2.17 p = 0.245 

Auditory Verbal Learning Task 
(AVLT) 

   

Total 
30´ 

Recognition 

- 3.03 ± 1.04 

- 3.13 ± 0.64 

19.11 ± 6.43 

- 2.45 ± 0.84 

- 2.88 ± 0.36 

19.20 ± 2.86 

p = 0.093 
p = 0.052 
p = 0.866 

Complex Rey Figure     

Copy 
Memory 

Total 

12.33 ± 8.03 

- 1.98 ± 0.68 

- 2.59 ± 1.43 

10.70 ± 6.29 
- 1.66 ± 0.34 
- 2.48 ± 1.25 

p = 0.692 
p = 0.166 
p = 0.947 

Corsi - 3.30 ± 1.13 - 1.15 ± 1.36  p = 0.000** 

Benton visual retention test -1.81 ± 0.64 - 1.11 ± 1.03  p = 0.307 

Verbal fluency    

Categorical 
Literal 

- 2.08 ± 0.84 

- 1.64 ± 1.06 
- 1.27 ± 0.86  

- 1.11 ± 0.75 

p = 0.030* 
p = 0.085 

Judgment of line orientation - 2.82 ± 1.47 - 1.78 ± 1.70 p = 0.298 

Boston naming test - 1.26 ± 1.10 - 1.44 ± 1.17 p = 0.714 

Sentence repetition - 2.75 ± 1.90 - 1.19 ± 2.37 p = 0.188 

Token 23.67 ± 12.12 26.00 ± 9.51 p = 0.752 

Digit span - 1.77 ± 0.89 - 0.80 ± 0.82 p = 0.013* 

Trail making test A - 2.55 ± 1.20 - 1.54 ± 1.96 p = 0.391 

Hospital Anxiety and Depression Scale 
(HADS) 

   

Anxiety 
Depression 

7.12 ± 4.61 
7.65 ± 3.20 

8.30 ± 4.22 
7.40 ± 3.78 

p = 0.631 
p = 0.801 

 

Data are presented as means ± SD of the z scores, with exception of the recognition in AVLT, the 

copy of Complex Rey figure, Token and HADS that are expressed in absolute values. The p-values 

in the right column refers to differences between groups using  Mann-Whitney T test. *p < 0.05; 

**p < 0.001. 
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Table 10 shows volumetric study performed in 17 AD (mean age ± SD, 65.35 ± 8.6; mean 

MMSE ± SD, 17.8 ± 7.4), 6 FTD (mean age ± SD, 58.33 ± 8.8; mean MMSE ± SD, 21.0 ± 

4.5) and 6 controls (mean age ± SD, 59.50 ± 5.4; mean MMSE ± SD, 27.2 ± 2.5). The mean 

values are from the ratio of the structure to the total intracranial volume. The groups 

did not differ in terms of age at study (p = 0.214, Kruskal-Wallis test), and AD and FTD 

did not differ in MMSE score (p = 0.420, Mann-Whitney T test).   

 

Table 10. Volumetric results Freesurfer analysis. 

 L Hipp R Hipp L Cortex R Cortex Cortex T L WM R WM WM T 

AD 

n = 17 

0.0019 ± 

0.0004a 

0.0021 ± 

0.0004a 

0.119 ± 

0.017a 

0.124 ± 

0.019a 

0.243 ± 

0.036a 

0.148 ± 

0.015b 

0.152 ± 

0.014b 

0.230 ± 

0.028 b 

FTD 

n = 6 

0.0018 ± 

0.0005a 

0.0020 ± 

0.0004b 

0.110 ± 

0.021a 

0.112 ± 

0.016a 

0.221 ± 

0.037a 

0.155 ± 

0.021 

0.157 ± 

0.020 

0.311 ± 

0.041 

CONT 

n = 6 

0.0032 ± 

0.0005 

0.0032 ± 

0.0005 

0.169 ± 

0.019 

0.170 ± 

0.019 

0.338 ± 

0.038 

0.180 ± 

0.026 

0.183 ± 

0.025 

0.364 ± 

0.050 

 p < 0.01 p < 0.01 p < 0.01 p < 0.001 p < 0.001 p < 0.05 p < 0.05 p < 0.05 

Results are presented as the ratio of total intra-cranial volume with means ± SD.  

Legend: L- left; R – right; Hipp – hippocampus; WM – white matter; T – total. The p-values in the 

bottom line refers to differences between all groups using the Kruskal-Wallis test and post-hoc 

testing using Dunn-Bonferroni.  

ap < 0.01 vs controls 

bp < 0.05 vs controls 

 

Table 11 shows the volumetric study within AD group separated according to the age at 

onset. There were 9 EOAD (mean age ± SD, 58.4 ± 4.8; mean MMSE ± SD, 15.0 ± 7.8) and 

8 LOAD (mean age ± SD, 73.1 ± 3.7; mean MMSE ± SD, 19.7 ± 6.6). The groups did not 

differ in MMSE score (p = 0.247, Mann-Whitney T test).   
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Table 11.  Volumetric results Freesurfer analysis in EOAD and LOAD.  

 L Hipp R Hipp L Cortex R Cortex Cortex T L WM R WM WM T 

EOAD 

n = 9 

0.0220 ±  

0.0002 

0.0235 ± 

0.0002** 

0.123 ± 

0.017 

0.130 ± 

0.018 

0.254 ± 

0.034 

0.152 ± 

0.017 

0.157 ± 

0.014* 

0.309 ± 

0.029 

LOAD 

n = 8 

0.0174 ±  

0.0004 

0.0183 ± 

0.0004 

0.114 ± 

0.018 

0.117 ± 

0.019 

0.231 ± 

0.036 

0.144 ± 

0.013 

0.146 ± 

0.012 

0.290 ± 

0.024 

Results are presented as the ratio of total intra-cranial volume with means ± SD. *p < 

0.05; **p < 0.01, Mann-Whitney T test.  
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3.2.3. Pro and anti-inflammatory CSF profile in young and late onset sporadic 

Alzheimer´s disease patients 

 

 

CSF interferon γ induced chemokine (IP10) is different between young and late onset 

sporadic Alzheimer´s disease patients. (Manuscript in preparation) 
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Abstract 

Alzheimer´s disease (AD) is a chronic neurodegenerative disorder and is the most 

common cause of dementia. Cumulative data suggests that neuroinflammation plays a 

prominent role in AD pathogenesis and there is compelling evidence, from different 

research groups, of age-associated dysregulation of the neuroimmune system. In this 

study, we sought to compare the profile of cytokines in the cerebrospinal fluid (CSF) of 

a group of AD patient´s according to their age and clinical characteristics. Additionally, 

we included another neurodegenerative dementia, frontotemporal dementia (FTD), for 

comparison.  We found a dysregulation of pro- and anti-inflammatory cytokines in CSF 

of AD and FTD patients, with particular signatures for each disorder. Furthermore, in the 

AD group we found a positive correlation between upregulation of both pro- (IL-1β, IL-

9, IL-17, G-CSF) and anti-inflammatory cytokines (IL-1ar, IL-4, IL-10, IL-13) with cognitive 

status at baseline, and a negative correlation with disease progression with some of 

them (IL-1β, IL-4, IL-17, INF- γ, FGF basic). These findings suggesting a protective role of 

inflammatory upregulation in early disease stages. Finally, the levels of interferon γ 

induced chemokine (IP-10) differed between early onset and late onset AD, suggesting 

an age effect on IP-10 mediated pathogenesis in AD. The study of aging as a modulating 

factor in the delicate balance of AD associated inflammation will be important, 

particularly to understand immunotherapeutic treatments currently being tested.   
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Introduction 

Alzheimer´s disease (AD) is characterized by intracellular neurofibrillary tangles 

(composed by aggregates of aberrantly phosphorylated tau protein), extracellular 

deposits of amyloid-β (Aβ) that is accompanied by neuronal and synaptic loss, and 

neuroinflammation (reactive astrocytes and microglia) (Cummings and Cummings, 

2004; Heneka et al., 2015; Taipa et al., 2012). Inflammation associated to AD pathology 

has been extensively documented and the study of proinflammatory cytokines as 

biomarkers for AD has gained strong interest (Wang et al., 2015). However, the data 

obtained from different studies are contradictory (Brosseron et al., 2014). Additionally, 

remains to be solved whether it is the innate immunity that enhances Aβ accumulation, 

thereby initiating or accelerating pathological cascades, or if the neuroinflammation is  

important  for protection and clearance of Aβ toxic species (Taipa et al., 2016). Recent 

studies support the concept of a more complex interplay between innate immunity and 

the “proteinopathy” associated to neurodegeneration (Chakrabarty et al., 2015; Guillot-

Sestier et al., 2015). In the sporadic or late-onset AD, the complexity of AD pathogenesis 

is particularly evident and more distant from the simple assumption of linear causality 

of the original amyloid hypothesis (Scheltens et al., 2016). Regardless of clinical 

resemblance and neuropathological features, important differences exist between early 

and late onset AD (EOAD and LOAD) patients (Taipa et al., 2016). Patients with early-

onset AD often present with a non-memory phenotype (Koedam et al., 2010),  have a 

more aggressive course (Koedam et al., 2008), rarely carry the APOE ɛ4 allele (van der 

Flier et al., 2011), and have distinct patterns of early neuropathological changes (Murray 

et al., 2011). Our group recently showed that, in post-mortem AD brain tissue, the 

neuroinflammatory pathological markers share a similar pattern in EOAD and LOAD 

(Taipa et al., 2017). However, when compared to aged matched controls, the magnitude 

and extension of the pathological markers in the younger AD group was higher. 

Regarding the importance of neuroinflammation in the pathogenesis of AD and the 

differences in the neuroimmunological milieu of the aged brain, it is conceivable that 

the neuroinflammation associated to AD can differ between EOAD and LOAD, and 

contribute to or explain the clinical differences (Taipa et al., 2016).  

In this study, we sought to compare the profile of cytokines and other inflammation 

associated protein levels in cerebrospinal fluid (CSF) of a group of AD patient´s according 
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to their age and clinical characteristics. Additionally, to address the issue of the 

possibility of a disease specific signature of neuroinflammation in AD, another 

neurodegenerative dementia (frontotemporal dementia) was studied for comparison.   

 

Material and methods 

Subjects 

Patients were prospectively enrolled from the dementia outpatient clinic of the 

Department of Neurology of Centro Hospitalar do Porto (CHP) between February 2013 

and April 2017. All patients underwent a standard battery of examinations, including 

medical and family history, physical and neurological examination, screening laboratory 

tests, neuropsychological evaluation (including Mini Mental State Examination, 

Dementia Rating Scale, Auditory Verbal Learning Task, Benton visual Retention Test, 

Complex Rey Figure, Digit Span, Corsi Test, Judgment of Line Orientation, Trail Making 

Test, Wisconsin Card Sorting Test, Verbal fluency and Boston Naming Test, Hospital 

Anxiety and Depression Scale  and Neuropsychiatric Inventory), brain Magnetic 

Resonance Image (MRI) and CSF analysis. The clinical history followed a structured 

proforma, which included a systematic recording of changes in cognition and behaviour.  

Neuropsychological assessment, MRI acquisition and lumbar puncture (LP) were 

performed within four weeks after first clinical visit.  

The diagnosis of AD were established according to the recent NIA-AA 2011 criteria 

(McKhann et al., 2011). The onset of symptoms had to be equal or less than four years. 

Patients were classified as EOAD and LOAD using the cut-off age of 65. Due to the lack 

of established cut-off values for AD CSF biomarkers in our laboratory, the tau/Aβ42 ratio 

of >0.52 was used to define a positive CSF profile for Alzheimer´s disease pathology 

(Duits et al., 2014). Patients with subjective memory complaints and pseudo-dementia 

who underwent study protocol were included as controls. A group of patients with 

frontotemporal dementia (FTD) was included for comparison. (Rascovsky et al., 2011). 

Additionally, four cases from the Minho integrative neurosciences database (MIND) 

biobank, with no history of inflammatory disorder or cognitive impairment, were added 

to the control group in the CSF studies. Patients with significant vascular brain damage 

were excluded (strategically placed and/or large vessel infarcts and/or white matter 

lesions setting a Fazekas scale > 2). Exclusion criteria additionally included the presence 
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of any chronic inflammatory disease, chronically use of steroidal anti-inflammatory 

drugs or immunosuppressive agents. Additionally, a blood sample was taken in the same 

day of LP and C reactive protein (CRP) was measured to exclude systemic inflammation.  

The study was approved by the ethical committee of CHP. All patients (or their 

surrogates) provided informed consent.  

 

Blood collection and CSF collection 

Blood and CSF collection was performed at CHP.  Whole blood samples were allowed to 

sit at room temperature for a maximum of 30 minutes after collection. Separation of the 

clot was done by centrifugation at 3000rpm at room temperature for 15 minutes. CSF 

samples were obtained in polypropylene tubes by LP at the L4/L5 or L3/L4 interspace. 

Serum and CSF samples were aliquoted, immediately frozen and stored at –80 °C until 

analysis.  

 

Aβ42, tau and p-tau determination 

CSF Aβ42, phospho tau and total tau protein levels were determined using commercially 

available Aβ 42 (Innotest β-amyloid 1–42), t-tau (Innotest hTau-Ag), p-tau (Innotest 

Phospho-tau 181P) ELISA assay kits (Innogenetics, Gent, Belgium) according to the 

manufacturer’s instructions. Blood contamination of the CSF was excluded by 

cytochemical analysis.  

 

Cytokines determination 

Cytokines were measured using the Bio-Plex Pro Human Cytokine 27-Plex Immunoassay 

kit according to instructions from the manufacturer (Bio-Rad Laboratories, Hercules, CA, 

USA). These include: basic fibroblast growth factor (FGF basic), eotaxin,  granulocyte 

colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor 

(GM-CSF), interferon gamma (INF-γ), interleukin (IL)-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, 

IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, INF-γ inducible protein (IP-10), monocyte 

chemotactic protein 1 (MCP-1), macrophage Inflammatory proteins-1α (MIP-1α), MIP-

1β, platelet-derived growth factor (PDGF-BB), tumor necrosis factor alfa (TNF-α) and 

vascular endothelial growth factor (VEGF). Plates were read in a BioPlex® MAGPIXTM 

Multiplex Reader (Bio-Rad Laboratories), and data was analysed using Bio-Plex Manager 
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MP 6.1 (Bio-Rad Laboratories). All samples were quantified in duplicate, and a 

coefficient of variation (CV) lower than 30% was considered for sample inclusion in 

analysis, for each cytokine. Moreover, for the standard curves, a 4PL or 5PL regression 

was used, standards with CV values higher than 30% were excluded, and all standards 

presented a concentration observed/expected between 70 and 130%. Concentration 

values below the lowest standard, or above the highest standard, extrapolated by the 

analysis software were also included in the statistical analysis.  

 

Statistical analysis 

Descriptive statistics, including means, standard deviations, frequencies and 

percentages were calculated. To compare the  groups under analysis in the clinical and 

demographical variables, we performed a One-Way Anova and t-test for quantitative 

measures and the Chi-Square test specifically for gender. According with the Levene´s 

test for equality of variances, the Welch correction was applied if unequal variances 

were observed and the post-hoc test was performed accordingly (Bonferroni for equal 

variances assumed and Games Howell for unequal variances).  For the analysis of 

cytokines profile, three planed contrasts analysis were performed: the first comparing 

dementia group (AD + FTD) with controls, the second comparing AD group with FTD 

group, and the third comparing EOAD with LOAD cases. Pearson correlation coefficient 

was calculated to assess the relation between age, cytokines and cognitive data. Data 

was analysed using IBM SPSS Statistics software (version 22.0) and GraphPad Prism, 

version 6.01. A p-value of less than 0.05 was considered statistically significant. 
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Results 

Fifty-four patients met the diagnostic criteria of AD (n=33; 22 EOAD and 11 LOAD) or 

FTD (n=21). One AD case was excluded due to elevated CRP in the day of LP (respiratory 

infection). Nine subjects with subjective memory complaints and four cases with 

pseudo-dementia were included as controls.  

One AD case had pathological confirmation of AD with neocortical Lewy bodies. Three 

cases of the FTD group had a genetic FTD form (two with a progranulin mutation and 

one with C9orf72 hexanucleotide repeat expansion). The main demographic and clinical 

characteristics of the study groups are reported in table 1.  

 

Table 1. Demographic and clinical information. 

 
Controls 
(n = 17) 

AD 
(n=33) 

FTD 
(n=21) 

Statistical test result 

Sex (M:F) 6 : 11  13 : 20 17:4 X2(2, n=70) = 10.5; p < 0.01 

Age 60.4 ± 7.9 62.8 ± 8.0 64.2 ± 7.5 F(2, 67) = 1.051; p = 0.355 

Education 
(years) 

6.4 ± 3.5 6.6 ± 4.4 4.7 ± 1.8 F(2, 61) = 1.445; p = 0.244 

MMSE 28.2 ± 1.9 18.3 ± 6.5a,b 22.9 ± 4.3c F(2, 29.8) = 32.1; p < 0.001 

DRS-2  
(z score) 

- 1.1 ±  1.6 - 5.4 ± 2.8a - 5.2 ± 4.0c F(2, 60) = 9.98; p < 0.001 

CSF pTau 50.3 ± 13.2 88.8 ± 29.8a,d 39.2 ± 17.8 F(2, 38.5) = 28.1; p < 0.001 

CSF hTau 233.3 ± 64.3 673.3 ± 328.4a,d 275.4 ± 203.6 F(2, 36.9) = 25.1; p < 0.001 

CSF Aβ1-42 1225.9 ± 222.7 538.4 ± 103.4a,d 897.0 ± 252.1c F(2, 30.0) = 67.9; p < 0.001 

 

Legend: Values are given as the mean and standard deviations.  

a p < 0.001 vs. controls 

b p< 0.05 vs FTD  

c p < 0.01 vs Controls 

d p < 0.001 vs. FTD 

 

There was an overrepresentation of male cases in the FTD group compared to controls 

and AD group.  
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In table 2 the main demographic and clinical characteristics of AD patients according to 

age of onset (i.e., EOAD vs. LOAD). are presented. 

 

Table2. Demographic and clinical information for the EOAD and LOAD patients. 

 
EOAD 
(n=22) 

LOAD 
(n=11) 

Statistical test result 

Sex (M:F) 9 : 12  4 : 7 X2(1, n = 33) = 0.0635; p = 0.801 

Age 58.1 ± 4.7 72.1 ± 3.7 t (31) = - 8.61; p <0.001  

Education (years) 7.3 ± 4.8 5.2 ± 3.4 t (29) = 1.29; p = 0.206 

MMSE 17.2 ± 6.7 20.2 ± 5.9 t (27) = -1.23; p = 0.231 

DRS-2 (z score) - 5.9 ± 3.0 - 4.6 ± 2.2 t (28) = -1.31; p = 0.201 

CSF pTau 89.2 ± 29.3 88.0 ± 23.2 t (4) = - 0.745; p = 0.498 

CSF hTau 671.8 ± 323.9 676.1 ± 353.3 t (4) = - 0.746; p = 0.502 

Aβ1-42 547.2 ± 90.2 522.6 ± 127.1 t (4) = - 0.123; p = 0.908 

Legend: values are given as the means and standard deviations.  

 

CSF interleukins according to clinical diagnosis 

As illustrated in table 3, the majority of the cytokines appeared to be more elevated in 

AD patients than in controls. Of interest, the FTD group appeared to be in an 

intermediate position.  
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Table 3. Mean values of inflammatory molecules in the CSF of patients and controls (z 

scores).  

 Controls AD FTD  EOAD LOAD 

IL-1β - 0.32 ± 0.95 0.23 ± 0.87 0.13 ± 1.02  0.18 ± 0.92 0.34 ± 0.81 

IL-1ar - 0.55 ± 0.76 0.44 ± 0.98 0.08 ± 0.95  0.35 ± 0.94 0.63 ± 1.08 

IL-2 - 0.32 ± 0.98 0.23 ± 0.84 0.04 ± 0.95  0.18 ± 0.94 0.33 ± 0.62 

IL-4 - 0.42 ± 0.83 0.28 ± 0.90 0.06 ± 0.84  0.11 ± 0.87 0.62 ± 0.90 

IL-5 - 0,21 ± 1.05 0.35 ± 0.82 0.26 ± 0.99  0.31 ± 0.84 0.44 ± 0.81 

IL-6 - 0.31 ± 1.00 0.10 ± 0.96 0.14 ± 0.96  0.09 ± 1.06 0.13 ± 0.76 

IL-7 - 0.41 ± 0.74 0.44 ± 1.19 0.24 ± 0.80  0.30 ± 0.94 0.73 ± 1.59 

IL-8 - 0.40 ± 1.07 0.26 ± 0.83 0.07 ± 1.13  0.08 ± 0.80 0.63 ± 0.79 

IL-9 - 0.30 ± 0.87 0.44 ± 0.95 0.09 ± 0.92  0.26 ± 0.85 0.80 ± 1.09 

IL-10 - 0.53 ± 0.88 0.38 ± 0.95 0.10 ± 0.84  0.21 ± 0.80 0.72 ± 1.16 

IL-12 (p70) - 0.24 ± 0.92 0.20 ± 0.92 0.18 ± 1.00  0.14 ± 0.96 0.30 ± 0.85 

IL-13 0.01 ± 0.72 0.40 ± 1.07 - 0.01 ± 0.83  0.20 ± 0.90 0.85 ± 1.33 

IL-15 - 0.53 ± 0.86 0.34 ± 1.13 - 0.20 ± 0.84  0.11 ± 1.00 0.81 ± 1.26 

IL-17 - 0.25 ± 0.93 0.22 ± 0.95 0.02 ± 1.02  0.21 ± 1.09 0.25 ± 0.63 

INF-γ - 0.29 ± 0.80 0.18 ± 0.83 0.07 ± 0.88  0.02 ± 0.88 0.70 ± 0.84 

IP-10 (CXCL10) 0.24 ± 1.13 0.17 ± 0.68 - 0.18 ± 0.63  - 0.21 ± 0.52 0.43 ± 0.76 

Eotaxin - 0.30 ± 0.74 0.40 ± 1.03 0.23 ± 1.04  0.21 ± 1.02 0.79 ± 0.98 

FGF basic - 0.25 ± 0.88 0.23 ± 0.94 - 0.02 ± 1.12  0.24 ± 1.04 0.21 ± 0.76 

G-CSF - 0.52 ± 0.61 0.45 ± 1.11 0.00 ± 0.82  0.33 ± 1.00 0.70 ± 1.33 

GM-CSF - 0.29 ± 0.98 0.28 ± 0.94 -0.08 ± 0.90  0.07 ± 0.93 0.70 ± 0.84 

MCP-1 (CCL2) 0.11 ± 1.02 - 0.35 ± 0.88 0.41 ± 1.12  - 0.44 ± 0.94 - 0.18 ± 0.78 

MIP-1α (CCL3) - 0.27 ± 0.87 0.23 ± 0.91 0.36 ± 1.21  0.16 ± 0.79 0.39 ± 1.14 

MIP-1β (CCL4) - 0.31 ± 0.74 0.12 ± 0.89 0.14 ± 1.30  -0.11 ± 0.65 0.60 ± 1.14 

PDGF-BB - 0.36 ± 0.77 0.40 ± 1.04 0.23 ± 0.90  0.38 ± 1.02 0.45 ± 1.14 

RANTES (CCL5) - 0.12 ± 0.45 0.19 ± 1.44 - 0.19 ± 0.05  - 0.08 ± 0.58 0.69 ± 2.32 

TNF- α - 0.41 ± 1.00 0.33 ± 1.00 0.11 ± 0.95  0.33 ± 1.00 0.34 ± 1.04 

VEGF 0.40 ± 0.97 0.07 ± 1.05 - 0.35 ± 0.75  0.11 ± 1.14 0.02 ± 0.92 

Legend: values are given as the means and standard deviations 

Abbreviations: CCL – C-C motif chemokine ligand; CXCL – C-X-C motif chemokine ligand 

 



Manuscript in preparation 

80 
 

Differences between groups  

In order to test the differences in the CSF inflammatory profile of the different groups, 

contrast analysis was applied with the following steps: (1) controls vs dementia, (2) FTD 

vs AD and (3) EOAD vs LOAD.  

 

1. Controls vs dementia 

The CSF of the “dementia” group had significant higher values of IL-1ra, IL-4, IL-5, IL-7, 

IL-8, IL-9, IL-10, IL-15, eotaxin, G-CSF, GM-CSF, MIP-1α (CCL3), PDGF-BB and TNF-α 

compared to controls (Figure 1).     

 

2. FTD vs AD  

When comparing the FTD and AD patients we found that the IL-15 levels were higher in 

AD group and, inversely, MCP-1 levels were higher in FTD group (Figure 2). 

 

3. EOAD vs LOAD 

Of interest, within the AD group, when comparing the EOAD and the LOAD patients we 

observed that the IP-10 were lower in EOAD when compared to the LOAD group (Figure 

3). 
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Figure 1. Differences between dementia cases (AD and FTD) and control groups. Values 

of cytokines are presented in z scores, contrast analysis. *p < 0.05; **p < 0.01 
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Figure 2. Differences between AD and FTD cases. Values of cytokines in z scores, contrast 

analysis. *p < 0.05.  

 

 

 

 

 

 

 

 

Figure 3. Differences between EOAD and LOAD. Values of cytokines in z scores, contrast 

analysis. *p < 0.05.  
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Correlation to age  

In AD group there was positive correlation with IP-10 and MIP-1β (Figure 4a and b). 

There was a trend for positive correlation with MCP-1 (r = 0.340, p = 0.053). In FTD group 

there was a positive correlation with MCP-1 (Figure 4c). No correlation was found in 

control group.  

 

 

Figure 4. Correlation between age and cytokines in AD (IP-10 and MIP-1β) and FTD (MCP-

1). a) r = 0.449, p = 0.011; b) r = 0.365, p = 0.037; c)  r = 0.569, p = 0.009.  

 

 

Correlation between cytokines and cognitive characteristics and disease progression 

In the AD group there were several inflammatory molecules that correlated positively 

with cognitive status (DRS-2) and negatively with cognitive decline (DRS-2 score 

decrease after 1 year) controlling for the DRS-2 score at first visit (table 4).  

In the FTD group there was no significant correlation between any of cytokines and 

cognitive status at baseline. IL-7 correlated negatively with DRS-2 in the second 

evaluation at 12 months (r = -0.571; p < 0.05) and positively with disease progression (r 

= 0.730; p < 0.01), both controlling for DRS-2 score at the first visit.  

In the control group there was no correlation between any of the molecules and 

cognitive status at baseline.  
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Table 4. Correlation between cytokine levels and cognitive status (DRS-2), and cytokine 

levels and cognitive decline at 1 year.  

  DRS-2 (T1) DRS-2 (T2) DRS-2 (T1 - T2) 

IL1β 0,366* 0,443* -0,427* 

IL1ar 0,367* 0,108 -0,060 

IL2 0,167 0,286 -0,363 

IL4 0,364* 0,377 -0,419* 

IL5 0,301 0,358 -0,283 

IL6 0,325 0,455* -0,394 

IL7 0,354 0,205 -0,221 

IL8 -0,051 -0,007 -0,155 

IL9 0,406* 0,386 -0,359 

IL10 0,446* 0,353 -0,288 

IL12 0,305 0,357 -0,303 

IL13 0,393* 0,233 -0,120 

IL15 0,360 0,211 -0,246 

IL17 0,384* 0,407 -0,433* 

Eotaxin 0,339 0,473* -0,260 

FGF basic 0,258 0,546** -0,533** 

G-CSF 0,369* 0,342 -0,342 

GM-CSF 0,197 0,297 -0,410 

INF-γ 0,233 0,400 -0,446* 

IP10 0,036 0,033 0,111 

MCP-1 0,201 0,000 0,015 

MIP-1α 0,244 0,127 -0,056 

PDGF-BB 0,356 0,301 -0,276 

MIP-1β 0,344 0,322 -0,282 

RANTES 0,060 0,168 -0,256 

TNF-α 0,279 0,222 -0,231 

VEGF 0,166 0,177 -0,175 

  

Legend: T1 – first neuropsychological evaluation; T2 – second neuropsychological 

evalulation (12 months later). Columns for DRS-2 T2 and DRS-2 (T1 – T2) represent 

partial correlations controlled for DRS-2 T1. * p < 0.05; ** p < 0.01 (Pearson correlation). 
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Discussion 

This study supports the concept that inflammatory dysregulation plays a role in the 

pathogenesis of both neurodegenerative dementias, AD and FTD. Furthermore, the 

inflammatory CSF profile displays a specific signature for each disorder, and age can be 

associated to neuroinflammatory particularities in EOAD and LOAD. Despite conflicting 

data in the literature, our results support the existence of an upregulation of pro- and 

anti-inflammatory cytokines in the CSF of AD patients (Brosseron et al., 2014). Recently, 

two experiments (Chakrabarty et al., 2015; Guillot-Sestier et al., 2015) demonstrated 

that an anti-inflammatory cytokine (IL-10) inhibits Aβ clearance by microglia, worsening 

cognitive decline in mouse models of AD. These results are in line with the perception 

that inflammation in the context of AD is not exclusively detrimental or beneficial, but 

has to be fine-tuned (Michaud and Rivest, 2015). Moreover, the inflammatory changes 

seem to be time dependent in the disease progression (Galimberti et al., 2006). In our 

study, we found that cognitive status in AD correlated positively with a broad range of 

pro- and anti-inflammatory molecules, supporting the notion that changes of 

inflammatory profile in the CSF is an early event (Brosseron et al., 2014). Interestingly, 

we found a negative correlation with disease progression at 12 months with some of the 

cytokines that correlated positively with baseline cognitive status. Contrary to our 

findings, some studies reported faster disease progression in association with higher 

levels of some inflammatory cytokines, namely eotaxin (CCL2) in prodromal AD (Westin 

et al., 2012). However, an in vivo imaging study has recently suggested that there may 

be two peaks of microglia activation in the AD disease trajectory, an early protective 

peak and a later pro-inflammatory peak (Fan et al., 2017). Moreover, another similar 

methodological approach showed that microglia activation was positively correlated 

with MMSE scores in AD patients, and that AD patients with slow decline had higher 

translocater protein-binding (considered a marker of microglial activation) (Hamelin et 

al., 2016). These findings are in agreement with our results, strengthening the concept 

of a dynamic process that can have different consequences (protection vs injury) 

depending on the time and stage of disease. This relation need further studies, analysing 

the pattern of the different inflammatory markers in different time points of the disease.  

When contrast analysis was further applied within dementia groups, MCP-1 and IL-15 

levels were found to be different between AD and FTD groups. CSF levels of MCP-1 have 
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been previously reported to be significantly increased in FTD compared to age matched 

controls (Galimberti et al., 2006). More recently, this finding was associated specifically 

to sporadic FTLD and not in progranulin (GRN) mutation carriers (Galimberti et al., 2015). 

Comparing with other studies, our FTD CSF study cohort is relatively large with only 

three cases with familial forms of FTLD (2 with GRN mutation). The literature has 

provided inconsistent results regarding CSF MCP-1 levels in AD, with some studies 

reporting an upregulation in AD and MCI patients (Brosseron et al., 2014; D. Galimberti 

et al., 2006) and others unchanged levels (Brosseron et al., 2014; Johansson et al., 2017; 

Kauwe et al., 2014). Similarly to Galimberti et al (2015), we found that MCP-1 levels 

increase with age in FTD   (Galimberti et al., 2015) and there was a similar trend in the 

AD group. We did not find such correlation in controls, but a larger sample will be 

important to understand the possible role of this cytokine in normal or pathological 

aging. Furthermore, longitudinal data from AD patients and animal models will be 

important in our understanding of the roles of MCP-1 in these disorders. Regarding IL-

15, a small study found increased levels in the CSF of patients with AD and FTD (Rentzos 

et al., 2006). More recently, Galimberti et al. (2015) found increase IL-15 CSF levels only 

in GRN mutation carriers (Galimberti et al., 2015), but not in sporadic FTD. In the first 

study, only 7 FTD cases were analysed. Similarly to our study, IL-15 was not correlated 

with age, MMSE or disease progression in AD or FTD (Rentzos et al., 2006). Our study 

does not suggest a common role for MCP-1 and IL-15 in neurodegeneration in both 

conditions, at least in this stage of the disease. The first is apparently associated to 

(sporadic) FTD and the later to AD pathogenesis.  

When we further analysed AD according to age of onset, we found that IP-10 levels are 

decreased EOAD compared to LOAD. Higher IP-10 levels have been reported in AD 

patients, particularly in mild AD (Galimberti et al., 2006). In that study, AD patients were 

older at onset, had longer disease duration and lower MMSE scores than in the current 

study. No CSF AD biomarkers were available at that time, potentially decreasing 

diagnostic certainty. Despite the fact that no statistical differences were found in 

cognitive assessment at baseline of both groups (EOAD and LOAD), we stratified both 

groups in a similar way according to MMSE score (< or > 15) and we did not find 

differences in IP-10 levels (data not shown). Our results raises the possibility of an age 

effect in IP-10 dysregulation in AD pathogenesis. IP-10 has been shown to be 
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upregulated in reactive astrocytes of AD brains and frequently associated to amyloid 

plaques (Xia et al., 2000). Interestingly, the same study showed that IP-10 is up regulated 

in a co-ordinated manner with another chemokine, MIP-1β. The association between 

the pathological features of AD and dementia is stronger in younger than in older 

persons, suggesting that additional factors are involved in the clinical expression of 

dementia in the older patients (Savva et al., 2009).  

Our study has some limitations, namely, the small sample size and the control group 

[non-inflammatory neurological controls (Teunissen et al., 2013) and not true “healthy 

non-demented” controls]. However, the patients have robust clinical diagnoses and long 

follow-up periods. Serum analysis would also be important to mirror systemic 

inflammatory activity, particularly taking into account the recent view of a frequent 

communication of the immune activities between periphery and the central nervous 

system (Wang et al., 2017).  

In conclusion, this study supports a pro and anti-inflammatory immune dysregulation in 

AD and FTD, together with findings of particular signatures for each disorder (IL-15 for 

AD and MCP-1 for FTD). Furthermore, it supports a possible protective role of 

inflammatory upregulation in early disease stages and suggests an age effect on IP-10 

mediated pathogenesis in AD. These results must be interpreted in this particular 

disease stage. A longitudinal view (from prodromal to late stage AD) in EOAD and LOAD 

will be of paramount importance to understand the role of inflammation in disease 

pathogenesis and developing treatment strategies that target this mechanism.       
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4. Discussion and conclusions 

Alzheimer´s disease (AD) was first identified more than 100 years ago (Alzheimer, 1906), 

but it took more than 70 years to be recognized as the most common cause of dementia 

(Katzman, 1976). Afterwards, it became a major area of research and is now one of the 

great health-care challenges of the 21st century. Typically, AD patients present with 

memory impairment and executive dysfunction interfering with daily activities. 

However, a subset of patients present with language, visual, praxis, or executive 

problems before and more pronounced than memory deficits. Such atypical 

presentations are more common in early-onset AD (Scheltens et al., 2016). EOAD seldom 

carry the APOE ε4 allele (van der Flier et al., 2011), have more severe brain 

hypometabolism with similar amyloid burden (Rabinovici et al., 2010), and have greater 

neurofibrillary tangle burden in cortical association areas (Murray et al., 2011). Despite 

the small sample, the clinical characteristics of the patients included in this Thesis are in 

line with the literature and confirm the concept that age at onset remains important in 

determining the clinical phenotype (van der Flier et al., 2011). In addition, in the small 

subset of patients where MRI volumetric studied was completed, the LOAD patients had 

smaller hippocampus compared to EOAD patients. This is in agreement with previous 

volumetric studies that showed that younger patients have better preserved 

hippocampi (Frisoni et al., 2007; Karas et al., 2007). Despite the overlap of clinical and 

pathological features, age seems to define some specific characteristics associated to 

AD. Some factors such APOE genotype are now well known to play important roles in 

determining the clinical phenotype (van der Flier et al., 2011), but other factors related 

to age are yet to be discovered. In this work, taking into account the cumulative data 

associating inflammation to aging and neurodegenerative disorders, we aim to 

determine if neuroinflammation associated to AD differs between EOAD and LOAD. The 

work was divided in post-mortem pathological and clinical studies. In both approaches 

other than AD, FTD was included for comparison as a different type of 

neurodegenerative dementia.  

 

Despite being beyond the scope of the main objectives of this work, it was remarkable 

to demonstrate marked differences in the clinical interview between the two dementia 
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groups studied. In particularly, the early loss of insight in the FTD group, that was 

included as one of five core diagnostic features in the previous FTD diagnostic criteria 

(Neary et al., 1998) should be highlighted. Recently, a group using a Self-Consciousness 

Questionnaire reported similar differences between the AD and FTD patients (Arroyo-

Anlló et al., 2016). Despite being more severely affected in AD, memory was also a very 

common complaint at symptom onset (70%) and significantly affected in 

neuropsychological assessment in the FTD group. Moreover, the FTD cases also showed 

reduce hippocampal volumes when compared to controls. This highlights the clinical 

difficulties in achieving the correct diagnosis in FTD patients with severe memory deficits 

at presentation (Graham et al., 2005; Hornberger and Piguet, 2012). Furthermore, a 

recent study assessed a large pathologic series of FTD syndromes without AD, reporting 

β-amyloid deposition in 38% (21/56) in patients with behavioral variant FTD. In patients 

with progranulin mutations, despite the younger age at death, a large proportion of 

them (43%) demonstrated β-amyloid deposition (Tan et al., 2017). One of the cases of 

the cohort with definitive diagnosis of FTD due to a pathogenic progranulin variant had 

decrease levels of Aβ1-42 in the CSF. This case highlights the importance of being aware 

that AD and FTD, in addition to overlapping clinical presentations, exceptionally  can also 

have overlapping CSF biomarkers profile. 

 

The amyloid cascade hypothesis was proposed more than two decades ago (Hardy and 

Higgins, 1992) and, even though the bulk of data continuing to support a role for Aβ as 

the primary initiator of AD pathogenesis, multiple layers of complexity have emerged. 

We still do not understand the precise biological changes that cause AD, why it can 

present with different phenotypes, why it progresses more rapidly in some than in 

others, and how the disease can be prevented, slowed or stopped. In the sporadic or 

late-onset AD, the complexity of AD pathogenesis is even more evident and more distant 

from the simple assumption of linear causality by the original amyloid hypothesis 

(Scheltens et al., 2016). Together with extracellular deposits of Aβ and neurofibrillary 

tangles, reactive gliosis and neuroinflammation are hallmarks of AD. The post-mortem 

analysis of  AD brains has provided pioneering evidence of inflammation in the brain of 

AD subjects but, until recently, the neuroinflammation associated with AD pathology 

was considered to be a secondary event to neurodegeneration (Salter and Stevens, 
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2017). However, recent genetic and transcriptomic studies have identified microglia-

related pathways as central to AD risk and pathogenesis (Guerreiro et al., 2013; Zhang 

et al., 2013). In particular, polymorphisms in the genes CD33 and TREM2 directly link 

impaired microglial and macrophage phagocytosis of Aβ to increased susceptibility to 

AD (Zuroff et al., 2017). Complement proteins are upregulated in the brain of several AD 

mouse models and cumulative data implicate microglia, complement, and other 

immune-related pathways as early mediators of synaptic dysfunction even before the 

presence of plaques and overt inflammation (Salter and Stevens, 2017). Additionally, 

the astrocytes can be induced to shift to a what is called A1 state, pro-inflammatory and 

neurotoxic, and recent research showed that aberrant microglia signaling can induce 

this astrocyte state (Liddelow et al., 2017).  

 

Taking into account the role of microglial driven neuroinflammation in the 

pathophysiology of neurodegenerative disorders, in a first post-mortem study, we were 

able to demonstrate that AD and FTD had relative specific patterns of microglial cell 

activation. There was more pronounced microglial activation in frontal subcortical white 

matter in FTD and more  prominent involvement of temporal regions in AD (Taipa et al., 

2017). This pattern probably reflects the distribution of the pathologic signature of both 

conditions and correlates with the in vivo imaging studies that showed more extensive 

white matter degradation in FTD than AD (Whitwell et al., 2010; Zhang et al., 2009). 

Detailed assessment of the hippocampal structures showed some microglial circuit 

specific patterns that can help explain some of the clinical overlap between AD and 

FTLD-TDP, namely in memory deficits.  Our findings support the contribution of extra–

hippocampal structures for the episodic memory deficits found in FTLD-TDP patients 

(Hornberger et al., 2012), namely within connection pathways, as we found a prominent 

microglia activation in the hippocampal white matter (i.e. alveolus) without CA1 

involvement. The later affected in AD. Despite a detailed neuroanatomical picture, our 

findings do not clarify the temporal relationship between microglia activation and 

disease pathogenesis. In vivo studies with 18kDa translocator protein (TSPO), the only 

microglial marker available for in vivo imaging, demonstrated a tendency toward 

increase TSPO binding in AD patients (Schain and Kreisl, 2017). In FTD, increased TSPO 

has also been reported in a small study (Cagnin et al., 2004), but PET studies using 
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second-generation radioligands for TSPO are lacking (Schain and Kreisl, 2017). There are 

recent studies addressing this temporal dynamics in AD: while one reveals an increase 

in early stages (MCI with Alzheimer´s disease pathophysiology) (Parbo et al., 2017), 

another shows that such relationship may be non-linear (Fan et al., 2017). Given that 

pathological studies typically depict an end-stage picture of the process, additional 

studies in low Braak stages (with and without known cognitive decline) could be helpful 

in addressing this issue. In light of the increasing rarity of human brain tissue for study, 

particularly in early stages of dementia and cognitively well characterized “non-

neurological” donors, multicenter studies would be helpful; this is specially true for the 

study of frozen tissue in addressing deeper levels of mechanistic neurodegenerative 

pathways.  

 

In the second study of this Thesis, we characterized the pattern of microglial activation 

and astrogliosis in multiple anatomical areas in clinically and pathologically confirmed 

AD and non-demented control cases in relation to age. There is strong support for the 

role of Aβ accumulation in familial AD and sporadic (typically late onset) AD (Musiek and 

Holtzman, 2015). However, sporadic late-onset AD is a more complex disorder and the 

linear model of Aβ toxicity is very likely to be incorrect. Sporadic late‐onset AD accounts 

for more than 99% of all cases (Campion et al., 1999), and the ratio of LOAD patients to 

all AD patients continues to increase because aging is a primary risk factor aligned with 

aging of the world population.  Brain aging is a dynamic process, with clinical and 

experimental evidence for a shift for pro-inflammatory status (Norden and Godbout, 

2013), together with an imprecisely defined process of “immunosenescence” (Di 

Benedetto et al., 2017). With this study, we wanted to know if AD associated 

inflammation pathology markers differ between sporadic AD patients according to their 

age at onset (EOAD or LOAD). In fact, our results showed that overall the pattern of 

neuroinflammation (microglia activation and astrogliosis) is similar between both age 

AD groups. It is important to highlight that our study focused on late stage AD pathology, 

thus probably obscuring differences that are typically reported in early disease stages 

(Ossenkoppele et al., 2015a). Nevertheless, when compared to age matched controls, 

there were higher microglial activation scores in EOAD, particularly in temporal white 

matter. The simplest and most plausible explanation for this finding is that age-
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associated increases in microglial expression attenuate local differences in the older 

group. However, it is worth noting that imaging studies have reported greater white 

matter atrophy in EOAD than LOAD (Canu et al., 2012; Migliaccio et al., 2012) and 

recently, a pathological study suggested that the pathogenesis of the white matter 

lesions in AD are secondary to cortical AD-pathology  (McAleese et al., 2017). In our 

study, despite similar AD neocortical pathology severity (Braak stage V or VI) we found 

a greater activation of microglia in temporal white matter regions in EOAD, suggesting 

that age and microglia response can influence the role of AD pathology in the 

pathogenesis of white matter lesions.  There is evidence linking senescent astrocytes to 

an increase risk of sporadic AD (Bhat et al., 2012). These aged astrocytes show 

characteristics of the senescence-associate secretory phenotype (Salminen et al., 2011) 

and studies in AD animal models showed morphological changes in astrogial profiles 

(Olabarria et al., 2010; Yeh et al., 2011) . Surprisingly, we did not found differences in 

the morphological profiles of astrocytes in the subiculum (either when comparing AD to 

controls or when correlating with aging). These animal studies reported region-specific 

astroglial changes, with areas showing age-dependent hypertrophy, hypotrophy or 

unchanged astroglial profiles (Rodríguez et al., 2014). It is possible that in human aging 

and AD such variation exists. The meaning of the morphological changes in microglia 

and astrocytes, in aging and AD, is still to be understood. To best of our knowledge, this 

was the first studying addressing astrocyte morphological changes in human tissue. 

Further morphological studies, addressing other areas and their spatial relation to AD 

pathology (Aβ and tau), would be important to see if the findings of AD animal models 

replicate human pathophysiology. We should keep in mind that translation from animal 

models to human tissue analysis should be done carefully. Current animal models do 

recapitulate the full spectrum of the human disease, and key molecules in AD such as 

Aβ, tau, and ApoE are different between mice and humans in their sequences, 

pathogenicity or number of isoforms expressed (Onos et al., 2016; Sasaguri et al., 2017). 

Furthermore, there are noteworthy differences between mice and humans regarding 

microglial characteristics, in distribution, gene expression, and states of activation 

(Franco Bocanegra et al., 2017).  

Cytokines are involved in nearly all aspects of neuroinflammation, including pro- and 

anti-inflammatory actions, bystander neuronal injury, chemoattraction, and response of 
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microglia to Aβ deposits. Microglia and astrocytes are the principal source of cytokines 

in AD (Heneka et al., 2015). Biochemical changes in the brain are often reflected in the 

CSF, because of the close contact of the CSF with the neuronal tissue (Blennow et al., 

2010), and CSF analysis may provide insights into neurological disease pathways that 

may not be identifiable using blood or other biological fluids. It is comprehensible that 

due to growing evidence of neuroinflammation in AD pathogenesis, levels of cytokines 

and other inflammatory markers in fluids (CSF and peripheral blood) have been 

extensively investigated to uncover mechanisms of neuroinflammation in dementia or 

in the context of biomarker research (Brosseron et al., 2014) . Despite a huge amount of 

data obtained in different studies, results are conflicting and reveal significant 

heterogeneity in methodology (Brosseron et al., 2014; Lai et al., 2017; Saleem et al., 

2015). In the last study of this Thesis, we sought to compare the profile of a large panel 

cytokines (pro- and anti-inflammatory) in the CSF of a group of AD patient´s according 

to their age and clinical characteristics. Similar to the first pathological study, we also 

wanted to know if neuroinflammatory changes in AD reflect common pathways 

associated with the process of neurodegeneration or differ from other disorders. For 

this question, a FTD group was included in the analysis. First, we analysed the clinical 

cohort by searching differences between the control group and the dementia group (AD 

and FTD cases). We found that the dementia group have significantly higher values of a 

broad number cytokines (IL-1ra, IL-4, IL-5, IL-7, IL-8, IL-9, IL-10, IL-15, eotaxin, G-CSF, GM-

CSF, MIP-1α, PDGF-BB, TNF-α). These data support the perception that the 

inflammatory process that accompanies neurodegeneration is a complex balance 

between different pro- and anti-inflammatory pathways. The simplistic view of 

inflammation in context of AD as having an exclusively detrimental or beneficial role is 

probably not correct in this complex and time dependent context. In fact, obtaining 

longitudinal data for inflammatory CSF markers (from prodromal to late stage AD) will 

be crucial to understand this dynamic. Subsequently, we searched for differences in AD 

and FTD, taking into account that the neuropathology and genetic basis of the two 

disorders are distinct. Nevertheless, we have to keep in mind that frontotemporal lobar 

degeneration is a heterogeneous disorder from the pathological point of view, with 

about half of the FTD cases showing TDP43 pathology and 40% tau pathology  (Mann 

and Snowden, 2017; Taipa et al., 2012). We found that FTD cases had higher levels of 
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MCP-1 (CCL2), and AD cases higher IL-15 levels. Despite  evidence of an up-regulation in 

AD brain tissue (Sokolova et al., 2009), the results regarding implication of MCP-1 in AD 

are contradictory, and there is no consensus about a positive or negative role of MCP-1 

or its receptor on the pathophysiology of AD (Conductier et al., 2010; Sokolova et al., 

2009). Furthermore,  there are studies reporting elevated levels in CSF of AD and MCI 

patients (Brosseron et al., 2014; Galimberti et al., 2006) and others showed unchanged 

levels (Brosseron et al., 2014; Johansson et al., 2017; Kauwe et al., 2014). In contrast, 

there are limited studies in FTD patients, but the data available suggested upregulation 

in sporadic FTD (Galimberti et al., 2015). IL-15 is a proinflammatory cytokine and scarce 

information is available on the exact role of IL-15 in the neurological diseases, namely 

neurodegenerative dementia (Rentzos and Rombos, 2012). A small study found it 

increased in CSF from patients with AD and FTD (Rentzos et al., 2006), but more recently, 

increase IL-15 CSF levels were found only in GRN mutation carriers and not in sporadic 

FTD (Galimberti et al., 2015). Our findings suggest that these cytokines may have 

different roles in neurodegeneration in both conditions, at least in this stage of the 

disease. Again, longitudinal observations will be important in our understanding the 

roles in these disorders. Finally, we compared the AD group according to the age of 

onset (EOAD vs LOAD). Remarkably, we found that EOAD had lower values of IP-10 

compared to LOAD cases. Additionally, the values of IP-10 and MIP-1β correlated 

positively with age in AD group. IP-10 has been shown to be upregulated in reactive 

astrocytes of AD brains and frequently associated to amyloid plaques (Xia et al., 2000). 

Interestingly, the same study showed that IP-10 is upregulated in a co-ordinated manner 

with another chemokine, MIP-1β. Thus, our results raise the possibility of an age effect 

in IP-10 dysregulation in AD pathogenesis. The possibility of an age effect on AD 

neuroinflammation process, due to either an aged proinflammatory status or 

dysfunctional senescent immune cells, must be taken into account when therapeutic 

approaches are designed or tested.  Adding to the biological complexity of AD, we must 

be aware of the frequent co-occurrence of neurodegenerative pathologies in the brains 

of symptomatic and asymptomatic patients, particularly in older people (Rahimi and 

Kovacs, 2014).  
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In this study, we also found that cognitive status in AD correlated positively with a broad 

range of pro- and anti-inflammatory molecules. Furthermore, there was a negative 

correlation with disease progression in some of these cytokines. In vivo imaging studies 

using translocater protein-binding (considered a marker of microglial activation)  

showed that microglia activation was positively correlated with MMSE scores in AD 

patients, and that AD patients with slow decline had higher translocater protein-binding 

(considered a marker of microglial activation) (Hamelin et al., 2016). These findings are 

in agreement with our results, supporting the concept of a dynamic process that can 

have different consequences (protection vs injury) depending on the time and stage of 

disease. 

 

In conclusion, the studies presented in this thesis call for a reappraisal of aging as 

modulator in sporadic AD associated inflammation. In LOAD, there are complex 

interactions between Aβ, degrading system dysfunction and inflammation. An age effect 

in the immune system can undoubtedly impact on degrading machinery and promote 

aberrant secondary inflammation (Zuroff et al., 2017). At the same time, in vivo  imaging 

studies showed greater microglia activation (TSPO binding) (Kreisl et al., 2016) and 

widespread hypometabolism dysfunction (with the same degree of amyloid) in EOAD. 

In this Thesis we report differences in pathology, even at a late stage, and in the 

cytokines profile according to age of the subject. Given that immunotherapeutic 

approaches are currently the most advanced treatments for AD, our studies supports 

the idea that inflammation in the context of AD is not exclusively detrimental or 

beneficial, but has to be fine-tuned. The study of this delicate balance in the different 

ages will be important to understand treatment efficacy in clinical trials and eventually, 

not only direct treatment to early disease stages, but also the possibility of establishing 

different treatment approaches in light of the age of the patient. 
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5. Future perspectives 

Although a major area of research in the last two decades, the precise biological changes 

that lead to AD are still poorly understood. Emerging evidence suggests that 

inflammation plays an important role in pathogenesis of the disease. Additionally, aging 

is associated to changes in the neuroinflammatory system that can lead to or modulate 

Alzheimer´s disease pathology. While the results presented and discussed in this thesis 

contribute to a better understanding of the subject, they also raise a number of 

questions that merit further investigation.  

 

As discussed previously, longitudinal studies addressing neuroinflammation in AD will 

be of paramount importance to understand the dynamics of their contribution in the 

disease pathology (either protective or deleterious). Clarifying the temporal relationship 

between the multiple players of the inflammatory response in AD pathogenesis will be 

essential to identifying potential pathways for targeted anti-inflammatory treatments. 

The age of disease onset can unveil some differences in this longitudinal profile that 

must be taken into account when designing immunotherapeutic treatments.  

 

From the pathological point of view, additional studies in cases with low Braak stages 

(with and without known cognitive decline) would be helpful in clarifying the temporal 

relationship of inflammatory pathology markers with AD pathology and age. In older 

age, co-occurrence of different neuropathologies should also be considered in the 

analysis. It will be important to understand if the morphological changes in microglia 

and astrocytes that have been elegantly shown in animal models of aging and AD, are 

also found in humans. This will allow in depth studies searching for the 

pathophysiological basis of such changes. We are currently doing further morphological 

studies in astrocytes in other areas in AD, but also in FTD cases. Furthermore, we still 

need more selective markers of the different microglia states and better ways to 

distinguishing activated microglia from infiltrating blood-borne macrophages. This will 

help to determine whether biological findings in the animal models are applicable to 

humans, and whether therapeutic approaches targeted to these models of disease 

predict treatment response in human diseases. 
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The alterations of cytokine levels reflect the disturbance of the immune system in AD, 

however, the evidence from body fluid is insufficient to decide whether these changes 

are initiating or a secondary event of the disease, and if they are protective or 

deleterious. As stated previously, longitudinal data will be crucial to understand the 

precise biological role of inflammation in disease pathogenesis. The current possibility 

of in vivo studies with imaging microglia markers together with AD pathology markers 

(Aβ and tau) will be very helpful. Nevertheless, continuous search for inflammatory 

players in disease pathogenesis and the study of their relation to clinical findings will 

increase knowledge and open areas for further research. The recent findings of a role in 

lipocalin in the inflammatory response in AD, led us to consider this marker and we are 

currently studying lipocalin levels in our clinical cohort (serum and CSF).  Brain imaging 

analysis is also ongoing. This will help understanding at structural level the clinical 

correlations addressed in this thesis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

103 
 

6. References 

Abraham, J., Jang, S., Godbout, J.P., Chen, J., Kelley, K.W., Dantzer, R., Johnson, R.W., 
2008. Aging sensitizes mice to behavioral deficits induced by central HIV-1 gp120. 
Neurobiol. Aging 29, 614–21. doi:10.1016/j.neurobiolaging.2006.11.002 

Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G.M., Cooper, N.R., 
Eikelenboom, P., Emmerling, M., Fiebich, B.L., Finch, C.E., Frautschy, S., Griffin, 
W.S.T., Hampel, H., Hull, M., Landreth, G., Lue, L.F., Mrak, R., MacKenzie, I.R., 
McGeer, P.L., O’Banion, M.K., Pachter, J., Pasinetti, G., Plata-Salaman, C., Rogers, 
J., Rydel, R., Shen, Y., Streit, W., Strohmeyer, R., Tooyoma, I., Van Muiswinkel, F.L., 
Veerhuis, R., Walker, D., Webster, S., Wegrzyniak, B., Wenk, G., Wyss-Coray, T., 
2000. Inflammation and Alzheimer’s disease. Neurobiol. Aging. 
doi:10.1016/S0197-4580(00)00124-X 

Alcolea, D., Martínez-Lage, P., Sánchez-Juan, P., Olazarán, J., Antúnez, C., Izagirre, A., 
Ecay-Torres, M., Estanga, A., Clerigué, M., Guisasola, M.C., Sánchez Ruiz, D., Marín 
Muñoz, J., Calero, M., Blesa, R., Clarimón, J., Carmona-Iragui, M., Morenas-
Rodríguez, E., Rodríguez-Rodríguez, E., Vázquez Higuera, J.L., Fortea, J., Lleó, A., 
2015. Amyloid precursor protein metabolism and inflammation markers in 
preclinical Alzheimer disease. Neurology 85, 626–33. 
doi:10.1212/WNL.0000000000001859 

Alvarez, X.A., Franco, A., Fernández-Novoa, L., Cacabelos, R., 1996. Blood levels of 
histamine, IL-1β, and TNF-α in patients with mild to moderate alzheimer disease. 
Mol. Chem. Neuropathol. 29, 237–252. doi:10.1007/BF02815005 

Alzheimer’s Association, 2015. 2015 Alzheimer’s disease facts and figures. Alzheimers. 
Dement. 11, 332–84. 

Alzheimer, A., 1906. Über einen eigenartigen schweren Erkrankungsprozeß der 
Hirnrinde. Neurol. Cent. 1129–36. 

Amatniek, J.C., Hauser, W.A., DelCastillo-Castaneda, C., Jacobs, D.M., Marder, K., Bell, 
K., Albert, M., Brandt, J., Stern, Y., 2006. Incidence and predictors of seizures in 
patients with Alzheimer’s disease. Epilepsia 47, 867–72. doi:10.1111/j.1528-
1167.2006.00554.x 

Andreasen, N., Hesse, C., Davidsson, P., Minthon, L., Wallin, A., Winblad, B., 
Vanderstichele, H., Vanmechelen, E., Blennow, K., 1999. Cerebrospinal fluid beta-
amyloid(1-42) in Alzheimer disease: differences between early- and late-onset 
Alzheimer disease and stability during the course of disease. Arch. Neurol. 56, 
673–80. 

Arroyo-Anlló, E.M., Bouston, A.T., Fargeau, M.-N., Orgaz Baz, B., Gil, R., 2016. Self-
Consciousness Deficits in Alzheimer’s Disease and Frontotemporal Dementia. J. 
Alzheimer’s Dis. 55, 1437–1443. doi:10.3233/JAD-160770 

Audoy-Rémus, J., Richard, J.-F., Soulet, D., Zhou, H., Kubes, P., Vallières, L., 2008. Rod-
Shaped monocytes patrol the brain vasculature and give rise to perivascular 
macrophages under the influence of proinflammatory cytokines and angiopoietin-



 

104 
 

2. J. Neurosci. 28, 10187–99. doi:10.1523/JNEUROSCI.3510-08.2008 

Bale, T.L., Epperson, C.N., 2015. Sex differences and stress across the lifespan. Nat. 
Neurosci. 18, 1413–1420. doi:10.1038/nn.4112 

Barrientos, R.M., Frank, M.G., Watkins, L.R., Maier, S.F., 2010. Memory impairments in 
healthy aging: Role of aging-induced microglial sensitization. Aging Dis. 1, 212–
231. doi:10.1086/597422.Tumor 

Barrientos, R.M., Kitt, M.M., Watkins, L.R., Maier, S.F., 2015. Neuroinflammation in the 
normal aging hippocampus. Neuroscience 309, 84–99. 
doi:10.1016/j.neuroscience.2015.03.007 

Bechmann, I., Priller, J., Kovac, A., Böntert, M., Wehner, T., Klett, F.F., Bohsung, J., 
Stuschke, M., Dirnagl, U., Nitsch, R., 2001. Immune surveillance of mouse brain 
perivascular spaces by blood-borne macrophages. Eur. J. Neurosci. 14, 1651–8. 

Bhat, R., Crowe, E.P., Bitto, A., Moh, M., Katsetos, C.D., Garcia, F.U., Johnson, F.B., 
Trojanowski, J.Q., Sell, C., Torres, C., 2012. Astrocyte Senescence as a Component 
of Alzheimer’s Disease. PLoS One 7, 1–10. doi:10.1371/journal.pone.0045069 

Biber, K., Neumann, H., Inoue, K., Boddeke, H.W.G.M., 2007. Neuronal “On” and “Off” 
signals control microglia. Trends Neurosci. 30, 596–602. 
doi:10.1016/j.tins.2007.08.007 

Blennow, K., Hampel, H., Weiner, M., Zetterberg, H., 2010. Cerebrospinal fluid and 
plasma biomarkers in Alzheimer disease. Nat. Rev. Neurol. 6, 131–144. 
doi:10.1038/nrneurol.2010.4 

Boche, D., Donald, J., Love, S., Harris, S., Neal, J.W., Holmes, C., Nicoll, J.A.R., 2010. 
Reduction of aggregated Tau in neuronal processes but not in the cell bodies after 
Abeta42 immunisation in Alzheimer’s disease. Acta Neuropathol. 120, 13–20. 
doi:10.1007/s00401-010-0705-y 

Bolós, M., Perea, J.R., Avila, J., 2017. Alzheimer’s disease as an inflammatory disease. 
Biomol. Concepts 8, 37–43. doi:10.1515/bmc-2016-0029 

Bouwman, F.H., Schoonenboom, N.S.M., Verwey, N.A., van Elk, E.J., Kok, A., 
Blankenstein, M.A., Scheltens, P., van der Flier, W.M., 2009. CSF biomarker levels 
in early and late onset Alzheimer’s disease. Neurobiol. Aging 30, 1895–901. 
doi:10.1016/j.neurobiolaging.2008.02.007 

Bradshaw, E.M., Chibnik, L.B., Keenan, B.T., Ottoboni, L., Raj, T., Tang, A., Rosenkrantz, 
L.L., Imboywa, S., Lee, M., Von Korff, A., Alzheimer Disease Neuroimaging 
Initiative, M.C., Morris, M.C., Evans, D.A., Johnson, K., Sperling, R.A., Schneider, 
J.A., Bennett, D.A., De Jager, P.L., 2013. CD33 Alzheimer’s disease locus: altered 
monocyte function and amyloid biology. Nat. Neurosci. 16, 848–50. 
doi:10.1038/nn.3435 

Brosseron, F., Krauthausen, M., Kummer, M., Heneka, M.T., 2014. Body fluid cytokine 
levels in mild cognitive impairment and Alzheimer’s disease: a comparative 
overview. Mol. Neurobiol. 50, 534–44. doi:10.1007/s12035-014-8657-1 



 

105 
 

Burda, J.E., Sofroniew, M.V., 2014. Reactive Gliosis and the Multicellular Response to 
CNS Damage and Disease. Neuron 81, 229–248. 
doi:10.1016/j.neuron.2013.12.034 

Cagnin, A., Rossor, M., Sampson, E.L., Mackinnon, T., Banati, R.B., 2004. In vivo 
detection of microglial activation in frontotemporal dementia. Ann. Neurol. 56, 
894–7. doi:10.1002/ana.20332 

Campion, D., Dumanchin, C., Hannequin, D., Dubois, B., Belliard, S., Puel, M., Thomas-
Anterion, C., Michon, A., Martin, C., Charbonnier, F., Raux, G., Camuzat, A., Penet, 
C., Mesnage, V., Martinez, M., Clerget-Darpoux, F., Brice, A., Frebourg, T., 1999. 
Early-Onset Autosomal Dominant Alzheimer Disease: Prevalence, Genetic 
Heterogeneity, and Mutation Spectrum. Am. J. Hum. Genet. 65, 664–670. 
doi:10.1086/302553 

Canu, E., Frisoni, G.B., Agosta, F., Pievani, M., Bonetti, M., Filippi, M., 2012. Early and 
late onset Alzheimer’s disease patients have distinct patterns of white matter 
damage. Neurobiol. Aging 33, 1023–33. doi:10.1016/j.neurobiolaging.2010.09.021 

Cavedo, E., Pievani, M., Boccardi, M., Galluzzi, S., Bocchetta, M., Bonetti, M., 
Thompson, P.M., Frisoni, G.B., 2014. Medial temporal atrophy in early and late-
onset Alzheimer’s disease. Neurobiol. Aging 35, 2004–2012. 
doi:10.1016/j.neurobiolaging.2014.03.009 

Choi, J., Lee, H.-W., Suk, K., 2011. Increased plasma levels of lipocalin 2 in mild 
cognitive impairment. J. Neurol. Sci. 305, 28–33. doi:10.1016/j.jns.2011.03.023 

Chui, H.C., Teng, E.L., Henderson, V.W., Moy, A.C., 1985. Clinical subtypes of dementia 
of the Alzheimer type. Neurology 35, 1544–50. 

Conductier, G., Blondeau, N., Guyon, A., Nahon, J.-L., Rovère, C., 2010. The role of 
monocyte chemoattractant protein MCP1/CCL2 in neuroinflammatory diseases. J. 
Neuroimmunol. 224, 93–100. doi:10.1016/j.jneuroim.2010.05.010 

Corona, A.W., Huang, Y., O’Connor, J.C., Dantzer, R., Kelley, K.W., Popovich, P.G., 
Godbout, J.P., 2010. Fractalkine receptor (CX3CR1) deficiency sensitizes mice to 
the behavioral changes induced by lipopolysaccharide. J. Neuroinflammation 7, 
93. doi:10.1186/1742-2094-7-93 

Cummings, J.L., Cummings, J.L., 2004. Alzheimer’s disease. N. Engl. J. Med. 351, 56–67. 
doi:10.1056/NEJMra040223 

Czeh, M., Gressens, P., Kaindl, A.M., 2011. The yin and yang of microglia. Dev. 
Neurosci. 33, 199–209. doi:10.1159/000328989 

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical Surface-Based Analysis. Neuroimage 
9, 179–194. doi:10.1006/nimg.1998.0395 

Daria, A., Colombo, A., Llovera, G., Hampel, H., Willem, M., Liesz, A., Haass, C., 
Tahirovic, S., 2017. Young microglia restore amyloid plaque clearance of aged 
microglia. EMBO J. 36, 583–603. doi:10.15252/embj.201694591 

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V, Zuo, Y., Jung, S., Littman, D.R., Dustin, 



 

106 
 

M.L., Gan, W.-B., 2005. ATP mediates rapid microglial response to local brain 
injury in vivo. Nat. Neurosci. 8, 752–758. doi:10.1038/nn1472 

Davidson, Y., Gibbons, L., Pritchard, A., Hardicre, J., Wren, J., Stopford, C., Julien, C., 
Thompson, J., Payton, A., Pickering-Brown, S.M., Pendleton, N., Horan, M.A., 
Burns, A., Purandare, N., Lendon, C.L., Neary, D., Snowden, J.S., Mann, D.M.A., 
2006. Apolipoprotein E ε4 Allele Frequency and Age at Onset of Alzheimer’s 
Disease. Dement. Geriatr. Cogn. Disord. 23, 60–66. doi:10.1159/000097038 

Davies, D.S., Ma, J., Jegathees, T., Goldsbury, C., 2016. Microglia show altered 
morphology and reduced arborization in human brain during aging and 
Alzheimer’s disease. Brain Pathol. doi:10.1111/bpa.12456 

Derecki, N.C., Katzmarski, N., Kipnis, J., Meyer-Luehmann, M., 2014. Microglia as a 
critical player in both developmental and late-life CNS pathologies. Acta 
Neuropathol. 128, 333–45. doi:10.1007/s00401-014-1321-z 

Di Benedetto, S., Müller, L., Wenger, E., Düzel, S., Pawelec, G., 2017. Contribution of 
neuroinflammation and immunity to brain aging and the mitigating effects of 
physical and cognitive interventions. Neurosci. Biobehav. Rev. 75, 114–128. 
doi:10.1016/j.neubiorev.2017.01.044 

DiFrancesco, J.C., Brioschi, M., Brighina, L., Ruffmann, C., Saracchi, E., Costantino, G., 
Galimberti, G., Conti, E., Curto, N.A., Marzorati, L., Remida, P., Tagliavini, F., 
Savoiardo, M., Ferrarese, C., 2011. Anti-Aβ autoantibodies in the CSF of a patient 
with CAA-related inflammation: A case report. Neurology 76, 842–844. 
doi:10.1212/WNL.0b013e31820e773c 

Dik, M.G., Jonker, C., Hack, C.E., Smit, J.H., Comijs, H.C., Eikelenboom, P., 2005. Serum 
inflammatory proteins and cognitive decline in older persons. Neurology 64, 
1371–7. doi:10.1212/01.WNL.0000158281.08946.68 

Dubois, B., Feldman, H.H., Jacova, C., Hampel, H., Molinuevo, J.L., Blennow, K., 
DeKosky, S.T., Gauthier, S., Selkoe, D., Bateman, R., Cappa, S., Crutch, S., 
Engelborghs, S., Frisoni, G.B., Fox, N.C., Galasko, D., Habert, M.-O., Jicha, G.A., 
Nordberg, A., Pasquier, F., Rabinovici, G., Robert, P., Rowe, C., Salloway, S., 
Sarazin, M., Epelbaum, S., de Souza, L.C., Vellas, B., Visser, P.J., Schneider, L., 
Stern, Y., Scheltens, P., Cummings, J.L., 2014. Advancing research diagnostic 
criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet. Neurol. 13, 614–29. 
doi:10.1016/S1474-4422(14)70090-0 

Dursun, E., Gezen-Ak, D., Hanağası, H., Bilgiç, B., Lohmann, E., Ertan, S., Atasoy, İ.L., 
Alaylıoğlu, M., Araz, Ö.S., Önal, B., Gündüz, A., Apaydın, H., Kızıltan, G., Ulutin, T., 
Gürvit, H., Yılmazer, S., 2015. The interleukin 1 alpha, interleukin 1 beta, 
interleukin 6 and alpha-2-macroglobulin serum levels in patients with early or late 
onset Alzheimer’s disease, mild cognitive impairment or Parkinson’s disease. J. 
Neuroimmunol. 283, 50–7. doi:10.1016/j.jneuroim.2015.04.014 

Edison, P., Archer, H.A., Gerhard, A., Hinz, R., Pavese, N., Turkheimer, F.E., Hammers, 
A., Tai, Y.F., Fox, N., Kennedy, A., Rossor, M., Brooks, D.J., 2008. Microglia, 
amyloid, and cognition in Alzheimer’s disease: An [11C](R)PK11195-PET and 



 

107 
 

[11C]PIB-PET study. Neurobiol. Dis. 32, 412–9. doi:10.1016/j.nbd.2008.08.001 

Eikelenboom, P., van Exel, E., Hoozemans, J.J.M., Veerhuis, R., Rozemuller, A.J.M., van 
Gool, W.A., 2010. Neuroinflammation – An Early Event in Both the History and 
Pathogenesis of Alzheimer’s Disease. Neurodegener. Dis. 7, 38–41. 
doi:10.1159/000283480 

El Khoury, J., Toft, M., Hickman, S.E., Means, T.K., Terada, K., Geula, C., Luster, A.D., 
2007. Ccr2 deficiency impairs microglial accumulation and accelerates progression 
of Alzheimer-like disease. Nat. Med. 13, 432–8. doi:10.1038/nm1555 

Engelhart, M.J., Geerlings, M.I., Meijer, J., Kiliaan, A., Ruitenberg, A., van Swieten, J.C., 
Stijnen, T., Hofman, A., Witteman, J.C.M., Breteler, M.M.B., 2004. Inflammatory 
Proteins in Plasma and the Risk of Dementia. Arch. Neurol. 61, 668. 
doi:10.1001/archneur.61.5.668 

Fabricius, K., Jacobsen, J.S., Pakkenberg, B., 2013. Effect of age on neocortical brain 
cells in 90+ year old human females—a cell counting study. Neurobiol. Aging 34, 
91–99. doi:10.1016/j.neurobiolaging.2012.06.009 

Fan, Z., Brooks, D.J., Okello, A., Edison, P., 2017. An early and late peak in microglial 
activation in Alzheimer’s disease trajectory. Brain 140, aww349. 
doi:10.1093/brain/aww349 

Farina, C., Aloisi, F., Meinl, E., 2007. Astrocytes are active players in cerebral innate 
immunity. Trends Immunol. 28, 138–45. doi:10.1016/j.it.2007.01.005 

Fazekas, F., Chawluk, J.B., Alavi, A., Hurtig, H.I., Zimmerman, R.A., 1987. MR signal 
abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR. Am. J. 
Roentgenol. 149, 351–6. doi:10.2214/ajr.149.2.351 

Ferreira, A.C., D?? Mesquita, S., Sousa, J.C., Correia-Neves, M., Sousa, N., Palha, J.A., 
Marques, F., 2015. From the periphery to the brain: Lipocalin-2, a friend or foe? 
Prog. Neurobiol. 131, 120–136. doi:10.1016/j.pneurobio.2015.06.005 

Filley, C.M., Kelly, J., Heaton, R.K., 1986. Neuropsychologic features of early- and late-
onset Alzheimer’s disease. Arch. Neurol. 43, 574–6. 

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der Kouwe, 
A., Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., Rosen, B., Dale, 
A.M., 2002. Whole brain segmentation: automated labeling of neuroanatomical 
structures in the human brain. Neuron 33, 341–55. 

Fjell, A.M., Westlye, L.T., Amlien, I., Espeseth, T., Reinvang, I., Raz, N., Agartz, I., Salat, 
D.H., Greve, D.N., Fischl, B., Dale, A.M., Walhovd, K.B., 2009. High Consistency of 
Regional Cortical Thinning in Aging across Multiple Samples. Cereb. Cortex 19, 
2001–2012. doi:10.1093/cercor/bhn232 

Flanary, B.E., Sammons, N.W., Nguyen, C., Walker, D., Streit, W.J., 2007. Evidence that 
aging and amyloid promote microglial cell senescence. Rejuvenation Res. 10, 61–
74. doi:10.1089/rej.2006.9096 

Franco Bocanegra, D.K., Nicoll, J.A.R., Boche, D., 2017. Innate immunity in Alzheimer’s 



 

108 
 

disease: the relevance of animal models? J. Neural Transm. doi:10.1007/s00702-
017-1729-4 

Frisoni, G.B., Pievani, M., Testa, C., Sabattoli, F., Bresciani, L., Bonetti, M., Beltramello, 
A., Hayashi, K.M., Toga, A.W., Thompson, P.M., 2007. The topography of grey 
matter involvement in early and late onset Alzheimer’s disease. Brain 130, 720–
30. doi:10.1093/brain/awl377 

Frisoni, G.B., Testa, C., Sabattoli, F., Beltramello, A., Soininen, H., Laakso, M.P., 2005. 
Structural correlates of early and late onset Alzheimer’s disease: voxel based 
morphometric study. J. Neurol. Neurosurg. Psychiatry 76, 112–4. 
doi:10.1136/jnnp.2003.029876 

Fujimori, M., Imamura, T., Yamashita, H., Hirono, N., Ikejiri, Y., Shimomura, T., Mori, E., 
1998. Age at onset and visuocognitive disturbances in Alzheimer disease. 
Alzheimer Dis. Assoc. Disord. 12, 163–6. 

Galimberti, D., Bonsi, R., Fenoglio, C., Serpente, M., Cioffi, S.M.G., Fumagalli, G., Arighi, 
A., Ghezzi, L., Arcaro, M., Mercurio, M., Rotondo, E., Scarpini, E., 2015. 
Inflammatory molecules in Frontotemporal Dementia: Cerebrospinal fluid 
signature of progranulin mutation carriers. Brain. Behav. Immun. 49, 182–187. 
doi:10.1016/j.bbi.2015.05.006 

Galimberti, D., Schoonenboom, N., Scheltens, P., Fenoglio, C., Venturelli, E., 
Pijnenburg, Y.A.L., Bresolin, N., Scarpini, E., 2006. Intrathecal chemokine levels in 
Alzheimer disease and frontotemporal lobar degeneration. Neurology 66, 146–
147. doi:10.1212/01.wnl.0000191324.08289.9d 

Gehrmann, J., Banati, R.B., 1995. Microglial turnover in the injured CNS: activated 
microglia undergo delayed DNA fragmentation following peripheral nerve injury. 
J. Neuropathol. Exp. Neurol. 54, 680–8. 

Genin, E., Hannequin, D., Wallon, D., Sleegers, K., Hiltunen, M., Combarros, O., Bullido, 
M.J., Engelborghs, S., De Deyn, P., Berr, C., Pasquier, F., Dubois, B., Tognoni, G., 
Fiévet, N., Brouwers, N., Bettens, K., Arosio, B., Coto, E., Del Zompo, M., Mateo, I., 
Epelbaum, J., Frank-Garcia, A., Helisalmi, S., Porcellini, E., Pilotto, A., Forti, P., 
Ferri, R., Scarpini, E., Siciliano, G., Solfrizzi, V., Sorbi, S., Spalletta, G., Valdivieso, F., 
Vepsäläinen, S., Alvarez, V., Bosco, P., Mancuso, M., Panza, F., Nacmias, B., Bossù, 
P., Hanon, O., Piccardi, P., Annoni, G., Seripa, D., Galimberti, D., Licastro, F., 
Soininen, H., Dartigues, J.-F., Kamboh, M.I., Van Broeckhoven, C., Lambert, J.C., 
Amouyel, P., Campion, D., 2011. APOE and Alzheimer disease: a major gene with 
semi-dominant inheritance. Mol. Psychiatry 16, 903–907. 
doi:10.1038/mp.2011.52 

Gezen-Ak, D., Dursun, E., Hanağası, H., Bilgiç, B., Lohman, E., Araz, Ö.S., Atasoy, I.L., 
Alaylıoğlu, M., Önal, B., Gürvit, H., Yılmazer, S., 2013. BDNF, TNFα, HSP90, CFH, 
and IL-10 serum levels in patients with early or late onset Alzheimer’s disease or 
mild cognitive impairment. J. Alzheimers. Dis. 37, 185–95. doi:10.3233/JAD-
130497 

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M.F., 



 

109 
 

Conway, S.J., Ng, L.G., Stanley, E.R., Samokhvalov, I.M., Merad, M., 2010. Fate 
mapping analysis reveals that adult microglia derive from primitive macrophages. 
Science 330, 841–5. doi:10.1126/science.1194637 

Godbout, J.P., Chen, J., Abraham, J., Richwine, A.F., Berg, B.M., Kelley, K.W., Johnson, 
R.W., 2005. Exaggerated neuroinflammation and sickness behavior in aged mice 
following activation of the peripheral innate immune system. FASEB J. 19, 1329–
31. doi:10.1096/fj.05-3776fje 

Gour, N., Felician, O., Didic, M., Koric, L., Gueriot, C., Chanoine, V., Confort-Gouny, S., 
Guye, M., Ceccaldi, M., Ranjeva, J.P., 2014. Functional connectivity changes differ 
in early and late-onset alzheimer’s disease. Hum. Brain Mapp. 35, 2978–2994. 
doi:10.1002/hbm.22379 

Graham, A., Davies, R., Xuereb, J., Halliday, G., Kril, J., Creasey, H., Graham, K., Hodges, 
J., 2005. Pathologically proven frontotemporal dementia presenting with severe 
amnesia. Brain 128, 597–605. doi:10.1093/brain/awh348 

Griciuc, A., Serrano-Pozo, A., Parrado, A.R., Lesinski, A.N., Asselin, C.N., Mullin, K., 
Hooli, B., Choi, S.H., Hyman, B.T., Tanzi, R.E., 2013. Alzheimer’s disease risk gene 
CD33 inhibits microglial uptake of amyloid beta. Neuron 78, 631–43. 
doi:10.1016/j.neuron.2013.04.014 

Griffiths, M.R., Gasque, P., Neal, J.W., 2009. The Multiple Roles of the Innate Immune 
System in the Regulation of Apoptosis and Inflammation in the Brain. J. 
Neuropathol. Exp. Neurol. 68, 217–226. doi:10.1097/NEN.0b013e3181996688 

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., Cruchaga, 
C., Sassi, C., Kauwe, J.S.K., Younkin, S., Hazrati, L., Collinge, J., Pocock, J., Lashley, 
T., Williams, J., Lambert, J.-C., Amouyel, P., Goate, A., Rademakers, R., Morgan, K., 
Powell, J., St George-Hyslop, P., Singleton, A., Hardy, J., Alzheimer Genetic 
Analysis Group, 2013. TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. 368, 
117–27. doi:10.1056/NEJMoa1211851 

Hamelin, L., Lagarde, J., Dorothée, G., Leroy, C., Labit, M., Comley, R.A., de Souza, L.C., 
Corne, H., Dauphinot, L., Bertoux, M., Dubois, B., Gervais, P., Colliot, O., Potier, 
M.C., Bottlaender, M., Sarazin, M., Clinical IMABio3 team, 2016. Early and 
protective microglial activation in Alzheimer’s disease: a prospective study using 
18F-DPA-714 PET imaging. Brain 139, 1252–64. doi:10.1093/brain/aww017 

Hanamsagar, R., Bilbo, S.D., 2016. Sex differences in neurodevelopmental and 
neurodegenerative disorders: Focus on microglial function and 
neuroinflammation during development. J. Steroid Biochem. Mol. Biol. 160, 127–
133. doi:10.1016/j.jsbmb.2015.09.039 

Hardy, J.A., Higgins, G.A., 1992. Alzheimer’s disease: the amyloid cascade hypothesis. 
Science 256, 184–5. 

Heneka, M.T., Carson, M.J., El Khoury, J., Landreth, G.E., Brosseron, F., Feinstein, D.L., 
Jacobs, A.H., Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., Herrup, K., Frautschy, 
S.A., Finsen, B., Brown, G.C., Verkhratsky, A., Yamanaka, K., Koistinaho, J., Latz, E., 
Halle, A., Petzold, G.C., Town, T., Morgan, D., Shinohara, M.L., Perry, V.H., Holmes, 



 

110 
 

C., Bazan, N.G., Brooks, D.J., Hunot, S., Joseph, B., Deigendesch, N., Garaschuk, O., 
Boddeke, E., Dinarello, C.A., Breitner, J.C., Cole, G.M., Golenbock, D.T., Kummer, 
M.P., Khoury, J. El, Landreth, G.E., Brosseron, F., Feinstein, D.L., Jacobs, A.H., 
Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., Herrup, K., Frautschy, S.A., Finsen, B., 
Brown, G.C., Verkhratsky, A., Yamanaka, K., Koistinaho, J., Latz, E., Halle, A., 
Petzold, G.C., Town, T., Morgan, D., Shinohara, M.L., Perry, V.H., Holmes, C., 
Bazan, N.G., Brooks, D.J., Hunot, S., Joseph, B., Deigendesch, N., Garaschuk, O., 
Boddeke, E., Dinarello, C.A., Breitner, J.C., Cole, G.M., Golenbock, D.T., Kummer, 
M.P., El Khoury, J., Landreth, G.E., Brosseron, F., Feinstein, D.L., Jacobs, A.H., 
Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., Herrup, K., Frautschy, S.A., Finsen, B., 
Brown, G.C., Verkhratsky, A., Yamanaka, K., Koistinaho, J., Latz, E., Halle, A., 
Petzold, G.C., Town, T., Morgan, D., Shinohara, M.L., Perry, V.H., Holmes, C., 
Bazan, N.G., Brooks, D.J., Hunot, S., Joseph, B., Deigendesch, N., Garaschuk, O., 
Boddeke, E., Dinarello, C.A., Breitner, J.C., Cole, G.M., Golenbock, D.T., Kummer, 
M.P., 2015. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 14, 388–
405. doi:10.1016/S1474-4422(15)70016-5 

Hermann, D.M., Keyvani, K., van de Nes, J., Weimar, C., Wiltfang, J., Nitsch, R.M., 
Szodorai, A., 2011. Brain-reactive β-amyloid antibodies in primary CNS angiitis 
with cerebral amyloid angiopathy. Neurology 77, 503–5. 
doi:10.1212/WNL.0b013e318227b250 

Hickman, S.E., Allison, E.K., El Khoury, J., 2008. Microglial dysfunction and defective 
beta-amyloid clearance pathways in aging Alzheimer’s disease mice. J. Neurosci. 
28, 8354–60. doi:10.1523/JNEUROSCI.0616-08.2008 

Hickman, S.E., El Khoury, J., 2013. The neuroimmune system in Alzheimer’s disease: 
the glass is half full. J. Alzheimers. Dis. 33 Suppl 1, S295-302. doi:10.3233/JAD-
2012-129027 

Hoek, R.M., Ruuls, S.R., Murphy, C.A., Wright, G.J., Goddard, R., Zurawski, S.M., Blom, 
B., Homola, M.E., Streit, W.J., Brown, M.H., Barclay, A.N., Sedgwick, J.D., 2000. 
Down-regulation of the macrophage lineage through interaction with OX2 
(CD200). Science 290, 1768–71. 

Hohsfield, L.A., Humpel, C., 2015. Migration of blood cells to β-amyloid plaques in 
Alzheimer’s disease. Exp. Gerontol. 65, 8–15. doi:10.1016/j.exger.2015.03.002 

Hoozemans, J.J.M., Rozemuller, A.J.M., van Haastert, E.S., Eikelenboom, P., van Gool, 
W.A., 2011. Neuroinflammation in Alzheimer’s disease wanes with age. J. 
Neuroinflammation 8, 171. doi:10.1186/1742-2094-8-171 

Hornberger, M., Piguet, O., 2012. Episodic memory in frontotemporal dementia: a 
critical review. Brain 135, 678–692. doi:10.1093/brain/aws011 

Hornberger, M., Wong, S., Tan, R., Irish, M., Piguet, O., Kril, J., Hodges, J.R., Halliday, G., 
2012. In vivo and post-mortem memory circuit integrity in frontotemporal 
dementia and Alzheimer’s disease. Brain 135, 3015–3025. 
doi:10.1093/brain/aws239 

International Genomics of Alzheimer’s Disease Consortium (IGAP), 2015. Convergent 



 

111 
 

genetic and expression data implicate immunity in Alzheimer’s disease. 
Alzheimers. Dement. 11, 658–71. doi:10.1016/j.jalz.2014.05.1757 

Jack, C.R., Albert, M.S., Knopman, D.S., McKhann, G.M., Sperling, R.A., Carrillo, M.C., 
Thies, B., Phelps, C.H., 2011. Introduction to the recommendations from the 
National Institute on Aging-Alzheimer’s Association workgroups on diagnostic 
guidelines for Alzheimer’s disease. Alzheimers. Dement. 7, 257–62. 
doi:10.1016/j.jalz.2011.03.004 

Jacobs, D., Sano, M., Marder, K., Bell, K., Bylsma, F., Lafleche, G., Albert, M., Brandt, J., 
Stern, Y., 1994. Age at onset of Alzheimer’s disease: relation to pattern of 
cognitive dysfunction and rate of decline. Neurology 44, 1215–20. 

Jaturapatporn, D., Isaac, M.G.E.K.N., McCleery, J., Tabet, N., 2012. Aspirin, steroidal 
and non-steroidal anti-inflammatory drugs for the treatment of Alzheimer’s 
disease. Cochrane database Syst. Rev. CD006378. 
doi:10.1002/14651858.CD006378.pub2 

Ji, K., Akgul, G., Wollmuth, L.P., Tsirka, S.E., 2013. Microglia actively regulate the 
number of functional synapses. PLoS One 8, e56293. 
doi:10.1371/journal.pone.0056293 

Jimenez, S., Baglietto-Vargas, D., Caballero, C., Moreno-Gonzalez, I., Torres, M., 
Sanchez-Varo, R., Ruano, D., Vizuete, M., Gutierrez, A., Vitorica, J., 2008. 
Inflammatory Response in the Hippocampus of PS1M146L/APP751SL Mouse 
Model of Alzheimer’s Disease: Age-Dependent Switch in the Microglial Phenotype 
from Alternative to Classic. J. Neurosci. 28, 11650–11661. 
doi:10.1523/JNEUROSCI.3024-08.2008 

Johansson, P., Almqvist, E.G., Wallin, A., Johansson, J.-O., Andreasson, U., Blennow, K., 
Zetterberg, H., Svensson, J., 2017. Reduced cerebrospinal fluid concentration of 
interleukin-12/23 subunit p40 in patients with cognitive impairment. PLoS One 
12, e0176760. doi:10.1371/journal.pone.0176760 

Joubert, S., Gour, N., Guedj, E., Didic, M., Guériot, C., Koric, L., Ranjeva, J.-P., Felician, 
O., Guye, M., Ceccaldi, M., 2016. Early-onset and late-onset Alzheimer’s disease 
are associated with distinct patterns of memory impairment. Cortex 74, 217–232. 
doi:10.1016/j.cortex.2015.10.014 

Kaiser, N.C., Melrose, R.J., Liu, C., Sultzer, D.L., Jimenez, E., Su, M., Monserratt, L., 
Mendez, M.F., 2012. Neuropsychological and neuroimaging markers in early 
versus late-onset Alzheimer’s disease. Am. J. Alzheimers. Dis. Other Demen. 27, 
520–9. doi:10.1177/1533317512459798 

Kamboh, M.I., Barmada, M.M., Demirci, F.Y., Minster, R.L., Carrasquillo, M.M., 
Pankratz, V.S., Younkin, S.G., Saykin, A.J., Sweet, R.A., Feingold, E., DeKosky, S.T., 
Lopez, O.L., Lopez, O.L., 2012. Genome-wide association analysis of age-at-onset 
in Alzheimer’s disease. Mol. Psychiatry 17, 1340–1346. doi:10.1038/mp.2011.135 

Karas, G., Scheltens, P., Rombouts, S., van Schijndel, R., Klein, M., Jones, B., van der 
Flier, W., Vrenken, H., Barkhof, F., 2007. Precuneus atrophy in early-onset 
Alzheimer’s disease: a morphometric structural MRI study. Neuroradiology 49, 



 

112 
 

967–976. doi:10.1007/s00234-007-0269-2 

Katzman, R., 1976. Editorial: The prevalence and malignancy of Alzheimer disease. A 
major killer. Arch. Neurol. 33, 217–8. 

Kauwe, J.S.K., Bailey, M.H., Ridge, P.G., Perry, R., Wadsworth, M.E., Hoyt, K.L., Staley, 
L.A., Karch, C.M., Harari, O., Cruchaga, C., Ainscough, B.J., Bales, K., Pickering, E.H., 
Bertelsen, S., Fagan, A.M., Holtzman, D.M., Morris, J.C., Goate, A.M., Goate, A.M., 
2014. Genome-Wide Association Study of CSF Levels of 59 Alzheimer’s Disease 
Candidate Proteins: Significant Associations with Proteins Involved in Amyloid 
Processing and Inflammation. PLoS Genet. 10, e1004758. 
doi:10.1371/journal.pgen.1004758 

Kemp, P.M., Holmes, C., Hoffmann, S.M.A., Bolt, L., Holmes, R., Rowden, J., Fleming, 
J.S., 2003. Alzheimer’s disease: differences in technetium-99m HMPAO SPECT 
scan findings between early onset and late onset dementia. J. Neurol. Neurosurg. 
Psychiatry 74, 715–9. 

Kettenmann, H., Hanisch, U.-K., Noda, M., Verkhratsky, A., 2011. Physiology of 
microglia. Physiol. Rev. 91, 461–553. doi:10.1152/physrev.00011.2010 

Kim, E.J., Cho, S.S., Jeong, Y., Park, K.C., Kang, S.J., Kang, E., Kim, S.E., Lee, K.H., Na, D.L., 
2005. Glucose metabolism in early onset versus late onset Alzheimer’s disease: an 
SPM analysis of 120 patients. Brain 128, 1790–1801. doi:10.1093/brain/awh539 

Kim, T., Vidal, G.S., Djurisic, M., William, C.M., Birnbaum, M.E., Garcia, K.C., Hyman, 
B.T., Shatz, C.J., 2013. Human LilrB2 Is a  -Amyloid Receptor and Its Murine 
Homolog PirB Regulates Synaptic Plasticity in an Alzheimer’s Model. Science (80-. 
). 341, 1399–1404. doi:10.1126/science.1242077 

Koedam, E.L.G.E., Lauffer, V., Van Der Vlies, A.E., Van Der Flier, W.M., Scheltens, P., 
Pijnenburg, Y.A.L., 2010. Early-versus late-onset Alzheimer’s disease: More than 
age alone. J. Alzheimer’s Dis. 19, 1401–1408. doi:10.3233/JAD-2010-1337 

Koedam, E.L.G.E., Lehmann, M., van der Flier, W.M., Scheltens, P., Pijnenburg, Y.A.L., 
Fox, N., Barkhof, F., Wattjes, M.P., 2011. Visual assessment of posterior atrophy 
development of a MRI rating scale. Eur. Radiol. 21, 2618–25. doi:10.1007/s00330-
011-2205-4 

Koedam, E.L.G.E., Pijnenburg, Y.A.L., Deeg, D.J.H., Baak, M.M.E., van der Vlies, A.E., 
Scheltens, P., van der Flier, W.M., 2008. Early-onset dementia is associated with 
higher mortality. Dement. Geriatr. Cogn. Disord. 26, 147–52. 
doi:10.1159/000149585 

Korvatska, O., Leverenz, J.B., Jayadev, S., McMillan, P., Kurtz, I., Guo, X., Rumbaugh, M., 
Matsushita, M., Girirajan, S., Dorschner, M.O., Kiianitsa, K., Yu, C.-E., Brkanac, Z., 
Garden, G.A., Raskind, W.H., Bird, T.D., 2015. R47H Variant of TREM2 Associated 
With Alzheimer Disease in a Large Late-Onset Family. JAMA Neurol. 72, 920. 
doi:10.1001/jamaneurol.2015.0979 

Koss, E., Edland, S., Fillenbaum, G., Mohs, R., Clark, C., Galasko, D., Morris, J.C., 1996. 
Clinical and neuropsychological differences between patients with earlier and 



 

113 
 

later onset of Alzheimer’s disease: A CERAD analysis, Part XII. Neurology 46, 136–
41. 

Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J.L., Eom, G.D., Bernhardt, U., Miller, 
K.R., Prokop, S., Kettenmann, H., Heppner, F.L., 2013. Functional impairment of 
microglia coincides with Beta-amyloid deposition in mice with Alzheimer-like 
pathology. PLoS One 8, e60921. doi:10.1371/journal.pone.0060921 

Kreisl, W.C., Lyoo, C.H., Liow, J.-S., Wei, M., Snow, J., Page, E., Jenko, K.J., Morse, C.L., 
Zoghbi, S.S., Pike, V.W., Turner, R.S., Innis, R.B., 2016. (11)C-PBR28 binding to 
translocator protein increases with progression of Alzheimer’s disease. Neurobiol. 
Aging 44, 53–61. doi:10.1016/j.neurobiolaging.2016.04.011 

Lai, K.S.P., Liu, C.S., Rau, A., Lanctôt, K.L., Köhler, C.A., Pakosh, M., Carvalho, A.F., 
Herrmann, N., 2017. Peripheral inflammatory markers in Alzheimer’s disease: a 
systematic review and meta-analysis of 175 studies. J. Neurol. Neurosurg. 
Psychiatry jnnp-2017-316201. doi:10.1136/jnnp-2017-316201 

Lam, B., Masellis, M., Freedman, M., Stuss, D.T., Black, S.E., 2013. Clinical, imaging, and 
pathological heterogeneity of the Alzheimer’s disease syndrome. Alzheimers. Res. 
Ther. 5, 1. doi:10.1186/alzrt155 

Lampron, A., Pimentel-Coelho, P.M., Rivest, S., 2013. Migration of bone marrow-
derived cells into the central nervous system in models of neurodegeneration. J. 
Comp. Neurol. 521, 3863–76. doi:10.1002/cne.23363 

Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, L., 
Bennett, M.L., Münch, A.E., Chung, W.-S., Peterson, T.C., Wilton, D.K., Frouin, A., 
Napier, B.A., Panicker, N., Kumar, M., Buckwalter, M.S., Rowitch, D.H., Dawson, 
V.L., Dawson, T.M., Stevens, B., Barres, B.A., 2017. Neurotoxic reactive astrocytes 
are induced by activated microglia. Nature 541, 481–487. 
doi:10.1038/nature21029 

Lourbopoulos, A., ErtÃ¼rk, A., Hellal, F., 2015. Microglia in action: how aging and injury 
can change the brainâ€TMs guardians. Front. Cell. Neurosci. 9, 54. 
doi:10.3389/fncel.2015.00054 

Lövdén, M., Wenger, E., Mårtensson, J., Lindenberger, U., Bäckman, L., 2013. Structural 
brain plasticity in adult learning and development. Neurosci. Biobehav. Rev. 37, 
2296–310. doi:10.1016/j.neubiorev.2013.02.014 

Lyons, A., Downer, E.J., Crotty, S., Nolan, Y.M., Mills, K.H.G., Lynch, M.A., 2007. CD200 
ligand receptor interaction modulates microglial activation in vivo and in vitro: a 
role for IL-4. J. Neurosci. 27, 8309–13. doi:10.1523/JNEUROSCI.1781-07.2007 

Mackenzie, I.R., Hao, C., Munoz, D.G., 1995. Role of microglia in senile plaque 
formation. Neurobiol. Aging 16, 797–804. 

Malm, T.M., Jay, T.R., Landreth, G.E., 2015. The Evolving Biology of Microglia in 
Alzheimer’s Disease. Neurotherapeutics 12, 81–93. doi:10.1007/s13311-014-
0316-8 

Mangold, C.A., Masser, D.R., Stanford, D.R., Bixler, G. V, Pisupati, A., Giles, C.B., Wren, 



 

114 
 

J.D., Ford, M.M., Sonntag, W.E., Freeman, W.M., 2017. CNS-wide Sexually 
Dimorphic Induction of the Major Histocompatibility Complex 1 Pathway With 
Aging. J. Gerontol. A. Biol. Sci. Med. Sci. 72, 16–29. doi:10.1093/gerona/glv232 

Mann, D.M.A., Snowden, J.S., 2017. Frontotemporal lobar degeneration: Pathogenesis, 
pathology and pathways to phenotype. Brain Pathol. doi:10.1111/bpa.12486 

Marques, F., Rodrigues, A.-J., Sousa, J.C., Coppola, G., Geschwind, D.H., Sousa, N., 
Correia-Neves, M., Palha, J.A., 2008. Lipocalin 2 is a Choroid Plexus Acute-Phase 
Protein. J. Cereb. Blood Flow Metab. 28, 450–455. doi:10.1038/sj.jcbfm.9600557 

Martinez, F.O., Sica, A., Mantovani, A., Locati, M., 2008. Macrophage activation and 
polarization. Front. Biosci. 13, 453–61. 

McAleese, K.E., Walker, L., Graham, S., Moya, E.L.J., Johnson, M., Erskine, D., Colloby, 
S.J., Dey, M., Martin-Ruiz, C., Taylor, J.-P., Thomas, A.J., McKeith, I.G., De Carli, C., 
Attems, J., 2017. Parietal white matter lesions in Alzheimer’s disease are 
associated with cortical neurodegenerative pathology, but not with small vessel 
disease. Acta Neuropathol. doi:10.1007/s00401-017-1738-2 

McGeer, P.L., McGeer, E.G., 2001. Inflammation, autotoxicity and Alzheimer disease. 
Neurobiol. Aging 22, 799–809. doi:10.1016/S0197-4580(01)00289-5 

McKhann, G.M., Knopman, D.S., Chertkow, H., Hyman, B.T., Jack, C.R., Kawas, C.H., 
Klunk, W.E., Koroshetz, W.J., Manly, J.J., Mayeux, R., Mohs, R.C., Morris, J.C., 
Rossor, M.N., Scheltens, P., Carrillo, M.C., Thies, B., Weintraub, S., Phelps, C.H., 
2011. The diagnosis of dementia due to Alzheimer’s disease: Recommendations 
from the National Institute on Aging-Alzheimer’s Association workgroups on 
diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 7, 263–269. 
doi:10.1016/j.jalz.2011.03.005 

Meda, L., Cassatella, M.A., Szendrei, G.I., Otvos, L., Baron, P., Villalba, M., Ferrari, D., 
Rossi, F., 1995. Activation of microglial cells by beta-amyloid protein and 
interferon-gamma. Nature 374, 647–50. doi:10.1038/374647a0 

Medeiros, R., LaFerla, F.M., 2013. Astrocytes: Conductors of the Alzheimer disease 
neuroinflammatory symphony. Exp. Neurol. 239, 133–138. 
doi:10.1016/j.expneurol.2012.10.007 

Mendez, M.F., Lee, A.S., Joshi, A., Shapira, J.S., 2012. Nonamnestic presentations of 
early-onset Alzheimer’s disease. Am. J. Alzheimers. Dis. Other Demen. 27, 413–20. 
doi:10.1177/1533317512454711 

Mesquita, S.D., Ferreira, A.C., Falcao, A.M., Sousa, J.C., Oliveira, T.G., Correia-Neves, 
M., Sousa, N., Marques, F., Palha, J.A., 2014. Lipocalin 2 modulates the cellular 
response to amyloid beta. Cell Death Differ. 21, 1588–99. 
doi:10.1038/cdd.2014.68 

Mhatre, S.D., Tsai, C.A., Rubin, A.J., James, M.L., Andreasson, K.I., 2015. Microglial 
malfunction: the third rail in the development of Alzheimer’s disease. Trends 
Neurosci. 38, 621–36. doi:10.1016/j.tins.2015.08.006 

Migliaccio, R., Agosta, F., Possin, K.L., Rabinovici, G.D., Miller, B.L., Gorno-Tempini, 



 

115 
 

M.L., 2012. White matter atrophy in Alzheimer’s disease variants. Alzheimer’s 
Dement. 8, S78–S87.e2. doi:10.1016/j.jalz.2012.04.010 

Möller, C., Vrenken, H., Jiskoot, L., Versteeg, A., Barkhof, F., Scheltens, P., van der Flier, 
W.M., 2013. Different patterns of gray matter atrophy in early- and late-onset 
Alzheimer’s disease. Neurobiol. Aging 34, 2014–22. 
doi:10.1016/j.neurobiolaging.2013.02.013 

Mosher, K.I., Wyss-Coray, T., 2014. Microglial dysfunction in brain aging and 
Alzheimer’s disease. Biochem. Pharmacol. 88, 594–604. 
doi:10.1016/j.bcp.2014.01.008 

Mrak, R.E., 2012. Microglia in Alzheimer brain: A neuropathological perspective. Int. J. 
Alzheimers. Dis. 2012, 1–6. doi:10.1155/2012/165021 

Murray, M.E., Graff-Radford, N.R., Ross, O.A., Petersen, R.C., Duara, R., Dickson, D.W., 
2011. Neuropathologically defined subtypes of Alzheimer’s disease with distinct 
clinical characteristics: a retrospective study. Lancet Neurol. 10, 785–796. 
doi:10.1016/S1474-4422(11)70156-9 

Musiek, E.S., Holtzman, D.M., 2015. Three dimensions of the amyloid hypothesis: time, 
space and “wingmen.” Nat. Neurosci. 18, 800–806. doi:10.1038/nn.4018 

Naj, A.C., Jun, G., Reitz, C., Kunkle, B.W., Perry, W., Park, Y.S., Beecham, G.W., 
Rajbhandary, R.A., Hamilton-Nelson, K.L., Wang, L.-S., Kauwe, J.S.K., Huentelman, 
M.J., Myers, A.J., Bird, T.D., Boeve, B.F., Baldwin, C.T., Jarvik, G.P., Crane, P.K., 
Rogaeva, E., Barmada, M.M., Demirci, F.Y., Cruchaga, C., Kramer, P.L., Ertekin-
Taner, N., Hardy, J., Graff-Radford, N.R., Green, R.C., Larson, E.B., St. George-
Hyslop, P.H., Buxbaum, J.D., Evans, D.A., Schneider, J.A., Lunetta, K.L., Kamboh, 
M.I., Saykin, A.J., Reiman, E.M., De Jager, P.L., Bennett, D.A., Morris, J.C., Montine, 
T.J., Goate, A.M., Blacker, D., Tsuang, D.W., Hakonarson, H., Kukull, W.A., Foroud, 
T.M., Martin, E.R., Haines, J.L., Mayeux, R.P., Farrer, L.A., Schellenberg, G.D., 
Pericak-Vance, M.A., Albert, M.S., Albin, R.L., Apostolova, L.G., Arnold, S.E., 
Barber, R., Barnes, L.L., Beach, T.G., Becker, J.T., Beekly, D., Bigio, E.H., Bowen, 
J.D., Boxer, A., Burke, J.R., Cairns, N.J., Cantwell, L.B., Cao, C., Carlson, C.S., 
Carney, R.M., Carrasquillo, M.M., Carroll, S.L., Chui, H.C., Clark, D.G., Corneveaux, 
J., Cribbs, D.H., Crocco, E.A., DeCarli, C., DeKosky, S.T., Dick, M., Dickson, D.W., 
Duara, R., Faber, K.M., Fallon, K.B., Farlow, M.R., Ferris, S., Frosch, M.P., Galasko, 
D.R., Ganguli, M., Gearing, M., Geschwind, D.H., Ghetti, B., Gilbert, J.R., Glass, J.D., 
Growdon, J.H., Hamilton, R.L., Harrell, L.E., Head, E., Honig, L.S., Hulette, C.M., 
Hyman, B.T., Jicha, G.A., Jin, L.-W., Karydas, A., Kaye, J.A., Kim, R., Koo, E.H., 
Kowall, N.W., Kramer, J.H., LaFerla, F.M., Lah, J.J., Leverenz, J.B., Levey, A.I., Li, G., 
Lieberman, A.P., Lin, C.-F., Lopez, O.L., Lyketsos, C.G., Mack, W.J., Martiniuk, F., 
Mash, D.C., Masliah, E., McCormick, W.C., McCurry, S.M., McDavid, A.N., McKee, 
A.C., Mesulam, M., Miller, B.L., Miller, C.A., Miller, J.W., Murrell, J.R., Olichney, 
J.M., Pankratz, V.S., Parisi, J.E., Paulson, H.L., Peskind, E., Petersen, R.C., Pierce, A., 
Poon, W.W., Potter, H., Quinn, J.F., Raj, A., Raskind, M., Reisberg, B., Ringman, 
J.M., Roberson, E.D., Rosen, H.J., Rosenberg, R.N., Sano, M., Schneider, L.S., 
Seeley, W.W., Smith, A.G., Sonnen, J.A., Spina, S., Stern, R.A., Tanzi, R.E., 
Thornton-Wells, T.A., Trojanowski, J.Q., Troncoso, J.C., Valladares, O., Van Deerlin, 



 

116 
 

V.M., Van Eldik, L.J., Vardarajan, B.N., Vinters, H. V., Vonsattel, J.P., Weintraub, S., 
Welsh-Bohmer, K.A., Williamson, J., Wishnek, S., Woltjer, R.L., Wright, C.B., 
Younkin, S.G., Yu, C.-E., Yu, L., Yu, L., 2014. Effects of Multiple Genetic Loci on Age 
at Onset in Late-Onset Alzheimer Disease. JAMA Neurol. 71, 1394. 
doi:10.1001/jamaneurol.2014.1491 

Naude, P.J.W., Nyakas, C., Eiden, L.E., Ait-Ali, D., van der Heide, R., Engelborghs, S., 
Luiten, P.G.M., De Deyn, P.P., den Boer, J. a., Eisel, U.L.M., 2012. Lipocalin 2: 
Novel component of proinflammatory signaling in Alzheimer’s disease. FASEB J. 
26, 2811–2823. doi:10.1096/fj.11-202457 

Neary, D., Snowden, J.S., Gustafson, L., Passant, U., Stuss, D., Black, S., Freedman, M., 
Kertesz, A., Robert, P.H., Albert, M., Boone, K., Miller, B.L., Cummings, J., Benson, 
D.F., 1998. Frontotemporal lobar degeneration: a consensus on clinical diagnostic 
criteria. Neurology 51, 1546–54. 

Nimmerjahn, A., Kirchhoff, F., Helmchen, F., 2005. Resting Microglial Cells Are Highly 
Dynamic Surveillants of Brain Parenchyma in Vivo. Science (80-. ). 308, 1314–
1318. doi:10.1126/science.1110647 

Nissl, F., 1989. Ueber einige Beziehungen zwischen Nervenzellerkrankungen und 
gliosen Erscheinungen bei verschiedenen Psychosen. Arch. fur Psychiatr. 32, 1–22. 

Norden, D.M., Godbout, J.P., 2013. Review: Microglia of the aged brain: Primed to be 
activated and resistant to regulation. Neuropathol. Appl. Neurobiol. 39, 19–34. 
doi:10.1111/j.1365-2990.2012.01306.x 

Nuutinen, T., Suuronen, T., Kauppinen, A., Salminen, A., 2009. Clusterin: A forgotten 
player in Alzheimer’s disease. Brain Res. Rev. 61, 89–104. 
doi:10.1016/j.brainresrev.2009.05.007 

Ojo, J.O., Rezaie, P., Gabbott, P.L., Stewart, M.G., 2015. Impact of age-related 
neuroglial cell responses on hippocampal deterioration. Front. Aging Neurosci. 7, 
57. doi:10.3389/fnagi.2015.00057 

Olabarria, M., Noristani, H.N., Verkhratsky, A., Rodríguez, J.J., 2010. Concomitant 
astroglial atrophy and astrogliosis in a triple transgenic animal model of 
Alzheimer’s disease. Glia 58, NA-NA. doi:10.1002/glia.20967 

Olsson, B., Hertze, J., Lautner, R., Zetterberg, H., Nägga, K., Höglund, K., Basun, H., 
Annas, P., Lannfelt, L., Andreasen, N., Minthon, L., Blennow, K., Hansson, O., 2013. 
Microglial markers are elevated in the prodromal phase of Alzheimer’s disease 
and vascular dementia. J. Alzheimer’s Dis. 33, 45–53. doi:10.3233/JAD-2012-
120787 

Onos, K.D., Sukoff Rizzo, S.J., Howell, G.R., Sasner, M., 2016. Toward more predictive 
genetic mouse models of Alzheimer’s disease. Brain Res. Bull. 122, 1–11. 
doi:10.1016/j.brainresbull.2015.12.003 

Orgogozo, J.-M., Gilman, S., Dartigues, J.-F., Laurent, B., Puel, M., Kirby, L.C., Jouanny, 
P., Dubois, B., Eisner, L., Flitman, S., Michel, B.F., Boada, M., Frank, A., Hock, C., 
2003. Subacute meningoencephalitis in a subset of patients with AD after 



 

117 
 

Abeta42 immunization. Neurology 61, 46–54. 

Osborn, L.M., Kamphuis, W., Wadman, W.J., Hol, E.M., 2016. Astrogliosis: An integral 
player in the pathogenesis of Alzheimer’s disease. Prog. Neurobiol. 144, 121–41. 
doi:10.1016/j.pneurobio.2016.01.001 

Ossenkoppele, R., Cohn-Sheehy, B.I., La Joie, R., Vogel, J.W., Möller, C., Lehmann, M., 
van Berckel, B.N.M., Seeley, W.W., Pijnenburg, Y.A., Gorno-Tempini, M.L., Kramer, 
J.H., Barkhof, F., Rosen, H.J., van der Flier, W.M., Jagust, W.J., Miller, B.L., 
Scheltens, P., Rabinovici, G.D., 2015a. Atrophy patterns in early clinical stages 
across distinct phenotypes of Alzheimer’s disease. Hum. Brain Mapp. 36, 4421–
4437. doi:10.1002/hbm.22927 

Ossenkoppele, R., Mattsson, N., Teunissen, C.E., Barkhof, F., Pijnenburg, Y., Scheltens, 
P., van der Flier, W.M., Rabinovici, G.D., 2015b. Cerebrospinal fluid biomarkers 
and cerebral atrophy in distinct clinical variants of probable Alzheimer’s disease. 
Neurobiol. Aging 36, 2340–2347. doi:10.1016/j.neurobiolaging.2015.04.011 

Panegyres, P.K., Chen, H.-Y., 2013. Differences between early and late onset 
Alzheimer’s disease. Am. J. Neurodegener. Dis. 2, 300–6. 

Parbo, P., Ismail, R., Hansen, K. V, Amidi, A., Mårup, F.H., Gottrup, H., Brændgaard, H., 
Eriksson, B.O., Eskildsen, S.F., Lund, T.E., Tietze, A., Edison, P., Pavese, N., 
Stokholm, M.G., Borghammer, P., Hinz, R., Aanerud, J., Brooks, D.J., 2017. Brain 
inflammation accompanies amyloid in the majority of mild cognitive impairment 
cases due to Alzheimer’s disease. Brain 140, 2002–2011. 
doi:10.1093/brain/awx120 

Pelvig, D.P., Pakkenberg, H., Stark, A.K., Pakkenberg, B., 2008. Neocortical glial cell 
numbers in human brains. Neurobiol. Aging 29, 1754–1762. 
doi:10.1016/j.neurobiolaging.2007.04.013 

Perry, V.H., Nicoll, J.A.R., Holmes, C., 2010. Microglia in neurodegenerative disease. 
Nat. Publ. Gr. 6, 193–20117. doi:10.1038/nrneurol.2010.17 

Perry, V.H., Teeling, J., 2013. Microglia and macrophages of the central nervous 
system: the contribution of microglia priming and systemic inflammation to 
chronic neurodegeneration. Semin. Immunopathol. 35, 601–12. 
doi:10.1007/s00281-013-0382-8 

Porter, V.R., Buxton, W.G., Fairbanks, L.A., Strickland, T., O’Connor, S.M., Rosenberg-
Thompson, S., Cummings, J.L., 2003. Frequency and characteristics of anxiety 
among patients with Alzheimer’s disease and related dementias. J. 
Neuropsychiatry Clin. Neurosci. 15, 180–6. doi:10.1176/jnp.15.2.180 

Prinz, M., Priller, J., Sisodia, S.S., Ransohoff, R.M., 2011. Heterogeneity of CNS myeloid 
cells and their roles in neurodegeneration. Nat. Neurosci. 14, 1227–35. 
doi:10.1038/nn.2923 

Rabinovici, G.D., Furst, A.J., Alkalay, A., Racine, C.A., O’Neil, J.P., Janabi, M., Baker, S.L., 
Agarwal, N., Bonasera, S.J., Mormino, E.C., Weiner, M.W., Gorno-Tempini, M.L., 
Rosen, H.J., Miller, B.L., Jagust, W.J., 2010. Increased metabolic vulnerability in 



 

118 
 

early-onset Alzheimer’s disease is not related to amyloid burden. Brain 133, 512–
528. doi:10.1093/brain/awp326 

Rahimi, J., Kovacs, G.G., 2014. Prevalence of mixed pathologies in the aging brain. 
Alzheimers. Res. Ther. 6, 82. doi:10.1186/s13195-014-0082-1 

Raj, D.D.A., Jaarsma, D., Holtman, I.R., Olah, M., Ferreira, F.M., Schaafsma, W., 
Brouwer, N., Meijer, M.M., de Waard, M.C., van der Pluijm, I., Brandt, R., Kreft, 
K.L., Laman, J.D., de Haan, G., Biber, K.P.H., Hoeijmakers, J.H.J., Eggen, B.J.L., 
Boddeke, H.W.G.M., 2014. Priming of microglia in a DNA-repair deficient model of 
accelerated aging. Neurobiol. Aging 35, 2147–60. 
doi:10.1016/j.neurobiolaging.2014.03.025 

Ransohoff, R.M., 2016. How neuroinflammation contributes to neurodegeneration. 
Science (80-. ). 353, 777–783. doi:10.1126/science.aag2590 

Ravaglia, G., Forti, P., Maioli, F., Chiappelli, M., Montesi, F., Tumini, E., Mariani, E., 
Licastro, F., Patterson, C., 2007. Blood inflammatory markers and risk of 
dementia: The Conselice Study of Brain Aging. Neurobiol. Aging 28, 1810–1820. 
doi:10.1016/j.neurobiolaging.2006.08.012 

Reitz, C., Brayne, C., Mayeux, R., 2011. Epidemiology of Alzheimer disease. Nat. Rev. 
Neurol. 7, 137–152. doi:10.1038/nrneurol.2011.2 

Rentzos, M., Rombos, A., 2012. The role of IL-15 in central nervous system disorders. 
Acta Neurol. Scand. 125, 77–82. doi:10.1111/j.1600-0404.2011.01524.x 

Rentzos, M., Zoga, M., Paraskevas, G.P., Kapaki, E., Rombos, A., Nikolaou, C., Tsoutsou, 
A., Vassilopoulos, D., 2006. IL-15 Is Elevated in Cerebrospinal Fluid of Patients 
With Alzheimer’s Disease and Frontotemporal Dementia. J. Geriatr. Psychiatry 
Neurol. 19, 114–117. doi:10.1177/0891988706286226 

Reuter, M., Schmansky, N.J., Rosas, H.D., Fischl, B., 2012. Within-subject template 
estimation for unbiased longitudinal image analysis. Neuroimage 61, 1402–18. 
doi:10.1016/j.neuroimage.2012.02.084 

Revesz, T., Holton, J.L., Lashley, T., Plant, G., Frangione, B., Rostagno, A., Ghiso, J., 
2009. Genetics and molecular pathogenesis of sporadic and hereditary cerebral 
amyloid angiopathies. Acta Neuropathol. 118, 115–130. doi:10.1007/s00401-009-
0501-8 

Rodriguez-Vieitez, E., Saint-Aubert, L., Carter, S.F., Almkvist, O., Farid, K., Schöll, M., 
Chiotis, K., Thordardottir, S., Graff, C., Wall, A., Långström, B., Nordberg, A., 2016. 
Diverging longitudinal changes in astrocytosis and amyloid PET in autosomal 
dominant Alzheimer’s disease. Brain 139, 922–936. doi:10.1093/brain/awv404 

Rodríguez, J.J., Yeh, C.-Y., Terzieva, S., Olabarria, M., Kulijewicz-Nawrot, M., 
Verkhratsky, A., 2014. Complex and region-specific changes in astroglial markers 
in the aging brain. Neurobiol. Aging 35, 15–23. 
doi:10.1016/j.neurobiolaging.2013.07.002 

Rosczyk, H.A., Sparkman, N.L., Johnson, R.W., 2008. Neuroinflammation and cognitive 
function in aged mice following minor surgery. Exp. Gerontol. 43, 840–6. 



 

119 
 

doi:10.1016/j.exger.2008.06.004 

Rosenthal, S.L., Kamboh, M.I., 2014. Late-Onset Alzheimer’s Disease Genes and the 
Potentially Implicated Pathways. Curr. Genet. Med. Rep. 2, 85–101. 
doi:10.1007/s40142-014-0034-x 

Rossor, M.N., Fox, N.C., Mummery, C.J., Schott, J.M., Warren, J.D., 2010. The diagnosis 
of young-onset dementia. Lancet Neurol. 9, 793–806. doi:10.1016/S1474-
4422(10)70159-9 

Saleem, M., Herrmann, N., Swardfager, W., Eisen, R., Lanctôt, K.L., 2015. Inflammatory 
Markers in Mild Cognitive Impairment: A Meta-Analysis. J. Alzheimer’s Dis. 47, 
669–679. doi:10.3233/JAD-150042 

Salminen, A., Ojala, J., Kaarniranta, K., Haapasalo, A., Hiltunen, M., Soininen, H., 2011. 
Astrocytes in the aging brain express characteristics of senescence-associated 
secretory phenotype. Eur. J. Neurosci. 34, 3–11. doi:10.1111/j.1460-
9568.2011.07738.x 

Salter, M.W., Stevens, B., 2017. Microglia emerge as central players in brain disease. 
Nat. Med. 23, 1018–1027. doi:10.1038/nm.4397 

Salvarani, C., Hunder, G.G., Morris, J.M., Brown, R.D., Christianson, T., Giannini, C., 
2013. Aβ-related angiitis: Comparison with CAA without inflammation and 
primary CNS vasculitis. Neurology 81, 1596–1603. 
doi:10.1212/WNL.0b013e3182a9f545 

Sasaguri, H., Nilsson, P., Hashimoto, S., Nagata, K., Saito, T., De Strooper, B., Hardy, J., 
Vassar, R., Winblad, B., Saido, T.C., 2017. APP mouse models for Alzheimer’s 
disease preclinical studies. EMBO J. 36, 2473–2487. 
doi:10.15252/embj.201797397 

Savva, G.M., Wharton, S.B., Ince, P.G., Forster, G., Matthews, F.E., Brayne, C., Medical 
Research Council Cognitive Function and Ageing Study, 2009. Age, 
Neuropathology, and Dementia. N. Engl. J. Med. 360, 2302–2309. 
doi:10.1056/NEJMoa0806142 

Schain, M., Kreisl, W.C., 2017. Neuroinflammation in Neurodegenerative Disorders-a 
Review. Curr. Neurol. Neurosci. Rep. 17, 25. doi:10.1007/s11910-017-0733-2 

Schellenberg, G.D., Montine, T.J., 2012. The genetics and neuropathology of 
Alzheimer’s disease. Acta Neuropathol. 124, 305–323. doi:10.1007/s00401-012-
0996-2 

Scheltens, P., Blennow, K., Breteler, M.M.B., de Strooper, B., Frisoni, G.B., Salloway, S., 
Van der Flier, W.M., 2016. Alzheimer’s disease. Lancet (London, England) 388, 
505–17. doi:10.1016/S0140-6736(15)01124-1 

Scheltens, P., Leys, D., Barkhof, F., Huglo, D., Weinstein, H.C., Vermersch, P., Kuiper, 
M., Steinling, M., Wolters, E.C., Valk, J., 1992. Atrophy of medial temporal lobes 
on MRI in &quot;probable&quot; Alzheimer’s disease and normal ageing: 
diagnostic value and neuropsychological correlates. J. Neurol. Neurosurg. 
Psychiatry 55, 967–72. 



 

120 
 

Schmidt, R., Schmidt, H., Curb, J.D., Masaki, K., White, L.R., Launer, L.J., 2002. Early 
inflammation and dementia: a 25-year follow-up of the Honolulu-Asia Aging 
Study. Ann. Neurol. 52, 168–74. doi:10.1002/ana.10265 

Schott, J.M., Revesz, T., 2013. Inflammation in Alzheimer’s disease: insights from 
immunotherapy. Brain 136, 2654–2656. doi:10.1093/brain/awt231 

Scolding, N.J., Joseph, F., Kirby, P.A., Mazanti, I., Gray, F., Mikol, J., Ellison, D., Hilton, 
D.A., Williams, T.L., MacKenzie, J.M., Xuereb, J.H., Love, S., 2005. Abeta-related 
angiitis: primary angiitis of the central nervous system associated with cerebral 
amyloid angiopathy. Brain 128, 500–15. doi:10.1093/brain/awh379 

Seltzer, B., Sherwin, I., 1983. A comparison of clinical features in early- and late-onset 
primary degenerative dementia. One entity or two? Arch. Neurol. 40, 143–6. 

Sheng, J.G., Mrak, R.E., Griffin, W.S., 1998. Enlarged and phagocytic, but not primed, 
interleukin-1 alpha-immunoreactive microglia increase with age in normal human 
brain. Acta Neuropathol. 95, 229–34. 

Sheng, J.G., Mrak, R.E., Griffin, W.S., 1997. Neuritic plaque evolution in Alzheimer’s 
disease is accompanied by transition of activated microglia from primed to 
enlarged to phagocytic forms. Acta Neuropathol. 94, 1–5. 

Sierra, A., Gottfried-Blackmore, A.C., McEwen, B.S., Bulloch, K., 2007. Microglia derived 
from aging mice exhibit an altered inflammatory profile. Glia 55, 412–24. 
doi:10.1002/glia.20468 

Slattery, C.F., Beck, J.A., Harper, L., Adamson, G., Abdi, Z., Uphill, J., Campbell, T., 
Druyeh, R., Mahoney, C.J., Rohrer, J.D., Kenny, J., Lowe, J., Leung, K.K., Barnes, J., 
Clegg, S.L., Blair, M., Nicholas, J.M., Guerreiro, R.J., Rowe, J.B., Ponto, C., Zerr, I., 
Kretzschmar, H., Gambetti, P., Crutch, S.J., Warren, J.D., Rossor, M.N., Fox, N.C., 
Collinge, J., Schott, J.M., Mead, S., 2014. R47H TREM2 variant increases risk of 
typical early-onset Alzheimer’s disease but not of prion or frontotemporal 
dementia. Alzheimers. Dement. 10, 602–608.e4. doi:10.1016/j.jalz.2014.05.1751 

Sobel, R.A., Ames, M.B., 1988. Major histocompatibility complex molecule expression 
in the human central nervous system: immunohistochemical analysis of 40 
patients. J. Neuropathol. Exp. Neurol. 47, 19–28. 

Sofroniew, M. V., Vinters, H. V., 2010. Astrocytes: biology and pathology. Acta 
Neuropathol. 119, 7–35. doi:10.1007/s00401-009-0619-8 

Sokolova, A., Hill, M.D., Rahimi, F., Warden, L.A., Halliday, G.M., Shepherd, C.E., 2009. 
Monocyte chemoattractant protein-1 plays a dominant role in the chronic 
inflammation observed in Alzheimer’s disease. Brain Pathol. 19, 392–8. 
doi:10.1111/j.1750-3639.2008.00188.x 

Stoltzner, S.E., Grenfell, T.J., Mori, C., Wisniewski, K.E., Wisniewski, T.M., Selkoe, D.J., 
Lemere, C.A., 2000. Temporal accrual of complement proteins in amyloid plaques 
in Down’s syndrome with Alzheimer’s disease. Am. J. Pathol. 156, 489–99. 
doi:10.1016/S0002-9440(10)64753-0 

Streit, W.J., Braak, H., Xue, Q.S., Bechmann, I., 2009. Dystrophic (senescent) rather 



 

121 
 

than activated microglial cells are associated with tau pathology and likely 
precede neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 118, 475–
485. doi:10.1007/s00401-009-0556-6 

Streit, W.J., Mrak, R.E., Griffin, W.S.T., 2004. Microglia and neuroinflammation: a 
pathological perspective. J. Neuroinflammation 1, 14. doi:10.1186/1742-2094-1-
14 

Streit, W.J., Xue, Q.-S., Tischer, J., Bechmann, I., 2014. Microglial pathology. Acta 
Neuropathol. Commun. 2, 142. doi:10.1186/s40478-014-0142-6 

Sudduth, T.L., Schmitt, F.A., Nelson, P.T., Wilcock, D.M., 2013. Neuroinflammatory 
phenotype in early Alzheimer’s disease. Neurobiol. Aging 34, 1051–9. 
doi:10.1016/j.neurobiolaging.2012.09.012 

Sundelöf, J., Kilander, L., Helmersson, J., Larsson, A., Rönnemaa, E., Degerman-
Gunnarsson, M., Basun, H., Lannfelt, L., Basu, S., 2009. Systemic Inflammation and 
the Risk of Alzheimer’s Disease and Dementia: A Prospective Population-Based 
Study. J. Alzheimer’s Dis. 18, 79–87. doi:10.3233/JAD-2009-1126 

Suribhatla, S., Baillon, S., Dennis, M., Marudkar, M., Muhammad, S., Munro, D., 
Spreadbury, C., Lindesay, J., 2004. Neuropsychological performance in early and 
late onset Alzheimer’s disease: comparisons in a memory clinic population. Int. J. 
Geriatr. Psychiatry 19, 1140–1147. doi:10.1002/gps.1196 

Sutphen, C.L., Jasielec, M.S., Shah, A.R., Macy, E.M., Xiong, C., Vlassenko, A.G., 
Benzinger, T.L.S., Stoops, E.E.J., Vanderstichele, H.M.J., Brix, B., Darby, H.D., 
Vandijck, M.L.J., Ladenson, J.H., Morris, J.C., Holtzman, D.M., Fagan, A.M., 2015. 
Longitudinal Cerebrospinal Fluid Biomarker Changes in Preclinical Alzheimer 
Disease During Middle Age. JAMA Neurol. 72, 1029–42. 
doi:10.1001/jamaneurol.2015.1285 

Tae, W.S., Kim, S.S., Lee, K.U., Nam, E.-C., Kim, K.W., 2008. Validation of hippocampal 
volumes measured using a manual method and two automated methods 
(FreeSurfer and IBASPM) in chronic major depressive disorder. Neuroradiology 50, 
569–581. doi:10.1007/s00234-008-0383-9 

Taipa, R., Brochado, P., Robinson, A.C., Reis, I., Costa, P., Mann, D., Melo-Pires, M., 
Sousa, N., 2017. Patterns of microglial cell activation in Alzheimer´s disease and 
Frontotemporal lobar degeneration (FTLD-TDP). Neurodegener. Dis. doi:2017: 
10.1159/000457127 

Taipa, R., Pinho, J., Melo-Pires, M., 2012. Clinico-pathological correlations of the most 
common neurodegenerative dementias. Front. Neurol. MAY, 68. 

Taipa, R., Sousa, A.L., Melo Pires, M., Sousa, N., 2016. Does the Interplay between 
Aging and Neuroinflammation Modulate Alzheimer’s Disease Clinical Phenotypes? 
A Clinico-Pathological Perspective. J. Alzheimer’s Dis. 

Tan, R.H., Kril, J.J., Yang, Y., Tom, N., Hodges, J.R., Villemagne, V.L., Rowe, C.C., Leyton, 
C.E., Kwok, J.B.J., Ittner, L.M., Halliday, G.M., 2017. Assessment of β-amyloid in 
pathologically confirmed frontotemporal dementia syndromes. Alzheimer’s 



 

122 
 

Dement. Diagnosis, Assess. Dis. Monit. 1–11. doi:10.1016/j.dadm.2017.05.005 

Tan, Z.S., Beiser, A.S., Vasan, R.S., Roubenoff, R., Dinarello, C.A., Harris, T.B., Benjamin, 
E.J., Au, R., Kiel, D.P., Wolf, P.A., Seshadri, S., 2007. Inflammatory markers and the 
risk of Alzheimer disease: The Framingham Study. Neurology 68, 1902–1908. 
doi:10.1212/01.wnl.0000263217.36439.da 

Teng, E., Yamasaki, T.R., Tran, M., Hsiao, J.J., Sultzer, D.L., Mendez, M.F., 2014. 
Cerebrospinal fluid biomarkers in clinical subtypes of early-onset Alzheimer’s 
disease. Dement. Geriatr. Cogn. Disord. 37, 307–14. doi:10.1159/000355555 

Town, T., Nikolic, V., Tan, J., 2005. The microglial &quot;activation&quot; continuum: 
from innate to adaptive responses. J. Neuroinflammation 2, 24. 
doi:10.1186/1742-2094-2-24 

Toyota, Y., Ikeda, M., Shinagawa, S., Matsumoto, T., Matsumoto, N., Hokoishi, K., 
Fukuhara, R., Ishikawa, T., Mori, T., Adachi, H., Komori, K., Tanabe, H., 2007. 
Comparison of behavioral and psychological symptoms in early-onset and late-
onset Alzheimer’s disease. Int. J. Geriatr. Psychiatry 22, 896–901. 
doi:10.1002/gps.1760 

van der Flier, W.M., Pijnenburg, Y. AL, Fox, N.C., Scheltens, P., 2011. Early-onset versus 
late-onset Alzheimer’s disease: the case of the missing APOE ɛ4 allele. Lancet 
Neurol. 10, 280–288. doi:10.1016/S1474-4422(10)70306-9 

van Vliet, D., de Vugt, M.E., Aalten, P., Bakker, C., Pijnenburg, Y.A.L., Vernooij-Dassen, 
M.J.F.J., Koopmans, R.T.C.M., Verhey, F.R.J., 2012. Prevalence of Neuropsychiatric 
Symptoms in Young-Onset Compared to Late-Onset Alzheimer’s Disease – Part 1: 
Findings of the Two-Year Longitudinal NeedYD-Study. Dement. Geriatr. Cogn. 
Disord. 34, 319–327. doi:10.1159/000342824 

Varnum, M.M., Ikezu, T., 2012. The classification of microglial activation phenotypes 
on neurodegeneration and regeneration in alzheimer’s disease brain. Arch. 
Immunol. Ther. Exp. (Warsz). 60, 251–266. doi:10.1007/s00005-012-0181-2 

Vehmas, A.K., Kawas, C.H., Stewart, W.F., Troncoso, J.C., 2003. Immune reactive cells in 
senile plaques and cognitive decline in Alzheimer’s disease. Neurobiol. Aging 24, 
321–31. 

Verkhratsky, A., Zorec, R., Rodríguez, J.J., Parpura, V., 2016. Astroglia dynamics in 
ageing and Alzheimer’s disease. Curr. Opin. Pharmacol. 26, 74–79. 
doi:10.1016/j.coph.2015.09.011 

Wang, W.-Y., Tan, M.-S., Yu, J.-T., Tan, L., 2015. Role of pro-inflammatory cytokines 
released from microglia in Alzheimer’s disease. Ann. Transl. Med. 3, 136. 
doi:10.3978/j.issn.2305-5839.2015.03.49 

Webster, B., Hansen, L., Adame, A., Crews, L., Torrance, M., Thal, L., Masliah, E., 2006. 
Astroglial activation of extracellular-regulated kinase in early stages of Alzheimer 
disease. J. Neuropathol. Exp. Neurol. 65, 142–51. 
doi:10.1097/01.jnen.0000199599.63204.6f 

Whitwell, J.L., Avula, R., Senjem, M.L., Kantarci, K., Weigand, S.D., Samikoglu, A., 



 

123 
 

Edmonson, H.A., Vemuri, P., Knopman, D.S., Boeve, B.F., Petersen, R.C., Josephs, 
K.A., Jack, C.R., 2010. Gray and white matter water diffusion in the syndromic 
variants of frontotemporal dementia. Neurology 74, 1279–1287. 
doi:10.1212/WNL.0b013e3181d9edde 

Wichmann, M.A., Cruickshanks, K.J., Carlsson, C.M., Chappell, R., Fischer, M.E., Klein, 
B.E.K., Klein, R., Tsai, M.Y., Schubert, C.R., 2014. Long-Term Systemic 
Inflammation and Cognitive Impairment in a Population-Based Cohort. J. Am. 
Geriatr. Soc. 62, 1683–1691. doi:10.1111/jgs.12994 

Wilcock, D.M., Hurban, J., Helman, A.M., Sudduth, T.L., McCarty, K.L., Beckett, T.L., 
Ferrell, J.C., Murphy, M.P., Abner, E.L., Schmitt, F.A., Head, E., 2015. Down 
syndrome individuals with Alzheimer’s disease have a distinct neuroinflammatory 
phenotype compared to sporadic Alzheimer’s disease. Neurobiol. Aging 36, 2468–
74. doi:10.1016/j.neurobiolaging.2015.05.016 

Winblad, B., Amouyel, P., Andrieu, S., Ballard, C., Brayne, C., Brodaty, H., Cedazo-
Minguez, A., Dubois, B., Edvardsson, D., Feldman, H., Fratiglioni, L., Frisoni, G.B., 
Gauthier, S., Georges, J., Graff, C., Iqbal, K., Jessen, F., Johansson, G., Jönsson, L., 
Kivipelto, M., Knapp, M., Mangialasche, F., Melis, R., Nordberg, A., Rikkert, M.O., 
Qiu, C., Sakmar, T.P., Scheltens, P., Schneider, L.S., Sperling, R., Tjernberg, L.O., 
Waldemar, G., Wimo, A., Zetterberg, H., 2016. Defeating Alzheimer’s disease and 
other dementias: a priority for European science and society. Lancet Neurol. 15, 
455–532. doi:10.1016/S1474-4422(16)00062-4 

Wong, W.T., 2013. Microglial aging in the healthy CNS: phenotypes, drivers, and 
rejuvenation. Front. Cell. Neurosci. 7, 10.3389/fncel.2013.00022. 
doi:10.3389/fncel.2013.00022 

Wynne, A.M., Henry, C.J., Huang, Y., Cleland, A., Godbout, J.P., 2010. Protracted 
downregulation of CX3CR1 on microglia of aged mice after lipopolysaccharide 
challenge. Brain. Behav. Immun. 24, 1190–201. doi:10.1016/j.bbi.2010.05.011 

Wyss-Coray, T., Cario, G., Uenalan, M., Schambach, A., Germeshausen, M., Battmer, K., 
Zeidler, C., Lehmann, U., Eder, M., Baum, C., Grosschedl, R., Stanulla, M., Scherr, 
M., Welte, K., 2006. Inflammation in Alzheimer disease: driving force, bystander 
or beneficial response? Nat. Med. 12, 1005–15. doi:10.1038/nm1484 

Xia, M.Q., Bacskai, B.J., Knowles, R.B., Qin, S.X., Hyman, B.T., 2000. Expression of the 
chemokine receptor CXCR3 on neurons and the elevated expression of its ligand 
IP-10 in reactive astrocytes: in vitro ERK1/2 activation and role in Alzheimer’s 
disease. J. Neuroimmunol. 108, 227–35. 

Xiang, Z., Haroutunian, V., Ho, L., Purohit, D., Pasinetti, G.M., 2006. Microglia activation 
in the brain as inflammatory biomarker of Alzheimer’s disease neuropathology 
and clinical dementia. Dis. Markers 22, 95–102. 

Yaffe, K., Lindquist, K., Penninx, B.W., Simonsick, E.M., Pahor, M., Kritchevsky, S., 
Launer, L., Kuller, L., Rubin, S., Harris, T., 2003. Inflammatory markers and 
cognition in well-functioning African-American and white elders. Neurology 61, 
76–80. 



 

124 
 

Yamada, M., 2002. Risk factors for cerebral amyloid angiopathy in the elderly. Ann. N. 
Y. Acad. Sci. 977, 37–44. 

Yeh, C.-Y., Vadhwana, B., Verkhratsky, A., Rodríguez, J.J., 2011. Early astrocytic atrophy 
in the entorhinal cortex of a triple transgenic animal model of Alzheimer’s 
disease. ASN Neuro 3, 271–9. doi:10.1042/AN20110025 

Zhang, B., Gaiteri, C., Bodea, L.-G., Wang, Z., McElwee, J., Podtelezhnikov, A.A., Zhang, 
C., Xie, T., Tran, L., Dobrin, R., Fluder, E., Clurman, B., Melquist, S., Narayanan, M., 
Suver, C., Shah, H., Mahajan, M., Gillis, T., Mysore, J., MacDonald, M.E., Lamb, 
J.R., Bennett, D.A., Molony, C., Stone, D.J., Gudnason, V., Myers, A.J., Schadt, E.E., 
Neumann, H., Zhu, J., Emilsson, V., 2013. Integrated Systems Approach Identifies 
Genetic Nodes and Networks in Late-Onset Alzheimer’s Disease. Cell 153, 707–
720. doi:10.1016/j.cell.2013.03.030 

Zhang, Y., Schuff, N., Du, A.-T., Rosen, H.J., Kramer, J.H., Gorno-Tempini, M.L., Miller, 
B.L., Weiner, M.W., 2009. White matter damage in frontotemporal dementia and 
Alzheimer’s disease measured by diffusion MRI. Brain 132, 2579–92. 
doi:10.1093/brain/awp071 

Zotova, E., Bharambe, V., Cheaveau, M., Morgan, W., Holmes, C., Harris, S., Neal, J.W., 
Love, S., Nicoll, J.A.R., Boche, D., 2013. Inflammatory components in human 
Alzheimer’s disease and after active amyloid-β42 immunization. Brain 136, 2677–
96. doi:10.1093/brain/awt210 

Zuroff, L., Daley, D., Black, K.L., Koronyo-Hamaoui, M., 2017. Clearance of cerebral Aβ 
in Alzheimer’s disease: reassessing the role of microglia and monocytes. Cell. Mol. 
Life Sci. 74, 2167–2201. doi:10.1007/s00018-017-2463-7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 
 

7. Annexes  

7.1. Does the Interplay Between Aging and Neuroinflammation Modulate 

Alzheimer’s Disease Clinical Phenotypes? A Clinico-Pathological Perspective 

  



 

126 
 

 

 

 

 

 

 



Journal of Alzheimer’s Disease 53 (2016) 403–417
DOI 10.3233/JAD-160121
IOS Press

403

Review

Does the Interplay Between Aging
and Neuroinflammation Modulate
Alzheimer’s Disease Clinical Phenotypes?
A Clinico-Pathological Perspective

Ricardo Taipaa,b,c,∗, Ana Luı́sa Sousad, Manuel Melo Piresa and Nuno Sousab,c

aNeuropathology Unit, Department of Neuroscience, Hospital Santo António - Centro Hospitalar do Porto,
Porto, Portugal
bLife and Health Sciences Research Institute (ICVS), School of Health Sciences, University of Minho,
Braga, Portugal
cICVS/3B’s Associate Lab, PT Government Associated Lab, Braga/Guimarães, Portugal
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Abstract.
Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and is the most common cause of dementia worldwide.

Cumulative data suggests that neuroinflammation plays a prominent and early role in AD, and there is compelling data
from different research groups of age-associated dysregulation of the neuroimmune system. From the clinical point of view,
despite clinical resemblance and neuropathological findings, there are important differences between the group of patients
with sporadic early-onset (<65 years old) and late-onset AD (>65 years old). Thus, it seems important to understand the
age-dependent relationship between neuroinflammation and the underlying biology of AD in order to identify potential expla-
nations for clinical heterogeneity, interpret biomarkers, and promote the best treatment to different clinical AD phenotypes.
The study of the delicate balance between pro-inflammatory or anti-inflammatory sides of immune players in the different
ages of onset of AD would be important to understand treatment efficacy in clinical trials and eventually, not only direct
treatment to early disease stages, but also the possibility of establishing different treatment approaches depending on the age
of the patient. In this review, we would like to summarize what is currently known about the interplay between “normal” age
associated inflammatory changes and AD pathological mechanisms, and also the potential differences between early-onset
and late-onset AD taking into account the age-related neuroimmune background at disease onset.
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic neu-
rodegenerative disorder and is the most common
cause of dementia worldwide. The two major neu-
ropathological hallmarks of the disease are senile
plaques, which are mainly composed of extracellu-
lar deposits of amyloid-� (A�) and neurofibrillary
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tangles, which consist of intracellular aggregates
of aberrantly phosphorylated tau protein. This is
accompanied by neuronal and synaptic loss, den-
dritic and axonal changes, and inflammatory reaction
lesions [1, 2]. Cumulative data suggests that neu-
roinflammation plays a prominent and early role
in AD [3–8]. Microglia cells are the predominant
resident immune cells in the central nervous sys-
tem (CNS) [9]. Recently, some studies highlighted
the biological process of age-related changes associ-
ated with microglial cells [10–12] and suggest that
microglial senescence can be directly associated to
neurofibrillary degeneration [13]. From the clini-
cal point of view, despite clinical resemblance and
neuropathological findings, there are important dif-
ferences between the group of patients with sporadic
early-onset (<65 years old, EOAD) and late-onset AD
(>65 years old, LOAD). Thus, it seems important to
understand the age-dependent relationship between
neuroinflammation and the underlying biology of AD
in order to identify potential explanations for clinical
heterogeneity, interpret biomarkers, and promote the
best treatment to different clinical AD phenotypes.

In this article, we will discuss the current knowl-
edge regarding the interplay between “normal” age
associated inflammatory changes and AD patholog-
ical mechanisms. In addition, we will discuss the
potential differences between EOAD and LOAD
taking into account the age-related neuroimmune
background at disease onset. We will give particu-
lar emphasis to microglia due to their predominant
role in the immunological process within the CNS.

BRAIN IMMUNE SYSTEM

Microglia are the resident immune cells of the CNS
and considered the tissue-resident macrophages.
These cells were first described by Nissl in 1899,
who distinguished microglia from other neural cells
based on the shape and their nuclei [14]. Microglia
cells arise from myeloid precursors and constitute
an autonomous population distinct from the periph-
eral circulating mononuclear phagocytes [15]. These
cells account for up to 16% of total cell CNS pop-
ulation and this is dependent on the brain region
[9]. There is limited replication and turnover of
microglia, suggesting that microglia are a very long-
lived and stable cell population [9, 12]. Microglia
can provide several macrophage-related activities
that provide an innate immune response as the first
and main form of active immune defense in the

brain [9]. The term microglial activation encloses
the process where microglia change shape, molec-
ular signature, and cellular physiology in order to
respond to injury or disease [16]. Resting microglia
are characterized by a small cell body, highly ram-
ified processes with weak expression of associated
cell surface marker antigens [17]. In contrast, acti-
vated microglia display shortened and extensively
branched processes and hypertrophy of cell body
[18]. The definition of resting microglia does not
mean a passive spectator in the healthy adult CNS. In
vivo two-photon microscopy imaging studies showed
that microglia survey the brain parenchyma by con-
stantly extending and retracting their processes, and
react rapidly to brain injury or insult, and are more
properly termed “surveillant” [19–21]. The functions
of microglia in the normal healthy brain beyond
immune surveillance are unclear, but recently more
sophisticated functions were described such as par-
ticipating actively in the maintenance and plasticity
of neuronal circuits and contributing to the protection
and remodeling of synapses [22, 23].

Microglial activation states have been classically
described as activated (M1) or alternatively activated
(M2) [24]. The M1 phenotype is characterized by
production of proinflammatory cytokines, such as IL-
1�, tumor necrosis factor alpha (TNF�), and IFN-�,
whereas in the M2 phenotype microglia secrete anti-
inflammatory cytokines, such as IL-4, IL-10, and
transforming growth factor-�, which downregulate
inflammation and promote tissue remodeling/repair
and angiogenesis [25]. However, this categorizing
system relays on peripheral macrophages studies,
which do not recapitulate all microglial functions and
is likely an oversimplification [21].

The second type of neuroimmune cells is the
perivascular macrophages [26]. They seem to be
derived from circulating macrophages, and are able
to perform all the known functions of periph-
eral macrophages; they undergo complete turnover
approximately every 3 months [27, 28]. Finally, the
circulating blood monocyte can enter the CNS, but
it is not clear how often it happens under non-
inflammatory conditions. In conditions of disrupted
blood-brain barrier, and when properly stimulated,
they can differentiate into microglia-like cells or
perivascular macrophages morphologically and phe-
notypically [26].

Astrocytes are the most abundant glial cells in
the CNS and their function is critical for the sup-
port of neuronal homeostasis. The term astrogliosis
describes a wide range of both molecular and func-
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tional changes in astrocytes aimed to neuroprotection
and repair of injured neural tissue [29, 30]. Recently it
has been shown that that reactive astrogliosis and glial
scar formation play essential roles in regulating CNS
inflammation [29]. Reactive astrocytes in response
to different kinds of insult can produce molecules
with either pro- or anti-inflammatory potential. Addi-
tionally, reactive astrocytes can exert both pro- and
anti-inflammatory effects on microglia [31, 32].

NEUROINFLAMMATION IN BRAIN
AGING

There is clinical and experimental evidence that
neuroinflammation in the aged brain is characterized
by a shift toward a pro-inflammatory state [9, 33].
In vivo imaging studies using 11-C-R-PK1195 PET
ligand, which is upregulated in activated microglia
cells, showed an increase in the specific binding with
age in several cortical and subcortical structures, indi-
cating that activated microglia gradually appear in
the aging human brain [34]. In parallel, age senes-
cent alterations can contribute to a dysfunctional
microglia [12, 35, 36]. In the next paragraphs, we
will address these apparent competitive perspectives
of age-related neuroinflammation.

Inflammation in the brain is defined by upregulated
astrocyte and microglial cell reactivity in association
with increased levels of circulating cytokines such
as TNF�, IL-1�, and IFN-� [37–39]. With aging,
microglia phenotype shifts progressively toward the
activated form, together with enhanced sensitivity to
inflammatory stimuli (priming phenomena) [9, 40].
In normal human brain aging, microglia is character-
ized by upregulation of glial activation markers such
as IL-1� [41] and major histocompatibility complex
II (MHC II) [42]. MHC II is important because it is
conserved across species and is interpreted to indicate
microglial priming [9]. There is compelling evidence
from different research groups and aging models, that
following different types of challenge (bacteria, virus,
stress, surgical intervention), aged animals exhibited
a clear and exaggerated neuroinflammatory response,
when compared to young adult animals [33, 43–46].
These studies provided evidence that during lifespan,
episodes of systemic inflammation and cytokine stim-
ulation can “instruct” microglia and increase their
reactivity [23, 33]. Interestingly, some of these sen-
sitized neuroinflammatory responses are specific to
the hippocampal formation, which is important for
memory function [33]. Microglia from the aged CNS

could be described as hyper-vigilant to disturbances
in central homeostasis with less capability of shifting
among functional states.

Proteins expressed in CNS microenvironment,
which are known to inhibit microglia activation or
pro-inflammatory immune responses, were impli-
cated in the mechanism how microglia becomes
chronically sensitized during normal aging [47].
In fact, some lines of research describe various
proteins that activate anti-inflammatory signals fol-
lowing ligand receptor interactions [48], particularly
CD200 [49–51] and fractalkine (CX3CL1) [51–53];
interestingly, both are preferentially expressed in
neurons. These proteins inhibit microglia through
their cognate receptor, which is expressed predom-
inantly in myelomonocytic cell types. During aging,
the expression of levels of these ligands decreases
concurrently with increases in microglial activation
status. More recently, another line of research
suggests that significant and prolonged elevation in
hippocampal corticosterone (the endogenous glu-
cocorticoid in rodents) leads to microglial priming
[51]. However, the simplistic view that aging CNS
shifts microglial polarization from alternative M2
state to the classical, proinflammatory state, should
be interpreted cautiously because many studies
found that both M1 markers and M2 markers are
increased in aged mice [12]. For example, active
microglia from aged mice actually had higher levels
of IL-10 production (an anti-inflammatory cytokine)
than those of adult mice and lower expression of
TGF� (an inflammatory cytokine) [54]. In this case,
the maintenance of inflammatory response could
be attributed to an impaired response to IL-10 in
the aged brain [9]. Furthermore, primed microglia
phenomena have been described mainly in mouse
models [9, 55], and less in human brain research
[56]. More recently, research studies showed that
the cerebrospinal fluid (CSF) levels of YKL-40 (a
microglial marker) increase in normal aging [57–59].

Together with this perspective that microglia
becomes primed and more reactive with age, others
showed that microglia becomes senescent and less
reactive with age [10, 11, 13]. In the healthy young
CNS, microglia have a typical ramified morphology
and are distributed throughout the neural parenchyma
in a “space-filling” manner [60]. Due to the pro-
longed lifespan of CNS microglia, they are more
susceptible to accumulate aging-related changes [61],
such as in the distribution, morphology, and behav-
ior [12, 60] (Table 1). Many microglial cells in the
aged brain show dystrophic features indicative of age-
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Table 1
Summary of principal changes associated to microglial aging (adapted from Wong [60] and Wyss-Coray [6])

Changes in microglial distribution
Replicative senescence (reduced mitotic activity in response to CNS injuries)
Decreases in regularity in distribution
Changes in morphology
Decrease in individual microglial ramification (dendritic arbor area, branching, and total process length)
Appearance of morphological changes suggestive of increase activation state

(shortened and extensively branched processes and hypertrophy of cell body)
Appearance of dystrophic microglia (deramified, fragmented, or tortuous processes,

cytoplasmic beading/spheroid formation)
Changes in microglial dynamic behavior and function
Decrease in the motility and migration process
Changes in intercellular signaling and marker expression (MHC II, CD11b)
Impaired phagocytosis
Impaired proteostasis

related alterations. This dystrophic microglia have
de-ramification or decrease arborization of their pro-
cesses, loss of finely branched cytoplasmic process,
cytoplasmic beading/spheroid formation, and short-
ened and twisted cytoplasmic processes, and in some
instances there is partial or complete cytoplasmic
fragmentation [38]. The meaning of these morpho-
logical changes or why they happen is still to be
understood.

Age-related changes were also described in astro-
cytes, particularly emphasizing that aged astrocytes
show characteristics of the senescence-associated
secretory phenotype, which involves increased secre-
tion of inflammatory components [62].

In summary, aged microglia are primed with exag-
gerated and prolonged responses to inflammatory
stimuli and also display dysfunctional dystrophic age
associated features. Yet, it is still to be determined
if microglia activation is the cause of neurodegen-
eration or a secondary reactive (beneficial) process;
or if the neurodegeneration is actually secondary
to microglia senescence and associated loss of
microglial protection.

NEUROINFLAMMATION IN
ALZHEIMER’S DISEASE

After two decades of the amyloid cascade hypothe-
ses proposed by Hardy and Higgins [63], multiple
lines of research still support the A� aggregation as
the critical step that initiates AD pathology. How-
ever, despite required, it seems that A� aggregation
is not sufficient for the development of the neu-
ropathological and clinical syndrome of AD [64].
Several research studies report links between AD and
genes regulating immunity as well as the expres-
sion of immune factors in blood, CSF, and brain

tissue [8, 65–68]. There is compelling data that neu-
roinflammation in AD is not a passive mechanism
activated by senile plaques and neurofibrillary tan-
gles, but instead contributes, as much or even more,
to pathogenesis as do plaques and tangles [65, 68,
69]. Epidemiological studies indicate that systemic
markers of the innate immunity are risk factors of
LOAD [70–73] and more recently, inflammation
in AD gained strong support from genome-wide
association studies that identified genes involved in
inflammation that are associated with increased risk
of developing AD [74], including TREM2 [75, 76]
and CD33 [77, 78]. Prospective cohorts’ studies
suggested that elevations in inflammatory media-
tors may be present years before clinical disease
onset [70, 79, 80]. However, other longitudinal stud-
ies did not report associations between inflammation
and AD risk [81, 82]. Furthermore, non-steroidal
anti-inflammatory drug (NSAID) epidemiology and
clinical trials showed mostly negative results, play-
ing against the importance of inflammation in AD
pathogenesis. However, these disappointing results
are no surprising taking into account that normal
physiological cytokine regulation of glia activation
and microglial phenotypes are highly dependent of
the context and the disease stage [65]. More recently,
studies have consistently found an increase in CSF
YKL-40 levels in AD. They also found a correla-
tion between CSF YKL-40 levels with markers of
neurodegeneration, such as tau, and with at-risk �4
carriers during mid middle age [57–59].

Neuropathological studies have shown the pres-
ence of a broad variety of inflammation-related
proteins (complement factors, acute-phase proteins,
proinflammatory cytokines) and clusters of activated
microglia around amyloid plaques (Fig. 1) in AD sub-
jects and also AD mice models [8], and these findings
have been implicated in the neurodegeneration pro-
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Fig. 1. Alzheimer’s disease neuropathology. A) Senile plaques and globose diffuse deposits demonstrated with anti-A� antibody (M 0804,
Dako). B) Neurofibrillary tangles demonstrated by phosphorylated tau protein immunohistochemistry (PHF-Tau; AT8, Thermo Scientific).
C) Diffuse distribution of activated microglia in the cortex with clustering within and around amyloid plaques. D) Higher magnification of
amyloid plaque with activated microglial in the CA4 region of the hippocampus (C and D: CD68 immunohistochemistry; PGM1 clone, Dako).

cess [4, 83]. Neuropathological studies also showed
that the neuroinflammatory response in the neocor-
tex is present in the early stages of AD pathology and
precedes the late stage, tau-related pathology [84].
Furthermore, microglial activation has been shown
to progress with the clinical stage of dementia, with
neuropathological stage of disease severity, and with
stage of progression of A� plaques [67, 85, 86].
In vivo imaging studies, using 11-C-R-PK1195 PET
ligand, showed that activated microglia accumulate
near the amyloid plaque pathology, and that activated
microglia burden correlates with cognitive decline
[87].

The pathological accumulation of A� is consid-
ered the key factor that drives neuroinflammation
responses in AD [65]. The chronic deposition of
A� stimulates the persistent activation of microglial
cells in AD [88]. Microglia undergoes a progres-
sive switch from a neuroprotective M2 status to a
classically activated phenotype M1, characterized
by production of proinflammatory cytokines [89].
The persistent microglia activation and consequently
microglia-derived cytokine overexpression, caused
by continuous formation of A� and positive feedback
loops between inflammation and amyloid-� protein

precursor processing, can increase A� production
and decrease A� clearance, ultimately causing neu-
ronal damage [65, 86, 89]. In addition, ongoing
exposure to A�, chemokines, cytokines, and other
inflammatory mediators can be responsible for the
functional impairment of microglial cells seen at
plaque sites [11, 90] and thus impede the protec-
tive role of microglia in A� clearance [91]. Recently,
Kim et al. [92] showed that soluble A� oligomers
impair synaptic plasticity and cause synaptic loss in
mouse AD models and brains of AD patients bind-
ing to the murine PirB (paired immunoglobulin-like
receptor B) and its human ortholog LilrB2 (leu-
cocyte immunoglobulin-like receptor B2) receptors,
respectively. The PirB receptor was first described
exclusively in the immune system but is now know
to be expressed by neurons.

Microglia can have different roles and effects
depending on the particular disease stage and which
brain region is affected in each model [65]. AD
mouse models studies showed that in younger ages,
together with the appearance of the first A� plaques,
the microglia is activated toward the alternative
state and at older ages, together with the increased
accumulation of extracellular oligomeric A�, there
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is a widespread microglial activation toward the clas-
sic phenotype [93]. Recently, Sudduth et al. described
that in the early-stage AD brains there is an apparent
polarization toward either M1 or M2 brain inflam-
matory states [94]. The M2 polarized group had
great number of neuritic plaques, eventually reflect-
ing disease progression. The heterogeneity found in
the early stage AD can influence the response to
therapeutic agents that act on immune system and
inflammation [94]. The neuropathological study of
AD patients that had undergone active A� vaccina-
tion as part of the AN1792 trial showed significantly
reduced levels of A� and reduction of aggregated
tau in neural processes (not in neurofibrillary tan-
gles), and, although there was no difference on total
microglial load, there were reduced levels of a range
of activated microglial species when compared to
patients who died from AD without treatment [95,
96]. These findings suggest that downregulation of
microglial activation through A� immunotherapy
possibly reduces the inflammatory component of the
neurodegeneration of AD [95]. However, a different
line of research supports that aging-related microglial
degeneration and loss of microglial neuroprotection
rather than microglial activation contributes to the
onset of sporadic AD [11]. A role for peripheral-
derived macrophage cells in AD pathophysiology
have recently come under attention [97]. There is
extensive evidence that blood-derived monocytes can
phagocytose A� [98] and that these cells can be
recruited to the AD brain, albeit in low numbers [99].

Reactive astrocytes tend to accumulate around fib-
rillar amyloid plaques [100]. Similar to microglia,
astrocytes release cytokines and other potentially
cytotoxic molecules after exposure to A� thus aggra-
vating the neuroinflammatory response [65]. Glial
cell activation can be an early event in AD process,
even preceding A� deposition. Recently, Rodriguez-
Vieitez and colleagues [101], using a PET tracer
for astrocytes (11C-deuterium-L-deprenyl), showed
prominent initially high and then declining astrocy-
tosis in autosomal dominant AD carriers, contrasting
with the increasing A� plaque load during disease
progression. This study provided in vivo evidence that
astrocyte activation is a very early feature of, at least
familial, AD pathology [101]. Other lines of research
have linked senescent astrocytes to the increase risk
of sporadic AD [102].

In summary, the role of microglia remains con-
troversial in AD pathogenesis and the question
of whether activated microglia aids in promoting
clearance of toxic A� species or if their proinflamma-

tory profile exacerbates pathology is currently a topic
of debate [103]. Although there is broad evidence of
a large immune response component in AD, the issue
of which activation phenotype affects the onset or
progression of the disease and, consequently, which
should be the therapeutic target remains to be deter-
mined [104]. Furthermore, the questions regarding
the role of excessive astrogliosis or astrocyte senes-
cent loss of function in AD pathogenesis remains to
be solved [100].

EARLY AND LATE-ONSET
ALZHEIMER’S DISEASE

Regardless of the clinical resemblance and
neuropathological findings, important differences
between EOAD and LOAD patients have been
reported. The separation of EOAD from LOAD at 65
years old is a conventional cutoff point indicative of
a sociological partition in terms of employment and
retirement, but there is no specific biological signifi-
cance to use this specific age, and there is a range of
disease features that do not respect this arbitrary divi-
sion [105, 106]. However, this arbitrary cutoff point
has been used widely by different research groups
and allowed the uniform study of AD patients with
different ages of onset.

Clinical presentation

Whether age of onset defines the clinical presen-
tation of AD has been a matter of debate for decades
and reports on this issue are often contradictory.
Nonetheless, some differences have been consis-
tently recognized. Earlier onset is associated with a
worse prognosis and a faster progression. Younger-
onset patients have comparatively worst outcomes
in the Mini-Mental State Examination at baseline,
show a steeper cognitive and functional decline, and
seem to have higher mortality risks when compared
to older-onset patients [107–109]. In addition, dif-
ferent patterns of cognitive deficits are apparent;
non-amnestic presentations are more often found in
early-onset disease, described in 33–64% of EOAD
compared to 6–12.5% of LOAD patients [105, 110].

Earlier neuropsychological studies have shown
that younger patients have more language disability
when compared to older-onset patients [111–113].
The risk of having language difficulties detected by
caregivers has also been shown to nearly duplicate
for each 10-year decrease in AD patients’ age [114].
Other groups have recognized a greater impairment in
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measures of attention, praxis, and visuo-contruction
tasks in EOAD [115–117]. On the other hand, LOAD
patients seem to consistently have preferential mem-
ory involvement [118–120]. To explore the relation
between this clinical duality and pathologic features,
Murray et al. [121] divided a cohort of AD patients
into “hippocampal sparing”, “limbic predominant”,
and “typical AD” according to neurofibrillary pathol-
ogy distribution. They have shown that a younger age
of onset (mean 63 years) was associated with greater
neurofibrillary tangle burden in cortical association
areas and that older age (mean 76 years) was more
often associated with limbic predominant pathol-
ogy. The hippocampal sparing group had greater
prevalence of atypical presentations and a faster cog-
nitive decline, similar to what has been described
in EOAD.

Seizures and extrapyramidal features seem to be
more frequent in EOAD [111, 122]. There are con-
tradictory reports in other symptoms in both groups.
For example, there are reports of higher anxiety lev-
els in EOAD [123], while others have shown greater
neuropsychiatric and behavioral symptoms in LOAD,
including anxiety, depression, agitation, hallucina-
tions, and delusions [124, 125].

Limited research has been reported into sex differ-
ences in brain aging, particularly neuroinflammation
process. However, gender effect is an interesting
issue due to the differences of the neuroendocrine
milieu and its possible relation to inflammation cas-
cades (particularly steroid-related pathways). The
dynamic change in hormonal status in women during
the menopause transition may promote a dysregula-
tion of cellular processes involved in hypothalamic-
pituitary-adrenal axis and thus have potential implica-
tions on stress-mediated neurotoxicity [126]. It is also
important to recognize the importance of immunolog-
ical differences in males and females within the CNS
at different development time points and their possi-
ble relevance for the susceptibility in the development
of neurological conditions later in life [127]. A recent
work in mice by Mangold and colleagues showed a
greater induction of MHC class I components and
receptors with aging with this finding being greater
in females than in males [128]. However, despite the
prevalence of AD being greater in women, the pre-
vailing view has been that this difference is due to
the fact that women live longer than men on average,
and older age is the greatest risk factor for AD. Many
studies of incidence of AD have found no significant
difference between men and women in the proportion
who develop AD at any given age [129].

Biomarkers

Magnetic resonance imaging (MRI) studies show
that younger-onset patients have greater general-
ized neocortical atrophy than LOAD subjects when
compared to healthy controls [118, 130]. This is
in accordance with glucose metabolism studies,
which demonstrate a premature decline in glucose
metabolism and a more severe and widespread
hypometabolism in EOAD [131]. Regarding regional
differences, older patients tend to have a more circum-
scribed involvement, with preferential reduction in
the hippocampus and related structures, including the
amygdala [132] and retrosplenial and temporopari-
etal junction volumes [130], while younger patients
tend to have a greater temporoparietal and parietooc-
cipital grey matter atrophy [115, 120]. White matter
atrophymimics thispattern[133].Moreover,bothper-
fusion and glucose metabolism studies have shown
a predilection for temporo-parietal-occipital associ-
ation areas in EOAD versus medial temporal cortex
susceptibility in LOAD [119, 134]. Interestingly,
another study has shown no significant difference in
total or regional amyloid burden, measured by Pitts-
burg compound-B PET, despite showing decreased
glucose metabolism in bilateral temporoparietal and
occipital cortex in EOAD. This finding suggests that
both early A� and increased susceptibility to pathol-
ogy in younger onset patients might be responsible
for cortical dysfunction in EOAD [135]. The greater
involvement of hippocampal-related structures in
LOAD is also apparent in functional connectivity
studies that have shown that older patients have
decreasedactivationof theanteromedial temporalnet-
work, correlatingwithpoorerperformance inmemory
tasks; EOAD was associated with less activation of the
dorsolateral prefrontal network, manifested by worse
performance on executive function tasks [118].

CSF pathophysiological markers for AD include
decrease levels of A�1–42 and increase levels of
total tau and hyperphosphorylated tau. The use of
these biomarkers combined is associated with sig-
nificant sensitivity and specificity in the diagnosis
of AD [136]. There is some evidence that EOAD
patients have a greater reduction of A�1-42 (and
corresponding greater elevation of tau) than LOAD
patients when compared to young and old controls,
respectively, although no differences emerge in the
direct comparison between EOAD and LOAD [137].
Others have reported lower levels of A�1-42 in EOAD
[138] or no differences [120, 139]. A study compar-
ing CSF biomarkers along different EOAD subtypes,
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including amnestic, logopenic progressive aphasia
and posterior cortical atrophy found no differences in
the A� levels, but showed that posterior cortical atro-
phy had lower levels of total tau and phosphorylated
tau [140].

Genetics

Amyloid precursor protein, presenilin 1, and pre-
senilin 2 mutations can cause autosomal dominant
AD, and although they may be present in up 71%
of familial cases, they account for only about 1–5%
of all AD patients. These patients typically have an
early or very early-onset disease (<45 years) [136,
141, 142]. A well-recognized genetic risk factor for
AD is the APOE �4 allele. It is usually associated
with greater hippocampal atrophy and a poorer per-
formance in memory based tasks [121, 142] and it
decreases the age of onset by up to 2.45 years for
each copy of the allele [142, 143]. Conversely, non-
APOE �4 patients tend to have greater structural and
clinical involvement of non-hippocampal, neocorti-
cal areas [121]. ApoE �4 allele carriers among AD
patients are most frequently found in the 60–69-year-
old range [144], therefore including both older EOAD
patients and younger LOAD patients. The ApoE �2
allele is less frequently found in AD patients than in
normal controls and there seems to be no difference
in its prevalence between EOAD and LOAD [144].
Genome wide association studies have identified sev-
eral other risk genes for LOAD. The association
between nine of them (PICALM, CLU, CR1, BIN1,
CD2AP, EPHA1, MS4A4A, CD33, and ABCA7) has
been shown to account for 1.1% of age of onset vari-
ation, versus 3.9% of variation provided by ApoE.
The most significant association was found for the
CR1, BIN1, and PICALM genes [143]. Another can-
didate gene that may have an impact on age of onset
is DCHS2, a gene expressed in the cerebral cortex
[145]. Yet, and surprisingly, these genetic variants do
not seem to bring significant value for the distinction
between EOAD and LOAD, as they simply seem to
anticipate pathology.

INTERPLAY BETWEEN BRAIN AGING,
NEUROINFLAMMATION, AND AD
PHENOTYPES

AD prevalence is strongly associated with increas-
ing age and aging changes in microglia have been
hypothesized to play a prominent role in disease
pathogenesis [60]. Recently, the consistent pattern

of increases in YKL-40 level with aging supports
the concept that neuroinflammation is a process that
occurs normally with aging [57–59]. The additional
finding of a stronger association with at-risk �4
carriers during mid middle age suggests that this age-
related process may be further exacerbated in the
presence of insults including amyloid deposition and
neuronal injury [59]. There are important clinical dif-
ferences between sporadic EOAD and LOAD. Taking
into account the data regarding the importance of
neuroinflammation in the pathogenesis of AD, par-
ticularly the role of microglia, and the differences
of the neuroimmunological milieu of the aged brain,
it is conceivable that the neuroinflammation associ-
ated to the AD can, at least in the beginning, differ
between these two groups and contribute for the clini-
cal differences. Not many studies have addressed this
issue.

Hoozemans et al. [146] compared the presence
of microglia and astrocytes, in clinically and patho-
logically confirmed AD and non-demented control
cases in relation to age. In their study they suggested
that the association between neuroinflammation and
AD is much stronger in relatively young patients as
compared to the older patients (age at death <80 ver-
sus >80 years old). Microglial activation increases
with the neuropathological stage and disease severity
[67, 85]. A key issue would be to know if inflamma-
tion differs between these two groups (EOAD versus
LOAD) at different pathological and clinically AD
stages.

Another remarkable finding is that, in contrast
to AD, activated microglia is not found in the
similar-appearing A� diffuse deposits of the brains of
neurologically normal elderly individuals [147]. One
of the possibilities is that for those unusual elderly
individuals with only diffuse A� deposits there is an
inherent difference in the responsiveness of microglia
[86]. Interestingly, plaque-associated microglia were
not seen in diffuse plaque-only young Down’s syn-
drome brain [148]. This subgroup of cases was from
very young patients (between 12 and 29 years old),
possible supporting the notion that A� inflammatory
response can also differ in the very young. More
recently, a study showed that in Down’s syndrome
patients with AD pathology (>40 years old), there is
a distinct neuroinflammatory phenotype compared to
sporadic AD due to microglia bias toward an M2b
phenotype [149]. Clinicopathological studies from
brain donation programs showed that the presence of
moderate and severe AD type pathology changes is
more associated to dementia in younger old persons
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than in older old persons [150]. These findings sug-
gest that additional factors are involved in the clinical
expression of dementia in the oldest old, such as vari-
able tolerance to neuropathological lesions [150]. We
speculate that different neuroinflammation apparatus
in this age can partial explain this discrepancy.

The study of inflammatory cytokines in CSF as
biomarkers of AD has shown very different and con-
tradictory results between different research groups
[89]. The analysis of different neuroinflammation-
related proteins in the blood, including several
interleukines (IL-1�, Il-1�, IL-6, IL-10), �2-
macroglobulin, brain-derived neurotrophic factor
(BDNF), complement factor H, and heat shock pro-
tein 90 (Hsp90) has not shown significant differences
between EOAD and LOAD, but studies are scarce and
with small samples [151, 152]. TNF� levels have
been shown to be both higher and lower in EOAD
[152, 153].

Some of the risk loci in modifying age of disease
onset identified in genome wide association stud-
ies have recognized roles in the immune system,
including phagocytosis and immune cell traffick-
ing [154]. Both CLU and CR1 encode for proteins
that regulate complement activation; EPHA1, mostly
expressed in leukocytes, is involved in T cell regula-
tion; ABCA7 is highly expressed in the hippocampal
neurons and in microglia and is involved in A� pro-
cessing; and CD33, overexpressed in AD patient’s
microglia, encodes for an endocytic receptor that
takes part in cell-cell interactions and in immune cell
regulation [154, 155]. TREM2, another loci associ-
ated to increase risk for AD identified, is involved
in immune response [75]. There are studies that
found a significantly earlier symptom of onset in
patients with TREM2 variants [156], but others found
only an association to shortened disease duration
and not to age of onset [76]. A� cerebral amyloid
angiopathy (CAA) and particularly A� related angi-
itis (ABRA), is other AD related clinical feature that
bridges AD, inflammation and age. CAA describes a
group of biochemically and genetically diverse dis-
orders, which have in common the deposition of
amyloid in media and adventitia of cortical and lep-
tomeningeal vessels [157]. Sporadic CAA and AD
have overlapping biology with shared risk factors
[158]. A� vascular deposition affects about 30% of
the otherwise normal elderly and over 90% of those
with AD, in whom CAA tends also to be more severe
[157, 159]. ABRA is characterized by a vasculitic
transmural, often granulomatous, inflammatory infil-
trates affecting leptomeningeal and cortical vessels

Fig. 2. Diagram illustrating age associated microglia dynamics
and temporal Alzheimer’s disease onset. Arrows exemplify two
time points for the beginning of AD biomarkers [A� accumulation
(CSF/PET), sequentially followed by tau-mediated neuronal injury
(CSF)] at the preclinical stage.

that have abundant A� deposition within the vessel
walls [159, 160]. The recent finding of autoantibod-
ies against A�1-40 and A�1-42 forms of amyloid in
the CSF of two patients with ABRA and inflamma-
tion associated to CAA [161, 162], together with the
description of meningoencephalitis caused by active
or passive immunotherapeutic approaches to reduce
A� burden in AD [163], suggests that an immune
response directed against A� may represent a com-
mon disease mechanism shared by ABRA and in
complications of therapy for AD [160]. The mean
age of presentation of ABRA is lower than that
of sporadic non-inflammatory A�-related CAA (66
versus 76 years, respectively) [159, 160]. These find-
ings support a role for the interactions between age,
and inflammation in AD related pathophysiology and
clinical expression.

In summary, the pathophysiological mechanisms
underlying the clinical differences between EOAD
and LOAD are still not well known, but the dif-
ferences of neuroinflammation characteristics with
aging can help to partially explain it (Fig. 2).

CONCLUSION

Understanding both sides of microglial and astro-
cytosis inflammation process at functional and
molecular level will be necessary for the development
of treatment strategies for AD and aging [12].

Additionally, the study of this delicate balance in
the different ages of onset of AD would be important
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to understand treatment efficacy in clinical trials and
eventually, not only direct treatment to early disease
stages, but also the possibility of establishing differ-
ent treatment approaches in light of the age of the
patient. The boost on AD diagnostic biomarkers will
increase diagnostic certainty in life for the diagno-
sis of dementia with AD pathology. This refinement
will allow the increased recognition of the more
often atypical clinical presentations in EOAD and
thus increase the knowledge (epidemiology, clinical
progression, biomarkers studies, neuroinflammation
associated process, etc.) for a possible better under-
standing of this complex disorder.
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