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Abstract 

Systemic bacterial infection can worsen Alzheimer’s disease (AD) progression by 

compromising the central microglia and astrocytes immune response implicated in 

the clearance of amyloid-β (Aβ) plaques, one of the AD hallmarks. In the present 

thesis, I investigated whether systemic infection with lipopolysaccharide (LPS) 

enhanced glial activation, increased amyloid plaque load and infiltration of 

peripheral macrophages into the brain and whether tolerance occurred following 

repeated LPS injections. The incidence of AD is higher in women than in men, thus 

sex-differences in the immune response were also investigated. 

Method. 4.5 months old females and males, APPswe/PS1ΔE9 and wild-type 

littermates were used. LPS (100 μg/kg, i.v) or vehicle (PBS) were systemically 

administered. Behavioural changes were investigated both at baseline and post-

injection assessing spontaneous alternation, food burrowing and open field, to 

measure spatial working memory daily living and locomotor activity respectively. 

Peritoneal machrophages and brain cell were collected and the expression of pro- 

and anti-inflammatory markers were analysed by flow cytometry. 

   In the first experiment (n=5-6/ group) (chapter 3) brain tissue and blood were 

collected from the mice 4 hours after the challenge to study the acute effects of 

LPS. In the second experiment (n=8/group) (chapter 4) brain tissue, blood and 

peritoneal macrophages were collected 7 days after the treatment to examine the 

long term effect of an acute immune challenge on amyloid plaque load and glial 

response. In the third study (chapter 5), mice (n=8/group) received an LPS or PBS 

injection at 4.5months of age, and a second LPS or PBS challenge 2 weeks later, 

yielding to 3 experimental groups: PBS-PBS-treated (control), PBS-LPS- treated and 

LPS-LPS-treated mice. The long term effects of an acute challenge was analysed on 
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slightly older animals (5 months old) than the previous study (PBS-LPS-treated 

group). The effect of repeated exposure to LPS (LPS-LPS-treated group) was also 

determined. Quantification of amyloid plaque load, microglia and astrocytes 

density in cortex and hippocampus was assessed by immunostaining of Aβ, Iba-1 

and GFAP, respectively. Microglia and astrocytes clusters were also measured to 

analyse the glial response to the presence of plaques. Identification of the possible 

infiltration of peripheral macrophages into the brain was performed by flow 

cytometry staining for the surface receptors CD11b and CD45, to distinguish 

between infiltrated macrophages (CD11b+ CD45+Hi) and resident microglia (CD11b+ 

CD45+Low). Characterization of the immune phenotype was assessed by flow 

cytometry: the expression of the chemotactic receptor CCR2, the pro-inflammatory 

marker CD80, and anti-inflammatory marker CD206, as well as the presence of 

intracellular Aβ in resident microglia and macrophages were analysed.  

Results. LPS induced an increase in the pro-inflammatory cytokines IL-6 and TNF-α, 

and an increase in the anti-inflammatory cytokine IL-10, after 4 hours. A single 

systemic LPS challenge induced an increase in the number of microglial cells in 

APPswe/PS1ΔE9 males and females challenged at 4.5 months of age, after 7 days 

(LPS-treated group). A single systemic LPS challenge, given at 5 months of age (PBS-

LPS-treated group), induced an increase in the number of microglial cells, a 

reduction in the size of small amyloid plaques and a reduction in the levels of IFN-γ 

in the plasma, in APPswe/PS1ΔE9 female mice after 7 days.  

Two challenges of LPS within 3 weeks did not affect amyloid plaque load but 

induced a reduction in IFN-γ plasma levels in APPswe/PS1ΔE9 females, 7 days after 

the last injection. This reduction was associated with increased microglia density in 

the brain. LPS-LPS-treated females developed tolerance to LPS after the second 

injection, compared to the first challenge. Improvement in spatial working memory 
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was seen in LPS-LPS-treated APPswe/PS1ΔE9 females, 7 days after the second 

challenge. Unexpectedly, LPS did not affect the migration of peripheral 

macrophages into the brain and the expression of the immune phenotypic markers 

in any of the studies.  

In conclusion the present thisis showed that LPS was able to activate the immune 

system at the dose of 100µg/kg, modulating microglia activation and amyloid 

plaque deposition as well at 7 days and 3 weeks time points. The initial hypothesis 

was supported by the data shown revealing also macophages infiltration into the 

brain. However, further investigation is needed to evaluate genotype susceptibility 

to the immune challenge and the impact of the systemic LPS infection on the age-

dependent amyloid plaque accumulation, in order to clarify the effect of the central 

inflammatory response on disease progression.  
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General introduction 

1.1 Alzheimer’s disease (AD) 

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative 

disease. It leads to cognitive dysfunction and memory loss, affecting daily living 

activities, language, mood and behaviour. AD patients develop short-term memory 

impairment at the early stage and gradually lose their ability to think critically, make 

judgments, and communicate properly. In later stage they become aggressive, lose 

attention and spatial orientation with long-term memory impairment 

(Prasansuklab and Tencomnao, 2013).  

Almost 50 million people suffer from dementia worldwide (World Alzheimer Report 

2018), with an estimated new case diagnosed every 3.2 seconds (Bronzuoli et al., 

2016a). Neurological hallmarks and clinical symptoms were described for the first 

time by Alois Alzheimer in 1906 who reported a case of a 55 year old woman with 

progressive dementia. Although at the time it was considered a rare disease, 

nowadays it is the most common form of dementia among elderly, highly 

debilitative and deadly.  

The major risk factor for AD is age and the risk increases after 65 years of age (Qui 

et al., 2009). Also sex influences the risk to develop the disease as it has been 

affirmed that the occurrence of AD is higher in women than in men, particularly in 

the most elderly (Mazure and Swendsen, 2016b), but chromosomal, hormonal and 

cultural differences are likely to play an important role in the development and the 

progression of the disease itself. Genetic factors, family history, Down Syndrome, 

head trauma and environmental factors represent an additional risk for AD 
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(Panpalli Ates et al., 2016). Epidemiologic studies have demonstrated that vascular 

diseases and stroke are also connected to cognitive impairment, and represent a 

risk for developing AD, aggravating the severity of clinical symptoms (Breteler, 

2000).  

 

Based on the age onset, AD can be also divided into two subtypes: early-onset AD 

(EOAD) or late-onset AD (LOAD). EOAD accounts for 1-6% of all cases with an onset 

from 40-60 years old, while LOAD is defined with an age onset from 60-65 years old 

onwards. The possibility to develop the disease increases with age, in particular the 

prevalence double every 5 years after aged 65, reaching the peak at 85 years of age 

(Qui et al., 2009). Prevalence may decline slightly afterwards according to the latest 

research conducted by Farfel et al, that showed that AD pathology level off in the 

10th decade (Farfel et al, 2019). 

Generally, the disease is divided into two forms, the familial and sporadic case 

(Drummond and Wisniewski, 2017). The familial AD (FAD) form is rare, with 5-10% 

of the cases and it is due to mutations in three major genes: amyloid precursor 

protein (APP) gene, presenilin1 (PSEN1) gene, and presenilin 2 (PSEN2) gene. 

Mutations in these genes increase the risk of developing the disease and it is 

inheritable (Guerreiro et al., 2012). The sporadic AD (SAD) form is the most 

common form of the disease and comprises 90-95% of the cases with both genetic 

and environmental factors that contribute to the etiopathology of the disease (Lista 

et al., 2015). Potential risk genes for SAD have been identified with the use of 

advanced genomic methods giving a big contribution to the understanding of the 

genetic complexity of the pathology. The genome-wide association studies 

(GWASs) identified more than 20 genetic loci associated with increased risk of 
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developing AD (Piaceri et al., 2013). The allelic variation in the Apolipoprotein E 

(APOE) gene has been identified as an important risk factor for SAD, especially in 

late-onset AD, and individuals that carry two copies of the allele ε4 (APOE4) have 

higher risk of developing AD than the age-matched controls (Armstrong, 2014). 

1.1.1 Neuropathological Hallmarks of AD 

Brains from AD patients are characterized by hippocampal atrophy, considered the 

best established feature to stage the progression of AD pathology (Drummond and 

Wisniewski, 2017), as well as cerebral cortex shrinkage and ventricle enlargement. 

Post-mortem analysis of brain slices reveal the neuropathological hallmarks of the 

disease, characterized by the accumulation of extracellular deposits of amyloid-β 

(Aβ) peptide in senile plaques, and by the aggregation of intracellular neurofibrillary 

tangles (NFTs) caused by hyperphosphorylation of the microtubule building protein 

tau. Healthy and AD brains are compared in Figure 1. 
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Figure 1. Healthy and a pathological brain section affected by AD. A normal 
healthy brain section (on the left) and an Alzheimer’s brain section (on the right) 
are compared. The hallmarks of the disease are evident in the AD brain section 
(bottom right) (Modified illustration from Bob Morreale, American Health 
Assistance Foundation). 
 

Senile plaques are aggregates of Aβ proteins and they are considered the central 

pathological process in AD due to an abnormal processing of the amyloid precursor 

protein (APP) (Serrano-Pozo et al., 2011). APP is a transmembrane protein that is 

constitutively cleaved into peptides during cells metabolism. It is processed by two 

different pathways (O’Brien and Wong, 2011): the amyloidogenic pathway involves 

β- and γ- secretase cleavage, generating the Aβ peptide. In the non-amyloidogenic 

pathway APP is cleaved by α and γ-secretase to generate soluble and 

neuroprotective fragments. Aβ peptide is quickly removed from the brain in normal 

conditions, but in case of overproduction or impaired clearance, it aggregates into 

extracellular oligomers, fibrils and plaques (Pearson and Peers, 2006). The 

generated Aβ peptide can be of different length: Aβ40 and Aβ42, based on the 
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number of amino acids that constitute the peptide. Aβ42 is considered the most 

pathogenic as it has more hydrophobic amino acids which tend to form aggregates 

in aqueous solutions that in AD brains contributes to plaques formation (Yan & 

Wang 2006). Many genetic studies demonstrated how mutations in the APP, in the 

internal region close to the Aβ sequence, enhance the self-aggregation of Aβ into 

amyloid plaques and the production of the toxic form of Aβ42 (O’Brien and Wong, 

2011, Bernstein et al., 2005). Aβ peptides are toxic to neurons and induce neuronal 

and synaptic damage when assembled into amyloid fibrils. 

 

NFTs are insoluble aggregates of helical tau filaments in the neuron cell bodies due 

a hyperphosphorylation of the tau protein (Serrano-Pozo et al., 2011). Tau is an 

intracellular microtubule-associated protein that is essential for the microtubule 

integrity that maintains neuron structure and axonal transport. All these functions 

are modulated by site-specific phosphorylation. An unregulated phosphorylation of 

tau results in tau dysfunction and loss of microtubule binding, leading to a 

compromised microtubule-mediated transport, and formation of aggregated tau 

fibrils called NFTs (Johnson and Stoothoff, 2004). In adult human brain, there are 

six major isoforms of tau generated by alternative mRNA splicing, and either 3 or 4 

microtubule-binding domains (Vanleuven, 2011). Both the splicing and the 

phosphorylation of tau are highly regulated in normal conditions, but compromised 

in AD.  

 

Amyloid plaques and neurofibrillary tangles spread through the brain as the disease 

progresses (see Figure 2): amyloid plaque origin in the frontal and temporal lobes, 
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hippocampus and limbic system, and NFTs spread from the medial temporal lobes 

and hippocampus to neocortical areas (Masters et al., 2015).  

 

 

Figure 2. Illustration of the spread of amyloid plaques and NFTs in the AD brain, 
as the disease progresses. Image adapted from (Masters et al., 2015). 
 

 

1.1.2 Biomarkers for AD 

The post-mortem identification of the pathological hallmarks of the disease is the 

only definitive diagnosis of AD. Significant progresses in neuroimaging techniques 

have been made in order to provide the structure and physiology of AD brains and 

identify possible markers (Anoop et al., 2010). Guidelines to assess the clinical 

diagnosis of the cognitive or behavioral (neuropsychiatric) symptoms of AD are 

established, but they are not highly accurate and, mostly, the disease is identified 

only after the manifestation of clinical symptoms (Jack et al., 2011). However, the 

preclinical stage of AD takes 10-20 years before the onset of cognitive decline, thus 

the need for additional biomarkers to increase the accuracy of the diagnostic 

criteria is essential. 
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Many studies in the past 25 years have been trying to validate biomarkers for the 

development of effective diagnosis and treatment for AD (Anoop et al., 2010, Rosen 

et al., 2013). The main cerebrospinal fluid (CSF) biomarkers identified are Aβ42, 

total tau and phosphorylated tau (Lista et al., 2015). Alzheimer's disease is 

associated with lower CSF levels of Aβ42, due to cortical amyloid deposition, higher 

CSF levels of total and phosphorylated tau, due to cortical neuronal loss and NFTs 

formation. These three biomarkers revealed 85–90% specificity and sensitivity to 

diagnosed patients with AD or mild cognitive impairment (MCI), a symptomatic pre-

dementia phase of AD. However, more recently emerging biomarkers have been 

studied as promising diagnostic tools in CSF and blood reflecting APP metabolism, 

neurodegeneration and glial cell activation  (Olsson et al., 2016). A meta-analysis 

study has revealed novel biomarkers that have been reported to be increased in 

the CSF of AD patients: neurofilament light protein (NFL) neuron-specific enolase 

(NSE), visinin-like protein-1 (VLP-1), heart fatty acid binding protein  (HFABP) and 

glial activation marker (YKL-40) (Olsson et al., 2016).  More work needs to be done 

before blood biomarkers can give reliable results and can be considered useful for 

AD diagnosis and prognosis. 

1.1.3 Etiopathology and risk genes factors 

AD is a disease with significant genetic roots. The key genes involved in the disease 

are associated to an increased risk of developing the pathology. The familial form 

of the disease has been linked to mutations in APP, PSEN1 and PSEN2 genes that 

affect Aβ production. APP encodes the amyloid precursor protein, located on 

chromosome 21; presenilin-1 and 2 (PSEN1, PSEN2), encode subunits of the γ- 

secretase proteolytic enzyme that cleaves APP into amyloid-β and other fragments 

https://www.sciencedirect.com/topics/neuroscience/glial-cells
https://www.sciencedirect.com/topics/neuroscience/neurofilament
https://www.sciencedirect.com/topics/neuroscience/fatty-acids
https://www.sciencedirect.com/topics/medicine-and-dentistry/binding-protein
https://www.sciencedirect.com/topics/medicine-and-dentistry/heart-type-fatty-acid-binding-protein
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(Tanzi, 2012). Since APP gene is located on chromosome 21, individuals affected by 

Down syndrome have an extra copy of the gene and a greater risk of developing 

the pathology at early age (Quintanilla et al., 2012). Genetic evidences suggested 

that APP has a central role as an early event that precedes cognitive decline in AD 

(Rovelet-Lecrux et al., 2006). APP mutations, which involve the amino acids located 

in the cleavage site of the APP, as well as the PSEN1-2 mutations, lead to an 

overproduction and secretion of the most pathological form of Aβ, Aβ42 (Hardy and 

Selkoe, 2002). So far, 178 mutations in PSEN1 and 14 mutations in PSEN2 have been 

identified, all in the catalytic site of the enzyme, causing an increment in the ratio 

between Aβ42 and Aβ40 (Galimberti and Scarpini, 2010). Most of these mutations 

result in a single amino acid substitutions, but the most severe one is the splice 

mutation that causes a two amino acid substitution and an in-frame deletion of 

exon 9 (PS1ΔE9). Identifying new genetic variations to optimize an early diagnosis 

of the common sporadic form of AD is essential to determine which variant 

increases the susceptibility of the disease.  

The major risk gene associated with the sporadic form is the apolipoprotein E 

(APOE) (Spinney, 2014). APOE is a regulator of lipoprotein metabolism and plays an 

important role in cholesterol transport and inflammation. APOE binds Aβ peptides 

influencing its clearance or accumulation (Martins, 2006). The gene is located on 

chromosome 19 and has three different alleles named APOε2, APOε3 and APOε4. 

Mutation on the ε4 allele of APOE (APOE4) is the major risk factor associated with 

the late-onset of the disease, reported for the first time in 1993 (Saunders et al., 

1993), and more recently confirmed by several longitudinal studies where APOε4 

carriers presented two-fold increase in developing AD (Gatz et al., 2006). In 

particular, two APOε4 alleles was correlated to higher risk of developing AD than 
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the one APOEε4 allele (Karch and Goate, 2015). Until recently, possession of an 

APOE 4 allele was the only reliably reproducible genetic risk factor for SAD.  

With the beginning of the GWAS studies, more gene variations have been linked to 

the risk of developing AD (Ertekin-Taner, 2010), contributing to further understand 

the underlying etiology of the disease. Newly identified genes point at pathways 

implicated in Aβ accumulation. A study conducted principally by Lambert et al. and 

Harold et al. selected three other genetic variations implicated in late-onset AD 

susceptibility: CLU (clusterin), PICALM (phosphatidylinositol binding clathrin 

assembly protein), CR1 (complement receptor 1). CLU is an apolipoprotein present 

in amyloid plaques that are involved in the aggregation of Aβ in insoluble plaques 

(Harold et al., 2009). PICALM mediates endocytosis of proteins, lipids, growth 

factors and neurotransmitters important in the intracellular trafficking (Harold et 

al., 2009). CR1 is a component receptor 1 and is correlated with the disease 

prevalence only in Harold’s research (Lambert et al., 2009). Additionally, Bridging 

integrator 1 (BIN1), was also identified as a genetic variation correlated to the risk 

to develop AD. BIN1 is a widely expressed adaptor protein and mediates 

endocytosis, actin dynamics and membrane trafficking (Chapuis et al., 2013).  A 

table that summarize the main genes, which variants have been associated to the 

risk of developing AD, influencing also the innate immune system, can be seen in 

Table 1. The discovery that the innate immunity genes as risk factors for AD further 

strengthens the link between immune activation and AD pathogenesis. 

  



 
 

10 
 

Table 1. Genes associated with risk of developing AD. Adapted from (Zuroff et al., 
2017). 

Gene 
AD 

form 
Variant Risk 

Effects on 
Aβ 

Effect on 
Neuroinflammation References 

APP FAD 
Mutations 
Trisomy 21 

High 
↑ Aβ production 
 
↑ Aβ42/40 ratio 

_ 
(McNaughton 
et al., 2012) 

PSEN1 FAD Mutations High 
↑ Aβ production 
 
↑ Aβ42/40 ratio 

_ 
(Guerreiro et 
al., 2012) 

PSEN2 FAD Mutations High 
↑ Aβ production 
 
↑ Aβ42/40 ratio 

_ 
(Guerreiro et 
al., 2012) 

APOE4  LOAD 
Q170H 
R181G 

Moderate-
High 

↓ Aβ clearance 
 
↑Aβ aggregation 

↑ Inflammation (Verghese et 
al., 2013) 
(Martins, 
2006) 
(Finneran et 
al., 2019) 

BIN1 LOAD 
ε4 Allele 
rs6733839 

Low-
moderate 

↑ Aβ production 
 
↓ Aβ clearance 

_ (Miyagawa et 
al., 2016) 
(Chapuis et 
al., 2013) 
(Lambert et 
al., 2013) 

CD33 LOAD 
rs744373,  
rs7561528  
rs3865444 

Low-
moderate 

↓ Aβ clearance 

↓ Anti-fiammatory, 
and anti-phagocitic 
function 

(Bradshaw et 
al., 2013) 

CLU LOAD 
rs3865444g, 
rs3826656 

Low-
moderate 

↓ Aβ clearance 

↓ Immune 
response 

(Lambert et 
al., 2013) 
(Lambert et 
al., 2009) 

CR1 LOAD 
rs9331896 
rs6656401 

Low-
moderate 

↓ Aβ clearance 

↓ Immune 
response (Lambert et 

al., 2009) 

PICALM LOAD 
rs3818361 
rs6701713 
rs6656401 

Low-
moderate 

↑ Aβ production 
 
↓ Aβ clearance 
by decreasing 
trafficking of Aβ 
across the BBB 

_ 

(Harold et al., 
2009, Zhao et 
al., 2015) 

TREM2 LOAD 
rs3851179g, 
rs541458g 
rs9381040 

Moderate 

↓ Aβ clearance 
by decreasing 
phagocytosis 
 

↓ Anti-fiammatory, 
and pro-phagocitic 
function – Microglia 
distophy 

(Jonsson et 
al., 2013) 
(Lambert et 
al., 2013) 

HLA-
cluster 

 
rs2516049 
rs9271192 

Moderate ↓ Aβ clearance 

↑Immune 
activation 

(Yokoyama 

et al., 2016) 
(Verheijen et 
al., 2018) 

 

https://scholar.google.com/citations?user=Jfgkg8AAAAAJ&hl=en&oi=sra
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1.1.4 Inflammatory role in AD 

The pathogenic mechanisms that lead to the development of AD, particularly the 

sporadic form of AD, are not fully understood. Compelling evidence indicates that 

the immune system is intrinsically involved in the progression of AD. 

Autoantibodies, produced in order to recognize esogenoous antigents, have been 

detected against a variety of molecules in patients with AD. Autoantibodies, 

produced under physiological or pathophysiological conditions,  identify self-

antigens to facilitate the recognition and clearance of dead and dying cells, 

inhibiting the inflammatory pathways (Wu and Li., 2016). Autoantibodies can also 

affect the central nervous system (CNS) to react with neurons in neurological 

diseases, including AD. However, the roles of these autoantibodies in AD are not 

clear: some may contribute to the pathogenesis of AD, and others may play a 

protective role (D’Andrea, 2005). Gaskin et al. observed in 1993 the presence of 

secreted Aβ-specific antibodies in B cells derived from a patient with AD (Gaskin et 

al., 1993). This discovery raised the the interest in searching for autoantibodies 

against Aβ in the circulation with the hope of using these autoantibodies as a 

potential biomarker for AD. The presence of immunoglobulins (Ig), high affinity 

autoantibodies that are promoted by inflammations and infections, have been 

detected in serum and CSF of AD patients, with higher levels of Aβ-IgG in AD 

patients compared to control subjects (Maftei et al., 2013). In particular, presence 

of Ig has been detected in neurons that showed degenerative, apoptotic features, 

expressing activated caspase-3, contained these vascular-derived antibodies 

(D’Andrea, 2003; Wu and Li., 2016). 

Subsequent studies detected the presence of complement components in the Ig-

positive neurons: C1q and C5b-9, part of the classical complement pathway 
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(D’Andrea, 2005). Thus, it is possible that the presence of anti-neuronal 

autoantibodies in the serum, may be without pathological consequence until there 

is a BBB dysfunction to allow the deleterious effects of these autoantibodies access 

on their targets. Hence, these observations suggest autoimmunity-induced cell 

death in AD (D’Andrea, 2005). 

1.1.5 Gender differences in AD 

Brain structure, function and neurochemistry differs between men and women 

(Cosgrove et al., 2007). These gender differences in the brain are initiated through 

sex-determining genes and hormonal levels (Mazure and Swendsen, 2016b). Few 

studies have examined the biological relationships between gender and AD 

prevalence (Mielke et al., 2014a, Mazure and Swendsen, 2016a). A recent cross-

cohort study with clinically normal male and female individuals, showed that the 

cognitive decline was greater in females with Aβ levels comparables to males, 

suggesting a modulating role of sex in AD-related cognitive impairment (Buckley et 

al., 2018). In terms of brain structure, women with AD showed a faster progression 

of hippocampal atrophy than men (Ardekani et al., 2016). A clinical study on both 

genders diagnosed with MCI, reported that cerebrovascular diseases represent a 

higher risk factor for AD in men, while women showed higher incidence of 

depressive symptoms before AD (Kim et al., 2015). Difference in clinical 

presentations was also reported from this study: men develop a more aggressive 

behaviour, more comorbidities and higher mortality than women that develop 

disabilities but live longer (Kim et al., 2015).  

Genetic studies also reported that women who carry the ε4 allele of APOE4 have 

greater risk of developing AD than are men with this allele (Ungar et al., 2014). 
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Elevated levels of APOE are correlated to impaired hippocampal function and 

memory performance that are worse in women than in men (Fleisher et al. 2005). 

A polymorphism associated with an increased risk factor for AD has been reported 

on one allele of the brain derived neurotrophic factor (BDNF) gene (Fukumoto et 

al. 2010). A mutation in this allele reduces the transport of BDNF in the brain, 

compromising neuronal functions (Fukumoto et al. 2010). Lower levels of BDNF in 

the blood stream or cerebral fluid have been correlated with the prognosis of AD 

(Chan and Ye, 2017) and higher susceptibility of this mutation was reported in 

women (Fukumoto et al. 2010).  Low levels of estrogens, the female hormone, has 

been considered a risk factor for AD (Pike, 2017). Estrogens are important in the 

maintenance of normal brain function, influencing gene expression and protein 

function. Indeed, women are much more likely to develop AD after the menopause, 

when the levels of estrogen decreases (Tang et al. 1996). In a recent clinical 

observation it was revealed that subjects that underwent surgical menopause by 

oophorectomy or hysterectomy, showed an increase in developing AD (Pike, 2017). 

Moreover, it was found that women who took estrogens during the menopause 

had lower rates of AD, or developed AD later in life (Jamshed et al. 2014). Therefore, 

estrogen-replacing therapy (ERT) is supported as a potential treatment for AD. 

From epidemiological studies it was observed that ERT in women with AD enhanced 

cognitive functions, while ERT in healthy women has the potentiality to reduce the 

risk to develop AD (Zec & Trivedi 2002).  Thus, all these evidences suggest that 

differences in neuropathologies between men and women might and certainly 

necessitate different management strategies to serve men and women with 

dementia. 
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1.1.6 Overview of the current treatments for AD 

Current treatments available for AD patients include acetylcholinesterase (AchE) 

inhibitors: donepezil, rivastigmine, and galantamine, for patients with any stage of 

dementia (Weller and Budson, 2018). Indeed, cholinesterase inhibitors aim to block 

the enzyme responsible for metabolizing acetylcholine (ACh), one of the excitatory 

neurotransmitters in the brain, increasing the availability of ACh in the synaptic 

cleft. Indeed, cholinergic dysfunction has been associated with cognitive decline in 

AD (Parsons et al., 2013).  These compounds prevent the loss of cholinergic neurons 

that are responsible for the decline of cognitive functions. In addition, another 

licenced treatment is memantine, a N-methyl-D-aspartate (NMDA) receptor 

antagonist that prevents the effects mediated by glutamate excessive transmission, 

seen in AD (Weller and Budson, 2018).  

However, these drugs available on the market are only treating the symptoms of 

the disease, improving the quality of life, but do not stop the progress of the 

disease. Recently, two humanized monoclonal antibodies that target Aβ have been 

developed aiming to promote Aβ removal from the brain: solanezumab (Doody et 

al., 2014) and bapineuzumab (Salloway et al., 2014). Both these drugs, employing 

passive Aβ immunotherapy, are in phase III of clinical trials for the treatment of 

mild-to-moderate AD but failed to show any cognitive benefits so far in AD patients. 

Solanezumab was promising in preclinical trial showing Aβ clearance from the brain 

in a dose-dependent manner, and increased levels of Aβ in plasma and CSF (Doody 

et al., 2014). Also preclinical studies on bapineuzumab showed an effective removal 

of Aβ in the brain, associated with memory improvement in transgenic mice 

overproducing Aβ (Salloway et al., 2014). These results were not replicated in 
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clinical trials. It has been suggested that therapies targeting Aβ could be effective 

at early stage of the disease, before the clinical symptoms appear. 

Recently, Aducanumab, a human antibody that selectively targets aggregated 

forms of Aβ, soluble and insolubles, showed to reduce Aβ plaques load and the 

clinical decline in patients with mild AD,  (Budd et al., 2017). However, the 

development of the drug has been discontinued in phase III of the clinical trial as it 

failed to meet show effective results in slowing down the disease progression (Cline 

et al., 2018). 

Moreover also crenezumab (Cummings et al., 2018), a monoclonal IgG Aβ antibody 

able to bind different forms of Aβ, inhibiting its aggregation, and gantenerumab 

(Ostrowitzki et al., 2017), a human IgG Aβ antibody that strongly binds to the 

aggregated Aβ, promoting Aβ clearance from the brain, showed promising results 

in the initial phases of clinical trials but failed to significantly improve symptoms in 

mild or moderate AD patients.  

Multiple clinical trials are ongoing to test higher doses of these drugs and their 

potential treatment benefits in reducing the cerebral Aβ in mild AD patients (Dong 

et al., 2019). 

 

 

1.2  Amyloid plaques  

Amyloid plaques, are aggregates of Aβ peptides and represent one of the hallmarks 

of AD as discussed above. Aβ is derived by the sequential cleavage of the 

transmembrane protein APP (see Figure 3 for the schematic processing of APP). 

APP can be processed by two different pathways: the non-amyloidogenic pathways 
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and the amyloidogenic pathways. In the non-amyloidogenic pathway APP is cleaved 

by α-secretase, that yields the release of the extracellular αAPP and the membrane-

bound C83 fragment, which is further processed by γ-secretase to produce p3 

peptides. Alternatively, in the amyloidogenic pathway APP is cleaved by β-secretase 

that yield to the generation of the extracellular βAPP and the membrane-bound 

fragment C99, which is cleaved by γ-secretase to form Aβ (Figure 3).  

 

 

 

Figure 3. Schematic processing of APP and generation of Aβ peptide. Figure drawn 
by the author. 
 

Aβ can vary in length: the 40-amino acid form of Aβ (Aβ40) accounts for 90% of all 

Aβ normally released from cells, while the 42-amino acid form of Aβ (Aβ42) makes 

up only 10% of the total Aβ (Gu and Guo, 2013, Citron et al., 1996). Aβ42 is the most 

predominant isoform found in amyloid plaques of the brain parenchyma, as, due to 

is enhanced hydrophobicity, tends to spontaneously aggregate in oligomers, fibrils 

and insoluble plaques (Nyarko et al., 2018). Aβ40 is less toxic and it is the prevalent 
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isoform found in the brain vessels as cerebral amyloid angiopathy (CAA) (Rovelet-

Lecrux et al., 2006). 

Amyloid plaques are formed in multiple stages: from the generation of the peptide 

to formation of beta-sheet monomers, oligomers, and ultimately in larger 

protofibrils, fibrils and amyloid plaques (Drolle et al., 2014). Based on their 

morphology, amyloid plaques can be classified as dense-cored, or diffuse plaques 

(see Figure 4). Dense-core plaques contain Aβ fibrils arranged radially into a central 

core and are typically surrounded  by reactive astrocytes and activated microglial 

cells (Hohsfield and Humpel, 2015). Diffuse plaques are 

amorphous amyloid deposits that lack β‐sheet structure (Rak et al., 2007).  

 

 

Figure 4.Illustration of the different plaque morphology. Images taken from the 
author from the cortexof APPswe/PS1 immunostained brain slices used in this 
study. Scale bar 50µm. 
 

1.2.1 Amyloid cascade hypothesis 

The Aβ cascade hypothesis is considered the dominant hypothesis for the cause of 

AD originally proposed by Selko in 1991. This hypothesis considers Aβ 

overproduction or failure in Aβ clearance the initial trigger for AD 



 
 

18 
 

neurodegeneration (Selkoe, 1991, Hardy and Selkoe, 2002). Indeed, accumulation 

of Aβ has been proposed to initiate a cascade of events that influence the formation 

of NFTs, synapse loss, neuronal death and widespread neuroinflammation, 

ultimately leading to neurodegeneration (see Figure 5 for the schematic 

representation of the Aβ hypothesis) (Morris et al., 2014). 

The strongest data supporting this hypothesis come from genetic studies that have 

linked the familial form of AD to mutations in three genes, APP, PSEN1, and PSEN2, 

which are all integrally involved in Aβ production (Bettens et al., 2013). Moreover, 

patients with Down syndrome, who have three copies of the chromosome 21, 

where the APP locus is located, have high risk to develop AD, due to increase 

production of Aβ (Lott and Head, 2001). The hypothesis is also supported by APP 

variants that were seen associated to a decreased in Aβ production, protecting 

against AD pathogenesis and increasing longevity (Jonsson et al., 2012). 
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Figure 5. Amyloid cascade hypothesis. Excess accumulation of Aβ is the causative 
agent of the pathology that leads to extracellular accumulation of plaques, 
intracellular formation of NFTs, synaptic and neuronal loss and ultimately cognitive 
deficit and neurodegeneration. Figure drawn by the author. 
 

 
According to this hypothesis, Aβ plaque formation proceed NFTs. However, the 

pathways that underline the relationship between amyloid plaques and NFTs, in the 

development of the disease is still a matter of debate. There is evidence to support 

tau-dependent Aβ toxicity (Reitz et al., 2009, Bejanin et al., 2017), tau pathology 

occuring downstream of Aβ deposition (Bloom, 2014). An in-vivo study showed that 

injecting synthetic Aβ42 fibrils into brains of P301L tau transgenic mouse model, 

characterized by overexpression of human tau, increases the number of tangles 

near the site of injection (Gotz et al., 2001). Further evidence comes from another 
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in-vivo study that created a mouse model crossing JNPL3 transgenic mice, which 

develop tangles, with Tg2576 mice, characterized by overexpression of Aβ in the 

brain (Lewis et al., 2001). Accelerated tangle formation was observed in the hybrid 

mouse model compared to the parental JNPL3 strain but plaque formation was 

similar to the parental Tg2576 strain (Lewis et al., 2001). The same conclusion has 

been made from a more recent in-vivo experiments that revealed accelerated NFTs 

formation with the presence of Aβ, but not vice-versa, where the presence of NFTs 

did not accelerate formation of amyloid plaques (Hurtado et al., 2010).  

A possible influence of Aβ on activation of the tau kinases has been also observed. 

In particular, Aβ is thought to induce GSK3β activation, one of the tau kinases 

responsible for the phosphorylation of tau.  GSK3β have been seen activated at the 

early stage of the amyloid pathology resulting in an increased tyrosine 

phosphorylation of tau (Terwel et al., 2008). Indeed, tau hyperphosphorylation was 

attributed to the increased activity of kinases (Park and Ferreira, 2005). GSK3 

kinase, in particular, has been identified as the link in the signalling pathway for 

amyloid to tau pathology (Terwel et al., 2008, Muyllaert et al., 2006).  

Beside these supporting evidences, clinical trials have failed to find a cure based on 

this hypothesis: from Aβ42 immunotherapies (Bayer et al., 2005), to BACE (Panza 

et al., 2018) and  γ-secretase inhibitors (Doody et al., 2013) have raised doubts, 

dispate genetics, neuropathology, and clinical biomarker evidences (Tolar et al., 

2019). 

However, it has been observed that Aβ is produced normally by the 

intramembranous proteolysis of APP, protein found to circulate in extracellular 

fluids, CSF and plasma. This observation, lead to several evidences that linked the 

disease pathogenesis not to the plaques, but mainly to soluble Aβ oligomers (Gibbs 
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et al., 2019 and Cline et al., 2018), considered to be the drivers of 

neurodegeneration and pathological symptoms (Tolar et al., 2019, Cline et al., 2018, 

and Haass & Selkoe, 2007). Soluble Aβ can diffuse into sinaptic clefts more easily 

than plaques, exposing higher Aβ surface area to neuronal membranes leading to 

neuronal and synaptic dysfunction (Haass & Selkoe, 2007). 

1.2.2 Mechanism of Aβ clearance 

In FAD, amyloid plaque formation is associated with increased production of Aβ. In 

the sporadic form of AD, Aβ accumulates due to an imbalance between production 

and clearance (Mawuenyega et al., 2010, Selkoe and Hardy, 2016). Therapeutic 

strategies that have tried to inhibit Aβ synthesis, blocking the activity of the 

enzymes responsible for its generation, have failed so far (Folch et al., 2016). Thus, 

the attention has been drifted to manipulating the mechanism involved in Aβ 

clearance and degradation. There is increasing evidence that deficient clearance, 

rather than increased production of Aβ contributes to its accumulation in late-onset 

AD (Weller et al., 2000, Bateman et al., 2006). 

Clearance of Aβ from the brain is mediated by several non-enzymatic and enzymatic 

mechanisms (Figure 6). The non-enzymatic pathways include 1) transport across 

the BBB (Storck et al., 2016) 2) uptake by microglial or astrocytic phagocytosis  

(Mandrekar-Colucci and Landreth, 2010) and 3) bulk flow of the interstitial fluid 

(ISF) into the CSF (Weller et al., 2008). The enzymatic pathways mostly studied 

include insulin-degrading enzyme (IDE) (Qiu and Folstein, 2006) and neprilysin 

(NEP) (Iwata et al., 2001). 
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Figure 6. Mechanism of Aβ clearance. Figure drawn by the author. 
 

 

1) Aβ peptides can be transported across the blood vessel walls into the 

circulation to be cleared from the brain. Low-density lipoprotein receptor–

related protein-1 (LRP1) is the main transporter for Aβ. LRP1 is a multifunctional 

scavenger receptor expressed in the brain capillary endothelium mediates the 

transport across the BBB from the brain to the periphery (Storck et al., 2016). 

LRP1 is also expressed on astrocytes and regulates brain Aβ levels through 

endocytic uptake of Aβ (Shibata et al., 2000). Aβ40 is cleared rapidly across the 

BBB via LRP1 while Aβ42 is removed across the BBB at a slower rate (~50%) than 

Aβ40 (Deane et al., 2009). 

2) Aβ can also be cleared by microglia phagocytosis. Microglia are the main 

immune cells of the CNS that can recognise Aβ as toxic peptides and mediate 

the clearance through phagocytosis (Mandrekar-Colucci and Landreth, 2010).  

Microglia express receptors that are able to identify and bind Aβ oligomers and 

fibrils, mediating the phagocytosis: the scavenger receptors SCARA1 and 

SCARA2, which have a high affinity for soluble and fibrillar Aβ (Frenkel et al., 
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2013), the  macrophage receptor with collagenous structure (MARCO) (Rogers 

et al., 2002), CD36, and RAGE (Jarosz-Griffiths et al., 2016). Binding to TLR4 and 

TREM2 expressed on microglia can also mediate phagocytosis (Hohsfield and 

Humpel, 2015). 

3) The ISF drainage pathway takes Aβ in the CSF, followed by drainage through 

perivascular basement membranes. Accumulation of Aβ on the wall of 

capillaries and arteries forms CAA deposits.  Several lines of evidence suggested 

that Aβ deposit in the wall reflects a failure of the elimination of Aβ along the 

perivascular ISF drainage pathways of the brain (Weller et al., 2000). As the wall 

of arteries become stiff with age, the drainage of Aβ is reduced and the 

accumulation of CAA is increased (Weller et al., 2008).  

4) IDE, a zinc-endopeptidase and NEP, a membrane-bound zinc endopeptidase, 

participate in Aβ catabolism. Reduction in NEP was seen in AD patients post-

mortem analysis (Wang et al., 2010). Reduction of the IDE mRNA and protein 

levels was also reported in the brain of AD patients, especially in the 

hippocampus  (Cook et al., 2003).  

 

 

1.3 Systemic infection as a risk factor in AD 

Despite many years of research and many clinical trials designed to understand the 

complex molecular mechanisms underlying AD etiopathology and progression, 

there is not an efficient treatment that has been found so far. The majority of the 

studies assume that the molecular mechanism that characterizes the familial form 
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of AD is similar also in the sporadic AD. The familiar form of AD is linked to the 

mutation of three genes involved in APP processing, as explained before. However 

risk factors for the sporadic form identified so far may vary: from genetic 

susceptibility to environmental factors or to pathogenic causes such as vascular 

disease, systemic atherosclerosis, high blood pressure, high cholesterol levels and 

head trauma (Wan et al., 2008). A central role for systemic inflammation as a risk 

factor of the disease has been claimed from different studies (Monastero et al., 

2014, Lim et al., 2015, Perry et al., 2007). These studies reported an increase in 

circulating inflammatory mediators associated with brain inflammation. Infective 

agents may prime and drive activation of microglia and may be responsible for the 

induction of brain inflammation and decline of cognitive performances 

(Cunningham et al., 2009), aspects that characterize AD. 

A more recent clinical study, that compared AD patients to healthy controls and 

examined the association between infectious burden and AD, provided evidence 

that cumulative infections, mediated by both viruses (HSV-1 and cytomegalovirus) 

and bacteria (Borrelia burgdorferi, Chlamydophila pneumoniae and Helicobacter 

pylori) are associated with AD (Bu et al., 2015). This study also reported a strong 

association between increasing infections and increase levels of serum Aβ and pro-

inflammatory cytokines (IFN-γ, TNF-α, IL-1β and IL-6). A case cohort study showed 

that plasma levels of inflammatory proteins, such as IL-6 and C-reactive protein 

(CRP) were elevated in AD patients, even before the clinical onset of dementia 

(Engelhart et al., 2004).  Markers for systemic inflammation, like pro-inflammatory 

cytokines and CRP, have also been associated with cognitive decline (Holmes et al., 

2009). Other evidence showed that peripheral inflammation is present at early 

stage of AD (Brosseron et al., 2014b), and long-time exposure to infectious agents 
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predispose to develop AD at a later age (Lim et al., 2015). Systemic inflammation 

and infections also caused alteration in inflammatory response seen in patients 

with MCI (Monastero et al., 2009) and are correlated with AD progression (Qian and 

Ge, 2018). A clinical study showed that delirium accelerated cognitive decline in AD 

patients (Fong et al., 2009). Delirium is often caused by infections that induce 

changes in cognition and attention. Delirium has been reported in up to 66%–89% 

of patients with AD during hospitalization (Fong et al., 2009) and has been 

associated with increased incidence of development of dementia in elderly patients 

(Rahkonen et al., 2000).  

An immune response to infections can trigger acute or chronic inflammation (Lucas 

et al., 2006). An acute infection mediates a transient response that stimulates the 

resolution of the infection and restores the homeostasis. A chronic infection is, 

instead, a prolonged stimulation of the immune system that results in an 

exaggerated pro-inflammatory response. Viruses, in particular, have the potential 

to remain latent in the body after a first infection and reactivate when the immune 

system is altered (Honjo et al., 2009).   

 

1.3.1 Bacterial and viral infections in AD 

Studies have shown that early-life or life-long systemic inflammation, whether it is 

acute or chronic, triggers long-lasting modulation of CNS immune responses leading 

to AD development later in life (Krstic and Knuesel, 2013, Licastro et al., 2014). 

Positive association between viral infection and AD has been firstly demonstrated 

decades ago when the presence of herpes simplex virus type 1 (HSV-1) was 

observed in the AD brain (Jamieson et al., 1992). The link between infectious agent 
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and AD was reported more recently with observations of Helicobacter pylori 

(Roubaud Baudron et al., 2016), C. pneumoniae (Gerard et al., 2006, Paradowski et 

al., 2007) , and Borrelia burgdorferi (Bu et al., 2015) as risk factors for 

neurodegeneration. 

HSV1 has been widely studied in correlation to AD since the first observation. 

Subsequent studies confirmed HSV1 to be a strong risk factor for AD, especially 

when its presence is detected in the brains of patients that carry the APOEε4 allele 

(Itzhaki, 2014).  Wozniak et al., suggested that HSV1 could induce an increase in Aβ 

production in the brain, showing a dramatic increase in the intracellular levels of 

Aβ40 and Aβ42 in a cultured neuronal and glial cells infected with HSV1 (Wozniak et 

al., 2007). Moreover, genes regulating the immune defense against herpes viruses 

have been associated with age-related cognitive deterioration and AD (Licastro et 

al., 2014, Porcellini et al., 2010). 

C. pneumoniae and spirochetes have also been detected in the brains of AD 

patients, often alongside amyloid plaques and NFTs (Honjo et al., 2009). C. 

pneumoniae, a gram-negative intracellular bacteria, usually cause respiratory 

infections. It has been associated with LOAD: post-mortem analyses of AD brain 

tissue showed that astrocytes, microglia, and neurons served as host cells for C. 

pneumoniae, that was found metabolically active and in close proximity to both 

amyloid plaques and NFTs (Gerard et al., 2006). A higher presence of C. 

pneumoniae was also observed in APOE ɛ4 carriers AD patients (Gerard et al., 

2005). These studies demonstrated further the influence that a systemic infection 

has on the brain and AD pathology. 
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1.4 Neuroinflammation 

Multiple risk factors play a critical pathogenic role in AD, such as aging, stress, 

environmental and life style factors (Hersi et al., 2017). However, mounting 

evidence continues to support the involvement of neuroinflammation in the 

development of AD (Akiyama et al., 2000, Heppner et al., 2015, Hong et al., 2018). 

Neuroinflammation is an inflammatory reaction that originated in the CNS, 

characterized by increased microglia and astrocyte activation, release of pro-

inflammatory mediators, BBB permeability, and leukocyte infiltration into the brain 

(Xanthos and Sandkühler 2014). The role of neuroinflammation in AD etiopathology 

and progression is still poorly understood, but it is generally considered that 

persistent stimuli that trigger neuroinflammation have detrimental effect on 

disease progression (Hong et al., 2018). Elevated levels of pro-inflammatory 

cytokines have been observed in the brain of human patients (Morimoto et al., 

2011) and animal models of AD (Patel et al., 2005), in association with the disease. 

Kristic and Knuesel used the term “inflammation hypothesis of AD” in their review 

that showed evidence correlating the inflammatory processes to AD onset and 

progression (Krstic and Knuesel, 2013). In particular they concluded that chronic 

inflammation may be the cause of impaired clearance of Aβ misfolded peptides in 

the aging brain (Krstic and Knuesel, 2013). 

 

1.4.1 Regulators of the neuroinflammatory response 

Microglia and astrocyte reactivity plays a central tole in regulating the immune 

response to inflammation and the levels of cytokines in the brain. Astrocytes 

maintain the structure and regulate the homeostasis of the brain, interacting with 
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neurons and other immune cells of the CNS, while microglia scan the environment 

to provide the first line of defence against injuries or infections. Astrocytes and 

microglia need to acquire a reactive phenotype in order to rapidly act in response 

of an insult. Such an activation is mainly protective, aiming to remove the traumatic 

or toxic stimuli. However, when the activation is uncontrolled and prolonged, such 

as under pathological conditions and neurodegeneration, the inflammatory 

response may cause detrimental effects, overriding the beneficial effects, with a 

consequence increased production of pro-inflammatory mediators (Zhang and 

Jiang, 2015). This altered activation is believed to drive chronic neuroinflammatory 

response in neurodegenerative diseases, including AD (Fakhoury, 2018). 

 

Astrocytes  

Astrocytes are the most abundant cells in the brain characterized by elaborate 

radial ramifications that give them a star shape. There are three types of astrocytes: 

fibrous (in the white matter), protoplasmic (located mainly in the grey matter) and 

radial (in the ventricles). Astrocytes are important for ensuring a normal neuronal 

activity by regulating synaptogenesis and synaptic transmission and by 

maintaining extracellular ion homeostasis as well as glutamate levels (Ben Haim and 

Rowitch, 2017). Astrocytes are essential for neuronal survival, growth and 

excitability and maintaining the brain homeostasis (Sofroniew & Vinters 2010). In 

addition, astrocytes end-feet are essential support for the BBB, controlling the flow 

of oxygen and nutrients through the BBB (Alvarez et al., 2013). These cells become 

reactive in response to signals released from injured neurons or cytokines released 

from activated microglia (Medeiros and LaFerla, 2013). During an infection or an 

injury, astrocytes proliferate and migrate over the site of injury, surrounding the 
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area (Liddelow and Barres, 2017). Activated astrocytes show morphological 

changes becoming hypertrophic, increasing cell body size with thicker and longer 

processes in order to create a wall around the area of infection (Chun and Lee, 

2018). Phenotypically, reactive astrocytes upregulate the expression of GFAP (glial 

fibrillary acidic protein), and intermediate filament proteins, like vimentin and 

nestin (Chun and Lee, 2018).Immunohistological analysis of AD brains patients 

showed upregulation of GFAP also around amyloid plaques (Kamphuis et al., 2014), 

but astrocytes proliferation has not been documented (Serrano-Pozo et al., 2013). 

Altered astrocyte function leads to chronic inflammation that affect the neuron-

glial crosstalk and BBB integrity by releasing pro-inflammatory cytokines, reactive 

oxygen species (ROS), nitric oxide (NO), proteolytic enzymes and complement 

factors (Liu et al., 2012). In vitro data suggest that astrocyte production of pro-

inflammatory cytokines, such as TNFα, play a key role in facilitating leukocyte 

extravasation from the bloodstream across the BBB into the CNS parenchyma and 

this may amplify the inflammatory response in chronic disease (Sofroniew and 

Vinters 2010). 

There are two two different types of reactive astrocytes, named A1 and A2 (Miller 

2018 and Liddelow et al., 2018): A1 astrocytes are neurotoxic and can exacerbate 

disease pathogenesis inducing the trascription of neuroinflammatory genes (e.g., 

complement cascade genes). In contrast, A2 astrocytes are neuroprotective, 

upregulating genes that promote neuronal survival (as S100 and Stat3). The 

activation of either A1 or A2 is triggered by the cross-talk with activated microglia 

(Miller 2018 and Liddelow et al., 2018). 
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Microglia  

In addition to astrocytes functions, microglia provide the initial response against 

injuries that occur within the brain. Microglia are the main resident immune cells 

of the CNS and represent 10-15% of the total glia cells (Meraz-Ríos et al. 2013). 

Microglia have important functions in both physiological and pathological 

conditions (Subramaniam and Federoff, 2017). The main role of microglia is to 

survey the environment through continuous remodelling of cellular processes and 

morphology, gaining different levels of activation. In normal conditions these cells 

are in an inactive or resting state, characterized by small cell body and thin, long, 

ramified and dynamic processes that constantly move, scanning the environment 

for damaged tissue or infections. Microglia functions are mediated by receptors-

ligand interaction with neurons (like CD200R, CX3CR1, TREM2) that inhibit the 

activation of these cells, keeping them in a resting state (Kierdorf and Prinz, 2013). 

However, when an insult is recognised, these cells go through morphological 

changes increasing the size of the cell body and retracting the ramifications. At this 

morphological state microglial proliferate and multiply around the site of insult 

adopting a primed activated state. This process, referred as “priming” (Perry and 

Holmes, 2014) render microglia more susceptible to inflammatory stimuli which 

can exaggerate the inflammatory response. Fully active microglia have bigger soma, 

amoeboid morphology and very short processes ready to phagocyte debris or 

damaged cells. Persistently active microglia lead to neurodegeneration (Li et al., 

2018). Figure 7 illustrates the morphological changes and related function of 

microglia.  
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Figure 7. Microglia morphological changes and related functions. Modified figure 
from (Karperien et al., 2013). 
 

Microglia phenotype changes 

The transition from resting to activated microglia lead to upregulation or 

downregulation of certain receptors that change the cell phenotype. Microglia, 

similar to macrophages, drive the immune response via the recognition of 

pathogen-associated molecular patterns (PAMPs) or damage-associated molecular 

patterns (DAMPs) that initiate the cellular defence mechanisms (Meraz-Ríos et al. 

2013). PAMPs are molecules such as bacterial endotoxin, lipoproteins, bacterial 

DNA or viral RNA, while DAMPs are endogenous molecules, such as misfolded or 

unfolded proteins (Hong et al., 2018). DAMPs are recognised by pattern recognition 

receptors (PRRs) such as TLRs, RAGE, scavenger receptors and chemokine receptors 

(Land, 2015). 

Activated microglia can acquire a pro-inflammatory phenotype (also called 

“classic”) or an anti-inflammatory phenotype (also called “alternative”) (Saijo and 

Glass, 2011) (Figure 8). Different cell phenotypes can be distinguished based on the 
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type of cytokine released and on the stimuli that activate microglia. Classical 

activation (M1) leads to cytotoxicity and tissue injury and can be activated via TLRs 

ligands such as lipopolysaccharide (LPS), IFN-γ or TNF-α, inducing expression of 

ROS, NO, and pro-inflammatory mediators (such as TNFα, IL-6, IFN-γ and IL-1β). The 

alternative activation (M2) can be activated by IL-4, IL-13, Il-10 or the anti-

inflammatory receptor TREM2, inducing expression of anti-inflammatory cytokines 

(such as TGFβ, IL-10), vascular endothelial growth factor (VEGF) and arginase-1 

(Arg-1), to help immune suppression and tissue repair (Ransohoff, 2016, Saijo and 

Glass, 2011). 

 

 

Figure 8. Illustration of the two immune phenotypes of microglia. 
 

http://it.wikipedia.org/wiki/Gamma_(lettera)
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In particular, the M2 phenotype can be further subdivided in M2a, M2b and M2c: 

M2a, promote tissue repair and regeneration, M2b, an immune-regulatory 

phenotype that promote phagocytosis and M2c which is an acquired-deactivating 

phenotype (Walker and Lue, 2015, Martinez and Gordon, 2014). During 

neurodegenerative diseases, where neuroinflammation is a prominent feature and 

potential contributor to disease, the M2 activated microglia would be beneficial in 

resolving pathology. Thus, the transition from the M1 to M2 phenotype restores 

the homeostasis promoting phagocytosis of debris, as well as tissue repair and 

angiogenesis (Varin and Gordon 2009). However, in pathological cases the pro-

inflammatory response persists, and the prolonged activation of M1 leads to 

neuronal cell death and further tissue damage (Cherry, Olschowka, and O’Banion 

2014). 

This simplistic distinction of microglia phenotypes in M1/M2 has been used to 

investigate the inflammatory profile of microglia in neurodegenerative diseases 

(Tang and Le, 2016), but this concept has been challenged by Ransohoff that 

suggested that microglia have mixed phenotype instead (Ransohoff, 2016). Both 

pro-and anti-inflammatory stimuli play a role in the inflammatory response, leading 

to a beneficial or detrimental activation of the cells (Boissonneault et al. 2009). 

Because of this dual nature, the role played by microglia in regulating the 

homeostasis of the brain is still controversial. 

 

Cytokines  

Cytokines are molecules that modulated the immune system and are secreted by 

peripheral immune cells, microglia and  astrocytes in the CNS (Galic et al., 2012). 

Cytokines are released in response to infections or other cytokines signalling 
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pathways and exert their function both peripherally and centrally. They regulate 

the intensity and duration of the immune response (Kronfol and Remick, 2000). 

There are many classes of cytokines including numerous interleukins (IL), 

chemokines, hematopoietins, interferons (IFN), transforming growth factor (TGF) 

and tumor necrosis factor (TNF) families (Galic et al., 2012). Cytokines are classified 

also as pro-inflammatory and anti-inflammatory based on the response mediated 

to inflammation. The anti-inflammatory cytokines (such as IL-10, IL-4) function as 

immunoregulators to control the potentially detrimental pro-inflammatory 

response (Opal and DePalo, 2000).  Pro-inflammatory cytokines (such as IL-1, 

TNF) promote and enhance the inflammation (Dinarello, 2000). IFN-γ is also 

considered a pro-inflammatory cytokine enhancing TNF-mediated effects and 

inducing expression of NO (Dinarello, 2000). 

 

Cytokines signalling from the periphery to the CNS 

Peripheral or central inflammation induces upregulation of cytokines and their 

receptors in the brain. Peripheral cytokines transduce the systemic inflammation 

into the brain via neural and humoral routes (illustrated in Figure 9): 1) through 

afferent vagal and trigeminal nerves (Skelly et al., 2013) 2) through the active 

transport by soluble receptor on the endothelial cells of the BBB or by direct 

diffusion across the BBB (Skelly et al., 2013) 3) through leakage of the BBB in the 

circumventricular organs (small areas of the brain where the BBB is absent or not 

intact) (Eskandari et al., 2003). In neurodegenerative disease, like AD, the BBB could 

be altered facilitating cytokine signalling between the periphery and the brain 

(Eskandari et al., 2003). Indeed, a clinical study in early AD patients showed 
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increased BBB leakage that was associated to increased cognitive decline (van de 

Haar et al., 2016). 

 

 

 

Figure 9. Illustration of the peripheral cytokines transduce signalling to the brain. 
Figure drawn by the author. 
 

The pro-inflammatory cytokines TNFα, IL-1β, and IL-6 have been implicated in 

mediating signaling through direct diffusion or active transport across the BBB, 

contrary to IL-10 that does not cross the BBB (Kastin et al., 2003).  

 

Chemokines 

Chemokines are important mediators during homeostasis, controlling the 

migration of cells in normal processes involved in tissue maintenance. During a pro-

inflammatory response, chemokines as release from immune cells to regulate 

migration of cells towards the site of infection or injury that triggered the 

inflammatory response (Liu et al., 2014). Chemokines are subdivided into 3 main 
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groups according to highly conserved cysteine residues: CXC, CC, and CX3C (Miller 

and Mayo, 2017). Chemokine receptors are expressed on neurons (CXCR2, CXCR3 

and CXCR4), microglia (CCR2, CCR5 and CX3CR1), and astrocytes (CXCR2, CXCR4, 

CCR1, CCR2, CCR3, CCR5, CCR10, CCR11 and CX3CR1) (Liu et al., 2014). Particular 

attention has been given to study the CCR2 and CCL2 role in mediating infiltration 

of peripheral monocytes in the brain in response to damaged brain areas or 

presence of toxic amyloid deposit (Simard and Rivest, 2004, Simard et al., 2006b, 

Dzenko et al., 2001, Hohsfield and Humpel, 2015).  In translational research CCR2 

and CCL2 have been considered as a candidate biomarker to monitor the 

progression of AD (Olsson et al., 2016). More recently plasma CCL2 have been 

reported in correlation with cognitive deficit in AD patients as patients with greater 

severity of the disease with faster cognitive decline showed higher plasma level of 

this chemokine (Lee et al., 2018). 
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1.5 Neuroinflammation in AD 

Neuroinflammation in AD is often viewed as a double-edged sword where immune 

cells both have beneficial effects, by promoting Aβ phagocytosis, and adverse 

effects, by producing cytotoxic molecules that contribute to disease progression 

(Bronzuoli et al., 2016b). The implication of a mechanistic role of 

neuroinflammation in AD was firstly suggested when activated immune cells and 

inflammatory proteins were found surrounding the amyloid plaques (Mcgeer & 

Mcgeer 1999). Subsequent in vivo studies have correlated the expression of pro-

inflammatory cytokines to increase neuronal loss (Cunningham et al. 2005), 

synaptic loss (Rao et al., 2012), increased amyloid plaques (Wu et al., 2015, Patel et 

al., 2005) and increased tau-phosphorylation in AD (Liu et al., 2016). Secretion of 

pro-inflammatory cytokines can be toxic to neurons and potentially promote 

further Aβ formation and plaque accumulation, leading to neurodegeneration 

(Akiyama 2000). 

Post-mortem analysis of AD brains have reported the presence of pro- and anti-

inflammatory cytokines around the amyloid plaques in the brain of AD patients 

(Zheng et al., 2016). Changes in the levels of cytokines in the brain have also been 

correlated with amyloid burden (Zheng et al., 2016).  Studies that have aimed to 

assess levels of cytokines in the CSF or serum of patients with MCI and AD have 

reported contradictory or inconclusive results (Zheng et al., 2016, Wang et al., 

2015). A detailed review from Brosseron et al., on cytokine levels in the CSF and 

plasma of AD patients revealed higher upregulation of these mediators in MCI 

cases, while lower upregulations in advanced AD case (Brosseron et al., 2014a). 
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However, most studies agreed on the importance of cytokines to drive disease 

progression.  

The involvement of microglia and astrocytes in the onset of the disease, as well as 

their association with the disease hallmarks, has also been increasingly recognized 

in driving disease progression (Mrak, 2009, Agostinho et al., 2010). However, 

evidence also suggests that activation of the innate immune response could be 

neuroprotective, leading to Aβ clearance (Farfara et al., 2008). To date, the timing 

and role of neuroinflammation in AD, whether neuroinflammation is an underlying 

cause or a consequence of the disease, is still a matter of debated (Heppner et al., 

2015).   

1.5.1 Inflammatory genes related to AD  

More convincing evidence for the role of neuroinflammation in AD pathophysiology 

has been recently brought by genome-wide association studies (GWAS). The GWAS 

studies identified a number of risk variants implicated in inflammatory response 

linked to LOAD. In particular variant of the CRP, CD33, TREM2 have been associated 

with increase risk of developing AD. 

Yasojima et al. showed the importance of CRP, as an acute phase inflammatory 

molecules, in association with amyloid plaques reporting CRP upregulation in 

amyloid affected areas of AD brains (Yasojima et al., 2000). CRP gene polymorphism 

is associated with high levels of this mediator (Kok et al., 2011). Griciuc et al. 

showed that variant of the CD33, a transmembrane protein, are associated with 

increased Aβ accumulation (Griciuc et al., 2013). CD33 has also been shown to 

inhibit microglial uptake of Aβ42 peptides (Malik et al. 2013).  
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TREM2, a membrane receptor expressed mainly on microglia, is important for the 

recognition of amyloid fibrils.  A TREM2 variant has been linked to 3-fold increase 

in the risk of developing AD (Guerreiro and Hardy, 2013). Mutations in TREM2 genes 

have been linked to microglia dysfunction and increased risk for AD (Jonsson et al., 

2013). A mutation in TREM2 reduces phagocytosis of amyloid plaques (Lue et al. 

2014).  Genetic ablation of TREM2 gene resulted in less severe plaque pathology at 

early stages of plaque deposition but in more severe plaque pathology at later 

stages (Carmona et al., 2018). AD patients that carry a TREM2 genetic variants have 

showed a faster development of the disease, supporting the central role of TREM2 

in AD pathogenesis (Slattery et al., 2014).  

While none of these genes exerts as great a risk as possessing an APOE 4 allele, 

improved understanding of factors leading to the development of AD may provide 

insights into disease pathogenesis and allow for identification of novel therapeutic 

targets. 

 

1.5.2 Microglia in AD 

Microglia activation in AD can be beneficial, promoting Aβ clearance, or detrimental 

producing cytotoxic molecules that exacerbate the inflammatory response in the 

brain and contribute to disease progression (Prokop et al., 2013). Many of the 

cytokines and chemokines secreted by activated microglia (such as IL-1β, IL-6, TNF-

α, MCP-1) have been found to have altered expression in AD patients (Solito and 

Sastre, 2012). The extent of microglial activation is directly dependent on the 

amyloid load, as Aβ is known to activate microglia by inducing the activation of the 

NFκB-dependent pathway that mediate cytokine expression (Solito and Sastre, 

2012). 
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Microglia can mediate clearance of Aβ in early plaque development by phagocytosis 

and by producing the proteolytic enzymes (such as IDE) that degrade Aβ (Zhang and 

Jiang, 2015). A recent study pointed toward early inflammatory changes in 

microglial cells even before the accumulation of Aβ (Boza-Serrano et al., 2018). 

Indeed, activated microglia cells can be detected in MCI patients (Okello et al., 

2009), suggesting the important role of microglia response since the beginning of 

the pathology (Cagnin et al., 2001). However, in neurodegenerative diseases, such 

as AD, the immune response is uncontrolled leading to an increased release of pro-

inflammatory mediators and amplification of the inflammation (Hoeijmakers et al., 

2016). Consequences of exaggerated inflammatory responses by microglia include 

the development of cognitive deficits, impaired synaptic plasticity and accelerated 

neurodegeneration (Norden et al., 2015b). Microglial activation in vivo can be 

detected with positron emission tomography (PET) and could be predictive of the 

disease processes at an early stage (Zhang 2015).  Microglial activation has been 

first assessed in vivo using the 18-kDa translocator protein (TSPO) radioligands, a 

protein that is dramatically upregulated in AD conditions (Tronel et al., 2017).  

 

Microglia response to amyloid plaques 

It is well-documented that reactive microglia co-localize around Aβ plaques in both 

humans and animal models of AD (Zhao et al., 2017b) Miller, and Heppner 2013). 

In vivo observation showed ramification of microglia cells infiltrating the core of 

the amyloid plaque (Simard et al., 2006b). In vivo imaging studies have also shown 

that microglia surrounding plaques correlated with the decrease of plaque size, 

providing evidence of microglia uptake of Aβ (Bolmont et al., 2008). This study 

supports the important role of microglia to prevent plaque growth and mediate Aβ 
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clearance. On the other hand, another in vivo study reported that elimination of 

microglia, by inhibition of their colony-stimulating factor 1 receptor (CSF1R) in a 10-

month old mouse model of AD, did not alter amyloid plaque load (Spangenberg et 

al., 2016). These contradictory findings can indicate that, even if microglia can 

uptake Aβ, additional factors are necessary to modulate an effective phagocytic 

activity. Microglia surrounding plaques express activation markers such as MHC-II 

and promote the release of pro-inflammatory mediators such as TNF-α, IL-1β, and 

IL-6 and MCP-1, (Akiyama et al., 2000).  MHC-II receptor is increased specifically on 

microglia of aged brains (Henry et al., 2009). Indeed, the capacity of microglia to 

phagocytose Aβ efficiently is compromised in aging and AD (Floden and Combs, 

2011). 

Microglia can recognise amyloid plaques through their surface receptors. Microglia 

ability to phagocyte amyloid plaques had been linked to the activation of the 

surface receptor TREM2. TREM 2 mediates its role via its interaction with the 

activating adaptor protein DAP12 (Guerreiro and Hardy, 2013). Activation of TREM2 

promote microglial chemotaxis, phagocytosis, survival, and proliferation (Hansen 

et al., 2017). High expression of TREM2 have been observed in microglia 

surrounding amyloid plaques (Lue et al. 2014; Tahara et al. 2006). However, TREM2 

signaling pathway has been reported down-regulated with the progression of the 

disease (Melchior et al., 2010). Indeed, phagocytosis is reduced in AD, with a 

consequent decrease of amyloid beta clearance and increase plaques deposition 

(Takahashi et al., 2005). An in-vivo study showed that TREM2 deficiency prevents 

microglia clustering around Aβ plaques and induce neuronal loss (Wang et al., 

2016).  Also a recent in vivo study showed increase in the number of plaques and 

dystrophic neurites on TREM2-deficiency 5XFAD mice (Udeochu et al., 2018). 
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Udeochu et al., also reported that enhanced expression of TREM2 in these mice 

was sufficient to restore Aβ clearance and reduce the area of the plaque (Udeochu 

et al., 2018), suggesting that modulation of microglia function could be beneficial 

to reduce amyloid plaques. Indeed, TREM2 activation attenuates the expression of 

pro-inflammatory cytokines (Neumann and Takahashi, 2007) preventing the 

propagation of the inflammatory response. TREM2 was found highly regulated in 

unstimulated microglia while down-regulated after pro-inflammatory stimulus 

(Schmid et al. 2009). Down-regulation of TREM2, not only reduces clearance, but 

also enhances the inflammatory reaction. The receptor’s anti-inflammatory 

property was demonstrated also in TREM2 KO mice that showed impaired 

clearance of apoptotic neurons and increased gene transcription of TNF-α and NO 

synthase-2 (Takahashi et al., 2005).  

All the studies so far have tried to make progress in understanding the role of 

microglia in AD, but it is still debated whether Aβ accumulation proceed microglia 

activation or whether microglia dysregulation induces Aβ deposition (Rodriguez et 

al., 2010, Jung et al., 2015). Microglial accumulation appears to increase with the 

progression of the disease (Mott and Hulette, 2005), however, microglial 

phagocytic function may be compromised, with decreased ability to effectively 

phagocyte Aβ (Hohsfield and Humpel, 2015). The cause of this loss of activity is not 

well understood. Recent evidence has demonstrated that infiltrating blood/bone-

marrow macrophages have an important role in mediating phagocytosis of Aβ and 

preventing plaque accumulation (Hohsfield and Humpel, 2015, Hickman and El 

Khoury, 2010). 
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1.5.3 Peripheral macrophages infiltration in response to amyloid 
plaques 

In chronic conditions microglia lose their capacity to recognize and phagocytose Aβ 

(Simard et al., 2006b). It has been demonstrated that, the central immune response 

induces infiltration of peripheral monocytes in the brain (Eikelenboom et al., 2010) 

and that peripheral cells are attracted by damaged areas of the brain (Prinz and 

Priller, 2010). Recruited macrophages from the periphery have been reported 

having higher Aβ phagocytic activity than resident microglia (Simard et al., 2006b). 

Indeed, circulating monocytes that infiltrate the CNS are able to differentiate into 

parenchymal microglia and acquire the same functions (Simard and Rivest, 2004). 

Evidence came from an in vivo study that created chimeric mice by transplanting 

GFP-expressing bone-marrow cells into APPswe/PS1Δ9 mice, an animal model that 

overexpresses amyloid plaques (Simard et al., 2006b). This study showed that bone-

marrow cells, and not microglia, were surrounding the amyloid deposits, suggesting 

an effective response of the peripheral immune cells to the accumulation of the 

plaques. In particular, Simard et al showed that the most toxic form of Aβ has the 

ability to attract blood-derived cells into the brain (Simard et al., 2006a), suggesting 

a specific migration of these cells in response to Aβ42. This migration was associated 

to the expression of the chemokine MCP-1 (also names CCL2), induced by Aβ. 

 

A mechanism has been proposed by Hohsfield & Humpel for macrophage 

recruitment in the AD brain (illustration in Figure 10): the recruitment of monocytes 

into the brain is triggered by Aβ-induced activation of astrocytes, microglia and 

endothelial cells. Subsequently, activated astrocytes secrete the CCL2 which recruit 

CCR2+ immune effector cells from the blood (Hohsfield and Humpel, 2015).  El 
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Khoury et al, reported an impaired trafficking of peripheral macrophages and 

resident microglia to Aβ plaques in a CCR2 deficient mice crossed with AD mouse 

model (El Khoury et al., 2007a). CCR2 deficiency was also associated with higher Aβ 

levels in the brain, specifically around blood vessels (Hickman and El Khoury, 2010).  

 

Figure 10. Illustration of macrophages recruitment in response to plaque 
accumulation. Figure drawn by the author. 
 

 

These findings suggested that monocyte recruitment is dependent on CCR2/CCL2 

signaling and accumulation at sites of Aβ deposition with initial attempt to clear 

these deposits. In translational research CCR2 and its ligand CCL2 have been 

considered a potential biomarker used to monitor the progression of AD (Olsson et 

al., 2016). In particular a recent publication showed that plasma MCP-1 levels 

increase with the progression of the disease, reporting higher levels of this marker 

in moderate and severe AD patients compared with MCI patients and controls (Lee 
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et al., 2018). Changes in chemokines levels and in the levels of their receptors have 

been reported in serum, CSF and brain tissue in patients with AD (Olsson et al., 

2016). 

 

1.5.4 Anti-inflammatory treatment for AD 

Numerous therapeutic studies to prevent or stop AD have targeted Aβ with the aim 

to remove Aβ, inhibiting its generation or aggregation (Hellwig et al., 2015). 

However, these studies have failed at various phases of research. The mechanisms 

of Aβ plaque formation and maintenance is, indeed, still poorly understood. 

Accordingly to the database of clinical trials in 2018 there are 1979 studies around 

the world that are trying to find an efficient treatment to cure AD. Some have 

explored the possibility of using anti-inflammatory drugs (NSAIDs) to prevent AD. 

The best-characterized action of NSAIDs is the inhibition of cyclooxygenase (COX). 

COX enzymes mediate the synthesis of prostaglandins that can suppress synthesis 

of several cytokines involved in inflammatory processes and implicated in the 

pathogenesis of AD (Szekely et al. 2007). 

The neuroprotective effects of the NSAIDs was first hypothesise by McGreer Rogers 

et al who noticed that patients suffering from arthritis, and under NSAIDs for a 

chronic period, had a lower risk of developing AD compared to the rest of the 

patients (McGeer et al. 1990). Their later epidemiological study showed a reduction 

of the risk by 80% in cases where the use of anti-inflammatory drugs were 

protracted for at least 2 years (McGeer et al. 1996). Unfortunately recent clinical 

trials for ibuprofen didn’t show any effective benefits in preventing the 

development of AD and slowing cognitive decline (Pasqualetti et al. 2009). In 
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addition, other clinical studies evaluating the efficacy of naproxen and celecoxib for 

the primary prevention of AD in healthy  volunteers, 70-years-old in average, with 

family history of AD, showed no clear benefit of these drugs (Lichtenstein et al., 

2010). However, after 4 years of follow-up, naproxen showed a protection in 

patients that were taking the drug 4 years before the development of clinical signs  

(Lichtenstein et al., 2010), suggesting a role of NSAID effective only in preclinical 

stages. Indeed, data from a systematic review on nine clinical studies with adults 

aged more than 55 years, confirmed that the protective effects of NSAIDs were 

dependent on the duration of NSAIDs use: decreased risk on developing AD was 

reported in individuals that used the anti-inflammatory treatment for at least one 

year before any clinical symptoms (Etminan et al., 2003). Previous studies showed 

reduced risk of AD after NSAID treatment also in subject carrying the APOε4 allele 

(Szekely et al., 2008). 

Several mechanism of actions have been proposed for NSAIDs in AD pathology: 1) 

inhibition of COX-2-mediated prostaglandin E2 (PGE2) response suppressing 

synthesis of pro-inflammatory cytokines (Kotilinek et al., 2008), 2) inhibition of the 

activity of the nuclear factor-κB (NF-kB) involved in the expression of pro-

inflammatory genes (Sung et al., 2004), and 3) influencing APP processing, Aβ 

production and Aβ aggregation (Imbimbo et al., 2010).  Some NSAIDs, ibuprofen 

and indomethacin, were shown to alter the activity of γ-secretase in vitro, lowering 

levels of Aβ42. These effects were also reported in APP-transgenic mouse models of 

AD (Weggen et al., 2001). The inhibition of Aβ42 production was shwn to be 

independent from COX activity and with no significant benefit in clinical trials 

(Imbimbo et al., 2010).  
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Targeting the immune system has resulted in contradictory findings that might 

depend on the period of use and the initial time of use before the clinical symptoms 

of dementia appear.  
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1.6 Immune challenges targeting microglial receptors 

Numerous evidence demonstrated that peripheral inflammation influence the 

central immune response, activating the first line of defence, microglia (Perry et al., 

2010, Zhang and Jiang, 2015), which can induce neuroinflammation in chronic 

diseases (Li et al., 2018). The inflammatory response induced by a systemic immune 

challenge can elicit behavioural impairments and cognitive deficits altering the 

brain’s inflammatory status (Skelly et al., 2013). These changes could be 

exaggerated during ageing and under chronic conditions, such AD (Hoeijmakers et 

al., 2016). Indeed, systemic inflammation has emerged as an important factor for 

the occurrence or progression of neuroinflammation. Systemic infections can be 

mediated by endogenous or exogenous immune stimulators. As endogenous 

stimulators, pro-inflammatory cytokines IL-1 and TNFα have been used for their 

ability to cross the BBB and directly trigger inflammation both in the periphery and 

the CNS (Skelly et al., 2013, Hennessy et al., 2017). However, administration of one 

cytokine doesn’t mimic the vast inflammatory response in the brain triggered by a 

systemic infection. To direct targeting microglia receptors, exogenous stimulators 

have been used. Among these, systemic inflammation induced by TLRs ligand have 

been extensively studied: Polyinosinic:polycytidylic acid (polyI:C), a TLR3 ligand 

(Field et al. 2010) and lipopolysaccharide (LPS), a TLR4 agonist (Cunningham et al. 

2005). Both LPS and polyI:C induce a wider spectrum of behavioural changes than 

would any single cytokine (Skelly et al., 2013). PolyI:C is a synthetic double-stranded 

RNA, agonist of TLR3, expressed on microglia, that has been used to mimic the 

acute phase of a viral infection (De Miranda et al., 2010). Stimulation of TLR3 leads 

to a potent immune response characterized by the production of inflammatory 



 
 

49 
 

cytokines such as IL-1β, IL-6, TNFα as well as type I interferons (Matsumoto and 

Seya, 2008). Acute poly I:C induces  IFN-α and IFN-β that mediate a wide spectrum 

of behavioural changes, such a repression of locomotor activity and engagement in 

a species-typical behaviour, burrowing (Cunningham et al., 2007). PolyI:C has been 

mostly used as a prenatal immune challenge to investigate the role of inflammatory 

processes in brain development as well as the long-term effect on the development 

of AD (Krstic et al., 2012). Stimulation with high doses of poly I:C (3 mg/kg) has also 

been used as a model of chronic fatigue syndrome in vivo (Katafuchi et al., 2003). 

Although, poly I:C is a synthetic peptide and is not naturally found in the body. LPS, 

instead, is an endotoxin of endotoxin of the wall of gram-negative bacteria which 

may better mimic an infection. Systemic poly I:C  has been reported to disrupt the 

BBB (Field et al., 2010), while only minimal penetration of systemic LPS (0.025% of 

the dose injected) has been found to cross the BBB (Banks and Robinson, 2010)  

 

Systemic administered LPS is mainly used to mimic a systemic infection in both 

acute and chronic inflammatory conditions. Moreover, LPS modulates TLR4 

signaling pathway involved in AD pathogenesis (Go et al., 2016b) Indeed, an in-vivo 

study suggested that alterations in microglial TLR4 signaling pathway is mediated 

by chronic exposure of microglia to Aβ deposits, contributing to AD pathogenesis in 

APP/PS1 mice (Go et al., 2016b). Reduced microglial activation was reported in TLR4 

knockout mouse model of AD, together with an increased Aβ deposition, and 

reduced cognitive function (Song et al., 2011). Increased TLR4 expression have been 

revealed in brains of a mouse model of AD and brains of AD patients, in particular 

in microglia surrounding amyloid plaques (Walter et al., 2007). TLR4 activation can 

induce an inflammatory response activating two different signaling pathways: 
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MyD88-dependent pathway, which leads to the induction of pro-inflammatory 

cytokines and COX2 or MyD88-independent pathway that induce expression of 

interferon inducible genes (Fiebich et al., 2018, Glass et al., 2010). 

 

1.6.1 LPS-induced neuroinflammation 

LPS binds CD14 on microglia membranes and the complex LPS-CD14 binds TLR4 on 

peripheral macrophages and central microglia (Lehnardt et al., 2003). LPS activates 

these cells inducing signal transduction cascades leading to rapid transcription and 

release of pro-inflammatory cytokines (IL-1, IL-6, IL-12 and TNF-α), anti-

inflammatory cytokines like IL-10 and TGF-β, chemokines (CCL2, CCL5, and CXCL8) 

and the complement system proteins (Nazem et al., 2015, Lehnardt et al., 2003). 

Systemic injection of LPS can induce exaggerated inflammation and sickness 

behaviour response in chronic neurodegenerative disease, due to a pronounced 

pro-inflammatory cytokines production. Sickness syndrome mediated by LPS 

includes lethargy, decreased locomotor activity and appetite, anhedonia. LPS-

induced neuroinflammation was also reported in association with cognitive 

impairment related to spatial learning tasks (Nazem et al., 2015), and spatial 

working memory impairment (Zhu et al., 2014). LPS-induced acute response is a 

dose and time dependent mechanism. A sub-pyrogenic dose of LPS (1 μg/kg), is 

sufficient to induce a significant reduction in daily living activity even in a mild 

inflammation condition (Sparkman et al. 2006). Likewise, an injection of 0.06–0.2 

ng/kg leads to a marked increase of TNFα and IL-6 levels in serum that reaches a 

pick after 3h (Krabbe et al. 2005). On the other hand an injection of high dose of 

LPS (500 μg/kg) induces severe systemic inflammation and fever typical of a septic 
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shock that are not reflected in normal infection in humans and animals (Kondo et 

al. 2011).  

Few studies have used LPS to modulate the immune response in amyloid pathology 

to investigate the impact of systemic infection on the production of Aβ. However, 

contradictory results have been reported. In-vivo studies using APP mice models of 

AD showed that systemic LPS induced increase in Aβ production through enhanced 

β-secretase activity (Wu et al., 2015), or through down regulation of α-secretase 

activity  (Zhan et al., 2018). Another in-vivo study showed that peritoneal injection 

of LPS, given once a week for 12 weeks, showed increase in microglia activation and 

proliferation, enhancing brain levels of APP and Aβ40 and Aβ42 (Catorce and 

Gevorkian, 2016). However, DiCarlo et al., reported that intrahippocampal LPS 

administration induced reduction of Aβ plaques, stimulating Aβ clearance (DiCarlo 

et al., 2001). 

LPS also act on the BBB, impairing LRP1 activity and leading to a reduction in Aβ 

efflux from brain (Banks et al., 2015). Distribution of the BBB was also documented 

after systemic LPS (Varatharaj and Galea, 2017), suggesting the role of LPS in 

enhancing inflammation of the BBB and facilitating the cross talk between the 

periphery and the CNS. 

The immune response to LPS is also age-dependent. A previous in vivo study also 

correlated the impact of LPS infection with age, suggesting that age influences the 

response to infections (Bardou et al., 2014). This study administered LPS in the brain 

of rats of different ages (3, 9 and 23 months of age) for either 3 or 8 weeks, showing 

an increase in the expression and the protein levels of pro-inflammatory cytokines 

as well as microglia activation (Bardou et al., 2014). 
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1.6.2 LPS- tolerance 

Repeated exposure of LPS show reduced responses of macrophages or microglia to 

secondary stimuli with LPS. This response is known as LPS tolerance. LPS tolerance 

occurs through alteration of the intracellular signaling pathways mediated by LPS. 

LPS tolerance induces a transient period of hyporesponsiveness characterized by a 

reduced release and production of pro-inflammatory cytokines and increased 

production of anti-inflammatory mediators (Cavaillon et al., 2003).  

Evidences of tolerance were found in patients with gram-negative sepsis that did 

not develop endotoxin shock due to reduced response to subsequent infections 

(Medvedev et al., 2006). Furthermore, an in-vivo study provided evidence that 

endotoxin tolerance could also limit the effect of a lethal dose of infection in mice, 

suggesting a protective role of endotoxin tolerance against the excessive 

inflammatory response induced during an infection (Biswas and Lopez-Collazo, 

2009). LPS-tolerance was not associated with a decreased expression of CD14 

(Medvedev et al., 2000). However the TLR4-MyD88-dependent signaling cascade 

was reported to be compromised in LPS-tolerance (Nomura et al., 2000). 

 

1.6.3 Sex differences in immune response 

Numerous studies have reported sex differences in immune responsiveness 

(García-Gómez et al., 2013, Roved et al., 2017). Indeed, sex hormones can suppress 

or enhance the immune response.  

The neuromodulatory and neuroprotective effects of estrogens result in a 

suppression of inflammation. It mainly inhibits microglia activation and expression 

of pro-inflammatory cytokines (as IL1β and TNFα), while enhancing the expression 
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of anti-inflammatory cytokines (Cholerton et al. 2002). The estrogen anti-

inflammatory effects are mediated by two nuclear estrogen receptors ERα and ERβ 

that regulate immune cell function in the central nervous system. The two 

receptors are both expressed mainly in the brain. Estradiol (E2) is the main form of 

estrogen and plays an essential role in regulating gene expression of several genes 

(i.e. BDNF) in neurons, astrocytes, and microglia, which influence the homeostasis 

of the brain. Low level of estradiol induces a significant change in gene 

transcription, altering the innate immune response (Sárvári et al. 2011). E2 is able 

to modulate microglia activation induced by an immune challenge, inhibiting the 

release of pro-inflammatory cytokines in-vivo (Soucy et al. 2005). Its activity is 

mediated by ERα that is the main receptor that regulates the expression of 

inflammatory genes.  

Interestingly, a sex difference in response to LPS was reported, supporting the 

importance of estradiol in the inflammatory response. It was observed that 

estradiol was able to modulate the effects of LPS on microglia both in vitro and in 

vivo through ERα, inhibiting microglia activation as well as pro-inflammatory 

cytokines and NO expression (Wu et al., 2016, Soucy et al., 2005). Several studies 

revealed that a low levels of estrogens result in alterate innate immune response 

and enhance pro-inflammatory reactivity. These findings support the interest of the 

present study to look at sex difference in response to LPS. 
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1.7 AD preclinical animal models 

To date, a number of transgenic mouse models of AD have been generated. Mice 

knock-out, knock-in and transgenic for familial AD genes have been used to better 

understand the underlying mechanism of AD  (LaFerla and Green, 2012). Transgenic 

mice models with human APP and/or human tau transgene have been created to 

investigate in detail the correlation between the major neuropathlogical hallmarks 

of the disease and their impact on disease progression, memory and cognitive 

impairment. These animal models have been used to evaluate the potential of 

therapeutic compounds for AD. However, AD is not only characterized by 

accumulation of amyloid plaques and neurofibrillary tangles, but also by a 

widespread of synaptic loss, inflammation, oxidative damage and neuronal loss. 

None of the animal models developed so far exhibit the full neuropathological 

features of clinical AD.  

 

Based on the amyloid cascade hypothesis Aβ accumulation occurs upstream tau 

pathology (Selkoe and Hardy, 2016). Thus, to study early stages of the disease, mice 

model with APP transgene have been widely used. The murine mice that 

overexpress mutant APP develop amyloid pathology similar to that found in the 

human brain, with an age related increase (LaFerla and Green, 2012). AD transgenic 

models have been used also to evaluate the inflammatory response and to 

investigate the inflammatory mediators upregulated by Aβ (Ruan et al., 2009). 

Thus, amyloid models, are widely used to understand the correlation between 

amyloid plaque deposition, reactive inflammatory response and cognitive 

impairment (Garcia-Alloza et al. 2006). However, these models do not develop NFTs 
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or increase in tau hyperphosphorylation (Yan et al., 2009b). A triple transgenic 

animal model (3xTg-AD) was also created with APPswe, PS1M146V, and tauP301L 

mutations, mainly to examine the relationship between plaques and tangles (Oddo 

et al., 2003).  

These AD animal models have only been used to clarify pathological mechanisms 

related to gene mutations associated with the familial form of the disease, but it is 

unclear whether the same mechanisms occur in the sporadic form of AD. 

 

1.7.1 APPswe/PS1ΔE9 mouse model  

The mouse model used for this thesis is the APPswe/PS1ΔE9. This is a double 

transgenic mouse model that express both a human APP695 with a Swedish double 

mutation (K670N and M671L), and a mutation in PS1 with exon-9 deleted 

(Jankowsky et al. 2004). This mouse model shows plaque deposits from very early 

in age, compared to the other amyloid models (Garcia-Alloza et al., 2006; 

Jankowsky et al., 2004; Kamphuis et al., 2012; Ruan et al., 2009). Indeed, APP and 

PS1 mutations alter the processing of the APP protein by shifting the processing 

towards the amyloidogenic pathway leading to increase production of the highly 

toxic Aβ42 peptides (Crouch et al., 2008). The APPswe/PS1ΔE9 mouse model 

exhibits Aβ deposition and plaques formation from 4-6 month of age, with an 

accelerated pathology development (Ruan et al., 2009, Jankowsky et al., 2004). 

There are also murine models that have the single APP transgene with the Swedish 

mutation, such as APP23 and Tg2576 models. These single transgenic mice develop 

extensive β-amyloid pathology from 6 month of age, with visible amyloid plaques 

from 11 months (Carrera et al., 2013), with cognitive and memory impairment 

observed before plaque formation (Taglialatela et al., 2009). Other animal model 
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with a single PS1 mutation show very limited Aβ pathology and cognitive 

impairment (Garcia-Alloza et al. 2006).  

 

An in vivo study compared the plaque deposition and rate of plaque formation 

between the APP mice models (Tg2576, PDAPP, APP23, APPswe/PS1ΔE9, 3XTg-AD) 

(Lee and Han, 2013). This study reported that the APPswe/PS1ΔE9 model revealed 

a faster and more diffuse deposition of the plaques starting to appear in the 

hippocampus and cerebral cortex earlier than the other murine models (Lee and 

Han, 2013). German and Eisch also confirmed that the APPswe/PS1ΔE9 model 

showed an accelerated production of the amyloidogenic Aβ42 form compared to 

the other transgenic amyloid models (German & Eisch 2004). The APPswe/PS1ΔE9 

mouse model has the advantage to show inflammatory response, plaque 

deposition and cognitive impairment at early stage of life, compared to the other 

models (Ruan et al., 2009) and exhibit age-dependent amyloid deposition and 

appearance of dense-core plaques that characterize AD pathology (Elder et al., 

2010, Carrera et al., 2013). Studies that fully characterized this model showed that 

amyloid deposition were associated with microglia and astrocytes clusters in the 

hippocampus and cortex from 4-6 months. A gene study revealed that plaque 

formation and build-up in the frontal cortex of APPswe/PS1dE9 mice was 

associated with an increased expression of genes involved in an immune response 

and in glial activation (Wirz et al., 2013). No changes in the genes associated with 

memory, synaptic transmission and plasticity were reported (Wirz et al., 2013). 

Behavioural characterization of the model showed that mice manifest memory 

deficit as early as 2 months of age (Bonardi et al., 2011), as well as spatial learning 

deficits and reduced anxiety at 7 months of age (Reiserer et al., 2007). Other 
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characteristics of this model include impaired contextual memory early as 6 months 

of age (Kilgore et al., 2010), affected nest-building and burrowing as well as age-

dependent decline in cognitive behavior (Janus et al., 2015). 

 

1.7.2 Sex differences in the APPswe/PS1ΔE9 mouse model  

Sex specific differences have also been observed in the double transgenic animal 

model. A more severe Aβ pathology and higher levels of Aβ42 in the hippocampus, 

were revealed in female mice from 4 months with an age, compared to males 

(Wang et al., 2003a). It was also reported that female APPSwe/PS1ΔE9 mice 

develop cognitive impairment before male (Savonenko et al. 2005). These data, 

suggests sex differences in this model of amyloidosis that strongly support a gender 

effect on the pathogenesis progression of AD, as seen in epidemiological studies in 

AD patients (Mielke et al., 2014b). 

  

In conclusion APPswe/PS1ΔE9 animal model provide a useful tool to study the 

immune response and assess the impact of an immune challenge on amyloid plaque 

load, glial activation as well as behavioural changes. Indeed, the early formation of 

amyloid deposits in these mouse models separate AD pathology from ageing and 

allow to distinguish the effect of ageing and amyloid beta on microglia.  
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1.8 Hypothesis 

In this thesis, I hypothesised that systemic inflammation, induced by acute LPS 

administration, would exacerbate a pro-inflammatory glial response and that 

APPswe/PS1ΔE9 mice would show higher response to  the immune challenge than 

wild-type mice. Inflammation triggered by a systemic infection could influence 

amyloid pathology, thus I also hypothesised that systemic LPS would enhance 

amyloid plaque formation and growth. Finally, I hypothesised that LPS would affect 

the infiltration of peripheral macrophages into the brain in response to the 

increased amyloid plaque load. 

1.9 Aims and objectives 

The aim of the study was to investigate the impact of a systemic inflammation on 

hippocampal-dependent behaviour, central and peripheral immune response as 

well as amyloid plaque load, at an early stage of amyloid pathology, focusing on 

genotype and sex differences. 

To address this aim: 

- APPswe/PS1ΔE9 mouse model of AD was used to determine genotype 

susceptibility to a mild systemic infection of LPS (100µg/kg) and the 

immune response was compared to a wild-type mouse. Male and female 

mice were used to determine sex differences in the central and peripheral 

immune response to LPS 

- Glial acute response and plasma cytokine response to LPS were 

investigated to determine genotype and sex susceptibility. 
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- Amyloid plaque load and glial activation were quantified in the 

hippocampus and cortex of APPswe/PS1ΔE9 mice to determine whether 

LPS affects amyloid aggregation and inflammatory response 7 days after 

the systemic infection. 

- The presence of infiltrated macrophages into the hippocampus and cortex 

was established in response to the infection with a flow cytometry 

technique in order to distinguish these cells from resident microglia and 

determine whether single or multiple LPS challenges influence the 

transmigration. 

- Pro-inflammatory and anti-inflammatory phenotypes of microglia and 

macrophages were determined by flow cytometry technique evaluating 

the expression of the surface markers CD80 (M1-phenotype), CD206 (M2-

phenotype). Flow cytometry was also used to evaluate phagocytic activity 

of macrophages and resident microglia towards Aβ peptides and determine 

whether they express the receptor CCR2 in response to an increase amyloid 

beta production. 
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Methodology 

2.1 Animals 

4.5 month-old APPswe/PS1ΔE9 and wild-type littermates, with C57BL/6 

background, were used. Breeding stock was purchased from the Jackson laboratory 

(Sacramento, USA). The animals used in the studies were bred and maintained in 

the transgenic facility of the Bio Support Unit (BSU) at the University of Nottingham. 

Animals were group-housed by sex in individually ventilated cages (30 x 20 x 13cm) 

from weaning with unlimited access to food and water. Nesting material, a 

cardboard play tube and wooden sticks were provided in the cages. Mice were kept 

in a temperature-controlled room (21°C + 1°C) with a 12:12h light-dark cycle. All 

procedures involving animals were regulated by the animals (Scientific Procedures) 

act 1986 and conducted under project licence number 40/3601, holder: Marie-

Christine Pardon. The mice were euthanized at the indicated time points for tissue 

collection. 

The ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines were 

followed. Animals were randomizly assigned to tratment groups.  

2.2 Drug Administration 

Mice were injected intravenously (i.v.) in the lateral tail vein with 

lipopolysaccharide (LPS, Escherichia coli serotype, 0111:B4 lyophilized powder, 

Sigma-Aldrich, St. Louis, MO, USA) or vehicle (PBS, phosphate buffer saline solution) 
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at a dose of 100μg/kg. LPS was dissolved in PBS and stored at -20°C. Volume of 1µl 

per g of body weight was injected. 

2.3 Behavioural tests 

2.3.1 Food Burrowing 

To study if the systemic administration of LPS impacts on the normal daily activities, 

the food burrowing task was performed.  Burrowing was assessed as previously 

described (Deacon 2012). A pot with one open-end was filled with 30g of normal 

diet food pellet and the percentage of food displaced out (burrowed) was 

calculated. Mice spontaneously empty a pot full of food pellet or sand, gravel, even 

bedding material (R. Deacon, 2012). Mice tend to empty the pot overnight, and the 

burrowing task can distinguish between different mouse strains, lesion of the 

hippocampus and pre-frontal cortex, and effects of treatments (R.M.J. Deacon, 

2009, Robert M J Deacon, 2006). Performing a baseline test is essential to reveal 

treatment effects in a clearer way. Mice were trained in group cages to burrow over 

a weekend, while the behaviour assessed was done overnight with mice individually 

caged for the duration of the burrowing task.  

2.3.2 Spontaneous Alternation 

The procedure used a plexiglass Y-maze that comprised 3 arms, each 45 cm long 

and 7.5 cm wide, surrounded by walls 14 cm high. The task considers the tendency 

of the animal to investigate new arms of the maze using working memory, 

according to what they have previously just visited (Deacon and Rawlins, 2006, 

Lalonde, 2002). 

Mice were placed in the center of the maze and were allowed to freely explore the 

three arms for 5 minutes. Animals were tested both at baseline and post-injection. 
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The number of arm entries and the alternation rate between arms were recorded 

manually and were used as a measure of locomotor activity and spatial working 

memory, respectively. Mice that entered only one arm were excluded from the 

analysis of the alternation rate. For each group, alternation rate was compared to 

chance levels (50%) (Gerlai 2001), in order to determine the random chance of 

alternation. The alternation rate significantly above chance level is indicative of 

sustained cognition as the animals must remember which arm it entered previously 

(Bryan et al. 2009). The limbic system, including the hippocampus and pre-frontal 

cortex regions, is involved in this task (Lalonde 2002).  

2.3.3 Open field 

Locomotor activity was assessed in an open field using an arena with white floor 

and transparent walls in plexiglass (30 cm long × 35 cm wide × 30 cm high). Mice 

were moved from the holding room and left in the test room for at least 30 minutes 

to allow the animals to acclimatise to the room prior to testing. During the task 

mice were placed in the middle of the arena and allowed to move freely for 15 mins. 

The task was performed between 8 and 10am for baseline and post-injection data 

collection. The total distance moved in the whole arena was tracked automatically 

using the Ethovision software (v. XT7, Noldus, Wageningen, Netherlands) and used 

as a measure of locomotion.  This test was performed to monitor the impact of the 

immune challenge on the exploratory drive and sickness behaviour, in addition to 

locomotion (Lau et al., 2008). 
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2.4 Immunohistochemistry 

2.4.1 Animal euthanasia and tissue collection 

Animals were euthanized by cervical dislocation, and the blood and the brains were 

collected immediately according to each experiment. Animals were then either 

transcardiac perfused with ice-cold heparinized saline solution (2U/ml of heparin in 

sterile PBS) first or their brains were dissected immediately after the dislocation 

and divided sagittally into 2 hemi-brains. Transcardic perfusion was performed 

manually following Gage et al protocol (Gage et al., 2012). Briefly the animals were 

fixed in a supine position, the rib cages was opened and the diafram was cut in 

order to expose the heart. Using a 50ml syringe the harinized saline solution was 

perfused through the heart until the the fluid exiting the right atrium is entirely 

clear. The animal was then decapitated and the brain collected. 

For immunohistochemistry analysis one hemi-brain was post-fixed in 4% 

paraformaldehyde in PBS and stored at room temperature for 6h and transferred 

to 70% ethanol overnight. The second hemi-brain was dissected to collect the 

frontal cortex, hippocampus, cortex and striatum for further analysis. The tissue not 

used on the same day of the collection was immediately frozen in dry ice and stored 

at -80°C. 

The tissue was dehydrated using a tissue processor (Leica TP1020) following 

sequestial incubation in 70% alcohol (for 90mins), 80% alcohol (for 90mins), 96% 

alcohol (for 90mins), 100% alcohol (for 3h), chloroform (for 6h) and paraffin (for 

4h).Finally the tissue was paraffin embedded for immunostaining of glial markers 

and amyloid beta. 7μm-thick sagittal sections were cut throughout the 

hippocampus using a microtome (Microtome Slee Cut 4060), mounted on X-traTM 

Adhesive slides (26x76x10mm, Leica Biosystems) and dried overnight at 40°C. 
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Sections were stored at room temperature before the immunostaining analysis. 

Slides for immunostaining were selected in order to stain three levels of the 

hippocampus (Level 1: Lateral Bregma 1.08 -1.20, Level 2: Lateral Bregma 1.68-1.92 

Level 3: Lateral Bregma 2.28-2.52).  

 

2.4.2 Glial staining 

Immunostaining of microglial marker Iba1 (ionized calcium binding adaptor 

molecules-1), and astrocyte marker GFAP (glial fibrillary acidic protein) was carried 

out using standard procedures at room temperature. An antigen retrieval protocol 

was used to expose the antigen from wax embedded tissue. All the solutions were 

freshly prepared before use. PBS-T [1% tween 80 (Sigma Aldrich, St. Louis, MO, USA) 

in phosphate buffer saline (Dulbecco A, OXOID)] was used to dilute all the solutions, 

except for DAB.  Briefly, the tissue was rehydrated in consecutive rinses in xylene, 

100% ethanol, 70% ethanol and distilled water (2 times for 5 minutes each) to 

deparaffinise the tissue. Antigen retrieval was performed by 20 minutes incubation 

in Tris-EDTA buffer solution, pH 9, at 98-100°C to expose the antigen and disrupting 

the covalent bonds formed by formalin in tissue. Once the solution was cooled 

down to 70°C under running tap water, sections were washed in PBS, incubated in 

1% hydrogen peroxide H2O2 (Sigma Aldrich, St. Louis, MO, USA) for 10min to inhibit 

endogenous peroxidase activity. After washes in PBS the tissue was blocked in 5% 

goat serum (Vector Laboratories Inc. Burlingame, CA) for 30min. The tissue was 

then incubated with rabbit anti-Iba1 (WAKO Chemicals, VA, USA, diluted 1:2000) 

for 90 mins, or rabbit anti-GFAP (Biogenix, CA, U.S.A, diluted 1:3000) for 90 mins, 

washed in PBS, and incubated with biotinylated secondary anti-rabbit (Vector 
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Laboratories Inc. Burlingame, CA, diluted 1:200) for 30min. After washing, sections 

were incubated for 30 minutes with ABC from Vectastain Elite Rabbit ABC Kit 

(Vector Laboratories Inc. Burlingame, CA) and labelled for 4-5 minutes with DAB 

peroxidase substrate (Vector Laboratories, Burlingame, CA), prepared according to 

manufacturer’s instructions. All dilution were done in PBS.  

Sections were then counterstained with haematoxylin to visualize nuclei and brain 

sections underwent intermediate washing in warm tap water between each step. 

Then sections were dehydrated in increasing percentage of ethanol solution for 

10sec each and twice in xylene for 2 min. Cover slips were glued with DPX-mounting 

media over the sides to protect the tissue and the staining. 

 

2.4.3 Amyloid beta staining 

Immunostaining for β-Amyloid was also carried out at room temperature. Briefly, 

20 minutes antigen retrieval incubation was performed using 10mM EDTA, pH6 

buffer solution at 95-100°C. Once finished, the solution was cooled down until 70°C, 

slides were then washed in PBS and incubated for 1min with 98% formic acid. After 

washing, sections were incubated with 3% hydrogen peroxide H2O2 (Sigma Aldrich, 

St. Louis, MO, USA) for 10 mins and 5% horse serum for 1h.  The tissue was then 

incubated with monoclonal Anti-β-Amyloid antibody produced in mouse (A5213 , 

Sigma Aldrich, St. Louis, MO, USA, diluted 1:2000) for 1h, washed in PBS, and 

incubated with biotinylated secondary anti-mouse (Vector Laboratories Inc. 

Burlingame, CA, diluted 1:200) for 1h. The following incubation with ABC, DAB and 

haematoxylin steps were carried out as described above.  
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2.5 Immunohistochemistry quantification method 

Quantification of Iba-1, GFAP and Aβ was performed using a semi-automated 

method, detailed and explained below, to quantify the area stained, the number of 

microglia somas and amyloid plaques, the number of microglia clusters and the size 

of microglia somas and amyloid plaques. Number of GFAP-clusters in the cortex was 

manually quantified by the experimenter. Blind quantification was performed. 

 

2.5.1 Semi-automated immunostaining quantification  

Brain tissue was slices at different levels of the hippocampus and immunostaining 

was analysed with a semi-automated software that was validated in house (Ding et 

al., 2017).  Digital focused photo-scanning images were then acquired using a 

Hamamatsu NanoZoomer-XR 2.0-RS C10730 digital scanning system with TDI 

camera technology a NanoZoomer (Hamamatsu Photonics K.K. Systems, Japan) at 

20x magnification and visualised using NDP.view2 (NanoZoomer Digital 

Photography). Images were exported individually at 1.63x magnification and saved 

as Jpeg images with a resolution of 15360*8640. A custom made software (Matlab) 

was used for the immunostaining quantification of the cortex and the hippocampus 

(with subfields cornu ammonis CA1, CA2, CA3 and dentate gyrus (DG)). This 

software allows the operator to isolate the entire region of interest and to delete 

artefacts, providing the area stained by glial markers, number of microglia cells and 

microglial soma size, as well as the number of amyloid plaques and plaques area. 

The percentage of area stained by Iba1 and the number of Iba1 positive cells were 

used as markers of microglial density, while the percentage of stained area marked 

by GFAP was used as a marker of astrocytes density. Plaques area was used to 
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discriminate between small (area<400µm2), medium (400µm2< area< 700µm2) and 

large plaques (area>700µm2) (Scheffler et al., 2011). All analysis was performed 

blind to the treatment group to ensure unbiased results. 

 

 

Validation of the semi-automatic quantification method. 

 
For the validation of the semi-automatic quantification method, manual and 

automatic quantification using a Matlab code were compared. Percentage of area 

stained by Iba1, the number of soma and the size of the cell soma were analysed. 

The manual quantification was repeated twice by the experimenter and another 

individual (identified as Manual A and Manual B for semplicity).  

20 images from brain slices taken from animals in the study described in chapter 3 

were analysed using ImageJ (win-32bit, National Institutes of Health), for the 

manual quantification and a Matlab code (Ding et al., 2017) for the authomatic 

segmentation. Hippocampal subfields of the images randomply selected were 

cropped using NDP.view2 (NanoZoomer Digital Photography) tool to draw a 

rectangular region of interests (ROIs) with an area of 0.2 mm2 for CA1, CA3 and DG 

and 0.1mm2 for CA2 (Figure 11). For the manual analysis, the soma size was 

analysed drawing a line around the microglia soma using the freehand line tool in 

NDP.view2 at a magnification of 40X. The number of somas per ROIs was counted 

manually and the data collected. For the percentage of area stained, ROIs were 

exported at 20x and saved as JPEG images for subsequent analysis using ImageJ. 

Images were split into red, green and blue using the RGB stack command, prior to 

thresholding. The blue stack was chosen to eliminate non-specific highlighting of 

the neuronal nuclei. The threshold level was adjusted manually to highlight the 
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soma and processes (Figure 11.F), and the percentage area stained extracted. 

Manual analysis was performed blind from treatment conditions to ensure 

unbiased results. 

 
Figure 11. Manual quantification steps. The hippocampal subfields were identified 
using the Franklin and Paxinos Altlas (A). Examples of soma area quantification 
using NDP.view2 (B-D) and the quantification of the percentage of the area stained 
measured using Image J (E-G). Iba-1 positive microglial cells in unprocessed images 
(B)(E). Freehand delineation of microglial somas (C). Annotation of the Area size 
calculated by NDP.viewer2. software (D). Image converted to blue RBG stack in 
ImageJ (E). Example of manually adjusted threshold level for the estimation of the 
percentage of area stained by Iba-1 (G). Scale bar of 0.5mm (A) and 0.025mm (B-
G). 
 
 

 
All the data were analysed using the paired T-test with InVivoStat 2.0 (Clark et al., 

2012) statistical software. The paired t-test analysis showed a significantly lower 

area stained by Iba1 quantified by the automatic method than the manual 

   

   

A 
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quantifications (p<0.0001). Moreover, Manual A quantified significantly less 

stained area (p= 0.0011) compared to Manual B and significantly smaller soma size 

compared to the automatic method (p<0.0001) and Manual B (p<0.0001). 

 

 

 
 
Figure 12. Visual comparison of manual and automatic cell quantification of 
microglia. Image that was analysed with both methods (A). Quantification of Iba-1 
staining (red highlighted part) with ImageJ (B). Illustration of automated 
quantification of microglia only (C). Illustration that shows the automated 
quantification of the all area stained by Iba-1 (in white) (D). Scale bar, 0.05mm. 
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Figure 13. Comparison of manual and authomatic method. Percentage of area 
stained by Iba-1, the microglia soma size and the number of microglia soma, were 
analysed by manual and automatic methods. Manual A and Manual B identify two 
different individuals that performed the analysis by ImageJ. The analysis done by 
Matlab has been named Automatic in the graphs. There were no differences in the 
number of cells analysis between the methods (D). However, the percentage of 
area stained was smaller with Manual A than Manual B (p=0.001) but still higher 
than the automatic method (p<0.0001) (C). Thus, Manual B showed a significant 
higher area stained quantified, than the automatic method (p<0.0001) (C) and a 
bigger soma size measured than manual A (p<0.0001) (A). The automatic method 
considered a larger somas than Manual A as well (p<0.0001) even if it quantified 
the lowest percentage of area stained (p<0.0001) An example of the different 
manual measure of soma size is illustrated in (B) to visually compare the two 
manual quantifications. Data are shown as mean + S.E.M. [**p<0.005, 
***p<0.0001]. Scale bar, 12.5µm2. 

 

 

The comparison of the methods clearly showed how the manual quantification is 

strongly influenced by subjective criteria, while the automatic analysis is more 

objective. In fact, the analysis made by the two manual quantifications differed 

significantly in both the percentage of the area stained and the size of microglia 

soma. Quantify the percentage of area stained by ImageJ needs a compromise 

A 

C 

B 

D 
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between excluding artefacts (as blue nuclei) and maintaining the right soma size, or 

including all the staining, increasing the change to consider artefacts as stained 

area. In both cases the analysis is compromised. 

While the automatic method gives more accurate quantification with the possibility 

to exclude artefacts and obtaining thinner processes with more precise soma size. 

This accuracy is achieved by subtracting the background and highlighting the brown 

staining (Figure 12). 

 
 

 
Figure 14. Illustration of the different criteria for manual quantification. The 
original image (A) is analysed by ImageJ with two different criteria used by the two 
examiners: excluding some staining and artefacts and including the all microglia (B), 
or including all the Iba-1 staining but also artefacts that are not stained by Iba-1 (as 
the blue nuclei circled in blue). Scale bar, 0.05mm. 
 

 

 

The analysis of the soma size by the automatic method is based on a previous study 

of Kozlowski and Weimer that defined a cell soma a contiguous area larger than 
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16.7 µm2 (Kozlowski and Weimer 2012). This value was considered as the minimum 

soma size. While the soma size quantified manually has a subjective criteria: a small 

soma can be considered microglia or a thick ramification. 

 

2.5.2 Matlab code used for immunostaining analysis 

The Matlab code (Ding et al., 2017) was the end result of a collaborative work, 

written by Yuchun Ding, a computer scientists, and constantly validated by me 

against ImageJ quantification method.    

The code, itself consists of 6 steps run by the experimenter, who need to manually 

crop the regions of interest and delete the artefacts. Each steps take different time 

to run, but overall the analysis takes 80 minutes per image. Images from slices 

immunostained in the same day were analysed at the same time in order to 

maintain an equal staining threshold.  

 

Briefly the steps of the code are: 

- Step 1: Reduce image size  

Automatically produce small images for each of the exported images. It’s essential 

to decrease the size of the images to speed up the analysis as each image is too 

large to be managed on Matlab in a short timescale. For example it can change the 

size from 15.7MB, size of the exported image with a resolution of 16776x9408, to 

189KB with a resolution of 1677x940.  

- Step 2: Cropping subfield 

The region of interests are cropped manually. Cortex and hippocampal subfields 

were identified using the Franklin and Paxinos altlas (Figure 15). Each cropped 

subfields are then saved in a separate folder automatically.  
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Figure 15. Illustration of cropping cortex, hippocampus and hippocampal 
subfields. Cortex (A) and the hippocampal subfields Cornu ammonis CA1 (B), CA2 
(C), CA3 (D) and dentate gyrus (DG) (E) were identified using the Franklin and 
Paxinos Altlas as illustrated on the right of each cropped images. Mouse brain atlas 
images were taken from http://mouse.brain-map.org/static/atlas. 

http://mouse.brain-map.org/static/atlas
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- Step 3: Create overlay 

Automatic overlay of the cropped area with the original image. 

- Step 4: Export single microglia soma  

Automatic generation of small images for each of the microglia soma in a single 

folder and manually removal of artefacts and non-specific staining from the folder. 

Excluded staining were not considered in the final analysis. In particular, in the 

quantification of Iba-1 stained cells, cell somas in tissue holes or stained in a non-

specific way were excluded. (Figure 16). Before the removal of the artefacts is 

essential to set the optimal threshold suitable for the specific staining in order to 

reduce the variability between stained batches. 

 

 

Figure 16. Illustration of artefact elimination. Example of included (on the left) and 
excluded microglia soma (on the right). 
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- Step 5: Staining Segmentation 

Automatic generation of images after artefact removal (Figure 17). 

 

 

Figure 17. Illustration of segmented staining. Hippocampus with coloured 
microglia with its ramifications (A). Hippocampus with subtracted background 
highlighting full microglia and isolated processes (B). Hippocampus with subtracted 
background highlighting full microglia only (C). 
 

 

- Step 6: Analytical output 

Analytical output is generated into an excel file. Data are expressed in pixels and 

then converted into micrometres using pixel size for the analysis. Data for number 

of cell somas or plaques, soma/plaque density, average of soma/plaque size, area 

cropped, percentage of area stained and the number of Iba-1 stained cells clusters 
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were automatically generated from the software for each cropped ROI. The final 

analysis has been done converting the pixel in the base unit of length, metre. 

 

2.6 Peritoneal macrophages collection 

The mice were anesthetized by intraperitoneal injection of pentobarbital 30 mg/kg 

and peritoneal macrophages isolation was performed according to Ray and Dittel 

protocol (Ray and Dittel, 2010). The peritoneal cavity provides an easily accessible 

site for harvesting moderate numbers of resident macrophages and generally 

provides mature quiescent macrophages (Zhang et al., 2008).  

After cleaning the peritoneal area with 70% ethanol a cut of the outer skin of the 

peritoneum is needed to expose the inner skin lining the peritoneal cavity. With a 

30G needle 5ml of ice-cold saline solution containing 3% of fetal bovine serum was 

injected into the peritoneal cavity and 2ml of the peritoneal fluid was collected 

using a 25G needle and keept on ice. The collected cell suspension was centrifuged 

at 800 RCF for 10 minutes at 4°C and the pellet re-suspend in FACS buffer for flow 

cytometry analysis.   

Peritoneal macrophages were collected in order to analyse the espression of 

surface receptors, to distinguish between M1 and M2 macrophages, and the 

presence of Aβ peptides intracellularly. 

 

2.7 Animal preparation and brain cell isolation 

Mice underwent transcardiac perfusion with cold heparinized saline solution 

(2U/ml of heparin in sterile PBS) in order to remove circulating blood and inhibit 
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blood clot formation. Transcardic perfusion was performed manually following 

Gage et al protocol (Gage et al., 2012). Briefly the animals were fixed in a supine 

position, the rib cages was opened and the diafram was cut in order to expose the 

heart. Using a 50ml syringe the harinized saline solution was perfused through the 

heart until the the fluid exiting the right atrium is entirely clear. The animal was 

then decapitated and the brain rapidly collected. The brain was divided into the two 

hemispheres: one hemisphere was collected for further immunohistochemistry 

analysis, while the other hemisphere were collected for brain cell isolation. The 

hemisphere was freed from meninges, then cortex and hippocampus were 

dissected and analyzed separately.  

Each tissue collected was placed into 3 mL of ice-cold HBSS to preserve the tissue. 

The tissue was dissociated first mechanically using a pre-sterilized single-edged 

blade and then incubated at 37°C for 30 minutes in an enyymatic cocktail. The 

enzymatic cocktail used in 10ml/g of tissue was made from 5 USP units/ml of 

neutral protease (Dispase) (Worthington Biochemical Corporation, LS2104), 500 

USP units/ml collagenase Type I (Worthington Biochemical Corporation, LS004194), 

4000 USP units/ml DNase Type I (Worthington Biochemical Corporation, LS002139) 

and 30K USP units/ml of hyaluronidase (Worthington Biochemical Corporation, 

LS002592). After the incubation, the suspension of cells was passed through a 100-

µm and then 70µm nylon cell strainer to exclude brain cells bigger than 70µm. The 

collected cells were centrifuged at 1000g for 10 minutes at room temperature. The 

pellet was washed and re-suspended in 100µl of FACS buffer (5mM EDTA, 5% fetal 

bovine serum 0.2% mouse serum in PBS solution) into a minimum cell 

concentration of 1 x 106 for flow cytometric analysis. 
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2.8 Flow Cytometry analysis 

Samples were incubated with 2% of mouse serum (Vector Laboratories Inc. 

Burlingame, CA) for 30mins at 4°C to avoid non-specific bindings. Brain cells were 

then incubated with the LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (L10119 

supplied by ThermoFisher Scientific, 1:1000) for 30min on ice. After washes with 

FACS buffer, samples were incubated with primary antibodies at a concentration of 

1 µg/ml for 60 min at 4 °C as followed (see Figure 18 for the schematic protocol): 

- Brain cells were incubated with Hoechst and labelled for extracellular markers 

using APC anti-mouse CD45 [cat number 147708, BioLegend, San Diego (USA)], 

Brilliant Violet 650™ anti-mouse/human CD11b [cat number 101259, 

BioLegend, San Diego (USA)], Brilliant Violet 421™ anti-mouse CD206 [cat 

number 141717, BioLegend, San Diego (USA)], PE anti-mouse CD80 [cat 

number 104708, BioLegend, San Diego (USA)], PE/Cy7 anti-mouse CD192 

(CCR2) [cat number 150612, BioLegend, San Diego (USA)]. 

- Peritoneal macrophages were incubated with Alexa Fluor® 488 anti-mouse 

F4/80 [cat number 123120, BioLegend, San Diego (USA)], Brilliant Violet 421™ 

anti-mouse CD206 [cat number 141717, BioLegend, San Diego (USA)], PE anti-

mouse CD80 16-10A1 200UG GBP [cat number 104708, BioLegend, San Diego 

(USA)], PE/Cy7 anti-mouse CD192 (CCR2) [cat number 150612, BioLegend, San 

Diego (USA)]. 

 

After fixation in 2% PFA for 15mins at room temperature and permeabilization in 

0.1% Tween 20 in PBS for 15mins, samples were incubated with endogenous biotin-

blocking kit (ca number E21390) as instructed for 30 mins at room temperature 
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(Figure 18). Cells were finally incubated with biotin anti-β-amyloid 6E10 antibody 

specific for the 1–16 fragment of the human Aβ protein [cat number 803007, 

Biolegend, San Diego (USA)] at a concentration of 1 µg/ml for 60 mins (Figure 18). 

Isotype control and negative control, sample with no staining, were prepared in 

parallel.  After washes in FACS buffer cells were left in the buffer overnight at 4 °C 

before the analysis. Flow Cytometric analysis was performed with a Beckman 

Coulter MoFlo Astrios EQ Cells Sorter with the Summit™ Software System. Data 

were analyzed using Kaluza Analysis 1.5a software. Twenty thousand events were 

collected for each sample.  

See Figure 19 and Figure 20 for the gating strategy used for brain cells and 

peritoneal macrophages respectively. Briefly, to identify the cells of interest, debris 

(Figure 19. A-B, Figure 20. A,B), doublets (Figure 19. C, Figure 20.C) and dead cells 

(Figure 19.D, Figure 20.D) were excluded before gating for microglia and infiltrated 

macrophages from brain tissue or peritoneal macrophages.  

Microglia were identified by the surface expression of CD11b and by low or 

intermediate expression of CD45 (CD11b+ CD45+Low) (Martin et al., 2017),  while 

infiltrated macrophages also positive for CD11b but show high expression of (CD45 

CD11b+ CD45+Hi) (Manitz et al., 2016). Peritoneal macrophages were identified 

gating for F4/80 (Zhang et al., 2008). Pro-inflammatory (M1) and anti-inflammatory 

phenotype (M2) where analysed by staining for CD80 and CD206 (Jablonski et al., 

2015). To investigate the migratory and infiltration capacity of macrophages, cells 

were stained for CCR2 (Yang et al., 2014). Finally, cells were stained for Aβ 

intracellularly to investigate the possibility of an internalization of both microglia 

and macrophages of the peptide (Lai and McLaurin, 2012).  

https://www.sciencedirect.com/topics/neuroscience/microglia
https://www.sciencedirect.com/topics/neuroscience/integrin-alpha-m
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Figure 18. Protocol used to prepare cells for flow cytometry analysis. 
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Figure 19. Gating strategy for brain cells flow cytometry analysis. After the 
exclusion of debris (A,B), doublets (C) and dead cells (D) by Hoechst and Live/Dead 
cell staining, the gating strategy for each staining had been identified using a 
negative and a positive staining. Microglia and infiltrated macrophages were 
identified by CD11b and CD45 staining, gating for CD11b first (E) and then 
identifying CD45low and CD45hi (F). To identify the inflammatory profile, cells were 
stained and gated for CD80 and CD206 (G), as well as CCR2 (H). To identifying the 
presence of intracellular amyloid-beta, cells were also stained for Aβ (I). Antigen 
expression was analyzed considering only CD11b+ CD45+ cells. Negative control is 
respectively rapresented from gating  J to O. 
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Figure 20. Gating strategy for peritoneal macrophages analysis. Representation of 
flow cytometry analysis of the peritoneal macrophages isolated: after the exclusion 
of debris (A), it was gated for the macrophages population (B) and identified 
singlets (C) and nucleated cells by Hoechst (D).  Macrophages were identified by 
F4/80 staining. After gating for F4/80 (E), cells were stained and gated for CD80 and 
CD206 (F), to identify their inflammatory profile, as well as CCR2 (G). To analyse the 
presence of intracellular Aβ cells were also stained for Aβ (H). 
  

Side Scatter Width 
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2.9 Multiplex Cytokine Assay 

Blood was collected into anti-coagulant test tubes. Blood was kept at 4 °C until 

separation into plasma. Blood was then centrifuged at 3000g for 10mins at 4°C. 

Samples were then frozen at −80 °C until testing.  

On the day of the analysis, samples were defrosted and centrifuged at 10000g for 

10 min and the supernatant collected. Samples were tested using a 96-magnetic 

bead well plate Bio-Plex ProTM Mouse Cytokine 23-Plex, Group I, an immunoassay 

where a soluble analyte is captured between two antibodies. Samples were 

processed according to the assay instructions (see Figure 21 for the illustrated 

protocol). Firstly the plate was incubated with the beads provided by the kit and 

washed using the magnetic bead separator in order to keep the beads at the 

bottom of the plate during the washing. The plate was then incubated with 

standards, samples (1:2 dilution in sample diluent provided in the kit), or the blank 

control for 30 mins at 850 RPM at room temperature. After the washes, samples 

were incubated with the biotinylated antibodies for 30 mins at 850 RPM. After 

washing away the unbounded biotinylated antibodies, the beads were incubated 

with a reporter streptavidin-phycoerythrin conjugate (SA-PE) for 10 min. Following 

the removal of excess SA-PE, Levels of cytokines were determined by the Bio-Plex 

array reader, a bead-based suspension microarray technology (Bio-Plex 

Pro™ Cytokine immunoassay), which measures the fluorescence of the beads and 

of the bound SA-PE.  During the incubation step, the plate was protected from light 

and to avoid plate-to-plate variation all samples from the same experiment were 

analyzed in one plate. Cytokines which were undetected for a sample were assigned 
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a value of zero. The results were expressed in picograms per milligram of protein 

and analyzed by two-way ANOVA. P < 0.05 was considered statistically significant. 

 

 

Figure 21. Illustration of the Bioplex bead-based immunoassay protocol.  
 

2.9.1 Statistical Analysis 

All the data are expressed as mean + S.E.M. (standard error of the mean) and are 

analysed using InVivoStat 2.0  statistical software (Clark et al., 2012) and SPSS 

statistics 22 (Maric et al., 2015). Data were analysed by three-way Analysis of 

variance (ANOVA)  or three-way ANOVAs with repeated measures analysis 

considering the interaction between sex (female vs male) genotype (wild-type vs 

APPswe/PS1ΔE9) and treatment (PBS vs LPS). Two-way ANOVA was used to 

analysed immunostaining of Aβ. In the analysis of behaviour the number of arm 

entries were used as a covariate for the spatial working memory because results 

showed it could significantly impact the alternation rate. In the quantification of 

microglia staining, number of Iba-1 clusters were also used as a covariate for glial 

analysis as could significantly impact the microglia soma size quantification. Indeed, 

microglia clustering around amyloid plaques in the APPswe/PS1ΔE9 transgenic 
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mouse model is well documented (Cartier et al. 2014).  ANOVAs were followed by 

post-hoc multiple pairwise comparisons when appropriate within each 

experimental group. One-sample t-test were used to determine whether an 

animal’s alternation performance was significantly above the 50% chance level. 

Paired t-test were used to see any treatment effects and whether post-injection 

performance differs from the baseline.  

A three-way ANOVA has three factors (independent variables) and one dependent 

variable. The present thesis investigated the interaction between genotype, sex and 

treatment, considered the three independent variables. Furthermore, a more 

stringent p-value threshold for the declaration of statistical significance was used, 

p<0.0001, in order to ensure the reproducibility of the study and decrease the rate 

of false positive. 
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Gliosis response to an acute systemic infection in 4.5 
months old Appswe/PS1ΔE9 mice after 4h 

3.1 Introduction 

The purpose of the studies described in this chapter was to investigate the acute 

immune response to LPS (100 µg/kg) in microglial and astrocyte cell populations in 

4.5 month old wild-type and APPswe/PS1ΔE9 males and female mice, 4 hours after 

the treatment. Immune challenges, such as LPS administration, are associated with 

cognitive impairments, exaggerated sickness behaviour and enhanced glial 

response due to the release of inflammatory cytokines both peripherally and 

centrally (Henry et al., 2009). These changes are likely to be exaggerated and 

prolonged in AD patients and AD mouse models, where microglia have been seen 

to be more sensitive to immune challenges (Cunningham et al., 2009, Perry et al., 

2010). Therefore, I hypothesized that, upon LPS administration, transgenic animals 

would be more susceptible to the immune challenge with a stronger pro-

inflammatory phenotype than the wild-type littermates.  

 

Behavioural, glial and cytokines inflammatory response have been analyzed. 

Behavioural results will not be reported here as they were part of my MRes project. 

In brief, behaviour was assessed before and 4h after the treatment using food 

burrowing and spontaneous alternation tests in order to monitor the LPS-induced 

sickness syndrome. The results showed overall suppression of daily living (food 

burrowing) and locomotor activity mediated by LPS, similarly in both genotypes and 

sexes, while an improvement of spatial working memory was evident in LPS-treated 
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APPswe/PS1ΔE9 females (see Figure 75 in the appendix). In the present chapter, I 

will focus instead, on brain changes and cytokine responses associated with these 

behavioural effects, quantifying microglia and astrocyte densities in hippocampal 

and cortical regions, as well as peripheral cytokine levels in the plasma. 

 

Based on disease stage and level of inflammation, glial cells show a waxing and 

waning of numbers, activation state and cytokine expression levels. Indeed, 

systemic LPS injection has been widely used to trigger a transient acute 

neuroinflammatory reaction (Yang et al., 2014, Glass, Saijo, Winner, Marchetto, & 

Gage, 2010) in a variety of diseases and time-points and at different concentrations. 

Previous research found a significant increase in microglial proliferation in the 

hippocampus after a single systemic administration of LPS (1 mg/kg) for one week 

(Fukushima et al., 2015), indicating the hippocampus as a region with high 

proliferative microglial capability against LPS-induced inflammation. However, a 

high dose of LPS can result in exaggerated sickness symptoms that can lead to sepsis 

and confuse cognitive and performance assessments (Sparkman, Kohman, Garcia, 

& Boehm, 2005, Kondo, Kohsaka, & Okabe, 2011). On the other hand, a mild dose 

of LPS has been used to mimic systemic infections without impacting on 

behavioural sickness effects (Couch et al., 2016). Systemic injection of LPS, at 100 

µg/kg, had been reported to induce a transient reduction in locomotor activity and 

acute systemic inflammation with a greater increase in plasma levels of pro-

inflammatory mediators IL-6, IL-1β and TNFα (Skelly et al., 2013). Indeed, cytokines 

are important regulators of humoral and cell-mediated immune responses, and 

pro-inflammatory cytokines have been seen significantly increased in response to 

LPS, independently of the dose used. In particular, previous studies have reported 
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an acute release of pro-inflammatory cytokines that peaked between 2 and 6 hours 

after a single administration of 100 µg/kg of LPS (Teeling and Perry 2009, Teeling, 

Cunningham et al. 2010), while anti-inflammatory cytokines peaked after 2 hours 

and have been detectable until 8 hours post administration (Pardon, 2015). In 

particular, in transgenic mice models of AD, LPS was found to induce exacerbation 

of intracellular accumulation of APP and Aβ peptide, as well as tau pathology 

(Kitazawa et al., 2005, Sheng et al., 2003).   

Overall, the present study was designed to investigate genotype susceptibility and 

sex differences in response to LPS. We used APPswe/PS1ΔE9 mice at 4.5 months 

old in order to study the inflammatory response at an early stage of the disease in 

relation to early plaque accumulation, as Aβ plaques start to accumulate from the 

age of 4 months in the this model used (Malm et al., 2011). 

  



 
 

92 
 

3.2 Study design 

Forty-four experimental 4.5 month-old mice were used to assess glial response 4h 

after LPS injection. 22 APPswe/PS1dE9 transgenic mice (10 males with mean 

weight: 32.4 + 0.8 g; and 12 female with mean weight: 23.7 + 0.4g) and 22 wild-type 

littermates (12 male mean weight: 32.5 + 0.4g; and 10 female with mean weight: 

26.8 + 1.1g). Animals were euthanized by cervical dislocation, blood was collected 

from the neck and the brain was removed immediately. Half of the brain was used 

to analyze the microglia and astrocytes response by immunohistochemical staining 

for Iba-1 and GFAP respectively, in the hippocampus and cortex. Eight sections per 

brain were immunostained at different levels of the hippocampus. The second half 

was dissected and hippocampus sent to our collaborators for metabolite analysis 

(data not reported here). Plasma was collected and stored at -80°C. Once samples 

from all animals were ready, the cytokine assays was performed as described in 

chapter 2. An illustrated study design is showed in Figure 22. 
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Figure 22. Schematic experimental timeline. 

 

 

 

 

 

 

 

N=5/6 per group 
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3.3 Results 

3.3.1 Cytokine Analysis 

Cytokine plasma concentration have been quantified using the multiplex array 

described in the method chapter. Quantification of IL-6 levels (Figure 23.C) in 

plasma showed overall treatment effects (F(1,37)=157.84, p<0.0001), with LPS-

injected mice showing elevated protein levels in plasma compared to PBS-treated 

littermates (p<0.0001), as well as sex X treatment (F(1,37)=4.61, p=0.0385) and 

genotype X treatment interaction effect (F(1,37)=7.32, p=0.0102), where LPS-treated 

wild-type females revealed an higher IL-6 increase than APPswe/PS1 females 

(p=0.006) and wild-type males (p=0.012). Analysis of IL-10 levels (Figure 23.C) 

showed an overall treatment effect (F(1,37)=36.71, p<0.0001), where a greater 

concentration of IL-10 was seen in LPS-treated transgenic female (p=0.0016), 

transgenic males (p=0.029) and wild-type female (p<0.0001) compared to the 

vehicle-treated counterparts. Sex X treatment interaction (F(1,37)=5.82, p=0.021) and 

sex (F(1,37)=4.48, p=0.041) effect was also observed in IL-10 quantification, where 

LPS-treated wild-type females had significantly greater levels of IL-10 than wild-

type males (p=0,002). An overall treatment effect was also seen for TNF-α levels 

(F(1,37)=10.34, p=0.027, Figure 23.E) with LPS-challenged female showing 

significantly higher TNF-α concentrations than PBS-treated female mice, both in the 

wild-type (p=0.016) and transgenic (p=0.035) group. No LPS effects were revealed 

for IL-1β and IFN-γ concentration (Figure 23.A-B).  
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Figure 23. Cytokines expression in plasma. 4.5 months old male and female mice 
APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per group) were treated with 
LPS or vehicle (PBS) and plasma collected 4h after the challenge. No significant 
difference observed in IL-1β (A) and IFN-γ (B) plasma concentration between 
groups. LPS-injected animals showed higher IL-6 expression than PBS-injected 
controls: in particular LPS-treated wild-type female revealed higher IL-6 levels than 
APP/PS1 females (p=0.006) and wild-type males (p=0.012) (C). Expression of IL-10 
significantly increased in LPS-injected transgenic females (p=0.003) and males 
(p=0.024) and mostly in wild-type females (p<0.0001) compared to the controls: in 
particular LPS-challenged wild-type females had higher IL-10 levels than wild-type 
males (p=0.002) (D). A significant increase in TNF-α expression was revealed in 
females transgenic (p=0.035) and wild-type (p=0.016) only (E). Data are shown as 
mean + S.E.M. [* p< 0.05, ** p< 0.005 *** p< 0.0001]. 
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3.3.2 Glial response to LPS in the hippocampus 4 hours after the 
challenge 

Analysis of glial activation with the semi-automated method revealed a genotype 

difference showing a significantly higher percentage of area stained by GFAP and 

Iba-1, and a significantly increased number of microglial cells and microglial clusters 

per mm2 in APPswe/PS1ΔE9 mice compared to wild-type, especially in females. Sex 

differences were also observed: a significantly higher number of microglia clusters 

per mm2 and bigger microglia soma in APPswe/PS1ΔE9 females compare to males, 

while a significantly lower percentage of area stained by Iba-1 and number of 

microglia cells/mm2 in wild-type females compared to males. The number of 

microglia cells/mm2 calculated as a measure of the cells density.  The percentage 

of area stained by GFAP and Iba-1 was quantified as a measure of area occupied by 

microglia and astrocytes respectively.  

An overall genotype effect was observed in the percentage of area stained by GFAP 

in  the whole hippocampus (F(1,36)=5.04, p=0.031) (Figure 24) and 2 subfields [CA1 

(F(1,36)=6.16, p=0.032), DG (F(1,36) =5.26, p=0.033)] (Figure 28) with APPswe/PS1ΔE9 

females’ showing a higher density of GFAP immunoreactivity than wild-type 

females, being significant in the whole hippocampus (p=0.035) (Figure 24) and DG 

(p=0.017) (Figure 28).  

For the percentage of area stained by Iba-1, an overall significant genotype X sex 

interaction effect was observed in CA2 (F(1,35)=4.65, p=0.038) only, with wild-type 

females having less area stained than transgenic females (p=0.025) and wild-type 

male (p=0.035)  (Figure 25). For the number of microglial cells/mm2, a significant 

overall genotype effect was revealed in CA3 (F(1,35) =4.31, p=0.045), where 

APPswe/PS1ΔE9 mice showed significantly higher microglia density than wild-type 
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animals (Figure 26). A significant genotype X sex interaction effect was shown in 

CA2 (F(1,35)=4.13, p=0.049), CA3 (F(1,35) =4.36, p=0.044) and DG (F(1,35) = 6.12, 

p=0.0184) subfields, with wild-type females showing fewer microglia cells per mm2 

compared to transgenic females in CA2 (p=0.026, Figure 25), CA3 (p=0.006) (Figure 

26) and DG (p=0.018) (Figure 26) and to wild-type males in CA2 (p=0.018) (Figure 

25), CA3 (p=0.0.31) (Figure 26) and DG (p=0.011) (Figure 26). The number of 

microglial clusters per mm2 in APPswe/PS1ΔE9 was also significantly elevated in the 

whole hippocampus (F(1,36) =12.86, p=0.001), CA1 (F(1,36) =6.55, p=0.015) and DG 

(F(1,36)=11.95, p=0.0014) subfields, compared to wild-type mice. In particular 

APPswe/PS1ΔE9 females showed significantly higher number of microglia clusters 

than wild-type females in the whole hippocampus (p<0.0001) (Figure 24), CA1 

(p=0.01) (Figure 25), CA3 (p=0.023) (Figure 26) and DG (p=0.0073) (Figure 26). 

APPswe/PS1ΔE9 males also presented greater number of clusters compared to 

wild-type males in DG (p=0.048) (Figure 26). A significant genotype X sex interaction 

effect was seen in the whole hippocampus (F(1,36) =7.16, p=0.011) with transgenic 

females having a greater number of clusters than transgenic males (p=0.037) 

(Figure 24). An overall sex effect was observed in the analysis of the microglia soma 

size in CA2 (F(1,36)=6.36, p=0.016), CA3 (F(1,36) =9.62, p=0.004) and DG (F(1,36) =5.5, 

p=0.025) with females showing larger soma compared to their male counterparts.  

In particular, transgenic females showed larger somas than transgenic males in CA2 

(p=0.032) (Figure 25) and CA3 (p=0.007) (Figure 26). The number of microglia 

clusters used as a covariate did significantly influenced the soma size quantification 

in the all hippocampus (p=0.015) and CA1 subfield (p=0.0241), but did not influence 

the percentage of area stained by Iba-1 or the number of microglial cells/mm2. 
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Figure 24. Area occupied by GFAP and Iba-1 in the hippocampus. 4.5 months old 
male and mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per group) 
were treated with LPS or vehicle (PBS) and their brain was collected 4h after the 
challenge. Wild-type female showed lower percentage of area stained by GFAP 
compared to transgenic female (p=0.035) (A), while no significant difference was 
observed in the percentage of area stained by Iba-1 (B) and in the number of 
microglial cells/mm2 (C). Transgenic females showed higher number of microglia 
clusters/mm2 than wild-type littermates (p<0.0001) and transgenic male (p=0.006) 
(D). No significant difference observed in the soma size between groups (E). Scale 
bar, 0.5mm. Data are presented as mean + S.E.M. [* p< 0.05, *** p< 0.0001]. 
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Figure 25. Area occupied by Iba-1 in the hippocampal subfields. 4.5 months old 
male and female APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per group) 
were treated with LPS or vehicle (PBS) and their brain was collected 4h after the 
challenge. No significant difference was observed in the percentage of area stained 
by Iba-1 in CA1 (A), while in CA2 wild-type females showed less area stained by Iba-
1 compared to transgenic females (p=0.025) and wild-type males (p=0.035) (E). No 
significant difference was observed in the number of microglial cells/mm2 in CA1 
(B) while wild-type females showed less number of microglial cells/mm2 compared 
to transgenic females (p=0.026)  and wild-type males (p=0.018) in CA2 (F). Higher 
number of microglial clusters/mm2 was revealed in transgenic females compared 
to wild-type females in CA1 (p=0.01) (C). Transgenic female revealed a bigger 
microglia soma size than transgenic male in CA2 (p=0.032) (G). Scale bars, 0.25mm. 
Data are presented as mean + S.E.M. [* p< 0.05, **p<0.005]. 
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Figure 26. Area occupied by Iba-1 in the hippocampal subfields. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 4h after 
the challenge. No significant difference was observed in the percentage of area 
stained by Iba-1 in CA3 (A) and DG (E). Wild-type females showed less number of 
microglial cells/mm2 compared to transgenic females in CA3 (p=0.006) (B) and DG 
(p=0.018) (F) and also compared to wild-type males in CA3 (p=0.031) (B) and DG 
(p=0.010) (F). Higher number of microglial clusters/mm2 was revealed in transgenic 
females compared to wild-type females in CA3 (p=0.023) (C) and in DG (p=0.0073) 
(G) and in transgenic males compared to wild-type males in DG (p=0.048) (G). 
Transgenic female revealed a bigger microglia soma size than transgenic male in 
CA3 (p=0.0068) (D). in DG, overall, females showed a bigger microglia soma size 
than males (p=0.025) (H).Scale bars, 0.25mm. Data are presented as mean + S.E.M. 
[* p< 0.05]. 
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Figure 27 Area occupied by GFAP in the hippocampal subfields. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 4h after 
the challenge. No significant difference was observed in the percentage of area 
stained by GFAP in CA2 (B), while a lower percentage of area stained by GFAP was 
observed in wild-type females compared to transgenic females in both CA1 (p=0.03) 
(A). Scale bars, 0.25mm. Data are presented as mean + S.E.M. 
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Figure 28 Area occupied by GFAP in the hippocampal subfields. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 4h after 
the challenge. No significant difference was observed in the percentage of area 
stained by GFAP in CA3 (C), while a lower percentage of area stained by GFAP was 
observed in wild-type females compared to transgenic females in DG (p=0.017) (D). 
Scale bars, 0.25mm. Data are presented as mean + S.E.M. [* p< 0.05]. 
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3.3.3 Microglia response to LPS in the cortex. 

Analysis of microglial activation in the cortex revealed an overall sex effect in the 

number of cells per mm2 (F(1,36) = 7.04, p=0.012) with wild-type female showing less 

microglial cells/mm2 than wild-type males (p=0.027, Figure 29.B). A genotype X sex 

interaction effect was also observed in the number of microglial clusters per mm2 

(F(1,36) = 5.94, p=0.012) with lower number observed in wild-type female compared 

to transgenic female (p=0.0065) and transgenic males (p=0.016) (Figure 29.C). The 

number of microglia clusters used as a covariate did significantly influence both 

percentage of area stained by Iba-1 (F(1,35) = 4.82, p=0.0348) and the soma size (F(1,35) 

= 4.67, p=0.038).  
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Figure 29 Area occupied by Iba-1 in the cortex. 4.5 months old male and female 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=5/6 per group) were 
treated with LPS or vehicle (PBS) and brain collected 4h after the challenge. No 
significant difference was observed in the percentage of area stained by Iba-1 (A). 
Wild-type female also presented lower number of microglial cells/mm2 compared 
to wild-type male (p=0.027) (B). Higher number of microglial clusters/mm2 was 
revealed in transgenic female compared to wild-type female (p=0.016) and 
transgenic male (p=0.0065) (C). No difference observed in the soma size between 
groups (D). Scale bars, 0.25mm. Data are presented as mean + S.E.M.  [* p< 0.05]. 
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3.4 Discussion 

In the present study, lipopolysaccharide was administered systemically to test the 

hypothesis that 4.5 months old APPswe/PS1ΔE9 mice were more susceptible to an 

immune challenge than wild-type mice, and to determine if the susceptibility was 

sex-dependent. The data supported the hypothesis showing, only in transgenic 

female mice higher susceptibility to the immune challenge compared to wild-type 

mice. These findings highlited also a sex differences with transgenic male not being 

more susceptible to LPS compared to wild-type littermated. LPS was used as an 

immune modulator at a dose of 100µg/kg of animal body weight to determine the 

effect of an acute systemic immune challenge on both male and female 4 hours 

later. Behavioural changes (results shown in the appendix, Figure 75), as well as 

plasma cytokines and central glial response to LPS, were analyzed to assess 

susceptibility. LPS induced an increase in the concentration of pro-inflammatory 

cytokines IL-6 and TNF-α, as well as the anti-inflammatory IL-10 in plasma. In 

particular, wild-type females had greater increase of cytokines than transgenic 

female (IL-6) and wild-type males (IL-6 and IL-10). On the other hand, LPS did not 

affect glial response in the brain, but a sex difference was revealed, where wild-

type females showed a reduction in astrocytes and microglia densities compared to 

the transgenic females and to wild-type males.  

 

Investigation of plasma cytokines levels revealed a pro-inflammatory response to 

the peripheral immune challenge. A significant increase in circulating pro-

inflammatory cytokines IL-6, and TNF-α and the anti-inflammatory mediator IL-10 

was found in LPS-treated animals. However, LPS did not affect pro-inflammatory IL-
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1β and IFN-γ levels, contrary to what was found in previous reports of acute LPS 

responses. LPS-treated mice did not show an increase in IFN-γ levels, which were 

expected. Data from a previous study observed just a transient elevation of IFN-γ 

serum concentrations peaking 4–5 hours after LPS administration (Lauw et al., 

2000). An LPS-induced increase of IL-1β was also expected as several studies 

reported high levels of pro-inflammatory cytokines in association with microglia 

activation (Shaftel et al., 2007). LPS-enhancement of IL-1β was reported both in 

vitro (John et al., 2005, de Souza et al., 2009) as well as in vivo in mice (Cunningham 

and Sanderson, 2008) and humans (Wynne et al., 2010, Chen et al., 2008). 

Interestingly, LPS-treated mice did not show higher levels of IL-1β 4 hours after 

treatment. Various reasons could explain this contradictory finding: one could be 

that the dose given was not high enough to enhance the secretion of IL-1β. The 

second reason for the lack in IL-1β response to LPS can be related to the stress 

caused by the handling of the mice during the behavioural tests performed both 

before and after LPS administration. Indeed, stress is known to decrease pro-

inflammatory cytokines expression via glucocorticoid induction (Propes and 

Johnson, 1997). The third reason might be that the timelines for sampling collection 

needed to be optimized, allowing longer or shorter time after LPS injection. 

Moreover, IL-1β expression could be suppressed by high levels of IL-10, known to 

play an essential part in controlling the overproduction of pro-inflammatory 

cytokine, in order to contain the spread of the immune response (Saraiva and 

O'Garra, 2010, Bachstetter et al., 2014). However, in the present study, a significant 

elevation in levels of IL-10 was mainly observed in LPS-treated females, with a 

greater increase in the anti-inflammatory cytokine seen in wild-type females 

compared to wild-type males. These high levels of IL-10 in wild-type females could 
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elicit a protective effect. Indeed, IL-10 is known to play a role in controlling 

excessive inflammation, inhibiting the production and secretion of pro-

inflammatory cytokines in the periphery (Lauw et al., 2000) as well as 

downregulating activation of microglia in the brain (Lobo-Silva et al., 2016). 

 

However, an LPS-induced increase in TNF-α and IL-6 was also seen here and this can 

be explained by the distinct cytokine time-course induced by the challenge: TNF-α 

peaks before the other pro-inflammatory mediators and IL-6 was reported to be 

the most responsive pro-inflammatory cytokines among the others (Pardon, 2015). 

In particular, plasma levels of TNFα peak at 2-hour post LPS injection and returned 

to baseline after 5 hours, as well as levels of IL-6 peak at 2-hour and remain 

measurable for several hours after the challenge (Ventura et al., 2010). 

Interestingly, TNF-α levels were found to be significantly higher in both wild-type 

and transgenic LPS-treated females, but not in male mice. A difference between 

sexes was also revealed in IL-6 quantifications where wild-type female mice had 

significantly higher levels of IL-6 than transgenic females and wild-type males. It is 

important to consider that LPS is indeed a potent inducer of TNF-α expression in 

both monocytes and macrophages (Lee and Sullivan, 2001) as well as IL-6, that can 

also be indirectly induced via TNF-α signaling pathways (Ghezzi et al., 

2000). However, in contrast with the findings reported here, previous in-vitro 

(Santos-Galindo, Acaz-Fonseca et al. 2011) and in-vivo (Kuo, 2016) studies found 

the opposite, revealing higher TNF- α levels in males compared to control females. 

Santos-Galindo et al. observed a significantly higher increase in mRNA levels of 

TNFα in astrocytes derived from male or androgenized females after 5 hours 

incubation with LPS (Santos-Galindo, Acaz-Fonseca et al. 2011). Kuo revealed a 
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significantly higher level of the pro-inflammatory cytokines in plasma starting at 3 

hours after peritoneal injection of LPS in ten-week-old mice, reporting also that the 

difference was independent of the level of endotoxin dosage and the genotype 

(Kuo, 2016). The levels of IL-6 was also seen to be higher in males compared to 

females, suggesting greater vulnerability of males to infection and inflammation 

(Everhardt Queen et al., 2016). 

 

Interestingly, data from a clinical study on pain sensitization revealed a more 

pronounced LPS-induced cytokine increase in plasma samples of women compared 

to men (Wegner et al., 2015), with significantly higher TNFα levels up to 4 hours 

post-injection. TNFα is known to play a central role in the perpetuation of 

inflammation in chronic diseases (Parameswaran and Patial, 2010). Together with 

the finding of elevated IL-6 levels seen in females only in response to LPS, our data 

could suggest that, peripherally, females might be more susceptible to 

inflammation, leading to the expectation of a higher glial response in the brain of 

female mice compared to males. The analysis of the central immune response 

showed a lower microglia density in wild-type females compare to transgenic 

females and wild-type males, with no effects mediated by LPS. 

Indeed, our findings did not reveal a higher susceptibility of APPswe/PS1ΔE9 mice 

to LPS compared to control mice, as was expected, but a genotype and sex 

difference was observed. Regarding the glial response, I measured glial density, 

microglial soma size, used as a marker of activation, and the number of microglia 

clusters, known to be related to amyloid plaques, in both the hippocampus and 

cortex. Our study revealed a lower microglial density in wild-type females 

compared to APPswe/PS1ΔE9 females in CA2, CA3, and DG hippocampal subfields 
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and compared to wild-type males in the cortex. Microglia response to an immune 

challenge was positively associated with alterations in the number of microglial 

cells and their distribution in the brain (Kim et al., 2000). In particular, Kim’s 

laboratories showed that the difference in the number of microglial cells in distinct 

brain areas was based on region-specific differential susceptibility to LPS, leading 

to the hypothesis that lower numbers of microglia cells can be associated with a 

lower susceptibility to an immune challenge. An in-vitro study also demonstrated 

that high density of microglial cultured is associated to a pronounced pro-

inflammatory response, whereas a low microglial density could be associated to an 

anti-inflammatory response (Pintado et al., 2011). Thus, the lower density of 

microglia seen in our wild-type female compared to transgenic female or the male 

counterpart suggests that wild-type female are less susceptible to the immune 

stimulation, possibly associated with anti-inflammatory response. Indeed, this 

hypothesis is also supported by the data here showing a greater increase in the 

peripheral anti-inflammatory cytokine IL-10 in wild-type females compared to 

males.  

 

Looking at microglia activation, I expected a higher cell activation in transgenic mice 

than wild-type mice treated with LPS, as increasing lines of evidence indicate that 

microglia develop a pro-inflammatory phenotype (primed) in AD mouse models, 

characterized by a lower threshold to inflammatory stimuli and a higher 

inflammatory response (Wirz et al., 2013). Indeed, in-vitro experiments showed 

how the presence of inflammation at early stage of the disease might be 

exaggerated by a mild immune challenge (Perry, Cunningham, and Holmes 2007), 

and also an in-vivo studies revealed higher Iba-1 immunoreactive microglia in young 
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APPswe/PS1ΔE9 mice after intra-hippocampal injections of LPS, compared to wild-

type mice (Go et al., 2016a). These previous data support our hypothesis that 

APPswe/PS1 mice are more susceptible compared to wild-type animals, but current 

data do not support this hypothesis. It is likely that the increased number of 

microglial cells that I found is due to a change in microglia proliferation, and not 

mediated by the immune challenge itself. However, we need to consider that LPS 

does not cross the blood-brain barrier and the amount that reaches the brain after 

intravenous administration is estimated to be only 0.025% (Banks and Robinson, 

2010). Thus, immune response in the CNS is not mediated through direct activation 

of TLR4, as it is unlikely that enough LPS, administered systemically, enters the brain 

at a low dose. The CNS and immune system interact through cytokine signaling that 

might act directly or indirectly with brain cells (Hasegawa-Ishii et al., 2016, Dunn, 

2002). This could be the reason for our lack of clear glial susceptibility to LPS. 

Another reason would be the short time-point chosen, as peripheral cytokines need 

to be synthesized and then cross the BBB or interact with endothelial receptors that 

indirectly mediate the signaling (McCusker and Kelley, 2013). A recent review 

showed that a single-dose LPS challenge activates microglia 6 hours after challenge 

and the activation remains for up to 3 days (Hoogland et al., 2015). However, I 

decided to select a 4-hour time point based on a previous experiment conducted 

by my research group revealing higher microglia activation in wild-type mice 4 

hours after an acute challenge using the same low dose of LPS (Pardon et al., 2016). 

In this study, though, I haven’t seen a significant increase of microglia density or 

microglia soma size mediated by LPS. This lack of microglia response to LPS seen 

here can be due to the difference in the study design as Pardon et al., kept the mice 

under anesthesia for the duration of the experiment before collecting the brain. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4179746/#B98
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Indeed, the anesthetic itself can increase susceptibility to infections (Kelbel and 

Weiss, 2001) possibly promoting BBB permeability to the LPS, as it was found that 

anesthesia was able to increase BBB permeability to small molecules in 2 hours 

(Yang et al., 2017) 

 

Interestingly, here, wild-type female mice showed a lower microglia density and 

number of cells/mm2 compared to males. Studies on brain development in both 

males and females rodent have seen a shift in microglia density and microglia 

phenotype from the neonatal period to adulthood, possibly based on the different 

exposure to sex steroids (McCarthy et al., 2015). A gender difference in the 

endotoxin and pathogen-induced inflammation had been reported in both humans 

and animals. It is known that estrogens modulate the immune response by 

influencing gene transcription via it’s α and β receptors: on one hand 17β-estradiol 

in young females can induce the production of pro-inflammatory mediators, 

inhibiting expression of anti-inflammatory cytokines, through the activation of NF-

κB  (García-Gómez et al., 2013, Gosselin and Rivest, 2011). On the other hand 17β-

estradiol can have anti-inflammatory properties, particularly towards microglia, 

interfering with the LPS signal transduction, inhibiting the transcription of 

inflammatory genes (Vegeto et al., 2008, Vegeto et al., 2001, Pozzi et al., 2006). 

Estrogen’s effects vary based on its concentration levels, the type of cells and tissue 

involved in the immune response, as well as the microenvironment (Straub, 2007). 

The greater increase in pro- and anti-inflammatory cytokines, mediated by LPS, was 

revealed here in wild-type females, suggesting a higher susceptibility to the 

infection in these animals. However, this increase was not reflected in the brain. 

 

https://www.sciencedirect.com/science/article/pii/S0306452218301738#b0325


 
 

115 
 

In particular, quantification of hippocampal microglia in previous studies revealed 

higher microglia density and more activated amoeboid morphology in adult 

females than adult males, while in neonatal development males showed higher 

microglia density than females (Villa et al., 2018, Loram et al., 2012b). However, the 

finding of the present study doesn’t reflect the literature. Microglia are known to 

regulate brain development by modulating many physiological processes such as 

neurogenesis, survival, phagocytosis and of neuronal circuits, that distinguish the 

two sexes after puberty (Arnold and Gorski, 1984, MacLusky and Naftolin, 1981, 

Lenz et al., 2013).   

Susceptibility of transgenic female to infection, revealed by the analysis of microglia 

density, is reflected in the reactivity of microglia as well. The present study showed 

that transgenic females had bigger microglial soma than transgenic males in CA2 

and CA3, as well as in DG where the females had larger cell soma than the males. 

Indeed, changes in microglia soma size are correlated to changes in cell morphology 

and cell activation (Torres-Platas et al., 2014).  However, cell body size was not 

affected by the immune challenge itself, probably because 4 hours was not enough 

to induce morphological changes. A time-lapse two-photon microscopy study 

showed that 48h were required to detect microglia process motility and response 

to an acute injury (Avignone et al., 2015). Study on sex differences in brain 

development showed that microglia phenotype shifts during the development 

differently in males and females (McCarthy et al., 2015). Neonatal microglia cells 

from male mice appeared to have a more amoeboid-shaped soma than females, 

while females showed a more branched-resting phenotype (McCarthy et al., 2015). 

In more detail, males exhibited a greater number of microglia and a predominant 

activated amoeboid state early in development, especially at P4, while females 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6024879/#bib1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6024879/#bib24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6024879/#bib23
https://www.sciencedirect.com/science/article/pii/S0306452218301738#b0325
https://www.sciencedirect.com/science/article/pii/S0306452218301738#b0325
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have a reverse pattern where microglia exhibited a more activated morphology 

throughout adulthood, rendering females more susceptible to inflammatory 

disease (Schwarz et al., 2012, Lenz et al., 2013). 

To investigate microglia reactivity in relation to amyloid plaques, the numbers of 

Iba-1 positive clusters were quantified. Indeed, several studies have showed 

microglia cluster around amyloid-β deposits (Zhao et al., 2017a, Jung et al., 2015, 

Yuan et al., 2016), suggesting that these cells are important for amyloid plaque 

formation, maintenance or clearance. I found that the number of microglial clusters 

was higher in transgenic mice compared to wild-type littermates, in most regions 

of interest, as expected. Aβ plaque formation had never been described in wild-

type animals and clusters of microglia were not seen in non-transgenic mice 

(Hellwig et al., 2015). I have also shown higher number of clusters in females, similar 

to a previous study that reported sex-differences on plaque formation and growth 

where female mice presented heavier amyloid burden and higher plaque numbers 

compared to age-matched males (Wang et al., 2003b). Particularly, amoeboid 

activated microglia have been seen surrounding Aβ plaques (Zhao et al., 2017a, 

Stalder et al., 1999). The observation here of larger microglia soma size in 

transgenic females, compared to males, can be correlated to the number of 

plaques, known to higher in females compared to males. Effects of LPS on amyloid 

plaque load will be described at longer time-points in the next chapters. 

 

Another major player in the inflammatory response are the astrocytes. 

Quantification of astrocytes density revealed higher cell density in transgenic 

females compared to their wild-type littermates. The genotype difference revealed 

by this study is in accordance with a clinical study that showed an increase in GFAP-
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immunoreactive astrocytes, in the hippocampus of AD patients (Lu et al., 2003). 

Here, I did not see the same difference in male mice, but there is limited literature 

that investigates the immune responses of astrocytes in both sexes. However, 

studies on the impact of estrogen on astrocytes inflammatory response reported 

contradictory results where estrogens increased mRNA of the astrocytes marker 

GFAP on one hand (Lewis et al., 2008), but inhibited astrogliosis and accumulation 

of reactive astrocytes in response to injury, on the other hand (Garcıá-Estrada et 

al., 1999, Lu et al., 2003). It needs to be considered that astrocyte reactivity and 

density can be influenced by the presence of the plaques and occur early in AD 

stages (Loram et al., 2012a), as we observed in our transgenic females at 4.5 

months of age. 

Overall the present data revealed higher microglia and astrocyte susceptibility to 

LPS in APPswe/PS1ΔE9 females compare to wild-type females. Indeed, we showed 

that transgenic females had a significant increase in microglia density and 

activation, as well as astrocytes density, compared to wild-type females. In the 

periphery, we revealed a higher pro-inflammatory response to LPS in all animals 

that was stronger in females compared to males. Differences seen between our 

study and the literature, using the same stimulating immune modulator, could be 

due to the different experimental methods used to quantify glial or protein levels. 

However, since LPS did not affect brain response to infection within the 4 hours’ 

time point, in the next chapter, I investigated later time points to determine if the 

differences in susceptibility do reveal also with time. 
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A single systemic challenge with LPS increased 
microglia proliferation in the hippocampus of 4.5-
month old APPswe/PS1ΔE9 7-days post-treatment 
but did not affect amyloid plaque load. 

4.1 Introduction 

The present study investigated whether an acute systemic immune challenge with 

LPS (100μg/kg) induced changes in amyloid plaque load and immune response in 

4.5 months old wild-type and APPswe/PS1ΔE9 males and females mice at seven 

days post stimulation. To investigate the central immune response I analyzed glial 

density and activation in hippocampus and cortex, as well as the putative presence 

of brain infiltrating monocytes. The peripheral immune response was also 

examined by quantifying circulating cytokine levels in plasma, and by characterizing 

the peritoneal macrophage populations. Immune cell infiltration from the 

periphery to the CNS is believed to be more functional in clearing excessive Aβ 

peptides than resident microglia (Lai and McLaurin, 2012). Therefore, here I 

investigated the possibility of monocytes infiltrating the brain and their phagocytic 

activity towards Aβ by staining for intracellular Aβ, as well as evaluating the 

expression of the chemokine receptor CCR2. CCR2 and its main ligand CCL2 (also 

known as MCP-1) have been reported to be involved in the altered metabolism and 

clearance of Aβ (Westin et al., 2012), playing a critical role in monocyte mobilization 

(E. Hirbec et al., 2017). 

 

The seven days’ time point was chosen to analyze a longer-term effect of a single 

systemic LPS injection on the deposition of Aβ plaques and monocytes recruitment 
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into the CNS. Previous studies have reported an increase in Aβ expression levels in 

the hippocampus 7 days after LPS administration that was not seen at earlier time 

points (Zhu et al., 2014). This increase was associated with an enhanced RNA level 

of the pro-inflammatory cytokines IL-1β, IL-6, TNF-α in the hippocampus and 

enhanced cognitive dysfunction (Zhu et al., 2014). Moreover, previous data 

revealed an increased production and intracellular accumulation of Aβ peptide in a 

mouse model of AD, induced by a systemic administration of LPS (10 μl/g, i.p) 

(Sheng et al., 2003). Other types of infections have been studied in correlation with 

Aβ deposition in animal models of AD. A recent report showed that infection with 

C. pneumonia induced Aβ aggregation as a result of the neuroinflammatory 

response (Bibi et al., 2014), supporting the significant role that inflammation plays, 

as a risk factor, in AD pathogenesis (Azizi et al., 2015, Zotova et al., 2010, 

Eikelenboom et al., 2012).  

The presence of amyloid plaques has seen to prime microglia in AD brains (Norden 

et al., 2015a). An in vivo study on a 5XFAD mouse model, characterized by plaques 

deposition from 2 months of age, reported that microglia exposure to soluble Aβ 

early on in life could affect their response to a secondary stimulation such as 

bacterial infections (Jawhar et al., 2012). Microglia priming is associated with a pro-

inflammatory phenotypic shift and a consequent increase in the pro-inflammatory 

surface markers (Cameron and Landreth, 2010) that contribute to a rapid loss in 

cognitive function and memory (Cagnin et al., 2001).    

Therefore, I hypothesized that inflammation induced by LPS could contribute to the 

progression of AD pathology, triggering a pro-inflammatory response that would 

impact amyloid plaque aggregation and infiltration of peripheral macrophages, 

with transgenic animals being more susceptible to the immune challenge than their 
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wild-type littermates. Furthermore, higher susceptibility to LPS was expected in 

APPswe/PS1ΔE9 females, compared to males, as it has been seen that 

APPswe/PS1dE9 female have higher numbers of amyloid plaques and Aβ burden 

compared to age-matched males (Wang et al., 2003a).  

 

Recruitment of mononuclear phagocytes from the periphery to Aβ deposits in the 

brain was seen to be dependent on CCR2 expression, with high expression levels of 

Aβ in the brain associated with increased expression of CCR2 in infiltrating 

macrophages (Mildner et al., 2011). In this study, Mildner’s group showed that 

APPswe CCR2-deficient mice had impaired Aβ clearance and amplified vascular Aβ 

deposition compared to CCR2+/+, with no effect on parenchymal plaque deposition 

(Mildner et al., 2011). Another in-vivo study reported that CCR2 deficiency in an AD 

mouse model accelerated disease progression as a consequence of decreased 

monocyte accumulation in the brain (El Khoury et al., 2007b). A growing body of 

evidence suggests that bone-marrow and blood-derived monocytes take part in the 

neuroinflammatory response seen in AD brains. Indeed, an in-vivo study that used 

a chimeric mouse model with eGFP-labelled bone-marrow macrophages showed 

enhanced engraftment of bone marrow-derived monocytes cells in response to Aβ 

deposition in transgenic AD mice, with a higher density of these cells in the brain of 

AD mice compared with wild-type mice (Malm et al., 2005). Migration of these cells 

into the brain has been related not only to the process of Aβ deposition, but also to 

the activation and proliferation of glial cells that trigger the release of 

chemoattractant mediators and cytokines (Malm et al., 2005).  

Peritoneal monocytes were also investigated in this study as increasing evidence 

are suggesting that these cells may contribute to cerebral amyloid angiopathy by 
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releasing Aβ into the vessel walls following apoptosis (Malm et al., 2010, Zaghi et 

al., 2009). Moreover, a recent observation, done in both humans and 

APPswe/PS1dE9 transgenic mice, suggested that the clearance of Aβ from the brain 

through blood vessels play an important role, preventing amyloid burden that 

characterized the AD pathogenesis (Xiang et al., 2015).   

Overall, genotype susceptibility and sex differences were examined here in 

response to the same dose of LPS used in my previous study (chapter 3), but with a 

focus on the longer-term consequences both in the brain and the periphery. 

APPswe/PS1dE9 and wild-type mice aged 4.5 months at the time of the injection 

were used to investigate the inflammatory response in relation to early plaque 

accumulation. The age of the animals is the same used in the previous study 

described in chapter 3. Infiltrating monocytes were identified by the surface 

expression of CD11b with high expression of CD45 (CD11b+ CD45+Hi) (Manitz et al., 

2016), distinguished by microglia that have CD11b with low or intermediate CD45 

expression (CD11b+ CD45+Low) (Martin et al., 2017). Peritoneal macrophages were 

identified as positive for F4/80 (Zhang et al., 2008). Pro-inflammatory (M1) and anti-

inflammatory phenotype (M2) were analyzed by staining for CD80 and CD206 

respectively (Jablonski et al., 2015). To investigate the capacity of macrophages to 

infiltrate the CNS, brain cells were stained for CCR2 (Yang et al., 2014). Finally, cells 

were stained for Aβ intracellularly to investigate the possibility of an internalization 

of the peptide from both microglia and macrophages (Lai and McLaurin, 2012). To 

monitor the sickness syndrome induced by the infection, behavioural changes in 

daily living and locomotor activity, as well as spatial working memory were also 

assessed. 

https://www.sciencedirect.com/topics/neuroscience/integrin-alpha-m
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4.2 Study design 

Sixty-four 4.5 month-old mice were used to assess the behavioural and glial 

response, as well as peripheral cytokine response and macrophages infiltration into 

the brain 7 days after LPS injection. 32 APPswe/PS1dE9 transgenic mice (16 males 

with mean weight: 30.5 + 1.1 g; and 16 females with mean weight: 23.9 + 0.4g) and 

32 wild-type littermates (16 males mean weight: 32.8 + 1 g; and 16 females with 

mean weight: 24 + 0.8g) were tested. See Figure 30 for a schematic timeline of the 

experiment. 

Mice were subjected to food burrowing, spontaneous alternation and open field in 

order to assess daily living activity, spatial working memory and locomotor activity 

both before and 7 days after treatment. After a food burrowing training for 3 days, 

baseline data were collected. Mice were tested for spontaneous alternation the day 

before the injection (day -1). The open field task was performed the day of the 

injection (day 0), in the morning, with an overnight food burrowing assessment 

between the two days. On day 0 mice were injected with either LPS (100µg/kg, i.v) 

or vehicle (PBS) in the afternoon, after the open field test. On days 6 and 7 mice 

underwent the same behavioural tests to collect post-injection data. Body weight 

of each mouse was recorded daily throughout the experiment in order to monitor 

their recovery from LPS-induced sickness. On day 7 mice were anesthetized to 

collect macrophages from the peritoneal area and blood by heart puncture before 

being perfused with ice-cold PBS. Brain tissue was collected and sagittally separated 

into two hemibrains. One half of the brain was sagittally sliced and destined to 

analyze the microglia, astrocytes and amyloid response in the hippocampus and 

cortex, by immunostaining for Iba-1, GFAP and Aβ respectively. Two brains from 
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the same genotype and sex, but with different treatment, were fixed in the same 

block to minimize staining variability. Nine sections per brain were immunostained 

at different levels of the hippocampus. The second half of the brain was used for 

two different purposes: brain tissue from n=4 mice/group was dissociated in cells 

and analysed by flow cytometry to investigate brain infiltrating macrophages, while 

the tissue from the other n=4 mice/group was further dissected into frontal cortex, 

hippocampus, cortex and striatum and stored at -80°C, but not used in this study. 

Plasma was collected and stored at -80°C for cytokines analysis. 
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Figure 30. Schematic experimental timeline.  
  

N=8/group 

N=8/group 
N=8/group 

N=8/group 

N=8/group 



 
 

126 
 

4.3 Results  

4.3.1 Behavioural response to the immune challenge after 7 days 

Body weight 

Results showed an overall significant sex effect at baseline (F(1,57)=963.2, p<0.0001), 

with males being heavier than females (Figure 31.A). Repeated measure ANOVA 

used to analyse post-injection data revealed overall significant effects of sex 

(F(1,57)=75.83, p<0.0001) and time (F(1,57)=16,94, p<0.0001) and a significant sex X 

time interaction effects (F(1,57)=5,03, p<0.0001). Males showed higher body mass 

than females from day 1 to day 7 post-injection in both wild-type (p<0.0001) (Figure 

31.B) and transgenic (LPS-treated mice p<0.0001; PBS-treated mice p<0.05) groups 

(Figure 31.C). A treatment X time interaction effect (F(1,57)=31,52, p<0.0001) was 

also observed with a greater loss in body mass in LPS-treated wild-type females 

compared to the control animals (p=0.021)(Figure 31.B).  

 

To investigate the recovery of the animals after the challenge, body weight changes 

were calculated by subtracting post-injection data from the baseline data and 

expressed as a percent change from baseline. Results showed that all LPS-treated 

animals lost weight significantly, but females seemed to recover faster than males, 

reaching their baseline weight by day 3 (Figure 32.B), while males did not return to 

baseline weight within the 7 days (Figure 32.A). PBS-treated APPswe/PS1ΔE9 

females significantly gained weight on days 2 (p=0.039) and 3 (p=0.001) (Figure 

32.B), and wild-type males on day 2 (p=0.042) (Figure 32.A) post-administration, 

compared to the baseline weight. 
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Figure 31. Body weight at baseline and post-injection. 4.5 months old male and 
female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS). Body weight was recorded before the injection 
and every day after the treatment. Males were significantly heavier than females 
before the injection (p<0.0001) (A) and post-injection (p<0.05) (B-C). The day after 
the challenge LPS-treated WT females showed a significantly lower body mass than 
PBS-treated control (p=0.021) (B). Data are shown as mean + S.E.M. 3-way and 2-
way ANOVA were used. [* p< 0.05, *** p< 0.0001]. 
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Figure 32. Body weight recovery from the treatment. 4.5 months old male and 
female APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS). Body weight was recorded before the injection 
and every day after the injection. PBS-treated males (A) and females (B) did not lose 
weight after the injection. LPS-treated animals lost a significant amount of weight 
on day 1, after the treatment, seen in males WT (p=0.024) and APP/PS1 (p<0.0001) 
(A), as well as in females WT (p<0.0001) and APP/PS1 (p<0.0001) (B). 7 days after 
the injection, LPS-treated WT (p=0.005) and APP/PS1 (p=0.003) males still showed 
body weight loss, compared to baseline (A). LPS-treated females showed increase 
in body weight by day 3 in both APP/PS1 (p<0.0001) and WT (p=0.0004) mice, 
compared to day 2, reaching the baseline weight (B). Data are shown as mean + 
S.E.M. [the * was used for the statistical significance shown by the pairwise 
comparisons analysis between the days: **p< 0.005]; [the # was used used for the 
statistical significance shown by the one-sample t-test compared to the baseline: 
#p< 0.05, ##p<0.005, ###p< 0.0001].  
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Food Burrowing 

To study if the systemic administration of LPS impacts on the normal daily activities, 

the food burrowing task was performed. There were no differences in performance 

between treatment groups at baseline and post-injection assessments. An overall 

significant effect of genotype was observed at baseline (F(1,57)=7.33, p=0.009) 

(Figure 33A) with wild-type females burrowing more food than APPswe/PS1ΔE9 

females (p=0.007) and wild-type males (p=0.026). An overall genotype effect was 

also seen post-injection (F(1,57)=11.1, p=0.002) (Figure 33.B) with wild-type females 

burrowing more food than APPswe/PS1ΔE9 females (p=0.002). Analysis of the 

changes in the amount of food burrowed from baseline revealed that LPS-treated 

APPswe/PS1ΔE9 male burrowed significantly more food than prior the treatment 

(p=0.01) (Figure 33.C). 

 

Spatial working memory  

There were no differences in performance between the experimental groups at 

baseline and seven days after the injection. The number of arm entries was 

recorded and used as a covariate. Results revealed that number of arm entries 

significantly impacted the alternation rate both at baseline (p=0.0067) and post-

injection (p=0.029). One sample t-test showed that all wild-type males (PBS-

treated, p<0.0001; LPS-treated p=0.004), APPswe/PS1ΔE9 males (PBS-treated, 

p=0.001; LPS-treated p=0.002) and APPswe/PS1ΔE9 females (PBS-treated, p=0.001; 

LPS-treated p=0.006) alternated significantly above the 50% random choice rate at 

baseline (Figure 33.D). Seven days after the treatment all experimental groups, 

except PBS-treated wild-type males, alternated significantly above the chance level 

(p < 0.05 compared to 50% choice rate) (Figure 33.E). In addition, PBS-treated 

transgenic males showed improvement in spatial working memory (p=0.014) 
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(Figure 33.F). Therefore these results suggests that the treatment did not impact 

spatial working memory. 

 

Locomotor activity  

No differences in locomotor activity were observed at baseline and post-injection 

between experimental groups. An overall genotype effect was observed on the 

distanced moved both at baseline (F(1,57)=11.55, p=0.001) (Figure 33.G) and post-

injection (F(1,57)=12.73, p=0.001) (Figure 33.H). Wild-type females moved less than 

APPswe/PS1ΔE9 females (p=0.032 at baseline; p=0.012 post-treatment) and with 

wild-type males did cover shorter distances than APPswe/PS1ΔE9 males (p=0.011 

at baseline; p=0.017 post-treatment). 

Investigating the effect of the injection over the performance, all animals, except 

LPS-treated APPswe/PS1ΔE9 females showed a significant decrease in the 

distanced moved between baseline and post-treatment test (p<0.05) (Figure 33.I). 
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Figure 33. LPS effects on behaviour at baseline and 7 days post-injection. 4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS). Behaviour was assessed 
before and 7 days post-treatment. A white line in D and E represent the 50% chance 
level. No significant differences were seen between experimental groups in the 
effect of treatment, in the food burrowed (C), alternation rate (F) and locomotor 
activity (I) regardless of sex and genotype. Wild-type females burrowed more food 
than transgenic females both at baseline (p=0.007) (A) and post-injection (p=0.002) 
(B), and than wild-type males at baseline (p=0.0262) (A). APP/PS1 animals showed 
higher locomotor activity than WT littermates in both females and males at baseline 
(p=0.032 in females, p=0.0114 in males) (G) and post-injection (p=0.0123 in 
females, p=0.017 in males) (H). However, comparing the treatment effect to 
baseline data (represented by the Y-axis) it was revealed a significant increase in 
food burrowed in LPS-treated APP/PS1 males (p=0.01) (C), an increase in the 
alternation rate in PBS-treated APP/PS1 males (F) and a decrease in locomotor 
activity in all the groups (p<0.05), except LPS-treated transgenic female (I).  Data 
are shown as mean + S.E.M [ANOVA:* p< 0.05, **p< 0.005]. [# was used used for 
the statistical significance shown by the one-sample t-test compared to the 
baseline: #p<0.05, ##p<0.005, ###p< 0.0001]. 
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4.3.2 Cytokine response to LPS 7 days after the challenge 

Plasma cytokine concentrations were quantified using the multiplex array 

described in the method chapter 2. There were no significant effects of LPS 

treatment after 7 days.  An overall sex effect was revealed for IFN-γ (F(1,57)=7.05, 

p=0.0103) (Figure 34.B) and TNF-α (F(1,57)=9.31, p=0.0049) levels (Figure 34.E) with 

wild-type females showing elevated protein levels in plasma compared to wild-type 

males [IFN-γ (p=0.015), TNF-α (p=0.004)]. No significant differences were seen for 

IL-1β (Figure 34.A), IL-6 (Figure 34.C) and IL-10 (Figure 34.D).  
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Figure 34. Cytokines levels in plasma. 4.5 months old male and female 
APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated with 
LPS or vehicle (PBS) and plasma collected 7 days after the challenge. No significant 
differences observed in IL-1β (A), IL-6 (C) and IL-10 (D) plasma levels between 
groups. Wild-type females showed higher concentration of IFN-γ (p=0.015) (B) and 
TNF-α (p=0.004) (E) than wild-type males. Data are shown as mean + S.E.M. [* p< 
0.05, ** p< 0.005]. 
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4.3.3 Changes in amyloid plaque load in the hippocampus and 
cortex 7 days after LPS challenge. 

An overall sex effect was revealed in both hippocampus (F(1,28)=92.19, p<0.0001) 

(Figure 35.A) and cortex (F(1,28)=37.58, p<0.0001) (Figure 36.A), with females 

showing higher number of amyloid plaques compared to males. Analysis of the size 

of the plaques revealed a sex effect for small (F(1,28)=71.39, p<0.0001) medium 

(F(1,28)=41.89, p<0.0001) and large (F(1,28)=41.01, p<0.0001) plaques in the 

hippocampus, as well as small (F(1,28)=28.99, p<0.0001), medium (F(1,28)=19.71, 

p<0.0001) and large (F(1,28)=39.58, p<0.0001) plaques in the cortex. A significant sex 

X treatment interaction effect (F(1,28)=5.81, p=0.023) was found in the total number 

of plaques in the hippocampus, but no significant differences were seen between 

the experimental groups. 
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Figure 35. Amyloid plaque load in hippocampus 7 days after LPS challenge. 4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and their brain was collected 
7 days after the challenge. Females showed higher number of total amyloid plaques 
per mm2 (p<0.0001) (A) and small plaques per mm2 (p<0.0001) (B) compared to 
males. In addition, PBS-treated females showed higher number of medium 
plaques/mm2 (p<0.0001) (C) and large plaques/mm2 (p<0.0001) (D) compared to 
PBS-treated males. Moreover LPS-treated females showed higher number of 
medium plaques/mm2 (p=0.002) (C) and large plaques/mm2 (p=0.004) (D), 
compared to LPS-treated males. PBS-treated females showed larger small plaques 
than PBS-treated males (p=0.0003) (E), but no significant difference was found 
between the experimental groups in medium (F) and large plaques (G). Scale bars, 
0.5mm. Data are presented as mean + S.E.M.  [* p< 0.05, **p< 0.005 *** p < 
0.0001]. 
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Figure 36. Amyloid plaque load in cortex 7 days after LPS challenge. 4.5 months 
old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the challenge. Females showed higher number of total amyloid plaques per 

mm
2
 (p<0.0001) (A) compared to males. In addition PBS-treated females showed 

higher number of small (p=0.0002), medium (p=0.0072) (C) and large (p<0.0001) 

(D) plaques per mm
2
, compared to PBS-treated males. Moreover LPS-treated 

females showed higher number small (p=0.002), medium (p=0.002) (C) and large 

(p=0.0006) (D) plaques/mm
2
. No significant differences were found between the 

experimental groups in the size of small, medium and large plaques (E-G). Scale 
bars, 0.5mm. Data are presented as mean + S.E.M.  [* p< 0.05, **p< 0.005 *** p < 
0.0001]. 
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4.3.4 Glial response to LPS in the hippocampus and cortex 

Astrocytes response in the hippocampus and cortex 7 days after 

LPS challenge 

LPS did not affect astrocyte density in the whole hippocampus and no significant 

differences were observed between experimental groups (Figure 37). An overall sex 

effect was shown in the CA3 hippocampal subfield (F(1,57)=9.33, p=0.003) with males 

having a higher astrocyte density compared to females (Figure 39.A). An overall 

genotype (F(1,56)=233.98, p<0.0001), sex (F(1,56)=7.58, p=0.0079) effects and a 

genotype X sex interaction effect (F(1,56)=13.56, p=0.0005) was revealed in 

astrocytes clusters in the cortex (Figure 37). APPswe/PS1ΔE9 female showed more 

clusters than transgenic males (p<0.0001) and wild-type females (p<0.0001). 

APPswe/PS1ΔE9 males presented higher number of clusters than their wild-type 

littermates (p<0.0001).  
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Figure 37. Area occupied by GFAP in the hippocampus and cortex. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the challenge. No significant differences were found in the percentage of area 
stained by GFAP between the experimental groups (A). APP/PS1 females showed a 
higher number of clusters than WT females (p<0.0001) and APP/PS1 males 
(p<0.0001) (B). APP/PS1 males revealed higher number of GFAP clusters compared 
to WT littermates (p<0.0001) (B). Scale bars, 0.5mm. Data are presented as mean + 
S.E.M. [***p<0.0001]. 
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Figure 38. Area occupied by GFAP in the hippocampal subfields. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the challenge. No significant differences were observed in the percentage of 
area stained by GFAP in CA1 (A), CA2 (B) Scale bars, 0.25mm. Data are presented 
as mean + S.E.M. [* p< 0.05]. 
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Figure 39. Area occupied by GFAP in the hippocampal subfields. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the challenge. No significant differences were observed in the percentage of 
area stained by GFAP in DG (B), while a lower percentage of area stained by GFAP 
was observed in female compared to the male group in CA3 (p=0.04) (A). Scale bars, 
0.25mm. Data are presented as mean + S.E.M. [* p< 0.05]. 
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Microglia response to LPS in the hippocampus and cortex 

An overall sex effect was observed in the percentage of area stained by Iba-1 in the 

cortex (F(1,55)=5.46, p=0.023) (Figure 41.A) and in 3 hippocampal subfields [CA1 

(F(1,55)=4.65, p=0.036) (Figure 42.A), CA2 (F(1,55)=4.04, p=0.049) (Figure 42.B), CA3 

(F(1,55) =5.74, p=0.020) (Figure 43.C)] with females showing higher density of Iba-1 

than males. In particular, wild-type females revealed higher microglia density than 

wild-type males in CA2 (p=0.039) (Figure 42.B). An overall treatment effect was 

observed for the number of microglia cells per mm2 in the whole hippocampus 

(F(1,55)=8.71, p=0.005) (Figure 40.B) and the 4 hippocampal subfields [CA1 

(F(1,55)=4.81, p=0.033), CA2 (F(1,55)=10.98, p=0.002) (Figure 42.E-F), CA3 (F(1,55) 

=13.71, p=0.0005) and DG (F(1,55) =7.96, p=0.0066)] (Figure 43 G-H) with LPS-treated 

animals showing higher number of cells compared to PBS-treated counterpart, in 

particular in APPswe/PS1ΔE9 males in CA2 (p=0.031) (Figure 42.F) and CA3 

(p=0.016) (Figure 43.G), and in APPswe/PS1ΔE9 female in CA3 (p=0.018) (Figure 

43.F) and DG (p=0.0315) (Figure 43.H).  

An overall genotype effect in the number of microglia clusters per mm2 (density) 

was revealed in the cortex (F(1,56)=122.99, p<0.0001) (Figure 41.C), the whole 

hippocampus (F(1,56)=20.87, p<0.0001) (Figure 40.C), and 2 hippocampal subfields 

[CA1 (F(1,56)=5.36, p=0.024) (Figure 42.I) and DG (F(1,56)=24.94, p<0.0001) (Figure 

43.L)]. Transgenic animals showed more clusters than wild-type, in both males and 

females (p<0.005). In addition, an overall genotype X sex (F(1,56)=5.36, p=0.021) and 

genotype X sex X treatment (F(1,56)=7.08, p=0.010) interaction effects was seen in 

CA1 (Figure 42.I), where transgenic females presented more clusters than 

transgenic males.  Moreover, an overall sex effect was observed in the size of 

microglia soma in the whole hippocampus (F(1,55)=6.56, p=0.013) (Figure 40.D), in 

the cortex (F(1,55)=5.46, p=0.023) (Figure 41.D), and in 3 hippocampal subfields [CA1 
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(F(1,55)=4.06, p=0.049) (Figure 42.M), CA3 (F(1,55)=6.11, p=0.016) (Figure 43.O) and DG 

(F(1,55)=4.1, p=0.048)] (Figure 43.P). Indeed, females showed larger microglia soma 

than males. The number of microglia clusters was found to be a significant covariate 

in the analysis of microglia soma size in DG (F(1,55)=5.43, p=0.023) (Figure 43.P). 
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Figure 40. Area occupied by Iba-1 in the hippocampus. 4.5 months old male and 
female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and their brain was collected 7 days after the 
challenge. No significant difference between groups was observed in the 
percentage of area stained by Iba-1 (A) and in microglia cells per mm2 (B). A higher 
number of microglial clusters/mm2 was revealed in APP/PS1 female compared to 
WT female (p<0.0001) and in APP/PS1 male compared to their WT littermates 
(p=0.006) (C). A sex difference was observed for the soma size where females 
showed larger microglia soma than males (p=0.0132) (D). Scale bars, 0.5mm. Data 
are presented as mean + S.E.M. [ANOVA: * p< 0.05, *** p< 0.0001]. 
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Figure 41. Area occupied by Iba-1 in the cortex. 4.5 months old male and female 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated 
with LPS or vehicle (PBS) and their brain was collected 7 days after the challenge. 
Females showed a significant higher percentage of area stained by Iba-1 (p=0.023) 
(A) and larger microglia soma size (p=0.023) (D) than males. No significant 
difference observed in microglia cells per mm2 (B). A higher number of microglial 
clusters/mm2 was revealed in APP/PS1 female compared to WT female (p<0.0001) 
and in APP/PS1 male compared to WT littermates (p<0.0001) (C). Scale bars, 
0.5mm. Data are presented as mean + S.E.M. [* p< 0.05]. 
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Figure 42. Area occupied by Iba-1 in the CA1 and CA2 hippocampal subfields. 4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and their brain was collected 
7 days after the challenge. Females showed higher percentage of area stained by 
Iba-1 in CA1 (p-0.036) (A) than males, with higher percentage of area stained in WT 
females compared to WT males in CA2 (p=0.039) (B). No significant difference was 
observed in the number of microglial cells/mm2 in CA1 (E), while LPS-treated 
APP/PS1 males showed higher number of microglial cells/mm2 compared to PBS-
treated counterparts in CA2 (p=0.031) (F). A higher number of microglial 
clusters/mm2 was revealed in APP/PS1 females compared to WT females (p=0.001) 
and compared to APP/PS1 males in CA1 (p=0.023) (I). Females revealed a larger 
microglia soma size than males in CA1 (p=0.013) (M). Scale bars, 0.25mm. Data are 
presented as mean + S.E.M. [* p< 0.05, **p<0.005]. 
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Figure 43. Area occupied by Iba-1 in the CA3 and DG hippocampal subfields. 4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and their brain was collected 
7 days after the challenge. Females showed higher percentage of area stained by 
Iba-1 in CA3 (p=0.02) (C), compared to males. LPS-treated APP/PS1 males showed 
greater number of microglial cells/mm2 compared to PBS-treated counterparts in 
CA3 (p=0.016) (G), and LPS-treated APP/PS1 females revealed more number of 
microglial cells/mm2 compared to PBS-treated group in CA3 (p=0.018) and DG 
(p=0.036) (H). In DG, higher number of microglial clusters/mm2 was revealed in 
APP/PS1 females compared to WT females (p<0.0001) (L) and compared to 
APP/PS1 males (p=0.036). APP/PS1 male showed also higher number of microglial 
clusters/mm2 than wild-type males (p=0.003) (L). Females revealed a larger 
microglia soma size than males in CA3 (p=0.049) (O) and DG (p=0.048) (P). Scale 
bars, 0.25mm. Data are presented as mean + S.E.M. [* p< 0.05, **p<0.005, 
***p<0.0001]. 
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4.3.5 Infiltration of peripheral monocytes into the CNS and 
characterization of their immune profile 

To detect macrophages that infiltrated the brain 7 days after the immune challenge, 

brain tissue was collected and cells were dissociated, stained and analysed using 

flow cytometry as described in the method chapter (chapter 2). The percentage of 

gated cells relative to the total number of cells were stained with CD11b+CD45+Lo 

and CD11b+CD45+Hi to distinguish between resident microglia and infiltrating 

monocytes respectively. Analysis of the proportion of infiltrating monocytes in the 

brain showed no significant differences between the experimental groups in the 

hippocampus (Figure 44), while in the cortex an overall sex effect was revealed 

(F(1,20)= 6.47, p=0.019), with wild-type males showing a lower number of infiltrating 

macrophages than wild-type females (p=0.006) (Figure 46.A). An overall effect of 

sex was also revealed in the microglia analysis the hippocampus (F(1,20)= 6.17, 

p=0.022) (Figure 45) and cortex (F(1,20)= 11.73, p=0.003) (F igure 47.A), where wild-

type males showed higher number of resident microglia compare to wild-type 

females (p<0.05). 

To further identify the subpopulation distribution among the infiltrated 

macrophages and resident microglia, expression of CCR2 and intracellular Aβ 

staining was analysed to characterize the chemotactic phenotype and the presence 

of intracellular amyloid beta peptide, respectively. An overall sex effect was seen in 

the hippocampus (F(1,20)= 7.53, p=0.0125) (Figure 44.B) and in the cortex (F(1,20)= 

22.53, p=0.0001) (Figure 46.B). Wild-type males showed a higher number of 

infiltrated macrophages expressing CCR2 compared to wild-type females (p=0.038) 

in the hippocampus, and compared to females wild-type (p=0.035) and transgenic 

(p=0.0002) in the cortex. An overall sex effect was also seen in the percentage of 

microglia expressing CCR2 in the hippocampus (F(1,20)= 38.56, p<0.0001) (Figure 
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45.B), and cortex (F(1,20)= 8.36, p=0.009) (Figure 47.B), with males having more 

microglia cells expressing CCR2 than females (p<0.05). Intracellular Aβ analysis 

showed an overall genotype (F(1,20)= 7.32, p=0.014) and sex (F(1,20)= 18.3, p=0.0004) 

effect in the hippocampus (Figure 44.C), with APPswe/PS1ΔE9 females showing 

higher number of infiltrated macrophages positive for Aβ compared to transgenic 

males (p-=0.0084), and APPswe/PS1ΔE9 males having more infiltrated 

macrophages positive for Aβ compared to wild-type males (p=0.041). Moreover 

also wild-type females showed more infiltrated macrophages with intracellular Aβ 

compared to wild-type males (p=0.053) (Figure 44.C). An overall genotype effect 

was seen in the cortex (F(1,20)= 5.11, p=0.035) (Figure 46.C), with higher number of 

infiltrating macrophages presenting intracellular Aβ in transgenic females compare 

to transgenic males (p=0.028). An overall sex effect was indeed observed in the 

hippocampus (F(1,20)= 12.94, p=0.002) (Figure 45.C), with higher number of resident 

microglia presenting intracellular Aβ in transgenic (p=0.018) and wild-type females 

(p=0.021) compared to wild-type males. 

To characterize the immune phenotype of the brain-infiltrating macrophages and 

resident microglia cells, analysis of the expression of M1 (CD80) and M2 (CD206) 

was performed through flow cytometry (detailed protocol in the method chapter). 

From the analysis of M1 expression, an overall sex effect was revealed in the 

hippocampus in infiltrated macrophages (F(1,21)= 20.76, p=0.0002) (Figure 44.D) and 

in microglia  (F(1,21)= 7.78, p=0.011) (Figure 45..D) expressing CD80, with wild-type 

males showing higher M1 expression than wild-type females. No significant 

difference emerged between the experimental groups in the cortex (Figure 46.D-

Figure 47.D). 
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Figure 44 Infiltrated macrophages analysis with flow cytometry in the 
hippocampus. 4.5 months old male and female mice APPswe/PS1ΔE9 (APP/PS1) 
and wild-type (WT) (n=3/4 per group) were treated with LPS or vehicle (PBS) and 
their brain was collected 7 days after the challenge. Flow cytometry analysis 
revealed no significant differences regarding the CD11b+ CD45+Hi cells (A). Analysis 
of CCR2+ expression in CD11b+ CD45+Hi cell population revealed lower percentage of 
cells having the CCR2 receptor in WT females compared to WT males (p=0.038) (B). 
Higher number of CD11b+CD45+HiAβ+  cells was seen in APP/PS1 females compared 
to APP/PS1 males (p=0.008), in WT females compared to WT males (p=0.005), and 
in APP/PS1 males compared to WT males (p=0.041) (C). Moreover, lower 
expression of CD80, the M1 marker, was seen in WT females compared to WT males 
(p=0.004) and in APP/PS1 females compared to APP/PS1 males (p=0.004) (D). Data 
are shown as mean + S.E.M. [*p< 0.05, **p<0.005].  
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Figure 45. Microglia analysis with flow cytometry in the hippocampus. 4.5 months 
old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=3/4 
per group) were treated with LPS or vehicle (PBS) and their brain was collected 7 
days after the challenge. Flow cytometry analysis revealed lower percentage of 
CD11b+ CD45+Lo cells in WT females compared to WT males (p=0.023) (A). Analysis 
of CCR2+ expression in CD11b+ CD45+Lo cell population revealed lower percentage of 
cells having the CCR2 receptor in WT females compared to WT males (p=0.0002) 
and in APP/PS1 females compared to APP/PS1 males (p=0.0004) (B). Higher number 
of CD11b+CD45+LoAβ+ cells was observed in APP/PS1 females compare to APP/PS1 
males (p=0.018) and in WT females compared to WT males (p=0.021) (C). 
Moreover, lower expression of CD80, the M1 marker was seen in WT females 
compared to WT males (p=0.003) (D). Data are shown as mean + S.E.M. [* p< 0.05, 
**p<0.005].  
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Figure 46. Infiltrated macrophages analysis with flow cytometry in the cortex.  4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=3/4 per group) were treated with LPS or vehicle (PBS) and their brain was 
collected 7 days after the challenge.  Flow cytometry analysis of the cellular staining 
revealed lower percentage of CD11b+ CD45+Hi cells in WT males compared to WT 
females (p=0.006) (A). Analysis of CCR2+ expression in CD11b+ CD45+Hi cell 
population revealed lower percentage of cells having the CCR2 receptor in WT 
females compared to WT males (p=0.034) and in APP/PS1 females compared to 
APP/PS1 males (p=0.0002) (B). Higher number of CD11b+CD45+HiAβ+ cells was 
observed in APP/PS1 females  compared to APP/PS1 males (p=0.028) (C). No 
significant differences were seen in the analysis of the cellular markers CD80 and 
CD206 (D). Data are shown as mean + S.E.M. [* p< 0.05, **p<0.005].  
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Figure 47. Microglia analysis with flow cytometry in the cortex. 4.5 months old 
male and female APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT), (n=3/4 per group), 
were treated with LPS and vehicle (PBS) and their brain was collected 7 days after 
the challenge. Flow cytometry analysis of the cellular staining revealed lower 
percentage of CD11b+ CD45+Lo cells in WT females compared to WT males 
(p=0.0049) and in PBS-treated compared to LPS-treated mice (p=0.006)(A). Analysis 
of CCR2+ expression in CD11b+ CD45+Lo cell population revealed lower percentage of 
cells having the CCR2 receptor in WT females compared to WT males (p=0.021)(B). 
No significant differences were observed in the analysis of intracellular Aβ (C), and 
the surface phenotypic markers CD80 and CD206 (D). Data are shown as mean + 
S.E.M. [* p< 0.05, **p<0.005].  
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4.3.6 Characterizing peritoneal macrophages 7 days after LPS 
treatment 

To characterize the phenotype of peritoneal macrophages in 4.5 months old mice 

wild-type and APPswe/PS1ΔE9, 7 days after LPS/vehicle injection, flow cytometry 

analysis was performed as described in the method chapter (chapter 2). Peritoneal 

macrophages, identified as F4/80+ cells, were characterized by staining for CCR2, to 

analyse the chemotactic phenotype, for CD80 and CD206, to investigate the 

inflammatory phenotype, and for Aβ, to show the intracellular presence of the 

amyloid peptide as an indicator of their phagocytic activity. No significant 

differences between the experimental groups were observed in the analysis of 

CCR2 (Figure 48.A), and in the M1 (CD80) and M2 (CD206) (Figure 48.C) expression. 

From the analysis of the intracellular Aβ, an overall genotype effect was revealed 

(F(1,20)= 4.78, p=0.041), with wild-type males showing a lower number of peritoneal 

macrophages positive for Aβ compared to transgenic males (p=0.006), and wild-

type females (p=0.019) (Figure 48.B).  
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Figure 48. Peripheral macrophages analysis with flow cytometry. 4.5 months old 
male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=3/4 per 
group) were treated with LPS and vehicle (PBS) and peritoneal macrophages were 
collected 7 days after the challenge. No significant differences were seen between 
the experimental groups in the analysis of CCR2 expression (A), as well as in the M1 
or M2 marker expression (C). F4/80+ cells in WT males showed lower intracellular 
Aβ staining than APP/PS1 males (p=0.002) and WT females (p=0.005) (B). Data are 
presented as mean + S.E.M. Data are shown as mean + S.E.M. [*p< 0.05, 
**p<0.005]. 
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4.4 Summary of the main findings 

In summary, the present study revealed that LPS affected the number of microglia 

cells per mm2, with LPS-treated APPswe/PS1ΔE9 animals showing a higher number 

of iba-1-immunoreactive cells per mm2 than vehicle-treated animals in both males 

and females (Table 3). In particular, flow cytometry analysis showed that LPS 

decreased the number of resident microglia, marked as CD11b+CD45+Lo positive 

cells, in LPS-treated APPswe/PS1ΔE9 males compared to the control (Table 4). No 

effects of LPS were seen 7 days after the treatment on the behavioural assessments 

(Table 2), cytokines quantification in plasma (Table 2), amyloid plaque load and 

GFAP-immunoreactive cells (Table 3). No effects of LPS were observed in the 

analysis of the brain-infiltrated and peritoneal macrophages (Table 4) 7 days after 

the treatment. 

Nevertheless, differences between sexes and genotypes have been revealed. 

Females showed a faster body weight recovery from LPS administration, associated 

with a smaller area covered by GFAP-immunoreactive cells and larger area covered 

by Iba-1 immunoreactive cells, compared to males. In particular, transgenic females 

presented a higher number of extracellular amyloid plaques and intracellular Aβ 

staining, as well as higher number of Iba-1 and GFAP clusters, compared to 

transgenic males. Characterization of the cellular phenotype of infiltrated 

macrophages and resident microglia revealed a lower expression of CCR2 and CD80 

in females, associated with a higher presence of intracellular Aβ stained by flow 

cytometry, compared to males. In particular, APPswe/PS1ΔE9 females showed 

more intracellular Aβ than APPswe/PS1ΔE9 males in infiltrated and peritoneal 

macrophages, as well as resident microglia. 
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Table 2. Summary of the main findings on behaviour and cytokines levels 

 
BEHAVIOURAL AND CYTOKINES ANALYSIS 

TREATMENT GENOTYPE SEX 

BODY WEIGHT 

RECOVERY 
_ _ 

Females recover faster 

than males. 

FOOD BURROWING _ 

WT females burrowed 

more food than APP/PS1 

females both at baseline 

and post-injection. 

_ 

SPATIAL WORKING 

MEMORY 
_ _ _ 

LOCOMOTOR ACTIVITY _ 

APP/PS1 mice moved 

more than WT mice in 

both sexes. 

_ 

CYTOKINES _ _ 

WT females showed 

higher TNF-α and IFN-γ 

levels than WT males. 

 

Table 3. Summary of the main immunostaining analysis. 

 
IMMUNOSTAINING ANALYSIS 

TREATMENT GENOTYPE SEX 

AMYLOID PLAQUE 

LOAD 
_ N/A 

Higher number of 

plaques in females 

compared to males. 

GFAP-

IMMUNOREACTIVITY 
_ 

Higher number of 

GFAP clusters in 

APP/PS1 compared to 

WT mice. 

Higher % area stained in 

males compared to 

females. 

Higher number of GFAP 

clusters in females 

compared to males 

APP/PS1. 

IBA-1-

IMMUNOREACTIVITY 

LPS-treated APP/PS1 

mice showed a greater 

density of iba-1-

immunoreactive cells 

than PBS-treated 

APP/PS1 animals in 

both males and 

females. 

Higher number of Iba-

1 clusters in APP/PS1 

compared to WT 

mice. 

Higher % area stained in 

females compared to 

males. 

Larger microglia soma in 

females compared to 

males. 

Higher number of Iba-1 

clusters in females 

compared to males. 
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Table 4. Summary of the main flow cytometry analysis. 

 
FLOW CYTOMETRY ANALYSIS 

TREATMENT GENOTYPE SEX 

BRAIN INFILTRATING 

MACROPHAGES 

CD11b +CD45+HI 

_ 

Higher number in 

APP/PS1 females 

compared to WT females. 

Higher number in WT 

females compared to 

WT males in the cortex 

only. 

MICROGLIA 

CD11b+CD45+LO 

Lower number in LPS-

treated APP/PS1 males 

compared to vehicle-

treated animals, in the 

cortex. 

_ 

Lower number in WT 

females compared to 

WT males. 

CCR2 EXPRESSION _ _ 

Lower in females 

compared to males in 

infiltrated macrophages 

and resident microglia, 

regardless of the 

genotype. 

F4/80+: no changes. 

INTRACELLULAR Aβ _ 

Higher in APP/PS1 males 

compared to WT males in 

infiltrated (hippocampus) 

and peritoneal 

macrophages. 

Higher in females 

compared to males in 

infiltrated and 

peritoneal 

macrophages, and 

resident microglia. 

M1/M2 IMMUNE 

PHENOTYPE 
_ _ 

Lower expression of M1 

marker in females 

compared to males in 

infiltrated macrophages 

and resident microglia 

from the hippocampus 

only. 

F4/80+: no changes  
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4.5 Discussion 

In the present study, I tested the hypothesis that a single systemic LPS challenge 

would exacerbate glial response and amyloid plaque load in 4.5 months old 

APPswe/PS1ΔE9 mice, seven days after the treatment. Increased levels of pro-

inflammatory mediators and recruitment of peripheral monocytes into the brain 

were expected, as a consequence of increased Aβ accumulation. 

LPS, administered at a low dose of 100µg/kg, was used to modulate the immune 

response, and to determine the effect of an acute systemic immune challenge on 

both male and female. Behavioural changes, as well as cytokines and glial response, 

were analyzed to assess susceptibility to LPS, and the impact on amyloid plaque 

load. The presence of infiltrating monocytes and the characterization of their 

phenotype and phagocytic activity was investigated to determine if LPS would 

increase recruitment of peripheral immune cells in APPswe/PS1ΔE1 more than in 

wild-type animals. 

 

Immunostaining analysis revealed that LPS did not increase amyloid plaque load, as 

expected. LPS affected the density of microglia cells after 7 days in the 

hippocampus, with LPS-treated APPswe/PS1ΔE9 animals showing a higher number 

of cells compared to vehicle-treated mice, in both males and females. However, 

analysis of microglia by flow cytometry, as CD11b+CD45+Lo positive cells, revealed 

that LPS-treated APPswe/PS1ΔE9 males had a lower percentage of microglia cells, 

compared to the vehicle-treated mice. These contradictory findings can be 

explained by the consideration that Iba-1, used to immunostain microglia cells in 

this study, is known to stain also macrophages (Bennett et al., 2016), suggesting 
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that the higher number of Iba-1 positive cells observed in transgenic males can be 

both microglia and macrophages, as reflected by the flow cytometry analysis. 

 

LPS did not affect spatial working memory, daily living activity and locomotor 

activity, 7 days after the treatment. Previous evidence showed that systemic LPS 

administration induced sickness syndrome lasting up to 48 hours (Biesmans et al., 

2013), suggesting a possible return to baseline behaviour after one week.  Contrary, 

a previous in-vivo study in a 3xTg-AD mouse model showed that a single 

intraperitoneal injection with LPS had a long-term impact affecting memory 

performance associated to AD pathology, 6 weeks after the treatment, associated 

with decreasing hippocampal neurogenesis (Valero et al., 2014). However, a 

reduction in locomotor activity was seen in this study in all the experimental 

groups, regardless of treatments, can be due to the habituation of the animals to 

the already familiar environment that reduced the tendency to explore the open 

space. Indeed novelty of the open field had been considered a motivational 

influence on locomotor activity, that would otherwise decrease without novelty 

stimuli (Engeland et al., 2001).   

 

Females and males were both tested to elucidate the difference in amyloid burden 

and etiopathology. Sex difference in amyloid deposit, revealed in this study, was 

already reported in AD mice models, showing higher amyloid burden and plaque 

numbers in females compared to males with an age-dependent increase (Wang et 

al., 2003b, Callahan et al., 2001, Sykova et al., 2005). Previous investigators 

revealed increased expression of amyloid precursor protein and increased 

generation of Aβ, following systemic LPS administration between 4 hours and 12 
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weeks after the challenge (Lee et al., 2008, Sheng et al., 2003). A reduction of Aβ 

was only observed after intra-hippocampal injection of LPS in 11 and 16 months old 

mice, 7 days after the challenge (DiCarlo et al., 2001, Herber et al., 2004). The 

experimental conditions of these previous reports vary, including the age and the 

animal model used, as well as the dose, the route of administration, the number of 

injections and the time-point of the study. For example, Sheng, Bora et al, injected 

LPS intraperitoneally and at a higher dose than the one used in this study (10µl/g 

of body weight), in older mice (11+4 months old) and revealed LPS-increase of Aβ 

production (Sheng et al., 2003). Indeed, high dose of the bacterial infection can 

exacerbate the immune response activating pro-inflammatory mechanism 

(Cunningham, 2013). Effects of inflammation are also age-dependent, indicating 

that inflammation can affect disease progression differently in old and young 

animals. It is well documented in aged animals that the immunomodulatory 

response is compromised and microglia are primed (Norden and Godbout, 2013, 

Williams et al., 2015), linked to age-dependent reduction of the association 

between microglia and amyloid plaques (Wyss-Coray, 2006). Thus, even moderate 

doses of LPS could exacerbate the existing pathology in old animals. Furthermore, 

the route of administration can also modulate the response differently as an 

intrahippocampal administration of LPS does not involve the cross-talk between the 

periphery and the brain, overcoming the BBB, while a systemic injection activates 

immune pathways that transduce the peripheral signal into the brain (Rivest, 2003). 

Indeed, systemic injection of LPS better mimic the clinical conditions where 

infections are more likely to induce brain inflammation via indirect mechanisms, 

rather than crossing the BBB (Mallard, 2012). 
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Higher number of amyloid plaques observed in females, compared to males, are 

associated with a higher number of microglia and astrocytes clusters in females’ 

hippocampal and cortical regions. It demonstrates, once again, the strong 

correlation between amyloid plaques and glial cells. Previous evidence also 

observed GFAP and Iba-1 clusters in close association with dense plaques, in 

hippocampus and cortex (Ruan et al., 2009, Ising and Heneka, 2018, Tsai-Teng et 

al., 2016).  

Astrocytes and microglia activation were not affected by the treatment in all the 

experimental groups. Lack of astrocytes activation can be explained by a a previous 

report that showed an increase in GFAP density that peaked at 6 h, after systemic 

LPS injection, indicating that astrocytes respond might have an early and short-

lasting response to a peripheral immune stimulation (Biesmans et al., 2013), that 

return to normal after 7 days. Furthermore, here I didn’t observe an effect in 

microglia soma size, used as a marker of activation, suggesting lack of activation of 

microglia 7 days after LPS. Indeed, microglia were seen activated 6 h after LPS 

administration, remaining activated for at least 3 days (Hoogland et al., 2015). A 

significant increase in microglia activation at 7 days was only seen after an 

intrahippocampal injection of LPS and lasted 28 days (Herber et al., 2006).  

Microglia density analysis revealed a higher number of microglia cells in LPS-treated 

transgenic mice. Previous literature showed that the number of proliferating cells 

in the cortex of APPswe/PS1dE9 mice significantly increased in association to the 

widespread deposition of amyloid plaques (Marlatt et al., 2014). This finding was 

also confirmed in-vitro where cultured microglia were seen proliferating in 

response to Aβ application (Kamphuis et al., 2012). Our transgenic mice showed 

higher microglia density after LPS injection in accordance to a study done by 



 
 

169 
 

Puntener et al., where moderate microglial activation was found 7 days after the 

challenge (Puntener et al., 2012). 

 

Quantification of cytokines in plasma revealed that LPS did not induce an increase 

in the concentration of pro- and anti-inflammatory cytokines, 7 days after the 

treatment. However, higher levels of TNF-α and IFN-γ were detected in wild-type 

females compared to wild-type males, regardless of treatment. AD progression is 

associated with an immune disorder, enhanced production of pro-inflammatory 

cytokines and free radicals, such as NO. IFN-γ and TNF-α are involved in NO 

production and their levels were reported higher in patients with AD (Belkhelfa et 

al., 2014). Therefore, higher levels of these cytokines were expected in the 

transgenic animals and not in the wild-type littermates, as I observed. Indeed, levels 

of TNF-α in the periphery and central nervous system of healthy adults are 

maintained at very low levels, while the levels of this cytokine are significantly 

elevated peripherally and centrally in patients with AD (Chang et al., 2017). 

Nonetheless, a significant up-regulation of mRNA and protein levels of the pro-

inflammatory cytokines TNFα and IL-1β was seen in hippocampal tissue 1 week 

after a single systemic dose of LPS (2 mg/kg, i.p), but not in serum where TNFα and 

IL-1β were seen acutely increased up to 6 hours following LPS-injection (Fu et al., 

2014). This finding suggested a long-lasting neuroinflammatory response in the 

CNS, but this was not reflected in the levels of cytokines in the serum. Indeed, one 

study correlated the responses of the pro-inflammatory cytokines TNF- α, MCP-1 

and IL-1β in liver, serum and brain after LPS (3 mg/kg, i.p.) and suggested that these 

cytokines are transported from the serum into the brain 1 hour after the challenge, 
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with their levels returning to normal in liver and serum after one week (Qin et al., 

2008).  

 

Flow cytometry analysis of brain cells showed a higher number of infiltrated 

macrophages in the cortex of wild-type females compared to wild-type males. Both 

infiltrated macrophages and microglia had lower expression of CCR2 and higher 

presence of Aβ in females compared to males, regardless of the genotype. Higher 

expression of CCR2 was observed in a previous report, in association with the pro-

inflammatory phenotype (Yrlid et al., 2006), suggesting that the lower expression 

of CCR2 is associated to the anti-inflammatory phenotype. Several studies have 

demonstrated that Aβ stimulates transmigration of the immune cell across the BBB 

(Rezai-Zadeh et al., 2009, Gate et al., 2010, Naert and Rivest, 2013), promoting the 

expression of adhesion molecules (Hohsfield and Humpel, 2015). In particular, 

mononuclear phagocyte accumulation in the area of the AD brain with high Aβ 

levels  was CCR2-dependent, suggesting that the gathering of these cells at sites of 

Aβ deposition, is an initial attempt to clear these aggregates (Hickman and El 

Khoury, 2010). Indeed, experimental models using microglial ablation (Grathwohl, 

Kälin et al. 2009) or using in vivo two-photon microscopy (Krabbe, Halle et al. 2013), 

revealed that microglia motility and phagocytic activity towards Aβ were reduced 

and impaired with increased deposition of amyloid plaques and progression of the 

AD pathology (Grathwohl et al., 2009, Krabbe et al., 2013).  

Higher numbers of amyloid plaques observed in our transgenic females, as shown 

from the immunostaining analysis, was expected to be associated with increased 

levels of the chemotactic receptor CCR2 that would stimulate higher movement of 

monocytes into the brain. Previous studies in rodent models have seen that CCR2-
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expressing monocytes are recruited in response to inflammation and amyloid 

plaque accumulation (Naert and Rivest, 2013), acquiring a pro-inflammatory 

phenotype and the ability to phagocyte Aβ (Hohsfield and Humpel, 2015, Malm et 

al., 2010, Town et al., 2008). In a particular study on APPswe/PS1E9 mice, revealed 

that both endogenous and injected Aβ induced an activation of microglial cells, 

leading to the release of CCL2, and the recruitment of peripheral monocytes, which 

are able to significantly phagocyte aggregated Aβ, contrary to resident microglia 

(Simard et al., 2006a). Moreover, transgenic mice deficit for CCR2 showed an 

increase in Aβ deposits, compared to the controls (El Khoury et al., 2007a). These 

findings were in accordance with a recent study on mice where the chemokine 

receptor CCR2 was expressed in pro-inflammatory monocytes transmigrating into 

the brain, also expressing the surface receptor CD80 (Jiang et al., 2016). However, 

here, I didn’t observe a pro-inflammatory shift in phenotype as low levels of CCR2 

and CD80 (M1 marker) was seen on both infiltrated monocytes and resident 

microglia cells in females.   

 

Higher presence of intracellular Aβ was reported in transgenic females, compared 

to transgenic males. Whereas, higher intracellular levels of Aβ were seen in 

transgenic males compared to wild-type males was observed in the peritoneal 

macrophages and hippocampal infiltrated macrophages. Unexpectedly, higher 

intracellular staining of Aβ was observed also in wild-type females, limiting the 

interpretation of the data. This can be explained by an observation made on post-

mortem human brain tissue samples that showed that the 6E10 anti-Aβ antibody 

was unable to distinguish intracellular Aβ from AβPP (intracellular APP) and it was 

detected in all subjects independent of the disease state or presence of 
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extracellular Aβ aggregates (Aho et al., 2010). An additional report, that used 6E10 

anti-Aβ antibody in a western blot experiment showed a similar band pattern in 

tissue from wild-type and 4–8-month-old APP transgenic mice, with 6E10 also 

cross-reacting with the full-length APP (Teich et al., 2013). Teich et al showed also 

that 6E10 binds in a non-specific way, concluding that this antibody might also 

detect proteins that are not derived from APP (Teich et al., 2013). A solution was 

proposed by Aho et al to overcome the non-specificity of this antibody, suggesting 

that an antibody directed to the C-terminal of the Aβ peptide (i.e., Aβ40, Aβ42, and 

12F4), instead of the N-terminal, would better identify intracellular Aβ and 

distinguish patients with Alzheimer’s disease (Aho et al., 2010).  

 

Investigating the phenotype and expression of M1 and M2 surface markers in the 

hippocampus, females showed lower M1 expression on infiltrating monocytes and 

resident microglia than males, with no differences in the expression of the M2 

marker. This may suggest that phagocytic activity of Aβ could be associated with an 

intermediate state between M1 and M2. It needs to be considered that a previous 

study, investigating microglia cells’ phenotype using CD206 as an M2 marker, 

reported CD206 immunoreactivity only in macrophages present in vessels, but not 

in resident microglia cells (Peferoen et al., 2015).  Peritoneal macrophages did not 

show differences in the expression of CD80 and CD206, maybe due to differences 

in tissue and related functions for Aβ internalization. In a previous study, higher 

levels of CCR2 in the peritoneal macrophages were seen in LPS-treated rodents 

after 6h from the injection (Bachstetter et al., 2014). Therefore, the lack of LPS 

effect in the present study may reflect the longer time point chosen. 
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In conclusion, the present study showed that inflammation, due to bacterial 

infection, did not affect amyloid plaque load, cytokines levels and astrocytes 

activation after 7 days. Increase in the number of microglia cells per mm2 was 

significantly affected in LPS-treated transgenic mice, leading to the hypothesis that 

microglia proliferate in response to the presence of plaques. To clarify the 

mechanism involved in Aβ response, analysis of brain infiltrating macrophages was 

assessed and higher internalization of amyloid peptide was seen in females 

compared to males. This may be linked to the higher presence of Aβ plaques in the 

brain regions investigated. Further study needs to clarify how the peripheral 

inflammation leads to a neuroinflammatory response and how to beneficially 

modulate the response. 
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A second systemic challenge of LPS increased the 
number of microglia cells, limiting the growth of 
small amyloid plaques in APPswe/PS1ΔE9 female 
mice. 

5.1 Introduction 

The present study investigated the impact of a single and double systemic challenge 

of LPS (100μg/kg) 7 days after the last injection, in wild-type and APPswe/PS1ΔE9 

mice, males and females, at 4.5 months of age. To determine the effect of LPS on 

the central and peripheral immune response, glial activity and amyloid plaque load 

in the brain, as well as cytokines levels in the plasma were analysed. In particular, 

microglia and astrocytes density and activation were analysed in hippocampus and 

cortex, and both pro-inflammatory (IL-1β, IL-6, IFN-γ, TNF-α) and anti-inflammatory 

(IL-10) cytokines were quantified in the plasma.   

The behavioural response was also assessed in order to monitor the recovery of the 

mice from the infection and to examine the effect of the treatment on spatial 

working memory, daily living and locomotor activity.  

LPS has often been acutely administered to exacerbate the pro-inflammatory 

response and induce cognitive impairments (Cunningham et al., 2009, Murray et 

al., 2012). However, many investigations reported that repeated exposure to LPS 

created a state of unresponsiveness to the infection, called endotoxin tolerance, 

characterized by  decreased febrile response, reduction of pro-inflammatory 

cytokines (as TNF-α, IL-6 and IFN-γ) and increase in anti-inflammatory cytokines (as 

IL-10 and TNF-β) (Cavaillon et al., 2003, Dawicki and Marshall, 2007, Freudenberg 

et al., 2001, Nomura et al., 2000). Thus, an increase in pro-inflammatory cytokines 
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and activation of microglia was expected after the single systemic injection, while 

attenuation of the pro-inflammatory cytokines was expected after repeated LPS 

exposures. 

In all these studies on endotoxin tolerance (Cavaillon et al., 2003, Dawicki and 

Marshall, 2007, Freudenberg et al., 2001), LPS was administered within few hours 

or days of the first exposure, while, in the present study, a second LPS injection was 

performed 2 weeks after the first challenge. A recent study done by Samira 

Parhizkar, from my research group, (Personal Communication) that investigated 

changes in body temperature induced by systemic LPS (100µg/kg, i.v) in both wild-

type and APPswe/PS1ΔE9 males and females at 4.5 month old (data not published), 

showed that  2 weeks were necessary for the complete recovery of the animals 

from the infection. Another group also reported that 14 days were necessary for 

wild-type mice to regain normal responsiveness to infections after a tolerant state 

induced by intraperitoneal injection of LPS, (Lu et al., 2008). Moreover, having 

weeks between the first and second exposure to LPS is a better way to mimic real-

life infections. 

The effect of the treatments on amyloid plaque load was investigated as an increase 

in Aβ levels in response to a systemic administration of LPS was reported in more 

than one study (Sly et al., 2001, Sheng et al., 2003). In particular, an in-vivo 

experiment showed that repeated injections of LPS (250 µg/kg) induced 

accumulation of Aβ in the hippocampus and cerebral cortex of mice brains (Lee et 

al., 2008).   

Since the innate immune system is a major target of LPS, the possible infiltration of 

peripheral macrophages into the brain in response to the treatment were analysed, 

and immune phenotype of infiltrated and peritoneal macrophages, as well as 
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resident microglia,  were characterized. Macrophages, infiltrate the brain in 

response to inflammation and have been shown to be more functional to 

phagocyte Aβ peptides, compared to resident microglia (Lai and McLaurin, 2012). 

Therefore, here I also analysed the intracellular Aβ in infiltrated macrophages 

(CD11b+ CD45+Hi), resident microglia (CD11b+ CD45+Low) and peritoneal 

macrophages (F4/80+).  The chemokine receptor CCR2 play an important role in the 

recruitment of macrophages (Mack et al., 2001, E. Hirbec et al., 2017) and the 

clearance of Aβ (Westin et al., 2012). For this reason, the immune phenotype of 

infiltrated macrophages, resident microglia, and peritoneal macrophages was also 

characterized, quantifying the expression of CCR2, as well as the phenotypic 

markers M1 (pro-inflammatory, CD80) and M2 (anti-inflammatory, CD206). Indeed, 

investigation of the impact of repeated exposure to LPS on gene transcript in 

macrophages revealed that LPS induced an increase in M2-genes transcription, 

silencing most of the M1 genes (O'Carroll et al., 2014). 

 

Therefore I hypothesize that 1) a second LPS injection would attenuate the immune 

response, reducing the levels of peripheral pro-inflammatory cytokines associated 

with reduced infiltration of macrophages into the brain and further accumulation 

of amyloid plaque in the APPswe/PS1ΔE9 mouse model.  Moreover, I hypothesised 

that 2) a single systemic injection would induce accumulation of amyloid plaques in 

the brain and exacerbation of the pro-inflammatory response and infiltration of 

peripheral macrophages during the early stage of plaque deposition, with 

transgenic animals more susceptible to the immune challenge than the wild-type 

littermates. 
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5.2 Study design 

One-hundred-and-nine mice, at 4.5 months of age, were used to assess the 

behavioural and glial response one week after the second challenge. Circulating 

cytokines and infiltrated macrophages into the brain were also quantified. The 

following mice were tested: 54 APPswe/PS1dE9 transgenic mice (27 males with 

mean weight: 32.4 + 0.6g; and 27 females with mean weight: 23.4 + 0.5g) and 55 

wild-type littermates (28 males mean weight: 33 + 0.5g; and 27 females with mean 

weight: 23.1 + 0.4g). 

Mice were subjected to food burrowing, spontaneous alternation and open field in 

order to assess daily living activity, spatial working memory and locomotor activity 

(see chapter 2 for method details) both at baseline and 7 days after the second 

challenge. Mice underwent 3 days of food burrowing training, then mice were 

assessed to collect baseline data:  spontaneous alternation was performed the day 

before the first injection (day -1) and open field was done the day of the injection 

(day 0), in the morning, with an overnight food burrowing assessment between the 

two days.  Mice were injected with either LPS (100µg/kg, i.v) or vehicle (PBS) in the 

afternoon, after the open field test: the first injection was performed at day 0, and 

a second injection was given 2 weeks later, on day 14, yielding to the experimental 

groups PBS-PBS, PBS-LPS, LPS-LPS (see experimental timeline in Figure 49). 

Between day 13 and day 14, two weeks after the first injection, mice daily living 

activity was assessed to monitor the sickness syndrome and food burrowing test 

was performed. Subsequently on day 20 and 21 post-injection behavioural data 

were collected and mice underwent the same behavioural tests performed at 

baseline, in the same order and time of day.  
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Body weight of each mouse was recorded daily throughout the experiment in order 

to monitor the recovery of the animals after the treatment and compare the 

recovery from the first and second injection. On day 21 mice were anesthetized to 

collect peritoneal macrophages, then blood was collected by heart puncture before 

the animals were perfused with ice-cold PBS. Brain tissue was finally collected and 

sagittally separated into two hemibrains. One half of the brain was sagittally sliced 

and used to analyse the microglia, astrocytes and amyloid response in the 

hippocampus and cortex, by immunostaining for Iba-1, GFAP and Aβ respectively. 

Nine sections per brain were immunostained at different levels of the hippocampus 

and cortex. Three brains from the same genotype and sex, but different treatment, 

were fixed in the same block to minimize immunostaining variability. The second 

half of the brain was destined for two different purposes: brain tissue from n=4 

mice/group was used for cells dissociation and analysis of brain infiltrating 

macrophages, while the tissue from the other n=4 mice/group was further 

dissected into frontal cortex, hippocampus, cortex and striatum but not used in this 

study. Plasma was collected and stored at -80°C. Once all the samples were ready, 

cytokines levels were quantified using a multiplex assay (see chapter 2 for details). 
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Figure 49. Schematic experimental timeline. 

  

N=8/group 
N=8/group 

N=8/group 

N=8/group 
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5.3 Results  

5.3.1 Behavioural response to LPS, 7 days after the 2nd challenge 

Body weight 

Results showed an overall significant sex effect at the baseline (F(1,97)=357.34, 

p<0.0001), with males being heavier than females (Figure 50.A). Post-injection data 

analysis revealed overall significant effects of sex (F(1,97)=300.59, p<0.0001), time 

(F(1,97)=15.53, p<0.0001) and a significant sex X time interaction effects (F(1,97)=3,03, 

p<0.0001) with males showing higher body mass than females regardless of 

genotype and treatment (p<0.0001) (Figure 50.B-C). A treatment X time interaction 

effect (F(1,97)=17.67, p<0.0001) was also observed with a greater loss in body mass 

the day after the first injection in LPS-LPS treated wild-type females (p=0.046) 

(Figure 50.B), and APP/PS1 males (p=0.041) (Figure 50.C) compared to PBS-LPS 

treated control. A significant loss in body mass was also seen the day after the 2nd 

challenge in PBS-LPS treated WT males (p=0.017) and LPS-LPS treated WT females 

(p=0.045) (Figure 50.B), as well as LPS-LPS-treated APP/PS1 males (p=0.019) and 

PBS-LPS treated APP/PS1 females (p=0.044) (Figure 50.C) compared to PBS-PBS 

treated littermates. 

Body weight changes were calculated by subtracting post-injection data from the 

baseline data and expressed as a percent change from baseline. Analysis of the 

body weight recovery after the first challenge revealed that all LPS-LPS treated 

animals lost a significant amount of weight the day after the injection (p<0.0001). 

Wild-type males significantly gained weight by day 7 (p=0.033), while transgenic 

males by day 3 (p=0.045). Wild-type males did not return to baseline weight 7 days 

post-1st injection, while transgenic males returned to the pre-injection weight by 

day 7 (p<0.0001) (Figure 51.A). However, females seemed to recover faster than 

males from the first injection, with wild-type females gaining weight by day 3 



 
 

182 
 

(p=0.0024) and transgenic females gaining weight by day 2 (p=0.0026), compared 

to day 1 (Figure 51.B). Wild-type males unexpectedly lost weight in the PBS-PBS-

treated groups (p=0.049) the day after the injection, and the PBS-LPS treated group 

(p=0.021) at day 2 (Figure 51.A). PBS-PBS treated transgenic females gained a 

significant body mass on day 2 (p=0.024) (Figure 50.B) compared to their baseline 

weight.    

Analysis of the body weight recovery after the second challenge (Figure 52) showed 

that LPS-LPS treated wild-type male (p<0.0001), APPswe/PS1ΔE9 males (p=0.020) 

and wild-type females (p=0.023) lost a significant amount of weight the day after 

the injection. All LPS-LPS treated animals gained weight by day 17, compared to the 

day after the 2nd injection (p<0.05). All PBS-LPS treated animals lost weight after the 

2nd injection (p<0.05), with wild-type males (p=0.022), APPswe/PS1ΔE9 males 

(p=0.025), and APPswe/PS1ΔE9 females (p=0.034) gained weight by day 16, while 

WT females by day 17 (p=0.0005).  
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Figure 50. Body weight at baseline and post-injection. 4.5 months old males and 
females APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and body weight recorded daily before and after 
the injections. Males were significantly heavier than females before the injection 
(p<0.0001) (A) and post-injection (p<0.0001) (B-C). The day after the 1st challenge 
LPS-LPS-treated WT females (p=0.046) (B) and APP/PS1 males (p=0.041) (C) showed 
a significantly lower body mass than PBS-LPS- treated control. The day after the 2nd 
challenge PBS-LPS-treated WT males (p=0.017) and LPS-LPS-treated WT females 
(p=0.045) (B), as well as LPS-LPS-treated APP/PS1 males (p=0.019) and PBS-LPS-
treated APP/PS1 females (p=0.044) (C) revealed a significant lower body mass than 
the control littermates. Data are shown as mean + S.E.M. 3-way and 2-way ANOVA 
were used [* p< 0.05, *** p< 0.0001]. 
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Figure 51. Recovery from LPS-induced weight loss after 1st injection. 4.5 months 
old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 
per group) were treated with LPS or vehicle (PBS) and body weight recorded daily 
after the 1st injection. PBS-PBS treated WT males lost weight the day after the 
injection (p=0.049) (A), while PBS-PBS- treated APP/PS1 females gained weight 
from day 2 (p=0.024) All LPS-LPS-treated animals lost a significant amount of weight 
the day after the treatment (p<0.0001) (A) (B). LPS-LPS-treated APP/PS1 males 
significantly gained weight, and return to baseline weight by day 7 (p<0.0001, 
compared to day 1), while LPS-LPS-treated WT males, did not return to baseline 
weight within 7 days. (A). LPS-LPS-treated APP/PS1 and WT females reached a 
complete body weight recovery by day 7 for both genotypes (p<0.0001) (B). PBS-
LPS-treated WT males lost weight the day after the injection with PBS (A), while 
APP/PS1 males and all females did not show a significant change in body weight. 
Data are shown as mean + S.E.M. [the * was used for the statistical significance 
shown by the pairwise comparisons analysis between the days:*p<0.05,**p< 
0.005,***p<0.0001]; [the # was used used for the statistical significance shown by 
the one-sample t-test compared to the baseline: #p< 0.05, ##p<0.005, ###p< 
0.0001].  
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Figure 52 Recovery from LPS-induced weight loss after 2nd injection. 4.5 months 
old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 
per group) were treated with LPS or vehicle (PBS) and body weight recorded daily 
after the 2ndinjection. PBS-PBS-treated animals did not show a decrease in body 

weight after the 2
nd

challenge, compared to the baseline weight (p<0.05) (A) (B). 
LPS-LPS-treated males [WT males (p<0.0001), APP/PS1 males (p=0.020)] (A) and WT 

females (p=0.023) (B) lost a significant amount of weight after the 2
nd

injection. All 
LPS-LPS-treated males (A) and females (B) gained weight by day 17, compared to 

the day after the 2
nd

injection (p<0.05). PBS-LPS-treated animals lost weight after 

the 2
nd

injection [in WT males (p=0.001), APP/PS1 males (p=0.026) (A), WT females 
(p=0.002) APP/PS1 females (p=0.002)(B)]. PBS-LPS-treated WT males (p=0.022), 
APP/PS1 males (p=0.025), and APP/PS1 females (p=0.034) gained weight by day 16, 
while WT females by day 17 (p=0.0005). Data are shown as mean + S.E.M. [*p<0.05, 
**p< 0.005], [#p< 0.05, ##p<0.005, ###p< 0.0001]. 
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Food Burrowing 

There were no differences in performance between treatment groups at baseline 

and post-injection. An overall significant effect of sex was observed on the amount 

of food burrowed at baseline (F(1,96)=9.34, p=0.003) (Figure 53.A), with females 

burrowing more than males (p=0.007). An overall sex effect was also showed 7 days 

after the 1st injection (F(1,96)=13.43, p=0.0004) (Figure 53.B), and after the 2nd 

injection (F(1,96)=16.1, p=0.0001) (Figure 53.C), with wild-type females burrowing 

more than wild-type males post 1st injection (p=0.0013) and post-2nd injection 

(p=0.003), as well as transgenic females burrowing more than transgenic males 

after the 2nd injection (p=0.001). An overall genotype effect was revealed after the 

1st injection (F(1,96)=5.12, p=0.026), with wild-type females burrowing more than 

transgenic females (p=0.024) (Figure 53.B). Analysis of the changes in the amount 

of food burrowed from baseline revealed that PBS-treated wild-type males and all 

the females burrowed significantly more food than prior the treatment (p<0.05) 

(Figure 53.D). 
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Figure 53. LPS effects on food burrowing at baseline and post-injection. 4.5 
months old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and food burrowing was 

assessed at baseline, 7 days post- 1
st

 injection and 7 days post- 2
nd

 injection. 
Females burrowed more food than males at baseline (p=0.003) (A). In particular WT 

females burrowed more food than WT males both 7 days post- 1
st

 injection 

(p=0.013) (B) and 7 days post- 2
nd

 injection (p=0.003) (C), and than APP/PS1 females 

7 days post-1
st

 injection (p=0.024) (B). APP/PS1 females burrowed more than 

APP/PS1 males 7 days after the 2
nd

 injection (p=0.01) (C). No significant differences 
were seen in the effect of treatment between experimental groups, regardless of 
genotype and sex (D). Data are presented as mean + S.E.M. [* p< 0.05, **p< 0.005] 

[
#
p<0.05]. 
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Spatial working memory  

Results revealed that the number of arm entries significantly impacted the 

alternation rate both at baseline (p=0.009) and post-injection (p=0.0003). There 

were no differences in performance between the experimental groups at baseline. 

Post-injection analysis revealed an overall sex X treatment (F(1,95)=5.42, p=0.006) 

and genotype X sex X treatment (F(1,95)=5.73, p=0.004) interaction effects, with PBS-

PBS treated wild-type females having lower percentage of alternation rate 

compared to LPS-LPS treated (p=0.0003) and PBS-LPS treated (p=0.0011) groups 

(Figure 54.B). Moreover, LPS-LPS-treated APPswe/PS1ΔE9 females showed a higher 

percentage of alternation rate compared to the PBS-LPS-treated counterpart 

(p=0.004) (Figure 54.B). 

One sample t-test showed that all experimental groups alternated significantly 

above the 50% random choice rate both at baseline (p<0.05) (Figure 54.A) and post-

injection (p<0.05) (Figure 54.B). Effects of treatment showed improvement in 

spatial working memory in PBS-PBS-treated wild-type males (p=0.005), and LPS-

LPS-treated transgenic males (p=0.047) and females (p=0.038) (Figure 54.C). 

 

Locomotor activity  

An overall genotype effect was observed on the distanced moved both at baseline 

(F(1,93)=23.87, p<0.0001) (Figure 54.D) and post-injection (F(1,93)= 31.79, p<0.0001) 

(Figure 54.E). APPswe/PS1ΔE9 females (p=0.0001 at baseline; p<0.0001 post-

injection) and APPswe/PS1ΔE9 males (p=0.004 at baseline; p=0.0003 post-

treatment) moved more than the wild-type counterpart. Moreover LPS-LPS-treated 

transgenic males showed higher locomotor activity at baseline compared to PBS-

PBS treated (p=0.049) and PBS-LPS treated (p=0.041) transgenic males (Figure 

54.D).  
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Analysis of the effect of treatment over the performance was calculated by 

subtracting post-injection data from baseline data. Results did not show significant 

differences between experimental groups in the alternation rate (Figure 54.C), 

while a decrease in locomotor activity was observed almost all the groups (p<0.05), 

except in transgenic male group and PBS-PBS-treated wild-type males. Transgenic 

females moved also significantly less compared to transgenic male (p=0.03) (Figure 

54.F).  
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Figure 54. LPS effects on behaviour at baseline and 7 days post-2nd injection. 4.5 
months old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and behaviour was assessed 
at baseline and 7 days after the 2nd injection. The alternation rate observed in all 
animals was statistically different from the random 50% chance level (shown with 
a line) both at baseline (A) and post-injection (B) (p<0.05). Post-treatment, PBS-
PBS-treated WT females mice revealed a lower percentage of alternation rate 
compared to LPS-LPS-treated (p=0.0003) and PBS-LPS-treated (p=0.001) 
counterparts (B). APP/PS1 mice showed higher locomotor activity than WT both at 
baseline (D) and post-injection (E) (p<0.05). At baseline, LPS-LPS-treated APP/PS1 
males showed higher locomotor activity compared to the PBS-PBS-treated group 
(p=0.049) (D). Changes in the locomotor activity from baseline revealed that 
APP/PS1 females decreased the activity after the treatment, compared to the male 
counterpart (p=0.03) (F). No significant differences were seen in the alternation 
rate changes from baseline between experimental groups, regardless of sex and 
genotype (C). Mean + S.E.M. [ANOVA: * p< 0.05, **p< 0.005].[ # was used used for 
the statistical significance shown by the one-sample t-test compared to the 
baseline: #p<0.05, ##p<0.005].  
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5.3.2 Cytokine response to LPS 7 days after the 2nd challenge 

A multiplex assay was used to quantify the concentration of cytokines in the 

plasma. All samples were analysed in one plate to minimized variability. An overall 

sex effect was revealed for IL-6 (F(1,75)=6.57, p=0.012) (Figure 55Figure 34.B), IFN-γ 

(F(1,75)=6.68, p=0.012) (Figure 55.C), IL-10 (F(1,75)=15.13, p=0.0002) (Figure 55.D) 

levels, with wild-type females showing lower protein levels in plasma than wild-

type males. An overall genotype X treatment interaction effect was observed for 

IFN-γ (F(1,75)=3.63, p=0.031) (Figure 55.C) with PBS-PBS-treated transgenic females 

having greater IFN-γ concentration than LPS-LPS-treated (0.026), and PBS-LPS-

treated (p=0.005) animals, and also compared to PBS-PBS-treated wild-type 

females (p=0.029) (Figure 55.C). No significant differences were seen in IL-1β 

(Figure 55.A) and TNF-α (Figure 55.E). 
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Figure 55. Cytokines expression in plasma. 4.5 months old males and females mice 
APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=6/8 per group) were treated with 
LPS or vehicle (PBS) and plasma collected 7 days after the 2nd injection. No 
significant differences were observed in IL-1β (A) and TNF-α (E) plasma 
concentration between groups. WT females showed lower expression of IL-6 
(p=0.037) (B), IFN-γ (p=0.009) (C) and IL-10 (0.0024) (D) than WT males. APP/PS1 
females also revealed lower IL-10 levels than APP/PS1 males (p=0.021) (D). The 
effect of treatment was observed in APP/PS1 females where PBS-PBS-treated mice 
showed higher INF-γ levels than LPS-LPS-treated (0.026), and PBS-LPS-treated 
(p=0.005) animals, as well as compared to PBS-PBS-treated wild-type females 
(p=0.029) (C). Data are shown as mean + S.E.M. [* p< 0.05, ** p< 0.005]. 
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5.3.3 Changes in amyloid plaque load in the hippocampus and 
cortex 7 days after the 2nd challenge 

Analysis of amyloid plaque load revealed a higher number of total amyloid plaques 

in females compare to males showing an overall sex effect in both hippocampus 

(F(1,43)=35.98, p<0.0001) (Figure 56) and cortex (F(1,43)=39.36, p<0.0001) (Figure 58). 

An overall sex effect was also revealed in the number of small (F(1,43)=47.3, 

p<0.0001), medium (F(1,43)=21.21, p<0.0001, and large (F(1,43)=18.86, p<0.0001) 

plaques in the hippocampus (Figure 57), as well as small (F(1,43)=47.97, p<0.0001), 

medium (F(1,43)=42.75, p<0.0001) and large (F(1,43)=18.86, p<0.0001) plaques in the 

cortex (Figure 59). Analysis of the area of the plaques, males showed larger area of 

small plaques compared to females in the LPS-LPS-treated (p=0.011) and PBS-LPS-

treated (p=0.006) treated groups in the cortex (Figure 58), but not in the 

hippocampus. No significant difference was found in the area of medium and large 

plaques between the treated groups, regardless of sex, in both the regions of 

interests (Figure 56. and Figure 58). 

 

 



 
 

197 
 

 
 

Figure 56. Amyloid plaque load in the hippocampus. 4.5 months old males and 
females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and their brain collected 7 days after the 2nd 
injection. Females showed higher numbers of total (p=0.001). In particular higher 
numbers of total plaques per mm2 (p=0.002) was observed in LPS-LPS-treated 
females compared to the male counterpart. Moreover PBS-LPS-treated females 
revealed higher numbers of total plaques per mm2(p=0.0007)  compared to PBS-
LPS-treated males. Data are presented as mean + S.E.M. [* p< 0.05, **p< 0.005 *** 
p < 0.0001]. 
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Figure 57. Amyloid plaque load in the hippocampus. 4.5 months old males and 
females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and their brain collected 7 days after the 2nd 
injection. Females showed higher numbers of small (p<0.0001) (A) and large 
(p=0.017) (C) amyloid plaques per mm2 compared to vehicle-treated males. Higher 
numbers of total small (p=0.002) (A), medium (p=0.006) (B) and large (p=0.013) (C) 
plaques per mm2 was also observed in LPS-LPS-treated females compared to the 
male counterpart. Moreover PBS-LPS-treated females revealed higher numbers of 
small (p=0.0001) (A), medium (p=0.024) (B) and large (p=0.018) (C) plaques per 
mm2 compared to PBS-LPS-treated males. No significant differences were found in 
the area of the plaques between the treated groups, regardless of sex (D-F). Data 
are presented as mean + S.E.M. [* p< 0.05, **p< 0.005 *** p < 0.0001]. 
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Figure 58. Amyloid plaque load in the cortex. 4.5 months old males and females 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated 
with LPS or vehicle (PBS) and their brain collected 7 days after the 2nd injection. 
Females showed higher number of total amyloid plaques/mm2 compared to males 
in the PBS-PBS (p=0.012), LPS-LPS (p=0.0004) and PBS-LPS (p<0.0001) treated 
groups (A). Data are presented as mean + S.E.M. [* p< 0.05, **p< 0.005 *** p < 
0.0001]. 
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Figure 59. Amyloid plaque load in the cortex. 4.5 months old males and females 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated 
with LPS or vehicle (PBS) and their brain collected 7 days after the 2nd injection. 
Higher number of amyloid plaques was also observed in LPS-LPS treated females 
compared to LPS-LPS treated males regarding small (p=0.0001) (B), medium 
(p=0.0002) (C) and large (p=0.0016) (D) plaques/mm2. PBS-LPS-treated females 
showed higher number of plaques compared to PBS-LPS-treated males in the small 
(p<0.0001) (B), medium (p<0.0001) (C) and large (p=0.0006) (D) plaques/mm2. 
Moreover, PBS-PBS treated females showed higher number of small plaques/mm2 

compared to the vehicle-treated mice (p=0.004). Males showed a larger area of 
small plaques compared to females in the LPS-LPS-(p=0.011) and PBS-LPS (p=0.006) 
treated groups (E). No significant difference was found in the area of medium and 
large plaques between the treated groups, regardless of sex (F-G). Data are 
presented as mean + S.E.M. [* p< 0.05, **p< 0.005 *** p < 0.0001]. 
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5.3.4 Glial response to LPS in the hippocampus and cortex 7 days 
after the 2nd challenge 

Astrocytes response in hippocampus and cortex  

Analysis of astrocytes density did not show a significant difference in the whole 

hippocampus (Figure 60), in CA1 (Figure 62.A), CA2 (Figure 62.B), CA3 (Figure 63.A) 

and DG (Figure 63.B). An overall genotype (F(1,87)=339.17, p<0.0001) and sex 

(F(1,87)=9.98, p=0.002) effects were revealed in the analysis of the GFAP clusters in 

the cortex (Figure 60.B), with APPswe/PS1ΔE9 females showing more GFAP clusters 

wild-type females (p<0.0001) and with APPswe/PS1ΔE9 males presenting higher 

number of GFAP clusters than their wild-type littermates (p<0.0001). An overall 

genotype X sex interaction effect (F(1,87)=12.69, p=0.0006) was also observed in the 

cortex (Figure 61), with APPswe/PS1ΔE9 females showing more GFAP clusters than 

transgenic males (p<0.0001). 
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Figure 60 Area occupied by GFAP in the hippocampus. 4.5 months old males and 
females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and their brain was collected 7 days after the 2nd 
injection. No significant differences found in the percentage of area stained by 
GFAP between the experimental groups in the hippocampus (A). Scale bars, 0.5mm. 
Data are presented as mean + S.E.M. 
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Figure 61. Area occupied by GFAP in the cortex. 4.5 months old males and females 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated 
with LPS or vehicle (PBS) and their brain was collected 7 days after the 2nd injection. 
APP/PS1 females showed a higher number of clusters than WT females (p<0.0001) 
and APP/PS1 males (p<0.0001), as well as APP/PS1 males had higher number of 
GFAP clusters compared to WT littermates (p<0.0001) (B). Scale bars, 0.5mm. Data 
are presented as mean + S.E.M. [***p<0.0001]. 
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Figure 62. Area occupied by GFAP in the CA1 and CA2 hippocampal subfields. 4.5 
months old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and their brain was collected 
7 days after the 2nd injection. No significant differences were observed in the 
percentage of area stained by GFAP in CA1 (A) and CA2 (B). Scale bars, 0.25mm. 
Data are presented as mean + S.E.M. 
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Figure 63. Area occupied by GFAP in the CA3 and DG hippocampal subfields. 4.5 
months old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=8 per group) were treated with LPS or vehicle (PBS) and their brain was collected 
7 days after the 2nd injection. No significant differences were observed in the 
percentage of area stained by GFAP in CA3 (A) and DG (B). Scale bars, 0.25mm. Data 
are presented as mean + S.E.M. 
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Microglia response to LPS in the hippocampus and cortex 

An overall genotype X sex interaction effect was observed in the percentage of area 

stained by Iba-1 in the whole hippocampus (F(1,89)=7.85, p=0.006) (Figure 64) and 

CA3 hippocampal subfield (F(1,89)=6.82, p=0.011) (Figure 68), with APPswe/PS1ΔE9 

females showing lower microglia density than wild-type females [in hippocampus 

(p=0.003) and CA3 (p=0.006)], and than APPswe/PS1ΔE9 males in the whole 

hippocampus only (p=0.015). An overall genotype effect (F(1,89)=8.86, p=0.004) was 

seen in the percentage of area stained by Iba-1 in the cortex (Figure 65), with 

APPswe/PS1ΔE9 males having higher microglia density than the wild-type 

littermates (p=0.0053).  

Analysis of the number of microglia cells per mm2 revealed an overall treatment 

effect in the whole hippocampus (F(1,89)=3.77, p=0.027) (Figure 64), in CA1 

(F(1,89)=3.87, p=0.025) (Figure 66), in DG (F(1,89)=4.36, p=0.015) (Figure 69) and in the 

cortex (F(1,89)=8, p=0.0006) (Figure 65), with PBS-PBS-treated APPswe/PS1ΔE9 

females showing fewer microglia cells/mm2 than LPS-LPS-treated APPswe/PS1ΔE9 

females [in hippocampus (p=0.0236); CA1 (p=0.029); DG (p=0.038); and cortex 

(p=0.044)]. Moreover PBS-PBS-treated wild-type males and females revealed fewer 

microglia cells/mm2 compared to PBS-LPS-treated wild-type littermates in the 

cortex (p<0.05). An overall genotype X sex interaction effect was also observed in 

the analysis of the number of microglia cells per mm2 in the whole hippocampus 

(F(1,89)=5.17, p=0.025) (Figure 64), in CA2 (F(1,89)=4.12, p=0.045) (Figure 67) and in 

CA3 (F(1,89)=5.50, p=0.021) (Figure 68.G), with wild-type males showing fewer 

microglia cells/mm2 than wild-type females [in hippocampus (p=0.023); CA2 

(p=0.009); and CA3 (p=0.007)], and than APPswe/PS1ΔE9 males [in CA2 (p=0.034)]. 

Analysis of the number of microglia clusters revealed an overall genotype effect in 

the whole hippocampus (F(1,89)=39.9, p<0.0001) (Figure 64), in the cortex 
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(F(1,89)=36.76, p<0.0001) (Figure 65), and in all the 4 hippocampal subfields [CA1 

(F(1,89)= 10.31, p=0.002) (Figure 66), CA2 (F(1,56)=4.34, p=0.04) (Figure 67), CA3 

(F(1,89)=23.86, p<0.0001) (Figure 68), and DG (F(1,89)=121.41, p<0.0001) (Figure 69)], 

with transgenic animals showing more clusters than wild-types, in both males and 

females (p<0.05). In addition, an overall genotype X sex interaction effect was seen 

in the whole hippocampus (F(1,89)=5.71, p=0.018) (Figure 64), in the cortex 

(F(1,89)=4.77, p<0.032) (Figure 65), and in 2 hippocampal subfields [CA3 (F(1,89)=7.18, 

p=0.009) (Figure 68), and DG (F(1,89)=12.11, p=0.0008) (Figure 69)], where transgenic 

females presented more clusters than transgenic males (p<0.05). Analysis of the 

size of microglia soma showed an overall genotype X sex interaction in CA3 

(F(1,89)=6.01, p=0.018) (Figure 68), with APPswe/PS1ΔE9 females having smaller 

microglia soma than wild-type females. The number of microglia clusters, used as a 

covariate, was found to be a significant in the analysis of microglia density, number 

of microglia cells per mm2 and microglia soma size (p<0.05). 
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Figure 64. Area occupied by Iba-1 in the hippocampus. 4.5 months old males and 
females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were 
treated with LPS or vehicle (PBS) and their brain was collected 7 days after the 2nd 
injection. APP/PS1 females showed lower percentage of Iba-1 compared to WT 
females (p=0.003) and APP/PS1 males (p=0.015) (A). A higher number of microglia 
cells per mm2 was observed in WT females compared to WT males (p=0.023), and 
in LPS-LPS-treated APP/PS1 females compared to PBS-PBS-treated APP/PS1 
females (p=0.023) (B). A higher number of microglial clusters/mm2 was revealed in 
APP/PS1 female compared to WT female (p<0.0001) and APP/PS1 males (p=0.013), 
and in APP/PS1 male compared to their WT littermates (p=0.007) (C). No significant 
differences were seen for the soma size (D). Scale bars, 0.5mm. Data are presented 
as mean + S.E.M. [* p< 0.05, **p<0.005, ***p<0.0001]. 
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Figure 65. Area occupied by Iba-1 in the cortex. 4.5 months old males and females 
mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per group) were treated 
with LPS or vehicle (PBS) and their brain was collected 7 days after the 2nd injection. 
APP/PS1 males showed higher percentage of area occupied by Iba-1 compared to 
WT males (p=0.005) (A). A higher number of microglia cells per mm2 was observed 
in LPS-LPS-treated APP/PS1 females compared to PBS-PBS-treated APP/PS1 
females (p=0.044), in PBS-LPS-treated APP/PS1 females (p=0.05), WT females 
(p=0.043) and WT males (p=0.033) compared to their PBS-PBS-treated counterpart 
(B). A higher number of microglial clusters/mm2 was revealed in APP/PS1 female 
compared to WT female (p<0.0001) and in APP/PS1 male compared to WT males 
(p=0.007) (C). No significant differences were seen for the soma size (D). Scale bars, 
0.5mm. Data are presented as mean + S.E.M. [* p< 0.05, **p<0.005, ***p<0.0001].  
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Figure 66. Area occupied by Iba-1 in the CA1 hippocampal subfield. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the 2nd injection. No significant difference was observed in the percentage of 
area stained by Iba-1 in CA1 (A). LPS-LPS-treated APP/PS1 females showed higher 
numbers of microglial cells/mm2 compared to PBS-PBS-treated females in CA1 (B). 
A higher number of microglial clusters/mm2 was revealed in APP/PS1 females 
compared to WT females (p=0.006) (C). No significant differences were observed in 
the microglia soma size (D). Scale bars, 0.25mm. Data are presented as mean + 
S.E.M. [* p< 0.05]. 
 



 
 

213 
 

 

Figure 67. Area occupied by Iba-1 in CA2 hippocampal subfield. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the 2nd injection. No significant difference was observed in the percentage of 
area stained by Iba-1 in CA2 (A). Lower numbers of microglial cells/mm2 was 
revealed in wild-type males compared to wild-type females (p=0.009) and 
APPswe/PS1ΔE9 males (p=0.034) (B). A higher number of microglial clusters/mm2 
was revealed in APP/PS1 females compared to WT females in CA2 (p=0.021) (C). No 
significant differences were observed in the microglia soma size (D). Scale bars, 
0.25mm. Data are presented as mean + S.E.M. [* p< 0.05]. 
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Figure 68. Area occupied by Iba-1 in the CA3 hippocampal subfield. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the 2nd injection. Lower percentage of area stained by Iba-1 was seen in 
APP/PS1 females compared to WT littermates (p=0.006) in CA3 (A). Lower numbers 
of microglial cells/mm2 was revealed in wild-type males compared to wild-type 
females (p=0.007) (B). A higher number of microglial clusters/mm2 was revealed in 
APP/PS1 females compared to WT females (p<0.0001) (C), and compared to 
APP/PS1 males (p=0.018) (C). APP/PS1 females showed smaller microglia soma than 
WT males (p=0.019) (C). Scale bars, 0.25mm. Data are presented as mean + S.E.M. 
[*p< 0.05, ***p<0.0001]. 
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Figure 69. Area occupied by Iba-1 in the DG hippocampal subfield. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=8 per 
group) were treated with LPS or vehicle (PBS) and their brain was collected 7 days 
after the 2nd injection. LPS-LPS-treated APP/PS1 females showed higher numbers of 
microglial cells/mm2 compared to PBS-PBS-treated females (p=0.037) (B). A higher 
number of microglial clusters/mm2 was revealed in APP/PS1 females compared to 
WT females (p<0.0001) (C), and compared to APP/PS1 males (p<0.0001) (C). 
APP/PS1 males also showed higher numbers of microglia clusters/mm2 compared 
to WT littermates (C). Scale bars, 0.25mm. Data are presented as mean + S.E.M. 
[**p< 0.0001]. 
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5.3.5 Infiltration of peripheral monocytes into the CNS and 
characterization of their immune profile 

To detect macrophages that infiltrated the brain, flow cytometry analysis was 

performed as described in the method chapter (chapter 2). The percentage of gated 

cells relative to the total number of cells were stained with CD11b+CD45+Lo and 

CD11b+CD45+Hi to distinguish between resident microglia and infiltrating 

monocytes respectively.  

No significant differences were observed in the number of macrophages that 

infiltrated the hippocampus (Figure 70.A) and the cortex (Figure 72.A). An overall 

effect of sex was revealed in the analysis of microglia cell population in the 

hippocampus (F(1,40)=4.36, p=0.043) (Figure 71.A), with wild-type females showing 

fewer microglia cells than wild-type males (p=0.023). An overall effect of sex was 

also observed in the analysis of microglia in the cortex (F(1,40)= 19.22, p<0.0001) 

(Figure 73.A), where females showed fewer cells than males (p<0.05., regardless of 

genotype. 

To further identify the subpopulation distribution among the infiltrated 

macrophages and resident microglia, expression of CCR2 was analysed to 

characterize the chemotactic phenotype. An overall sex effect was seen in the 

hippocampus (F(1,40)= 5.52, p=0.0239) (Figure 70.B), with females having higher 

numbers of infiltrated macrophages expressing CCR2 compared to males (p=0.024). 

An overall sex effect was also seen in resident microglia in the cortex (F(1,40)= 5.61, 

p=0.023) (Figure 72.B), with wild-type females having higher numbers of cells 

expressing CCR2 than wild-type males (p=0.032).  

Investigating the phagocytic activity, intracellular Aβ staining was quantified to 

analyse the presence of intracellular amyloid beta peptide. Analysis of the 

infiltrating macrophages revealed an overall sex effect in the hippocampus (F(1,40)= 
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5.52, p=0.0239) (Figure 70.C), with APPswe/PS1ΔE9 females showing higher 

numbers of infiltrated macrophages positive for Aβ compared to transgenic males 

(p-=0.0081).  An overall sex effect was also observed in the hippocampal resident 

microglia (F(1,40)= 4.45, p=0.0411) (Figure 71.C), with a higher number of microglia 

presenting intracellular Aβ in females compared to males (p=0.041).  

To characterize the immune phenotype of the infiltrated macrophages and resident 

microglia, the expression of CD80 (M1 marker) and CD206 (M2 marker) were 

analysed. From the analysis of M1 expression, an overall sex effect was revealed in 

the hippocampal resident microglia (F(1,40)= 9.29, p=0.004) (Figure 71.D), with 

APPswe/PS1ΔE9 females showing higher CD80 expression than transgenic males 

(p=0.014).  

No significant differences emerged between the experimental groups in the 

analysis of intracellular Aβ staining (Figure 72.C-Figure 73.C) and CD80/CD206 

expressions (Figure 72.D-Figure 73.D) in the cortex. 
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Figure 70 Infiltrated macrophages analysis with flow cytometry in the 
hippocampus. 4.5 months old males and females mice APPswe/PS1ΔE9 (APP/PS1) 
and wild-type (WT) (n=3/4 per group) were treated with LPS or vehicle (PBS) and 
their brain was collected 7 days after the 2nd injection. Flow cytometry analysis 
revealed no significant differences regarding the CD11b+ CD45+Hi cells (A). Analysis 
of CCR2+ expression in CD11b+ CD45+Hi cell population revealed higher percentage 
of cells having the CCR2 receptor in females compared to males (p=0.024) (B). 
Higher numbers of CD11b+CD45+HiAβ+  cells were seen in APP/PS1 females 
compared to APP/PS1 males (p=0.008) (C). Moreover, higher expression of CD80 
was seen in females compared to males (p=0.041) (D). Data are shown as mean + 
S.E.M. [*p< 0.05].  
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Figure 71. Microglia analysis with flow cytometry in the hippocampus. 4.5 months 
old males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=3/4 
per group) were treated with LPS or vehicle (PBS) and their brain was collected 7 
days after the 2nd injection. Flow cytometry analysis revealed lower percentage of 
CD11b+ CD45+Lo cells in WT females compared to WT males (p=0.023) (A). No 
significant differences were seen in the analysis of CCR2+ expression (B). A higher 
number of CD11b+CD45+LoAβ+ cells was observed in females compare to males 
(p=0.041) (C). Moreover, higher expression of CD80 was seen in APP/PS1 females 
compared to APP/PS1 males (p=0.014) (D). Data are shown as mean + S.E.M.  [* p< 
0.05].  
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Figure 72. Infiltrated macrophages analysis with flow cytometry in the cortex.  4.5-
months-old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=3/4 per group) were treated with LPS or vehicle (PBS) and their brain was 
collected 7 days after the 2nd injection.  Flow cytometry analysis revealed no 
significant differences between experimental groups in the number of CD11b+ 

CD45+Hi (A), in the expression of CCR2 (B), in the intracellular Aβ staining (C) and in 
the expression of CD80 (M1) and CD206 (M2) (D). Data are shown as mean + S.E.M. 
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Figure 73. Microglia analysis with flow cytometry in the cortex. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT), (n=3/4 per 
group), were treated with LPS and vehicle (PBS) and their brain was collected 7 days 
after the 2nd injection. Flow cytometry analysis of the cellular staining revealed 
lower percentage of CD11b+ CD45+Lo cells in WT females compared to WT males 
(p=0.012) and in APP/PS1 females compared to APP/PS1 males (p=0.001) (A). 
Analysis of CCR2+ expression revealed lower percentage of cells having the CCR2 
receptor in WT females compared to WT males (p=0.032) (B). No significant 
differences were observed in the analysis of intracellular Aβ (C), and the surface 
phenotypic markers CD80 (M1) and CD206 (M2) (D). Data are shown as mean + 
S.E.M. [* p< 0.05, **p<0.005].  
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5.3.6 Characterizing peritoneal macrophages 

To characterize the phenotype of peritoneal macrophages, flow cytometry analysis 

was performed as described in the method chapter (chapter 2). Peritoneal 

macrophages, identified as F4/80+ cells, were characterized by staining for CCR2, to 

analyse the chemotactic phenotype, for CD80 and CD206, to investigate the 

inflammatory phenotype, and for Aβ, to show the intracellular presence of the 

amyloid peptide as an indicator of the cellular phagocytic activity. No significant 

differences were observed between the experimental groups in the analysis of the 

CCR2 (Figure 74.A), the M1 (CD80) and M2 (CD206) (Figure 74.C) expression, as well 

the intracellular Aβ (Figure 74.B).  
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Figure 74. Peripheral macrophages analysis with flow cytometry. 4.5 months old 
males and females mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) (n=3/4 per 
group) were treated with LPS and vehicle (PBS) and peritoneal macrophages were 
collected 7 days after the 2nd injection. Flow cytometry analysis revealed no 
significant differences between experimental groups in the expression of CCR2 (A), 
in the intracellular Aβ staining (B) and in the expression of CD80 (M1) and CD206 
(M2) (C). Data are shown as mean + S.E.M. 
  



 
 

224 
 

5.4 Summary of the main findings 

The present study revealed that both a single and a double systemic LPS challenge, 

given from 4.5 months of age, increased spatial working memory in wild-type 

females, with no effects on locomotor and daily living activities (Table 5). Analysis 

of microglia activation revealed that both single and repeated LPS administration 

increased the number of microglia cells (Table 6) and reduced the circulating levels 

of INF-γ (Table 5) Moreover, LPS given once or twice also reduced the size of the 

smaller plaques in transgenic females, compared to males, with no significant effect 

on the accumulation of the plaques (Table 6). 

No effects of LPS were seen 7 days after a single or a second challenge, on astrocyte 

density (Table 6), or brain-infiltrated macrophages, resident microglia and 

peritoneal macrophages (Table 4). Differences between sexes and genotypes have 

been revealed. Females recovered faster than males, after both treatments. The 

recovery seen in females was associated with reduced levels of the pro-

inflammatory cytokines IL-6, IFN-γ, and the anti-inflammatory cytokine IL-10, 

compared to the male counterpart. Transgenic females presented higher number 

of extracellular amyloid plaques and intracellular Aβ staining, as well as higher 

number of Iba-1 and GFAP clusters, compared to transgenic males. Wild-type 

females had lower numbers of resident microglia and increased expression of CD80 

in microglia, compared to wild-type males (Table 4). Females also showed higher 

expression of CCR2 in infiltrated macrophages, regardless of genotype. The 

expression of CCR2 seen higher in females was found associated with a higher 

intracellular Aβ staining (Table 4). No treatment, genotype or sex effect was 

observed in the analysis of peritoneal macrophages. 
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Table 5. Summary of the main findings on behaviour and cytokines levels 

 

BEHAVIOURAL AND CYTOKINES ANALYSIS 

TREATMENT GENOTYPE SEX 

BODY WEIGHT 

RECOVERY 
_ 

LPS-LPS treatment: 
APP/PS1 females 
recover faster than WT 
females. 
 
PBS-LPS treatment: WT 
females recover faster 
than APP/PS1 females, 
but APP/PS1 males 
recover faster than WT 
males. 

LPS-LPS treatment: 
females recover faster 
than males both after 1 
and 2nd injection. 
 
PBS-LPS treatment: WT 
females recover faster 
than WT males, but 
APP/PS1 males recover 
faster than APP/PS1 
females. 

FOOD 

BURROWING 
_ _ 

Females burrowed more 
than males post-
injection.   

SPATIAL 

WORKING 

MEMORY 

PBS-LPS-treated and 
LPS-LPS treated WT 
females showed an 
improvement 
compared to the 
control group. 
 
LPS-LPS treated 
APP/PS1 females and 
males showed an 
improved compared to 
the baseline 
performance 

_ _ 

LOCOMOTOR 

ACTIVITY 
_ 

APP/PS1 mice moved 
more than WT mice in 
both sexes. 

_ 

CYTOKINES 

LPS-LPS-treated and 
PBS-LPS-treated 
APP/PS1 females 
showed lower IFN-γ 
levels than the vehicle-
treated mice. 

_ 

WT females showed 
lower IL-6, IFN-γ and      
IL-10 levels than WT 
males. 
 
APP/PS1 females showed 
lower IL-10 levels than 
APP/PS1 males. 
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Table 6. Summary of the main immunostaining analysis results. 

 
IMMUNOSTAINING ANALYSIS 

TREATMENT GENOTYPE SEX 

AMYLOID PLAQUE 

LOAD 
_ N/A 

Higher number of 
plaques in females 
compared to males. 
 
Area of small 
plaques/mm2 is larger in 
males compared to 
females (cortex). 

GFAP-

IMMUNOREACTIVITY 
_ 

Higher number of GFAP 
clusters in APP/PS1 
compared to WT mice 
(cortex). 

Higher number of GFAP 
clusters in APP/PS1 
females compared to 
APP/PS1 males (cortex). 

IBA-1-

IMMUNOREACTIVITY 

LPS-LPS-treated 
APP/PS1 females 
and PBS-LPS-
treated mice 
showed more iba-1-
immunoreactive 
cells/mm2 than 
control animals. 

Lower % area stained in 
APP/PS1 females 
compared to WT 
females (hippocampus). 
 
Higher % area stained 
in APP/PS1 males 
compared to WT males 
(cortex). 
 
Smaller microglia soma 
in APP/PS1 females 
compared to WT 
females. 
 
Higher number of Iba-1 
clusters in APP/PS1 
compared to WT mice.  
 

Lower % area stained in 
APP/PS1 females 
compared to APP/PS1 
males (hippocampus). 
 
Higher number of iba-1-
immunoreactive 
cells/mm2 in WT females 
than WT males 
(hippocampus). 
 
Higher number of Iba-1 
clusters in females 
compared to males 
(hippocampus). 
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Table 7. Summary of the main flow cytometry analysis. 

 
FLOW CYTOMETRY ANALYSIS 

TREATMENT GENOTYPE SEX 

BRAIN 

INFILTRATING 

MACROPHAGES       

CD11b +CD45+HI 

_ _ 
_ 

MICROGLIA 

CD11b+CD45+LO 
_ _ 

Lower number in females 
compared to males. 

CCR2 

EXPRESSION 
_ _ 

Higher in females 
compared to males in 
infiltrated macrophages 
(hippocampus) 
 
F4/80+: no changes. 

INTRACELLULAR 

Aβ 
_ _ 

Higher in females 
compared to males in 
infiltrated and peritoneal 
macrophages and 
resident microglia 
(hippocampus). 
 
F4/80+: no changes 

M1/M2 IMMUNE 

PHENOTYPE 
_ _ 

Higher expression of M1 
marker in females 
compared to males in 
infiltrated macrophages 
and resident microglia 
(hippocampus). 
 
F4/80+: no changes  
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5.5 Discussion 

The present study revealed that two systemic injections of LPS (LPS-LPS-treated 

group) improved spatial working memory and reduced levels of circulating INF-γ in 

APPswe/PS1ΔE9 females, also inducing an increase in the number of microglia cells 

in the brain of these mice. A single systemic LPS (PBS-LPS-treated group), reduced 

levels of IFN-γ in plasma and increased the number of microglia cells in 

APPswe/PS1ΔE9 females. Both single and double injection of LPS induced a 

reduction in the size of small plaques in transgenic females compared to males. LPS 

did not significantly affect the infiltration of macrophages into the brain, the 

expression of chemotactic receptor CCR2 or the expression of the pro- and anti-

inflammatory markers, CD80 and CD206 respectively.  

Analysis of body weight, recorded to monitor the recovery of the animals from the 

treatment, showed that females recovered faster than males after a single and a 

double LPS injection. Furthermore, when comparing recovery of the mice at the 

first and second LPS challenge, all mice lost less body weight after the second 

injection compared to the first. In particular, females lost less weight than males 

after the 2nd challenge, suggesting that females are more tolerant than males to a 

second endotoxin exposure. These findings are in line with a previous study which 

showed a rapid tolerance development in females compared to males, with females 

not showing loss in body weight after the second exposure to LPS (100 or 200μg/kg, 

i.p, within 7 days) (Engeland et al., 2003). Engeland et. al. also analysed locomotor 

activity in these animals after each injection and observed that females developed 

behavioural tolerance faster than males, becoming more active after the last LPS 

injection (Engeland et al., 2003). However, there was no improvement in locomotor 

activity here, but an improvement in spatial working memory was observed in LPS-
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LPS-treated transgenic females and males. Cunningham et al. have tried to 

elucidate the effect of LPS tolerance on spatial working memory, but revealed that 

consecutive treatments with LPS did not impair or improve memory (Cunningham 

and Sanderson, 2008). Thus, improvement in spatial working memory is not 

associated with LPS tolerance. 

PBS-LPS-treated mice didn’t show an improvement in spatial working memory, 

compared to the baseline data. This result can be explained by the data shown by 

Murray et. al. where an acute systemic LPS challenge (100 μg/kg) induced working 

memory impairment in a model of prion disease, where microglia are primed 

(Murray et al., 2012). Here, I did not demonstrate that microglia were primed, by 

MHC-II immunostaining, but the treatment did not affect microglia soma size, used 

here as a marker of cell activation, suggesting that the single LPS injection did not 

activate microglia. 

Lower levels of IL-6, IFN-γ and IL-10 were seen in LPS-LPS-treated and PBS-LPS-

treated females compared to males, regardless of genotype. In particular, LPS-LPS-

treated and PBS-LPS-treated transgenic females showed lower levels of IFN-γ, 

compared to the vehicle-treated group. Indeed, many investigators showed that 

repeated LPS administrations induced endotoxin tolerance, reducing the 

production of pro-inflammatory cytokines and promoting the anti-inflammatory 

immune response (Biswas and Lopez-Collazo, 2009, Monneret et al., 2008). On the 

other hand, it was also shown that a repeated high dose of systemic LPS injection 

(3 mg/kg) could induce an increase in both pro- and anti-inflammatory cytokine in 

the brain 4 hours after the last LPS injection (Erickson and Banks, 2011). An in vivo 

study using 3-month old APP23 mice, showed that repeated LPS injections 

(500µg/kg) reduced pro-inflammatory cytokines levels in the serum, while 
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increasing their levels in the brain, 3 hours after the last injection (Wendeln et al., 

2018). Wendeln et al., also showed a marked increase of IL-10 in serum after 2 LPS 

injections (Wendeln et al., 2018).  Levels of the anti-inflammatory cytokine IL-10 

have been reported elevated in many studies investigating LPS tolerance after 

repeated endotoxin injections (Biswas and Lopez-Collazo, 2009, Monneret et al., 

2008, Wendeln et al., 2018). Here, a double LPS challenge did not increase in IL-10 

plasma levels, but a reduction in IFN-γ plasma levels was observed. IFN-γ has been 

shown to mediate the hypersensitivity to LPS (Freudenberg et al., 2001), suggesting 

that low levels of IFN- γ are related to the tolerance response. Indeed, the faster 

recovery of females from the second challenged is associated with decreased levels 

of pro-inflammatory cytokines.  

 

Immunostaining analysis showed that PBS-LPS-treated APPswe/PS1ΔE9 females 

and wild-type animals had greater microglia density in the cortex, compared to 

controls. It suggests that the single LPS challenge induced a possible activation or 

proliferation of microglia after 7 days. Indeed, a previous investigation 

demonstrated that LPS, given at a higher dose (0.33 mg/kg, i.p), increased 

hippocampal microglial numbers in mice brains, 4 hours after the injection (Chen 

et al., 2008). 

 

Analysis of amyloid plaque changes in response to LPS, revealed that both the single 

and double injection of LPS significantly affected amyloid plaque load in the 

hippocampus and cortex. An increase in plaque accumulation was expected with 

repeated exposure to LPS, as a previous investigation showed that LPS (500µg/kg 

of body weight, i.p), given once a week for 12 weeks, induced an increase in the 
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levels of APP, Aβ40 and Aβ42, as well as β-secretase activity (Sheng et al., 2003). This 

report suggested involvement of LPS-induced inflammation in Aβ production. 

Moreover, repeated injections of LPS (250μg/kg, 3 or 7 times) have been shown to 

increase the accumulation of Aβ1-42 in the hippocampus and cerebral cortex, 

through increased β- and γ-secretase activities and generation of Aβ1-42 (Lee et al., 

2008). A single systemic administration of LPS (10 mg/kg) was also shown to induce 

an increase in soluble Aβ in the brain that remained higher than control until 7-9 

days post LPS (Wang et al., 2018). Interestingly, a recent study that used 3-month 

old APP23 mice reported that 6 months after a single LPS injection (500µg/kg) both 

amyloid plaque load and Aβ levels increased, while decreased after 4 consecutive 

LPS injections. In the present study, data revealed that a single LPS injection showed 

a trend to increase the number of amyloid plaques in the cortex of transgenic 

females, but it did not appear to be significant. Adding more animals to the study 

might be necessary to show a significant plaque increase.  

Females, once again, showed a higher number of plaques compared to males, as 

seen in the study described in chapter 4. Previous investigations (Wang et al., 

2003b, Callahan et al., 2001, Sykova et al., 2005) demonstrated that female mice 

showed higher age-dependent increase in the number of amyloid plaques 

compared to age-matched males. In particular, analysis of plaques sizes showed 

that LPS-LPS-treated and PBS-LPS-treated females had smaller plaques than males 

in the cortex. Another study reported that smaller plaques exhibited a more 

prominent rate of growth compared to larger plaques, regardless of age, at the 

early stage of the pathogenesis (Yan et al., 2009b). However, here, transgenic 

females did not show a rapid growth of small plaques as no differences were 
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observed in the size of medium and large plaques post-treatment. Thus, LPS may 

be limiting the growth of the small plaques.   

Interestingly, a recent study elucidated a dual role of IL-10 in APPswe/PS1ΔE9 mice 

deficient in IL-10, where lack of IL-10 was correlated to an increase in microglial 

phagocytosis of Aβ (Guillot-Sestier et al., 2015). A significant conclusion on the 

effect of low levels of IL-10 on the beneficial phagocytic role towards Aβ could have 

been drawn, in the present study, from the analysis of intracellular Aβ in resident 

microglia and infiltrated macrophages. However, the presence of intracellular Aβ 

was also seen in wild-type mice, limiting interpretation of the data. As explained 

also in the previous chapter (chapter 4), 6E10 anti-Aβ antibody, used here to 

identified intracellular Aβ, was found unable to distinguish intracellular Aβ from 

AβPP by another researcher (Aho et al., 2010) and also able to bind proteins that 

are not derived from APP in wild-type mice (Teich et al., 2013). This non-specific 

binding was not expected as the 6E10 antibody is widely used to detect human Aβ 

in APPswe/PS1ΔE9 mice (Ruan et al., 2009, Kuhla et al., 2017) 

 

Analysis of microglia response to LPS revealed that APPswe/PS1ΔE9 females, that 

received two challenges of LPS, showed higher microglia density in both the 

hippocampus and cortex compared to vehicle-treated animals. In accordance with 

this finding, a previous study showed that repeated LPS injections, given at a 

relative low dose (1 mg/kg, i.p) for four consecutive days, induced an increase in 

the area occupied by microglia and microglia proliferation in the DG region of the 

hippocampus, 24h after the last injection (Chen et al., 2012). Increased numbers of 

microglia cells were only seen in transgenic females, here. Interestingly, this group 

of mice also showed significant smaller plaques compared to males after the single 
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and double injection, as described above. Considering that microglia play an 

important role in limiting plaque expansion (Zhao et al., 2017a), LPS injections 

might have stimulated microglia to proliferate in order to limit the growth of 

existing small plaques. This hypothesis is supported by decreased levels of IFN-γ 

found here, in transgenic females. Indeed, a previous study demonstrated the INF-

γ-dependent increase of Aβ production, showing that Tg2576 mice knocked out for 

the IFN-γ receptor had reduced amyloid plaques than the controls animals 

(Yamamoto et al., 2007). Furthermore, a recent study also showed that repeated 

injections of LPS induced microglia to migrate towards the site of the injury 

becoming neuroprotective, and reducing the size of the lesion (Chen et al., 2014). 

Analysis of the astrocytes response revealed that a single or double injection of LPS 

had no effect, regardless of sex and genotype. However, analysis of GFAP clusters 

in the cortex showed a sex and genotype differences, also seen in chapter 4. A 

greater density of GFAP clusters was seen in transgenic females, compared to the 

male counterpart and in transgenic animals compared to wild-type mice. A previous 

report showed the formation of GFAP cluster in APPswe/PS1dE9 mice at around 6 

months of age (Ruan et al., 2009), while in the present study it was demonstrated 

that astrocytes clusters appeared at around 5 months of age in the cortex of  

APPswe/PS1dE9 mice. 

 

Flow cytometry analysis revealed that females had a reduced number of resident 

microglia cells, marked as CD11b+CD45+Lo, compared to males, regardless of 

treatment. However, from the analysis of Iba-1 staining, the opposite was 

observed, with a higher number of Iba-1 immunoreactive cells in wild-type female 

mice. This contradictory result might be explained as Iba-1 is known to also stain 
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macrophages (Bennett et al., 2016), suggesting that the higher number of Iba-1 

positive cells observed in wild-type females could include both microglia and 

macrophages cells. However, analysis of infiltrated macrophages did not show any 

significant difference between experimental groups.  

A lower expression of CCR2 was observed in resident microglia in wild-type females. 

An in vitro study showed downregulation of the chemokine receptors CCR2 on 

human monocytes exposed to LPS (Biswas and Lopez-Collazo 2009), but here no 

treatment effect was seen in CCR2 expression levels. Another in vivo investigation 

revealed that CCR2 knockout mice, had macrophages with impaired phagocytic 

function with a decrease in pro-inflammatory cytokine levels, suggesting that CCR2 

knockout mice are more susceptible to infection (Mack et al., 2001). Indeed, wild-

type females here also showed a decrease in pro-inflammatory cytokines IL-6 and 

IFN-γ as a sign of endotoxin tolerance and higher susceptibility to infection. Low 

levels of CCR2 in resident microglia might be involved in the development of 

tolerance to LPS. To the best of the current knowledge, no research has been done 

to clarify the role of CCR2 in the development of endotoxin tolerance, but higher 

levels of its ligand CCL2 have been found in studies on endotoxin tolerance (Biswas 

and Lopez-Collazo, 2009, Rajaiah et al., 2013). 

Analysis of the immune phenotype of resident microglia revealed higher expression 

of CD80 (M1 marker) in the hippocampus of transgenic females compared to 

transgenic males, regardless of treatment. An in vivo study showed that repeated 

injections of LPS (1.0 mg/kg, four times daily, i.p), induced anti-inflammatory 

phenotype, with no alteration in M1 genes (Chen et al., 2012). However, higher 

expression of the pro-inflammatory marker in transgenic females can be related to 

the presence of amyloid plaques, as microglia activation was seen increased with 
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age, along with amyloid deposition in brain tissue of mouse model of AD (Gordon 

et al., 2002). 

 

In conclusion, the present study showed that inflammation, due to repeated LPS 

injections, induced an increase in the number of microglia cells, a reduction of IFN-

γ and a reduction in the size of small amyloid plaques in the cortex of 

APPswe/PS1ΔE9 females. These changes were associated with improvement in 

spatial working memory seen in these animals. This finding leads to the hypothesis 

that LPS-induced proliferation of microglia may be limiting the growth of small 

plaques. Transgenic females also showed higher expression of the M1 marker on 

resident microglia, which may be linked to the microglia response to amyloid 

plaques. Further study needs to clarify how the systemic inflammation can 

modulate activation of microglia and migration of infiltrated macrophages into the 

brain to induce a beneficial immune response. 
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General discussion and future direction 

The overall aim of the study was to investigate the impact of a systemic 

inflammation on hippocampal-dependent behaviour, central and peripheral 

immune response as well as amyloid plaque load, at an early stage of amyloid 

pathology, focusing on genotype and sex differences. 

LPS, administered systemically at a low dose of 100µg/kg, was used to modulate 

the immune response, and to determine the effect of a single and double immune 

challenge on behaviour, as well as central and peripheral immune response. 4.5 

months old APPswe/PS1ΔE9 and wild-type mice, both males and females, were 

investigated. Three different time points were considered to examine these effects: 

4 hours, 7 days and 3 weeks after the first LPS administration. These studies were 

planned based on the following hypothesis:  

- The 4-hour time point tested the hypothesis that APPswe/PS1ΔE9 mice 

were more susceptible to the immune challenge than wild-type mice, with 

more focus on sex-dependent susceptibility (chapter 3). 

- The 7-day time point tested the hypothesis that a single systemic LPS 

challenge would exacerbate glial response and amyloid plaque load in 

APPswe/PS1ΔE9 mice at 4.5 months (chapter 4) and 5 months (chapter 5) 

of age.  

- The 3-week time point tested the hypothesis that two challenges of LPS 

would reduce the levels of pro-inflammatory cytokines with further 

accumulation of amyloid plaques in APPswe/PS1ΔE9 mice. 
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Summary of the main LPS effects 

The main LPS effects found in these studies are summarized in Table 8.  

LPS induced an increase in the pro-inflammatory cytokines IL-6 and TNF-α, as well 

as an increase in the anti-inflammatory cytokine IL-10 after 4 hours, proving that 

the dose of 100µg/kg does activate the immune system.  

LPS increased in TNF-α plasma levels only in females. Within the female mice, wild-

types showed higher IL-6 plasma levels compared to the trangenic group. TNF-α 

and IL-6 are both pro-inflammatory cytokines, suggesting that wild-type females 

showed higher susceptibility to the immune challenge. 

Differences between genotypes were not observed in response to the immune 

challenge at longer time points. LPS induced an increase in the number of microglial 

cells associated with a reduction in the levels of IFN-γ in the plasma in 

APPswe/PS1ΔE9 females challenged at 5 months of age, after 7 days. An 

improvement in spatial working memory LPS-mediated was also seen in these mice. 

A single systemic LPS challenge induced an increase in the number of microglial cells 

also in APPswe/PS1ΔE9 males and females challenged at 4.5 months of age, after 7 

days.  

Two challenges of LPS showed reduction in IFN-γ plasma levels in APPswe/PS1ΔE9 

females, 7 days after the last injection, associated with increased microglia density 

in the brain. Increased development of tolerance was suggested in APPswe/PS1ΔE9 

female mice. 

Unexpectedly, LPS didn’t affect the infiltration of peripheral macrophages into the 

brain and the expression of the phenotypic markers in any of the studies.  
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Table 8. Summary of the main treatment effects in all the experimental time points. 
 TREATMENT EFFECTS 

 SINGLE INJECTION TWO INJECTIONS 

AGE AT THE TIME 
OF LPS INJECTION 

4.5 MONTHS OLD 5 MONTHS OLD 4.5 MONTH OLD 

TIME-POINT 4 HOURS 7 DAYS 7 DAYS 3 WEEKS 

BEHAVIOURAL 
TESTS 

_ 
     Food burrowing 
in APP/PS1 males  

_ 

 

Spatial working 
memory in 

APP/PS1 male and 
females mice 

AMYLOID PLAQUE 
LOAD 

N/A  
 

Tendency to reduce 
the  number of 
plaques in the 

hippocampus of 
APP/PS1 females 

Tendency to 
increase the  
number of 

plaques in the 
cortex of APP/PS1 

females 

 
 
 

NS 

CYTOKINE LEVELS 

    IL-6 
 
    IL-10 
 
    TNF-α (females 
only) 

_ 
       IFN-γ in 
APP/PS1 females 
 

    

     IFN-γ in  
APP/PS1 females 
 

NUMBER OF IBA-1 
IMMUNOREACTIVE 
CELLS/MM2 

_ 

    APP/PS1 males 
(hippocampus) 
 
    APP/PS1 females 
(hippocampus) 
 

    APP/PS1     
females (cortex) 
 
    WT males 
(cortex) 
 
    WT females 
(cortex) 

     
 
    APP/PS1 
females 

 

RESIDENT 
MICROGLIA 
CD11b +CD45+HI 

N/A 
    APP/PS1 males 
(cortex) 

_ _ 

 

LPS administered systemically does not cross the BBB, and only 0.025% of the dose 

injected was estimated to reach the brain (Singh and Jiang, 2004, Chakravarty and 

Herkenham, 2005, Banks and Robinson, 2010). However, in these studies I have 

demonstrated that LPS increased the number of Iba-1 immunoreactive cells, 

several days after the treatment, supporting the conclusion from previous findings 

(Cunningham et al., 2009, Cunningham et al., 2005, Perry et al., 2007, Holmes et al., 

2009) reporting that the peripheral immune challenge have an impact on the 
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central immune system. The immune response in the periphery communicate with 

the brain through cytokine signalling, in particular IL-1β, IL-6 and TNF-α cytokines 

are able to cross the BBB inducing the inflammatory response in the CNS (Pan et 

al., 2011). In this study IL-1β levels in the plasma were not altered by the immune 

challenge at any time points. IL-6 and TNF-α plasma levels were elevated after 4 

hours, but not at longer time points. These cytokines were not seen elevated in 

plasma but their levels can be higher in the brain. Further analysis is needed to 

elucidate cytokines response in the brain and evaluate if decreased levels in the 

periphery correlate to higher levels in the CNS. 

 

 

Opposite effects of LPS on amyloid plaque load. 

LPS did not significantly affect the amyloid plaque load in any of the time point 

chosen in these studies. However, data showed an opposite trend of LPS-induced 

amyloid plaque changes 7 days after a single challenge, close to being significant. 

LPS-treated APPswe/PS1ΔE9 females, challenged at 4.5 months of age (chapter 4) 

(called younger mice from now on), showed a reduction in the total number of 

plaques in the hippocampus (p=0.067). On the other hand, PBS-LPS-treated 

APPswe/PS1ΔE9 females, challenged with LPS at 5 months of age (chapter 5) (called 

older mice from now on), showed an increase in the total number of plaques in the 

cortex (p=0.07).  

In this study younger and older mice underwent the same behavioural test at 

baseline. However, older mice received a PBS injection before being challenged 

with LPS, contrary to the younger animals that received only a singles LPS injection. 

Moreover, older mice had to be weighted every day between the PBS and LPS 

injections, and also underwent an extra food burrowing test, the night before the 
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immune challenge. The handling of the animals and the behavioural stress might 

have influenced the response to LPS seen in older animals. Indeed, stress is known 

to increase susceptibility to infections (Dhabhar, 2009). Growing evidence indicates 

that physical stressors may activate the hypothalamic-pituitary-adrenal (HPA) axis, 

accelerating the progression of AD (Dong and Csernansky, 2009). Activity of the HPX 

axis can be measured by analysis of the plasma cortisol levels (Csernansky et al., 

2006). An in-vivo study revealed that chronic stress impacted the LPS-induced 

activation of microglia: rats exposed to behavioural stress for 9 consecutive days, 

showed an enhanced microglia activation 24h after LPS injection, compared to non-

stressed animals (Espinosa-Oliva et al., 2011). Another in-vivo study on Tg2576 

mice, an amyloidogenic mouse model of AD, showed that social stress, induced by 

isolation of the mice for 6 months, accelerated plaque deposition (Dong and 

Csernansky 2009). Stressed Tg2576 mice revealed more Aβ plaques in cortex and 

hippocampus, compared to unstressed mice (Dong and Csernansky, 2009). 

Influence of stress on plaque deposition was found to be dependent on the levels 

of Aβ (Dong et al., 2004). These findings support the hypothesis that LPS effects on 

amyloid  plaque load might be influenced by stress. Moreover, an in-vivo study 

showed that stress, before an LPS challenge, suppressed both mRNA and 

proteinIFN-γ levels in the serum (Curtin et al., 2009), suggesting dysregulation of 

cytokine production mediated by stress. Indeed, in this study IFN-y levels were 

reduced in the transgenic females. 

The effects of the infection is also age-dependent, indicating that inflammation can 

affect disease progression differently in old and young animals (Shaw et al., 2013).  

It is well documented that, in aged animals, microglia are primed and their 

immunomodulatory response is compromised (Norden and Godbout, 2013, 
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Williams et al., 2015), thus, even moderate doses of LPS could exacerbate the 

existing pathology in old animals. Association between microglia and amyloid 

plaques is also reduced by aging, suggesting that an activation of microglia cells at 

early stage, can be beneficial for Aβ removal in young animals (Wyss-Coray, 2006). 

In this thesis younger and older animals had only two weeks difference. However, 

an in-vivo imaging study reported that new plaques are formed within 2 days, with 

recruitment of microglia to the site of the plaque (Meyer-Luehmann et al., 2008). 

This study suggests that the formation of new amyloid plaques and growth of 

existing plaques might occur in 2 weeks. Indeed, data from this thesis showed that 

younger transgenic females used as a control had 3.14 + 0.23 mean number of 

plaques in the hippocampus and 3.8 + 0.71 mean number of plaques in the cortex. 

Older control female mice had 4.16 + 0.43 and 5.16 + 0.84 mean number of plaques 

in hippocampus and cortex respectively, confirming the increase number of plaques 

within the 2 weeks, especially in the cortex. However, herein, microglia cluster 

density did not differ between young and old animals. Further studies are needed 

to assess the age-dependent microglia response to amyloid plaques, investigating 

whether microglia migration towards the plaque is impaired.  Further study needs 

to be done to analyse the morphological activation of microglia around the plaques 

and clarify the interaction between growing plaques and microglia response. One 

previous study that analysed the initialization of microglial interaction with small 

plaques in APP/PS1ΔE9 mice showed that there are different levels of microglia 

interaction with newborn plaques and one-fifth of the plaques analysed were not 

even found in association with microglia (Jung et al., 2015). This study suggested 

that microglia response to the increase in plaque progression may vary.  
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Analysis of infiltrated macrophages in the brain, investigated to clarify a possible 

mechanism of Aβ clearance mediated by these cells, did not show any treatment 

effect in both of the studies. Infiltrated microphages showed the presence of 

intracellular Aβ, suggesting phagocytic activity mediated by these cells, but the 

antibody used in this thesis showed significant non-specific staining, thus, a further 

investigation is needed to clarify the binding properties of this antibody. For 

example, a western blot technique might be a useful tool to evaluate the binding 

and compare it with other specific antibodies directed to the C-terminal of the Aβ 

peptide (i.e., Aβ40, Aβ42, and 12F4), instead of the N-terminal (6E10), as suggested 

by Aho et al. (Aho et al., 2010). 

 

Effect of LPS on microglia function 

LPS did not affect microglia response after 4 hours. However, after 7 days, LPS 

induced increase of microglia density in younger APPswe/PS1ΔE9 males and 

females, as well as in older APPswe/PS1ΔE9 females. Interestingly, LPS seemed 

affecting amyloid plaque growth in older mice only, after 7 days. Analysis of the 

area of the plaques revealed that LPS significantly reduced the size of small plaques 

in older APPswe/PS1ΔE9 females. This reduction was associated to higher 

proliferation of microglia cells in LPS-treated older APPswe/PS1ΔE9 females, 

suggesting a role of microglia in limiting the growth of existing small plaques (Zhao 

et al., 2017a). In-vivo imaging studies that monitored the growth of the amyloid 

plaques over several weeks revealed that small, or newly formed, plaques grew at 

a faster rate than large plaques (Burgold et al., 2011, Yan et al., 2009b). Plaque 

growth was monitored in both APPswe/PS1ΔE9 females and males, but the study 

didn’t distinguish between the sexes (Yan et al., 2009a). Data from these studies 

also suggested that the reduced size of the small plaques, seen in older mice, could 
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be due to limited growth, but the trend in reduced number of plaques, seen in 

younger mice, might be related to increased clearance.  

 

Effects of LPS on plasma cytokine levels 

Interestingly, no effects of LPS were observed in plasma cytokine levels in younger 

APPswe/PS1ΔE9 females, where a reduction of amyloid plaques was almost 

significant. On the other hand, LPS induced reduction of circulating IFN-γ levels in 

older APPswe/PS1ΔE9 females, where an increase of amyloid plaque load was close 

to be significant. The decrease in pro-inflammatory cytokine IFN-γ, was often 

associated to higher susceptibility to infection (Cavaillon et al., 2003), suggesting 

that an enhanced response to LPS might be mediated by low levels of this cytokine. 

It needs to be considered, however, that cytokines levels in the periphery do not 

reflect the neuroinflammatory response in the brain (Fu et al., 2014, Qin et al., 

2008). Pro-inflammatory cytokine induction in serum is an acute and transient 

event that subsides by one week (Qin et al., 2008), while cytokines in the brain are 

regulated in a cascade of event, with feedback loops, that can enhanced their 

response in the CNS for longer time (Kronfol and Remick, 2000).  

The relationship between cytokine signaling and Aβ accumulation is not well 

understood, but these results seem to suggest that reduced levels of pro-

inflammatory cytokines in plasma, IFN-y in particular, might influence Aβ 

production. Indeed, an in vivo study demonstrated the IFN-γ-dependent increase 

of Aβ production (Yamamoto et al., 2007a). A further analysis on brain cytokines 

levels might give a better understanding of the central cytokine response to LPS in 

APPswe/PS1ΔE9 females after 7 days. 
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LPS effects on infiltrated macrophages 

LPS did not significantly induce infiltration of peripheral macrophages in the brain. 

However 

LPS-treated transgenic males showed reduced number of resident microglia 

analysed by the flow cytometry technique, but increased number of microglia cells 

stained by Iba-1. This contradictory finding does suggest that iba-1 stained also 

infiltrated macrophages in the brain and that LPS did affect the infiltration. 

However, no significant effect were seen in the 

expression of the CCR2 marker, in response to LPS. Thus, further investigation of 

the CCR2 ligand expression, CCL2, would also be needed to elucidate the function 

of the infiltrated macrophages. Indeed, CCL2 was seen responsible for the 

phenotypic shift of the mononuclear cells towards the anti-inflammatory 

phenotype (Roca et al., 2009) and the Aβ uptake from microglia and macrophages 

(Kiyota et al., 2009).  

Interestingly, a new marker to identify resident microglia in the brain has been 

found. For many years microglia has been analysed using the Iba-1 antibody, but it 

is known that Iba-1 also stains infiltrated macrophages in the brain (Bennett et al., 

2016), suggesting that this marker is not selective for microglia only. To better 

understand microglia response to immune challenges, a new antibody has been 

found to be selective. The transmembrane protein 119 (TMEM119) (Bennett et al., 

2016) is a cell-surface protein highly expressed on microglia, but not on recruited 

macrophages, and it can be used as a specific marker in both mouse and human to 

better understand microglia function in disease and healthy brains. TMEM119 can 

be used for immunostaining and flow cytometric analysis to distinguish also the 

non-activated microglia cells (Zrzavy et al., 2017). TMEM119 can also be usefull to 

further characterize the phenotype of the microglia surrounding plaques. 
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Sex differences in LPS-induced amyloid plaque changes. 

Data from this thesis showed that sex plays an important role in the pathogenesis 

of AD. 

Transgenic females showed higher number of plaques than males in all the studies 

investigated herein. In-vivo studies reported that the higher number of plaques 

revealed in transgenic females are due to the higher Aβ40 and the A42 production 

in the brain, compared to males (Wang et al., 2003b, Carroll et al., 2010). 

Interestingly, changes in amyloid plaque load mediated by LPS were seen only in 

females, and not in males. This may be due to the difference in hormonal levels that 

might influence the immune response, reported to be also sex-dependent 

(Simpkins et al., 2009). The response in females is affected by estrogen levels. Low 

levels of estrogens, instead, are considered a risk factor to Alzheimer’s disease, and 

previous epidemiological studies reported that an estrogen-replacing therapy could 

potentially reduce the risk to develop AD (Zec and Trivedi 2002). It is important to 

note that clinical studies have observed a similar prevalence of the disease in males 

and females at the early stages of AD (Nyarko et al., 2018). A previous study showed 

that high concentration of estrogens have been effective in reducing Aβ levels in 

the brain (Xu et al. 2006). Another study have demonstrated the ability of estrogens 

to promote microglial phagocytosis of Aβ: estrogen-treatment on cultured 

microglia derived from human cortex was shown to improve uptake of Aβ, through 

activation of estrogens receptor-α and –β (Li et al., 2000). In another study, 17β-

estradiol increased both uptake and degradation of Aβ in cultured murine 

microglial (Harris-White et al., 2001).  

Understanding the mechanism behind sex differences is important in order to 

investigate whether high levels of estrogen impacted amyloid plaque changes and 
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microglia response at early stage of amyloid pathology, seen in this study. Possible 

in-vivo experiments could include androgenized females, or could use a controlled 

delivery of estradiol in both males and females, to examine whether the response 

to LPS is mediated by high or low levels of the female hormone. 

 

Genotype susceptibility to the immune challenge. 

Finally, LPS did not reveal higher susceptibility to the immune challenge in 

APPswe/PS1ΔE9 mice compared to wild-type mice. As described in chapter 3, lower 

numbers of microglial cells could be associated with a lower susceptibility to an 

immune challenge (Kim et al., 2000), while higher microglia density and 

pronounced pro-inflammatory response could be 

associated to increased susceptibility (Pintado et al., 2011). 4 hours after LPS 

challenge, 

higher levels of the pro-inflammatory cytokine IL-6 were seen in wild-type females 

compared to transgenic females, suggesting higher susceptibility to the acute 

systemic LPS in wild-type females. Moreover, a greater increase in anti-

inflammatory cytokine IL-10, mediated by LPS, was also revealed in wild-type 

females 4 hours after the injection. This data also suggested higher susceptibility to 

the infection in these animals. However, LPS did not affect microglia response after 

4 hours. Interestingly, LPS induced an increase in microglia density in younger 

APP/PS1ΔE9 males and females in the hippocampus, and in older APP/PS1ΔE9 

females in the cortex, after 7 days. These results suggest that genotype 

susceptibility to an acute systemic LPS challenge might be developed after longer-

time points. 
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Concluding remarks 

Results showed in this thesis, indicate that inflammation plays a role in modulating 

microglia activation and amyloid plaque deposition. Macrophages do infiltrate the 

brain, but a further investigation needs to be undertaken to clarify their role in early 

stage of amyloid plaque load. Peripheral monocytes recruited into the brain are 

able to significantly phagocyte aggregated Aβ, contrary to resident microglia 

(Simard et al., 2006a). Further analysis to examine the selective migration of these 

cells and the possibility to manipulate their migration towards Aβ plaque deposition 

makes these cells optimal target for the development of therapeutically compound. 

Moreover, the present study focused on investigating the role of a systemic 

challenge of LPS in APPswe/PS1ΔE9 mice, characterized by the overproduction of 

Aβ. However, NFTs are not present in this animal model. Thus, further studies could 

be done to investigate the role of a systemic challenge of LPS using a triple 

transgenic mouse model of AD that is characterized by both amyloid plaque 

deposition and tau hyperphosphorylation, with focus on sex differences. 
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Appendix 

7.6 Behavioural changes 4 hours post-LPS 

 

Figure 75. LPS effects on behaviour at baseline and 4 hours post injection. 4.5 
months old male and female mice APPswe/PS1ΔE9 (APP/PS1) and wild-type (WT) 
(n=5/6 per group) were treated with LPS or vehicle (PBS). Behaviour was assessed 
before and 4h post-treatment. Post-injection data showed that 4 hours post 
injection LPS-treated animals burrowed less food (p<0.05) (B) and moved less 
(p<0.005) (H) than PBS-treated mice. Analysis of the alternation rate revealed that 
LPS-treated APP/PS1 females performed better than PBS-treated APP/PS1 females 
(p=0.0322) (E). Changes in performance were calculated by subtracting the post-
injection data from the baseline data. LPS-treated APP/PS1 females showed an 
improvement in performance (p=0.0275) (F). Data are shown as mean + S.E.M. [* 
p< 0.05, **p< 0.005, ***p<0.0001] 
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7.7 Peer-review publications 

1) Novel Methods for Microglia Segmentation, Feature Extraction and 

Classification Ding Y. Pardon MC, Agostini A, Faas H, Duan J, Ward 

WO, Easton F, Auer D, Bai L. IEEE/ACM Trans Comput Biol Bioinform, 2016. 

 

2) Magnetic Resonance Spectroscopy discriminates the response to microglial 

stimulation of wild-type and Alzheimer’s disease models. Pardon MC, Yanez 

Lopez M, Yuchun D, Marjańska M, Prior M, Brignell C, Parhizkar S, Agostini A, 

Bai L, Auer DP, Faas HM. Scientific Reports 6, Article number: 19880 (2016). 

 

 

7.8 Data presented at conferences 

1. Unaltered susceptibility to neuroinflammation in pre-symptomatic 

APPswe/PS1ΔE9 mice, focus on genotype and sex differences, was presented 

as a poster (Figure 76) at the British Association for Phsycopharmacology (BAP) 

Summer Meeting in Bristol (UK) (26-29 July 2015). 

 
Abstract accepted: 

 
Unaltered susceptibility to neuroinflammation in pre-symptomatic 

APPswe/PS1ΔE9 mice, focus on genotype and sex differences. 

 

Introduction Alzheimer’s disease is a progressive brain disorder characterized by 

amyloid plaques and neurofibrillary tangles and is more prevalent in women. 

Neuroinflammation is one of the main events responsible for the cognitive decline 

and involves the activation of microglia and astrocytes. Lipopolysaccharide (LPS) is 

used to trigger acute neuroinflammation response through the binding to the 

microglial exclusive toll-like receptors-4 (TLRs4) and is associated with a transient 

sickness syndrome. We assessed the susceptibility of Alzheimer’s disease (AD) 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Faas%20H%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Duan%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ward%20WO%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ward%20WO%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Easton%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Auer%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bai%20L%5BAuthor%5D&cauthor=true&cauthor_uid=27429441
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mouse model to LPS by analysing daily living activity, locomotor activity, spatial 

working memory and glial cells activation 4 hours post-injection, with a particular 

focus on sex differences. 

Methods 4.5 month-old female (n=12) and male (n=10) APPswe/PS1ΔE9 and wild-

type (WT) littermates (n=12 males and 10 females) were used in the study. Sickness 

syndrome was assessed using the food burrowing test, and the spontaneous 

alternation test was used to measure locomotor activity and spatial working 

memory. Baseline behavioural performance was evaluated on on the first two days 

of the experiment. On Day 3, mice received an injection of LPS (100μg/kg, i.v.) or 

vehicle (PBS) and were assessed behaviourally 4 hours later. Immediately after 

brain tissue was collected for immunostaining of Iba-1 and GFAP to assess microglia 

and astrocytes density and activation, respectively. The data were analysed with 

two-way ANOVA with repeated measures followed Tukey’s post hoc analysis where 

appropriate. 

Results LPS suppressed food burrowing (p=0.0054) and locomotor activity 

(p<0.001) regardless of genotype or sex, while an improvement in spatial working 

memory was evident in LPS treated APPswe/PS1ΔE9 female only (p= 0.0322). LPS 

had no effect on microglia and astrocytes, but a higher microglia density in CA2 

(p=0.0253), CA3 (p=0.0005) and DG (p=0.0233) and lower microglia activation 

(p=0.019) were observed in APPswe/PS1ΔE9 female compared to wild-type female.  

In addition, wild-type female showed reduced microglial density in CA3 (p=0.044) 

and DG (p=0.009) but higher microglia activation compared to wild-type male 

(p=0.0209) 

Conclusion These data show that 100ug/kg LPS did not reveal a higher susceptibility 

of APPswe/PS1ΔE9 mice compared to wild-type mice, regardless of sex. Indeed, LPS 

induced suppression of daily living and locomotor activity to a similar extent in both 

genotypes and sex. But improvement in spatial working memory was observed in 

APPswe/PS1ΔE9 female, suggesting a beneficial effect of microglia stimulation. 

Further work needs to be done to clarify the mechanisms underlying this beneficial 

effect of microglia on behaviour, in response to an immune challenge. 
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Figure 76. Poster presented at British Association for Phsycopharmacology (BAP) 
Summer Meeting in Bristol (UK) (2015). 
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2. Systemic infection age- and sex-dependently reduces amyloid plaque load in 

APPswe/PS1∆E9 mouse model of Alzheimer’s disease, was presented as a 

poster (Figure 77) at the Keystone Symposia on Neuroinflammation in Keystone 

in Colorado (USA), 19th-24th June 2017. 

 

Abstract accepted: 

Systemic infection age- and sex-dependently reduces amyloid plaque load in 

APPswe/PS1∆E9 mouse model of Alzheimer’s disease. 

Systemic bacterial infection can worsen Alzheimer’s disease (AD) progression by 

compromising the central microglia and astrocyte immune responses implicated in 

the clearance of amyloid-β (Aβ) plaques, one of the AD hallmarks. Here we 

investigated whether systemic infection with lipopolysaccharide (LPS) increases Aβ 

plaque load and glial activation, and whether tolerance occurred following 

repeated LPS injections.  

4.5month-old females and males, APPswe/PS1ΔE9 and wild-type littermates were 

used (n=4/group). In the first experiment, mice were injected with LPS (100μg/kg, 

i.v) or vehicle (PBS) and brain tissue was collected 7 days later. In the second 

experiment, mice received a LPS or PBS injection at 4.5months of age, and a second 

challenge 2 weeks later, yielding the following experimental groups: PBS-PBS, PBS-

LPS, LPS-LPS. Quantification of amyloid plaque load, microglia, and astrocytes 

clusters and density were assessed by immunostaining of Aβ, Iba-1 and GFAP, 

respectively, in cortex and hippocampus. Data were analysed with two and three-

way ANOVA followed by post-hoc analysis. 

Number of Aβ plaques and associated glial clusters, that surround plaques, were 

higher in females than males. A single LPS challenge reduced the numbers of both 

total and large plaques (p<0.05) in the hippocampus of 4.5 months-old females, but 

not in older female (PBS-LPS group) or males. This was associated with an increased 

microglial density (p=0.0064) and a reduced number of microglial clusters 

(p=0.0005), compared to control mice. Aβ plaque load was unaffected by repeated 

LPS infection.  
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These data suggest that the ability of microglia to clear or restrict Aβ plaques 

growth after acute systemic infection is sex-dependent and diminishes with age. 

Further work is needed to unravel the underlying mechanisms. Female mice 

challenged twice did not show significant changes in plaque load, maybe due to the 

development of immune tolerance. 
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Figure 77. Poster presented at the Keystone Symposia on Neuroinflammation in 
Colorado (USA) (2017). 
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