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Aging and Alzheimer's disease: searching for novel molecular cues 

 

Abstract 

Increased life expectancy contributed to a marked increase in aging-associated maladies. Among 

those, we can find dementias, which are often accompanied by neurodegeneration and behavioral 

alterations, and may culminate in a loss of independence and autonomy. Alzheimer's disease (AD) 

represents the most prevalent form of age-associated dementia and is characterized by severe 

memory loss and cognitive deficits. This neurodegenerative disease exists as either a less common, 

early-onset, autosomal dominant familial form and a more prevalent, late-onset, sporadic form. Yet, 

both types of AD are characterized by common brain pathological hallmarks, namely the presence of 

extracellular senile plaques, which are highly enriched in different forms of aggregated amyloid beta 

(Aβ) peptides, and of intracellular neurofibrillary tangles, that result from the aggregation of 

hyperphosphorylated Tau protein. The discoveries made in the past two decades shed some light on 

the mechanisms that trigger neuroinflammation, cellular dysfunction and brain pathology, as well as 

their role as mediators of behavioral alterations, in AD. However, certain aspects of the disease are 

still poorly understood and are, sometimes, controversial. 

This thesis emerged with the objective of using different models to explore the role of novel and 

promising cellular and molecular targets in the context of aging and AD. Initially, we focused on the 

role of the protein lipocalin 2 (LCN2), which is closely involved in the innate immune response and 

in iron metabolism, two different mechanisms that can equally modulate the amyloidogenic pathway 

and Aβ toxicity in AD. Herein, we show that LCN2 is overproduced both in vitro and in vivo by 

specific brain cell types, namely choroid plexus (CP) epithelial cells and astrocytes, in response to 

Aβ1-42 peptides. Importantly, we show that the overexpression of iron metabolism and innate-like 

proinflammatory genes, as well as the marked astrogliosis, observed in response to the toxic levels 

of Aβ1-42, are ablated in the absence of LCN2. These results point to a role of LCN2 in the 

modulation of Aβ-induced toxicity and prompt for further investigation regarding the impact of LCN2 

on brain pathology and behavior impairment in AD. 

Next, taking into account the important function of the brain barriers in the maintenance of central 

nervous system (CNS) homeostasis in health and in disease, we analyzed the response at the level 

of the blood-cerebrospinal fluid (CSF) barrier, formed by the CP cells, in AD. For that, we took 

advantage of an AD transgenic mouse model, the PDGFB-APPSwInd (J20) mice, which overexpress 

the human gene for amyloid precursor protein (APP) with two mutations that favor its amyloidogenic 
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processing and an increased formation of Aβ peptides. Specifically, we analyzed the response in the 

CP of J20 mice and of age matched wild-type (WT) littermate controls at 3, 5-6 and 11-12 months. 

By microarray analysis, we found that aging influences different gene pathways in the CP of 11-12 

months-old mice, such as the ones involved in the regulation of the cellular circadian cycle, transport 

of nutrients and lipid metabolism. These alterations support the idea that there is a clear dysfunction 

of the CP with aging, which impacts on the production of CSF and on the integrity of the blood-CSF 

barrier. Strikingly, we found an early overexpression of genes implicated in the type I interferon (IFN) 

response and a decreased expression of the gene encoding for IFN-γ, the major type II IFN cytokine, 

at later ages, in the CP of J20 mice when compared to age-matched WT mice. Trying to figure out 

the extent of these changes, we also investigated the response in the brain parenchyma, namely in 

the dorsal hippocampus (dHPC), and in the periphery, particularly in the liver. Interestingly, the 

manifestation of deficits in spatial reference-memory by J20 mice, at 3 months, and by WT mice, at 

11-12 months, was accompanied by an increased expression of type I IFN genes in the dHPC. 

Noticeably, we observed a significant correlation between the levels of IFN-α in the CSF and the 

performance in a memory-dependent task. Regarding the responses in the brain and in the 

periphery, we found a similar pattern of type II IFN gene expression in the CP and in the liver of J20 

mice. However, with aging, there was an overexpression of type I IFN genes and a decrease in the 

number of perivascular Aβ-loaded macrophages in the liver of J20 mice. These observations suggest 

that changes in the levels of different types of IFNs may influence the deposition and/or clearance of 

Aβ, as well as memory and cognition. 

Altogether, the work presented here highlights some important functions and effects of different 

types of inflammatory molecules, such as LCN2 and IFNs, in the context of neurodegeneration and 

of behavioral alterations in AD, opening new doors for future research in the field. 
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Envelhecimento e doença de Alzheimer: em busca de novas pistas moleculares 

 

Resumo 

O aumento da esperança média de vida contribuiu para um aumento acentuado das doenças 

associadas ao envelhecimento. Entre essas, podemos encontrar as demências, que são muitas 

vezes acompanhadas por neurodegeneração e alterações comportamentais, e poderão culminar 

numa perda de independência e autonomia. A Doença de Alzheimer (DA) representa a forma mais 

prevalente de demência associada ao envelhecimento, e é caracterizada por perda de memória e 

défices cognitivos acentuados. Esta doença neurodegenerativa pode manifestar-se numa forma 

autossómica dominante menos comum, de início precoce, ou numa forma esporádica mais 

comum, de início tardio. No entanto, ambas as formas de DA são caracterizadas por marcas 

patológicas cerebrais comuns, nomeadamente a presença de placas senis extracelulares, ricas em 

péptidos beta-amiloide (Aβ) em diferentes estados de agregação, e emaranhados neurofibrilares 

intracelulares, resultantes da agregação da proteína Tau hiperfosforilada. As descobertas realizadas 

nas últimas duas décadas contribuiram para uma melhor compreensão dos mecanismos que 

desencadeiam neuroinflamação, disfunção celular e patologia cerebral, assim como o seu papel 

como mediadores de alterações comportamentais, na DA. No entanto, alguns pormenores acerca 

da doença não são ainda completamente claros, sendo até, por vezes, controversos. 

Esta tese surgiu com o objetivo de utilizar modelos diferentes para explorar o papel de alvos 

celulares e moleculares novos e promissores no contexto do envelhecimento e da DA. Inicialmente, 

focámo-nos no papel da proteína lipocalina 2 (LCN2), que está intimamente envolvida na resposta 

imune inata e no metabolismo do ferro, dois mecanismos diferentes que estão envolvidos na 

modulação da via amiloidogénica e da toxicidade da Aβ na DA. Neste trabalho, mostramos que a 

LCN2 é produzida em maior quantidade, tanto in vitro como in vivo, por certos tipos de células 

cerebrais, nomeadamente por células epiteliais do plexo coroide (CP) e astrócitos, em resposta a 

péptidos Aβ1-42. É importante salientar que os níveis de expressão de genes do metabolismo do 

ferro e da resposta pró-inflamatória inata, assim como a astrogliose acentuada, observados em 

resposta a níveis tóxicos de Aβ1-42, estão reduzidos na ausência de LCN2. Estes resultados apontam 

para um papel da LCN2 na modulação da toxicidade induzida por péptidos Aβ e para a necessidade 

de aprofundar a investigação acerca do impacto da LCN2 na patologia cerebral e défices 

comportamentais na DA. 
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De seguida, tendo em conta a importante função das barreiras do cérebro na manutenção da 

homeostasia do sistema nervoso central (SNC) na saúde e na doença, analisámos a resposta ao 

nível da barreira sangue-líquido cefalorraquidiano (LCR), formado pela células do CP, na DA. Nesse 

sentido, utilizámos um modelo da DA, os ratinhos transgénicos PDGFB-APPSwInd (J20), que sobre-

expressam o gene humano que codifica a proteína precursora da amiloide (APP) com duas 

mutações que favorecem o seu processamento pela via amiloidogénica e um aumento da formação 

de péptidos Aβ. Especificamente, analisámos a resposta no CP de ratinhos J20 e do tipo selvagem 

(WT), da mesma idade e ninhada, aos 3, 5-6 e 11-12 meses. Através da análise por microarray, 

descobrimos que o envelhecimento influencia genes de vias diferentes no CP de ratinhos com 11-

12 meses de idade, nomeadamente as que estão envolvidas na regulação do ciclo circadiano 

celular, transporte de nutrientes e metabolismo de lípidos. Estas alterações apoiam a ideia de que 

há uma clara disfunção do CP com o envelhecimento, e que esta tem um impacto sobre a produção 

de LCR e sobre a integridade da barreira sangue-LCR. Surpreendentemente, descobrimos uma 

sobre-expressão precoce de genes envolvidos na resposta de interferão (IFN) do tipo I e uma 

diminuição da expressão do gene que codifica IFN-γ, a principal citocina de IFN tipo II, em idades 

posteriores, no CP de ratinhos J20 em comparação com ratinhos WT da mesma idade. Numa 

tentativa de descobrir a extensão destas alterações, também investigámos a resposta no 

parênquima cerebral, nomeadamente no hipocampo dorsal (dHPC), e na periferia, particularmente 

no fígado. Curiosamente, a manifestação de défices de memória por ratinhos J20, aos 3 meses, e 

por ratinhos WT, aos 11-12 meses, foi acompanhada por um aumento da expressão de genes de 

IFN tipo I no dHPC. Notavelmente, observámos uma correlação significativa entre os níveis de IFN-α 

no LCR e o desempenho numa tarefa dependente da memória. Relativamente às respostas no 

cérebro e na periferia, encontrámos um padrão semelhante de expressão de genes de IFN tipo II no 

CP e no fígado de ratinhos J20. No entanto, com o envelhecimento, houve uma sobre-expressão de 

genes de IFN tipo I e uma diminuição no número de macrófagos perivasculares positivos para Aβ no 

fígado de ratinhos J20. Estas observações sugerem que alterações nos níveis de diferentes tipos de 

IFNs podem influenciar a deposição e/ou a excreção de Aβ, bem como a memória e cognição. 

No seu todo, o trabalho aqui apresentado destaca importantes funções e efeitos de diferentes 

moléculas inflamatórias, como a LCN2 e os IFNs, no contexto da neurodegeneração e das 

alterações comportamentais na DA, abrindo novas portas para futura investigação na área. 
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Thesis planning 

 

The present thesis is organized in six different chapters. Chapters I and VI consist on the 

introduction and on the conclusions and future perspectives, respectively, and chapters II to V 

present the major findings of this thesis, in the format of research papers either under preparation, 

currently under peer review or already accepted for publication/published. 

 

Chapter I provides a general introduction into the research theme and state of the art, giving a 

special attention to the pathophysiology of aging and Alzheimer's disease (AD), to the role of the 

barriers of the brain and to the relevance of the neuroinflammatory and peripheral immune 

responses in healthy aging or in the context of neurodegeneration in AD. In this first chapter we also 

raise the major questions addressed in this thesis. Of notice, sections 2.3 and 2.5 of the 

introduction are adapted from a review article published in Frontiers in Cellular Neuroscience, 2012 

May 22;6:25, which is presented at the end of the thesis in appendix 1. 

 

Chapter II consists on the paper entitled "Lipocalin 2 modulates the cellular response to amyloid 

beta", published in Cell Death and Differentiation, 2014 Oct;21(10):1588-99. In this paper we show 

that the inflammatory and iron-related protein Lipocalin 2 (LCN2) is produced, in vitro, by specific 

types of brain cells, in response to amyloid beta (Aβ). Importantly, we demonstrate that LCN2 plays 

a critical role in the modulation of astrocytic metabolic activity and death in response to toxic levels 

of Aβ1-42. 

 

Chapter III addresses the effect of increased LCN2 production in an in vivo acute model of Aβ1-42 

toxicity. In particular, it is shown that the injection of soluble Aβ1-42 in the hippocampus (HPC) of 

wild-type (WT) mice leads to an increased production of LCN2 and to a higher degree of astrocytosis, 

which is lessen in the HPC of Lcn2-null injected mice. This points, once again, to a role of LCN2 in 

the acute response to Aβ, supporting the previously published in vitro results. 

 

Chapter IV displays the results regarding the study of the response of the choroid plexus (CP) cells, 

that constitute the blood-cerebrospinal fluid barrier, in a transgenic mouse model of AD, the B6.Cg-

Tg(PDGFB-APPSwInd)20Lms/2J/Mmjax (J20) mice, and respective age-matched WT littermate 

controls. This chapter gives a thorough insight on the most striking alterations in the CP 
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transcriptome, both in WT and J20 mice at different ages. Using bioinformatic tools to investigate 

the most altered genetic pathways, we explore how some of these alterations extend to the brain 

parenchyma, namely to the HPC, and may be involved in brain cell dysfunction and behavioral 

alterations in mice from both genotypes.  

 

Chapter V provides a novel view on the function of the liver, and of liver macrophages in particular, 

in the peripheral inflammatory response and in the clearance of brain-derived Aβ peptides, along the 

aging process of J20 mice. 

 

Chapter VI gives an integrative overview of the results and conclusions of this thesis, unveils future 

perspectives and delineates possible complementary experiments to further understand the 

preliminary observations underlined in chapters II to V. 



 

 

 

 

 

 

 

 

Chapter I 

 

Introduction 
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1. Alzheimer's disease 

Alzheimer's disease (AD) is the most prevalent form of dementia worldwide (1, 2). It was estimated 

that around 24 million people suffered from dementia in 2001, a number that is expected to 

duplicate until 2020 (1). AD is associated with high costs in the daily care of patients and is 

considered one of the biggest disease burdens worldwide, having reached values around 170 billion 

dollars in 2010, in the US alone (3). The cost it represents for the individual, for the family and for 

the society, in an aging population, puts great pressure in the need to find a better understanding of 

the disease and its cure or remediation. 

In spite of manifesting a wide range of miscellaneous signs early on, the main symptoms of AD 

patients are early memory loss and marked cognitive impairment (1, 4). Patients begin by 

presenting mild cognitive impairment (MCI), which consists on a slight deficit in working and long-

term memory and a moderate deficit in short-term and episodic memory. This translates into 

difficulties in executive functions, like problem solving and handling of complex tasks, but also in 

attention and judgment (5-7). In some cases, these early cognitive and memory deficits are 

accompanied by subtle changes in personality and depressive symptoms, like apathy and reduced 

motivation (8, 9). The appearance of MCI is viewed as a sign of AD initiation, that usually precedes 

the marked and irreversible mood alterations and loss of episodic memory function observed, later 

on, as the disease progresses and reaches a severe form (7, 10). Despite these clinical 

manifestations, up to now, the post-mortem analysis of the brain is still required for the definitive 

diagnosis of AD (1, 11). The two main pathological hallmarks of AD are the extracellular deposition 

of amyloid beta (Aβ) peptides, in the form of senile plaques, and the formation of intracellular 

neurofibrillary tangles, due to aggregation of hyperphosphorylated TAU (hpTAU) protein (2).  

There are early-onset or familial forms of AD. These are associated with mutations on the genes 

encoding for amyloid precursor protein (APP) and/or presenilins 1 and 2 (PS1 and 2) (12-14). 

However, these dominant inherited mutations explain only 5 % of the AD cases, specifically the ones 

that appear in midlife (1). In fact, age is the principal risk factor for the highly prevalent sporadic or 

late-onset forms of AD, whose incidence doubles every 5 years after 65 years of age (15). However, 

increased risk for sporadic AD has also been attributed to diverse genetic abnormalities (1, 16), 

among which, is the diploidy for apolipoprotein E (APO-E) ε4 alleles, which seems to be one of the 

major genetic risk factors (4, 17). Nevertheless, the cellular and molecular mechanisms underlying 

the etiology and progression of both forms of the disease, especially of sporadic AD, are still poorly 

understood. 
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In the past decades, some light has been shed onto the neuropathophysiological mechanisms of AD. 

However, the currently available treatments and undergoing clinical trials show that no therapy is yet 

effective to prevent, slow down or cure AD (4, 18). The best candidate molecules/drugs, shown to 

produce only modest effects on the cognitive decline in AD are memantine and cholinesterase 

inhibitors, which prevent overstimulation of the N-methyl-D-aspartate (NMDA) subtype of glutamate 

receptors and the degradation of acetylcholine (ACh), respectively (1, 4). In addition, although 

reducing the amyloid burden in the brain, Aβ-directed vaccination strategies were proven to have 

serious secondary effects and to be ineffective in reverting the behavioral deficits in AD patients (18, 

19). Moreover, although it is widely believed that brain pathology, neuroinflammation, neuronal and 

synaptic loss, precede the initial signs of cognitive alterations in mild AD by at least 10-15 years (1, 

3, 20, 21), there is still no accurate and sensitive biomarker to detect AD initiation and/or 

progression. As an attempt to have a readout of early neural dysfunction, new imaging techniques 

have been developed to detect overall changes in brain size, integrity of brain networks, neural 

metabolism and Aβ deposition (22-25). Moreover, the measurement of Aβ and TAU (and hpTAU) in 

fluids, like the cerebrospinal fluid (CSF) and the blood, are also currently used to help in diagnosing 

MCI and pre-symptomatic AD (26-29). But, again, there is no specific cut-off universally recognized 

for the definitive prognosis of AD. It is, therefore, urgent to find better biomarkers to diagnose AD in 

its early preclinical stages (before significant brain damage occurs) and to develop new disease-

modifying strategies for its treatment. For that it is imperative to better understand the cellular and 

molecular events that underline the aging of the organism, as a whole, and of the brain in particular, 

and that prompt for the pathological alterations in AD. Some of the already known mechanisms that 

are associated with the pathophysiology of AD will be described in the next sections. 

 

2. The pathophysiology of AD 

Like many other neurodegenerative disorders, the most prominent histopathological feature of AD is 

the formation and accumulation of abnormally folded proteins. In the case of AD, there is an 

increased formation of intracellular neurofibrillary tangles and extracellular amyloid plaques in the 

brain (2, 30). The most abundant component of neurofibrillary tangles, which are intracellular 

filamentous inclusions often found in pyramidal neurons, is the insoluble hpTAU, formed from the 

abundant TAU protein that is released from the axon microtubules (31). The hpTAU-enriched 

filaments are highly cytotoxic and increased number of neurons positive for these filaments is viewed 

as a marker of dementia's severity (31). However, increased levels of hpTAU and neurofibrillary 
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tangles can also be found in many other central nervous system (CNS) disorders, collectively termed 

tauopathies (32). On the other hand, the early formation of amyloid plaques is a pathological 

hallmark specifically observed in the brains of patients with familial AD or Down's syndrome (33). 

One of the most accepted theories of senile plaque formation is the amyloid cascade hypothesis (4, 

34, 35), which will be described in the next section. 

 

2.1. The amyloid cascade hypothesis 

The amyloid cascade hypothesis was initially fostered by the presence of congophilic Aβ-enriched 

plaques in the brains of AD patients (36). Later on, the discovery of mutations in the genes encoding 

for APP, PS1 and/or PS2, in familial cases of AD, strongly corroborated the post-mortem brain 

pathological findings (12-14). Importantly, it was shown that transgenic mice overexpressing at least 

one of the human mutated genes also presented the characteristic brain amyloid pathology of AD 

patients (37, 38). Based on these observations, along the years, data from different groups has 

allowed to dissect both the role of APP in the brain and the cascade of molecular events that drive 

and favor the amyloidogenic proteolytic cleavage of APP. Under physiological conditions, APP is a 

transmembranar protein (Figure 1) ubiquitously expressed and present in different isoforms, which 

arise from the alternative splicing of a single gene. In the CNS, the shortest of the major isoforms, 

with 695 amino acids, is expressed almost exclusively in neurons, whereas the 751 and 770 amino 

acids isoforms are expressed in neuronal and non-neuronal cells (39, 40). Regarding its functions, it 

is known that APP, together with the sub-products of its proteolysis, are closely involved in the 

regulation of brain cell adhesion, neuronal survival and plastic processes like axonal growth and 

pruning, synaptic activity and long-term potentiation (LTP) (41-48). Noticeably, APP also plays a role 

in iron metabolism, which was initially suggested by the existence of an iron response element in the 

APP gene promoter (49) and, although still controversial, by a supposed activity as a ferroxidase and 

as a stabilizer of the iron exporter ferroportin (50, 51). All these findings have shed some light into 

the function of APP in the brain, yet the downstream signaling pathways and their molecular targets 

are still poorly understood. The mutations that lead to the amyloidogenic processing of APP are 

clustered at, or very near to, the cleaving sites of the proteases called α-, β- and γ-secretases (30, 

35). The proteolytic processing of APP can be initially mediated by two distinct membrane-anchored 

proteases: either α-secretase, believed to consist of one or more members of the A disintegrin and 

metalloproteinase family, or β-secretase, also called β-site APP-cleaving enzyme (BACE). 

Importantly, the non-amyloidogenic or the amyloidogenic cleavage of APP is triggered by the initial 
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action of α- or β-secretase, respectively (2, 30) (Figure 1). Afterwards, the γ-secretase complex, 

which is constituted by different proteins including PS1 and PS2 (52), comes into play by acting on 

the sub-products of α- and β-secretase. Interestingly, the γ-secretase complex participates in a 

general physiological mechanism known as regulated intramembrane proteolysis (53), which, 

 

Figure 1. The amyloid precursor protein (APP) may undergo an non-amyloidogenic and an 

amyloidogenic processing. The cleavage of the APP takes place at lipid rafts, which are enriched 

in cholesterol and glycophosphatidylinositol (GPI)–anchored proteins, and at non-raft sites of the 

cellular membrane. The APP family is composed by large transmembrane biologically active 

proteins with both N-terminal and C-terminal extracellular ectodomains. In non-raft sites, the non-

amyloidogenic processing of APP (left panel) is initiated by α-secretase, which originates the 

extracelular release of sAPPα and the formation of a transmembrane 83-residues long C-terminal 

fragment (C83). This process is finalized by the γ-secretase complex [that includes presenilins 1 

and 2 (PS1 and 2)], resulting in the extracellular release of the so called P3 fragment, which has 

no propensity for aggregation, and the APP intracellular domain. The amyloidogenic processing of 

APP occurs preferentially in membrane lipid rafts (right panel) and is started by β-secretase [or β-

site APP-cleaving enzyme (BACE)], that catalyzes the formation of sAPPβ and of C99. The C99 

sub-product of β-secretase is then cleaved by γ-secretase, which promotes the formation of the 

APP intracellular domain (AICD) and an amyloid beta (Aβ) peptide that may have different sizes 

and has an increased propensity for aggregation with other Aβ monomers. This pathway of de 

novo synthesis of monomeric Aβ prompts for the formation of extracellular oligomers and fibrils 

that are in equilibrium with the plaque-associated high molecular weight species of Aβ. 
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besides its role in APP processing, is also involved in the proteolysis of other membrane-bound 

proteins, such as Notch (54). The non-amyloidogenic proteolysis of APP is initiated by α-secretase 

and culminates in the extracellular release of a large ectodomain, called sAPPα, and a 

transmembrane 83-residue carboxy-terminal fragment (2, 55) (Figure 1). This transmembrane 

residue can then suffer a scission that is mediated by the γ-secretase complex and results in the 

extracellular release of a P3 fragment and the APP intracellular domain (2, 52, 56). On the other 

hand, the amyloidogenic processing of APP results from the initial action of β-secretase, which 

results in the extracellular release of sAPPβ (57). The remaining membrane retained 99-residue 

carboxy-terminal fragment binds to a docking site on the surface of the γ-secretase complex, where 

it is cut in three different sites (30, 56, 58) (Figure 1). The last cleavage site, called γ-site, can occur 

after amino acids 38, 40 and 42, originating Aβ1-38, Aβ1-40 and Aβ1-42, respectively, and the 

correspondent APP intracellular domain fragments with different sizes (56). This differential cleavage 

by γ-secretase is critical for the subsequent degree of aggregation of Aβ peptides, taking the higher 

propensity of Aβ1-42 for aggregation (59). Importantly, besides the mutations in APP, mutations in PS1 

and/or PS2 were also shown to boost the amyloidogenic action of the γ-secretase complex and Aβ 

peptide formation in AD (60, 61). Noticeably, increasing evidence point to the amyloidogenic 

processing of APP and the oligomerization of Aβ peptides in the brain as early pathogenic events, 

that may precede and aggravate TAU-associated brain pathology (62-64). Taking this into account, in 

the next sections, we will further elucidate the molecular and cellular mechanisms of Aβ-induced 

toxicity and its impact on brain cell function and on behavior. 

 

2.2. Mechanisms of Aβ-induced neurotoxicity and cognitive impairment 

Under physiological conditions, Aβ peptides can be found in the brain and are detected in the CSF 

(65, 66), which suggests that Aβ neurotoxicity in AD is most likely associated with an excessive 

formation of these peptides and their altered self-association (67, 68). In the last years, scientists 

have focused on studying the nature and formation of the small and oligomeric forms of Aβ. These 

forms are relatively soluble and diffuse along the brain interstitial fluid (ISF) and CSF, inducing 

extensive and widespread neurotoxicity (69-71). Since the discovery of the amino acid sequence of 

Aβ, the usage of homologous synthetic 4 kDa Aβ monomers (72) has allowed to identify factors that 

promote or prevent the assembly of toxic oligomeric forms (73). It was found that the degree of 

aggregation and the type of conformation acquired by Aβ peptides can vary according to 

temperature, presence of detergents, ionic concentration, presence of small metal ions, like iron, 
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and larger molecules, such as lipids and proteins (73, 74). Of notice, it is believed that the high 

propensity of Aβ monomers, Aβ1-42 in particular, for aggregation into low weight oligomers results 

from the interactions within the highly hydrophobic carboxyl terminus of these peptides (75) and 

from the presence of fibrillar oligomers that may further nucleate the aggregation of adjacent Aβ 

monomers (76). Using transgenic mouse models of AD, it was demonstrated that, throughout the 

process of aging, it is possible to observe variations in the levels of different forms of Aβ, both 

soluble and insoluble, in the brain (77, 78). Noticeably, there is a dynamic balance between the 

fibrillar Aβ, deposited in plaques, and the diffusible low weight oligomers of Aβ and, at a certain 

point, soluble Aβ can result either from de novo proteolytic biosynthesis or from the large reservoir 

of deposited Aβ (71). Of interest, only the soluble forms of Aβ, specially dimers and low weight 

oligomers (like the 56 kDa Aβ dodecamer), and not the insoluble forms that exist in the core of 

amyloid plaques, were shown to potently reduce neuronal spine density in neurons of the 

hippocampus (HPC), influence the levels of synaptic proteins, inhibit LTP and enhance long-term 

depression (LTD) (79-83). Supporting this, the soluble oligomeric forms of Aβ that concentrate in the 

surroundings of senile plaques, and that appear to be in equilibrium with the fibrils in plaques, 

directly interact with postsynaptic proteins, modulate the formation of peri-plaque dystrophic neurites 

and induce neuronal spine pruning and excitatory synapse loss in the brain of AD transgenic mice 

(84, 85). Moreover it was shown that increased neuronal activity, namely glutamatergic synaptic 

transmission, leads to increased endocytosis and proteolysis of APP and consequent Aβ formation 

and secretion into the synaptic cleft, which indicates the existence of a regulatory loop that favors 

Aβ-induced neuronal excitability and postsynaptic toxicity (86, 87). Surprisingly, Aβ oligomers, when 

present at low concentrations (picomolar range), are able to positively regulate neuronal activity at 

the presynaptic level, by facilitating glutamatergic release and, thus, potentiating synaptic 

transmission (88, 89). However, these effects are lost and synaptic depression is induced when Aβ 

oligomers are present in higher concentrations (nanomolar range) (89). Importantly, it is also 

believed that soluble Aβ oligomers impact on synaptic transmission by promoting LTD. Although the 

mechanisms of LTD induction by Aβ have not been fully described, it was suggested that it results 

from decreased glutamate uptake and increased glutamate levels at the synaptic cleft, 

desensitization and internalization of synaptic NMDA receptors, extrasynaptic activation of NMDA 

receptors, postsynaptic activation of subtypes of ACh receptors and the collapse of dendritic spines 

(90-94). Together with the deleterious effects on LTP and LTD, it was shown that Aβ dimers, isolated 

and purified from the cortices of AD patients, induce the disruption of the microtubule cytoskeleton 
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and cause neuritic degeneration in neurons from the HPC, even at a subnanomolar concentration 

(95). Although to a lesser extent, this toxic effect was recapitulated by pure, synthetic Aβ dimers, 

which was shown to be dependent on the local increase of calcium in the neuronal dendrites, 

increased activity of specific protein kinases (like cyclin-dependent kinase 5), degree of TAU 

hyperphosphorylation and depletion of neuronal mitochondria (95, 96). Recurring to other in vitro 

and in vivo models of AD, it was possible to show that increased Aβ aggregation and hpTAU act 

synergistically and aggravate brain pathology, neuronal dysfunction and behavioral deficits (97-99). 

However, up to now, it is still not clear whether different forms of Aβ peptides and TAU proteins 

directly interact at the molecular level. Also, although it is known that Aβ peptides can accumulate 

and aggregate in intracellular vesicles within the neuronal processes, the role of intracellular 

accumulation of Aβ on synaptic activity and neural cell survival is poorly understood and needs to be 

further studied (100, 101). On the other hand, it has been suggested that the extracellular 

accumulation of Aβ oligomers in the HPC is largely responsible for the disruption of the local 

neuronal circuits and memory and cognitive dysfunction (102, 103). As mentioned already, this toxic 

effect is mediated by the suppression of synaptic transmission and long- and short-term plasticity at 

this region, possibly as a result of the overexcitation of glutamatergic neurons and the increased 

sprouting of inhibitory gamma-aminobutyric acid (GABA)-producing neurons (103, 104). Moreover, 

this long-lasting aberrant neuronal hyperexcitability in brain regions like the HPC and the cortex, 

causes a panoply of compensatory mechanisms, such as the remodeling of excitatory and inhibitory 

neuronal circuits (103-105). In addition to their effects on both glutamatergic and GABAergic 

neurons, it is still to be further dissected how Aβ oligomers or other Aβ forms differentially affect 

specific subpopulations of neurons and synapses along the course of the disease. This will be critical 

to understand the temporal effects of Aβ on the activity of specific neuronal circuits, at different 

networks within the brain, and the consequent alterations in cognitive behavior (102). Importantly, 

concerning this possible region-specific pathogenic effect of Aβ peptides, it was recently suggested 

that the episodic memory problems in AD are due to a breakdown in the connectivity between the 

HPC and the posterior cortex, rather than to local atrophy of neurons in the HPC (106). Similar 

breakdowns in neural connectivity, observed both in familial and sporadic AD, strengthened the idea 

that Aβ pathology underlies both (107). Following this idea, others have shown that Aβ causes the 

hyperactivation of entorhinal cortex neurons during memory tasks and that there is an early 

shrinkage of the frontoparietal cortex, just as the level of Aβ in the CSF begins to decrease and the 

peptides start to accumulate in the brain parenchyma (108, 109). These recent findings widen the 
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view of AD as a disease where Aβ pathology affects the neural circuits in the HPC and in the cortex 

alike. 

 

2.3. Modulators of Aβ aggregation, degradation and clearance 

The amyloidogenic pathway is intimately associated with the progressive dysfunction of brain cells 

and the cognitive deficits that are characteristic of AD. However, Aβ peptides, which are the major 

constituents of the cores of amyloid plaques (110), accumulate and deposit together with a vast 

array of different molecules (111). These molecules have been proven to be closely involved in Aβ 

pathogenesis, by influencing the kinetics of its formation, aggregation and degradation (111, 112). 

Metals such as copper (Cu), zinc (Zn) and iron (Fe), which are ubiquitously present in the 

mammalian body and play an essential role in different biological processes, were shown to 

influence the amyloidogenic process (112, 113). Monomeric Aβ peptides have more than one 

binding site for Cu
2+

 or Zn
2+

, which, upon binding, boost the aggregation of Aβ into oligomers and 

fibrills (114-117). Despite the already mentioned role of iron in the expression of APP (49), Aβ 

peptides have a high affinity for this metal and increased levels of free Fe
2+

 or Fe
3+

 also potentiate 

the formation of toxic Aβ intermediates (118, 119). Moreover, Fe
2+

/Fe
3+

 forms are extremely toxic 

due to their role in oxidative mechanisms and mitochondrial dysfunction (120-122), and changes in 

iron metabolism can seriously impact on AD pathogenesis (further explored in section 3.3.). 

Importantly, it is believed that the divalent metal-induced formation of Aβ aggregates, such as 

dimers and oligomers, takes place in the vicinity of excitatory glutamatergic synapses and makes 

these toxic peptides less prone to proteolytic degradation at the neuronal synapse (123-125). Of 

notice, both Fe
2+

 and Cu
2+

, but not Zn
2+

, are redox-active metals and may aggravate Aβ pathology 

by oxidative stress mechanisms (112, 117). The modulation of Cu
2+

 and Fe
2+

 bioavalaibility, by 

administration of therapeutic doses of metal chelators, has been shown to have an inhibitory effect 

on Aβ oligomer formation (126, 127), which is a process that needs to be further explored as a 

possible treatment for decreasing the age-associated accumulation of these divalent metals in the 

brain and to prevent the formation and toxicity of Aβ intermediates (112, 120). 

The accumulation of toxic Aβ intermediates can also result from a defective or impaired degradation 

of these peptides. In fact, the finding of neprilysin (NEP) as one of the major Aβ degrading enzymes 

in mammalians (128) has highlighted the importance of Aβ degrading enzymes in the 

pathophysiology of AD (129). Importantly, different proteases are able to degrade different forms of 

Aβ and, individually or collectively, they are able to influence the levels of Aβ in the brain (129). One 
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of the largest group of proteases, the zinc-metalloproteases, includes NEP, endothelin-converting 

enzymes-1 and -2 (ECE-1 and -2), angiotensin-converting enzyme (ACE), matrix-metalloproteinases 

(MMPs) and insulin-degrading enzyme (IDE) (129, 130). In the absence of NEP or both ECE-1 and -

2, AD transgenic mice presented increased levels of Aβ in the brain (131, 132). However, NEP 

preferentially cleaves Aβ at a neutral pH, whereas the optimum pH for ECEs is acidic, which denotes 

that Aβ can be degraded by these enzymes either in the extracellular or in the intracellular milieus 

and also, inside the cell, in different cellular compartments (130, 131, 133). Regarding ACE, it was 

suggested that mutations in the gene encoding for this protease could increase the risk for sporadic 

AD (134); however, there are controversial observations showing that ACE does not interfere with the 

steady-state levels of Aβ in the mouse brain (135, 136). The activity of MMPs, on the other hand, is 

increased in astrocytes around amyloid deposits in APP transgenic mice and an overall decreased 

activity of brain MMPs significantly increased the levels of Aβ in the ISF of these mice (137). The IDE 

is a strictly monomeric Aβ-degrading enzyme that is largely abundant at the neuronal cytosol and is 

actively secreted, being responsible for the highest degradation rate of extracellular Aβ described 

until now (138-140). Besides these zinc-metalloproteases, Aβ peptides can also be degraded by 

serine proteases, such as plasmin and plasminogen activators (141), acylpeptide hydrolase (142) 

and myelin basic protein (143), or by cysteine or aspartyl proteases, like cathepsin B (144) and 

cathepsin D (145), respectively, predominantly found in lysosomes. Finally, the proteasome 

complex, which is mainly present in the cytosol, is also able to degrade intracellular Aβ (146). 

Importantly, the accumulation of Aβ in the brain may also result from alterations in the rate of its 

clearance, particularly through the brain barriers. This process results from the binding of Aβ to 

scavenging molecules that are present in the ISF and CSF (69, 147-149). Noticeably, various 

lipoproteins that are present in these fluids, such as APO-E and APO-J/Clusterin (150-152), have the 

ability to bind monomers and oligomers of Aβ, mostly due to their high propensity to interact with 

hydrophobic surfaces (153). These apolipoproteins in particular are highly secreted by neural cells 

and work as chaperons that bind Aβ, modulating its aggregation (154-156). In the case of APO-E, 

different isoforms have different outcomes in amyloid pathology, in a process that is dependent on 

their degree of lipidation (157, 158). The APO-Eε4 isoform, in particular, accelerates the average 

onset of brain Aβ aggregation and deposition and it retards Aβ clearance from the brain, whereas it 

is believed that APO-Eε2 has the opposite effect and favors the clearance of Aβ from the brain (148, 

159, 160). However, this effect is not restricted to APO-E, since APO-J is also able to directly bind Aβ 

and modulate its aggregation and clearance from the brain (161-163). Importantly, the process of 
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Aβ clearance by apolipoproteins seems to be dependent on the expression of their receptors, 

particularly of low-density lipoprotein receptor related proteins 1 and 2 (LRP1 and 2) at the level of 

the blood-brain barrier (BBB) and at the blood-cerebrospinal fluid barrier (BCSFB) (152, 160, 163). 

Actually, growing evidence supports the idea that alterations in cell-mediated clearance 

mechanisms, such as receptor-mediated endocytosis or active or passive transport, can be also 

largely contributing to the counterbalance in brain Aβ levels. It is believed that the mechanisms that 

modulate the clearance of Aβ from the brain, namely through the ISF and the CSF, are impaired not 

only in cases of familial AD, but also of sporadic AD (where there are no apparent differences in the 

rate of Aβ formation in the brain) (69, 71, 164). Taking into account the important role of the 

barriers of the brain in the process of brain detoxification and specifically of Aβ excretion from the 

brain (165, 166), we will next explore the role of the barriers in health and disease, with a special 

attention to the function of the BCSFB in the context of AD. 

 

3. The barriers of the brain in health and in disease 

Under physiological conditions, the peripheral milieu is physically separated from the brain 

parenchyma by well defined cellular structures that compose the barriers of the brain (167, 168). 

Besides preventing the free and uncontrolled circulation of molecules and cells from the blood into 

the brain, the brain barriers play a critical role, on one hand, in the uptake of small nutrients and 

proteins and, on the other hand, in the excretion of byproducts of brain metabolism, which is 

essential for brain development and homeostasis (169), as it will next be further described. 

 

3.1. Overview of the blood-brain barrier (dys)function 

Most studies on the communication between the periphery and the CNS, in particular the ones that 

address neurodegenerative disorders, focus on the BBB (166). The BBB is formed by a monolayer 

of endothelial cells bound together by tight junctions (170). The endothelial cells of the BBB are 

wrapped by the acellular basement membrane and surrounded by pericytes and astrocytic endfeets 

(166). These, together with the branches of circulating surveying microglia and nearby neuronal 

dendritic and axonal processes, form the neurovascular unit (166). The high vascularisation of the 

brain parenchyma, and the cellular heterogeneity of the neurovascular unit (171), allow for rapid and 

plastic responses to alterations in the blood composition and in cerebral blood flow. Consequently, 

changes in neural-vascular communication, which are often associated with neuropathological 

conditions, may lead to rapid and irreversible neuronal damage (166, 172). Curiously, pericytes, 
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which contribute to the integrity and function of the BBB (173), were recently shown to greatly 

impact on the progression of vascular damage and pathology in an AD transgenic mouse model 

(174). Of interest, there is an increased accumulation and deposition of Aβ in the neurovascular 

unit, which often culminates in cerebral amyloid angiopathy, highly prevalent in the brains of AD 

patients (166, 175). It is thought that cerebral amyloid angiopathy results from the combination of 

both an increased influx of Aβ into the brain parenchyma, mediated mainly by increased expression 

of receptor for advanced glycation end products (RAGE) by the endothelial cells of the BBB (176), 

and a decreased efflux of Aβ into the blood, which is largely influenced by the decreased expression 

of LRP1 (149). Of notice, it is believed that the overall decreased expression of LRP1 in the AD brain 

is mediated by the amyloidogenic cleavage of APP and increased levels of APP intracellular domain, 

which, altogether, strongly influence APO-E-dependent and -independent removal of soluble Aβ from 

the brain parenchyma (160, 177, 178). Moreover, in AD transgenic mice, increased deposition of 

Aβ in the brain vasculature is associated with impaired endothelial cell function, decreased vascular 

density and vascular architectural changes, such as vessel distortion and constriction, even before 

plaque formation. Ultimately, due to the absence of blood vessels in amyloid plaques, it is believed 

that Aβ accumulation and plaque formation, in regions like the HPC and the cortex, lead to capillary 

degeneration (179, 180). This increased microvascular injury at the level of the BBB, observed in 

aging and seen aggravated in AD, may ultimately lead to shortages in oxygen supply, energy 

substrates, nutrient exchange and overall brain dysfunction. Ultimately, these alterations contribute 

to irreversible brain damage and behavioral impairments (166, 181). 

Equally important, the blood-CSF barrier (BCSFB), formed by the choroid plexus (CP) epithelial cells, 

plays a central role in the maintenance of brain homeostasis. The features of the BCSFB, in health 

and in disease, will be further addressed in the next section. 

 

3.2. The blood-cerebrospinal fluid barrier: development, cytoarchitecture and function  

During embryogenesis, the CP epithelial cells differentiate from the ependymal cells that ensheath 

each of the four brain ventricles (165, 182). In the embryo, the CP from the fourth ventricle is the 

first to differentiate, followed by the CP of the two lateral and third ventricles (182). The CP 

epithelium is critical for brain development due to its early involvement in the transport of nutrients 

and other molecules (e.g. glucose, amino acids and peptides, nucleosides and vitamins), from the 

plasma into the CSF, and to the secretion of important neurotrophic factors (169, 183). The process 

of nutrient transport across the BCSFB is known to occur by a transcellular pathway, from the 
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embryonic period, through a vast number of membrane-associated transporters and receptors (169, 

184). Moreover, water channels, such as aquaporin 1 (AQP1), and ionic transporters, are distributed 

along the apical and basal membranes of CP epithelial cells (185, 186) and allow the establishment 

of a strong osmotic gradient between the blood, in the basal compartment, and the CSF, in the 

apical side. This gradient allows the CSF to have a high water content, as well as ionic chloride and 

magnesium concentrations, which are tightly maintained under physiological conditions (187). The 

paracellular transport is prevented at the very early stages of the developing brain by the existence of 

tight junctions formed by claudins and occludins. These proteins are present in the lateral 

membrane of the apical side and bind the CP epithelial cells together (188, 189). The fully matured 

CP epithelial cells present an apical membrane with numerous microvilli, while the basal membrane 

faces the inner stroma compartment, which is highly irrigated by fenestrated capillaries (165, 190). 

In the apical membrane of CP epithelial cells it is possible to find epiplexus cells, which are thought 

to differentiate from peripheral monocytes that migrate into the ventricular space, colonize the CP 

epithelium early in life and are probably enrolled on the immune surveillance of the CNS (191). In 

adulthood, and in healthy conditions, the CP forms a selective barrier that restricts the free passage 

of molecules and cells, like blood circulating immune cells, from the stromal compartment into the 

CSF and into the brain parenchyma (192-194). Due to its anatomical location, among other 

functions, the CP contributes to the modulation of the brain neurogenic niches: the subependymal 

zone, adjacent to the brain ventricles, and the dentate gyrus of the HPC (194-196). This effect can 

occur not only by the transport of molecules from the blood through the CP, but also by the 

synthesis and secretion of particular proteins by CP cells into the CSF (187, 190). The protein 

content of the CSF is very low when compared to that in the plasma (190). In mice, rats and 

humans, the components of the CSF are renewed three to four times a day (187). This high rate of 

protein synthesis and CSF protein recycling is only possible due to the high mitochondrial content of 

CP epithelial cells, which represent around 12-15 % of the total cell volume (197). More so, although 

there is still controversy regarding the impact of aging in the proliferation of CP epithelial cells, it is 

well established that it influences the CP epithelial cells' ability to produce and renew the CSF (184, 

198). Both under physiological conditions or in response to stressful stimuli, the CP secretes 

important neurotrophic proteins, such as fibroblast growth factor (FGF), vascular endothelial growth 

factor (VEGF), brain-derived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1) (195, 

199, 200). Of interest, the CP is the exclusive source of transthyretin (TTR) in the brain, which is one 

of the most abundant proteins in the CSF (201). Moreover, this tissue is also responsible for the 
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transport of proteins that are produced in the periphery, like leptin, and reach the brain through 

specific receptors, in this case LRP2 (202, 203), which is highly expressed by CP epithelial cells. As 

the endothelial cells of the BBB, the CP epithelial cells are also responsible for the efflux of 

molecules from the CSF into the blood circulation, therefore contributing to disposal of toxic 

compounds of the brain metabolism (169, 204). It was already mentioned that, in the context of AD, 

there is an imbalance in the levels of Aβ in the CSF, which is attributed to a failure in the clearance 

of these peptides (164, 187). The CP epithelial cells express a vast array of proteins, localized at the 

membrane or secreted into the CSF, that are able to bind and scavenge Aβ peptides present in the 

CSF (187, 205, 206). For instance, LRP2 was shown to play an important role in the removal of 

complexes of Aβ and Aβ-carrier proteins, such as albumin, TTR and APO-J, across the BCSFB (163), 

through a process shown to be modulated by IGF-1 (207). As mentioned, in adulthood, the 

exchange mechanisms at the level of the BCSFB and the composition of the CSF are tightly 

regulated; however, under adverse conditions, like infections or increased neuroinflammation, the 

CSF's composition and dynamics can suffer severe alterations (187, 192). Noticeably, aging, per se, 

also leads to a progressive deterioration of the CP epithelium and to alterations in the production of 

CSF (185, 205). 

Among the functions classically attributed to the CP, the production of CSF is undoubtedly the most 

relevant. Nonetheless, other functions of the CP may contribute to the pathophysiology of AD, 

namely the regulation of iron metabolism (as discussed before iron plays a role in Aβ formation and 

aggregation) and the regulation of the CNS inflammatory response. Taking this into account, the role 

of the CP on brain processes such as iron metabolism and the inflammatory response will be 

explored next.  

 

3.3. The role of the barriers in the regulation of iron metabolism 

(Adapted from Front Cell Neurosci. 2012 May 22;6:25, in appendix I) 

Both the BCSFB and the BBB have been shown to be two major sites of iron exchange between the 

periphery and the CNS. It is well established that receptor-mediated transport of iron-loaded 

transferrin (TF), or holo-TF, across the brain barriers accounts for most of the iron content of the 

CNS. However, there are still some missing details concerning the mechanisms through which iron 

reaches the brain. At the BBB interface, holo-TF present in the circulating blood reaches the luminal 

surface of the endothelial cells and binds transferrin receptor type 1 (TFR1). The TF-receptor 

complex is internalized and, inside the endosome, the acidic environment leads to the release of the 
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two Fe
3+

 particles from TF, which are thought to be reduced into Fe
2+

 by duodenal cytochrome B 

(DCYTB). The transport of Fe
2+

 from the endosomes into the cytosol of the endothelial cells remains 

 

Figure 2. The CP epithelial cells may participate in the regional regulation of brain iron 

metabolism due to the presence of specific membrane and secreted proteins. (1 and 2) These 

epithelial cells express receptors that are directly or indirectly involved in iron uptake, such as 

transferrin receptors type 1 and 2 (TFR1 and 2), as well as hemochromatosis (HFE) protein that 

is able to bind to TFR2. (3) Duodenal cytochrome B (DCYTB) and divalent metal transporter 1 

(DMT1) are present in the basolateral membrane and respectively reduce ferric iron (Fe
3+

) to 

ferrous iron (Fe
2+

) and transport it into the cell. (4) An iron exporter localized in the apical face of 

the CP epithelial cell, ferroportin (FPN), can be internalized and degraded through the action of 

hepcidin (HAMP), a hormone also produced by the CP in response to specific conditions, such as 

an inflammatory stimulus. (5) Hamp gene was shown to be up-regulated in response to 

interleukin-6 (IL-6). (6) HAMP may then be secreted into the CSF and bind, in the apical side, to 

FPN and induce its internalization and degradation, therefore preventing iron release into the 

CSF. (7) Heme oxygenase-1 (HO-1), which is expressed by the CP, is an inducible oxygenase that 

has the ability to recycle heme, originating free Fe
2+

. (8) Additionally, the CP epithelial cells can 

also produce important peptides that are directly or indirectly involved in iron transport, oxidation 

and storage, such as lipocalin 2 (LCN2), transferrin (TF), ceruloplasmin, ferritin and hephaestin. 

(9) In the context of aging and AD, other important molecules, which are also expressed in the 

CP, have recently been shown to be involved in iron homeostasis, like PACE/furin and APP. 

Overall, changes in the expression of iron-related genes at the blood-CSF barrier may interfere 

with the level of iron in the brain and consequently trigger and/or aggravate aging and AD-related 

pathological events. Adapted from Front Cell Neurosci. 2012 May 22;6:25., in appendix I. 
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controversial, due to absence of divalent metal transporter 1 (DMT1) expression in these cells (208). 

Nevertheless, Fe
2+

 is released into the cytosol and reaches the abluminal side of the endothelial cell 

(209), to be excreted out of the cell through ferroportin (FPN). Once in the brain side, ceruloplasmin, 

produced in astrocyte end-foot processes, oxidizes newly released Fe
2+

 to Fe
3+

, which again binds to 

TF (210) that is the main source of iron for neurons. Alternatively, Fe
2+

 can bind to low-molecular 

weight constituents, such as adenosine triphosphate and citrate that are present in the ISF in high 

concentrations and constitute an important source of iron to oligodendrocytes and astrocytes (211, 

212). On the other hand, iron can be exported back into the ISF from astrocytes, oligodendrocytes 

and neurons through FPN (213). This process similarly occurs at the BCSFB, where iron is 

transported from the blood into the CSF through the CP epithelial cells (214, 215). Iron reaches the 

cytosol of the epithelial cells following the TFR1 mechanism previously described that involves the 

endosomal proteins DMT1 and DCYTB (Figure 2) (214). Moreover, the presence of FPN in the apical 

membrane of CP epithelial cells (213) leads to the release of iron into the CSF, where it circulates 

bound to TF (Figure 2). Of notice, both endothelial cells and CP epithelial cells express other iron-

related proteins under physiological conditions, namely hemojuvelin, hemochromatosis, TFR2, 

ferritin heavy and light chains, hephaestin and ceruloplasmin (214, 216) (Figure 2). 

Accumulation of iron in the brain is observed in different models of aging and AD (112, 113), which 

promotes, to some extent, the formation of increased levels of reactive oxygen and nitrogen species 

in the brain through the Fenton’s reaction (120). However, a central question remains to be 

answered in the AD brain: whether iron metabolism dysregulation at the level of the brain barriers is 

contributing for increased oxidative stress and neurodegeneration. A hypothetical increase in 

intracellular iron in CP epithelial cells may prevent the correct functioning of enzymes involved in the 

mitochondrial respiratory chain, which could be one of the causes for increased mitochondrial stress 

and cell apoptosis, shown to occur in the CP from patients with AD (217). Moreover, in AD, besides 

the formation of reactive species and protein carbonylation, traditional markers of oxidative stress 

are up-regulated in CP epithelial cells, namely heat shock protein 90 and heme oxygenase-1 (HO-1) 

(218). Particularly, HO-1 is directly involved in iron-metabolism, since it recycles heme, therefore 

releasing free iron and contributing to increased levels of intracellular iron (Figure 2). Surprisingly, a 

high expression of APP was shown to inhibit HO-1 and HO-2 activity and to aggravate neuronal 

toxicity by free heme and possibly by free iron (219). However, besides the effects of iron on brain 

pathology in AD, little is known about the impact of increased iron accumulation on behavior, namely 

on memory and cognition, which is something that should be addressed in the future. 
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3.3.1. The iron-related proteins hepcidin and lipocalin 2 are produced at the CP in response to 

peripheral inflammation 

The expression of iron metabolism genes at the BCSFB can be influenced by different stimuli (214, 

220). Specifically, it was shown that the CP can rapidly respond to a peripheral increase of 

lipopolysaccharide, a potent proinflammatory molecule of the bacterial cell wall (221, 222). 

Surprisingly, the analysis of the acute transcriptomic response of the CP to peripheral administration 

of bacterial lipopolysaccharide (LPS) revealed an early overexpression of two important iron-related 

proteins: hepcidin (HAMP) and lipocalin 2 (LCN2) (221, 223, 224) (Figure 2). The hormone HAMP 

is a central regulator of iron homeostasis, since it promotes FPN internalization and recycling, 

preventing iron export from cells (223) (Figure 2). LCN2 is an acute phase protein initially found in 

neutrophil granules (225) and later described as a liver acute phase protein (226). Noticeably, LCN2 

is produced in response to bacterial infections and plays an active role in the mammalian innate 

immune response, since it sequesters bacterial iron-loaded siderophores, limiting iron availability for 

bacteria (227). However, the recent discovery of an endogenous mammalian siderophore (228), and 

the ability of LCN2 to bind and transport iron-catechol complexes in the blood (229), collectively 

suggest that LCN2 may have physiological roles other than those described during infection. Among 

these are iron delivery to or removal from cells that express LCN2's receptors, particularly 24p3R 

(228, 230). Thus, of interest, LCN2 has been suggested to act as a mitogen (231) or as an inducer 

of apoptosis (230) depending on its ability to deliver or remove iron from cells, respectively. 

Additionally, other reports have implicated different roles of LCN2 in various cell types, namely in the 

response against oxidative stress (232), in the regulation of the inflammatory response and in the 

modulation of cell activation and migration (231, 233, 234). Despite these findings, and the well-

characterized role of LCN2 in response to infection, its participation in the homeostasis of the CNS 

and in neurodegeneration remains poorly explored and will be addressed in this thesis. 

 

3.4. The CP response to different inflammatory stimuli  

Under physiological conditions, the BCSFB prevents the free passage of immune cells and 

inflammatory mediators, like cytokines, that are circulating inside the CP stroma (235). 

Nevertheless, under proinflammatory conditions the overexpression of adhesion molecules [e.g.: 

intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and P-

selectin] by CP epithelial cells, may indicate increased leukocyte adhesion and passage from the 

stroma into the CSF (192, 193, 221). Also, as mentioned before, the CP cells are able to rapidly 



19 

respond to increased levels peripheral inflammation induced by LPS. For instance, as early as 1 h 

after peripheral LPS injection, there is an overexpression of proinflammatory genes in the CP, 

namely those encoding for interleukin-1β (IL-1β), IL-6 and tumor necrosis factor (TNF) (221, 222). 

Also, the overexpression of the gene encoding for LCN2, which is closely involved in the innate 

immune response (230, 236), is indicative of the rapid proinflammatory build-up at the CP in 

response to peripheral LPS (224). Moreover, peripheral LPS also induces the overexpression of the 

genes for Toll-like receptors (TLR), such as TLR2 and TLR4, that are able to recognize both 

exogenous and endogenous pattern associated molecular patterns, and of the genes encoding for 

adhesion molecules, which, altogether, point to an increased recruitment of peripheral immune cells 

into the CP (221, 237). In cases of infection, the CP epithelium may become permeable and allow 

the access of peripheral immune cells loaded with the infectious agents into the brain (193). For 

instance, after systemic infection with Listeria monocytogenes, mice presented brain inflammatory 

lesions believed to be a result from increased infiltration of Listeria monocytogenes-loaded 

monocytes through the CP stroma into the brain ventricles (238). Similarly, in the case of the 

immunocompromised patients infected with human immunodeficiency virus (HIV), post-mortem 

brain analysis revealed the presence of HIV-infected monocytes in the CP, which pointed to the 

BCSFB as a possible route of HIV encephalitis (239).  

In neurodegenerative diseases, the CP has also been shown to play a central role in the 

inflammatory response and contribute to disease (193, 194). Specifically, in the experimental 

autoimmune encephalomyelitis (EAE) model of multiple sclerosis, a brain autoimmune disease (193, 

240, 241), and in models of traumatic brain injury (242) or spinal cord injury (243, 244), the CP is 

closely involved in the cellular and molecular events that drive the initiation and progression of 

pathology. This occurs namely by providing an entryway into the CSF, and consequently into the 

CNS parenchyma, for destructive CNS-specific immune cells (237, 241, 243, 244). For instance, in 

the case of traumatic brain injury, it was suggested that recruited neutrophils accumulate near the 

injury site, by first entering the ventricular CSF compartment through the CP (242). On a different 

context, upon induction of EAE in mice, there is an early and progressive increase in the recruitment 

of peripheral immune cells into the CP, namely neutrophils, monocytes/macrophages and T-cells, 

which is a consequence of increased levels of expression of genes that encode for cytokines and 

chemokines at the BCSFB (237, 240, 241). Increased expression of chemokine receptors in the CP, 

such as chemokine (C-C motif) receptor 6 (CCR6), was shown to play a central role in the early entry 

of T-cells into the brain in EAE and to be necessary for the initiation and severity of the disease 
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symptoms (240). Moreover, also in this model, the altered expression of genes encoding for tight 

junction proteins in the CP has been proposed to lead to increased immune cell entry into the brain 

(237). Similarly, in a model of spinal cord injury, the interferon-γ (IFN-γ)-dependent overexpression 

of the genes encoding for ICAM-1, VCAM-1 and chemokine (C-X-C motif) ligand 10 (CXCL10), at the 

CP, was shown to correlate with decreased number of T-cells and monocytes at the brain 

parenchyma and at lesion sites (243). 

Altogether, these observations highlight the importance of CP-derived inflammatory mediators and 

the maintenance of the BCSFB integrity and function in response to increased levels of inflammation 

either resulting from peripheral inflammation, in the presence or absence of an infection, a brain 

autoimmune disorder or traumatic CNS injury. 

 

3.5. The senescent CP: implications in aging and in AD 

(Adapted from Front Cell Neurosci. 2012 May 22;6:25., in appendix I) 

The senescence of the CP is a gradual aging process. Aged CP epithelial cells present a general 

atrophy when compared to those of the young adult CP (Figure 3). The epithelial cells display a 

decrease in height, total volume (245) and length of the apical microvilli (246). A striking 

deterioration of the CP epithelial cells is observed in AD (185, 247); the basement membrane, 

stroma and blood vessel walls of the CP become thicker with age and acquire an irregular form in 

AD (185, 205, 245). The accumulation of Aβ1-40 and Aβ1-42 peptides in CP epithelial cells (Figure 3) 

is, to a great extent, responsible for an increased level of oxidative stress and cell death (217). 

Additionally, it has been suggested that the accumulation of Aβ in the CP further enhances the 

disruption of the BCSFB (Figure 3) (217, 248). The barrier properties of the CP progressively decay 

and this tissue becomes leakier throughout aging (249). In addition, its ability to secrete Aβ-carrier 

proteins, and to express receptors that scavenge amyloidogenic peptides, was shown to decrease 

with age and to be compromised in several models of AD (Figure 3 and 4) (163, 250, 251). A 

decreased activity of enzymes involved in oxidative phosphorylation (205) and mitochondrial 

respiratory chain, such as cytochrome C oxidase (204), may also contribute to the impaired protein 

synthesis in the CP. This decrease in the metabolic activity of CP epithelial cells is in part correlated 

with Aβ-induced mitochondrial dysfunction (Figure 3) (197, 217). These harmful events that damage 

the CP’s morphology and architecture (Figure 3), together with a massive and extensive fibrosis 

observed in the central stroma and the surroundings of the CP, are also responsible for the deficits 
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in molecular exchanges between the CP and the CSF (185). Moreover, the CP’s capacity to promote 

the flow and the renewal of the CSF also declines with age and in AD (187, 205, 252). Importantly, 

the decrease in protein secretion and renewal of the CSF may be involved in the initiation and 

progression of AD. As mentioned, some CP proteins are known to interact with Aβ and this could be 

in the basis of Aβ clearance. These include proteins such as TTR, which is the major protein 

synthesized and secreted by the CP into the CSF (253) and has been shown to bind and stabilize 

soluble Aβ (254, 255) (Figure 4). Of interest, the absence of TTR in the mouse has been shown to 

accelerate the aging-associated cognitive decline (256) and to be associated with anxious behavior 

(257). Additionally, transgenic mice that overexpress mutated forms of human APP and PS1, and 

comprise hemizigous deletions for the TTR gene, show both an accelerated deposition of Aβ in the 

hippocampus and cortex (258) and increased levels of Aβ-induced damage in the hippocampus, 

when compared to control mice (259). These features appear to be directly involved with the 

decreased level of TTR in the brain. Moreover, decreased level of TTR in the CSF has been reported 

 

Figure 3. The choroid plexus (CP) epithelial cells’ morphology and architecture present a 

progressive decline throughout the aging process. These features are aggravated in Alzheimer’s 

disease (AD) and are related with decreased clearance of amyloid beta (Aβ) increased oxidative 

stress, inflammation and decreased nutrient transport and secretion into the cerebrospinal fluid 

(CSF). Adapted from Front Cell Neurosci. 2012 May 22;6:25., in appendix I. 
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in patients with severe dementia and in AD (260, 261), but some controversy subsists regarding the 

levels and functions of TTR in the brain and in cognition (262).  

Also produced and secreted by the CP cells, the proteins IGF-1 and -2 play a crucial role in the 

pathophysiology of AD (204, 205), since they are able to modulate the clearance of Aβ from the 

brain (Figure 4). Importantly, the presence of IGF-1 in the CSF stimulates CP epithelial cells to 

express LRP-2 and to secrete Aβ-binding proteins that are recognized by this receptor, namely TTR 

and APO-J, which favor the transport of these Aβ complexes from the brain into the blood (Figure 4) 

(150, 151). Shutting down the IGF-1 receptor signaling pathway in the CP was shown to exacerbate 

AD brain pathology in a mouse model (263), while silencing the expression of insulin and insulin-like 

 

Figure 4. A strong interaction is observed between the different cells that compose the blood-CSF 

barrier and the cells from the brain parenchyma. In the context of aging and AD, the 

development and progression of the disease strongly depends on the formation of different size 

Aβ oligomers that deposit in the brain and are highly toxic. In order to prevent this, the CP 

epithelial cells secrete peptides to the CSF, which have the ability to bind, sequester and remove 

Aβ peptides, from the brain and CSF into the blood stream, through specific receptors present 

both in the apical and basolateral membranes. Abbreviations: AAT – alpha 1 antitrypsin, APO-J – 

apolipoprotein-J, IGF-1/2 – insulin-like growth factor 1/2, P-gp – P-glycoprotein, PTGDS – 

prostaglandin D2 synthase, LRP-1/2 – low density lipoprotein receptor-related protein-1/2 and 

TTR – transthyretin. Adapted from Front Cell Neurosci. 2012 May 22;6:25., in appendix I. 
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growth factors in the brain was linked to increased levels of APP, gliosis and lower level of 

acetylcholine (150, 264). Interestingly, two studies performed with samples from AD patients point 

to increased levels of IGF-1 (265) and IGF-2 (266) in the serum and CSF, which indicate that 

controversy still remains.  

Whilst these observations implicate the BCSFB in iron metabolism deregulation and in decreased Aβ 

clearance from the brain in AD, available data also suggest a dysfunction of the barriers in the 

neuroinflammatory response, which is also relevant in this neurodegenerative disease and will be 

addressed in the next section. 

 

4. Neuroinflammation in aging and in AD 

Inflammation is defined as an acute or chronic specialized immune response to an irritation, injury 

or infection of a given tissue. Neuroinflammation is usually present whenever an insult is imposed to 

neural cells and is a common feature of different neurodegenerative disorders. In the last two 

decades, the role of the inflammatory response in aging and in AD has been largely scrutinized. 

Much has been discovered regarding the cellular and molecular players at the level of the brain 

parenchyma, but also at the level of the barriers of the brain and at the periphery, namely in 

circulation and in organs with a strong immune-related function (194, 244, 267-270). Recent data 

points to changes in the degree of steady-state inflammation throughout aging, both in the CNS and 

at the periphery, and its impact on CNS homeostasis and on age-associated behavioral alterations 

(271, 272). As for the precise involvement of neuroinflammation in AD and in other aging-related 

neurodegenerative disorders, it is still not clear whether inflammation is a simple bystander, a 

consequence or a cause of neurodegeneration (267). 

 

4.1. The inflammatory response at the barriers of the brain in aging and in AD 

As previously mentioned, the barriers of the brain suffer marked changes with aging and are closely 

linked with the neuropathology and overall brain dysfunction in AD. Next, we will discuss some 

important aspects of the inflammatory response at the BBB and at the BCSFB in aging and in AD. 

 

4.1.1. Inflammatory response at the BBB 

Nowadays, it is currently accepted that increased inflammation in aging and in AD can be a 

precipitating factor for the progressive loss of essential properties at the barriers of the brain, 

triggering brain dysfunction and pathology (166, 168, 194). Concerning the inflammatory response, 
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different mediators were shown to modulate the cells of the BBB in AD. One of the most studied is 

RAGE, which was shown to induce neurovascular inflammation, besides contributing to the transport 

of Aβ into the brain parenchyma, by promoting an increased production of TNF, IL-6 and HO-1 by 

neural cells in the vicinity of the BBB (176). Moreover, upon binding to Aβ, RAGE is involved in T-cell 

transendothelial migration across an in vitro model of the BBB, by a mechanism that involves the 

induction of NF-κB-dependent inflammatory gene expression (273, 274), particularly of CCR5 gene 

overexpression (275). Another inflammatory molecule, transforming growth factor-β (TGF-β), when 

overproduced by astrocytes, was shown to prevent parenchymal Aβ accumulation and plaque 

formation, but to promote cerebrovascular amyloidosis (276). This contradictory effect of TGF-β is 

mediated by decreased cross-talk between endothelial cells and T-cells, resulting in decreased T-cell 

activation and decreased macrophage/microglial Aβ phagocytosis at the BBB (277). Moreover, 

changes at the level of BBB may critically impact on monocyte recruitment and Aβ removal from the 

luminal walls of Aβ-positive veins, which was shown to directly impact on the progression of 

pathology in an AD transgenic mouse model (278). Still, we are far from understanding all the 

details regarding the effects of increased levels of specific inflammatory mediators on the different 

cells that compose the neurovascular unit and the importance of this effect for AD initiation and 

progression. 

 

4.1.2. Inflammatory response at the BCSFB 

Although less studied, the influence of the CP in the neuroinflammatory response in aging and in AD 

is becoming increasingly attractive. As mentioned, the BCSFB becomes leaky with age and in AD 

(217, 249). This prompts to an easier entry of blood-born inflammatory molecules into the CSF, 

which can impact on the CSF-ISF nexus and, consequently, on brain homeostasis and on 

neurodegeneration (69, 194, 249). Moreover, aging-associated alterations in the secretion of 

inflammatory molecules by the cells that compose the CP tissue, either by the epithelial or the 

stromal cells, is viewed as a critical turning point for deficits in brain cell function and plasticity, and 

were shown to affect processes like glial activation, neurogenesis and cell survival (243, 271, 279, 

280). 

Regarding the inflammatory response in the context of AD-associated pathology, we recently found 

that the CP epithelial cells overexpress the gene encoding for LCN2 upon stimulation with Aβ 

peptides. Of interest, LCN2 is closely involved in the innate immune response (230, 236), which is 

indicative of a rapid proinflammatory build-up at the CP (221, 224). Of interest, despite its ability to 
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deliver or remove iron from cells (230, 231), LCN2 has been suggested to act in the response 

against oxidative stress (232), in the regulation of the inflammatory response and in the modulation 

of brain cell activation and migration (231, 233, 234). These functions are particularly relevant in 

the context of AD, considering the detrimental effects of LCN2 on brain cell survival and the recent 

discovery of its involvement in the cellular response to Aβ peptides (281, 282).  

Along with the changes in the composition of the CSF, it was recently proposed that peripheral 

systemic aging leads to alterations in the composition of the soluble molecules of the plasma, which 

are able to reach the brain parenchyma and affect neurogenesis at the HPC and the formation of 

new memories in 22 months-old mice (271, 283). Increased levels of one molecule in particular, 

chemokine (C-C motif) ligand 11 (CCL11), both in the blood and in the CSF, was shown to be in a 

great extent responsible for this effect (271). Of notice, it was shown that the gene that encodes for 

CCL11 is overexpressed in the CP of old mice (280). Furthermore, it was shown that CP epithelial 

cells in particular are able to produce CCL11 in response to IL-4, but not in response to IFN-γ. In 

fact, increased IFN-γ was able to block the IL-4-dependent CCL11 production by CP epithelial cells 

(280). In vivo, the aging-induced changes in the levels of IL-4 and IFN-γ at the CP were shown to be 

a consequence of alterations in the type of CNS-specific T cells recruited to the CP stroma (280). It 

was also proposed that the CP altered inflammatory response could impact on the function of brain 

cells by decreasing the level of BDNF produced by CP epithelial cells (280). Concurrently with these 

observations, it was shown that in the aged BCSFB, despite of the impaired expression of the gene 

encoding for IFN-γ, there is a shift from a type II IFN into a type I IFN response (279). Both the aged 

murine and human CP presented increased levels of interferon regulatory factor 7 and IFN-β, two 

classical type I IFN molecules (279). Importantly, it was suggested that the induction of type I IFN 

response at the CP of old mice, together with increased levels of CCL11, was mediated by increased 

levels of unknown brain-derived factors in the CSF, and not by circulating factors present in the 

blood. It was also proposed that this CNS-driven boost in the type I IFN response at the CP, together 

with a down-regulated type II IFN response, could be promoting the increased glial activation in brain 

regions that modulate memory and cognitive behaviors in old mice (271, 279, 283). 

These recent studies suggest that a shift in the inflammatory response at the CP, which is closely 

associated with the capacity of sensing alterations both in the levels of immune mediators in the 

blood and in the brain, may strongly influence brain function in aging (194, 244) and contribute to 

neurodegeneration in AD. 
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4.2. Brain parenchymal cells as mediators of neuroinflammation 

The brain parenchyma is not an immunologically exempt milieu (267). The dogma of an immuno-

privileged brain started to collapse since it was discovered that the major histocompatibility complex 

type II glycoprotein, a classical marker for activated antigen-presenting immune cells, was expressed 

by microglia in the CNS, and that this could be relevant for the neurodegenerative events in AD 

(284, 285). Nowadays, it is widely accepted that all the types of cells within the brain parenchyma, 

particularly neurons and glia, are actively involved in the inflammatory processes and are able to 

directly or indirectly influence the immunological response in aging and in AD (267, 286). In the next 

sections we will provide an overview on the contribution of microglia, astrocytes, neurons and 

oligodendrocytes to the neuroinflammatory response in aging and in AD. 

 

4.2.1. Microglia 

Microglia are considered the macrophages of the brain, due to their myeloid origin, ability to 

circulate and migrate within different brain regions and to phagocyte, process and present antigens 

(287-289). It has been shown that, during fetal development, myeloid progenitor cells, arising from 

the yolk sac at early embryonic stages, invade the brain to give rise to microglia (290, 291). In 

physiological conditions, the microglial population in the brain remains immutable; however, recent 

studies pointed to the existence of monocyte-derived microglial progenitors that are able to 

proliferate and repopulate the adult brain in case of severe microglial depletion (292, 293). Both in 

early post-natal phases and in the adult brain, microglia secrete soluble factors, like IGF-1 and 

BDNF, which regulate neurogenesis, neuronal migration and survival (294-296). Under physiological 

conditions, resting microglia play a crucial role in the immune surveillance of the brain, interacting 

with the other brain cells and actively monitoring and remodeling impaired synapses (288, 297). 

Importantly, under adverse conditions or in response to noxious stimuli, these cells are able to 

secrete inflammatory mediators, anti- or pro-inflammatory, that act as paracrine mediators of neural 

cell migration and survival but that may also promote the autocrine polarization of microglia into 

different states of activation (291, 298) (Figure 5). The classical activation cytokines, such as 

interferon-γ (IFN-γ), IL-1β, IL-6 and TNF, on one hand, and the mediators of the alternative activation 

pathway, like IL-4 and IL-13, the anti-inflammatory IL-10 and the TGF-β, on the other, may induce 

the polarization of microglia into surveying microglia, microglia that follow a classical or alternative 

activation, or microglia with an acquired deactivated phenotype (291, 298) (Figure 5). Importantly, 

the phenotypes acquired by microglia are mutable and may vary according to the type of stimulus, 
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the evolution of the inflammatory response and also with aging (289, 291, 299). Of notice, it has 

been shown that, in the tissue-rebuilding phase that follows a proinflammatory response, microglia 

undergo a transition from a predominantly classical activated phenotype into a mixed combination of 

activation phenotypes. This may be associated with an alteration in microglial function and increased 

brain pathology in AD transgenic mice (267, 298, 300, 301). Microglia isolated from the AD brain or 

stimulated with Aβ peptides are able to secrete cytokines (e.g.: IL-1β, IL-6, IL-12, IL-23 and TNF) 

(302-305), chemokines (e.g.: CCL2 and IL-8) (306-308), growth factors [e.g.: macrophage-colony 

stimulating factor (M-CSF)] (302) and complement molecules (e.g.: C1q, C3, and C4) (309) (Figure 

6). Besides these secreted factors, microglia also express numerous surface receptors that are 

involved in the modulation of their activation, migration and phagocytosis capacity in response to 

increased Aβ, namely: Fc and cytokine receptors, chemokine receptors [e.g.: chemokine (C-C motif) 

receptor 2 (CCR2)], scavenger receptors [e.g.: cluster of differentiation 36 (CD36) and RAGE], 

complement receptors (e.g.: CR3/CD11B), TLRs and the co-receptor CD14 (269, 306, 308, 310-

313) (Figure 6). Noticeably, the ablation of the type 1 receptor for chemokine (C-X3-C motif) ligand 1 

(CX3CL1), CX3CR1, seems to seriously impact on the pathophysiology of AD (Figure 6), leading to 

an increased phagocytosis of Aβ by microglia and to a decreased microglial-induced neuronal death 

in vivo (314, 315). Moreover, it was recently shown that the ablation of prostaglandin E2 (PGE2) 

signaling in microglia, restored microglial chemotaxis and Aβ clearance and suppressed the toxicity 

of the exacerbated proinflammatory response and microglial activation in AD transgenic mice (316). 

Recently, it was demonstrated that IL-10, a relevant anti-inflammatory cytokine, when overexpressed 

in the brain of AD transgenic mice, impairs the activation of microglial cells, boosts the formation of 

amyloid plaques and critically impacts on synaptic function, learning and memory. In addition, the 

opposite effects were observed in the brains of AD transgenic mice made unable to produce IL-10 

(317, 318). Additional studies are, nevertheless, needed to fully understand the effects of anti-

inflammatory cytokines on microglial function in AD. Altogether, the available information points for 

the complexity of the microglial response, particularly the regulation of microglial activation and its 

impact on the removal of dead cells and of molecular aggregates, which are vital processes for a 

healthy CNS (291, 298). Whether microglia activation, when uncontrolled, may drive 

neurodegeneration and lead to cognitive decline in AD, is still a subject of debate (298). 
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4.2.2. Astrocytes 

Astrocytes are the most abundant cells in the CNS, and actively modulate the structure and function 

of the brain during development and in the adult, both in health and in disease (319, 320). 

Noticeably, in the human brain grey matter, the processes of a single astrocyte are able to reach 

more than 105 synapses (321). Astrocytes are well known for their role in the trophic and metabolic 

support to neurons, neuronal signal transmission and synaptic formation and plasticity (322-325). In 

addition, these glial cells are also active players in the inflammatory response, particularly in the 

context of aging and AD (326, 327). Astrocytes make up a highly heterogeneous cellular population, 

from which at least two distinct types are particularly relevant when addressing AD: those that 

compose the neurovascular unit, at the BBB, and those that inhabit the brain parenchyma and are 

often found in the vicinity of AD senile plaques (319, 326, 327). At the BBB, astrocytes are closely 

involved in the organization of the neurovascular unit and secrete vasoactive molecules, like 

prostaglandins and nitric oxide (NO), that affect the cerebral blood flow (328-331). However, the 

contribution of astrocytes to vascular dysfunction and reduced microcirculation, which occur early in 

the AD brain (179, 181), is still poorly understood. In general, astrocytes are highly plastic cells that 

depend on intracellular calcium oscillations to become excited, and on intercellular calcium signaling 

for astrocyte-astrocyte and astrocyte-neuron communication (332-334). This feature is especially 

relevant since parenchymal astrocytes display increased levels of cytosolic calcium in response to 

increased levels of Aβ peptides and to the presence of Aβ plaques, which was shown to affect both 

the survival of astrocytes and that of surrounding neurons (335, 336). Importantly, it is accepted 

that the activation of astrocytes is associated with the overexpression of glial fibrillary acidic protein 

(GFAP), a process often referred to as astrogliosis. However, GFAP is not a marker for all non-

reactive astrocytes and is sometimes not immunohistochemically detectable in astrocytes of the 

healthy CNS tissue (319, 330, 337, 338). The overexpression of GFAP both in vitro, in response to 

Aβ peptides, and in vivo, in the AD brain, is accepted as marker of increased inflammation, despite 

the lack of knowledge concerning the functional meaning of increased levels of GFAP in astrocytes 

(325, 336, 337). Recent data highlight the importance of studying the expression of different GFAP 

isoforms to better understand the pathogenesis of AD (339). In the brain of old AD transgenic mice 

and in the brain of human AD patients alike, astrocytes were shown to acquire a proinflammatory 

activated phenotype that is associated with a reduced expression of neuronal support factors (340). 

Importantly, as for microglia, several inflammatory molecules were shown to mediate astrocytic 

activation in the AD brain, leading to the accumulation of astrocytes into the vicinity of large Aβ 
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aggregates and plaques and to the formation of glial scar-like structures, in which these cells provide 

a barrier between healthy tissue and areas of injury (319). Also important for microglial activation, 

cytokines like IFN-γ, IL-1β, IL6 and TNF (341-345) are also good examples of classical 

proinflammatory mediators of brain astrogliosis (Figure 5). The mechanism of astrocytic activation 

by proinflammatory cytokines such as TNF, is mediated in part by increased intracellular calcium 

and astrocyte depolarization (344, 346). Surprisingly, it was shown that certain combinations of 

proinflammatory cytokines, like IFN-γ together with IL-1β or TNF, were able to trigger Aβ production 

by astrocytes, by boosting BACE activity (347). Also, it was recently suggested that increased levels 

of the anti-inflammatory IL-10, specifically in the brain of AD transgenic mice, lead to increased 

production of APO-E by astrocytes, increased levels of Aβ plaque-associated APO-E and, as a result, 

impaired Aβ phagocytosis (317). This effect of increased levels of IL-10 seems to occur through the 

polarization of astrocytes and microglia into a deactivated phenotype (298, 317, 318) (Figure 5). 

Furthermore, chemokines, such as CCL2 and chemokine (C-X-C motif) ligand 10 (CXCL10), and 

growth factors, like TGF-β, are also involved in the activation of both microglia and astrocytes, 

promoting chemotaxis towards sites of Aβ accumulation and Aβ phagocytosis and degradation (276, 

348, 349) (Figure 6). Importantly, in response to increased levels of Aβ, astrocytes, similarly to 

microglia, can contribute to the maintenance of a proinflammatory milieu by producing IL-1β, IL-6, 

TNF, nitric oxide synthase 2 (NOS2), NO, CCL2, CXCL10 and TGF-β (276, 348, 350, 351) (Figure 

6). In fact, the effect of Aβ peptides on the proinflammatory activation of microglia and astrocytes 

alike has been shown to be achieved through the activation of particular inflammation-associated 

transcription factors, such as nuclear factor-κB (NF-κB) (352, 353). A persistent proinflammatory 

milieu and a chronic activation of astrocytes is associated with a loss of essential functions, namely 

of glutamate uptake and BBB ensheathing (354, 355), and a gain of detrimental functions, like 

increased levels of calcium and the overproduction and secretion of additional neurotoxic proteins, 

such as S100B and LCN2 (231, 356). Altogether, these might aggravate the inflammatory response 

and overall CNS pathology in AD (319, 326). Of notice, it was recently shown that increased levels of 

LCN2 in the brain may promote not only the autocrine regulation of astrogliosis (231) and microglial 

activation, favoring the glial polarization into a classical activated phenotype (233, 357), but also the 

death of neurons (282). Taking this into consideration, it is important to address the role of 

astrocytic LCN2 in the context of the neuroinflammatory response in AD, which will be addressed in 

this thesis work. 



30 

 

4.2.3. Neurons 

Often observed as secondary participants of the brain inflammatory response, neurons are also able 

to express important molecules that modulate the course and outcomes of the inflammatory 

response in AD. In particular, neurons are able to secrete CD22 and CD200, which are recognized 

by their receptors expressed by microglia and are able to down-regulate the proinflammatory 

 

Figure 5. Microglia and astrocytes are heterogeneous glial cells that can be found in different 

states of activation. Under physiological conditions, these glial cells are predominantly found in a 

resting state, carrying out their essential functions, namely in phagocytosis and clearance of 

debris, neuronal support and synaptic monitoring and remodeling. However, both microglia and 

astrocytes can undergo a phenotypic polarization that is largely dependent on the levels of 

specific cytokines. Increased levels of interferon-γ (IFN-γ), interleukin-1β (IL-1β), IL-6 and/or 

tumor necrosis factor (TNF) drive the differentiation of glial cells into a classical activation 

phenotype. On the other hand, increased IL-4 and/or IL-13, favor the alternative activation 

pathway. High levels of IL-10 and/or transforming growth factor-β (TGF-β) may lead to a 

predominant state of glial acquired deactivation. Each state of activation is associated with the 

production of specific factors and with the gain or loss of particular functions in glial cells. Yet, 

this polarization is in constant change and, at a given time and region, it is possible to find 

microglia and astrocytes in different states of activation and playing different functions. 
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phenotype of these glial cells. Moreover, lower levels of the anti-inflammatory CD22 and CD200 in 

the AD brain may be associated with the setup of chronic inflammation (358, 359) (Figure 6). In 

addition, increased levels of complement proteins in the AD brain, shown to promote increased TAU 

hyperphosphorylation in neurons and decreased proliferation of adult neural progenitor cells in the 

HPC, can be associated with altered levels of expression of CD59 and CR2 in neurons (360, 361) 

(Figure 6). On the other hand, neurons are also able to express RAGE, which contributes to 

increased neuroinflammation in AD by mediating the influx of Aβ into neuronal cells and, 

consequently, by promoting NF-κB activation and the increased production and secretion of M-CSF 

(362). In fact, increased levels of Aβ peptides are able to promote neuronal overexpression of IL-6, 

TNF, CXCL1, CCL2, CCL5, CX3CL1 and ligands of the triggering receptor expressed on myeloid 

cells 2 (TREM2) (314, 363-367) (Figure 6). As mentioned before, CX3CR1 is highly expressed in 

microglia, yet its ligand CX3CL1 is mostly produced by neurons. Importantly, the effect of CX3CR1- 

and CX3CL1-deficiency on the reduction of the amyloid burden in AD transgenic mice is mostly due 

to the membrane-anchored version of CX3CL1 on neurons and not to the released form of the 

chemokine (314, 365). However, CX3CL1 is actively involved in the activation of p38 mitogen-

activated protein kinase-dependent microglial phagocytosis of Aβ (314, 365). Additionally, decreased 

levels of neuronal-derived ligands of microglial TREM2 were shown to reduce the phagocytosis of 

apoptotic neurons by microglia and were correlated with increased production of TNF and NOS2, 

which aggravates the pathogenesis observed in the AD brain (363, 364, 368). Noticeably, it was 

recently reported that Aβ peptides are able to induce the neuronal overexpression of genes encoding 

for the type I IFN cytokines, IFN-α and IFN-β, prior to the overexpression of other classical 

proinflammatory cytokines, and that signaling by these molecules is modulating Aβ-induced 

neurotoxicity (369), a subject that warrants further investigation. 

 

4.2.4. Oligodendrocytes 

Although being extensively studied in other neurologic disorders, like multiple sclerosis, the role of 

oligodendrocytes and myelin as targets and/or active players in the brain inflammatory response in 

aging and in AD has been clearly overlooked (370, 371). However, it was already shown that, in 

vitro, Aβ peptides with different sizes and under different states of aggregation are able to induce the 

death of oligodendrocytes in a dose-dependent manner and to prevent the formation of the myelin 

sheet (372, 373). These effects are attributed to increased mitochondrial dysfunction, cytoskeletal 

disintegration and NF-κB activation (372, 374), and have also been observed in vivo, upon injection 
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of Aβ in the corpus callosum [which induced an increase in inflammation, microglial recruitment, 

oligodendrocyte toxicity and myelin and axonal damage] (375). Moreover, there is evidence that 

points to oligodendrocyte loss and, thus, white matter deterioration, particularly in the core of 

amyloid plaques and in plaque-associated dystrophic neurites, but not in plaque-free neocortical 

areas, in the brains of both AD transgenic mice and of patients with familial and sporadic AD (376). 

In addition, recent data also suggest that cerebral amyloidosis in AD transgenic mice is preceded by 

an impairment of neuronal networks and white matter structures, caused by an early soluble Aβ-

driven oligodendrocyte dysfunction and myelin damage during early pre-symptomatic stages (377, 

378), an effect that may be attributed to increased inflammation in the AD brain. Proinflammatory 

 

Figure 6. Besides the progressive formation, accumulation and aggregation Aβ peptides, one of 

the major features of neurodegeneration in the AD brain is increased neuroinflammation. The 

neuroinflammatory response is conducted by different cellular players in the brain parenchyma, 

namely neurons (red), astrocytes (purple), microglia (cream) and oligodendrocytes (dark green). 

Importantly, the inflammatory molecules presented in this scheme, which were described to be 

produced specifically by one type or by different types of brain cells, are closely involved in the 

paracrine and autocrine modulation of cell activation, morphology, function and survival, 

disturbing brain homeostasis and promoting neurodegeneration in AD. 
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cytokines, like TNF, and complement proteins, like C1q, C3 and C4, were shown to induce 

oligodendrocyte apoptosis and necrosis, respectively (379, 380). Moreover, increased levels of Aβ 

peptides were shown to enhance the TNF-induced NOS2 expression and NO generation in 

oligodendrocytes, which may in part explain the in vivo toxic effects of Aβ on these glial cells (381) 

(Figure 6). Interestingly, it was reported that Aβ-mediated toxicity to oligodendrocytes is modulated 

by the presence of other glial cells in co-culture, namely astrocytes, which might be explained by the 

secretion of cell-specific factors that impact on the state of Aβ aggregation and on the metabolism of 

Aβ peptides (370, 382). Protective or not, the presence, state of activation and survival of both 

astrocytes and microglia are critical for the early alterations in oligodendrocyte survival and white 

matter damage in the AD brain (370, 375, 379, 383). 

 

5. The impact of the immune system and the peripheral inflammatory response on brain 

function in AD 

After the first evidence pointing to a role of adaptive immune cells on brain cognitive function (384), 

many studies in the past decade have emphasized the importance of the mediators of the immune 

response and of peripheral inflammation for the alterations in brain function observed in aging and 

in AD. Several of these point to the modulation of specific components of the innate and the 

adaptive immune systems as possible targets to prevent or rescue aging-induced cognitive deficits, 

or even brain pathology in AD (Figure 7). Whether this is achieved by changes in the mobilization of 

bone marrow-derived immune cells or blood-borne molecules that, besides promoting Aβ clearance, 

may also stimulate brain endogenous regenerative processes and improve the cognitive function in 

AD, remains a question to be answered (194, 267, 270, 291, 299) (Figure 7). 

Initial studies suggested that the induction of an Aβ-specific adaptive immune response could be the 

answer for an effective clearance of these toxic peptides out of the brain. This idea was strengthened 

by the positive effects of the active immunization with Aβ peptides (385) or the injection of human 

Aβ-specific antibodies (312) on the disease phenotype of AD transgenic mice. These observations 

prompted for other studies, showing that the vaccination of AD transgenic mice with Aβ peptides 

enhanced the peripheral levels of IL-4 and IL-10, characteristic of a T helper 2 (Th2) response, and 

reduced the levels of IFN-γ, characteristic of a Th1 response (386), being this shift responsible for a 

marked effect on the amyloid plaque load in the brain. However, despite proven useful in reducing 

brain amyloid load, and in rescuing behavioral deficits in mouse models of AD, most of the 

vaccination trials conducted on AD patients resulted in moderate or no disease improvements and, 



34 

even worse, in the aggravation of the cognitive deficits and in cases of meningoencephalitis (18, 19). 

Several different approaches are now being developed in order to circumvent these problems, 

 

Figure 7. Peripheral immune cells arriving from the bloodstream either at the blood-brain barrier 

(BBB) or the blood-cerebrospinal fluid barrier (BCSFB) are closely involved with the brain 

pathophysiology in aging and in AD. Along aging, there is an increased recruitment of peripheral 

leukocytes, that is even more marked in AD, and is thought to be a consequence of increased 

production and secretion of proinflammatory cytokines from brain cells, like interleukin-1β (IL-

1β), IL-6, IL-12 and TNF, into the interstitial fluid and into the cerebrospinal fluid. There is also an 

increased production of transforming growth factor-β (TGF-β) and interferon-β (IFN-β) in the AD 

brain, as well as of chemokine (C-C motif) ligand 11 (CCL11) in the aged brain parenchyma and 

at the BCSFB. The impact of these inflammatory mediators on leukocyte recruitment, brain 

immunesurveillance and Aβ phagocytosis/clearance is still poorly understood. Additionally, 

although it is believed that the levels of peripheral IL-10, IL-12, IFN-α/β and TGF-β impact on the 

maintenance of brain homeostasis along aging and on the degree of Aβ pathology in AD, the 

immune cells (innate or adaptive) that are involved in these processes and the molecular 

mechanisms that drive these effects need to be further studied. The role of T-cells, namely of T 

helper 1 (Th1) and Th2, and the major cytokines they produce, IFN-γ and IL-4, respectively, has 

been largely scrutinized in aging and in AD. However, there is still much to know about the 

intertalk between T-cells and innate immune cells (dendritic cells and monocytes/macrophages) 

in the initiation and progression of brain dysfunction and cognitive decline in aging and in AD. 

Full lines represent a reported/described linkage and dashed lines represent a 

unknown/understudied linkage. 
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namely by altering the isotype of Aβ-specific antibodies in order to prevent the risk of Fc receptor-

mediated over activation of microglia and the risk of vasogenic edema (387). However, to date, no 

active or passive immunization approach has produced positive results on memory and cognition 

(388). Nevertheless, it is increasingly evident, from data presented in different studies, that immune 

cells play a critical role in the pathophysiology of AD. In line with this idea, it was shown that Aβ-

specific Th2 cells transferred into AD transgenic mice, led to a reduction of proinflammatory 

cytokines such as IFN-γ, TNF and IL-4 in the blood, which culminated in cognitive benefits, six weeks 

upon transfer (389). Concurrently, it was recently shown that, with aging, AD transgenic mice 

present a higher percentage of IFN-γ- and IL-17-producing T-cells in the brain (390, 391). This 

increase in T-cells may be a consequence of increased chemokine signaling, namely by CCL5 and 

CCR5, which were shown to be also increased in the AD brain (275, 392). Moreover, the adoptive 

transfer of Aβ-specific Th1 cells, but not of Aβ-specific Th2 or Th17 cells, into AD transgenic mice 

led to increased levels of IFN-γ, microglial activation, cortical Aβ accumulation and plaque burden 

and a worst cognitive performance; all of which were attenuated by repeated peripheral 

administration of an IFN-γ blocking antibody (390). On the other hand, in the absence of any 

obvious CNS pathology, it was shown that an aging-associated increase in the percentage of 

recruited CNS-specific Th2 cells into the BCSFB can be extremely deleterious for normal brain 

function, due to their contribution to increased levels of IL-4 and CCL11 in the CSF (Figure 7), which 

were shown to critically affect HPC neurogenesis and cognition (271, 280). Additionally, as 

mentioned, the increased levels of CCL11 in the blood and in the CSF may act on peripheral 

immune cells, on meningeal macrophages and on CNS-resident microglia, promoting their activation 

into a proinflammatory destructive phenotype (194, 280). From these observations, the fine tuning 

of Th1/Th2 responses and the well balanced IFN-γ/IL-4 ratio, and respective downstream molecules 

and signaling cascades, is thought to be very important for the proper functioning of the CNS (194, 

393) (Figure 7). 

Besides T-cells, other peripheral immune cells were shown to modulate brain function in AD, namely 

dendritic cells and monocytes/macrophages (394). Still following the idea of peripheral immune cell 

activation for CNS repair, treatment with glatiramer acetate, a known promoter of Th2-based 

immune responses, was able to induce an IL-4-dependent change in microglial phenotype and the 

mobilization of bone marrow-derived CD11C
+
 dendritic cells into the brain, which favored the 

clearance of parenchymal Aβ deposits in a mouse model of AD (395). The beneficial effect of 

increased number of CD11C
+
 cells in the brain was associated with an increased production of the 
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neurotrophic factor IGF-1, which may be in part responsible for the observed stimulation of 

neurogenesis and attenuated cognitive decline in the glatiramer acetate-treated AD transgenic mice 

(395-397). Furthermore, blocking TGF-β signaling in CD11C
+
 innate immune cells increased the 

recruitment of circulating macrophages into the brain, which in turn decreased the degree of 

cerebral amyloid angiopathy, parenchymal Aβ deposition and modestly improved cognitive function 

in AD transgenic mice (398). Interestingly, these effects were also accompanied by an up-regulated 

expression of the gene encoding for IL-10, suggesting that, besides their function in Aβ clearance 

and increased neurogenesis, these bone marrow-derived antigen presenting cells could also have an 

important immunosupressive role in the AD brain (398). Noticeably, it was recently proposed that, at 

a genetic basis, peripheral monocytes have more functional consequences on AD-associated traits, 

when compared to other peripheral cells of lymphoid origin, namely CD4
+
 T-cells (399). In 

agreement, several studies using mouse models of AD have shown that, after whole-body irradiation 

and immune reconstitution, bone marrow-derived cells of myeloid origin are able to infiltrate the 

brain in regions of increased Aβ deposition and where the BBB is more permeable (400, 401). 

Moreover, when transferred into immune-depleted AD transgenic mice, bone marrow-derived cells 

from healthy wild-type mice promoted a shift into Th2 profile of cytokine expression, which was 

responsible for increased recruitment of monocytes/macrophages into the brain and increased Aβ 

phagocytosis (402). These myeloid cells were able to differentiate into brain perivascular 

macrophages and microglia, contributing to the clearance of Aβ from the brain vasculature and 

parenchyma, respectively (278, 401, 403). Accordingly, impaired CCL2 signaling by ablation of its 

receptor, CCR2, was shown to accelerate memory loss and brain pathology in an mouse model of 

AD; an effect that was attributed to a decreased recruitment of peripheral monocyte-like cells, shown 

to differentiate into competent Aβ-internalizing microglia (293, 306, 404). Of interest, and as 

mentioned before for microglia, the activation state of the recruited peripheral 

monocytes/macrophages may also be a limiting step in AD (Figure 7). Monocytes also express 

different TLRs, namely TLR2 and TLR4 which, besides their ability to recognize Aβ peptides, regulate 

the process of Aβ phagocytosis upon stimulation (405, 406). However, monocytes isolated from AD 

patients presented lower expression levels of different TLRs, which was associated with a decreased 

phagocytosis and lysosomal degradation of Aβ, when compared to monocytes from age-matched 

healthy subjects (407). Altogether, these findings strongly support the relevance of multiple 

peripheral immune cells, particularly of innate-like cells of myeloid origin, and their function in brain 

immune surveillance and repair in AD. Moreover, given that resident glial cells have a limited 
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capacity for Aβ phagocytosis in AD, specially upon plaque assembly (85, 348), understanding the 

mechanisms that modulate the recruitment and entry of peripheral bone marrow-derived 

macrophages/microglia into the brain is important to propose strategies to reduce the age-

dependent increased brain vascular and parenchymal amyloid burden. 

 

6. Searching for novel molecular cues: thesis' aims and strategy 

It is urgent to find new treatments to prevent cognitive decline and to improve cognitive function in 

AD patients. For that, we need to widen the knowledge regarding the molecular mediators and 

inherent biological processes that drive brain cell dysfunction, brain pathophysiology and cognitive 

decline in aging and in AD. Herein, we intend to contribute to the advancement in the area and to 

better understand the cellular and molecular mechanisms and events that take place in AD by using 

different models to study particular aspects of the disease. Specifically, in vitro models, using 

primary cultures of different brain cell populations, will be used to investigate the role of specific 

molecules in the modulation of Aβ toxicity (chapter II). We will focus on molecules that are involved 

in central biological processes in the brain, such as iron metabolism and the inflammatory response. 

We will explore the role of LCN2 in the context of Aβ toxicity and neurodegeneration in AD, which is 

still poorly understood (chapters II and III). Furthermore, we will use a broad approach to search for 

novel molecular candidates in AD (chapter IV). For that, we will use a transgenic mouse model of 

AD, the B6.Cg-Tg(PDGFB-APPSwInd)20Lms/2J/Mmjax (J20) mice, in a C57BL/6J background, first 

developed by Professor Lennart Mucke, of the J. David Gladstone Institutes (San Francisco, CA, 

USA), that presents specific pathological hallmarks of AD, like an early accumulation of Aβ peptides 

in the brain, increased neuroinflammation, early neuronal loss, progressive formation of amyloid 

plaques with age and impairments in memory and cognition (82, 301, 408, 409). Using the J20 

mouse model, we will focus on the response, not only at the level of the brain barriers, particularly at 

the less studied BCSFB, but also at the brain parenchyma and at the periphery, throughout aging 

(chapters IV and V). In these different milieus, we will try to identify new molecular targets that may 

be involved in, or even modulate, the initiation and progression of brain pathology and, specially, of 

cognitive decline. 
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Iron is essential for mammalian cellular homeostasis. However, in excess, it promotes free

radical formation and is associated with aging-related progressive deterioration and with

neurodegenerative disorders such as Alzheimer’s disease (AD). There are no mechanisms

to excrete iron, which makes iron homeostasis a very tightly regulated process at the level

of the intestinal absorption. Iron is believed to reach the brain through receptor-mediated

endocytosis of iron-bound transferrin by the brain barriers, the blood-cerebrospinal fluid

(CSF) barrier, formed by the choroid plexus (CP) epithelial cells and the blood-brain barrier

(BBB) formed by the endothelial cells of the brain capillaries. Importantly, the CP epithelial
cells are responsible for producing most of the CSF, the fluid that fills the brain ventricles

and the subarachnoid space. Recently, the finding that the CP epithelial cells display all the

machinery to locally control iron delivery into the CSF may suggest that the general and
progressive senescence of the CP may be at the basis of the impairment of regional iron

metabolism, iron-mediated toxicity, and the increase in inflammation and oxidative stress
that occurs with aging and, particularly, in AD.
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in this review we focus on the relevance of iron metabolism reg-

ulation, particularly in the central nervous system (CNS). Iron

accumulation occurs in specific brain areas that are affected in

AD patients, such as the hippocampus and the cortex (❈✯✫✭✼✶✰✬

et al., 2011❁❃ ❄✬ ✶✼✮✷✮ ✵✯✮✵✷❂ ✫✯✰✬ ✵✬✱ ❅✯✰✶✮✫✬✷ ✶✼✵✶ ❆✫✬✱ ✫✯✰✬

accumulate in the amyloid plaques (✪✫✴✸✮✷✶✯✫ ✵✬✱ ❈✵✽✵✷✭✼✮✴✴✵❂

2008; Leskovjan et al., 201 ❁ ✵✬✱ ✵❅❅✮✵✯ ✶✰ ❅✴✵❇ ✵ ✯✰✴✮ ✫✬ ✶✼✮

degree of tau phosphorylation (❊✲✵✬✵ ✮✶ ✵✴❃❂ ❉●●❍❁❃ ❑✳✯✶✼✮✯✽✰✯✮❂

molecules that are directly or indirectly involved in the amy-

loidogenic pathway, such as amyloid precursor protein (APP)

(❀✳✭✮ ✮✶ ✵✴❃❂ ❉●▲●❁ ✵✬✱ ❅✵✫✯✮✱ ❆✵✷✫✭ ✵✽✫✬✰ ✵✭✫✱ ✭✴✮✵✸✫✬✲ ✮✬✻❇✽✮

(PACE/furin) (✪✫✴✸✮✷✶✯✫ ✵✬✱ ❈✵✽✵✷✭✼✮✴✴✵❂ ❉●●❖❁❂ ✼✵✸✮ ✵✬ ✫✯✰✬P

related physiological function that depends on the brain iron

levels. Iron access into the brain is modulated by the brain bar-

riers, which have recently been proposed as active modulators of

brain iron homeostasis (◗✰✰✷ ✮✶ ✵✴❃❂ ❉●●❚❯ ◗✵✯❱✳✮✷ ✮✶ ✵✴❃❂ ❉●●❲✵❯

Rouault et al., 2009❁❃ ❳✮✯✮❂ ❨✮ ❨✫✴✴ ✹✰✭✳✷ ✽✰✷✶✴❇ ✰✬ ✶✼✮ ✭✼✰✯✰✫✱

plexus (CP), since several functions (and dysfunctions) of the CP,

both in healthy and pathological conditions, may impact on the

CNS mostly by influencing the composition of the cerebrospinal

fluid (CSF). Overall, we intend to highlight how the barriers of the

brain, as modulators of regional iron-homeostasis, can influence

AD pathology.
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homeostasis, since it is part of enzymes, cytochromes, and protein

prosthetic groups. Although essential, deficiency or excess of iron

can lead to pathological conditions such as anemia or hemochro-

matosis (HFE), respectively; therefore, iron metabolism must

be tightly regulated. The main site of dietary iron absorption

is the duodenum. Once within enterocytes, iron enters a com-

mon intracellular pool and is subsequently transferred across the

basolateral surface into the bloodstream by the well character-

ized mammalian iron exporter ferroportin (FPN) (❛✯✵✼✵✽ ✮✶ ✵✴❃❂

2007❁❃ ❜✼✮ ✯✮✴✮✵✷✮✱ ✹✮✯✯✰✳✷ ✿❑✮2+) iron is then oxidized to ferric

(Fe3+) iron by hephaestin, a homolog of the serum ferroxidase

ceruloplasmin, binds to circulating plasma transferrin (TF) and

is subsequently taken up by cells through transferrin receptor 1

(TFR1)-mediated endocytosis (❛✯✵✼✵✽ ✮✶ ✵✴❃❂ ❉●●❚❁❃

The liver, particularly the hepatocyte, is the main site of iron

deposition and storage (✺✬✱✮✯✷✰✬ ✵✬✱ ❑✯✵✻✮✯❂ ❉●●❝❁❃ ❳✰❨✮✸✮✯❂

most of the body iron content exists in circulation inside ery-

throcytes. Within the cells, iron is incorporated into ferritin

(composed by a heavy and a light chain, FTH and FTL). When

the body is iron-replete, macrophages of the liver, spleen, bone

marrow, and reticuloendothelial system can also store iron recov-

ered from the phagocytosis of senescent erythrocytes. Inside the

macrophage, iron is released from hemoglobin and can either

be stored or released back into the circulation (✪✶✮✮✴✮ ✮✶ ✵✴❃❂

2005; Camaschella and Pagani, 2011❁❃ ❀✮❅✮✬✱✫✬✲ ✰✬ ✶✼✮ ✫✬✶✯✵P

cellular iron levels, each cell regulates iron uptake mostly by

modulating the expression of TFR1, while the efflux of iron

through FPN is regulated systemically under the control of the

liver-derived peptide hepcidin (HAMP) (❞✯✵✳✷✮ ✮✶ ✵✴❃❂ ❉●●●❁❃

Circulating HAMP binds FPN on the surface of enterocytes,
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macrophages, and other cell types causing its internalization and

degradation (Ganz, 2011). Under physiological conditions the

level of HAMP is regulated by body iron requirements via a

complex cell signaling pathway that includes several cell mem-

brane proteins such as HFE, transferrin receptor 2 (TFR2), and

hemojuvelin (HJV) (Schmidt et al., 2008). Of interest, HAMP

expression can also be modulated by proinflammatory cytokines

such as interleukin-1β and -6 (IL-1β and IL-6), which are up-

regulated early during an inflammatory response (Lee et al.,

2005).

Iron metabolism is impaired in several diseases where the level

of specific iron-related proteins, such as HAMP or HFE, is low or

absent. For example, in HFE, a disease characterized bymutations

in the Hfe gene, HAMP production is impaired leading to a wide

generalized iron overload in peripheral organs (Chua et al., 2004;

Schmidt et al., 2008; Ganz and Nemeth, 2011). Interestingly, a

striking observation is that the concentration of iron in the

brain of mice with HFE appears to remain unaltered, despite

the increase in circulating iron (Moos et al., 2000) and severe

iron-overload in hepatocytes (Chua et al., 2004). These observa-

tions support the idea that the barriers of the brain may play an

important role by preventing brain iron-overload (Rouault and

Cooperman, 2006). However, in the context of several diseases

in which iron accumulates in the CNS, such as AD (Duce et al.,

2010), Parkinson’s disease (Lei et al., 2012), or multiple sclerosis

(Williams et al., 2012), the barriers of the brain appear to become

progressively dysfunctional which is likely to impair their ability

to regulate iron exchange between the periphery and the CNS.

In fact, we recently showed that the CP epithelial cells, which

compose the blood-CSF barrier (BCSFB), express all the genes

known to participate in themodulation of iron homeostasis in the

periphery, and therefore, seem well positioned to similarly reg-

ulate brain iron homeostasis (Marques et al., 2009a). However,

little is known on how these may relate to neurodegenerative

disorders.

THE ROLE OF THE CP IN BRAIN IRON METABOLISM

In all mammals, the CP is formed by a monolayer of epithelial

cells that surround and enclose a central stroma. These epithelial

cells are juxtaposed due to the apical localization of tight junc-

tions (Engelhardt and Sorokin, 2009). The adult CP is highly

irrigated by sinusoidal and fenestrated capillaries that are present

in the inner stroma (Johansson et al., 2008; Wolburg and Paulus,

2010). The apical cytoplasmic membrane of the CP epithelial

cells faces the CSF and contains numerous villosities, while the

basolateral side faces the blood in the inner stroma, although

indirectly, by contacting with the fenestrated capillaries (Emerich

et al., 2005). Under physiological conditions, the CP epithelium

forms a barrier that selectively restricts the access of molecules

and blood circulating cells, from the stroma to the CSF and hence

to the brain parenchyma (Engelhardt et al., 2001; Engelhardt and

Sorokin, 2009). The CP is responsible for the secretion of the

major components of the CSF and the transport of nutrients and

trophic factors from the blood into the CSF (st✉✈✇① ②) (Johanson

et al., 2004). Moreover, the CP is involved in brain detoxification

processes, by clearing several brain metabolites, such as amyloid

beta (Aβ) in the context of AD, from the CSF to the blood stream

(Carro et al., 2005; Vargas et al., 2010; Wolburg and Paulus,

2010).

Importantly, both the BCSFB and the blood-brain barrier

(BBB) were shown to be two major sites of iron exchange between

the periphery and the CNS. It is well-established that iron-loaded

TF and its receptors are in part responsible for most of the

iron content of the CNS. However, there are still some missing

details concerning the mechanisms through which iron reaches

the brain. In the BBB interface, holo-TF present in the circulat-

ing blood reaches the luminal surface of the endothelial cells and

binds TFR1. The TF-receptor complex is internalized and, inside

the endosome, the acidic environment leads to the release of the

two Fe3+ particles from TF, which are thought to be reduced

into Fe2+ by duodenal cytochrome B (DCYTB). The transport

of Fe2+ from the endosomes into the cytosol of the endothe-

lial cells remains controversial, due to absence of divalent metal

transporter-1 (DMT1) expression in these cells (Moos et al.,

2006). Nevertheless, Fe2+ is released into the cytosol and reaches

the abluminal side of the endothelial cell (Moos et al., 2007), to

be excreted out of the cell through FPN. Once in the brain side,

ceruloplasmin, produced in astrocyte end-foot processes, oxidizes

newly released Fe2+ to Fe3+, which again binds to TF (Benarroch,

2009) that is the main source of iron for neurons. Alternatively,

Fe2+ can bind to low-molecular weight constituents, such as

ATP and citrate that are present in the interstitial fluid in high

concentrations and constitute an important source of iron to

oligodendrocytes and astrocytes (Petroff et al., 1986; Montana

et al., 2006). On the other hand, iron can be exported back

into the interstitial fluid from astrocytes, oligodendrocytes, and

neurons through FPN (Wu et al., 2004).

As mentioned, in addition to the endothelial cells, the cells

that compose the BCSFB also play a crucial role in the modula-

tion of regional iron levels, namely by the iron exchange between

the blood and the CSF (Morris et al., 1992; Rouault et al., 2009).

Similarly to endothelial cells, CP epithelial cells express TFR1 in

the basolateral membrane, which binds to TF-bound iron arriv-

ing from the blood stream, inducing its internalization (Morris

et al., 1992). Iron will then reach the cytosol of the epithelial cells

following the TFR1mechanism previously described that involves

the endosomal proteins DMT1 and DCYTB (st✉✈✇① ③) (Rouault

et al., 2009). Moreover, the presence of FPN in the apical mem-

brane of CP epithelial cells (st✉✈✇① ③) (Wu et al., 2004) leads to

the release of iron into the CSF, where it circulates bound to

TF. Of notice, CP epithelial cells express other iron-related pro-

teins under physiological conditions, namely HJV, HFE, TFR2,

FTH, FTL, hephaestin, and ceruloplasmin (st✉✈✇① ③) (Rouault

and Cooperman, 2006; Rouault et al., 2009).

In a mouse model of peripheral inflammation, the CP was

shown to rapidly respond also under adverse conditions, acting

as an immune sensor for the brain (Marques et al., 2007, 2009b).

Surprisingly, as early as one hour after peripheral administra-

tion of bacterial lipopolysaccharide (LPS), the up-regulation of

IL-1β and TNFα gene expression is observed in the CP (Quan

et al., 1998, 1999; Marques et al., 2007). Both proinflammatory

molecules are able to modulate the expression of iron-related

proteins, such as HAMP, whose expression was similarly found

increased (Marques et al., 2009a). Additionally, the analysis of the

④⑥⑦⑧⑨⑩❶⑥❷ ⑩⑧ ❸❶❹❹❺❹❻⑥ ❼❶❺⑥⑦❷❽⑩❶⑧❽❶ ❾❾❾❿➀⑥⑦⑧⑨⑩❶⑥❷⑩⑧❿⑦⑥➁ May 2012 | Volume 6 | Article 25 | 2
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FIGURE 1 | The choroid plexus (CP) epithelial cells’ morphology

and architecture present a progressive decline throughout

the aging process. These features are aggravated in Alzheimer’s

disease (AD) and relate with increased oxidative stress and inflammation

and decrease nutrient transport and secretion into the cerebrospinal

fluid (CSF).

CP’s transcriptome in response to the peripheral LPS injection

revealed that the most up-regulated gene encodes for lipocalin

2 (LCN2), an increase that is similarly reflected in the CSF pro-

tein concentration (Marques et al., 2008). LCN2 is an acute phase

protein initially found in neutrophil granules (Kjeldsen et al.,

1993) and later described as a liver acute phase protein (Liu

and Nilsen-Hamilton, 1995). LCN2 is also an iron-related pro-

tein since it is able to sequester bacterial iron-loaded siderophores

and, therefore, participate in the mammalian innate immune

response by limiting iron availability for bacteria (Sunil et al.,

2007). However, in light of the recent discovery of an endoge-

nous mammalian siderophore (Devireddy et al., 2010), and also

since LCN2 requires catechol to bind and transport iron in the

blood (Bao et al., 2010), it became clear that LCN2 can have an

important physiological role, which is not completely unraveled,

and may include iron uptake and release by cells that express

LCN2 receptors, namely 24p3R. Additionally, other reports have

implicated different roles for LCN2 in various cell types, namely

as a protective protein against oxidative stress (Roudkenar et al.,

2011), as a mitogen (Lee et al., 2009) and as an inducer of apop-

tosis (Devireddy et al., 2005). Despite these findings and the

well-characterized role of LCN2 in neutrophils and in response to

infection, its role in the CNS remains poorly explored. Still, recent

studies have suggested LCN2 participation in processes such as

inflammation, astrogliosis, and cell migration in the brain (Lee

et al., 2009, 2011; Rathore et al., 2011), and also anxious (Mucha

et al., 2011) and cognitive behaviors (Choi et al., 2011).

Altogether, the ability of the CP to rapidly respond to periph-

eral inflammatory stimuli by modulating the expression of iron-

related proteins such as HAMP and LCN2 (Marques et al.,

2009b,c) may be relevant when addressing aging or aging-

associated diseases such as AD, where an increased in the basal

level of peripheral proinflammatory molecules is observed in the

absence of infection (Villeda et al., 2011) and iron seems to play

a crucial role in the development and progression of the disease

(Duce and Bush, 2010).

WHY IRON AND AD?

AD is a neurodegenerative disease characterized by two main

brain pathological hallmarks: the formation of extracellular senile

plaques, resulting from Aβ peptide deposition, and the presence

of neurofibrillary tangles composed by intracellular hyperphos-

phorylated tau. It is thought that much of the early pathological

events in AD are due to the formation of dimeric and oligomeric

forms of Aβ, which are formed through site-specific cleavage

of APP (Walsh et al., 2005; Walsh and Selkoe, 2007) and accu-

mulate in the brain. Importantly, Aβ accumulation may result

from decreased clearance of the Aβ peptides through the barri-

ers of the brain (Serot et al., 2003; Zlokovic, 2004; Crossgrove

et al., 2005). Although the mechanisms that elicit the formation

➂➃➄➅➆➇➈➃➉ ➇➅ ➊➈➋➋➌➋➍➃ ➎➈➌➃➄➉➏➇➈➅➏➈ ➐➐➐➑➒➃➄➅➆➇➈➃➉➇➅➑➄➃➓ May 2012 | Volume 6 | Article 25 | 3
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FIGURE 2 | The CP epithelial cells may participate in the regional

regulation of brain iron metabolism due to the presence of specific

membrane and secreted proteins. These epithelial cells express

receptors that are directly or indirectly involved in iron uptake, such as

transferrin receptors type 1 and 2 (TFR1 and 2) (1) as well as

hemochromatosis (HFE) protein that is able to bind to TFR2; (2) Duodenal

cytochrome B (DCYTB) and divalent metal transporter 1 (DMT1) are present

in the basolateral membrane and, respectively, reduce ferric iron (Fe3+) to

ferrous iron (Fe2+ ) and transport it into the cell; (3) An iron exporter localized

in the apical face of the CP epithelial cell, ferroportin (FPN), can be

internalized and degraded through the action of hepcidin (HAMP); (4) a

hormone also produced by the CP in response to specific conditions, such as

an inflammatory stimulus, through STAT3 and SMAD4 transcription factors.

While the activation of STAT3 is likely to occur through IL-6, SMAD4 activation

is probably mediated through the complex hemojuvelin (HJV)-bone

morphogenetic protein (BMP)/SMAD4; (5) HAMP may then be secreted

into the CSF and bind, in the apical side, to FPN and induce its internalization

and degradation, therefore, preventing iron release into the CSF; (6) Heme

oxygenase 1 (HO-1), which is expressed by the CP, is an inducible

oxygenase that has the ability to recycle heme, originating free Fe2+;

(7) Additionally, the CP epithelial cells can also produce important peptides

that are directly or indirectly involved in iron transport, oxidation, and storage,

such as lipocalin 2 (LCN2), transferrin (TF), ceruloplasmin, ferritin, and

hephaestin; (8) In the context of aging and AD, other important molecules,

which are also expressed in the CP, have recently been shown to be

involved in iron homeostasis, like PACE/furin and amyloid precursor protein

(APP); (9) Overall, changes in the expression of iron-related genes at the

blood-CSF barrier may interfere with the level of iron in the brain and

consequently trigger and/or aggravate aging and AD-related pathological

events.

of these toxic soluble agglomerates and, later on, insoluble fibrils

and senile plaques are still poorly understood (Walsh and Selkoe,

2007; Querfurth and LaFerla, 2010), it is thought that free divalent

metals such as iron, which give rise to strong oxidative radicals,

maybe closely involved (Duce et al., 2010; Leskovjan et al., 2011;

Liu et al., 2011).

Several observations in various cellular and animal models

link iron and AD. For instance, APP, whose physiological func-

tion is still uncertain, was recently suggested to be up-regulated

by iron and to favor the presence of iron deposits in amyloid

plaques (Gaeta and Hider, 2005; Cahill et al., 2009). Indeed, an

iron-responsive element (IRE) exists within the 5’-untranslated

region of the APP transcript and this IRE allows iron to regulate

the intracellular APP level the same way it regulates the tran-

scription of genes that encode for FTH and FTL (Rogers et al.,

2002). Additionally, the APP-IRE is also located up-stream of an

IL-1 responsive domain (Rogers et al., 1999), which means that

a proinflammatory stimulus may trigger APP gene expression.

Importantly, APP was shown to have an iron-export ferroxidase

activity (Duce et al., 2010). As a ferroxidase, APP participates

in the export of iron from the cells, by mediating the oxidation

of Fe2+ into Fe3+ (Duce et al., 2010). APP shares similarities

with other ferroxidases, such as FTH and ceruloplasmin, being

its activity inhibited by zinc and not by copper, a resembling fea-

ture of FTH but not of ceruloplasmin. However, APP is similar

to ceruloplasmin since it interacts with FPN in order to export

➔→➣↔↕➙➛→➜ ➙↔ ➝➛➞➞➟➞➠→ ➡➛➟→➣➜➢➙➛↔➢➛ ➤➤➤➥➦→➣↔↕➙➛→➜➙↔➥➣→➧ May 2012 | Volume 6 | Article 25 | 4
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iron out of cells, a fact that was shown in a study using human

embryonic kidney 293T cells that do not express ceruloplasmin

(Duce et al., 2010). Moreover, in vivo experiments have shown

that APP-nullmice fed with an iron-rich diet have decreased Fe2+

efflux and increased iron accumulation inside brain cells, as well

as a higher percentage of protein carbonylation and lower level of

glutathione in the brain and liver (Duce et al., 2010).

Another interesting observation is that PACE, which is respon-

sible for the activation of β-secretase involved in the amyloido-

genic pathway, is positively modulated by iron uptake. High

cellular iron content indirectly favors the formation of amyloido-

genic peptides in AD, through the activation of PACE (Silvestri

and Camaschella, 2008). Moreover, one of the products of the

enzymatic action of PACE is soluble hemojuvelin (sHJV) (Silvestri

et al., 2008), which was shown to compete with membrane HJV

(mHJV) for bone morphogenetic protein (BMP) signaling. Since

BMP signaling can lead to the up-regulation of Hamp (Babitt

et al., 2006), namely in CP epithelial cells (➨➩➫➭➯➲ ➳) (Marques

et al., 2009a), the activity of PACE may indirectly modulate the

expression of Hamp in the brain.

The influence of excessive brain iron on the toxicity of Aβ pep-

tides and fibrils in AD is, in part, explained by the effect of this

metal on the formation of oxidative hydroxyl radicals (Rival et al.,

2009). By increasing the levels of the intracellular iron binding

protein, ferritin, it was possible to rescue the phenotype asso-

ciated with deposition of Aβ in a Drosophila fly model (Rival

et al., 2009), which was correlated with a decreased level of protein

carbonylation. Recently, iron was also linked to the aggregation

process of Aβ (Liu et al., 2011). The presence of Fe3+ during the

aggregation process of Aβ monomers into fibrils was shown to

impede, later on, the fusion of fibrils into the less toxic amyloid

deposits and to favor the stabilization of more toxic intermediate

forms of Aβ. Toxic Aβ intermediates originated by Fe3+ do not

interact with thioflavin T and their final structure is less ordered,

which delays the formation of senile plaques. Importantly, the for-

mation of fibrils in the presence of iron was shown to lead to

increased apoptosis in a neuronal cell line (Liu et al., 2011). In

accordance, metal chelation with clioquinol (that sequesters iron,

copper, and zinc) was shown to increase the lifespan of flies over-

expressing Aβ1−42 (Rival et al., 2009), to improve the cognitive

performance and to reduce brain amyloid load in a mouse model

of AD (Grossi et al., 2009).

THE SENESCENT CP: IMPLICATIONS IN AGING AND IN AD

The senescence of the CP is a gradual aging process. Aged CP

epithelial cells present a general atrophy when compared to the

adult CP (➨➩➫➭➯➲ ➵). The epithelial cells display a decrease in

height, total volume (Serot et al., 2000) and length of the api-

cal microvilli (Serot et al., 2003). A striking deterioration of the

CP epithelial cells is observed in AD (Wen et al., 1999; Johanson

et al., 2004); the basement membrane, stroma, and blood vessel

walls of the CP become thicker with age and acquire an irreg-

ular form in AD (Serot et al., 2000; Preston, 2001; Johanson

et al., 2004). The accumulation of Aβ1−40 and Aβ1−42 peptides

in CP epithelial cells (➨➩➫➭➯➲ ➵) is, to a great extent, responsible

for an increased level of oxidative stress and cell death (Vargas

et al., 2010). Additionally, the extracellular deposition of Aβ in

the apical membrane, near the tight junctions, further enhances

the disruption of the BCSFB (➨➩➫➭➯➲ ➵) (Marco and Skaper, 2006;

Vargas et al., 2010). The barrier properties of the CP progressively

decay, which becomes leakier (Chalbot et al., 2011). In addition,

its ability to secrete Aβ-carrier proteins and to express impor-

tant receptors that scavenge amyloidogenic peptides was shown to

decrease with age and to be compromised in several models of AD

(➨➩➫➭➯➲➸ ➵ and ➺) (Zlokovic et al., 1996; Crossgrove et al., 2005;

Antequera et al., 2009). A decreased activity of enzymes involved

in oxidative phosphorylation (Preston, 2001) and mitochondrial

respiratory chain, such as cytochrome C oxidase (Emerich et al.,

2005), may also contribute to the impaired protein synthesis in

the CP. This decrease in the metabolic activity of CP epithelial

cells is in part correlated with Aβ-induced mitochondrial dys-

function (➨➩➫➭➯➲ ➵) (Cornford et al., 1997; Vargas et al., 2010).

These harmful events that damage the CP’s morphology and

architecture (➨➩➫➭➯➲ ➵), together with a massive and extensive

fibrosis observed in the central stroma and the surroundings of

the CP, are also responsible for the deficits in molecular exchanges

between the CP and the CSF (Johanson et al., 2004). Moreover,

the CP’s capacity to promote the flow and the renewal of the CSF

also declines with age and in AD (Preston, 2001; Redzic et al.,

2005; Johanson et al., 2008).

The decrease in protein secretion and renewal of the CSF may

be involved in the initiation and progression of AD. As men-

tioned, some CP proteins are known to interact with Aβ and

this could be in the basis of Aβ clearance. One of such proteins

is transthyretin (TTR), which is the major protein synthesized

and secreted by the CP into the CSF (Dickson et al., 1986) and

has been shown to bind and stabilize soluble Aβ (Li et al., 2000;

Tang et al., 2004) (➨➩➫➭➯➲ ➺). Of interest, the absence of TTR

in the mouse has been shown to accelerate the aging-associated

cognitive decline (Sousa et al., 2007) and is associated with anx-

ious behavior (Sousa et al., 2004). Additionally, transgenic mice

that overexpress mutated forms of human APP and presenilin

1, and comprise hemizigous deletions for the TTR gene, present

an accelerated deposition of Aβ in the hippocampus and cortex

(Doggui et al., 2010) and increased Aβ-toxicity in the hippocam-

pus when compared to control mice (Choi et al., 2007). These

features appear to be directly involved with the decreased level

of TTR in the brain. Moreover, decreased level of TTR in the

CSF has been reported in patients with severe dementia and in

AD (Riisoen, 1988; Serot et al., 1997), but some controversy sub-

sists regarding the levels and functions of TTR in the brain and in

cognition (Wati et al., 2009).

Other two important proteins produced and secreted by the

CP are insulin growth factors 1 and 2 (IGF-1 and -2). Both are

relevant in the context of AD (Preston, 2001; Emerich et al.,

2005) since they seem to modulate the clearance of Aβ from the

AD brain (➨➩➫➭➯➲ ➺). Importantly, the presence of IGF-1 in the

CSF stimulates CP epithelial cells to express megalin/LRP-2 and

to secrete Aβ-binding proteins that are recognized by megalin,

namely TTR and clusterin, which favor the transport of these

Aβ complexes from the brain into the blood (➨➩➫➭➯➲ ➺) (Carro

et al., 2002; Carro and Torres-Aleman, 2004). Shutting down the

IGF-1 receptor signaling pathway in the CP was shown to exacer-

bate AD brain pathology in a mouse model (Carro et al., 2006)
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FIGURE 3 | A strong interaction is observed between the different cells

that compose the blood-CSF barrier and the cells from the brain

parenchyma. In the context of aging and AD, the development and

progression of the disease strongly depends on the formation of different

size amyloid beta (Aβ) oligomers that deposit in the brain and are highly toxic.

In order to prevent this, the CP epithelial cells secrete peptides to the CSF,

which have the ability to bind, sequester, and remove Aβ peptides, from

the brain and CSF into the blood stream, through specific receptors

present in the apical membrane (AAT, alpha 1 antitrypsin; APO-J,

apolipoprotein-J/clusterin; IGF-1/2, insulin-like growth factor 1/2; P-gp,

P-glycoprotein; PTGDS, prostaglandin D2 synthase; LRP-1/2, low density

lipoprotein receptor-related protein-1/2; TTR, transthyretin).

and silencing the expression of insulin and insulin-like growth

factors in the brain was linked to increased levels of APP, glio-

sis, and lower level of acetylcholine (Carro et al., 2002; Rivera

et al., 2005). Interestingly, two studies performed with samples

from AD patients point to increased levels of IGF-1 (Salehi et al.,

2008) and IGF-2 (Tham et al., 1993) in the serum and CSF, which

indicate that controversy still remains.

Whilst these observations implicate dysfunction of the BCSFB

regarding the modulation of Aβ sequestration and clearance in

aging and in AD, available data also suggest a role of the barriers in

iron deregulation and oxidative stress, as it will next be addressed.

IS THE AGED BLOOD-CSF BARRIER CONTRIBUTING

FOR IRON DEREGULATION WITHIN THE BRAIN?

In models of aging and AD, the CP was shown to contribute for

the increase in reactive oxygen and nitrogen species observed in

the brain. This increase in oxidative stress may, to some extent,

be connected to an increased iron concentration, which in itself

may lead to the formation of reactive species through the Fenton’s

reaction (Kell, 2009). However, a central question remains to be

answered in the AD brain: whether CP epithelial cells accumulate

iron in excess, as an attempt to protect the brain parenchyma,

or present some sort of deficit regarding the transport of iron

out of the brain. A hypothetical increase in intracellular iron

in CP epithelial cells may prevent the correct functioning of

enzymes involved in the mitochondrial respiratory chain, which

could be one of the causes for increased mitochondrial stress

and cell apoptosis, shown to occur in the CP from patients with

AD (Vargas et al., 2010). Moreover, in AD, besides the forma-

tion of reactive species and protein carbonylation, traditional

markers of oxidative stress are up-regulated in CP epithelial cells,

namely heat shock protein-90 and heme oxygenase-1 (HO-1)

(Anthony et al., 2003). HO-1 in particular is directly involved

in iron-metabolism, since it recycles heme, therefore, releasing

free iron and contributing to increased levels of intracellular iron

(❰ÏÐÑÒÓ Ô). Surprisingly, a high expression of APP was shown to

inhibit HO-1 and HO-2 activity and to accentuate free heme and

possibly free iron neuronal toxicity (Takahashi et al., 2000).

Besides oxidative stress, inflammation is another process that is

closely associated with the brain iron levels. As mentioned before,

it has been recently suggested that increased levels of peripheral

inflammation can induce a response in the CP and influence

ÕÖ×ØÙÚÛÖÜ ÚØ ÝÛÞÞßÞàÖ áÛßÖ×ÜâÚÛØâÛ ãããäåÖ×ØÙÚÛÖÜÚØä×Öæ May 2012 | Volume 6 | Article 25 | 6



Mesquita et al. Iron in aging and in AD

iron-metabolism (Marques et al., 2007, 2009a,b). As early as 3 h

after peripheral LPS administration, the expression of Il-6 and

Hamp is significantly up-regulated in the mouse CP (çèéêëì í)

(Marques et al., 2009a). Taking this feature of the CP epithelial

cells into account, it is plausible that the CP is functioning in

the brain as a regulator of iron-metabolism when an inflamma-

tory environment is established. It would be of great interest to

know if that is the case in aging and in AD, since it is recognized

that the levels of proinflammatory cytokines in the blood increase

with age (Villeda et al., 2011), which can influence the secre-

tion of iron-metabolism-related proteins, such as HAMP, by CP

epithelial cells. A recent study has shown that increased peripheral

markers of inflammation, measured in the blood of aged subjects,

do not correlate with increased levels of blood circulating HAMP

or low iron status in the brain (Ferrucci et al., 2010); however,

nothing is known concerning the levels of HAMP in the brain

cells or CSF of aged individuals. On the other hand, IL-6, that is

able to trigger the cell’s STAT3 signaling pathway, appears to be

associated to old-age anemia and is over-expressed in the aged

mouse brain in response to LPS (Chen et al., 2008). Since IL-6

was shown to participate in the regulation of the expression of

Hamp, not only in the liver (Lee et al., 2005) but also in the CP

(Marques et al., 2009a) of adult mice, it remains to be assessed if

the CP contributes to the level of IL-6 in the aged brain (çèéêëì í).

Moreover, the CP is able to up-regulate genes that encode for

iron-related proteins and transcription factors, such as Tfr2, Fth,

Cp (ceruloplasmin), Stat3, and Smad4 (çèéêëì í), in conditions

of peripheral inflammation, and these may contribute to regional

regulation of iron in the CNS (Marques et al., 2009a). In aging

and in AD, however, the pattern of expression of these genes by

the CP is still unknown.

Altogether, the aging process is accompanied by increasing lev-

els of inflammation and oxidative stress, both in the periphery

and in the brain, which can elicit changes in the CP’s capacity

to regulate iron metabolism and to impact on the initiation and

progression of brain pathology in AD.

CONCLUDING REMARKS

The CP, as a secretory tissue, influences the composition of the

CSF and, therefore, the brain milieu. Brain faculties progressively

decline with aging and are severely affected in AD. Age-dependent

alterations at the level of the BCSFB may impact on the patholog-

ical events that take place in the AD brain. Additionally, recent

studies strongly suggest that alterations in iron metabolism and

iron-related proteins can impact on initiation and progression of

AD pathology. Since the barriers of the brain can act as impor-

tant regulators of iron metabolism, it is timely to investigate

how they impact on brain homeostasis in aging and in AD. The

senescent-aged/AD CP epithelial cells may present alterations in

the expression of iron-carrier proteins and their receptors, such as

LCN2 and 24p3R or TF and TFR1, or in proteins involved in iron

export and storage, like HAMP, FPN, and FTH (çèéêëì í) that

will strongly influence iron homeostasis in the mammalian brain.

A dysregulation of the level of iron in the brain will enhance the

amyloidogenic pathway and potentiate the aggregation and toxic-

ity of Aβwhich, together with a decreased excretion of Aβ through

the CSF/CP/BBB (çèéêëì î) may impact on the progression of

brain pathology in AD.We believe that themodulation of the CP’s

function in this context can be a new potential therapeutic target

to prevent or delay the rapid aging and decay of the brain in AD.

Importantly, progressive aging-related changes in the transcrip-

tome and secretome of CP epithelial cells may be associated with

the diagnosis and prognosis of AD, andmay eventually lead to the

discovery of reliable markers of AD initiation and progression.
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Lipocalin 2 modulates the cellular response to amyloid
beta

SD Mesquita1,2, AC Ferreira1,2, AM Falcao1,2, JC Sousa1,2, TG Oliveira1,2, M Correia-Neves1,2, N Sousa1,2, F Marques*,1,2,3

and JA Palha1,2,3

The production, accumulation and aggregation of amyloid beta (Ab) peptides in Alzheimer’s disease (AD) are influenced by

different modulators. Among these are iron and iron-related proteins, given their ability to modulate the expression of the

amyloid precursor protein and to drive Ab aggregation. Herein, we describe that lipocalin 2 (LCN2), a mammalian acute-phase

protein involved in iron homeostasis, is highly produced in response to Ab1-42 by choroid plexus epithelial cells and astrocytes,

but not by microglia or neurons. Although Ab1-42 stimulation decreases the dehydrogenase activity and survival of wild-type

astrocytes, astrocytes lacking the expression of Lcn2 are not affected. This protection results from a lower expression of the

proapoptotic gene Bim and a decreased inflammatory response. Altogether, these findings show that Ab toxicity to astrocytes

requires LCN2, which represents a novel mechanism to target when addressing AD.

Cell Death and Differentiation advance online publication, 23 May 2014; doi:10.1038/cdd.2014.68

One of the pathological hallmarks of Alzheimer’s disease (AD)

is the increased production and accumulation of amyloid beta

(Ab) peptides in the brain, which result from themisprocessing

of the membrane amyloid precursor protein. Through an

unidentified combination of events, Ab peptides, initially

soluble, aggregate into oligomers, which are highly toxic to

brain cells. Oligomers of Ab ultimately deposit in different

brain regions and form amyloid plaques.1 The steps that drive

the amyloidogenic pathway are still unclear, but the aggrega-

tion of Ab into dimers, trimers and other toxic oligomeric forms

seems to be decisive. This process was shown to be

influenced by many factors, among which is iron, described

to favor the formation and stabilization of toxic Ab oligo-

mers.2,3Notably, iron accumulates with age in brain areas that

are preferentially affected in AD patients, such as the

hippocampus and the cortex.4 In these areas, iron and iron-

binding proteins were shown to accumulate in the amyloid

plaques.5 Interestingly, recent evidence points to alterations

in the level of iron metabolism-related proteins, such as

ferritin, and their impact on iron homeostasis as probable

causes of increased amyloid precursor protein expression

and misprocessing, as well as increased aggregation of Ab

into toxic oligomers.6,7

Recently, the iron-associated protein lipocalin 2 (LCN2)

was implicated in AD.8 LCN2, a member of the lipocalin family

of soluble proteins, was originally identified as a constituent of

granules in human neutrophils.9 It was first described as an

acute-phase protein10 able to bind and sequester bacterial

iron-loaded siderophores, thus preventing the growth and

dissemination of the infectious agents.11 In addition, LCN2

has been described also to mediate transferrin-independent

iron delivery12,13 and removal from cells,14 which is asso-

ciated with cell proliferation and apoptosis, respectively.

Although the pathway through which LCN2 influences cell

proliferation remains uncertain, LCN2-mediated apoptosis

involves the proapoptotic protein BCL2-like 11 (BCL2L11 or

BIM).14,15 Of notice, different cells from the central nervous

system (CNS), namely choroid plexus (CP) epithelial cells and

astrocytes, have been shown to produce LCN2 in response to

various stimuli.15–19 Importantly, a recent study demonstrated

that LCN2, produced in response to tumor necrosis factor

(TNF), is able to interfere with TNF receptor protective

signaling and to enhance the toxicity of glutamate and Ab.8

The present study investigated the mechanism through which

LCN2 contributes to the modulation of brain cell metabolism

and survival in response to Ab.

Results

CP epithelial cells overexpress Lcn2 in response

to Ab1-42. Incubation of rat CP epithelial cells with Ab1-42
induced the expression of Lcn2, specifically 48 h after

incubation with 1 mM Ab1-42. Incubation with a lower

concentration of Ab1-42, 0.1mM, for 24 and 48 h did not

influence the expression of Lcn2 (Figure 1a). The expression

of the genes encoding for the receptors of LCN2 (the solute
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carrier family 22 member 17 (Slc22a17 or 24p3r) and the

low-density lipoprotein-related protein 2 (Lrp2); Figure 1b),

for the iron metabolism-related proteins, heme oxygenase 1

(Hmox1) and ferritin heavy chain 1 (Fth), as well as the

expression of the proapoptotic gene Bim (Figures 1c–e)

was also induced by 1 mM Ab1-42. The alteration in Lcn2

expression resulted in increased percentage of cells

co-expressing LCN2 and transthyretin (TTR), a CP epithelial

cell-specific marker (Figures 1f and g).

Astrocytes produce and secrete LCN2 in response to

Ab1-42. As early as 24 h after incubation with 1 mM Ab1-42,

cultured astrocytes isolated from rat brain cortex,

which were Z95% positive for the specific astrocyte

marker glial fibrillary acidic protein (GFAP), presented an

overexpression of Lcn2, and of its receptors, 24p3r and

Lrp2 (Figure 2a). Notably, accompanying the upregulation

in gene expression, an increased oligomerization of

Ab1-42 was observed from 24 h onwards (Supplementary

Figure 1). Double staining for GFAP and LCN2 (Figure 2b)

and for CD11b, a specific marker for microglia present in

these cultures, and LCN2 (Figure 2c) showed intracellular

LCN2 labeling in GFAPþ cells, but not in CD11bþ cells,

upon Ab1-42 stimulation. In accordance, the percentage of

Figure 1 CP epithelial cells express Lcn2 in response to Ab1-42. (a) Lcn2mRNA level was measured in cultures of rat CP epithelial cells at 24 and 48 h after incubation with
vehicle (control, red line) or different dosages of Ab1-42 (0.1 or 1mM). Lcn2 expression was significantly increased only with 1 mM Ab1-42 at 48 h. (b) The expression of Lcn2
and of the genes that encode for its receptors (24p3r and Lrp2) was found significantly upregulated at 48 h of incubation with 1 mM Ab1-42 in comparison with the respective
time-point controls. (c–e) The expression of Hmox1 (c) was found significantly upregulated at 24 h of incubation with 1 mM Ab1-42, whereas the expression of Fth (d) and Bim
(e) was upregulated only at 48 h. (f) CP epithelial cells were stained for DAPI (blue) and with antibodies for TTR (red) and LCN2 (green). A clear increase in LCN2 production
was observed in Ab1-42-treated cells. (g) The quantification of LCN2

þTTRþ CP epithelial cells revealed that after treatment with Ab1-42 for 48 and 72 h there was a significant
increase in the percentage of double-positive cells, when compared with the respective time-point controls. Results are presented as mean±S.E.M. (NZ4/group; a–g) and
are representative of three independent experiments. Scale bars¼ 100 mm. *Po0.05 and **Po0.01 versus control; ANOVA with Tukey’s multiple comparison test
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LCN2þGFAPþ cells significantly increased, reaching a

peak at 48 h (Figure 2d), as well as the amount of LCN2

secreted by these cells (Figure 2e). LCN2 was secreted by

astrocytes both in response to Ab1-42 and to bacterial

lipopolysaccharide (LPS), a well-known inducer of the

expression of Lcn218 that was used as control (Figure 2f).

Of notice, when Ab1-42 was used to stimulate microglia-

enriched cultures, no LCN2 production was observed (data

not shown).

Treatment with 1 mMAb1-42 did not influence the expression

of Lcn2 in neuronal-enriched primary cultures from the mouse

brain (Figure 3a); whereas a significant overexpression of

24p3r and a decreased expression of Lrp2was observed after

incubating neurons with Ab1-42 for 48 h (Figure 3a). Western

blot quantification of protein extracts from cultured mouse

astrocytes or neurons exposed to Ab1-42 for 48 and 72 h

showed that LCN2 is highly produced by astrocytes but not by

neurons (Figure 3b). Using beta III-tubulin (bIII-TUB) as a

Figure 2 LCN2 is produced by cultured astrocytes in response to Ab1-42. (a) Lcn2, 24p3r and Lrp2 expression levels were measured in astrocytes cultured with 1mM Ab1-42
for 12, 24, 48 or 72 h and compared with the respective time-point controls (red line). Gene expression was significantly increased 24 h after the incubation with 1 mM Ab1-42
and presented a progressive decrease until it reached control levels at 72 h. (b) Astrocytes treated with vehicle (control) or with 1mM Ab1-42 for 48 h were stained for DAPI
(blue) and with antibodies for GFAP (red) and LCN2 (green). (c) Microglia, found in the astrocyte-enriched cultures, stained positively for the specific marker CD11b (red), but
not for LCN2 (green). (d) A significant increase in the percentage of LCN2þGFAPþ astrocytes was observed after treatment with Ab1-42 for 24, 48 and 72 h, when compared
with the respective time-point controls. (e) LCN2 protein was found to be increased in the culture supernatant of Lcn2(þ /þ ) astrocytes 24, 48 and 72 h after incubation with
1mM Ab1-42, when compared with the supernatant of vehicle-treated Lcn2(þ /þ ) astrocytes (Co). (f) LCN2 protein was secreted by Lcn2(þ /þ ) astrocytes in response to
incubation with 1 mM Ab1-42 or with 100 ng/ml LPS, whereas no LCN2 was detected in the supernatant of Lcn2(ÿ /ÿ ) astrocytes. Results are presented as mean±S.E.M.
(NZ4/group; a and d) and are representative of two (b–f) or three (a) independent experiments. Scale bars¼ 25mm. *Po0.05 and **Po0.01 versus control; ANOVA with
Tukey’s multiple comparison test
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specific marker for neuronal cells, once again, no LCN2þbIII-

TUBþ cells were observed 72 h after incubation with vehicle

(Figure 3c), LPS (Figure 3d) or Ab1-42 (Figure 3e). However,

we found cells that did not express bIII-TUB and stained

positively for LCN2. These cells, which represented o5% of

the total cells in culture, were GFAPþ astrocytes producing

LCN2 72h after stimulation with LPS (Figure 3g) or Ab1-42
(Figure 3h).

Lcn2(ÿ /ÿ ) astrocytes present higher dehydrogenase

activity and survival in response to Ab1-42. To investigate

whether LCN2 produced in response to 1 mM Ab1-42 was

protective or detrimental, we further investigated the cellular

dehydrogenase activity and survival of CP epithelial cells,

astrocytes and neurons, isolated from the brains of Lcn2

(þ /þ ) and of Lcn2(ÿ /ÿ ) mice, upon in vitro stimulation.

The cellular dehydrogenase activity was measured by the

ratio between the absorbance value relative to tetrazolium

reduction and the total number of cells. The response to

100 ng/ml LPS, which induces the secretion of LCN2 and

influences the cellular dehydrogenase activity and the

survival of astrocytes, but not of neurons,20 was used as

positive control. No differences on the basal activity of

dehydrogenases were observed between brain cells isolated

from Lcn2(þ /þ ) and those isolated from Lcn2(ÿ /ÿ ) mice

(Supplementary Figures 2A–C). Regardless of the cell’s

genotype, neither Ab1-42 nor LPS influenced the activity of

dehydrogenases of CP epithelial cells when compared with

the respective genotype control (Supplementary Figure 3).

On the contrary, Lcn2(þ /þ ) astrocytes presented a

significant decreased dehydrogenase activity, 48 h after

treatment with Ab1-42 or with LPS, when compared with the

respective genotype control; an effect that was more

pronounced at 72 h (Figure 4a). Interestingly, at 48 and

Figure 3 Neurons do not produce LCN2 in response to Ab1-42. (a) Lcn2, 24p3r and Lrp2 expression levels were measured in primary cultures of neurons isolated from
P0-P1 mice cortices, treated with 1mM Ab1-42 for 24, 48 or 72 h and compared with the respective time-point controls (red line). (b) Western blot analysis of protein extracts
from cultured neurons or astrocytes treated with vehicle (Co) or Ab1-42 for 48 and 72 h showed that only astrocytes produce LCN2. The ratio between the intensity of the bands
of LCN2 and b-actin confirmed the high levels of intracellular LCN2 only in astrocytes treated with Ab1-42. (c–h) Cultured neurons were treated with vehicle (c and f), 100 ng/ml
LPS (d and g) or 1 mM Ab1-42 (e and h) for 72 h. Immunocytochemical staining using DAPI (blue) and specific antibodies for LCN2 (green) and bIII-TUB (c–e) or GFAP (f–h)
(red) showed that onlyo5% of total cells, specifically GFAPþ astrocytes, were producing LCN2 in response to LPS and Ab1-42. Results are representative of two (a, c–h) or
three (b) independent experiments. Scale bars¼ 50mm. *Po0.05 and **Po0.01 versus control; ANOVA with Tukey’s multiple comparison test
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72h, the percentage of dehydrogenase activity of Lcn2(ÿ /ÿ )

astrocytes was significantly higher than that of Lcn2(þ /þ )

cells submitted to the same treatments; noticeably, the

dehydrogenase activity of Lcn2(ÿ /ÿ ) astrocytes increased

48h after incubation with Ab1-42 or LPS and reached control

levels after 72 h (Figure 4a). We next questioned whether the

previous differences in cellular dehydrogenase activity were

correlated with increased cell death (Figures 4b and c). Both

treatments, with 1 mM Ab1-42 or 100 ng/ml LPS, increased the

percentage of dead Lcn2(þ /þ ) astrocytes at 72 h, when

compared with vehicle-treated Lcn2(þ /þ ) astrocytes

(Figure 4c). Moreover, after incubation with Ab1-42 or LPS

for 72 h, the percentage of dead Lcn2(þ /þ ) astrocytes was

significantly higher when compared with that of Lcn2(ÿ /ÿ )

astrocytes (Figure 4c). Treatments did not affect Lcn2(ÿ /ÿ )

astrocytes (Figure 4c).

Neurons fromboth genotypes, Lcn2(þ /þ ) and Lcn2(ÿ /ÿ ),

were equally affected by 1mM Ab1-42, which decreased

neuronal dehydrogenase activity (Figure 4d) and increased

the percentage of dead cells 72 h after incubation

(Figures 4e and f). Unexpectedly, incubation with 100 ng/ml

LPS, described not to influence neuronal dehydrogenase

activity,20 induced a decrease in the activity of dehydrogenases

of Lcn2(ÿ /ÿ ) neurons, but did not affect Lcn2(þ /þ ) neurons

(Figure 4d); yet this effect did not translate into an increased

percentage of dead Lcn2(ÿ /ÿ ) neurons (Figure 4f).

LCN2 modulates the expression of Bim, iron- and

inflammation-related genes in astrocytes. We next

explored possible mechanisms linking higher production

and secretion of LCN2 to increased Ab1-42 toxicity. As

LCN2 is known to induce apoptosis through the over-

expression of the proapoptotic gene Bim,14 we next analyzed

the expression of Bim in rat astrocytes treated with 1mM Ab1-42.

Bim expression was upregulated 24 h after incubation with

Ab1-42 and returned to basal levels at 72 h (Figure 5a).

As mentioned before, CP epithelial cells also presented

Bim overexpression after 48 h of incubation with Ab1-42
(Figure 1e), nevertheless this increased expression did not

translate into changes in cellular dehydrogenase activity

(Supplementary Figure 3). Given that BIM exerts its

proapoptotic effect by interacting with anti-apoptotic proteins

located in the mitochondria,21 we next quantified the

percentage of astrocytes that presented co-localization of

the mitochondrial marker MitoTracker (MitoT) and BIM. We

observed a time-dependent progressive increase in the

percentage of cells that presented BIM and MitoT

co-localization (Figures 5b and c). To further investigate

the mechanism responsible for the increased susceptibility of

Lcn2(þ /þ ) astrocytes to Ab1-42, we next measured the

expression of iron-related and proinflammatory genes. As

seen in rat astrocytes (Figure 2a), mice Lcn2(þ /þ )

astrocytes similarly presented a significant increase in Lcn2

expression 24 and 48 h after incubation with 1mM Ab1-42
(Figure 5d). Treatment equally induced the expression of

24p3r in Lcn2(þ /þ ) and Lcn2(ÿ /ÿ ) astrocytes (Figure 5e),

but had no effect on the expression of Hmox2 (Figure 5i). Of

notice, Ab1-42 induced the expression of Lrp2, Bim, Hmox1,

Fth, Il6 and chemokine (C-X-C motif) ligand 10 (Cxcl10) only

in Lcn2(þ /þ ) astrocytes (Figures 5f–h and j–l).

Figure 4 Ab1-42 differentially affects the activity of cellular dehydrogenases and survival of Lcn2(þ /þ ) and of Lcn2(ÿ /ÿ ) astrocytes and neurons. (a) 1 mM Ab1-42 and
100 ng/ml LPS induced a decrease in the dehydrogenase activity of Lcn2(þ /þ ) astrocytes (black bars) when compared with vehicle-treated cells from the same genotype
(control, red line). Lcn2(ÿ /ÿ ) astrocytes (dashed bars) presented a higher dehydrogenase activity, 48 or 72 h after treatment with Ab1-42 and LPS, when compared with
Lcn2(þ /þ ) astrocytes. (b) The number of live (green) and dead (red) Lcn2(þ /þ ) or Lcn2(ÿ /ÿ ) astrocytes was assessed 72 h after treatment with vehicle (control), Ab1-
42 or LPS. Treatment of astrocytes with 30%H2O2 was used as positive control for cell death. (c) Lcn2(þ /þ ) astrocytes are more susceptible to the toxic effects of Ab1-42 and
LPS, as shown by the increased percentage of dead cells in comparison with Lcn2(ÿ /ÿ ) astrocytes. (d) The dehydrogenase activity of Lcn2(þ /þ ) and Lcn2(ÿ /ÿ )
neurons decreased equally at 72 h after treatment with Ab1-42, whereas LPS affected the dehydrogenase activity of Lcn2(ÿ /ÿ ) neurons only. (e) The number of live (green)
and dead (red) Lcn2(þ /þ ) or Lcn2(ÿ /ÿ ) neurons was assessed 72 h after treatment with vehicle (control), Ab1-42 or LPS. Treatment of neurons with 30% H2O2 was used
as positive control for cell death. (f) Despite the higher percentage of dead neurons after treatment with Ab1-42, no differences were observed between the percentages of dead
Lcn2(þ /þ ) neurons and of dead Lcn2(ÿ /ÿ ) neurons, after stimulation with Ab1-42 or LPS. Results are presented as mean±S.E.M. (NZ4/group) of percentage increase
of the corresponding genotypes and are representative of two (b–f) or four (a) independent experiments. Scale bars¼ 50mm. *Po0.05 and **Po0.01 versus control;
#Po0.05 and ##Po0.01 versus Lcn2(ÿ /ÿ ); ANOVA with Tukey’s multiple comparison test
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Exogenous LCN2 leads to death of astrocytes. Astro-

cytes isolated from Lcn2(ÿ /ÿ ) mice were shown to be

resilient to Ab1-42 toxicity. To assess if this protection could

be reverted, exogenous LCN2 alone or combined with Ab1-42
was added to the culture medium supernatant of astrocytes.

Lcn2(þ /þ ) or Lcn2(ÿ /ÿ ) astrocytes were treated for 72 h

with vehicle, 1 mM Ab1-42 alone, 100 ng/ml LCN2 alone or

1mM Ab1-42 plus 100 ng/ml LCN2 (Figures 6a and b). Once

again, incubation with 100 ng/ml LPS was used as a positive

control for LCN2 production by Lcn2(þ /þ ) astrocytes. All

treatments resulted in increased percentage of dead

Lcn2(þ /þ ) astrocytes (Figures 6a and b). Notably, LCN2,

alone or combined with Ab1-42, was able to significantly

increase the percentage of dead Lcn2(ÿ /ÿ ) astrocytes,

Figure 5 Expression of Bim, inflammatory and iron-related genes in Lcn2(þ /þ ) and Lcn2(ÿ /ÿ ) astrocytes is differentially modulated by Ab1-42. (a) mRNA level of Bim
was increased in rat astrocytes 24 h after incubation with Ab1-42. (b) Astrocytes were stained with a mitochondrial marker, MitoT (red), with a specific antibody for BIM (green)
and with DAPI (blue). Increased BIM staining was observed after incubation with Ab1-42. (c) Ab1-42 induced a significant and progressive increase in the percentage of
astrocytes that presented MitoT and BIM co-localization 24, 48 and 72 h after incubation. (d–l) Lcn2 expression (d) was significantly upregulated in mouse Lcn2(þ /þ )
astrocytes (black bars), 24 and 48 h after incubation with Ab1-42, when compared with the respective time-point control (red line). No Lcn2 expression was detected in
Lcn2(ÿ /ÿ ) astrocytes (dashed bars). Except for 24p3r (e) and Hmox2 (i), Ab1-42 induced an increase in the mRNA levels of Lrp2 (f) Bim (g), Hmox1 (h), Fth (j), Il6 (k) and
Cxcl10 (l) in Lcn2(þ /þ ) astrocytes, but not in Lcn2(ÿ /ÿ ) astrocytes. Results are presented as mean±S.E.M. (NZ5/group) and are representative of two (b and c) or
three (a, d–l) independent experiments. Scale bars¼ 25mm. *Po0.05 and **Po0.01 versus control; #Po0.05 and ##Po0.01 versus Lcn2(ÿ /ÿ ); ANOVA with Tukey’s
multiple comparison test
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when compared with control cells, whereas Ab1-42 alone or

LPS alone were not (Figure 6a).

Discussion

Herein, we provide evidence for a novel role of LCN2 as a

mediator of Ab cytotoxicity. Specifically, we show that

incubation with Ab1-42 induces the expression of Lcn2, and

its secretion, by CP epithelial cells and by astrocytes, but not

by microglia or neurons, isolated from the brain of both rats

andmice.Moreover, we show that Ab1-42 significantly reduces

the dehydrogenase activity and survival of astrocytes that

produce LCN2, an effect that is abrogated in astrocytes from

Lcn2(ÿ /ÿ ) mice. The protection of Lcn2(ÿ /ÿ ) astrocytes to

Ab1-42-mediated toxicity is lost by the addition of exogenous

LCN2.

We addressed the role of LCN2 in Ab toxicity by studying

the response of four cell types: CP epithelial cells, astrocytes,

microglia and neurons. CP epithelial cells constitute, in vivo,

the blood–cerebrospinal fluid (CSF) barrier and produce most

of the constituents of the CSF. Importantly, CP epithelial cells

are also involved in the excretion of Ab out of the brain through

different pathways.22,23One of these pathways ismediated by

LRP2, which is expressed by CP epithelial cells and was

shown to lead to Ab internalization and removal from the CSF

in a mouse model of AD.24 Here we show that, despite the

increased production of LCN2 protein after stimulation with

Ab1-42, CP epithelial cells seem to deal with the toxicity caused

by these peptides, through mechanisms that deserve further

investigation.

Astrocytes, the most abundant cells in the brain, interact

with neurons and regulate neuronal homeostasis,25 through

the secretion of several molecules, including LCN2.26

Production of LCN2 by astrocytes was previously described

both in vitro, in response to proinflammatory cytokines such as

interferon-g and TNF,17,26 and in vivo, in models of CNS

neuroinflammatory diseases like experimental autoimmune

encephalomyelitis19 and spinal cord injury.27 Interestingly,

also microglial cells were shown to respond to LCN2, which

seems to favor their polarization into a M1-activated pheno-

type.28Here, we show that LCN2 is not produced by microglia

in response to Ab1-42, both in astrocyte-enriched cultures

(o5% microglia) and in microglia-enriched cultures.

Given that neurodegeneration is a critical feature of AD and

that neurons are highly sensitive to monomeric/dimeric Ab1-42
toxicity,1,29 we also studied neurons. We clearly show that,

in vitro, Lcn2 expression is not altered in neurons and that

LCN2 protein is not produced by these cells, neither in basal

conditions nor in response to LPS or Ab1-42. Others have

suggested that, in vitro, LCN2 is produced by neurons in

response to TNF8 or to the less toxic Ab1-40 peptide30 and,

in vivo, by neurons from the hippocampus ofmice submitted to

acute stress.31 This discrepancy may be related to the

different stimuli studied or to neuron-enriched culture

Figure 6 Exogenous LCN2 alone or together with Ab1-42 induces an increase in the percentage of dead astrocytes. (a) The percentage of dead Lcn2(þ /þ ) astrocytes
(black bars) increased significantly after 72 h of incubation with 1 mM Ab1-42, 100 ng/ml LCN2, Ab1-42 plus LCN2 or with 100 ng/ml LPS. In response to the same treatments,
the percentage of dead Lcn2(ÿ /ÿ ) astrocytes (dashed bars) was only increased in response to LCN2 or Ab1-42 plus LCN2. (b) Representative images of live (green) and
dead (red) Lcn2(þ /þ ) or Lcn2(ÿ /ÿ ) astrocytes after treatment with Ab1-42, LCN2, Ab1-42 plus LCN2 or LPS for 72 h. Treatment of astrocytes with 30% H2O2 for 1 h was
used as positive control for cell death. Results are presented as mean±S.E.M. (NZ4/group) of percentage increase. Scale bars¼ 25mm. **Po0.01 versus control;
##Po0.01 versus Lcn2(ÿ /ÿ ); ANOVA with Tukey’s multiple comparison test
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contamination by astrocytes that can easily proliferate in

culture, even after treatment with inhibitors of cellular

proliferation. In accordance, we observed that a small

percentage of astrocytes (o5%) present in the neuronal-

enriched cultures treated with Ab1-42 or LPS, stained

positively for LCN2. Of relevance and concomitant to our

observations, a recent study states that, in the brain, only

reactive astrocytes are able to produce LCN2 and that, when

secreted, this protein is a potent mediator of neurotoxicity.26

Importantly, in response to Ab1-42, LCN2 appears to

mediate the overexpression of proinflammatory and iron-

related genes in astrocytes, favoring the already described

neurotoxic phenotype.32 One of these genes encodes for the

proinflammatory cytokine interleukin-6 (IL-6), which is highly

expressed by Lcn2(þ /þ ) astrocytes in response to Ab1-42,

supporting previous observations upon treatment with

Ab1-40.
33 The implication of LCN2 in this process stems from

the observation that Ab1-42 is not able to upregulate Il6

expression in Lcn2(ÿ /ÿ ) astrocytes. This regulatory loop

between LCN2 and IL-6 seems to happen in both directions,

as others have observed that Il6(ÿ /ÿ ) mice injected with

LPS present a lower expression of Lcn2 in the hypothalamus

when compared with Il6(þ /þ ) mice.34Similarly, the expression

of Il6 and Cxcl10 was upregulated in Lcn2(þ /þ ) astrocytes,

but not in Lcn2(ÿ /ÿ ) astrocytes, in response to Ab1-42. Previous

studies have shown that different cell populations from the

CNS are able to upregulate the expression of Cxcl10 after

treatment with LCN2, which, in turn, promotes the activation

and migration of glial cells within the CNS.16,28 Moreover,

Ab1-42 led to an overexpression of Hmox1 and Fth in CP

epithelial cells and in astrocytes. It is well established that both

CP epithelial cells and astrocytes have an important role in

brain iron metabolism and changes in the expression of iron-

related genes are often correlated with alterations in the level

of intracellular/extracellular iron ratio under stressful condi-

tions.35,36 Of relevance, we show that the changes observed

in the expression of Hmox1 and Fth in response to Ab1-42 are

abrogated in Lcn2(ÿ /ÿ ) astrocytes, suggesting that signal-

ing through LCN2 may directly or indirectly regulate the

expression of genes involved in iron metabolism. Ultimately,

high levels of extracellular LCN2, secreted by CP epithelial

cells or astrocytes in response to Ab1-42, can also impact on

the level of extracellular iron, thus promoting the formation

and stabilization of toxic Ab intermediates2 and increase the

level of oxidative andmitochondrial damage in brain cells.37,38

Also of relevance, LCN2 produced in response to Ab1-42 led

to dehydrogenase dysfunction and increased apoptosis.

Others have shown that LCN2 is an autocrine mediator of

astrocytosis, able to decrease the viability of astrocytes and to

increase the levels of oxidative damage by boosting the

effects of other noxious agents, such as sodium nitroprusside

dihydrate or LPS.17 Mechanistically, it was shown that 24p3R

is able to internalize apo-LCN2, promoting the removal of iron

from cells, which increases the level of BIM and cell

apoptosis.14 This is in agreement with another study,

reporting that apo-LCN2 secreted by astrocytes promotes

neuronal death in a concentration-dependent manner;26 an

effect that seems to be ablated if neurons are incubated with

apo-LCN2 plus iron-siderophore complexes.15 Supporting

these findings, we now show that monomeric/dimeric Ab1-42

increases the expression of 24p3r in astrocytes and neurons.

Therefore, LCN2, secreted in response to Ab1-42 and

internalized through 24p3R, can be an autocrine or paracrine

modulator of brain cell viability, via the iron-responsive

proapoptotic protein BIM (Figure 7). Overexpression of

Lcn2, 24p3r and Lrp2 in Lcn2(þ /þ ) astrocytes is accom-

panied by a progressive and significant decrease in the

activity of cellular dehydrogenases and increased cell death;

which is not observed in Lcn2(ÿ /ÿ ) astrocytes. This can be

due to a progressive increase of BIM that translocates into the

mitochondria in a process known to culminate in cell

apoptosis.21,39 Notably, the overexpression of Bim is also

regulated by LCN2, given that Bim expression is not induced

in Lcn2(ÿ /ÿ ) astrocytes upon stimulation with Ab1-42.

Concomitantly, after incubation with Ab1-42 or LPS, the

percentage of dead Lcn2(ÿ /ÿ ) astrocytes was lower than

that of Lcn2(þ /þ ) astrocytes, which reinforces the view that

in the absence of LCN2 the toxic effects of both Ab1-42 and

LPS are reduced. However, taking into account recent

observations suggesting that LCN2 alone is not able to induce

apoptosis in astrocytes,26 we cannot discard an indirect

modulation of astrocytes’ survival by molecules secreted by

activated microglia (o5% in astrocyte-enriched cultures),

because of their ability to respond to LCN2.28 In fact, others

have shown that in response to LPS, microglia are able to

influence the survival of brain cells, oligodendrocytes in

particular, by secreting proinflammatory molecules like

TNF,40 and that this process is modulated, in vivo, by LCN2.28

Of notice, neuronal apoptosis in response to Ab1-42 is

independent of their ability to produce LCN2 as the survival of

Lcn2(þ /þ ) and Lcn2(ÿ /ÿ ) neurons significantly decreased

in response to Ab1-42. Nevertheless, we show that 24p3r is

overexpressed by neurons after incubation with monomeric/

dimeric Ab1-42, which means that despite their inability to

produce LCN2, these cells may be able to respond to it.

Whether LCN2 is involved in neuronal overexpression

of Bim, which was shown to mediate apoptosis in response

to Ab1-42,
41 needs to be further investigated.

Our observations clearly support a role for LCN2 as a

modulator of the response of astrocytes to Ab peptides.

Interestingly, LCN2 is an acute-phase protein able to

modulate the expression of key proinflammatory mediators

in glial cells, such as IL-12, IL-23, TNF and inducible nitric

oxide synthase,16 that can ultimately influence glial and

neuronal morphology, migration and also sensitize these

brain cells to oxidative damage and apoptosis.15,17 Of

relevance, the expression of most of these proinflammatory

molecules, including LCN2, can be upregulated through

Toll-like receptor 4,42 which is activated by LPS, but is also

closely involved in the binding of extracellular Ab peptides.43

Toll-like receptor 4 signaling cascades, which are distinct

between glial cells and neurons,44 might also explain the

differences that we observe concerning the production of

LCN2, a topic that warrants further investigation. Accordingly,

it was recently shown that astrocytes isolated from the

brain of Lcn2(ÿ /ÿ ) mice are unable to express the classical

proinflammatory genes in response to LPS and interferon-g.32

We observed the same kind of gene expression abrogation in

Lcn2(ÿ /ÿ ) astrocytes after treatment with Ab1-42, whichmay

denote an anti-inflammatory phenotype that is conferring
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protection in response to these toxic peptides (Figure 7).

Curiously, others have shown that Ab peptides promote

calcium-dependent activation of NADPH oxidase in astro-

cytes, but not in neurons, which is closely associated with

increased neurodegeneration.45 Given this observation, it will

be important to further elucidate on the involvement of Ab-

induced calcium signaling and mitochondrial dysfunction as

triggers for increased LCN2 production and secretion by

astrocytes. Importantly, it has been previously shown that

LCN2 is able to modulate neuronal function, particularly

neuronal excitability, through the modulation of neuronal

spine formation and morphology.31 Thus, produced in

response to Ab1-42, LCN2 can regulate important mechan-

isms and pathways that are critical for brain cell activation31,32

and that may ultimately lead to alterations in brain areas

involved in cognition and memory, which are affected in AD.46

In agreement, patients with mild cognitive impairment present

high levels of LCN2 in the plasma47 and low levels of LCN2 in

the CSF,8 which points to an imbalance of LCN2 levels in the

brain in the early phases of dementia. It is clear, thus, that the

role of LCN2 in neurodegenerative disorders such as AD

warrants further investigation. This study adds an important

piece into the field by showing that LCN2 is required for Ab

toxicity to astrocytes, which becomes a natural target to

modulate in AD.

Materials and Methods
Animal strains and genotyping. Animal handling and experiments were
conducted in accordance with the Portuguese National Authority for Animal
Experimentation, Direção Geral de Veterinária (ID:DGV9457). Animals were kept
in accordance with the guidelines for the care and handling of laboratory animals

in the Directive 2010/63/EU of the European Parliament and Council. For cell
culture experiments, Wistar Han rat post-natal day 0 (P0)-P1 pups were used to
perform primary cultures of neurons and P5-P7 pups to perform cultures of
astrocytes, microglia or CP epithelial cells. In addition, Lcn2(ÿ /ÿ ) mice,48 and
the respective wild-type littermate controls, Lcn2(þ /þ ), raised in a C57BL/6J
background were used.

Primary cultures of CP epithelial cells. CP epithelial cells from rats or
mice pups were used to determine the response to Ab. CP epithelial cells were
prepared as described elsewhere,49 with minor modifications. Briefly, neonates
(P5-P7) were killed and the CP dissected from the four brain ventricles, under a
conventional light microscope (SZX7, Olympus, Hamburg, Germany). The tissue
was rinsed twice in phosphate-buffered saline (PBS, Invitrogen, Carlsbad, CA,
USA) without Ca2þ and Mg2þ , followed by a 25-min digestion with 0.1 mg/ml
pronase (Sigma-Aldrich, St. Louis, MO, USA) at 37 1C. Predigested tissue was
recovered by sedimentation and briefly shaken in 0.025% trypsin-EDTA
(Invitrogen) containing 12.5mg/ml DNAse I (Roche, Amadora, Portugal). The
supernatant was then withdrawn and kept on ice with 10% fetal bovine serum
(FBS, Invitrogen). This step was repeated five times. Cells were pelleted by
centrifugation and re-suspended in culture media consisting of Ham’s F-12 and
Dulbecco’s modified Eagle’s medium (DMEM; 1 : 1; Invitrogen) supplemented with
10% FBS, 2 mM glutamine, 50mg/ml gentamycin, 5 mg/ml insulin, 5 mg/ml
transferrin, 5 ng/ml sodium selenite, 10 ng/ml epidermal growth factor, 2 mg/ml
hydrocortisone and 5 ng/ml basic fibroblast growth factor (all from Sigma-Aldrich).
For further enrichment, cells were incubated on plastic dishes for 2 h at 37 1C. The
supernatant containing the CP epithelial cells was collected and placed for seeding
on 0.4mm pore size Transwells (Corning Life Sciences, Lowell, MA, USA) coated
with laminin (BD Biosciences, Bedford, MA, USA) at a density of 1� 105 cells/cm2.
The culture medium was changed every 2 days and CP epithelial cells were
maintained in culture for 5–7 days, at 37 1C in a humid atmosphere (5% CO2),
before performing the experiment. To assess the purity and confluence, cells were
immunostained with a specific antibody for TTR (kindly provided by Dr. Maria Joao
Saraiva, Institute for Molecular and Cell Biology, Porto, Portugal), a specific
marker of CP epithelial cells.50 Cell counting revealed that Z95% of the cells
stained positive for TTR.

Figure 7 LCN2 is induced by Ab1-42 and modulates cell survival. Lcn2 is one of the genes highly expressed by CP epithelial cells and astrocytes in response to Ab1-42.
This increase is similarly reflected at the LCN2 protein level. Ab1-42 induces the expression of 24p3r and Lrp2, genes that encode for receptors that bind LCN2 and can lead to
its internalization. LCN2 internalization may mediate the increase in proapoptotic BIM and its translocation into the mitochondria. Ultimately, Lcn2(þ /þ ) astrocytes, which
produce and secrete LCN2 in response to Ab1-42, present a decreased viability when compared with Lcn2(ÿ /ÿ ) astrocytes. Of notice, the production of LCN2 is somehow
mediating the expression of genes involved in iron metabolism and in the proinflammatory response to Ab1-42. It is still unclear if this LCN2-mediated apoptotic mechanism
occurs through alterations in the level of intracellular/extracellular iron ratio. However, these observations strongly suggest that LCN2 participates in the early proinflammatory
response induced by Ab peptides
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Primary cultures of astrocytes. The experimental procedure to obtain
primary cultures of astrocytes from the brain of P5-P7 rats or mice was the same
as described elsewhere, with some modifications.51 Brain macro-dissection was
performed in ice-cold PBS, without Ca2þ and Mg2þ , under a conventional light
microscope (SZX7, Olympus). Briefly, the olfactory bulbs were discarded and the
contaminating CP and meninges were carefully removed. The whole forebrain and
the cortices, including the hippocampus, were cut into smaller fragments and
incubated for 30min at 37 1C in PBS supplemented with 0.025% trypsin-EDTA
and 12.5mg/ml DNAse I. The digested tissue fragments were washed three times
with DMEM supplemented with 10% FBS, 0.5 mM L-glutamine, 1% sodium
pyruvate (Invitrogen) and 1% penicillin-streptomycin (10 000 units penicillin–10 mg
streptomycin, Sigma-Aldrich) and mechanically dissociated through a 2-ml pipette
and a Pasteur pipette. A single-cell suspension in supplemented DMEM was
obtained and cells were plated on coverslips or culture wells (Nunc, Roskilde,
Denmark) coated with poly-D-lysine (Sigma-Aldrich), at a density of 25 000 cells/cm2.
The culture medium was changed every 2 days and glial cells were maintained in
culture for 5–7 days, at 37 1C in a humid atmosphere (5% CO2). A confluent
monolayer of astrocytes was formed and cells were Z95% positive for GFAP.

Primary cultures of microglia. Microglia-enriched cultures were obtained
as described elsewhere, with some modifications.51 Brain macro-dissection and
cellular dissociation were performed following the same method described for
astrocytes. Briefly, after obtaining a single-cell suspension, 1� 106 cells/cm2 were
plated in polystyrene T75 flasks (Thermo Scientific, Fremont, CA, USA), previously
coated with poly-D-lysine (Sigma-Aldrich), and were maintained at 37 1C in a
humid atmosphere (5% CO2) for 2 weeks, in supplemented DMEM, with periodical
medium renewal. After that, the flasks were agitated in an orbital shaker at
240 r.p.m. during 4 h. Following this, the medium containing detached microglia
cells was collected, centrifuged at 1200 r.p.m. for 5min and the cells were
re-suspended in supplemented DMEM and plated at a density of 40 000 cells/cm2

on coverslips coated with poly-D-lysine (Sigma-Aldrich). Microglial cells (Z95%
positive for CD11b) were then maintained at 37 1C in a humid atmosphere
(5% CO2) until further testing.

Primary cultures of neurons. Primary cultures of neurons were obtained
from the brains of newborn mice (P0-P1) as described elsewhere, with some
modifications.52 Briefly, the olfactory bulbs, meninges and CP were removed from
the whole forebrain and the cortices, including the hippocampus, were dissected
into smaller fragments, trypsinized for 30min at 37 1C and mechanically
dissociated, following the same method described for glial cells. After that, the
cells were washed five times with Hanks’ balanced salt solution supplemented with
0.5% penicillin-streptomycin (Sigma-Aldrich), 10 mM HEPES solution and 1%
sodium pyruvate (Invitrogen) and re-suspended in minimum essential medium
(Invitrogen) supplemented with 10% FBS, 0.5% glucose (Sigma-Aldrich), 0.5%
penicillin-streptomycin, 2 mM L-glutamine and 1% minimum essential medium
vitamins (Invitrogen). Cells were plated on coverslips or culture wells (Nunc)
coated with poly-L-ornithine (Sigma-Aldrich), at a density of 50 000 cells/cm2 and
left at 37 1C in a humid atmosphere (5% CO2) for 5 h. After this, the medium was
changed into Neurobasal A (Invitrogen) supplemented with 0.5 mM L-glutamine
and 2% B27 (Invitrogen). The culture medium was changed 24 h after for
Neurobasal A with 2% B27, 1% newborn calf serum (Invitrogen), 0.5 mM
L-glutamine, 0.03 mM uridine (Sigma-Aldrich), 0.07mM FDU (Sigma-Aldrich) and
1mM kynurenic acid (Sigma-Aldrich) to prevent the proliferation of cells
undergoing mitotic division and to reduce enhanced synaptic transmission. The
neuronal cells were maintained in culture for at least 15 days, in a humid
atmosphere (5% CO2) at 37 1C, before starting the experiment. After 15 days in
culture, cells were Z95% positive for the neuronal marker bIII-TUB.

Cell treatment. Cells were treated with culture medium alone (vehicle or
control), culture medium with Ab1-42 (American Peptide Company, Sunnyvale, CA,
USA) or culture medium with bacterial LPS (Escherichia coli, serotype O55:B5,
Sigma-Aldrich), after reaching confluence. Ab1-42 was dissolved in Tris-NaCl buffer
(150mM NaCl and 50mM Tris-HCl pH 7.4 from Sigma-Aldrich) to a final
concentration of 221.5mM and kept in stock at -80 1C. We chose to use
preparations of soluble monomeric/dimeric Ab1-42 as a cellular stimulator, as this is
expected to mimic the form released by cells into the extracellular milieu.29,53

To stimulate the cells with 0.1 or 1mM monomeric/dimeric Ab1-42, stock Ab1-42
was dissolved in the appropriate culture medium. As shown in Supplementary
Figure 1, during the incubation period these become oligomeric, which again

mimics what seems to occur in vivo.1 Cells were also stimulated with
100 ng/ml LPS or 100 ng/ml LCN2 for 48 or 72 h. Cells incubated with 30%
H2O2 (Panreac Quimica, Cascais, Portugal) were used as positive controls for
cell death.

Gene expression measurements by qRT-PCR. Total RNA was
extracted from cells using the RNeasy Plus Micro Kit (Qiagen, Hamburg,
Germany), following the manufacturer’s instructions. RNA quality and quantifica-
tion was assessed in the NanoDrop ND-1000 (NanoDrop, Thermo Scientific,
Wilmington, DE, USA) and 500 ng of RNA from each sample was reverse
transcribed into cDNA using the iScriptTM cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA) following the manufacturer’s instructions.
Primers used to measure the expression levels of selected mRNA transcripts of
Rattus norvegicus and of Mus musculus by qRT-PCR were designed using the
Primer3 software,54 on the basis of the respective GenBank sequences. The
reference gene hypoxanthine guanine phosphoribosyl transferase (Hprt) was used
as internal standard for the normalization of the selected transcripts’ expression.
All gene accession numbers and primer sequences are provided in Supplementary
Table 1. Annealing temperatures are available on request. qRT-PCR was
performed on a CFX 96TM real-time system instrument (Bio-Rad Laboratories),
with the QuantiTect SYBR Green RT-PCR reagent kit (Qiagen) according to the
manufacturer’s instructions, using equal amounts of cDNA from each sample. The
cycling parameters were 1 cycle at 95 1C for 15min, followed by 40 cycles at
94 1C for 15 s, annealing temperature (primer specific) for 30 s and 72 1C for 30 s,
finishing with 1 cycle at 65 1C to 95 1C for 5 s (melting curve). Product
fluorescence was detected at the end of the elongation cycle. All melting curves
exhibited a single sharp peak at the expected temperature.

Immunocytochemistry and fluorescence microscopy. Cells were
fixed in 4% paraformaldehyde at room temperature (RT) for 20 min. If
mitochondrial staining was required, before fixation, the cells were incubated
with MitoTracker Red FM (MitoT, Invitrogen) for 30 min at 37 1C in a humid
atmosphere (5% CO2), according to the manufacturer’s instructions. Cells were
then blocked with PBS 0.3% Triton X-100 (Sigma-Aldrich; PBS-T) with 0.5%
bovine serum albumin (Sigma-Aldrich) for 1 h at RT. The different cell types
were incubated for 1 h at RT with the primary antibodies for TTR (1 : 1000),
GFAP (1 : 500, Dako, Golstrup, Denmark), CD11b (1 : 100, BioLegend, San
Diego, CA, USA), bIII-TUB (1 : 500, Millipore Iberica, Madrid, Spain), LCN2
(1 : 400, R&D Systems, Minneapolis, MN, USA) or BIM (1 : 200, Cell Signaling
Technology, Beverly, MA, USA) diluted in PBS-T. Cells were washed and
incubated with specific Alexa 488-conjugated or Alexa 594-conjugated
secondary antibodies (Invitrogen) diluted in PBS-T (1 : 500) for 1 h at RT,
according to the source and isotype of the primary antibodies. Cells were
washed with PBS and incubated with 40,6-diamidino-2-phenylindole (DAPI,
1 : 1000, Invitrogen) in PBS for 5 min at RT. Finally, cells were washed with
PBS, the glass coverslips were mounted in PermaFluor mounting medium
(Thermo Scientific). Fluorescence analysis and image capture were performed
using a conventional (BX61; Olympus) or a confocal (FV1000; Olympus)
microscope.

Cell counting strategy. The confocal microscope was used to acquire 30
images from random consecutive fields of each glass coverslip (each sample). Ten
images were randomly selected and used for the quantification of total number
(DAPIþ cells), single- or double-positive cells using the Olympus Fluoview
FV1000 software (Olympus). The number of double-positive cells was normalized
to the number of TTRþ cells (for CP epithelial cells), GFAPþ cells (for astrocytes)
or MitoTþ (mitochondrial marker) cells. Increased percentage of double-positive
cells after treatment with Ab1-42 was calculated assuming 100% for the respective
time-point controls.

Western blot for LCN2 and Ab1-42. To assess the presence of cellular
LCN2 protein, total protein was extracted from cells homogenized in suspension
buffer (0.25M NaCl; 0.05M Tris–HCl pH 7.6; 2mM EDTA pH 8.0, 10% glycerol
and complete protease inhibitor cocktail, all from Sigma-Aldrich), followed by
sonication for 3 min. The homogenates were centrifuged at 4 1C for 10min at
10 000 r.p.m., and the pellet was discarded. Proteins were quantified using the
Bio-Rad protein assay. To assess the degree of Ab1-42 oligomerization or the
presence of LCN2 in the culture medium supernatants, the samples were
concentrated by reducing the total volume of medium to about 1/10 of initial
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volume, using the Thermo/Savant SpeedVac (Artisan Technology Group,
Champaign, IL, USA). The same volume of culture medium (25–40ml) or total
cellular protein (10 mg) from each sample was boiled for 5min in Laemmli buffer
(4%SDS; 0.12M Tris–HCl pH 6.8; 20% glycerol and 0.2 M DTT, all from Sigma-
Aldrich), resolved in a 10% (for LCN2) or 12% (for Ab1-42) polyacrylamide gel
(SDS-PAGE) and then transferred to a nitrocellulose membrane. The membrane
was stained with Ponceau S (Sigma-Aldrich) to confirm transfer efficiency. The
membrane was blocked with 5% skim milk (Nestle S.A., Linda-a-Velha, Portugal)
in PBS 0.1% Tween 20 (Sigma-Aldrich) and then probed with mouse anti-human
Ab1-16 (6E10) antibody (1 : 1000, Covance, Madrid, Spain) or goat anti-mouse
LCN2 antibody (1 : 500, R&D Systems) in 2.5% skim milk in PBS 0.1% Tween 20.
Goat anti-mouse IgG-HRP (1 : 5000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) or donkey anti-goat IgG-HRP (1 : 10 000, Santa Cruz Biotechnology) in PBS
0.1% Tween 20 was employed as secondary antibodies for Ab1-16 and LCN2,
respectively. The blot was developed using the Clarity Western ECL Substrate
(Bio-Rad Laboratories) and exposed to X-ray film (Amersham, Uppsala, Sweden).
If necessary, the membrane was also blotted with anti-mouse b-actin antibody
(1 : 100, Santa Cruz Biotechnology) to normalize for cellular protein load. Ratio
between the intensity of the bands of LCN2 and b-actin was measured using the
image processing software ImageJ (Bethesda, MD, USA).

Measurement of cellular dehydrogenase activity and viability.
Dehydrogenase activity of CP epithelial cells, astrocytes and neurons was
measured using the CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), according to manufacturer’s instructions. Briefly,
after the different treatments, cells were washed, first with PBS and then with
DMEM, and incubated with the tetrazolium compound diluted in DMEM (1 : 5)
for a period of 2–3 h, at 37 1C in a humidified atmosphere (5% CO2). The
degree of conversion of tetrazolium into the formazan product by viable cells is
considered a surrogate marker of the cellular dehydrogenase activity.55

Following this incubation period, culture medium of each culture well was
distributed in triplicates in a 96-well plate and the absorbance was read at
490 nm. Absorbance values were divided by the number of DAPI-positive nuclei
in the corresponding cell culture well, giving us a measure of the cellular
metabolism of tetrazolium into formazan. To calculate the differences in
dehydrogenase activity between the control and Ab1-42 or control and LPS
groups, the normalized absorbance values obtained for the vehicle-treated cells
(of each genotype) at 48 or 72 h, were defined as 100% of dehydrogenase
activity. Cell viability was assessed using the LIVE/DEAD Viability/Cytotoxicity
Kit (Invitrogen), according to the manufacturer’s instructions. Briefly, cells from
each well were washed with PBS and incubated with 2mM of ethidium
homodimer-1 and 0.5mM of the polyanionic dye calcein in PBS for 45min at RT,
protected from light. Cells were then washed with PBS and stained with DAPI for
5min at RT. Finally, cells were washed with PBS, fixed with 4% paraformaldehyde
at RT for 20min, washed with PBS, mounted with glass coverslips in PermaFluor
mounting medium and kept at 4 1C in the dark until further use. Alive cells
incorporated calcein and emitted green fluorescence (517 nm), whereas ethidium
homodimer-1 was incorporated in the nucleus of dead cells and emitted red
fluorescence (617 nm). The number of fluorescent live and dead cells was counted
and the percentage of dead cells was determined.

Statistical analysis. Values are reported as means±standard error
(S.E.M.). Each condition was tested at least in triplicates in each independent
experiment and the number of independent experiments is specified in the
legend of each Figure. Statistical significant differences between groups were
determined using one-way ANOVA, followed by Tukey’s multiple comparison
test. Values were considered to be statistically significant for Po0.05 (* or #)
and Po0.01 (** or ##).
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Supplementary Figure S1. Degree of oligomerization of Aβ1-42 alone or in cell culture. After dilution 

in the appropriate culture medium, but before incubation at 37 °C in a humid atmosphere (5 % 

CO2), the preparation of Aβ1-42 (1 µM) is mainly composed of monomers and dimers (less than 5 

kDa). Ressuspension of Aβ1-42 in culture medium alone and incubation at 37 °C for 12, 24, 48 or 

72 h, favored the maintenance of monomeric/dimeric Aβ and the formation of oligomers with less 

than 50 kDa. After treatment of astrocytes with 1 µM Aβ1-42 for 12, 24, 48 or 72 h, 

monomeric/dimeric, as well as higher weight oligomers (more than 50 kDa) could be detected in 

the culture medium supernatants. 
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Supplementary Figure S2. Basal dehydrogenase activity of Lcn2(+/+) and Lcn2(-/-) CP epithelial 

cells, astrocytes and neurons. (A-C) No significant differences were observed between the basal 

dehydrogenase activity of Lcn2(+/+) (black bars) and Lcn2(-/-) (dashed bars) CP epithelial cells (A). 

The same applied to cortical astrocytes (B) or cortical neurons (C) from both genotypes. Results are 

presented as mean ± SEM (N ≥ 5/group) of dehydrogenase activity and are representative of 3 (A, B 

and C) independent experiments; ANOVA with Tukey’s multiple comparison test. 
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Supplementary Figure S3. When compared to vehicle treated cells (control, red line), the 

dehydrogenase activity of Lcn2(+/+) (black bars) and Lcn2(-/-) (dashed bars) CP epithelial cells was 

not altered 72 h after incubation with 1 µM Aβ1-42 or 100 ng/mL LPS. Results are presented as 

mean ± SEM (N ≥ 4/group) of percentage increase of the corresponding genotypes and are 

representative of 2 independent experiments; ANOVA with Tukey’s multiple comparison test.  
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Supplementary Table S1. DNA sequences of the primers and GenBank accession numbers. 

Rattus norvegicus Primer sequences GenBank accession no. 

Bim 
Forward 5’-GTTCCTCCTGAGACTGCCTT-3’ 

Reverse 5’-TGCTACCAGATCCCCACTTT-3’ 
NM 022612.1 

Fth 
Forward 5’-ATGATGTGGCCCTGAAGAAC-3’ 

Reverse 5’-GTGCACACTCCATTGCATTC-3’ 
NM_012848.2 

Hmox1 
Forward 5’-CACGCATATACCCGCTACCT-3’ 

Reverse 5’-AAGGCGGTCTTAGCCTCTTC-3’ 
NM_012580.2 

Hprt 
Forward 5’-GCAGACTTTGCTTTCCTTGG-3’ 

Reverse 5’-TCCACTTTCGCTGATGACAC-3’ 
NM 012583 

Lcn2 
Forward 5’-TCACCCTGTACGGAAGAACC-3’ 

Reverse 5’-TCGGTGGGAACAGAGAAAAC-3’ 
NM_130741.1 

Lrp2 
Forward 5’-CCAGAAAATGTGGAAAACCAG-3’ 

Reverse 5’-CACAGCCACAGCATCCTTTA-3’ 
NM_030827.1 

24p3r 
Forward 5’-AATGACTCTCACGGGGATTG-3’ 

Reverse 5’-AGTGGTGGGGATGACTTCAG-3’ 
NM_177421.3 

Mus musculus Primer sequences GenBank accession no. 

Bim 
Forward 5’-TGCCTGACGTCTGAAGTTCT-3’ 

Reverse 5’-TAACCTGTGGAGAGCTGTGG-3’ 
NM_009754.3 

Cxcl10 
Forward 5’-CGATGACGGGCCAGTGAGAATG-3’ 

Reverse 5’-TCAACACGTGGGCAGGATAGGCT-3’ 
NM_021274.2 

Fth 
Forward 5’-TGATGAAGCTGCAGAACCAG-3’ 

Reverse 5’-GTGCACACTCCATTGCATTC-3’ 
NM_010239.2 

Hmox1 
Forward 5’-TGCTCGAATGAACACTCTGG-3’ 

Reverse 5’-TCCTCTGTCAGCATCACCTG-3’ 
NM_010442.2 

Hmox2 
Forward 5’-CTGCGAAGGTACAGAGAGAG-3’ 

Reverse 5’-GTCTGCCATTTTGGTATGGTTT-3’ 
NM 001136066.2 

Hprt 
Forward 5’-GCTGGTGAAAAGGACCTCT-3’ 

Reverse 5’-CACAGGACTAGAACACCTGC-3’ 
NM 013556 

Il6 
Forward 5’-CCGGAGAGGAGACTTCACAG-3’ 

Reverse 5’-TCCACGATTTCCCAGAGAAC-3’ 
NM_031168.1 

Lcn2 
Forward 5’-CCAGTTCGCCATGGTATTTT-3’ 

Reverse 5’-GGTGGGGACAGAGAAGATGA-3’ 
NM_008491.1 

Lrp2 
Forward 5’-CAACAGCCTTCACTTGTGCC-3’ 

Reverse 5’-CAAGTGATGGGAGGGCAGTT-3’ 
NM_001081088.1 

24p3r 
Forward 5’-AATGACTCTCACGGGGATTG-3’ 

Reverse 5’-AGTGGTGGGGATGACTTCAG-3’ 
NM_021551.4 
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Abstract 

Alterations in the levels of iron and iron metabolism-related proteins in the brain are closely 

associated with the neuropathological events observed in Alzheimer's disease (AD). In particular, 

changes in the level of the acute-phase protein lipocalin 2 (LCN2), which also plays an active role in 

iron delivery into or removal from cells, were observed in the brain of AD patients. However, the role 

of LCN2 in the AD brain is still poorly understood. We have recently shown that amyloid beta (Aβ) 

peptides are able to induce the production of LCN2 by astrocytes and that, in the absence of LCN2, 

these glial cells are able to cope with Aβ-induced toxicity. To check if this response was also 

observed in vivo, we performed stereotaxic injections of 10 µM Aβ1-42 (ipsilateral) or vehicle 

(contralateral) in the dorsal hippocampus (dHPC) of wild-type and Lcn2-null mice. We have observed 

an increased number of astrocytes producing LCN2 in the ipsilateral brain hemisphere of wild-type 

mice, when compared to the control contralateral side. Furthermore, in the absence of LCN2, 

astrocytes presented a less ramified morphology in response to Aβ1-42. This indicates that LCN2 is 

able to modulate the cellular response in an in vivo model of Aβ toxicity and that targeting LCN2 

production and related signaling pathways may be a promising approach to modulate the 

neuroinflammatory response in the AD brain. 
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1. Introduction 

Lipocalin 2 (LCN2) is a small secreted protein initially described to be produced by neutrophils (1) 

and later shown to be also secreted by hepatocytes in the acute-phase response (2). This protein 

participates in the mammalian innate immune response to bacterial infections and is able to 

sequester iron-loaded siderophores, limiting the proliferation of the invading pathogens (3, 4). 

Additionally, given that an endogenous mammalian siderophore was recently discovered, it was 

suggested that LCN2 can also play an important physiological role, namely in iron transport and 

delivery to cells (5, 6). Taken that LCN2-siderophore-iron complexes circulate in the blood, 

alterations in the level of LCN2 may impact either on iron uptake or release by the cells that express 

LCN2's receptors, namely 24p3R (5, 7). In light of this evidence, LCN2 has been linked with 

alterations in different cellular processes both in the periphery and in the central nervous system 

(CNS), even in the absence of infection (7, 8). Despite some controversy, due to the different 

experimental designs and types of stimulus tested, in the CNS, LCN2 was shown to be produced by 

choroid plexus epithelial cells at the blood-cerebrospinal fluid barrier, endothelial cells at the blood-

brain barrier, and by astrocytes, microglia and neurons in the brain parenchyma (8-11). Changes in 

the level of this protein in the brain were shown to influence different processes, such as the 

neuroinflammatory response, promoting glial activation and migration, and brain cell survival/death 

(11-15). Importantly, we have recently shown that the toxic peptide amyloid beta 1-42 (Aβ1-42), one 

of the major constituents of the extracellular senile plaques in Alzheimer's disease (AD), induces the 

production and secretion of LCN2, specifically by choroid plexus epithelial cells and by astrocytes 

(16). The production of LCN2 by astrocytes in response to Aβ1-42 was associated with a decrease in 

cellular metabolic activity and increased cell death (16). Noticeably, this toxic effect was strongly 

decreased in astrocytes that were unable to produce LCN2 and was associated with a lower level of 

expression of iron metabolism-associated and proinflammatory genes (17). To further elucidate the 

role of LCN2 production in response to increased levels of Aβ peptides, we now extend our initial in 

vitro observation to the in vivo setting, by performing stereotaxic injections of Aβ1-42 in the dorsal 

hippocampus (dHPC) of wild-type [Lcn2(+/+)] and Lcn2-null [Lcn2(-/-)] mice and by measuring the 

levels of LCN2 and its effect on astrocytes' morphology in the vicinity of the injection site. 
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2. Materials and methods 

2.1. Animal handling and Aβ1-42 stereotaxic injections 

Animal handling and experiments were conducted in accordance with the Portuguese national 

authority for animal experimentation, Direção Geral de Veterinária (ID:DGV9457). Animals were kept 

in accordance with the guidelines for the care and handling of laboratory animals in the Directive 

2010/63/EU of the European Parliament and Council. The animals were housed and maintained in 

a controlled environment at 22–24 ºC and 55 % humidity, on 12 h light/dark cycles and fed with 

regular rodent’s chow and tap water ad libitum. Three months-old Lcn2(+/+) and Lcn2(-/-) mice (4) 

were used to perform the stereotaxic injections of Aβ1-42 in the dHPC. Aβ1-42 (American Peptide 

Company, Sunnyvale, CA, USA) was dissolved in Tris-NaCl buffer (150 mM NaCl and 50 mM Tris-

HCl, pH 7.4, from Sigma-Aldrich, St. Louis, MO, USA) to a final concentration of 221.5 µM and kept 

in stock at -80 °C. A working 10 µM solution of Aβ1-42 was prepared before the stereotaxic 

injections, by further diluting the stock solution in Tris-NaCl buffer. Under deep anesthesia, induced 

by an intraperitoneal injection of a mixture of ketamine hydrochloride (75 mg/Kg, Imalgene 1000, 

Merial SAS, Lyon, France) plus medetomidine hydrochloride (1 mg/Kg, Dorben, SYVA Lab, S.A., 

Leon, Spain), 5 µL of 10 µM Aβ1-42 or of vehicle, were injected, at 1 µL/min, in the mice's right 

dHPC (ipsilateral) or left dHPC (contralateral), respectively. The injection coordinates were -1.9 mm 

from the skull's bregma, 1.2 mm (ipsilateral) or -1.2 mm (contralateral), from the midline, and -2.0 

mm, from the brain surface (18). The surgical area was cleaned with sterile 0.9 % saline, the 

incision was sutured and, after a subcutaneous injection of atipamezole (1 mg/kg, Antisedan, Orion 

Pharma, Espoo, Finland), the mice were monitored until recovery from anesthesia. 24 h after 

injection, mice were anesthetized with an intraperitoneal injection of a mixture of ketamine 

hydrochloride (150 mg/kg, Imalgene® 1000) and medetomidine hydrochloride (0.3 mg/kg, 

Dorben®) and transcardially perfused with 0.9 % saline; afterwards the brain was removed, 

immediately embedded in Richard-Allan Scientific™ Neg-50™ Frozen Section Medium (ThermoFisher 

Scientific, Waltham, MA, USA), snap-frozen and kept frozen at -20 °C until further sectioning in the 

cryostat. 

 

2.2. Immunohistochemistry and immunofluorescence for Aβ, LCN2 and glial fibrillary acidic 

protein (GFAP) 

Frozen brains were sectioned in serial 20 μm coronal sections. Brain sections were fixed in 4 % 

paraformaldehyde (Panreac Química S.L.U., Barcelona, Spain). After antigen retrieval, by heat, with 
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10 mM citrate buffer (Sigma-Aldrich), sections were blocked with a solution of PBS 0.3 % Triton X-

100 (Sigma-Aldrich) (PBS-T) and 0.5 % bovine serum albumin (BSA, Sigma-Aldrich) for 1 h at RT. 

Afterwards, sections were probed with primary antibodies, namely anti-human Aβ1-16 (6E10, 

1:1000, Covance, Madrid, Spain), or anti-mouse GFAP (1:200, Dako, Golstrup, Denmark) alone, or 

combined with anti-mouse LCN2 (1:400, R&D Systems, Minneapolis, MN, USA), diluted in blocking 

solution, overnight at RT. Sections were then incubated with the appropriate fluorescent secondary 

antibodies, combined to Alexa 594 or to Alexa 488 (Invitrogen, Carlsbad, CA, USA), diluted 1:500 in 

PBS-T. Sections were then washed with PBS and incubated with 4,6-diamidino-2-phenylindole (DAPI, 

1:1000, Invitrogen), to stain the cell nucleus, for 5 min at RT. Finally, sections were rinsed in PBS 

and mounted in Shandon Immu-Mount (ThermoFisher Scientific). Alternatively, for the morphological 

analysis of GFAP
+
 cells in the Cornu ammonis 1 (CA1) region of the dHPC, sections were incubated 

with biotinylated goat polyvalent antibody for 1h and, after rinsing in PBS-T, with streptavidin-HRP 

(UltraVision Large Volume Detection System, ThermoFisher Scientific) for 1 h, at RT. Sections were 

incubated with 3,3-diaminobenzidine tetrahydrochloridehydrate solution (DAB, Sigma-Aldrich) for 10 

min, washed, dried and mounted in Entellan (Merck, Darmstadt, Germany).  

 

2.3. Quantification of LCN2 levels, number of GFAP
+
LCN2

+
 cells and astrocytic morphology  

Images from the ipsilateral and the contralateral injection sites (red region, Figure 1A) and 

surrounding area of the brain parenchyma (green region, Figure 1A), from 3 coronal brain slices of 

the same animal, were obtained using the confocal microscope (FV1000; Olympus, Hamburg, 

Germany). The quantification of the surface occupied by LCN2
+
 cells and the number of 

GFAP
+
LCN2

+
 cells was assessed using the ImageJ software (developed by the National Institutes of 

Health, Bethesda, MD, USA) and the Olympus Fluoview FV1000 software, respectively. The 

morphology of 10 astrocytes from the CA1 region of the dHPC (Figure 1A, yellow region) of each 

ipsilateral brain hemisphere of Lcn2(+/+) and Lcn2(-/-) mice was analyzed using a motorized optical 

microscope (BX51TF, Olympus), with oil objectives, coupled to a camera (U-TV1X-2, Olympus) and 

with the NeuroLucida software (Olympus). In order to perform a blind assessment of the cellular 

morphology, the different slides, with the brain sections stained for GFAP, were given code names. 

Analysis of the reconstructed GFAP
+
 cells, as well as of the morphological parameters, were 

performed using the NeuroExplorer software (Olympus). 
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2.4. Statistical analysis 

Results were obtained in two independent experiments and values are reported as mean ± standard 

error (SEM). The number of biological replicates (N) of the representative independent experiments 

is specified in the legend of Figure 1. Statistical significant differences between groups were 

determined using Mann-Whitney test. Values were considered to be statistically significant for p < 

0.05 (*) and p < 0.01 (**). 

 

3. Results 

3.1. Aβ1-42 leads to increased production of LCN2 in the dHPC 

We started by assessing whether the stereotaxic injection of 10 µM Aβ1-42 in the ipsilateral dHPC 

influenced the production of LCN2, when compared to the contralateral dHPC, where the same 

volume of vehicle was injected (Figure 1A, scheme in red). Staining for human Aβ revealed that 24 h 

after injection, Aβ1-42 was still detected in the ipsilateral dHPC (Figure 1A). Moreover, we observed 

LCN2
+
 cells both in the ipsilateral and in the contralateral dHPC (Figure 1B). Although the vast 

majority of these cells were GFAP
+
LCN2

+
, GFAP

-
LCN2

+
 cells were also present in the brain 

parenchyma, which are likely to be recruited leukocytes and brain endothelial cells (Figure 1B). Of 

relevance, in the ipsilateral hemisphere, LCN2
+
 cells occupied a larger area (Figure 1C) and there 

were more GFAP
+
LCN2

+
 cells per brain section (Figure 1D) in the vicinity of the Aβ1-42 injection site 

(Figure 1A, scheme in green), when compared to the contralateral hemisphere. 

 

3.2. Aβ1-42-induced astrocytosis is reduced in the absence of LCN2 

Based on the Aβ1-42-mediated increase in the levels of LCN2 in the dHPC of Lcn2(+/+) mice, we 

next investigated whether this could impact on the activation of astrocytes. For that, we evaluated 

the morphology of astrocytes in the CA1 region (Figure 1A, scheme in yellow) of the ipsilateral dHPC 

of Lcn2(+/+) or Lcn2(-/-) mice, 24 h after Aβ1-42 injection (Figures 1E, F). Together with an 

increased production of LCN2 (Figure 1E), astrocytes from the ipsilateral CA1 region of the dHPC in 

Lcn2(+/+) mice presented longer processes, surface and branching, when compared to astrocytes 

of the same brain region in Lcn2(-/-) mice (Figure 1F). 
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Figure 1. Increased production of LCN2 in response to Aβ1-42 is modulating astrocytosis in the 

dHPC. (A) The production of LCN2 in the mouse brain was assessed 24 h after injection of 5 µL 

of monomeric/dimeric 10 µM Aβ1-42 solution in the right dHPC (ipsilateral) or 5 µL of vehicle in 

the left hippocampus (contralateral) of Lcn2(+/+) mice. Staining with the 6E10 antibody was 

performed to verify the existence of human Aβ in the ipsilateral dHPC and to define an injection 

site (scheme, in red). Ipsilateral and contralateral areas were also defined to quantify the area 

occupied by LCN2
+
 cells and the number of GFAP

+
LCN2

+
 cells (scheme, in green), and to assess 

the morphology of astrocytes in the CA1 region (scheme, in yellow). (B) The vast majority of the 

cells were GFAP
+
LCN2

+
; however, GFAP

-
LCN2

+
 cells were also found in the brain parenchyma, 

which are probably endothelial cells. (C and D) A significant increase in the area of LCN2
+
 and 

the number of GFAP
+
LCN2

+
 cells was observed in the ipsilateral region, when compared to the 

contralateral region. (E) To check the effect of increased LCN2 production on astrocytosis, we 

assessed the morphology of astrocytes found in the ipsilateral CA1 region of the dHPC of 

Lcn2(+/+) and Lcn2(-/-) mice, 24 h after injection of Aβ1-42. (F) Ipsilateral CA1 astrocytes of 

Lcn2(+/+) mice presented longer and more ramified processes when compared to astrocytes 

from the same brain region of Lcn2(-/-) mice. Results in C and D are presented as mean ± SEM 

(N = 4/group) and in F are presented as mean ± SEM (N = 40/group); *p < 0.05 and **p < 

0.01, Mann-Whitney test. Scale bars = 500 µm in A; scale bars = 100 µm in B and E. 
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4. Discussion 

Herein, we show that the astrocytic morphological changes, induced by the injection of soluble Aβ1-

42 in the dHPC are, at least in part, modulated by the local production of LCN2. The consequences 

of increased production of LCN2 in the brain are still a matter of debate, but recent evidence points 

for its role on different cell types and in mediating the neuroinflammatory response. We have 

previously reported that, in vitro, LCN2 was able to modulate the cellular response to Aβ peptides by 

interfering with the expression of genes that are involved in different metabolic pathways, including 

iron metabolism and the inflammatory response (16). We now show that injection of Aβ in the brain 

dHPC leads to a marked increase in LCN2 production by astrocytes and increased activation status. 

Importantly, in Lcn2(-/-) mice, the astrocytes of the dHPC CA1 region present less ramified 

processes 24 h upon injection of monomeric/dimeric Aβ1-42. Altogether, these observations suggest 

that, as observed in vitro (16), increased production of LCN2 is somehow modulating astrocytosis 

and influencing the response to Aβ. Different studies have demonstrated that the injection of 

different forms of Aβ peptides, in different states of aggregation, either in the ventricles or in the 

HPC of the rodent brain, induced a rapid proinflammatory response, with increased production of 

cytokines and chemokines that promote glial activation (19-21). Astrocytes in particular, were shown 

to contribute to the proinflammatory response by producing interleukin-6 (IL-6) and chemokine (C-C 

motif) ligand 2 (19). However, besides leading to an abnormal inflammatory activation of astrocytes, 

increased production and accumulation of Aβ in the brain is also able to influence the metabolic 

activity and viability of these cells, by interfering with the metabolic pathways that regulate 

mitochondrial function and the levels of intracellular calcium (22-24). Moreover, it was recently 

shown that by reducing the degree of astrocytosis on an AD transgenic mouse model it was possible 

to improve cognition and synaptic function, to reduce glial activation, and to lower brain amyloid 

deposition (25). Importantly, it is believed that a general modulation of the neuroinflammatory 

response may attenuate the uncontrolled glial activation evoked by increased levels of Aβ peptides 

and can even prevent neurodegeneration, by decreasing neuronal loss and by safeguarding neuronal 

function and synaptic integrity (26-28). Despite being overlooked in the context of AD, the effect of 

LCN2 as a promoter of glial activation was shown to occur in response to different inflammatory 

stimuli. Increased production of LCN2 in the brain was observed in models of peripheral or CNS 

inflammation induced by bacterial lipopolysaccharide (9, 29) or in mouse models of spinal cord 

injury or multiple sclerosis (30, 31). Importantly, in these models, when secreted by astrocytes, 

LCN2 was shown to autocrinally promote increased expression of GFAP, process branching and the 
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migration of astrocytes into sites of brain injury (11, 12). Importantly, it was suggested that 

increased LCN2 production in the brain favors the polarization of astrocytes towards the classical 

proinflammatory activated phenotype, promoting increased production of nitric oxide synthase 2 and 

nitrite, chemokine (C-X-C motif) ligand 10, IL-6 and tumor necrosis factor by these cells. Moreover, 

LCN2 seems to inhibit the alternative pathway-associated IL-4/signal transducer and activator of 

transcription 6 (STAT6) signaling (12, 29). Yet, this effect is not astrocyte-specific, given that LCN2 is 

also able to signal microglia into a M1 classical activation pathway (9). Notably, increased 

production and secretion of LCN2, exclusively by reactive astrocytes, is extremely toxic to neurons 

(13). Also, we have shown before that, in vitro, LCN2 is an autocrine regulator of astrocyte activation 

and viability in response to increased levels of Aβ peptides.  

How these LCN2-mediated roles ultimately impact on behavior is far from understood. Of interest, 

studies in Lcn2(-/-) mice showed that the absence of LCN2 is associated with behavioral alterations, 

such as anxiety (10, 32) and cognitive impairment (32, 33). In accordance, LCN2 was found 

increased in the plasma of mild-cognitive impairment (MCI) patients and decreased in the 

cerebrospinal fluid, both in MCI and in AD (33, 34). Taking these observations into account, and the 

present in vivo findings, we propose that the increased production of LCN2 by astrocytes, in 

response to increased levels of Aβ, might be promoting an autocrine regulation of astrocytosis; 

whether LCN2 is also affecting Aβ-induced microglial activation, neuronal death and memory 

impairment, warrants further investigation. Additionally, it will be also important to explore the effect 

of LCN2 on the initiation and progression of chronic Aβ-induced brain pathology and behaviour 

alterations in AD mouse models. Still, our results suggest, once again, that the regulation of LCN2 

production and its paracrine signaling pathways in the brain, may represent potential 

pharmacological targets to prevent the exacerbated neuroinflammation and, consequently, brain 

damage and cognitive decline in AD. 
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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by a marked decline in 

cognition and memory function. Increasing evidence highlights the essential role of 

neuroinflammatory and immune-related molecules, including those produced at the brain barriers, 

on brain immune surveillance, cellular dysfunction and amyloid beta (Aβ) pathology in AD. 

Therefore, understanding the response at the brain barriers may unravel novel pathways of 

relevance for the pathophysiology of AD. Herein, we focused on the study of the choroid plexus (CP), 

which constitutes the blood-cerebrospinal fluid barrier, in aging and in AD. Specifically, we used the 

PDGFB-APPSwInd (J20) transgenic mouse model of AD, which presents early memory decline and 

progressive Aβ accumulation, and littermate age-matched wild-type (WT) mice, to characterize the 

CP transcriptome at 3, 5-6 and 11-12 months of age. The most striking observation was that the CP 

of J20 mice displayed an overall overexpression of type I interferon (IFN) response genes at all ages. 

Moreover, J20 mice presented a high expression of type II IFN genes in the CP at 3 months, which 

became lower than WT at 5-6 and 11-12 months. Importantly, along with a marked memory 

impairment and increased glial activation, J20 mice also presented a similar overexpression of type I 

IFN genes in the dorsal hippocampus at 3 months. Altogether, these findings provide new insights 

on a possible interplay between type I and type II IFN responses in AD and point to IFNs as targets 

for modulation in cognitive decline. 
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1. Introduction 

Alzheimer's disease (AD) is the most prevalent form of dementia and is predicted to affect eighty 

million people worldwide by 2040 (1, 2). The major constraint of AD patients is the severe loss of 

cognitive abilities (1). Moreover, this neurodegenerative disease is characterized by two main brain 

pathological hallmarks: the extracellular deposition of amyloid beta (Aβ) peptides, in the form of 

senile plaques, and the formation of intracellular neurofibrillary tangles, as a result of increased 

aggregation of hyperphosphorylated Tau protein (3-6). The amyloidogenic hypothesis of AD 

considers that amyloid pathology may result from increased Aβ production, through the 

amyloidogenic processing of the amyloid precursor protein (APP), and/or decreased excretion of Aβ 

out of the brain (6, 7). In fact, oligomerization of Aβ peptides in the brain has been described as an 

early pathogenic event that is responsible for behavior alterations (8, 9). However, regardless of the 

attention given to increased Aβ formation and toxicity in the brain, neuroinflammation is also 

recognized as an early and essential mediator of brain pathology and behavior alteration in AD (10, 

11). Of relevance, the brain barriers, namely the blood-brain barrier, composed by the endothelial 

cells of the blood capillaries, and the blood-cerebrospinal (CSF) barrier, formed by the choroid plexus 

(CP) epithelial cells, seems to influence both the excretion of Aβ peptides out of the brain (12-14) 

and the inflammatory response (12, 15, 16). Particularly, besides its role in the secretion of the 

major components of the CSF, recent studies clearly indicate that the CP is able to modulate the 

cognitive function along aging, through changes in the neuroinflammatory response and in brain 

immune surveillance (17-19). Interestingly, the role of the CP in the neuroinflammatory response in 

AD, as well as its connection with impaired memory and cognition, is still poorly understood and is 

addressed in the present study. Specifically, we took advantage of a mouse model of AD that 

presents early cognitive deficits and brain amyloid pathology, the PDGFB-APPSwInd (J20) (9), and 

respective wild-type (WT) age-matched littermates, to study the changes in the CP transcriptome. 

Herein, we show a sustained activation of genes belonging to the type I interferon (IFN) signaling 

pathway in the CP of J20 mice, which is accompanied by a decreased expression of type II IFN 

genes along aging. Noticeably, we also observed that the overexpression of type I IFN genes at the 

dHPC, a brain region that is seriously affected in AD (20, 21), was concurrent with marked changes 

in astrocytic morphology in the dentate gyrus (DG) and that increased levels of IFN-α in the CSF 

were positively correlated with significant memory impairment. Altogether, these results suggest that 

alterations in IFN signaling may contribute to neuroinflammation, amyloid pathology and cognitive 

impairment in aging and in AD. 
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2. Materials and methods 

2.1. Ethics statement 

Animal handling and experimental procedures were conducted in accordance with the Portuguese 

national authority for animal experimentation, Direção Geral de Veterinária (ID:DGV9457). Animals 

were kept in accordance with the guidelines for the care and handling of laboratory animals in the 

Directive 2010/63/EU of the European Parliament and the Council. The animals were housed and 

maintained in a controlled environment at 22–24 °C and 55 % humidity, on 12 h light/dark cycles 

and fed with regular rodent’s chow and tap water ad libitum. 

 

2.2. Animal model and experimental groups 

Male hemizygous B6.Cg-Tg(PDGFB-APPSwInd)20Lms/2J/Mmjax (J20) mice, in a C57BL/6J 

background, first developed by Professor Lennart Mucke, of The J. David Gladstone Institutes (San 

Francisco, CA, USA) were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). Both 

hemizygous transgenic J20 mice and age-matched non-carrier littermates (WT) were used. Mice 

were divided, according to their age, into three groups: 3 months, 5-6 months and 11-12 months. 

 

2.3. Morris water maze (MWM) 

Memory was evaluated using the MWM paradigm. The MWM was performed in a white circular pool 

(170 cm in diameter and 50 cm in height) filled with tap water (23 ± 1 °C; 30 cm of depth) placed 

in a poorly lit room. The water tank was divided into four imaginary quadrants (north, east, south, 

and west), each corresponding to a fixed extrinsic clue visible to the mouse. A transparent escape 

platform (14 cm in diameter and 30 cm high), invisible to the mouse, was placed in the center of 

one of the quadrants and was maintained in that same position during the five days of the 

acquisition. For spatial reference-memory acquisition, a HPC-dependent task, the mice were placed 

randomly in one of the quadrants in each trial, and allowed to search for the hidden platform. During 

the five days of the acquisition phase, each mouse performed four trials per day. Each trial was 

concluded when the platform was reached within the time-limit of 120 s. If failing to reach the 

platform within this time-period, the mouse was guided to the platform and allowed to stay in it for 

30 s. The four random consecutive trials of each day were video-captured with a video-tracking 

system (Viewpoint, Champagne au Mont d’or, France) and the mean values of the time spent to 

reach the platform (latency to platform) were calculated. 
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2.4. Tissue sample collection and storage 

Mice were anesthetized with an intraperitoneal injection of a mixture of ketamine hydrochloride (150 

mg/kg, Imalgene
®

 1000) and medetomidine hydrochloride (0.3 mg/kg, Dorben
®

). Under deep 

anesthesia, cerebrospinal fluid (CSF) samples were collected from the cisterna magna and checked 

for blood contamination using a haemocytometer. Samples were stored at -80 ºC until further use. 

After this, mice were transcardially perfused with 0.9 % saline and the brains were removed from the 

skull. For gene expression analysis by microarray and qRT-PCR, the choroid plexus (CP) samples 

from each brain ventricle of the same mouse were rapidly removed under a conventional light 

stereomicroscope (SZX7, Olympus, Hamburg, Germany), pooled, snap-frozen and stored at -80 °C. 

Specific brain areas, namely the dorsal hippocampus (dHPC), were obtained by macrodissection, 

snap-frozen and stored at -80 ºC, for RNA extraction and gene expression analysis. Whole brains 

were fixed in 4 % paraformaldehyde (PFA, Panreac Química S.L.U., Barcelona, Spain) for 48 h and 

kept in paraffin blocks until further sectioning. Alternatively, brains were immediately embedded in 

Richard-Allan Scientific™ Neg-50™ Frozen Section Medium (ThermoFisher Scientific, Waltham, MA, 

USA), snap-frozen and kept frozen at -20 °C until further sectioning. 

 

2.5. Microarray and Ingenuity
®

 Pathway Analysis 

Total RNA was extracted from CP tissue using the RNeasy
®

 Plus Micro Kit (Qiagen, Hamburg, 

Germany), following the manufacturer's instructions. After quality assessment using the Agilent 

Bioanalyzer (Agilent Technologies, CA, USA), 500 ng of total RNA were used for T7-based mRNA 

amplification using the manufactured kit TargetAmp™ 2 - Round Biotin aRNA Amplification Kit 3.0 

(Epicentre, Illumina, Wisconsin, USA), according to the manufacturer’s instructions. The quality of 

amplified RNA was assessed using an Agilent Bioanalyzer. Amplified RNA was labeled and 

hybridized to Illumina Mouse Ref 8 v2.0 gene expression BeadChips, querying the expression of 

approximately 25,600 RefSeq-curated gene targets, for microarray analysis by the Southern 

California Genotyping Consortium (SCGC) core using the Illumina BeadStation platform. Statistical 

microarray analysis and gene expression analysis were performed at the Informatics Center for 

Neurogenetics and Neurogenomics (ICNN) core at UCLA using R (www.r-project.org) and 

Bioconductor (www.bioconductor.org) packages as described before (22, 23). The raw data was 

deposited in the GEO database, accession number GEO: GSE66598. Gene pathway and functional 

analysis was performed  using the Ingenuity Pathway Analysis 6.0 (IPA; Ingenuity
®

 Systems, 

www.ingenuity.com). The CP transcriptome of 3-5 mice of each age (3, 5-6 and 11-12 months) and 
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of each genotype (WT or J20) was analyzed and compared. The individual data sets consisted on: 1) 

the comparison between the CP transcriptome of J20 mice and the CP transcriptome of WT mice, at 

different ages; 2) the comparison between the CP transcriptome of 11-12 months-old mice and that 

of 3 months-old mice, for each genotype independently. The data sets containing the accession 

numbers, the log ratio and the p-value for each gene, whose expression was significantly changed (p-

value < 0.05), were uploaded into the IPA database. Using IPA and its applications, each gene 

identifier was mapped and the genes were used to build networks associated with a specific 

canonical pathway or with a relevant biological function or disease, according to the IPA database 

library. The Ingenuity
®

 Upstream Regulator Analysis computed an activation z-score and a Fisher's 

exact p-value (overlap p-value) for the most altered genes (Table S3). Furthermore, we used the IPA 

Upstream Regulator application to assemble an interactome using the five upstream regulators with 

the highest activation z-scores and the five upstream regulators with the lowest activation z-scores, 

along with the corresponding downstream target genes/molecules whose expression was 

significantly altered in the CP of J20 mice at each age (Table S1). To be included in the interactome, 

the networks had to present at least one connection with an upstream regulator or with a 

downstream gene of a different adjacent network; orphan networks were not presented. 

 

2.6. Primary cultures of CP epithelial cells and incubation with Aβ1-42 

CP epithelial cells from rat pups were used to determine the response to Aβ peptides. CP epithelial 

cells were prepared as described elsewhere (16), with minor modifications. Briefly, neonates (P5-P7) 

were sacrificed and the CP dissected from the four brain ventricles, under a conventional light 

stereomicroscope (SZX7, Olympus). The tissue was rinsed in phosphate buffer saline (PBS, 

Invitrogen, Carlsbad, CA, USA) without Ca
2+

 and Mg
2+

, followed by a 25 min digestion with 0.1 

mg/mL pronase (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C. Predigested tissue was recovered by 

sedimentation and briefly shaken in 0.025 % trypsin-EDTA (Invitrogen) containing 12.5 µg/ml DNAse 

I (Roche, Amadora, Portugal). The supernatant was then withdrawn and kept on ice with 10 % fetal 

bovine serum (FBS, Invitrogen). This step was repeated five times. Cells were collected by 

centrifugation and re-suspended in culture media consisting of Ham’s F-12 and Dulbecco’s modified 

Eagle’s medium (DMEM-F12, Invitrogen) supplemented with 10 % FBS, 2 mM glutamine, 50 mg/mL 

gentamycin, 5 mg/mL insulin, 5 mg/mL transferrin, 5 ng/mL sodium selenite, 10 ng/mL epidermal 

growth factor, 2 mg/mL hydrocortisone and 5 ng/mL basic fibroblast growth factor (all from Sigma-

Aldrich). For further enrichment, cells were incubated on plastic dishes for 2 h at 37 °C. The 
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supernatant containing the CP epithelial cells was collected and placed for seeding on 0.4 µm pore 

size transwells (Corning Life Sciences, Lowell, MA, USA) coated with laminin (BD Biosciences, 

Bedford, MA, USA) at a density of 1 x 10
5
 cells / cm

2
. The culture medium was changed every two 

days and CP epithelial cells were maintained in culture for 5-7 days, at 37 °C in a humid 

atmosphere (5 % CO2), before performing the experiment. To assess the cellular purity and 

confluence after 7 days in culture, an immunofluorescent staining was performed, using a primary 

antibody for transthyretin (TTR) (kindly provided by Dr. Maria Joao Saraiva, Institute for Molecular 

and Cell Biology, Porto, Portugal), a specific marker of CP epithelial cells (24). Cell counting revealed 

that ≥ 95 % of the cells stained positive for TTR. Stock Aβ1-42 (American Peptide Company, 

Sunnyvale, CA, USA) was prepared by dissolving the peptides in Tris-NaCl buffer (150 mM NaCl and 

50 mM Tris-HCl pH 7.4, all from Sigma-Aldrich) to a final concentration of 221.5 µM and kept at -80 

°C. After reaching confluence, CP epithelial cells were incubated for 60 h with DMEM-F12 alone 

(vehicle) or a solution of 1 µM monomeric/dimeric Aβ1-42, by dissolving stock Aβ1-42 in DMEM-F12 

medium. 

 

2.7. Gene expression analysis by qRT-PCR 

The quality assessment and quantification of the total RNA extracted from CP samples was 

performed in the NanoDrop
®

 ND-1000 and 350 ng of RNA from each sample were amplified using 

the MessageAmp™ II aRNA Amplification Kit (Ambion, Carlsbad, CA, USA) according to the 

manufacturer's instructions. Total RNA was also extracted from primary cultures of CP epithelial 

cells, using the RNeasy
®

 Plus Micro Kit (Qiagen), or from samples of dHPC, using the Trizol reagent 

(Invitrogen), following the manufacturer's instructions. Then, after quantification in the NanoDrop
®

, 

500 ng of total or amplified RNA from each sample was reverse transcribed into cDNA using the 

iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer's 

instructions. Primers used to measure the expression levels of selected mRNA transcripts by qRT-

PCR were designed using the Primer-BLAST tool of the National Center for Biotechnology 

Information (Bethesda, MD, USA) on the basis of the respective GenBank accession numbers. The 

reference gene hypoxanthine guanine phosphoribosyl transferase (Hprt) was used as internal 

standard for the normalization of the expression of selected transcripts. All GenBank accession 

numbers for Mus musculus (in vivo studies) or Rattus norvegicus (in vitro experiments) gene 

transcripts and primer DNA sequences are provided in Table S4. Annealing temperatures are 

available on request. The qRT-PCR was performed on a CFX 96TM real-time system instrument (Bio-
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Rad), with the SsoFast™ EvaGreen
®

 Supermix (Bio-Rad) according to the manufacturer’s 

instructions, using equal amounts of cDNA from each sample. The cycling parameters were 1 cycle 

at 95 °C for 15 min, followed by 40 cycles at 94 °C for 15 s, annealing temperature (primer 

specific) for 30 s and 72 °C for 30 s, finishing with 1 cycle at 65 °C to 95 °C for 5 s (melting 

curve). Product fluorescence was detected at the end of each elongation cycle. All melting curves 

exhibited a single sharp peak at the expected temperature. 

 

2.8. Quantification of Aβ and IFN-α in the CSF 

The quantification of Aβ in the CSF was performed by a direct enzyme-linked immunosorbent assay 

(ELISA) performed in Nunc MaxiSorp
®

 flat-bottom 96-well plates (ThermoFisher Scientific). The wells 

were coated with 1 µL of CSF diluted in 99 µL of a KH2PO4/K2HPO4 buffer (pH 8.0) solution (1:100 

dilution factor), for 2 h at 37 °C. After washing with PBS 0.05 % Tween
®

 20 (Sigma-Aldrich) and 

PBS, a blocking step with PBS 10 % skim milk (Nestle S.A., Linda-a-Velha, Portugal) was performed 

for 1 h at room-temperature (RT). Then, consecutive incubations for 1 h at RT were performed: first 

with rabbit anti-human Aβ (1:500, D54D2, Cell Signaling Technology, Danvers, MA, USA), second 

with biotinylated horse anti-rabbit (1:500, Vector Laboratories, Burlingame, CA, USA) and third with 

streptavidin-horseradish peroxidase (1:2500, Sigma-Aldrich). Each incubation step was separated by 

thorough washes with PBS 0.05 % Tween
®

 20 and PBS. Finally, the detection of Aβ was achieved by 

adding a solution containing 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 

(ABTS, Sigma-Aldrich), which induced a colorimetric reaction read at 405 nm. The standard curve 

was obtained using known concentrations of human Aβ1-42 (American Peptide Company, Sunnyvale, 

CA, USA) that ranged from 0.1 to 100 ng/µL (considering the linearity of the assay). The levels of 

IFN-α were measured in 1 µL of CSF, using the commercially available Mouse IFN alpha Platinum 

ELISA kit (Affymetrix, eBioscience, Vienna, Austria), according to the manufacturer's instructions. 

The standard curve was obtained using known concentrations of mouse IFN-α that ranged from 31.3 

to 2000 pg/mL. 

 

2.9. Immunofluorescent staining for Aβ peptides 

Serial sections of frozen brain (coronal sections) with a thickness of 20 µm were cut in the cryostat 

and collected to SuperFrost
®

 Plus slides (ThermoFisher Scientific). Sections were then fixed for 20 

min in 4 % PFA (Panreac), at RT. A step of antigen retrieval was performed afterwards, by heating 

the tissue sections for 20 min in 10 mM, pH 6.0, acetic acid (Sigma-Aldrich). After a blocking step 
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for 1 h at RT, with a solution of 0.5 % bovine serum albumin (BSA, Sigma-Aldrich) in PBS 0.3 % 

Triton X-100 (Sigma-Aldrich) (PBS-T), the tissue sections were incubated, overnight, with the primary 

antibody rabbit anti-human Aβ (1:1000, D54D2, Cell Signaling) diluted in blocking solution. After this 

period, the sections were rinsed in PBS-T and incubated with a secondary antibody conjugated to 

Alexa-594 (1:500, Invitrogen) diluted in PBS-T for 1 h at RT. Finally, after incubation in a solution of 

4,6-diamidino-2-phenylindole (DAPI, 1:1000, Invitrogen) in PBS for 5 min at RT, the sections were 

washed with PBS, and mounted in Shandon Immu-Mount (ThermoFisher Scientific). Fluorescence 

analysis and image capture were performed using a conventional fluorescence microscope (BX61; 

Olympus). 

 

2.10. Immunohistochemistry for glial fibrillary acidic protein (GFAP) and morphology of astrocytes 

To assess the morphology of astrocytes from the DG of the dHPC, 10 µm thick coronal brain 

sections were deparaffinized and antigen retrieval was performed by heating the tissue sections for 

20 min in 10 mM acetic acid solution, pH 6.0 (Sigma-Aldrich). Next, tissue peroxidases were 

inactivated, by immersion in a 0.3 % H2O2 solution for 30 min, and a blocking step was performed 

by incubation in a PBS-T 0.5 % BSA solution. Sections were later incubated overnight, at RT, with 

rabbit anti-mouse GFAP antibody (1:200, Dako, Golstrup, Denmark) diluted in blocking solution and, 

in the following day, rinsed in PBS-T and incubated with biotinylated goat polyvalent antibody 

(UltraVision Large Volume Detection System, ThermoFisher Scientific) for 1 h at RT. Finally, after 

rinsing in PBS-T, sections were further incubated for 1 h with streptavidin- horseradish peroxidase 

(UltraVision, ThermoFisher Scientific), rinsed again in PBS and exposed to a 3,3-diaminobenzidine 

solution (Sigma-Aldrich) for 10 min. After a thorough wash with PBS, sections were dried and 

mounted in Entellan (Merck, Darmstadt, Germany). The morphology of 10 astrocytes (GFAP
+
 cells) 

located in the DG of the dHPC of each mouse (N = 3/group) was assessed using an optical 

microscope (BX51TF, Olympus) coupled to a camera (U-TV1X-2, Olympus) and with the 

NeuroLucida software (Olympus). The samples were given a code name so that the morphology 

could be assessed by an investigator who was blinded to the experiment. Data was analyzed with the 

NeuroExplorer software (Olympus). 

 

2.11. Statistical analysis 

Values are reported as mean ± standard error of mean (SEM). The number of biological replicates 

(N) of the representative independent experiments is specified in the legend of each figure. 
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Statistical significant differences between groups were determined using the parametric Repeated 

measures two-way ANOVA with Bonferroni post-hoc test or the non-parametric two-tailed Mann 

Whitney test and Kruskal-Wallis with Dunns' multiple comparison test. Values were considered to be 

statistically significant for p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). Correlations were obtained 

by simple regression analysis, using the Pearson's correlation test, and results were considered to 

be statistically significant for p < 0.05. 

 

3. Results 

3.1. Age-associated memory decline is anticipated in J20 mice 

The MWM was used to test the performance of WT and J20 mice in a spatial reference-memory task 

at 3, 5-6 and 11-12 months of age (Figure 1A, B). At 3 months, WT mice took significantly less time 

to find the hidden platform, when compared to age-matched J20 mice (Figure 1B). At the ages of 5-

6 months and 11-12 months, the differences between WT and J20 mice became smaller; still, at 

11-12 months, J20 mice presented a significantly worst performance than WT mice at day 5 of the 

MWM (Figure 1B). To assess brain amyloid pathology in J20 mice, we measured the levels of Aβ in 

the CSF and evaluated the degree of Aβ aggregation and deposition in the dHPC (Figure 1C, D). 

There were no statistically significant differences between the levels of Aβ in the CSF of J20 mice at 

different ages (Figure 1C); yet, there was a progressive accumulation of Aβ and increased plaque 

burden in the dHPC of J20 mice with aging that was more obvious at 11-12 months (Figure 1D). No 

Aβ was detected in the CSF or in the brain of WT mice (Figure 1C, D). 

 

3.2. Age and Aβ impact differently on the CP transcriptome of WT and of J20 mice 

The changes in the CP transcriptome of J20 mice were assessed by microarray at 3, 5-6 and 11-12 

months of age and normalized to the changes observed in age-matched WT mice (Figure 1A). The 

highest number of up- and down-regulated genes in the CP of J20 mice was observed at 11-12 

months (Figure 1E). Of notice, we found no commonly altered genes after overlapping the CP 

transcriptomic changes of J20 mice at 3, 5-6 and 11-12 months (Figure 1F). Moreover, we found 

few commonly altered genes when comparing the transcriptomic changes in the CP of J20 mice two 

ages at a time (Figure 1F). The ten most up- or down-regulated genes in the CP of J20 mice (Table 

1) revealed alterations in genes that are involved in the functions classically attributed to the CP, 

such as the modulation of the CSF's composition, and that regulate the survival of CP cells and the 

maintenance of the barrier integrity (Table 1). We also analyzed the effect of aging, per se, in the CP 
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Figure 1. Cognitive performance, Aβ pathology and microarray analysis of the CP of WT and J20 

mice at 3, 5-6 and 11-12 months. (A) Cognitive performance and the level and state of 

aggregation of Aβ peptides were assessed in the brain of WT and J20 mice, at the ages of 3, 5-6, 

11-12 months. RNA was isolated and purified from samples of CP (3 ≤ N ≤ 5 /group) extracted 

from all the brain ventricles of each WT or J20 mice and used to analyze the transcriptomic 

changes at different ages by microarray. (B) J20 mice present a severe impairment in spatial 

reference-memory already at 3 months, when compared to age-matched WT mice; however, the 

differences between WT and J20 mice in the MWM test are lessen at 5-6 and at 11-12 months, 

mostly due to the worst performance of WT mice at these ages. (C) The level of Aβ was 

measured in CSF samples from WT and J20 mice; no differences were found between the levels 

of Aβ measured in the CSF of J20 mice at different ages. (D) Staining for Aβ in the dorsal 

hippocampus (dHPC) revealed, in J20 mice only, an initial staining predominantly in the CA3 

region, at 3 months, and a progressive increase in the level and degree of extracellular 

aggregation of Aβ peptides with aging, mostly in the molecular layer of the dHPC. (E) The 

number of significantly (p < 0.05) up- (red) and down-regulated (green) genes in the CP of J20 

mice was obtained by normalizing to the expression levels of the corresponding genes in the CP 

of age-matched WT mice. There was an age-dependent increase in the number of genes whose 

expression was significantly altered in the CP of J20 mice. (F) After comparing the significantly 

altered genes in the CP of J20 at 3 vs 5-6 months, at 5-6 vs 11-12 months and at 3 vs 11-12 

months, we found a common expression of 6, 42 and 16 genes, respectively; however, we found 

no commonly altered genes after overlapping the CP transcriptomic changes of J20 mice at 3, 5-

6 and 11-12 months. Results are presented as mean ± SEM (8 ≤ N ≤ 23 /group) in B; *p < 

0.05, **p < 0.01 and ***p < 0.001; Repeated measures two-way ANOVA, with Bonferroni post-

hoc test. Results are presented as mean ± SEM (5 ≤ N ≤ 9 /group) in C; Kruskal-Wallis with 

Dunns' multiple comparison test. Scale bars indicate 100 µm in D. 
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Table 1. Most altered genes in the CP of J20 mice (normalized to age-matched littermate WT mice). 
Up-regulated genes Down-regulated genes 

Accession 
number 

Entrez Gene name 
(Mus musculus) 

Gene 
symbol 

Fold 
change 

p-value Accession 
number 

Entrez Gene name 
(Mus musculus) 

Gene 
symbol 

Fold 
change 

p-value 

3 months (J20 vs WT) 

NM_011638.3 Transferrin receptor Tfrc 1.64 0.0066 NM_011066.1 Period circadian clock 2 Per2 -1.52 0.0188 

NM_011909.1 Ubiquitin specific peptidase 18 Usp18 1.43 0.0170 NM_001033302.1 Circadian associated repressor of transcription Ciart -1.38 0.0239 

NM_019498.1 Olfactomedin 1 Olfm1 1.33 0.0111 NM_008504.2 Granzyme M (lymphocyte met-ase 1) Gzmm -1.36 0.0269 

NM_008728.2 Natriuretic peptide receptor 3 Npr3 1.32 0.0009 NM_015750.1 Sialidase 2 (cytosolic sialidase) Neu2 -1.33 0.0375 

NM_011819.1 Growth differentiation factor 15 Gdf15 1.32 0.0257 NM_053147.2 Prostaglandin I2 (prostacyclin) synthase Ptgis -1.31 0.0206 

NM_001039086.1 Rap guanine nucleotide exchange factor (GEF) 1 Rapgef1 1.28 0.0072 NM_008968.2 TSC22 domain family, member 3 Tsc22d3 -1.30 0.0120 

NM_013769.1 Tight junction protein 3 Tjp3 1.24 0.0380 NM_001077364.1 DEAD (Asp-Glu-Ala-Asp) box helicase 17 Ddx17 -1.30 0.0439 

NM_009423.2 Tnf receptor-associated factor 4 Traf4 1.22 0.0141 NM_148941.1 ELOVL fatty acid elongase 4 Elovl4 -1.29 0.0085 

NM_020278.2 Leucine-rich, glioma inactivated 1 Lgi1 1.21 0.0247 NM_011072.2 Profilin 1 Pfn1 -1.24 0.0388 

NM_138314.1 NME/NM23 family member 7 Nme7 1.21 0.0488 XM_354652 3-hydroxyanthranilate 3,4-dioxygenase Haao -1.25 0.0208 

5-6 months (J20 vs WT) 

NM_033373.1 Keratin 23 (histone deacetylase inducible) Krt23 1.48 0.008 NM_198110.1 Guanine nucleotide binding protein-like 3 (nucleolar)-like Gnl3l -1.46 0.0280 

NM_021389.3 SH3-domain kinase binding protein 1 Sh3kbp1 1.37 0.011 NM_007751.1 Cytochrome c oxidase subunit VIIIb Cox8b -1.44 0.0071 

NM_010789.1 Meis homeobox 1 Meis1 1.32 0.008 NM_011213.1 Protein tyrosine phosphatase, receptor type, F Ptprf -1.30 0.0124 

NM_138955.2 ATP-binding cassette, sub-family G (WHITE), member 4 Abcg4 1.29 0.010 NM_010024.1 Dopachrome tautomerase Dct -1.30 0.0058 

NM_021399 B-cell CLL/lymphoma 11B (zinc finger protein) Bcl11b 1.29 0.041 NM_053110.2 Glycoprotein (transmembrane) nmb Gpnmb -1.26 0.0418 

NM_024440.1 Derlin 3 Derl3 1.26 0.005 NM_028756.2 Solute carrier family 35, member A5 Slc35a5 -1.26 0.0048 

NM_021391.2 Protein phosphatase 1, regulatory (inhibitor) subunit 1A Ppp1r1a 1.26 0.040 NM_026002 Metadherin Mtdh -1.25 0.0219 

NM_011807 Discs, large homolog 2 (Drosophila) Dlg2 1.25 0.037 NM_133995.1 Ureidopropionase, beta Upb1 -1.21 0.0062 

NM_007669.2 Cyclin-dependent kinase inhibitor 1A (p21, Cip1) Cdkn1a 1.24 0.047 NM_023805.2 Solute carrier family 38, member 3 Slc38a3 -1.20 0.0314 

NM_010630.1 Kinesin family member C2 Kifc2 1.23 0.033 NM_145979.1 Chromodomain helicase DNA binding protein 4 Chd4 -1.20 0.0448 

11-12 months (J20 vs WT) 

NM_007393.1 Actin beta Actb 2.30 0.0326 NM_008786.1 Protein-L-isoaspartate (D-aspartate) O-
methyltransferase 1 

Pcmt1 -1.84 0.0480 

NM_198110.1 Guanine nucleotide binding protein-like 3 (nucleolar)-like Gnl3l 1.95 0.0004 NM_009842.3 CD151 molecule (Raph blood group) Cd151 -1.68 0.0358 

NM_001081642.1 X-linked lymphocyte-regulated 4A Xlr4a 1.76 0.0282 NM_022331.1 Homocysteine-inducible, endoplasmic reticulum stress-
inducible, ubiquitin-like domain member 1 

Herpud1 -1.61 0.0184 

NM_145470.2 DEP domain containing MTOR-interacting protein Deptor 1.53 0.0238 NM_012002.1 COP9 signalosome subunit 6 Cops6 -1.60 0.0211 

NM_133903.2 Spondin 2, extracellular matrix protein Spon2 1.51 0.0155 NM_183187.2 Family with sequence similarity 107, member A Fam107a -1.58 0.0141 

XM_196324.2 Deafness, autosomal recessive 31 Dfnb31 1.47 0.0053 NM_007472.1 Aquaporin 1 (Colton blood group) Aqp1 -1.52 0.0282 

NM_054071.1 Fibroblast growth factor receptor-like 1 Fgfrl1 1.47 0.0117 NM_008947 Proteasome (prosome, macropain) 26S subunit, 
ATPase, 1 

Psmc1 -1.52 0.0118 

NM_013882.1 G-2 and S-phase expressed 1 Gtse1 1.46 0.0038 NM_008610.1 Matrix metallopeptidase 2 (gelatinase A, 72kDa 
gelatinase, 72kDa type IV collagenase) 

Mmp2 -1.50 0.0084 

NM_016972.2 Solute carrier family 7 (amino acid transporter light 
chain, L system), member 8 

Slc7a8 1.44 0.0075 NM_007413.2 Adenosine A2b receptor Adora2b -1.50 0.0472 

NM_001080126.1 Caspase 8, apoptosis-related cysteine peptidase Casp8 1.43 0.0313 NM_008504.2 Granzyme M (lymphocyte met-ase 1) Gzmm -1.49 0.0034 

 

 



127 

transcriptome, by normalizing the changes observed in WT or J20 mice at 11-12 months to that of 3 

months-old mice of the same genotype (Figure S1, S2). Interestingly, we found a consistent 

alteration in the expression of genes that regulate the cellular circadian rhythm in 11-12 months-old 

mice, which is describe in detail in the Supplementary materials (Figures S1, S2 and Tables S1, S2). 

Surprisingly, when considering all the analyzed data sets and comparisons performed, the fold-

changes in gene expression are small and varied between a fold-increase of 3.01 and a fold-

decrease of 3.45 (Tables 1, S1, S2). 

 

3.3. The pattern of changes in the CP transcriptome of J20 mice varies with age 

Using the gene network analysis computed by the Ingenuity
®

 Pathway Analysis (IPA) software, we 

were able to establish a list of the 5 most altered gene networks, and associated biological functions, 

at each age in the CP of J20 mice (Figure 2A-F). Of notice, this analysis revealed that the most 

altered gene network is different at each age (Figure 2B, D, F). At 3 months, at least two of the 

altered gene networks are involved in the regulation of one of the following biological functions: 

molecular transport, metabolism of small molecules, cell-to-cell signaling/endocrine system function 

and cell death/survival (Figure 2A). At 5-6 months of age, in addition to the alterations in the genes 

of network 5 (Figure 2C) already affected at 3 months (Figure 2A), the main biological functions and 

processes found to be altered are related with the hematological system, inflammatory and humoral 

immune responses and cellular morphology and motility (gene networks 1-4, Figure 2C). Of notice, 

these alterations in inflammation/immune-related pathways at 5-6 months were sustained at 11-12 

months, since the most altered gene network in the CP of 11-12 months-old J20 mice regulated the 

inflammatory and antimicrobial responses (gene network 1, Figure 2E) and included, as central 

modulators, the genes interferon beta 1 (Ifnb1) and signal transducer and activator of transcription 1 

(Stat1) (Figure 2F). The gene networks 2-5, affected at 11-12 months, show again alterations in 

processes such as small molecule biochemistry, molecular transport and cellular signaling, 

movement and survival (Figure 2E). 

 

3.4. Type I and type II IFN responses are altered in the CP of J20 mice 

Taking into account the previous alterations, particularly the ones regarding the gene pathways 

involved in the regulation of the inflammatory/immune responses in the CP of J20, we next pursued 

the underlying transcriptional regulators that could be responsible for such alterations in gene 

expression (Figure 3 and Table S3). For that analysis, we used the IPA Upstream Regulator 
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application, that computed an activation z-score predictive of the activation status of a given 

transcriptional regulator, taking into account the expression level of the corresponding downstream 

target genes in the CP of J20 mice at each age (Figure 3A). Using the five regulators with highest z-

 

Figure 2.  Top five gene networks, and respective biological functions, specifically altered in the 

CP of J20 mice at different ages. The Ingenuity
®

 pathway analysis (IPA) setup computed the five 

most altered gene networks in the CP of J20 mice at 3 (A), 5-6 (C) and 11-12 (E) months, on the 

basis of the significantly up- (red) and down-regulated (green) genes, obtained after normalization 

to the expression levels in age-matched WT mice. An interaction scheme was assembled with the 

genes that composed the most altered network in the CP of J20 mice at 3 (B), 5-6 (D) and 11-12 

(F) months. 
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score and the five regulators with the lowest z-score (Table S3), this analysis allowed the assembly of 

gene interactomes (Figure 3B-D). At 3 months, this approach discriminated the genes Toll-like 

receptor 9 (Tlr9), interferon regulatory factor 7 (Irf7) and interferon (alpha and beta) receptor 1 

(Ifnar1), all of them predicted to be up-regulated in the CP of J20 mice, when compared with age-

matched WT mice (Figure 3A, B). Surprisingly, at the ages of 5-6 and 11-12 months, interferon 

gamma (Ifng) presented a low activation z-score that suggested a possible down-regulation of this 

gene in the CP of J20 mice (Figure 3A, C, D). Noticeably, the inactivation of the Ifng-regulated 

pathway was predicted to affect the expression of 18 target genes at 5-6 months (Figure 3C and 

Table S3), an effect that was even more marked at 11-12 months, affecting 25 downstream 

genes/molecules (Figure 3D and Table S3). 

To confirm and complement the array data, the expression of type I IFN-related genes [Tlr9, Ifnar1, 

Irf7, interferon alpha 1 (Ifna1) and interferon beta 1 (Ifnb1)] and of type II IFN-related genes [Ifng 

and intercellular adhesion molecule 1 (Icam1)] was measured by qRT-PCR (Figure 4A-G). Once 

again, we observed an overexpression of Tlr9, Ifnar1, Irf7 and Ifnb1, in the CP of J20 mice at 3 

months, when compared with WT mice; together with Ifna1, these genes remained highly expressed 

in the CP of J20 mice at 5-6 months when compared to 3 months-old WT mice (Figure 4A-E). In the 

CP of WT mice, despite the unaltered expression of Irf7, Ifna and Ifnb1 (Figure 4C-E) at different 

ages, we observed a significant overexpression of Tlr9 and Ifnar1 at 11-12 months, when compared 

to the 3 months-old mice of the same genotype (Figure 4A, B). The genes Ifng and Icam1, which are 

related with a type II IFN response, were also significantly overexpressed at 3 months in the CP of 

J20 mice, when compared to age-matched WT mice (Figure 4F, G). On the other hand, at 5-6 

months, there was a significant down-regulation of Ifng in the CP of J20 mice, when compared to 

the expression levels at 3 months in J20 and at 5-6 months in WT mice, which was maintained at 

11-12 months (Figure 4F).  

Next, to discriminate the specific contribution of CP epithelial cells to the expression of type I or type 

II IFN genes in AD, we performed primary cultures of CP epithelial cells on a transwell system (to 

mimic the in vivo tight and polarized arrangement that these epithelial cells present in the blood-CSF 

barrier, Figure 4H), and stimulated these cells at the apical membrane, which mimics the CSF-side, 

with 1 µM Aβ1-42. We observed that in response to Aβ1-42, the CP epithelial cells significantly 

overexpressed the type I IFN genes Tlr9 and Ifna1, but not the type II IFN gene Ifng (Figure 5I-K). 
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Figure 3. Interactome of altered transcriptional regulators predict an early activation of a type I 

IFN response and a later inactivation of a type II IFN response, in the CP of J20 mice. (A) The 

Ingenuity
®

 Upstream Regulator Analysis computed an activation z-score for the transcriptional 

regulators that were predicted to modulate the gene expression alterations in the CP of J20 at 

different ages, after normalization to the expression levels in the CP of age-matched WT mice. A 

gene interactome was assembled at 3 (B), 5-6 (C) and 11-12 (D) months, using the five 

transcriptional regulators with the highest activation z-score and the five transcriptional regulators 

with the lowest activation z-score (Table S3), as well as the significantly altered genes under their 

regulation, in each dataset. (B) The gene interactome at 3 months indicated an activation of 

TLR9, IRF7 and IFNAR1, characteristic of a type I IFN response. (C) At 5-6 months, the gene 

interactome underlined a down-regulation of IFN-γ, impacting on 18 downstream genes. (D) The 

down-regulation of IFN-γ was sustained at 11-12 months and its effect was even more 

pronounced, influencing the expression of 25 target genes. 
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3.5. Aging alters the pattern of type I and type II IFN gene expression in the dHPC of WT and of 

J20 mice 

To further investigate the IFN response at the brain parenchyma, we measured the expression of the 

same type I and type II IFN genes in the dHPC of WT and J20 mice at different ages (Figure 5A-G). 

As observed before in the CP of J20 mice, there was an overexpression of type I IFN genes in the 

dHPC of J20 mice at 3 months, when compared to age-matched WT mice, that was statistically 

significant for Tlr9, Ifna1 and Ifnb1 (Figure 5A, D, E). Additionally, we observed a progressive 

increase in the expression of all type I IFN genes, with aging, in the dHPC of WT mice, which was 

statistically significant at 11-12 months, when compared to the expression levels of WT mice at 3 

months (Figure 5A-E). Regarding the expression of type II IFN genes in the dHPC (Figure 5F, G), 

even though there was an increased expression of Icam1 in 11-12 months-old WT mice (Figure 5G), 

no changes were observed regarding the levels of Ifng expression at the different ages (Figure 5F). 

 

Figure 4. CP epithelial cells contribute differently to the overexpression of type I and type II IFN 

genes in response to increased levels of Aβ peptides. (A-G) The expression of type I and type II 

IFN genes in the CP was measured by qRT-PCR. Except for Ifna1, all the genes were significantly 

overexpressed in the CP of J20 mice at 3 months. At 5-6 months, the overexpression of Tlr9 (A), 

Ifnar1 (B) and Ifnb1 (E) was maintained in the CP of J20 mice, along with a significant 

overexpression of Ifna1 (D). Also in the CP of J20 mice at 5-6 months, there was a significant 

down-regulation of Ifng (F), when compared to expression levels in J20 mice at 3 months and in 

WT mice at 5-6 months. (F, G) Both the expression of Ifng and Icam1 were significantly 

decreased in the CP of J20 mice at 11-12 months, when compared to the expression levels at 3 

months. (A, B) In the CP of WT mice, we observed a significant overexpression of Tlr9 and Ifnar1 

at 11-12 months, when compared to the expression levels at 3 months. (H-K) Treatment of 

primary cultures of CP epithelial cells, which are composed by ≥ 95 % of TTR+ cells, with 1 µM 

Aβ1-42 for 60 h induced a significant overexpression of Tlr9 (I) and Ifna1 (J), but not of Ifng (K). 

Results regarding in vivo gene expression (A-G) are presented as mean ± SEM (N = 5/group); *p 

< 0.05 and **p < 0.01; Kruskal-Wallis with Dunns' multiple comparison test. Results regarding in 

vitro gene expression (I-K) are presented as mean ± SEM (N = 4/group); *p < 0.05; two-tailed 

Mann Whitney test. Scale bar indicates 100 µm in H. 
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3.6. Astrocytes from the dHPC of 3 months-old J20 mice present an altered morphology 

To have a different readout of the inflammatory response in the dHPC of WT and J20 mice at 

different ages, we measured the expression of the gene encoding for glial fibrillary acidic protein 

(Gfap), as well as the morphology of astrocytes from the DG of the dHPC, based on the staining for 

GFAP (Figure 5H, I). There was a significant overexpression of Gfap in the dHPC of J20 mice, at 3 

months, and of WT mice, at 11-12 months, when compared to the expression levels in WT mice at 3 

months (Figure 5H). Regarding the morphological characterization of astrocytes, overall, we 

observed that astrocytes from the dHPC of J20 mice presented a more ramified phenotype at 3 

 

Figure 5. Aging alters the pattern of type I and type II IFN gene expression and the morphology of 

astrocytes in the dHPC of WT and J20 mice. (A-G) The expression of type I and type II IFN genes 

in the dHPC was measured by qRT-PCR. We observed a significant overexpression of the type I 

IFN genes Tlr9 (A), Ifna1 (D) and Ifnb1 (E) in the dHPC of J20 mice at 3 months. On the other 

hand, at 11-12 months, except for Ifng (F), there was a statistically significant overexpression of 

all genes in the dHPC of WT mice. (H, I) To correlate the type I IFN gene expression with a 

different readout of the inflammatory status in the dHPC, we analyzed the expression of Gfap and 

the morphology of astrocytes in the dentate gyrus (DG) that stained positively for the GFAP. (H) 

There was a significant overexpression of Gfap in the dHPC of J20 and WT mice, at 3 months-old 

and 11-12 months-old mice, respectively. (I) A significant increase in the size and number of 

endings of the astrocytic processes and, consequently, in the total surface of astrocytes, was 

observed in the DG of the dHPC in J20 mice at 3 months. In contrast, at 5-6 months and 11-12 

months, the astrocytes of the DG of J20 mice presented less ramified processes and occupied a 

smaller surface. Noticeably, the astrocytes from the DG of WT mice presented a significant 

increase in all the analyzed morphological parameters at 5-6 months, but became significantly 

smaller and less ramified at 11-12 months. Results regarding gene expression are presented as 

mean ± SEM (N = 5/group); *p < 0.05, **p < 0.01 and ***p < 0.001; Kruskal-Wallis with Dunns' 

multiple comparison test. Results regarding astrocytic morphology are presented as mean ± SEM 

(N = 30/group); *p < 0.05, **p < 0.01 and ***p < 0.001; Kruskal-Wallis with Dunns' multiple 

comparison test. Scale bars indicate 100 µm in I upper image, and 20 µm in I, lower image. 
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months, whereas, in the WT mice, these morphological alterations were observed at the age of 5-6 

months (Figure 5I). In that sense, except for the number of processes, a significant increase in the 

values of the analyzed astrocytic morphological parameters (length of individual processes, total 

surface and number of endings) was observed in astrocytes from the DG of J20 mice at 3 months, 

when compared to 3 months-old WT mice and to 5-6 months-old J20 mice (Figure 5I). Noticeably, at 

5-6 months, the astrocytes from the DG of WT mice presented more processes and were larger and 

more ramified than those of 5-6 months-old J20 mice and of 3 months- and 11-12 months-old mice 

of the same genotype (Figure 5I). 

 

3.7. Increased level of IFN-α in the CSF is correlated with a worst performance in the MWM 

The level of IFN-α was measured in the CSF of WT and J20 mice, at different ages (Figure 6A). 

Although not significant, we observed a tendency for an increased level of IFN-α in the CSF of J20 

mice, when compared to 3 months-old WT mice, which was sustained over time (Figure 6A). 

 

 

Figure 6. Age-dependent increased level of interferon-α (IFN-α) in the CSF of WT mice is 

significantly correlated with a worst memory function. (A) The level of IFN-α was significantly 

increased in the CSF of WT mice at 5-6 and 11-12 months, when compared to 3 months-old 

mice of the same genotype. Of notice, although not statistically significant, we have observed a 

tendency for an increased level of IFN-α in the CSF of 3 months-old J20 mice, when compared to 

the levels measured in 3 months-old WT mice, which was sustained over time. (B) We observed a 

positive correlation between the level of IFN-α  in the CSF of WT mice and the average time of 

latency to platform in the five days of the MWM (grey to black dots). No correlation was found 

between the levels of IFN-α in the CSF and the latency to platform in J20 mice (pink to red dots). 

Results regarding the measurement of IFN-α are presented as mean ± SEM (5 ≤ N ≤ 12 /group); 

*p < 0.05 and ***p < 0.001; Kruskal-Wallis with Dunns' multiple comparison test. The ELISA kit 

was able to detect mouse IFN-α ranging between 31.3 and 2000 pg/mL. The Pearson's 

correlation test was used to perform the analysis in (B) and to calculate the associated R
2
 and p-

value. Correlation was considered significant for p < 0.05; N(WT) = 28 and N(J20) = 22. 
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Interestingly, we observed a significant increase in the level of IFN-α in the CSF of WT mice at 5-6 

and at 11-12 months, when compared to 3 months-old WT mice (Figure 6A), which was positively 

correlated with an increased time to find the hidden platform in the MWM (calculated as the average 

time of latency to platform in the five days of the test) (Figure 6B).  

 

4. Discussion 

A progressive dysfunction of the blood-CSF barrier, which is formed by the CP epithelial cells, is 

described in AD (15, 25, 26). To better understand the specific alterations that occur at this barrier, 

we used the J20 mouse model of AD (9, 27) and investigated the changes in the CP transcriptome 

at the ages of 3, 5-6 and 11-12 months, in comparison with age-matched WT mice. We observed 

aging-induced alterations in the CP transcriptome involving gene networks that regulate central 

processes, such as the cellular circadian rhythm (28), which are likely to affect the metabolic activity 

and cytoarchitecture of the blood-CSF barrier and to contribute to a defective turnover of the CSF 

(26, 29). 

Regarding the CP of J20 mice, there was a sustained overexpression of genes that participate in the 

type I IFN response and a clear decrease in the expression of Ifng, the major type II IFN gene. In a 

later age, but following the same direction, the CP of WT mice displayed an aging-associated 

increased expression of genes that encode for two receptors that are involved in the type I IFN 

response, Tlr9 and Ifnar1, but no significant alterations in the expression of genes involved in a type 

II IFN response. Interestingly, the specific contribution of CP epithelial cells to the overexpression of 

type I IFN genes, but not of the type II IFN gene Ifng, shown to occur in vitro in response to Aβ, led 

us to suggest that the early overexpression of Ifng in the CP of J20 mice is due to immune-related 

cells that inhabit and circulate in the CP stromal compartment, a subject that warrants further 

investigation. Interestingly, the strong activation of the type I IFN response both in the CP and in the 

dHPC of J20 mice in early phases of the disease, before marked amyloid deposition, together with 

the decreased expression of Ifng in the CP at 5-6 and at 11-12 months, suggest a possible interplay 

between type I and type II IFN responses and Aβ plaque formation. Moreover, although there is an 

apparent relationship between the up-regulation of type I IFN genes and increased astrocytic 

branching in the dHPC, occurring first in J20 mice and later in WT, it is still unclear if these 

observations are somehow connected. However, in this study we show that an age-dependent 

increased level of IFN-α in the CSF, observed only in WT mice, is correlated with a poor performance 

in a spatial reference-memory task. On the other hand, the J20 mice, presented no significant 
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alterations in the level of IFN-α in the CSF, which is in agreement with their early and sustained 

memory impairment. In fact, it is still controversial whether an early induction of a type I IFN 

inflammatory response in the brain, followed by a reduced type II IFN response, is beneficial or 

detrimental for AD pathogenesis (17, 30-32). Regarding the type II IFN response in AD, it has been 

previously shown that overexpression of IFN-γ boosts the amyloidogenic processing of APP both in 

vitro and in vivo (33, 34). In accordance, it was recently suggested that a higher frequency of IFN-γ-

producing T-cells in the brain of AD transgenic mice is associated with increased glial activation and 

amyloid plaque formation, as well as with worst cognitive function (35). However, there is also 

evidence of a beneficial impact of increased levels of IFN-γ-producing T-cells in AD transgenic mice 

at 9 months of age, namely by increased microglial activation, increased Aβ phagocytosis and 

decreased plaque burden in the DG of the HPC (36). These divergent observations may be due to 

the specific effects of IFN-γ overproduction at different stages of brain pathology in AD, which 

prompts for a deeper characterization of the role of the type II IFN mediators in the AD brain at 

different ages. On the other hand, concerning the type I IFN response, a recent study showed that at 

the level of the CP of 22 months-old mice, increased levels of IFN-β signaling promote increased 

glial activation and impact on cognitive behavior (17). Moreover, it was suggested that an aging-

related central nervous system (CNS)-derived stimulus could be in the genesis of a shift from a type 

II IFN into a type I IFN response at the CP, and that this would compromise the immune-surveillance 

of the brain by decreasing the levels of IFN-γ (17, 37). Interestingly, even in the absence of a viral 

infection, increased levels of type I IFN cytokines in the brain, particularly IFN-α, lead to massive 

encephalopathy, with marked meningoencephalitis, calcium mineralization, gliosis, and 

neurodegeneration (38). In the context of AD, others have shown that the genes encoding for IFN-α 

and IFN-β are overexpressed in cultured neurons, upon stimulation with Aβ, in cortical cells 

extracted from the brains of AD patients, in a mechanism dependent on IRF7 and IFNAR1, which is 

associated with decreased neuronal viability (31). Conversely, stimulation of the innate response 

with the TLR9 agonists cytosine-guanosine-containing DNA oligodeoxynucleotides (CpG DNA oligos), 

in two different mouse models of AD, ameliorated both the pathologic hallmarks and the cognitive 

deficits presented by these mice, without any obvious inflammatory side-effects (30, 32). Also, 

increased production of IFN-β by astrocytes, upon specific TLR3 stimulation, was shown to affect the 

spontaneous activity of neurons from the CA1 region of the HPC. This effect of IFN-β on neuronal 

excitability was shown to be mediated by IFNAR1, due to the lack of changes in the HPC of Ifnra1-

null mice (39). Additionally, 9 months-old transgenic APP/PS1 mice present higher levels of IFN-α in 
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the brain, when compared to age-matched WT mice (31). Interestingly, our results also suggest that, 

along with a possible impact on behavior, an activation of a type I IFN response in the dHPC, in 

younger J20 mice and in older WT mice may be linked with changes in the astrocytes' morphology. 

It is widely accepted that increased levels of inflammatory molecules, whether in the circulation or in 

specific regions of the CNS, can affect the morphology and function of brain cells, especially of glial 

cells (27, 40). Astrocytes in particular seem to play a central role in the inflammatory response and 

are good indicators of the level of brain inflammation (11, 41). Concurrently, the activation of 

astrocytes and microglia was shown to occur before Aβ plaque formation in the HPC of J20 mice 

(27, 42, 43) and that an increased microglial activation and clustering, observed at 4 weeks of age 

in the HPC of these mice, was preceding neuronal atrophy, decreased neurogenesis and a decrease 

in the volume of the HPC (44). However, it is necessary to further investigate whether the early 

induction of type I IFN genes in the dHPC of J20 mice is directly promoting changes in glial 

activation and Aβ pathology. Moreover, it will be important to explore the impact of increased level of 

type I IFN cytokines, such as IFN-α, on the premature memory deficits observed in this AD mouse 

model and on the memory and cognitive impairments in older WT mice. 

Overall, this study reveals that structures such as the CP and the dHPC may be key elements in the 

inflammatory signaling in the CNS, by modulating the levels of IFNs, with a possible impact on 

memory and cognition.   
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Supplementary materials 

 

 

Figure S1. The choroid plexus (CP) transcriptome of wild-type (WT) and of J20 mice suffers distinct 

alterations with aging. To investigate the effect of aging, per se, the CP transcriptome of WT and J20 

mice at 11-12 months was normalized to that of 3 months-old mice of the same genotype. (A) 

Despite the similar number of down-regulated genes in the CP of WT and J20 mice at 11-12 

months, the number of up-regulated genes was approximately two-fold higher in the CP of J20 mice 

at this age. (B) Noticeably, only 147 genes were commonly altered in the CP of WT and J20 mice at 

11-12 months, when normalized to 3 months-old mice of the same genotype. 
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Figure S2. Aging, per se, modulates the expression of circadian rhythm genes in the CP of 11-12 

months-old mice of each genotype. (A-D) Using the gene network analysis computed by the IPA 

software, we were able to establish a list of the five most altered gene networks, associated 

biological functions and respective up- (red) or down-regulated (green) genes, in the CP of 11-12 

months-old WT or J20 mice, after normalizing to that of 3 months-old mice of the same genotype. 

We found common genes within the most altered network at 11-12 months in the CP of WT (A, B) 

and of J20 mice (C, D), namely the ones involved in the circadian regulation of the metabolism of 

small molecules, especially lipids. An interaction scheme was assembled with the genes that 

composed the most altered network in the CP of WT (B) mice or in the CP of J20 (D) mice, at 11-12 

months. (B, D) Examples of genes that were equally altered in 11-12 months-old WT and J20 mice 

include P450 (cytochrome) oxidoreductase (Por) and tyrotrophic embryonic factor (Tef), as down-

regulated genes, and sterol regulatory element binding transcription factor 2 (Srebf2), clock 

circadian regulator (Clock) and cAMP responsive element modulator (Crem), all up-regulated. Other 

genes that were also altered, although in different networks/functions, were the aryl hydrocarbon 

receptor nuclear translocator-like (Arntl), which was significantly up-regulated, and period circadian 

clock 2 (Per2) and D site of albumin promoter (albumin D-box) binding protein (Dbp), which were 

down-regulated (A, network 1 and C, network 3). (E-J) In order to validate the data obtained in the 
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microarray, the expression of the genes Clock, Arntl, nuclear factor interleukin 3 regulated (Nfil3), 

Per2, Dbp and Tef were confirmed by qRT-PCR. Results are presented as mean ± SEM (N = 

5/group); *p < 0.05, **p < 0.01 and ***p < 0.001; Kruskal-Wallis with Dunns' multiple comparison 

test. 
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Table S1 

Most altered genes in the CP of 11-12 months-old WT vs 3 months-old WT. 

Up-regulated genes Down-regulated genes 

Accession 

number 

Entrez Gene name 

(Mus musculus) 

Gene 

symbol 

Fold 

change 

p-value Accession  

number 

Entrez Gene name 

(Mus musculus) 

Gene  

symbol 

Fold 

change 

p-value 

NM_133977.1 Transferrin Tf 2.31 0.0480 NM_016974.1 D site of albumin promoter (albumin D-

box) binding protein 

Dbp -3.24 0.0002 

NM_026935.3 Sulfotransferase family, cytosolic, 1C, 

member 2 

Sult1c2 2.25 0.0010 NM_010882.2 Necdin, melanoma antigen (MAGE) 

family member 

Ndn -2.29 <0.0001 

NM_015730.4 Cholinergic receptor, nicotinic, alpha 4 

(neuronal) 

Chrna4 2.03 <0.0001 NM_001033302.1 Circadian associated repressor of 

transcription 

Ciart -1.97 <0.0001 

NM_009244.2 Serpin peptidase inhibitor, clade A 

(alpha-1 antiproteinase, antitrypsin), 

member 1 

Serpina1 2.03 <0.0001 NM_011066.1 Period circadian clock 2 Per2 -1.71 0.0019 

NM_020261.2 Pregnancy specific glycoprotein 18 Psg18 1.95 0.0008 NM_007705.1 Cold inducible RNA binding protein Cirbp -1.65 0.0016 

NM_017373.2 Nuclear factor, interleukin 3 regulated Nfil3 1.80 0.0039 NM_198110.1 Guanine nucleotide binding protein-like 

3 (nucleolar)-like 

Gnl3l -1.62 0.0063 

NM_029720.1 Cysteine-rich with EGF-like domains 2 Creld2 1.80 0.0078 NM_017376.2 Thyrotrophic embryonic factor Tef -1.62 0.0015 

NM_009392.1 T-cell leukemia homeobox 2 Tlx2 1.64 <0.0001 NM_011627.2 Trophoblast glycoprotein Tpbg -1.57 <0.0001 

NM_029999.3 Limb bud and heart development Lbh 1.62 0.0007 NM_146161.1 Rho GTPase activating protein 24 Arhgap24 -1.55 <0.0001 

NM_198102.2 Transformer 2 alpha homolog 

(Drosophila) 

Tra2a 1.58 0.0187 NM_018764.1 Protocadherin 7 Pcdh7 -1.51 0.0001 
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Table S2 

Most altered genes in the CP of 11-12 months-old J20 vs 3 months-old J20. 

Up-regulated genes Down-regulated genes 

Accession 

number 

Entrez Gene name 

(Mus musculus) 

Gene 

symbol 

Fold 

change 

p-value Accession 

number 

Entrez Gene name 

(Mus musculus) 

Gene 

symbol 

Fold 

change 

p-value 

NM_007393.1 Actin beta Actb 3.01 0.0108 NM_016974.1 D site of albumin promoter (albumin D-

box) binding protein 

Dbp -3.45 0.0003 

NM_009244.2 Serpin peptidase inhibitor, clade A 

(alpha-1 antiproteinase, antitrypsin), 

member 1 

Serpina1 2.34 <0.0001 NM_010882.2 Necdin, melanoma antigen (MAGE) 

family member 

Ndn -1.95 0.0002 

NM_017373.2 Nuclear factor, interleukin 3 regulated Nfil3 1.88 0.0035 NM_009842.3 CD151 molecule (Raph blood group) Cd151 -1.73 0.0386 

NM_133903.2 Spondin 2, extracellular matrix protein Spon2 1.84 0.0035 NM_024263.4 Matrix-remodelling associated 8 Mxra8 -1.70 0.0489 

NM_009392.1 T-cell leukemia homeobox 2 Tlx2 1.77 <0.0001 NM_017376.2 Thyrotrophic embryonic factor Tef -1.68 0.0013 

NM_023612.3 Endothelial cell-specific molecule 1 Esm1 1.70 0.0337 NM_015735.1 Damage-specific DNA binding protein 1, 

127kDa 

Ddb1 -1.65 0.0142 

NM_020261.2 Pregnancy specific glycoprotein 18 Psg18 1.67 0.0020 NM_053122.2 IMP2 inner mitochondrial membrane 

peptidase-like (S. cerevisiae) 

Immp2l -1.55 0.0003 

NM_199080.1 DEAD (Asp-Glu-Ala-Asp) box helicase Ddx17 1.66 0.0009 NM_011396.2 Solute carrier family 22 (organic 

cation/carnitine transporter), member 5 

Slc22a5 -1.50 0.0027 

NM_021468.1 Unc-13 homolog B (C. elegans) Unc13b 1.65 0.0016 NM_001039543.1 Myeloid leukemia factor 1 Mlf1 -1.50 0.0361 

NM_029999.3 Limb bud and heart development Lbh 1.65 0.0011 NM_011584.2 Nuclear receptor subfamily 1, group D, 

member 2 

Nr1d2 -1.50 0.0205 
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Table S3 

List of the five transcriptional regulators with the highest activation z-score and the five transcriptional regulators with the lowest activation z-score. Activation z-scores 

and overlap p-values were calculated by the IPA software on the basis of the datasets of altered genes in the CP of J20 at each age. 

Highest activation z-score (J20 vs WT) Lowest activation z-score (J20 vs WT) 

Upstream 

regulator 

Activation  

z-score 

Overlap  

p-value 
Target molecules in dataset 

Upstream 

regulator 

Activation  

z-score 

Overlap  

p-value 
Target molecules in dataset 

3 months 

TLR9 1.982 3.46E-01 IRF7, ISG15, Oasl2, USP18 ACKR2 -2.236 2.72E-03 IFI44,IRF7,ISG15,Oasl2,USP18 

CDKN1B 1.982 2.30E-01 DNASE1L2, Ins1, SKP2, TMEFF2 BNIP3L -2.000 4.91E-02 CCNA2,CD79B,IL2RB,TFRC 

FZD9 1.980 3.97E-04 IFI44, IRF7, ISG15, Oasl2 SLC13A1 -2.000 2.12E-01 Ahsp,C6,MRGPRX3,STX6 

IRF7 1.452 2.56E-02 IRF7, ISG15, Ms4a4b(others), Oasl2, USP18 PPARGC1A -1.982 2.06E-01 ACADL,Ins1,TRIB3,UCP1 

IFNAR1 0.025 2.39E-04 HLA-A, IFI44, IRF7, ISG15, Ms4a4b(others), Oasl2, 

RTP4, TAPBPL, USP18, Vmn1r49(others) 

ITK -1.786 5.39E-02 CPNE7,HLA-A,IL2RB,SRGAP3,TBX21 

5-6 months 

IKZF1 2.425 5.66E-02 DNM1, GHRH, IGF1, RHCE/RHD, SPI1, WNT10B IFNG -2.564 2.64E-01 Casp12, CASP4, CDKN1A, CEACAM1, CEBPA, IGF1, 

IL2RA, IL5, LAMC2, MED1, MYD88, NEURL3, 

PHACTR1, SLC12A1, SPI1, SYNM, SYT7, UBD 

CFTR 2.213 8.54E-02 CYP3A5, GML, MYL7, SLC37A4, SPINK4 ISL1 -2.236 7.69E-02 DLG2,ETV5,Irx5,LILRB3,POU4F2 

EOMES 2.000 7.85E-02 CCK, IL5, MMP17, NAV2 POU4F1 -2.186 2.46E-01 DLG2,ETV5,Irx5,LILRB3,POU4F2 

HIF1A 1.960 8.69E-02 CDKN1A, Cdkn1c, GAPDH, SLC2A1, WNT1, WNT10B TNF -2.046 1.00E-01 Casp12, CASP4, CEBPA, IL5, MUC5AC, PDCD1, 

SLC12A1 

SPIB 1.342 2.89E-02 IL2RA, LILRB3, NAV2, PTPRF, Siglech STAT1 -1.890 1.12E-01 CASP4, CDKN1A, CEACAM1, CYP3A5, IGF1, NEURL3, 

PHACTR1, UBD 

11-12 months 

SRF 2.578 1.76E-01 ACTB, CD19, CSRP1, CSRP2, DMKN, EGR3, FHL1, 

IGF1, MYB, MYLK, SERPINB2, SLC2A1, Tpm1, VCL 

AHR -2.430 4.76E-01 ATP4A, CCL21, CCND3, CDKN2B, CYP2C8, EFEMP1, 

ENPEP, ITGA5, MMP2, PDGFB, PLA2G12A, 

SERPINB2, SERPINE1, SNTA1, TIPARP, TK1, TXN, VCL 

IFNAR1 2.568 3.57E-02 CCL20, Ccl9, CLEC4E, DLL1, IFIH1, IFNA4, IFNB1, 

IL18, OAS1, SOCS3, STAT1, TNFAIP2, 

Vmn1r49(others) 

RB1 -1.886 1.00E-01 CASP8, CDC6, Cdkn1c, CDX1, NRF1, RB1 

NREP 2.000 3.25E-02 ITGA3, ITGA5, MMP2, PDGFB IFNG -1.308 2.94E-02 ACTB, ADORA2B, AQP1, BAX, BID, CASP4, CASP8, 

CHST7, CLEC4E, FAM107A, FGF1, FGL2, FLT4, GBP3, 

GJA5, GNA14, GNL1, GPER1, HSPA1A/HSPA1B, 

IFIH1, IFNB1, IGF1, IL12RB1, IL18, Ir 

IL21 1.981 1.90E-01 CCL20, ID2, RORC, SOCS3 HR -1.091 1.44E-02 CALML5, DLX3, HAL, KLK3 

IL3 1.960 5.52E-01 CCND3, IGF1, SPP1, Usp17la(others) TRIM24 -1.077 2.38E-02 CSRP1, FLRT3, GBP3, IFIH1, IFNGR2, Irgm1, NPAS3, 

OAS1, PACSIN3, PHF11, PLEC, SPP1, STAT1, TRPV6 
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Table S4 

Analyzed genes, respective DNA sequences of the primers used in the gene expression 

analysis by qRT-PCR and GenBank accession numbers. 

Gene symbol Primer sequences 
GenBank 

accession number 

Mus musculus 

Arntl 
Forward 5’- GTGGACCTTTGAGCCCTTTG -3’ 

Reverse 5’- ACTGCCTTTCCTCTTGCGA -3’ 
NM_007489.4 

Clock 
Forward 5’- AGATGGTCCATGGTCAAGGG -3’ 

Reverse 5’- TGTTGACTCTGCTGAGTTGATG -3’ 
NM_007715.6 

Dbp 
Forward 5’- CTTTCGGGGACGTGGAATAC -3’ 

Reverse 5’- TGGGTGTGTCCCTAGATGTC -3’ 
NM_016974.3 

Hprt 
Forward 5’- GCTGGTGAAAAGGACCTCT -3’ 

Reverse 5’- CACAGGACTAGAACACCTGC -3’ 
NM 013556 

Icam1 
Forward 5’- CTCTAATGTCTCCGAGGCCA -3’ 

Reverse 5’- CTTCAGAGGCAGGAAACAGG -3’ 
NM_010493.2 

Ifna1 
Forward 5’- TTTCCCCTGACCCAGGAAGATG -3’ 

Reverse 5’- CTCTCAGTCTTCCCAGCACATT -3’ 
NM_010502.2 

Ifnar1 
Forward 5’- AAGACGAGGCGAAGTGGTTA -3’ 

Reverse 5’- GGGCTCATGTGAGCTGTGTA -3’ 
NM_010508.2 

Ifnb1 
Forward 5’- CTGGCTTCCATCATGAACAA -3’ 

Reverse 5’- AGAGGGCTGTGGTGGAGAA -3’ 
NM_010510.1 

Ifng 
Forward 5’- CAACAGCAAGGCGAAAAAGG -3’ 

Reverse 5’- GGACCACTCGGATGAGCTCA -3’ 
NM_008337.3 

Irf7 
Forward 5’- GAAGACCCTGATCCTGGTGA -3’ 

Reverse 5’- CCAGGTCCATGAGGAAGTGT -3’ 
NM_001252600.1 

Nfil3 
Forward 5’- TTTCTTTTCCCCCTCACGGA -3’ 

Reverse 5’- CAGCTGCATCAGAAAGGACC -3’ 
NM_017373.3 

Per2 
Forward 5’- AATCTTCCAACACTCACCCCA -3’ 

Reverse 5’- TCATTAGCCTTCACCTGCTTCA -3’ 
NM_011066.3 

Tef 
Forward 5’- ACGAGTGGGGCGCAG -3’ 

Reverse 5’- ACTCGTCTTCCTCCAGCTTT -3’ 
NM_017376.3 

Tlr9 
Forward 5’- AGCTTCCTGCTGGCTCAGC -3’ 

Reverse 5’- GGACGCAGGATCACCAACAC -3’ 
NM_031178.2 

Rattus norvegicus 

Hprt 
Forward 5’- GCAGACTTTGCTTTCCTTGG -3’ 

Reverse 5’- TCCACTTTCGCTGATGACAC -3’ 
NM 012583 

Ifna1 
Forward 5’- TTTCCCCTGACCCAGGAAGATG -3’ 

Reverse 5’- CTCTCAGTCTTCCCAGCACATT -3’ 
NM_001271218.1 

Ifng 
Forward 5’- AGGAAAGAGCCTCCTCTTGG -3’ 

Reverse 5’- TCTACCCCAGAATCAGCACC -3’ 
NM_138880.2 

Tlr9 
Forward 5’- AGCTTCCTGCTGGCTCAGC -3’ 

Reverse 5’- GGACGCAGGATCACCAACAC -3’ 
NM_198131.1 
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Abstract 

One of the major constraints of patients with Alzheimer's disease (AD) is the incapacity of forming 

new memories, which is often associated with marked cognitive deficits. These behavioral 

impairments may result from changes in the levels of molecules circulating in the bloodstream, such 

as cytokines and chemokines. Moreover, it was recently suggested that an enhanced type I 

interferon (IFN) response in the brain may be in part responsible for increased neuroinflammation 

and memory deficits in old mice. Taking these observations into account, we decided to elucidate 

the role of type I and type II IFN signaling in AD, by analyzing the response at the periphery, 

particularly in the liver of J20 mice and wild-type (WT) littermate controls, at different ages. We 

observed an increased expression of type II IFN genes in the liver of J20 mice at 3 months, which 

switched into an increased type I IFN response at 11-12 months. Noticeably, this aging-associated 

overexpression of type I IFN genes was also observed in the liver of 11-12 months-old WT mice. 

Surprisingly, this shift into a type I IFN response in older mice, is accompanied by a decrease in the 

number of perivascular Aβ-loaded macrophages in the liver of J20 mice. These observations suggest 

an interplay between the type I and type II IFN responses in the periphery likely to relate with the 

degree of Aβ pathology in the AD brain, which should next be investigated. 
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1. Introduction 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by an increased formation 

and accumulation of amyloid beta (Aβ) peptides, which can easily aggregate into intermediate size 

oligomers that are toxic to brain cells (1-3). These intermediates ultimately form large extracellular 

senile plaques, one of the major brain pathological hallmarks in AD (1, 4). Besides the extracellular 

deposition of Aβ, increased levels of hyperphosphorylated TAU protein and their intracellular 

deposition is the other pathological characteristic of the AD brain. While these are recognized facts 

associated with  neurodegeneration, there is still controversy on the precise molecular mediators 

responsible for the decline in memory and cognition observed in AD (1, 3, 5). Growing evidence 

points to a determinant role of the inflammatory response in the initiation and progression of brain 

pathology, as well as in the memory and cognitive impairments observed in AD (3, 6-9). In this 

context, two relevant emerging concepts should be considered in the AD field: I) the age-associated 

changes in the blood composition; and II) the levels/ratio of type I and II interferons (IFNs). 

Regarding the first concept, recent observations showed the involvement of the systemic milieu in 

memory formation, and the role of specific inflammatory molecules in age-related decreased 

synaptic plasticity and memory decline (10, 11). Regarding the second concept, an enhanced type I 

IFN response, in detriment of type II IFN molecules, in the brain have recently been implicated in 

cognitive decline in aged mice (12). Type I IFNs are ubiquitously produced cytokines, that are up-

regulated upon viral infections, and have well-described anti-proliferative and immuno-modulatory 

functions (13). Yet, in the past years, type I IFNs, such as IFN-α and -β, have been implicated in the 

regulation of brain cell activation and function, memory consolidation and in the pathophysiology of 

AD (12, 14, 15). Concerning type II IFN molecules, particularly IFN-γ, which is the major type II IFN 

cytokine, there is still some controversy about its effects on brain pathology and behavior in AD 

transgenic mouse models (16, 17). Increased level of IFN-γ was shown to either boost the formation 

of Aβ-enriched plaques and to worsen the performance of AD transgenic mice in a memory-

dependent task (17), or to ameliorate both the degree of amyloid pathology and the behavioral 

performance (16). Noticeably, changes in the level of IFN-γ may critically impact on the immune 

surveillance of the brain, on the expression of neurotrofic factors and on cognitive performance (12, 

18). 

Previously, we have shown that an early induction of a type I IFN response is observed in the brain 

of AD transgenic mice and that this enhanced response precedes the formation of Aβ plaques and is 

associated with increased glial branching. Since unbalanced type I/type II IFN responses in the 
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periphery may affect Aβ clearance and influence memory and cognition in AD, rather than being 

confined to the CNS, here we investigate whether changes in the levels of type I and II IFNs are also 

observed in the peripheral milieu.  

 

2. Materials and Methods 

2.1. Animal model and experimental groups 

Animal handling and experiments were conducted in accordance with the Portuguese national 

authority for animal experimentation, Direção Geral de Veterinária (ID:DGV9457). Animals were kept 

in accordance with the guidelines for the care and handling of laboratory animals in the Directive 

2010/63/EU of the European Parliament and Council. Animals were housed and maintained in a 

controlled environment at 22–24 ºC and 55 % humidity, on 12 h light/dark cycles and fed with 

regular rodent’s chow and tap water ad libitum. In this study, we used hemizygous B6.Cg-Tg(PDGFB-

APPSwInd)20Lms/2J/Mmjax (J20) mice and age-matched non-carrier littermates (WT), in a 

C57BL/6J background, first developed by Lennart Mucke, of the J. David Gladstone Institutes (San 

Francisco, CA, USA) and purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). Mice 

were divided according to their age into three groups: 3 months, 5-6 months and 11-12 months. 

 

2.2. Tissue sample collection and storage  

Mice were anesthetized with an intraperitoneal injection of ketamine hydrochloride (150 mg/Kg, 

Imalgene 1000, Merial SAS, Lyon, France) plus medetomidine hydrochloride (0,3 mg/Kg, Dorben, 

SYVA Lab, S.A., Leon, Spain). After this, mice were transcardially perfused with 0.9 % saline and 

afterwards liver samples were collected and either snap-frozen and stored at -80 ºC, for gene 

expression analysis, or immediately embedded in Richard-Allan Scientific™ Neg-50™ Frozen Section 

Medium (ThermoFisher Scientific, Waltham, MA, USA), snap-frozen and kept frozen at -20 °C until 

further sectioning in the cryostat (into 20 µm sections). 

 

2.3. Gene expression by qRT-PCR 

Total RNA was extracted from the liver samples with Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

following the manufacturer’s instructions. The quality and quantification of the RNA was assessed in 

the NanoDrop® ND-1000 and 500 ng of RNA from each sample was reverse transcribed into cDNA 

using the iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) following the 

manufacturer's instructions. Primers used to measure the expression levels of selected mRNA 
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transcripts of Mus musculus were designed using the Primer-BLAST tool of the National Center for 

Biotechnology Information (Bethesda, MD, USA) on the basis of the respective GenBank sequences. 

The reference gene hypoxanthine guanine phosphoribosyl transferase (Hprt) was used as internal 

standard for the normalization of the expression of selected transcripts. All gene accession numbers 

and primer sequences are provided in Table 1. Annealing temperatures are available on request. 

qRT-PCR was performed on a CFX 96TM real-time system instrument (Bio-Rad), with the SsoFast™ 

EvaGreen® Supermix (Bio-Rad) according to the manufacturer’s instructions, using equal amounts 

of cDNA from each sample. The cycling parameters were 1 cycle at 95 °C for 15 min, followed by 

40 cycles at 94 °C for 15 s, annealing temperature (primer specific) for 30 s and 72 °C for 30 s, 

finishing with 1 cycle at 65 °C to 95 °C for 5 s (melting curve). Product fluorescence was detected 

at the end of the elongation cycle. All melting curves exhibited a single sharp peak at the expected 

temperature. 

Table 1. Analyzed genes, respective DNA sequences of the 
primers used in the gene expression analysis by qRT-PCR and 
GenBank accession numbers. 
Gene 
symbol 

Primer sequences 
GenBank 
accession number 

Mus musculus 

Ace1 
Forward 5’- GCCATGAAGCTGATCACAGG -3’ 
Reverse 5’- TGGGTGTAGTACCGGTGTTT -3’ 

NM_001281819.1 

Alpl 
Forward 5’- TCCCCGGTGACCTTTTAGAT -3’ 
Reverse 5’- TTCAGCATCTGGATCGAGGC -3’ 

NM_001287176.1 

Ece1 
Forward 5’- GGTTCGAGCGTAGAGCTCAG -3’ 
Reverse 5’- AGGTTGACATCTGCTCGGT -3’ 

NM_199307.2 

Got2 
Forward 5’- GGCATCAATGTCTGCCTCTG -3’ 
Reverse 5’- TGGGTTGGAATACAGGGGAC -3’ 

NM_010325.2 

Gpt 
Forward 5’- CCCTCGAGTACTATGCGTCA -3’ 
Reverse 5’- GAGAGCCCTCGGCATATACA -3’ 

NM_182805.2 

Hprt 
Forward 5’- GCTGGTGAAAAGGACCTCT -3’ 
Reverse 5’- CACAGGACTAGAACACCTGC -3’ 

NM 013556 

Icam1 
Forward 5’- CTCTAATGTCTCCGAGGCCA -3’ 
Reverse 5’- CTTCAGAGGCAGGAAACAGG -3’ 

NM_010493.2 

Ide 
Forward 5’- CCCATACCAGACCTTCAGCA -3’ 
Reverse 5’- GGTATTCACCCAGCCCTTTG -3’ 

NM_031156.3 

Ifna1 
Forward 5’- TTTCCCCTGACCCAGGAAGATG -3’ 
Reverse 5’- CTCTCAGTCTTCCCAGCACATT -3’ 

NM_010502.2 

Ifnar1 
Forward 5’- AAGACGAGGCGAAGTGGTTA -3’ 
Reverse 5’- GGGCTCATGTGAGCTGTGTA -3’ 

NM_010508.2 

Ifnb1 
Forward 5’- CTGGCTTCCATCATGAACAA -3’ 
Reverse 5’- AGAGGGCTGTGGTGGAGAA -3’ 

NM_010510.1 

Ifng 
Forward 5’- CAACAGCAAGGCGAAAAAGG -3’ 
Reverse 5’- GGACCACTCGGATGAGCTCA -3’ 

NM_008337.3 

Irf7 
Forward 5’- GAAGACCCTGATCCTGGTGA -3’ 
Reverse 5’- CCAGGTCCATGAGGAAGTGT -3’ 

NM_001252600.1 

Nep 
Forward 5’- GGTGTGACAGGATTTGGGAG -3’ 
Reverse 5’- GACTCACCCCTCGCCTTAG -3’ 

NM_001289462.1 

Tlr9 
Forward 5’- AGCTTCCTGCTGGCTCAGC -3’ 
Reverse 5’- GGACGCAGGATCACCAACAC -3’ 

NM_031178.2 

 



156 

2.4. Immunofluorescent staining for Aβ and CD68 

Serial 20 µm frozen liver sections, previously collected onto SuperFrost® Plus slides (ThermoFisher 

Scientific), were initially fixed in 4 % paraformaldehyde (Panreac Química S.L.U., Barcelona, Spain) 

for 30 min. After a step of antigen retrieval, sections were rinsed in phosphate buffer saline (PBS) 

and blocked with a solution of 0.5 % bovine serum albumin (BSA, Sigma-Aldrich) diluted in PBS 0.3 

% Triton X-100 (Sigma-Aldrich) (PBS-T) for 1 h at RT. The tissue sections were incubated overnight 

with the primary antibody against human Aβ (1:1000, 6E10, Covance, Princeton, NJ, USA) alone or 

combined with anti-mouse CD68 (1:50, H-255, Santa Cruz Biotechnology, CA, USA), diluted in 

blocking solution, thoroughly rinsed in PBS and incubated, for 1 h at RT, with the appropriate Alexa 

594- or Alexa 488-conjugated secondary fluorescent antibodies (1:500, Invitrogen), according to the 

source and isotype of the primary antibodies. Finally, sections were incubated with 4,6-diamidino-2-

phenylindole (DAPI, Invitrogen) diluted in PBS (1:1000) for 5 min at RT, rinsed in PBS, and mounted 

in Shandon Immu-Mount (Thermo Fisher Scientific). Fluorescence analysis and image capture were 

performed using a conventional fluorescence microscope (BX61; Olympus, Hamburg, Germany).  

 

2.5. Cell counting strategy 

Fluorescent images, containing perivascular Aβ
+
 and CD68

+
 cells, were captured from 20 µm liver 

sections of WT and J20 mice at 3, 5-6 and 11-12 months. At least 10 images per liver sample were 

randomly selected, the cells were counted using the image processing software ImageJ (developed 

by the National Institutes of Health, Bethesda, MD, USA) and the average number of perivascular 

cells per image was calculated for each experimental group. 

 

2.6. Statistical analysis 

Results are reported as mean ± standard error of mean (SEM). The number of biological replicates 

(N) of the representative independent experiments is specified in the legend of each figure. 

Statistical significant differences between groups were determined using Kruskal-Wallis with Dunns' 

multiple comparison test. Values were considered to be statistically significant for p < 0.05 (*), p < 

0.01 (**) and p < 0.001 (***). 
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3. Results 

3.1. Aging induces a down-regulation of type II IFN and an overexpression of type I IFN genes in 

the liver of J20 mice 

In order to explore the extension of the changes in type I and type II IFN gene expression, we 

analyzed the response in the liver of WT and J20 mice at 3, 5-6 and 11-12 months (Figure 1A-G). 

This analysis may be looked from two perspectives: the comparison between J20 and WT mice at 

each age, and the ontogenic expression profile in the J20 or WT per se. When comparing mice of 

different genotypes, the expression of the type II IFN genes, interferon gamma (Ifng) and intercellular 

adhesion molecule 1 (Icam1), was significantly higher at 3 months in the liver of J20 when 

compared to WT mice (Figure 1F, G). The ontogenic analysis of the type I IFN related genes revealed 

 

Figure 1. Aging alters the expression of type I and type II IFN genes in the liver of WT and J20 

mice. (A-E) The expression of the type I IFN genes Tlr9, Ifnar1, Irf7 and Ifna1, but not of Ifnb1, 

was significantly up-regulated at 11-12 months in the liver of WT and J20 mice. (F) Conversely, 

the expression of Ifng was up-regulated at 3 months in the liver of J20 mice, when compared to 

WT mice. (G) The expression of the other type II IFN gene, Icam1, was also significantly up-

regulated in the liver of J20 mice at 3 months, when compared to age-matched WT mice, but this 

difference between genotypes was lost at 5-6 and 11-12 months. Results are presented as mean 

± SEM (N = 5/group). *p < 0.05 and **p < 0.01; Kruskal-Wallis with Dunns' multiple comparison 

test. 
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that, excluding interferon beta 1 (Ifnb1) whose expression remained unaltered at all ages (Figure 

1E), the expression of the genes Toll-like receptor 9 (Tlr9), interferon (alpha and beta) receptor 1 

(Ifnar1), interferon regulatory factor 7 (Irf7) and interferon alpha 1 (Ifna1) was significantly up-

regulated at 11-12 months in the liver of both WT and J20 mice (Figure 1A-D). 

 

3.2. The number of perivascular Aβ-loaded macrophages decreases at 5-6 months in the liver of 

J20 mice 

Next, we checked for the presence of Aβ in the liver of J20 mice, whether in the form of Aβ
+
 cells or 

Aβ deposits. Although no Aβ deposits were found, Aβ
+
 cells were present, clustered in the vicinity of 

Figure 2. The number of perivascular Aβ+ cells decreases with age in the liver of J20 mice. (A, B) 

We found a significant number of Aβ+ cells around the liver vasculature of J20 mice, but not of 

WT mice, that consisted of CD68+ macrophages. (C, D) In the liver of J20 mice, the number of 

perivascular Aβ+ cells significantly decreased at 5-6 months and remained low at 11-12 months. 

(E, F) Also in the liver of J20 mice, there was a significant increase in the number of perivascular 

CD68+ macrophages at 3 and 11-12 months, when compared to the number of the same cells in 

the liver of WT. Scale bars indicate 100 µm in C, first column, and 20 µm in C, second column, 

and in E. Results are presented as mean ± SEM (N = 30/group). *p < 0.05, **p < 0.01 and ***p 

< 0.001; Kruskal-Wallis with Dunns' multiple comparison test. 
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the liver vasculature (Figure 2A). These Aβ
+
 cells, which did not co-localize with the endothelial cell 

marker CD31 (Figure 2A), are of the monocyte/macrophage lineage, due to the co-expression of 

CD68 (Figure 2B). Since not all perivascular cells were CD68
+
Aβ

+
 (Figure 2B), we decided to 

quantify, separately, the number of perivascular Aβ
+
 cells in the liver of J20 mice (Figures 2C, D) 

and the number of CD68
+
 cells in the liver of both WT and J20 mice (Figures 2E, F). The highest 

number of perivascular Aβ
+
 cells in the liver of J20 mice was observed at 3 months of age (Figure 

2D). Concomitantly, the number of CD68
+
 cells in the liver of 3 months-old J20 mice was 

significantly higher when compared to age-matched WT mice (Figure 2F). However, at 11-12 

months, despite the significantly lower number of perivascular Aβ
+
 cells (Figure 2D) in the liver of 

J20 mice, the number of CD68
+
 cells was significantly higher when compared to 3 months-old WT 

mice (Figure 2F). No Aβ
+
 cells were detected in the liver of WT mice (Figure 2A) and the number of 

perivascular CD68
+
 cells in the liver of WT mice did not vary with age (Figure 2E, F). 

 

3.3. Aging does not alter the expression of genes involved in different liver metabolic pathways 

To assess any possible alterations in the metabolic function of liver cells in WT and J20 mice at 

different ages, we analyzed the expression of genes encoding for enzymes involved in Aβ 

 

Figure 3. Analysis of the expression of genes encoding for enzymes involved in Aβ degradation 

and in other liver metabolic pathways. (A-G) No statistically significant differences were observed 

in the expression of Ace1, Ece1, Ide, Nep, Alpl, Got2, Gpt in the liver of WT or J20 mice. Results 

are presented as mean ± SEM (N = 5/group). Kruskal-Wallis with Dunns' multiple comparison 

test. 



160 

degradation, namely angiotensin I converting enzyme 1 (Ace1), endothelin converting enzyme 1 

(Ece1), insulin degrading enzyme (Ide) and neutral endopeptidase (Nep) (Figures 3A-D), and for 

enzymes involved in different hepatic metabolic pathways, which could be indicative of an impaired 

liver function, such as alkaline phosphatase (Alpl), glutamic-oxaloacetic transaminase 2 (Got2) and 

glutamic pyruvic transaminase (Gpt) (Figures 2E-G). We observed no significant alterations in the 

expression of the above mentioned genes (Figures 3A-G). 

 

4. Discussion 

Herein, we took advantage of the PDGFB-APPSwInd (J20) AD transgenic mouse model, which 

overexpresses a mutated form of the human APP under a neuronal-specific promoter (19, 20), to 

study the changes in type I and type II IFN responses in the peripheral milieu. For that, we chose the 

liver, since it plays a central role in sequestering systemic Aβ (21). We showed an early 

overexpression of Ifng, encoding for a central type II IFN cytokine, in the liver of J20 mice, which 

returned to basal levels at 11-12 months. At this later age, there was also a significant increase in 

the expression of different type I IFN genes. Noticeably, along with this age-related shift in IFN gene 

expression, there was a significant decrease in the number of perivascular Aβ
+
 macrophages in the 

liver of J20 mice, which prompted us to hypothesise that an unbalanced type I/type II IFN response 

in the periphery may affect Aβ phagocytosis and clearance from the brain. 

The interplay between the peripheral systemic milieu and the brain cannot be disregarded in 

neurodegenerative diseases, since its regulation is essential for brain homeostasis. Importantly, 

changes in the level of blood-borne factors were shown to critically affect brain function and behavior 

in aged mice (10, 22). However, the changes in the levels of specific systemic inflammatory 

molecules in AD, and their role in the initiation and progression of pathology and neurodegeneration, 

is still poorly understood (3, 7). Increased inflammation in the brain of AD transgenic mice, such as 

the J20 mice, is believed to be an early event that pairs with glial activation, precedes the formation 

of Aβ-enriched plaques, neuronal synaptic dysfunction and is correlated with a poor cognitive 

performance (7, 23-26). Importantly, it was recently shown that an aging-associated dysregulation in 

the levels of specific inflammatory molecules in the bloodstream and in the cerebrospinal fluid (CSF) 

could be responsible for the deficits in brain cell proliferation and function and might strongly impact 

on the cognitive behavior of aged mice (10). Supporting this idea, it was recently suggested that 

peripheral immune cells, particularly T-cells, which are responsible for the surveillance of the CNS 

under physiological conditions, may become harmful and contribute to a detrimental 
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neuroinflammatory response in the aged CNS (11, 27). Interestingly, it was also suggested that, in 

part, age-dependent alterations in brain immune surveillance, glial activation, brain cell proliferation 

and memory decline are induced by a shift from a type II IFN into a type I IFN response at the level 

of the barriers of the brain in old mice (12, 28). Concurrently are the findings of an increased type I 

IFN response at the blood-CSF barrier and at the dorsal hippocampus (dHPC) of J20 mice at 3 

months, an age at which these mice already present serious memory deficits. Moreover, an 

activation of a type I IFN response was also observed in the dHPC of 11-12 months-old WT mice, at 

a time where significant impairment in memory acquisition is established. 

Of notice, the alterations in the type II IFN inflammatory response in the liver of J20 mice, at 

different ages, were identical to those previously reported for the CP (chapter IV). Strikingly, once 

again, there was an increased expression of Ifng and Icam1 at 3 months, in the liver of J20 mice 

only. However, except for Ifnb1, an increased expression of type I IFN genes was only observed at 

11-12 months in the liver of both WT and J20 mice, which implies an aging-induced effect that is 

independent of the pattern of response or the pathological status observed in the brain of J20 mice 

at that age. Despite its central role in sequestering circulating Aβ peptides (21), there is still 

controversy regarding the role of the liver in peripheral Aβ recycling. Also, whether the liver becomes 

dysfunctional and contributes for the release of Aβ into the circulation, or plays a protective role in 

AD, is still a matter of debate (29). We observed a higher number of Aβ-loaded 

monocytes/macrophages, in the vicinity of the liver vasculature, at 3 months, that decreased at later 

ages. Of notice, others have shown that increased levels of IFN-α promote homing of circulating 

macrophages into the liver (30). In this transgenic AD mouse model, in spite of the increased 

number of perivascular macrophages at 3 months, no changes were observed in the number of 

perivascular macrophages along with the aging-associated increased expression of the gene 

encoding for IFN-α. However, we show that the aging-driven peripheral shift from a type II IFN into a 

type I IFN response is associated with a decrease in the number of liver Aβ
+
 macrophages. Our 

results suggest that changes in the IFN response may play a role either in the activation state of liver 

resident macrophages, and in the removal of Aβ present from the bloodstream (31), or in the 

activation of circulating monocytes/macrophages that scavenge Aβ peptides through the brain 

vasculature and home them into the liver parenchyma (16, 32). Interestingly, as described for the 

CP of old mice (12), we show that aging also increases the expression of type I IFN genes in a 

peripheral organ. Importantly, a shift from a type II IFN into a type I IFN response is observed with 

aging in the liver of J20 mice only. Altogether, our results reveal alterations in the IFN response both 
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in the brain and in the liver of J20 mice, suggesting that a decreased type II IFN response, possibly 

associated with an overexpression of type I IFN genes, may have a modulatory effect on Aβ 

phagocytosis and clearance by immune cells, such as macrophages. Furthermore, the results 

presented here highlight the necessity of further exploring and understanding the role of type I IFN 

molecules, produced in the periphery, for the aging process of the CNS and for neurodegeneration 

and memory decline in AD. Ultimately, type I IFN molecules, like IFN-α, may be potentially useful as 

peripheral biomarkers of AD diagnosis and/or prognosis, which should be investigated. 
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General discussion and future perspectives 

 

In the present thesis, we followed a hypothesis-driven (1, 2) approach to further investigate the role 

of a choroid plexus (CP) acute-phase protein, lipocalin 2 (LCN2) in brain cells' homeostasis and its 

impact on amyloid beta (Aβ) toxicity and in Alzheimer's disease (AD) pathogenesis. Additionally, we 

used an exploratory method, by performing a microarray of CP cells from wild-type (WT) and 

hemizygous PDGFB-APPSwInd (J20) at different ages, to search for novel molecules that could be 

involved in the pathophysiology of AD and become biomarkers for cognitive decline. 

 

LCN2 plays a detrimental role in the response to Aβ peptides 

In the past years, several studies have reported that the levels of LCN2 increase in situations of both 

physically- or biochemically-induced brain damage (3). However, until now, nothing was known 

about the production of LCN2 in response to increased levels of Aβ peptides, which are closely 

involved in the development of brain pathology and behavioral alterations in AD. Based on this lack 

of knowledge, we decided to stimulate different types of brain cells with Aβ and measure the levels 

of LCN2. In chapter II of this thesis, we show not only that LCN2 is overexpressed by cells of the 

CNS in response to Aβ1-42, namely by CP epithelial cells and astrocytes, but also that LCN2 

decreases astrocytic metabolic activity and survival in response to Aβ1-42. Upon being secreted in 

response to this stimulus, LCN2 seems to play a deleterious role in the innate cellular response, by 

modulating the expression of iron-metabolism and proinflammatory genes. Interestingly, the 

decreased expression of iron-related genes in response to Aβ1-42, such as those encoding for ferritin 

and heme oxygenase 1, observed in astrocytes from Lcn2-null [Lcn2(-/-)] mice, suggests that the 

alteration in intracellular iron homeostasis is somehow being regulated by LCN2, possibly through 

the interaction with its two known receptors: megalin and 24p3R. In particular, 24p3R is able to 

mediate the internalization of either iron-free or iron-bound LCN2, promoting apoptosis or cell 

proliferation, respectively (4). Moreover, when internalized in its iron-free form, LCN2 may exert its 

noxious effects by removing iron from cells, which also contributes to increased extracellular free 

iron availability (4). Whether an increase in the receptors of LCN2, in response to Aβ, is favoring the 

internalization of iron-free LCN2 and, consequently, leading to changes in intracellular iron storages 

(4, 5), warrants further investigation. If this is the case, the observed overexpression of the 

proapoptotic BIM protein, and the decrease in astrocytic viability, could result from LCN2-dependent 

intracellular iron depletion (4). Of notice, increased level of free extracellular iron was shown to 
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promote the oligomerization of Aβ peptides into toxic intermediates (6, 7), which may be influenced 

by the mechanism of action of LCN2. Additionally, it was recently suggested that increased levels of 

LCN2 favor the formation of reactive oxygen species, through the regulation of intracellular labile iron 

levels, and affect the function of endothelial cells (5). Following a parallel mechanism, increased 

signaling by LCN2 may also be promoting interleukin-3 (IL-3)-induced apoptosis (8), which was not 

addressed in this study, but should be in future work. 

Of interest is also the ability of LCN2 to modulate the expression of proinflammatory genes in 

response to Aβ. It was previously reported that LCN2 is produced in the brain in response to 

different inflammatory stimuli (2, 9). Among these, the proinflammatory cytokine tumor necrosis 

factor (TNF) induces the production of LCN2 by brain cells (10). This was proven to be relevant for 

the neuroinflammatory response in AD, since LCN2 was able to potentiate the noxious effects of 

TNF, through TNF receptor 1, and to boost the toxicity of Aβ peptides, having a deleterious effect on 

neuronal survival (10). Herein, we describe an effect of LCN2 on the expression of genes encoding 

for IL-6 and for chemokine (C-X-C motif) ligand 10 (CXCL10), in response to Aβ, that lead us to 

hypothesize that LCN2 may be setting up a proinflammatory environment and a state of glial 

activation that, when maintained for a prolonged period in culture, promotes increased cellular 

dysfunction and death. As previously indicated, the adverse effects of increased production of LCN2 

by brain cells, which favor the establishment of a prejudicial proinflammatory environment, in 

response to different stimuli or in the context of the CNS injury, has been largely documented in the 

literature (3). Importantly, when present in increased levels, LCN2 is able to shape the function of 

the main populations of cells that compose the brain parenchyma: neurons, glia and endothelial 

cells (2, 9, 11, 12). Besides affecting different cells, it is increasingly evident that LCN2 is a 

pleotropic protein that, depending on the cellular origin, the site of action and the levels of 

production/secretion, is able to influence mechanisms such as cellular activation, migration and 

survival (1, 5, 9, 11-15). However, there is some controversy regarding the cells that are able to 

produce LCN2 in the brain. We show that in response to increased levels of Aβ1-42, CP epithelial 

cells and astrocytes, but not microglia and neurons, are able to produce this protein. In previous 

work from our lab, we have also shown that in an mouse model of multiple sclerosis, specifically the 

relapsing-remitting model of experimental autoimmune encephalomyelitis, the production of LCN2 in 

the onset and relapse phases of the disease, is limited to immune cells in the CP, at the blood-

cerebrospinal fluid (CSF) barrier (BCSFB), and to astrocytes in the brain parenchyma (1). 

Accordingly, it was shown by others that in kainate-induced excitotoxicity, only CP epithelial cells and 
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astrocytes produce LCN2 in the brain (16). However, in response to different proinflammatory 

stimuli, such as increased levels of TNF or spinal cord injury, neuronal production of LCN2 has been 

reported (10, 11). Additionally, it was described that microglial cells are capable of producing LCN2 

during the neuroinflammatory response induced by LPS injection into the brain parenchyma (12). 

These observations raise additional doubts about the cellular source of LCN2 in the brain, which 

may, in fact, vary according to the type of stimulus (3). 

 

LCN2 leads to increased levels of Aβ-induced astrocytosis in the hippocampus 

In chapter III, to further scrutinize the effect of increased LCN2 production in response to Aβ, we 

used an in vivo model that consisted on the stereotaxic injection of Aβ1-42 in the dorsal hippocampus 

(dHPC). First, it is important to highlight that this procedure, used to deliver either Aβ1-42 or vehicle 

into the mouse dHPC, induced, per se, an increase in the number of LCN2-producing cells in the 

vicinity of the injection site in the brain. This was somehow expected since it is believed that, 

although in physiological conditions the brain parenchyma lacks detectable LCN2
+
 cells, a physical 

injury to the brain, such as the one associated with the injection procedure, is able to up-regulate the 

production of LCN2 by astrocytes in the parenchyma (14). Nevertheless, we observed that increased 

Aβ1-42 in the dHPC was able to increase the number of cells producing LCN2, when compared to 

the vehicle injected brain hemisphere. In this in vivo model of neuroinflammation induced by Aβ1-42, 

as observed before in the in vitro model of Aβ1-42 toxicity and in other in vivo models of increased 

neuroinflammation (1, 14, 16, 17), astrocytes appear as the main producers of LCN2. In addition, 

we have observed an increased number of LCN2
+
GFAP

-
 cells, which we are likely endothelial cells 

and peripheral immune cells, due to their location and morphology. However, to be sure about this 

we would need to perform a double fluorescent staining using antibodies specific for LCN2 and for 

those cellular populations, namely cluster of differentiation 31 (CD31) and CD45, for endothelial 

cells and leukocytes, respectively. Importantly, in view of the less ramified morphology of astrocytes 

observed in the HPC of Lcn2(-/-) injected mice, we can say that the increased production of LCN2 

by astrocytes in response to Aβ1-42 seems to have a great impact on the autocrine activation of 

these glial cells. In the future, to supplement this characterization of the glial response to Aβ, in the 

presence or in the absence of LCN2, it would be important to measure the degree of activation of 

microglial cells. For that, we propose to perform a staining for ionized calcium binding adaptor 

molecule 1 (IBA1) or cluster of differentiation 11 B (CD11B) and carry out a morphological 
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characterization of microglia in the CA1 region of the dHPC of Lcn2(+/+) and of Lcn2(-/-) injected 

with Aβ1-42. Additionally, we would also quantify the levels of nitric oxide synthase 2 (NOS2), IBA1 

and CD11B in the HPC, which are good indicators of microglial activation. Moreover, it would be 

essential to investigate if the duration of the inflammatory response to a single injection of Aβ1-42 is 

the same in Lcn2(+/+) or Lcn2(-/-) mice. This could be answered by measuring the levels of 

expression of genes encoding for proinflammatory cytokines, in the injected brain region and in 

adjacent brain regions, such as the cortex, in different time points after injection, and not only 24 h 

after. Finally, it would also be important to investigate if, as observed in vitro, the increased 

production of LCN2 is able to influence glial and neuronal survival/death in the HPC, at 24 h and at 

latter time points upon Aβ1-42 injection. 

 

Is LCN2 modulating Aβ pathology and cognitive decline in AD? 

As already mentioned, we show that LCN2 appears to have a deleterious effect on astrocytic 

activation and survival, when acutely produced and secreted in response to Aβ1-42. However, despite 

the marked effect of LCN2 on the astrocytic morphology, we cannot be sure if the same deleterious 

effect on cellular survival is observed in vivo, in response to increased Aβ. Trying to address this, we 

also performed an immunofluorescent staining to search for changes in the levels of LCN2 in the 

brain of J20 mice and respective age-matched WT littermates, at the ages of 1, 3, 5-6 and 11-12 

months. Surprisingly, using this method, we were not able to detect LCN2 either in the brain of J20 

mice or in the respective WT controls. Nevertheless, it was already reported that patients with AD 

present increased levels of LCN2 in the brain (10). In the future, we intend to use more sensitive 

and quantitative techniques, such as western blot or ELISA, to measure the levels of LCN2 in 

specific brain regions, namely in the HPC and cortex, which are closely involved in the pathological 

and behavioral alterations observed in J20 mice.  

Another important and still poorly characterized aspect regarding the role of LCN2 in 

neurodegenerative disorders, particularly in the context of AD, is its role in the development of 

memory and cognitive deficits. As mentioned in chapter I, under physiological conditions, the 

absence of LCN2 has an impact on behavior, which seems to be more obvious in terms of anxiety-

like behavior and less marked on cognition (18, 19). Taking our interest on studying the molecular 

correlates of behavioral alterations, we hypothesize that LCN2 may influence memory and anxiety in 

aging and in AD. To test this hypothesis, we could performed stereotaxic bilateral intrahippocampal 

injections of Aβ1-42 or vehicle (20), in Lcn2(+/+) or Lcn2(-/-) mice, and, upon a period of recovery 
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from the surgical procedure, submit the mice to behavioral tests to assess memory and anxiety-like 

behavior, such as the Y-maze (or the Morris water maze) and the elevated plus maze, respectively 

(18, 21). In a second experimental approach, we would need to explore the role of LCN2 in the 

initiation and progression of disease in the J20 transgenic mice (used in chapters IV and V), which 

present early memory deficits and anxious-like behavior (22), by crossing hemizygous J20 mice with 

Lcn2(-/-) mice. Specifically, after generating J20 mice either in a Lcn2(-/-) or a Lcn2(+/+) 

background, we will study their behavioral phenotype, as well as the degree of brain amyloid 

pathology and neuroinflammation, at different ages. These two different in vivo models of AD could 

give us different and complementary readouts of the function of LCN2 in neurodegeneration and in 

behavior in AD. 

 

The CP transcriptome suffers distinct alterations with aging 

In chapter IV, we studied the response at the BCSFB in aging and in AD. In chapter I, we give an 

overview of the functions of this barrier, formed by the CP, in health and in disease. As mentioned, 

the cells that comprise the CP tissue, both the CP epithelial cells and the cells that are present in 

the inner stromal compartment, are able to respond to stimuli arriving from the periphery and to 

signals associated with brain damage and neurodegeneration. These mediators are able to induce 

changes in the secretome of the CP cells that will affect the composition of the CSF and that may, 

ultimately, impact on brain homeostasis and function. Based on these properties, we assumed that 

by studying the changes in the CP transcriptome in aging and in AD, we would find novel molecular 

players, and associated pathways, that could be linked with neurodegenerative traits, like the 

progressive deposition of amyloid in the brain, neuroinflammation, or with behavioral impairments, 

such as memory decline. In the analysis presented in chapter IV, we focused on changes in the CP 

transcriptome that were promoted either by: 1) aging, per se, both in WT and in J20 mice, or 2) the 

overexpression of the transgene [comprising the mutated form of human amyloid precursor protein 

(APP)] specifically in neuronal cells of J20 mice and the consequent formation and accumulation of 

Aβ in the brain (23). 

Aging led to changes in the expression of genes involved in the regulation of barrier integrity and of 

the molecular transport across the CP, described to increase the permeability of the BCSFB and to 

affect the CSF's turnover (24, 25). We also found an identical effect of aging in the CP of WT and of 

J20 mice, which was reflected on the regulation of akin biological functions, such as the metabolism 

of small molecules, particularly of lipids. This biological function was the most altered both in the CP 
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of older WT and J20 mice and involved some of the genes that regulate the cellular circadian 

rhythm, such as clock circadian regulator (Clock), tyrotrophic embryonic factor (Tef) and D site of 

albumin promoter (albumin D-box) binding protein (Dbp) (26, 27). These observations are in 

agreement with reports of alterations in Clock gene expression and in the regulation of the circadian 

cycle in the APP/presenilin 1 mouse model of AD (28) and its implications to the pathophysiology of 

the disease (29), particularly in metabolic deregulation and in the exacerbation of the 

neuroinflammatory response (30, 31). However, the involvement of the brain barriers in such 

regulation in AD is a novel finding. Of interest, a recent study showed that an impairment in the 

circadian rhythm, induced by chronic sleep restriction, alters the function of the blood-brain barrier 

(32), highlighting the connection between the homeostasis of the brain barriers and the regulation of 

the circadian clock, which should be further explored.  

Specifically in J20 mice, we observed changes in the expression of genes that regulate some of the 

functions classically attributed to CP epithelial cells. Of relevance, we observed changes in the 

expression of genes, like the zona occludens 3 gene (33), that participate in the maintenance of the 

barrier formed by the CP epithelial cells. Additionally, we detected a down-regulation of Adora2b in 

the CP of J20 at 11-12 months that, in view of the described function of the adenosine A2B 

receptors in the regulation of the ventricular ependymal cell ciliary beat frequency (34), might impact 

on the production and dynamics of the CSF. The overexpression of the transferrin receptor (Tfrc) 

gene in J20 mice at 3 months may also indicate a higher intake of transferrin-bound iron into the 

CSF through the CP epithelial cells and, consequently, into the brain parenchyma (35, 36). As 

mentioned before, it has been described that the CP contains all the machinery to modulate iron 

homeostasis in the brain (37, 38). Moreover, we have previously suggested that proteins involved in 

iron metabolism are able to modulate the cellular response to Aβ and, hence, the cellular metabolic 

activity and viability (17, 39). In fact, iron is co-deposited in the brain amyloid plaques (40, 41) and 

it was shown that the levels of iron and transferrin are decreased in the serum of patients with AD 

(42), which may imply an increased accumulation of iron in the brain and, ultimately increased 

oxidative damage (39, 43). Taking these observations into account, a higher expression of Tfrc at the 

BCSFB may have a serious impact on the regional regulation of iron metabolism in AD (39), which 

must be further investigated. Besides iron, we have observed changes in the expression of genes 

involved in the transport of other substances in and out of the brain. Interestingly, some of these 

genes have been implied in the pathological events in the AD brain, namely Abcg4, encoding for the 
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ATP-binding cassette G4 transporter involved both in HDL-mediated cholesterol and Aβ efflux (44, 

45), and Aqp1, encoding for the membrane water channel protein aquaporin 1 (46). 

Altogether, we found alterations in gene expression that affect the metabolic activity, activation, 

proliferation and viability of the cells that compose the CP and are likely to contribute to a defective 

and leaky BCSFB in AD. In addition, the alterations observed at the BCSFB of J20 mice suggest that 

the involvement of the CP in the pathological features of the disease may extend further from its well 

described functions as a barrier and as a CSF producer, and clearly point to a key function in the 

neuroinflammatory response in AD. 

 

J20 mice present alterations in type I and II interferon (IFN) responses at different biological milieus: 

is it relevant for AD? 

A more detailed analysis into the transcriptomic data of the CP of J20 mice revealed age-dependent 

alterations in specific modulators of the inflammatory response. At 3 months, we observed an 

overexpression of genes involved in the regulation of the type I interferon (IFN) response, namely 

Toll-like receptor 9 (Tlr9), interferon (alpha and beta) receptor 1 (Ifnar1) and interferon regulatory 

factor 7 (Irf7), which remained highly expressed at 5-6 months. These genes are centrally involved in 

the production of IFN-α and -β, the two major type I interferon cytokines, under physiological and 

pathological conditions (47-49). Accordingly, we observed an early overexpression of interferon beta 

1 (Ifnb1) and, later on, of interferon alpha 1 (Ifna1) in the CP of J20 mice, which, as we suggest, 

may result from a direct contribution of CP epithelial cells, but also of immune cells that are 

recruited into the CP stroma (49, 50). However, we only found a trend for increased basal levels of 

IFN-α in the CSF of J20 mice at all ages, when compared to the levels in the CSF of 3 months-old 

WT mice. This slight increase in the levels of IFN-α in J20 mice may still be functionally relevant and 

be associated with the early memory deficits presented by these mice. We aim at addressing this 

aspect in the future, by genetically targeting the type I IFN signaling pathway in the J20 transgenic 

mice. Surprisingly, along with a significant decline in spatial reference-memory, aging induced a 

significant increase in the level of IFN-α in the CSF of WT mice. Based on the pattern of type I IFN 

gene expression in the CP and in the dHPC of WT mice, we assume that the second is the major 

contributor to this age-dependent increase in the level of IFN-α in the CSF. Accordingly, it has been 

suggested that both neurons and glial cells are able to contribute to increased levels of type I IFNs in 

the brain (51, 52). Also, it was shown that a blockage of the type I IFN signaling is able to influence 

neuronal activity (51), to diminish the activation phenotype of glia from the dHPC and to restore 
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memory and cognitive function in aged mice (53). However, the contribution of each type of cell to 

the increased levels of type I IFNs in the brain needs to be further explored. Likewise, it will be 

important to uncover the autocrine/paracrine effects of increased type I IFN mediators on the 

activation and function of the different types of brain cells, particularly neurons, in aging and in AD. 

Moreover, it is still unknown if increased type I IFN gene expression is limited to brain cells from the 

HPC, or if this response is also observed in other brain regions. Studies addressing the effect of IFNs 

in the function of peripheral cells propose that, in the absence of a viral infection, alterations to the 

constitutive levels of type I IFNs may be prejudicial to the organism, by promoting changes in the 

generation and renewal of cells with a high proliferative capacity, such as stem cells, and in the 

immune/inflammatory response (48). However, even though type I IFNs seem to influence brain 

function in aged mice, it is still controversial whether this also applies to the AD brain. In the future, 

besides addressing the involvement of type I IFNs in AD-associated brain pathology, it will be crucial 

to understand if the modulation of the type I IFN response is able prevent or ameliorate memory and 

cognitive decline in AD. 

We also show that the early and sustained activation of a type I IFN response in the CP was 

accompanied by an inactivation of Ifng expression, which may indicate a causal relationship, and 

deserves further investigation. As discussed in chapters I and IV, there is still controversy regarding 

the effect of increased level of IFN-γ, the major type II IFN cytokine, in the modulation of brain 

function in aging and in AD. It is believed that at physiological levels, IFN-γ, which is mainly 

produced by T helper 1 cells in the periphery, is essential for brain cell homeostasis and for an 

appropriate immune surveillance of the brain (50, 54). Taking into account that the CP also 

responds to stimuli arriving from the bloodstream (55), and the recent findings that emphasize the 

role of systemic aging on brain dysfunction (56, 57), we checked if the changes in gene expression 

observed specifically in the CP of J20 mice were also observed in the peripheral milieu. Of notice, 

the alterations in the type II IFN inflammatory response observed in the CP transcriptome of J20 

mice at different ages accompanied identical changes in the liver. Moreover, an increased 

expression of type I IFN genes was observed in the liver of WT and J20 mice at 11-12 months, 

which implies an aging-induced effect that is independent of the degree of amyloid deposition 

observed in the brain at that age. Surprisingly, the pattern of type II IFN gene expression, and not of 

type I IFN gene expression, goes in accordance with the higher number of monocytes/macrophages 

positive for Aβ that were found in the vicinity of the liver vasculature at 3 months in J20 mice. We 

suggest that there is a peripheral shift in the type of IFN response that contributes to the activation 
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state of either liver resident macrophages (58) or circulating monocytes/macrophages (59, 60), 

affecting the levels of circulating Aβ and/or the removal of Aβ through the brain vasculature, 

respectively. In fact, the liver is the most effective organ in sequestering circulating Aβ peptides (61). 

However, it is not yet clear if the liver is effectively degrading Aβ in AD or simply working as a 

biological reservoir that participates in the re-circulation of Aβ peptides that are originating from the 

brain (62). Of interest, as previously described to occur in the CP of old mice (53), we show that 

aging also increases the expression of type I IFN genes in a peripheral organ. However, contrarily to 

what was observed in the CP of old mice (53), our results suggest that, in the periphery, the age-

dependent shift from a type II IFN into a type I IFN response is only observed in the liver of J20 

mice. Once again, it will be important to know whether this response is confined to the liver of J20 

mice and the specific contribution of different populations of peripheral immune cells, such as T 

cells and/or monocytes/macrophages. 

Altogether, our observations point to alterations in the type of IFN response at the brain 

parenchyma, at the BCSFB and at the liver, both in WT and in J20 mice, along the process of aging, 

that may impact on brain and peripheral inflammation, Aβ clearance/deposition in the brain and on 

memory and cognition. Importantly, we envisage that the modulation of type I and II IFN responses, 

either genetically or pharmacologically, might be a promising strategy to ameliorate 

neurodegeneration and behavior deficits in AD. 

 

In summary, the main achievements of the work developed in this thesis are: 

1) LCN2 plays a detrimental role in the cellular response to Aβ. 

2) LCN2 is induced by Aβ in vivo and influences astrocytic activation. 

3) Aging influences the expression of genes involved in the maintenance of the BCSFB, CSF 

production, biological clock and molecular transport across the CP. 

4) Type I and II IFN responses are altered in the J20 transgenic mouse model of AD and are 

associated with increased glial activation in the brain, changes in Aβ pathology and memory deficits. 
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