
1 

 

 

Age-associated dysregulation of microglial activation is coupled with enhanced BBB 

permeability and pathology in APP/PS1 mice 

 

 

Aedín M. Minogue
†
*, Raasay S. Jones

†
, Ronan J. Kelly, Claire L. McDonald, Thomas J. Connor and 

Marina A. Lynch. 

 

Trinity College Institute of Neuroscience, 

Lloyd Building, 

Trinity College, 

Dublin 2, 

Ireland. 

 

† These authors contributed equally to the work. 

*Correspondance: Email: aminogu@tcd.ie; Tel: 353-1-896-8476; Fax: 353-1-896-3545. 

 

Running title: altered microglial activation states in aged APP/PS1 mice 

 

 

 

 

 

 

 

 

 

mailto:aminogu@tcd.ie


2 

 

Abstract 

 

Aging adversely affects inflammatory processes in the brain, which has important implications in the 

context of disease progression. It has been proposed that microglia become dysfunctional with age 

and may lose their neuroprotective properties leading to chronic neurodegeneration. Here, we sought 

to characterize inflammatory changes in a mouse model of AD and to delineate differences between 

normal aging and those associated with disease pathology. A proinflammatory profile, characterized 

by upregulation of markers of classical activation was evident in APP/PS1 mice, associated with 

increased interferon (IFN)γ concentration and dysregulation of mechanisms designed to limit the 

proinflammatory response.  The data indicate that microglia are not less active with age but alter their 

phenotype; indeed changes observed in the deactivation state appear to relate to aging rather than 

disease pathology. We hypothesize that disruption of the BBB, in tandem with an enhanced 

chemokine profile, permits the infiltration of immune cells serving to reinforce classical activation of 

microglia through their enhanced responsiveness to IFNγ. 
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Introduction 

 

Alzheimer’s disease (AD) is characterized by the presence of amyloid plaques and neurofibrillary 

tangles, found in close association with activated microglia and astrocytes, an observation that has led 

to extensive investigation into the role of inflammation in disease pathophysiology. A compromised 

immune system, associated with aging, may negatively impact on inflammatory processes and lead to 

impaired brain function and neuronal repair, which in turn enhance the progression of AD. The blood 

brain barrier (BBB) functions to protect the brain from potentially damaging peripheral immune cells 

(Zlokovic, 2002) and a number of neuroinflammatory conditions, including AD, are associated with 

BBB disruption (Avison et al., 2004) and transendothelial migration of peripheral leukocytes (Togo et 

al., 2002). 

 

Similar to tissue macrophages, microglia respond to inflammatory stimuli in the CNS in a pre-

programmed manner designed to defend the brain against the effects of insult but also to initiate repair 

and restore homeostasis (Czeh et al., 2011). These cells can be classified into three major subsets, and 

further intermediate ones, with discrete molecular phenotypes and effector functions depending on the 

activation pathways elicited. Classical activation, stimulated by the Th1 cytokine interferon (IFN)γ, is 

identified by upregulation of tumour necrosis factor (TNF)α and inducible nitric oxide synthase 

(iNOS) and is associated with inflammation, extracellular matrix destruction and, in some cases, 

apoptosis (Mosser and Edwards, 2008). In contrast, alternative activation and acquired deactivation 

are stimulated by the anti-inflammatory cytokines IL-4 and IL-10 respectively and are associated with 

cellular and tissue repair and return to homeostasis (Mosser, 2003). Since identification of the 

classical, alternative and acquired deactivation inflammatory states in the periphery (Martinez et al., 

2009), and to some extent in the brain (Colton et al., 2006), it has become clear that the contribution 

of inflammation to neurodegenerative processes may be far more varied than originally postulated. 

While reports detailing the role of classical activation in AD are numerous, less work has been carried 

out investigating the changes in alternative activation and acquired deactivation. One recent study, 



4 

 

however, has suggested increases in markers of alternative activation such as mannose receptor 

(MRC1) and arginase-1 in the Tg2576 mouse model of AD (Colton et al., 2006). As such, a hybrid 

activation state incorporating characteristics of both classical and alternative activation has been 

hypothesized to play a role in AD. 

 

The recognition that mutations in presenilin (PS) 1 and duplication of the amyloid precursor protein 

(APP) gene are the most commonly-recognized causes of familial AD (FAD) led to the development 

of a transgenic mouse model (APPswe/PS1dE9) that mimics some of the pathology associated with 

disease progression.  Pathogenic mutations on PS, for example the Asn141 → Ile PS2 mutation 

(Mann et al., 1997), deletion of exon 10 of PS1 (Ishii et al., 1997, Mann et al., 1997) or FAD-linked 

mutations in PS1 and PS2 (Scheuner et al., 1996), have been coupled with increased Aβ1-42 production 

and this also occurs in the brains of transgenic mice overexpressing mutated PS1 alone (Borchelt et 

al., 1996, Duff et al., 1996, Citron et al., 1997) or in combination with mutated β-APP (Borchelt et 

al., 1996, Holcomb et al., 1998). In this study, we used the APPswe/PS1dE9 (APP/PS1) mouse model 

to investigate the possible mechanisms that induce microglia to adopt different activation states in the 

hippocampus with age. The data indicate that an age-related accumulation of A  was accompanied by 

increased expression of markers of classical activation and decreased expression of those associated 

with acquired deactivation.  We propose that infiltration of IFNγ-producing immune cells, likely as a 

consequence of increased BBB permeability, triggers microglia to adopt a classical proinflammatory 

phenotype with age in APP/PS1 mice.  

 

Materials and Methods  

 

Animals 

Groups of 14 (n=7-8) and 24 month-old (n=4-8) APP/PS1 mice and wildtype littermate controls (male 

= 12, female = 15) were used in this study. Mice, initially purchased from The Jackson Laboratory 

(USA), were bred with C57BL/6 animals in a specific pathogen-free environment at the BioResources 



5 

 

Unit of Trinity College Dublin. All experimental work was performed under a licence granted by the 

Minister for Health and Children (Ireland) under the Cruelty to Animals Act 1876 and the European 

Community Directive 86/609/EEC. In a second experiment, a cohort of 18 month-old (n=7-8; male = 

7, female = 8) wildtype and APP/PS1 mice were used to investigate the presence of infiltrating 

peripheral immune cells in the brains of these animals. In a third experiment, a group of 18 month-old 

(n=5; male = 6, female = 4) wildtype and APP/PS1 mice were used to assess the capacity of microglia 

to respond to inducers of the various activation states ex vivo.  Mice were anaesthetized and 

transcardially perfused with sterile PBS prior to sacrifice and removal of brain tissue. 

 

Analysis of BBB permeability by MRI  

Magnetic resonance imaging (MRI) was carried out in a small rodent Bruker Biospec system with a 7 

Tesla magnet and a 30 cm core (Bruker Biospin, Germany) and extravasation of the gadolinium-based 

contrast agent gadopentate dimeglumine (Clissmann, Ireland) was used as an indicator of BBB 

permeability. Anaesthesia was maintained by delivery of a mixture of isoflurane and oxygen (1.5 – 2 

% at 1 litre/minute of 100% oxygen); respiration rates and body temperature were monitored 

throughout the experiment. The right lateral tail vein was cannulated to allow for both pre- and post-

contrast measurements to be determined within the same contrast scan without disturbing the animal. 

Contrast imaging was carried out using a 10 repetition T1-weighted fast low angle shot (FLASH) 

sequence (1 repetition time: 2 minutes, 11 seconds), with the 15 slice protocol having dimensions of 

128 x 128 voxels per slice. Pre-contrast measurements (baseline) were acquired on the first repetition 

of the scan and the contrast agent was injected via the tail vein cannula at the beginning of the second 

repetition. Gadolinium-enhanced contrast images were analysed using Medical Image Processing, 

Analysis, and Visualization (MIPAV) software, with the average signal intensity changes in each 

treatment group plotted against repetition. Anatomically-distinct regions of interest viewed in the first 

repetition were overlaid with a 2 x 2 voxel square, and average pre-contrast intensity measured. 

Values for each data set were normalized to the pre-contrast measurement and expressed relative to 

the pre-contrast value. 
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Immunohistochemistry for fibrinogen 

Cryostat sections from wildtype and APP/PS1 and mice were prepared for immunohistochemistry as 

previously described (Kelly et al., 2013). Briefly, sections were fixed in ice-cold methanol, washed 

(PBS containing 0.02% Triton X-100™) and blocked with 10% normal goat serum/4% bovine serum 

albumin in wash buffer. Sections were incubated with rabbit–anti-human fibrinogen antibody (1:100 

in block buffer; Dako, USA), reported to cross-react with murine tissue, overnight at 4°C. Sections 

were washed, incubated with Alexa Fluor
®
 488 goat anti-rabbit secondary IgG (1:4000; Invitrogen, 

UK) and mounted onto glass slides (Vectashield
®
 with DAPI; Vector Laboratories, UK). Images were 

acquired using a LSM 510 Confocal Laser Scanning Microscope and visualized using LSM Image 

Browser Rel. 4.2. 

 

Detection of SDS- and guanidine-soluble Aβ 

Snap-frozen hippocampal tissue was homogenized in sodium dodecyl sulfate (SDS) buffer (1% SDS, 

50mM NaCl in dH2O) containing protease and phosphatase inhibitors (1%; Sigma-Aldrich, UK) and 

centrifuged at 21,500 x g for 20 minutes at 4°C. SDS-soluble Aβ was assessed in the supernatants 

while guanidine-soluble Aβ was extracted from the pellets (50mM Tris-HCl, 5M guanidine in dH2O). 

Aβ concentrations were determined using a MULTI-SPOT® Human/Rodent (4G8) Abeta Triplex 

Ultra-Sensitive Assay (Meso Scale Discovery, USA) as per the manufacturer’s instructions. The plate 

was read using a Mesoscale Sector Imager (Meso Scale Discovery, USA) and Aβ concentrations 

calculated relative to the standard curve and expressed as ng/mg total protein. 

 

Analysis of mRNA expression by real-time PCR 

RNA was isolated from cortical tissue using a Nucleospin® RNAII kit (Macherey-Nagel GmbH, 

Germany) and reverse transcribed into cDNA using a High-Capacity cDNA Archive kit (Applied 

Biosystems, UK) as per manufacturer’s instructions. Assay ID’s for the genes examined were as 

follows: β-actin (4352341E), CD68 (Mm03047340_m1), CD11b (Mm00434455_m1), TNFα 

(Mm00443258_m1), IL-1β (Mm00434228_m1), mannose receptor (MRC1; Mm00485148_m1), brain 
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derived neurotrophic factor (BDNF; Mm04230607_s1), nerve growth factor (NGF; 

Mm00443039_m1) and macrophage inflammatory protein (MIP)-1α (Mm00441258_m1). Real-time 

PCR was performed using an ABI Prism 7300 instrument (Applied Biosystems, UK) with β-actin as 

the endogenous control. Relative gene expression was calculated using the ΔΔCT method with 

Applied Biosystems RQ software (Applied Biosystems, UK). 

 

Analysis of IL-10, CXCL1 and IFNγ concentrations by Multiplex ELISA 

IL-10, CXCL1 and IFNγ concentrations were assessed in hippocampal homogenate using a Mouse 

ProInflammatory 7-Plex Ultra-Sensitive as per manufacturer’s instructions (Meso Scale Discovery, 

USA). Concentrations were calculated relative to the appropriate standard curve and expressed as 

pg/mg protein. 

 

Cell isolation from brain tissue by density centrifugation  

Stock isotonic Percoll was obtained by mixing nine volumes of Percoll (Sigma-Aldrich, UK) with one 

volume of 10X PBS. Further Percoll gradients were prepared with 1X PBS as appropriate. Following 

sacrifice, brain tissue was dissected and placed in 1X HBSS (Invitrogen, UK), cross-chopped, 

homogenized and triturated using fire-polished Pasteur pipettes with three decreasing diameters. Cell 

suspensions were filtered through a cell strainer (70μM) and cells pelleted by centrifugation. The 

resultant pellets were re-suspended in 75% Percoll (10ml) and overlaid with 25% Percoll (10ml) and 

1X PBS (6ml) and centrifuged at 800 x g for 30 minutes at 4°C. Following centrifugation, an enriched 

microglial population was collected from the 25-75% interface (de Haas et al., 2007). The purity of 

isolated CD11b
+
 microglia was 60-70%, as assessed by flow cytometry. Cells were removed, washed 

and resuspended in FACS buffer (2% FBS, 0.1% NaN3 in PBS) for flow cytometry or RPMI 

(Invitrogen, UK) and stimulated with IFNγ (100ng/ml) or IL-4/IL-13 (10ng/ml each) for 1 hour prior 

to analysis of intracellular signaling proteins. For detection of infiltrating cells, brain tissue was 

prepared as above, resuspended in 70% Percoll (9ml), underlaid with 100% Percoll (5ml) and overlaid 

with 57% Percoll (9ml), 21.5% Percoll (9ml) and 1X PBS (9ml). The gradient was centrifuged at 
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1250 x g for 45 minutes at 4°C and mononuclear cells were collected from the 57-70% and 21.5-57% 

interfaces for flow cytometry.  

 

Analysis of intracellular signaling proteins by Western immunoblotting 

Hippocampal tissue and enriched microglial preparations stimulated ex vivo with IFNγ or IL-4/IL-13 

were assessed for protein expression by electrophoresis and Western immunoblotting as previously 

described (Minogue et al., 2012). Primary antibodies against pSTAT1 (1:1000; Cell Signaling 

Technology, USA) and pSTAT6 (1:1000; Merck Millipore, USA) were used with horseradish 

peroxidise-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch, UK). Bands were 

visualized using Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific, USA) and 

images were captured using a Fujifilm LAS-3000 (Brennan & Co., Ireland). 

 

Assessment of receptor expression, infiltrating cells and phagocytosis by flow cytometry 

Flow cytometry was carried out as previously described (Jones et al., 2013), with the exception that 

cells were blocked in FACS buffer containing purified anti-mouse CD16/CD32 (1:100; BD 

Biosciences, UK). Antibodies used for analysis of microglia were Alexa Fluor 647 anti-mouse CD11b 

(1:100; BD Biosciences, UK), PE anti-mouse IL-4Rα (1:100; R&D Systems, UK), PerCP anti-mouse 

IL-10Rβ (1:100; R&D Systems, UK) and PE anti-mouse IFNγR (1:100; eBioscience, UK). Infiltrating 

monocytes/macrophages and neutrophils were identified by staining for PE-Cy7 anti-mouse CD45 

(1:100, Bioscience, UK), Alexa Fluor 647 anti-mouse CD11b (1:100; BD Biosciences, UK) and FITC 

anti-mouse Ly6G (1:100; BioLegend, UK), and these cells were identified as CD11b
+
CD45

hi 
and 

CD11b
+
Ly6G

+
 respectively. Immunofluorescence was read immediately on a DAKO CyAn-ADP 7 

colour flow cytometer with Summit software v4.3 for acquisition. BD™ CompBeads (BD Bioscience, 

UK) were used to optimise fluorescence settings and further flow cytometric analysis was carried out 

in FlowJo v7.6.5. Unstained cells and fluorescence minus one (FMO) tubes were used to gate the 

percentage of positive cells in any channel.  
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Results 

 

Increased Aβ burden is associated with enhanced microglial activation and markers of classical 

activation in 24 month-old APP/PS1 mice.   

Accumulation of Aβ occurs in APP/PS1 mice from as early as 5 months of age (Jankowsky et al., 

2004) with evidence from this laboratory identifying marked changes in 7-8 month-old APP/PS1 

animals (O'Reilly and Lynch, 2012, Gallagher et al., 2013).  The data presented here demonstrate that 

concentrations of SDS- and guanidine-soluble Aβ were enhanced in hippocampal tissue prepared 

from 14 and 24 month-old APP/PS1, compared with wildtype, mice (
***

p<0.001; 2-way ANOVA; 

Table 1), and that this increase was significantly greater in 24 month-old, compared with 14 month-

old, animals (
+
p<0.05; 

++
p<0.01, 

+++
p<0.001: 2-way ANOVA; Table 1).  

 

One apparently anomalous finding is that activated glial cells surround Aβ plaques in the AD brain 

and in mouse models of AD, yet Aβ accumulation continues, suggesting that the phagocytic function 

of these cells is compromised.  Here we assessed expression of CD68, a lysosomal protein which is 

upregulated in phagocytic cells (Zotova et al., 2011) and show that CD68 mRNA was significantly 

increased in tissue prepared from APP/PS1, compared with wildtype, mice (
***

p<0.001; 2-way 

ANOVA; Figure 1A), and that expression was greater in tissue from 24 month-old, compared with 14 

month-old, mice (
+
p<0.05: 2-way ANOVA; Figure 1A). Expression of CD11b, TNFα and IL-1β are 

indicative of classical activation of microglia (Colton and Wilcock, 2010) and all were found to be 

increased in hippocampal tissue prepared from APP/PS1, compared with wildtype, mice (
**

p<0.01; 

***
p<0.001; 2-way ANOVA; Figure 1B, C and D); an effect that was enhanced in 24 month-old 

APP/PS1 mice (
+
p<0.05; ANOVA; Figure 1B, C and D). 

 

IFNγ signaling is enhanced in 24 month-old APP/PS1 mice.  

Classical activation is stimulated by the interaction of IFNγ with its receptor and we demonstrate that 

IFNγ concentration was greater in tissue prepared from APP/PS1, compared with wildtype, mice 
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(
**

p<0.01; 2-way ANOVA; Figure 2A) and in 24 month-old, compared with 14 month-old, mice (
###, 

+++
p<0.001; 2-way ANOVA; Figure 2A). IFNγ-induced signaling requires recruitment and activation 

of STAT1, which becomes phosphorylated, dimerises and translocates to the nucleus where it 

upregulates transcription of a number of genes associated with proinflammatory signaling. Expression 

of phosphorylated STAT1 was increased in hippocampal lysates prepared from 24 month-old 

APP/PS1 mice compared with all other cohorts (
**

p<0.01; 2-way ANOVA; Figure 2B), whereas total 

STAT1 expression was unchanged in hippocampal tissue from all groups (data not shown). 

Furthermore, the expression of IFNγ receptor (IFNγR) was significantly upregulated on CD11b
+
 cells 

isolated from brain tissue of APP/PS1, compared with wildtype, mice (
**

p<0.01; 2-way ANOVA; 

Figure 2C). To confirm that microglia from APP/PS1 mice have a greater capacity to respond to IFN , 

an enriched microglial population was isolated from brain tissue of wildtype and APP/PS1 mice and 

stimulated with IFNγ for 1 hour ex vivo. Expression of pSTAT1 was significantly increased in 

microglia isolated from both wildtype and APP/PS1 mice (
***

p<0.001; 2-way ANOVA; Figure 2D) 

however this effect was more pronounced in microglia isolated from APP/PS1 mice (
+++

p<0.001; 2-

way ANOVA; Figure 2D).  

 

Markers of alternative activation are unchanged in APP/PS1 mice 

In contrast to the evidence indicating that microglia in APP/PS1 mice adopt a classically-activated 

phenotype, there was no age- nor genotype-associated change in mRNA expression of MRC1 (Figure 

3A), arginase-1 or FIZZ-1 (data not shown) all of which are markers of alternative activation. MRC1 

was detected on CD11b
+ 

cells (Figure 3B) with no genotype-related change observed. MRC1 

expression was also detected on CD11b
-
 cells, although to a lesser extent, as well as on 

CD11b
+
CD45

hi
 monocytes/macrophages (data not shown). Anti-inflammatory cytokines such as IL-4 

induce alternative activation (Colton and Wilcock, 2010) and expression of the IL-4 receptor (IL-4R) 

was significantly decreased on CD11b
+
 cells prepared from 24 month-old, compared with 14 month-

old, mice (
*
p<0.05; 2-way ANOVA; Figure 3C). This was accompanied by a decrease in the IL-4-

associated signaling molecule pSTAT6, although this did not reach statistical significance (Figure 
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3D). Microglia prepared from wildtype and APP/PS1 mice were incubated in the presence or absence 

of IL-4/IL-13 and expression of pSTAT6 assessed. The data show that IL-4/IL-13 enhanced 

phosphorylation of STAT6 in microglia isolated from both wildtype and APP/PS1 mice, however no 

genotype-related difference was observed (
***

p<0.001; 2-way ANOVA; Figure 3E).  

 

Markers of microglial deactivation are decreased in APP/PS1 mice 

Macrophages, in response to IL-10 or TGFβ, adopt a deactivated phenotype (Gordon, 2003) and a 

similar state in microglia has been described (Colton and Wilcock, 2010). Hippocampal IL-10 

concentration was greater in tissue prepared from APP/PS1, compared with wildtype, mice (
**

p<0.01; 

2-way ANOVA; Figure 4A), however there was an age-related decrease in cytokine concentration in 

APP/PS1 mice (
++

p<0.01; 2-way ANOVA; Figure 4A) and the number of CD11b
+
 cells expressing the 

IL-10R was significantly decreased in 24 month-old, compared with 14 month-old, mice (
*
p<0.05; 

ANOVA; Figure 4B). Expression of BDNF and NGF mRNA was decreased in tissue prepared from 

APP/PS1, compared with wildtype, mice (
*
p<0.05; 

**
p<0.01; 2-way ANOVA; Figure 4C, D) 

reflecting a genotype-related decrease in markers of deactivation. Thus the data describe a shift 

towards a classical, proinflammatory microglial phenotype in APP/PS1 mice and an apparent age-

related dysregulation in mechanisms designed to maintain homeostasis.  

 

Increased numbers of infiltrating immune cells are present in brains of APP/PS1 mice 

IFNγ is generally not considered to be produced by cells resident in the CNS but by peripheral 

immune cells such as macrophages, neutrophils and T cells.  Here, we demonstrate an increase in 

CD11b
+
CD45

hi
 monocytes/macrophages and CD11b

+
Ly6G

+
 neutrophils in brain tissue prepared from 

APP/PS1, compared with wildtype, mice (
**

p<0.01; Student’s t-test for independent means; Figure 

5A, B). Since these cells are capable of producing and releasing IFNγ, they may provide the trigger 

which drives microglia towards a classically-activated phenotype in APP/PS1 mice.  
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BBB permeability and chemokine expression are increased in APP/PS1 mice 

To examine possible mechanisms by which peripheral immune cells enter the brain, we first evaluated 

BBB permeability by MRI in 14 and 24 month-old wildtype and APP/PS1 mice and show an age-

related increase in signal intensity (SI) in all areas of the brain examined in wildtype mice (
##

p<0.01; 

2-way ANOVA; Figure 6A-C).  A marked increase in BBB permeability was observed in APP/PS1, 

compared with wildtype, mice (
***

p<0.001; 2-way ANOVA; Figure 6A, B and C) and BBB 

permeability in the hippocampus was increased in 24 month-old, compared with 14 month-old, 

APP/PS1 mice (
+
p<0.05; 2-way ANOVA; Figure 6A-C).  Indeed the effect of age on BBB was more 

pronounced in wildtype, than in APP/PS1, mice but this may be a consequence of the existing 

genotype-related increase in gadolinium extravasation in 14 month-old mice. Overall, the present 

findings concur with the evidence that Aβ causes vascular disruption and enhances BBB permeability 

(Thomas et al., 1997, Ryu and McLarnon, 2009), promoting transendothelial migration of leukocytes 

(Gonzalez-Velasquez and Moss, 2008, Rossi et al., 2011). As an additional method of evaluating 

BBB permeability, brain sections from wildtype and APP/PS1 mice were assessed for 

immunoreactivity of the serum-derived protein fibrinogen (MW = 340,000 Da). Previous studies have 

demonstrated that molecules such as thrombin and fibrinogen can freely enter and accumulate in the 

brain across a damaged BBB (Bell et al., 2010).  Representative images (Figure 6D) demonstrate 

increased fibrinogen immunoreactivity in the hippocampus of APP/PS1, compared with wildtype, 

mice and thus these data concur with those obtained by assessing gadolinium extravasation.  

 

Enhanced BBB permeability may be sufficient to allow infiltration of peripheral immune cells, 

however a second mechanism which facilitates entry of these cells into the brain could be through 

development of a chemotactic gradient. Interestingly, we observed a marked increase in mRNA 

expression of MIP-1α in hippocampal tissue prepared from APP/PS1, compared with wildtype, mice 

(
***

p<0.01; ANOVA; Figure 7A). Similar changes were also observed in RANTES, IP-10 and MCP-1 

expression, although these did not reach statistical significance (data not shown). CXCL1 

concentration was increased in tissue from 24 month-old, compared with 14 month-old, mice 
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(
**

p<0.01; 2-way ANOVA; Figure 7B) and a genotype-related increase was observed in older animals 

(
+
p<0.05; 2-way ANOVA; Figure 7B).  

 

Discussion 

 

Inflammation is recognized as an important facet of neurodegenerative disease, however the 

underlying causes and consequences remain to be clarified. Here, we sought to delineate the 

differences in microglial activation states between normal aging and those associated with disease 

progression in a mouse model of AD. We have identified a shift in microglial activation towards a 

classical, proinflammatory phenotype, with a concomitant decrease in expression of molecules 

associated with deactivation and cellular repair in aged APP/PS1 mice. We propose that this state is 

reinforced by infiltration of immune cells, capable of producing IFNγ, that occurs as a result of 

enhanced BBB permeability and a developing chemotactic gradient. 

 

It has recently been suggested that microglia, like macrophages, can be categorized into at least three 

broad phenotypes termed classical, alternative and acquired deactivation states (Martinez et al., 2009), 

induced by cytokines such as IFNγ, IL-4 and IL-10 respectively. Several markers of microglial 

activation were upregulated in an age-dependent manner in the hippocampus of APP/PS1 mice, 

including CD11b and CD68. Genotype-related increases in these markers have been reported 

(Gallagher et al., 2012) and the present findings support and extend these observations to show that 

microglial activation continues to develop with age, paralleling the increase in Aβ accumulation.  

 

Interestingly, the ability of activated microglia from APP/PS1 mice to phagocytose fluorescently-

labeled latex beads was unchanged in comparison to their wildtype counterparts (data not shown), 

although this may not necessarily reflect their ability to phagocytose A . It has been reported that Th1 

cytokines inhibit microglial phagocytosis of A , whereas IL-4 and IL-10 have the opposite effect 

(Koenigsknecht-Talboo and Landreth, 2005). Knockout of IFNγR1 in APP mice is associated with 
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reduced Aβ deposition in the cortex and hippocampus which correlates with decreased gliosis 

(Yamamoto et al., 2007). In contrast, overexpression of IFNγ in TgCRND8 mice has been shown to 

upregulate glial activation, specifically molecules associated with classical activation, enhance 

monocyte infiltration and attenuate plaque deposition through enhanced phagocytosis (Chakrabarty et 

al., 2010). Furthermore, alternative activation of microglia in APP/PS1 mice, induced by the PPARγ 

activator pioglitazone (Mandrekar-Colucci et al., 2012) or NLRP3 knockdown (Heneka et al., 2013) 

was associated with an increase in Aβ clearance. While recent evidence has indicated that microglia 

surrounding Aβ deposits in APP/PS1 mice may be alternatively activated and those distal to the 

deposits are classically activated in older animals (Jimenez et al., 2008), the effect of activation state 

on the capacity of microglia to phagocytose Aβ remains to be clarified. In the context of AD in 

particular, it is important to unravel the factors that contribute to the apparent inability of microglia to 

phagocytose Aβ despite the proximity of activated cells to the Aβ-containing plaques. 

 

We demonstrate that microglia adopt a classically-activated phenotype in the brains of APP/PS1 mice 

which progresses with age; indeed it appears that mechanisms designed to limit the proinflammatory 

response are dysfunctional. Specifically, markers of the alternative or deactivated states were either 

unchanged or decreased with age and genotype, and expression of IL-4R and IL-10R was decreased 

on CD11b
+
 cells. IL-10 and IL-4 have been shown to suppress astrogliosis and microgliosis in 

APP/PS1 mice (Kiyota et al., 2012) and inhibit the Aβ-induced production of proinflammatory 

cytokines by glial cells in vitro (Szczepanik et al., 2001). In TgCRND8 mice that received adenoviral 

delivery of IL-10, hippocampal-dependent spatial learning and neurogenesis were improved while Aβ 

deposition/burden was unaffected (Kiyota et al., 2012). IL-10, like TGF , triggers acquired 

deactivation of microglia and enhanced expression of NGF is associated with this state (Wei and 

Jonakait, 1999, Colton and Wilcock, 2010). The data presented here demonstrate that neurotrophin 

expression was decreased in the hippocampus of APP/PS1, compared with wildtype, mice. NGF 

represses the costimulatory molecule CD40 in cultured rat microglia indicating that it may play a role 

in immune cell/microglial interactions (Noga et al., 2007) and both NGF and BDNF are capable of 
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inducing release of IL-10 from dendritic cells while having no effect on IL-6 (Wei and Jonakait, 

1999). Taken together, these data imply that NGF and BDNF are associated with resolution of 

inflammation. Additionally, the pronounced declines in BDNF and NGF might be of particular 

functional consequence, as both are critical for facilitating synaptic plasticity, learning and memory 

which are impaired with age and in APP/PS1 mice (Gooney et al., 2004, Kelly et al., 2013). 

 

We found no evidence of any change in markers of alternative activation with age or genotype 

although expression of the IL-4R was decreased on CD11b
+
 cells in older mice, accompanied by a 

similar reduction in expression of phosphorylated STAT6.  IL-4 has been shown to attenuate AD 

pathogenesis by reducing gliosis and Aβ deposition in APP/PS1 mice (Kiyota et al., 2010) and 

therefore the loss of IL-4-induced signaling described here may contribute to the enhanced 

proinflammatory state. Overall, the evidence indicates a shift towards a proinflammatory phenotype in 

aged APP/PS1 that is likely to be exacerbated by downregulation of IL-4- and IL-10-driven 

modulation. 

 

The trigger for classical activation is IFN , concentration of which was increased in hippocampus of 

APP/PS1 mice and exacerbated with age, paralleling the increased expression of markers of classical 

activation, IL-1β, TNFα and CD11b (Colton, 2009).  The evidence suggests that microglial sensitivity 

to IFN  was increased in APP/PS1 mice since there was a genotype-related upregulation of IFNγR on 

CD11b
+
 cells and an increase in phosphorylated STAT1.  This enhanced responsiveness was specific 

to IFNγ since IL-4/IL-13-induced phosphorylation of STAT6 was not affected by genotype. These 

data imply that microglia in APP/PS1 mice are primed to respond to IFNγ and, as a consequence, 

adopt the classically-activated phenotype with age. While IFNγ has not yet been reported to be 

increased in AD brain, many IFNγ-responsive genes are upregulated (Colangelo et al., 2002, 

Ricciarelli et al., 2004) and expression of STAT1 has been shown to be enhanced in temporal cortex 

of AD brains (Kitamura et al., 1997).  
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As IFNγ is not usually produced by cells of the CNS, we considered that the observed increase in 

IFNγ in the brains of APP/PS1 mice might result from infiltration of IFNγ-producing cells. Analysis 

of brain tissue by flow cytometry identified marked genotype-related increases in the infiltration of 

macrophages and neutrophils. These cells may enter the brain in response to a chemotactic signal and 

the data indicate that expression of several chemokines was increased in a genotype- and age-

dependent manner, particularly MIP-1  and CXCL1. MIP-1α serves to attract macrophages and T 

cells into the CNS (Zang et al., 2000, Fife et al., 2001, Cardona et al., 2003), whereas  CXCL1 is a 

potent chemoattractant for neutrophils and is upregulated in macrophages in response to inflammatory 

stimuli including LPS (Rovai et al., 1998). Several groups have reported the presence of peripheral 

immune cells in animal models of AD (Town et al., 2008, Browne et al., 2013), as well as in the brain 

parenchyma of patients suffering from AD (Togo et al., 2002). 

 

An intact BBB provides an important protective strategy for limiting the entry of cells into the brain. 

Significantly, we have identified a genotype-related increase in BBB permeability as assessed by 

gadolinium extravasation and this effect was exacerbated with age. Numerous vascular abnormalities 

are found in the AD brain including alterations in smooth muscle cells and pericytes, endothelial cell 

thinning, loss of endothelial mitochondria and thickening of the vascular basement membrane 

(Stewart et al., 1992, Kalaria, 1996, Vinters et al., 1996, Kalaria and Ballard, 1999). AD has also been 

associated with increased vascular permeability and protein extravasation in the brain parenchyma 

(Eikelenboom and Stam, 1982, Mann, 1982, Wisniewski and Kozlowski, 1982). More recently, Aβ 

has been demonstrated to contribute to BBB leakage in a mouse model of cerebral amyloid 

angiopathy (CAA) as well as in patients with CAA (Hartz et al., 2012). Several studies have linked 

cytokine secretion, including IL-1β, to BBB disruption (de Vries et al., 1996). Data from this study 

indicate that changes in IL-1β and TNFα parallel those observed in BBB permeability. Whereas brain 

endothelial cells respond to inflammatory cytokines under control conditions, during pathological 

conditions cytokines dysregulate the barrier-forming cells indirectly through astrocyte activation 

resulting in reorganization of junctions, matrix, focal adhesion or release of barrier-modulating factors 
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including matrix metalloproteases (Chaitanya et al., 2012). Whether Aβ impacts directly on the 

neurovascular unit through alteration of tight junction protein expression to increase BBB 

permeability or whether this occurs as a result of the inflammatory microenvironment remains to be 

determined, however the present data demonstrate a tight coupling between these factors.  

 

It has been proposed that microglia become dysfunctional with age and may lose their neuroprotective 

properties leading to chronic neurodegeneration, however this concept is based on morphological, 

rather than functional, changes. The data from this study indicate that microglia are not less active 

with age but alter their phenotype; indeed the changes observed in the deactivation state appear to 

relate to aging rather than disease pathology since these changes were also apparent in older wildtype 

mice. Here, the effect of the Aβ stimulus, driven through overexpression of APP and PS1, on 

microglia is compounded as animals age and it may explain, in part, why certain individuals bearing 

Aβ load progress to AD while others do not. This is consistent with the interpretation that aging 

primes microglia which then respond to AD pathology. Recent evidence has highlighted involvement 

of neuroinflammation in preclinical stages of AD and that this occurs prior to cognitive decline. If 

immune and inflammation-related genes are activated in the brain in the course of normal aging, it is 

possible that such neuroinflammation primes the brain for cognitive decline, neurodegenerative 

cascades and progression to AD. 

 

Figure Legends 

 

Figure 1. Enhanced microglial activation and markers of classical inflammation in 24 month-

old APP/PS1 mice. 

CD68 (A) and CD11b (B) mRNA expression were significantly enhanced in APP/PS1, compared 

with wildtype, mice (
***

p<0.001; 2-way ANOVA), and this effect was exacerbated in 24 month-old 

animals (
+
p<0.05; 2-way ANOVA). TNFα (C) and IL-1β (D) mRNA expression were significantly 

increased in hippocampal tissue prepared from APP/PS1, compared with wildtype, mice (
**

p<0.01; 
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***
p<0.001; 2-way ANOVA) and further enhanced in 24 month-old, compared with 14 month-old, 

APP/PS1 mice (
+
p<0.05; 2-way ANOVA). Data are expressed as means ± SEM. 

 

Figure 2. IFNγ signaling is enhanced in 24 month-old APP/PS1 mice. 

Hippocampal concentration of IFNγ (A) was significantly greater in tissue prepared from APP/PS1, 

compared with wildtype, mice (
**

p<0.01; 2-way ANOVA) and in tissue prepared from 24 month-old, 

compared with 14 month-old, APP/PS1 mice (
+++

p<0.001; 2-way ANOVA). An age-related increase 

in IFNγ was also observed in wildtype mice (
###

p<0.001; 2-way ANOVA). Expression of 

phosphorylated STAT1 (B) was enhanced in 24 month-old APP/PS1 mice compared with all other 

groups (
**

p< 0.01; 2-way ANOVA). Expression of IFNγR (C) was increased on CD11b
+
 cells isolated 

from brain tissue of APP/PS1, compared with wildtype, mice (
**

p< 0.01; 2-way ANOVA). Following 

stimulation with IFNγ ex vivo, expression of phosphorylated STAT1 (D) was increased in enriched 

microglial populations isolated from wildtype and APP/PS1 mice (
***

p<0.001; 2-way ANOVA), this 

effect was significantly greater in APP/PS1, compared with wildtype, microglia (
+++

p<0.001; 2-way 

ANOVA). ND = not detected. Data are expressed as mean ± SEM. 

 

Figure 3. Markers of alternative activation are unchanged in APP/PS1 mice. 

MRC1 mRNA expression (A) was unaffected by age or genotype. MRC1 (B) was similarly expressed 

on CD11b
+
 cells isolated from brain tissue of wildtype and APP/PS1 mice.  Expression of IL-4R (C) 

was decreased on CD11b
+
 cells isolated from brain tissue of 24 month-old, compared with 14 month-

old, mice (
*
p< 0.05; 2-way ANOVA). No effect of genotype was observed. Expression of 

phosphorylated STAT6 (D) showed a similar pattern to the expression of IL-4R on CD11b
+
 cells. 

Following stimulation with IL-4/IL-13 ex vivo, expression of phosphorylated STAT6 (E) was 

increased in enriched microglial populations isolated from wildtype and APP/PS1 mice (
***

p< 0.001; 

2-way ANOVA). No effect of genotype was observed. ND = not detected. Data are expressed as mean 

± SEM. 
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Figure 4. Markers of microglial deactivation are decreased in APP/PS1 mice. 

Hippocampal concentration of IL-10 (A) was significantly greater in tissue prepared from APP/PS1, 

compared with wildtype, mice (
**

p<0.01; 2-way ANOVA), however this effect was less profound in 

24 month-old APP/PS1 mice (
++

p<0.01; 2-way ANOVA). Expression of IL-10R (B) was decreased on 

CD11b
+
 cells isolated from brain tissue of 24 month-old, compared with 14 month-old, mice (

*
p< 

0.05; 2-way ANOVA). BDNF (C) and NGF (D) mRNA expression were significantly decreased in 

tissue prepared from APP/PS1, compared with wildtype, mice (
*
p<0.05; 

**
p<0.01; 2-way ANOVA).  

Data are expressed as mean ± SEM. 

 

Figure 5. Increased numbers of infiltrating immune cells in brains of APP/PS1 mice. 

The number of CD11b
+
CD45

hi
 cells (A; monocytes/macrophages) and CD11b

+
Ly6G

+
 cells (B; 

neutrophils) were significantly increased in brains of APP/PS1, compared with wildtype, mice 

(
**

p<0.01; Student’s t-test for Independent means). Representative FACS plots are shown and data are 

expressed as mean ± SEM. 

 

Figure 6. BBB permeability is increased in APP/PS1 mice. 

Gadolinium-enhanced contrast imaging was used to assess permeability of BBB in wildtype and 

APP/PS1 mice. Gadolinium was injected at the commencement of repetition 2. Mean SI was 

increased in the left dentate gyrus (A) and CA1 (B) of APP/PS1, compared with wildtype, mice 

(
***

p<0.01; 2-way ANOVA), this effect was exacerbated in 24 month-old, compared with 14 month-

old, APP/PS1 mice (
+
p<0.05; 2-way ANOVA).  Mean SI was increased in the left dentate gyrus (A) 

and CA1 (B) of 24 month-old, compared with 14 month-old, wildtype  mice (
##

p<0.01; 2-way 

ANOVA). Values are presented as a proportion of the pre-contrast measure (repetition 1) and are 

means ± SEM. Representative contrast MRI data sets from 14 and 24 month-old wildtype and 

APP/PS1 mice injected with gadolinium are shown in (C). Fibrinogen (D; green) staining was 

increased in the hippocampus of APP/PS1, compared with wildtype, mice. Nuclei were counterstained 

using DAPI (blue). Scale bars at 50μM. Data are expressed as mean ± SEM. 
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Figure 7. Chemokine expression is increased in APP/PS1 mice. 

MIP-1α mRNA (A) expression was increased in 24 month-old APP/PS1, compared with all other 

cohorts of mice (
***

p<0.001; 2-way ANOVA). Hippocampal CXCL1 (B) protein concentration was 

increased in 24 month-old, compared with 14 month-old, mice (
**

p<0.01; 2-way ANOVA), this effect 

was enhanced in 24 month-old APP/PS1 mice (
+
p<0.05; 2-way ANOVA). Data are expressed as mean 

± SEM. 

 

Figure 8. Age-associated dysregulation of microglial activation is coupled with enhanced BBB 

permeability and pathology in APP/PS1 mice 

Aging and Aβ burden are associated with increased classical (M1) and decreased alternative and 

acquired deactivation (M2) in APP/PS1 mice. We hypothesize that these changes result in disruption 

of the BBB and, in tandem with an enhanced chemokine profile, this permits infiltration of IFNγ-

producing cells into the brain parenchyma serving to reinforce the M1 phenotype of microglia through 

their enhanced responsiveness to IFNγ. 

 

Table Legends 

 

Table 1. Aβ burden is increased with age in APP/PS1 mice 

Concentrations of SDS- and guanidine-soluble Aβ1-40 and Aβ1-42 were significantly increased in 

hippocampal tissue prepared from APP/PS1, compared with wildtype, mice (
***

p<0.001; 2-way 

ANOVA).  Aβ burden was greater in hippocampal tissue prepared from 24 month-old, compared with 

14 month-old, APP/PS1 mice (
+
p<0.05, 

++
p<0.01, 

+++
p<0.001; 2-way ANOVA). Data are presented as 

ng Aβ/mg total protein and expressed as means ± SEM. 
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Figure 8

 WT 14 mo TG 14 mo WT 24 mo TG 24 mo 

Soluble Aβ 1-40 0.4241 ± 0.01 26.80 ± 3.4*** 0.5150 ± 0.06 66.67 ± 11.2***,+++ 

Insoluble Aβ 1-40 2.674 ± 0.5 356.5 ± 92.2*** 2.493 ± 0.8 737.4 ± 143.8***,+ 

Soluble Aβ 1-42 0.1236 ± 0.005 36.36 ± 5.3*** 0.1661 ± 0.04 53.71 ± 2.1***,++ 

Insoluble Aβ 1-42 0.6123 ± 0.1 402.0 ± 70.4*** 0.7328 ± 0.2 726.7 ± 133.1***,+ 
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IFNγ-producing
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