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Abstract 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by deposits 

of amyloid-β and neurofibrillary tangles. It has been suggested that inflammatory changes are 

associated with disease; however, it has not been established if these are a consequence of 

ongoing neurodegeneration or whether inflammation itself contributes to disease pathogenesis. 

Recent studies suggest that exposure to infection can accelerate cognitive decline in AD 

patients, and pathogens have been detected in the AD brain. However, the influence of 

infection on neuroinflammation and pathology remains poorly understood. In this study, we 

examined the effect of a peripheral infection on AD pathology in APP/PS1 mice. We found 

that, 8 weeks after infection with the Gram negative respiratory pathogen Bordetella pertussis, 

there was significant infiltration of IFNγ- and IL-17-producing T cells and NKT cells in older 

APP/PS1 mice. This was accompanied by increased glial activation and amyloid β deposition. 

The data suggest that infection is a critical factor in the progression of AD, emphasising the 

importance of early diagnosis and treatment of infections in elderly individuals. 
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1. Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative disease and accounts for 

more than two-thirds of all dementia cases. It is a progressive disease characterized by 

neurofibrillary tangles and deposits of amyloid-β (Aβ). These protein deposits are associated 

with dystrophic neurons, reactive astrocytes, and activated microglia. It is estimated that AD 

affects about 20 million persons worldwide, and this figure is expected to reach more than 100 

million by 2050 (Williams, 2009). 

  Although the aetiology of AD is unknown, there is evidence to suggest that 

inflammatory responses play a role in its pathogenesis (Mattson, 2004,Weiner and Frenkel, 

2006). Pro-inflammatory cytokines and chemokines are increased in AD brain tissue (Akiyama, 

et al., 2000,Streit, et al., 2001). Activated microglia have been found in the brain of AD 

patients with dementia or patients with mild cognitive impairment (Cagnin, et al., 2001,Okello, 

et al., 2009) and these cells secrete pro-inflammatory cytokines, such as interleukin (IL)-1β and 

tumor necrosis factor (TNF)α. These cytokines promote expression and activity of β-secretases 

and γ-secretases (Liao, et al., 2004,Sastre, et al., 2008), and therefore microglial activation may 

contribute to deposition of Aβ and progression of AD (Glass, et al., 2010).  Activated microglia 

exhibit increased expression of major histocompatibility complex (MHC) class II, CD80 and 

CD86 (Aloisi, et al., 2000,McQuillan, et al., 2010) and, in AD, there is increased MHC class II 

expression on microglia associated with Aβ plaques (McGeer, et al., 1987), indicating 

enhanced antigen presenting cell (APC) function. Indeed, it is well established that microglia 

act as APC for T cells (Aloisi, et al., 2000,McQuillan, et al., 2010,Murphy, et al., 2010).  

Interestingly, there have been a number of reports demonstrating the presence of T cells in the 

brain of AD patients (Hartwig, 1995,McGeer, et al., 1989,Parachikova, et al., 2007,Pirttila, et 

al., 1992,Togo, et al., 2002,Town, et al., 2005), since the original observation 25 years ago 

(Rogers, et al., 1988). Furthermore, inflammatory IFNγ-secreting Th1 cells and IL-17-secreting 
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Th17 cells have been shown to infiltrate the brain of older APP/PS1 mice (Browne, et al., 

2013).  

Although the environmental factors that precipitate the neurological changes associated 

with the development of AD are unclear, it has been suggested that infectious agents may be 

involved. Herpes simplex virus type 1 (HSV1) and Chlamydia pneumonia, as well as 

antibodies against these pathogens, have been found in the post-mortem brains (Hammond, et 

al., 2010) or intrathecal samples (Wozniak, et al., 2005) of AD patients. Indeed HSV1 infection 

has been suggested to be a risk factor in carriers of the gene for apolipoprotein E type 4 (APO-

E4) (Honjo, et al., 2009,Itzhaki, et al., 2004), whereas viral load is related to ApoE expression 

especially ApoE4 (Burgos, et al., 2006). Spirochetes, particularly Borrelia burgdorferi and oral 

Treponema (Honjo, et al., 2009) and cytomegalovirus (Lurain, et al., 2013) have also been 

implicated as playing a role in the pathogenesis of AD. Furthermore, a number of studies have 

shown that infections can accelerate cognitive decline in AD patients (Holmes, et al., 

2009,Holmes, et al., 2003), but there is little understanding of the mechanisms that underlie this 

effect. Animal studies have revealed that intranasal inoculation of mice with C. pneumoniae 

induced AD-like changes in brain, with evidence of deposits of fibrillar Aβ associated with 

reactive glia in several brain areas including the hippocampus (Little, et al., 2004). Similarly, 

peripheral challenge with the Toll-like receptor (TLR) agonists, lipopolysaccharide (LPS), or 

polyriboinosinic-polyribocytidilic acid (PolyI:C) induced amyloid pathology in some (Krstic, et 

al., 2012,Sheng, et al., 2003), but not all (Kitazawa, et al., 2005), animal models of AD.  

However it has been observed that activation of the immune system may also prove beneficial 

in AD, as administration of a vaccine (Butovsky, et al., 2006,Olkhanud, et al., 2012,Schenk, et 

al., 1999) or TLR agonist (Michaud, et al., 2013) was effective in clearing Aβ load and, in 

some cases, preventing cognitive decline in mice. It has also been suggested that bone-marrow 
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derived dendritic cells (Butovsky, et al., 2007) and bone marrow derived microglia (Simard, et 

al., 2006) have an important role in plaque clearance. 

In this study, we examined the influence of a peripheral infection with a respiratory 

pathogen Bordetella pertussis on AD-like pathology in transgenic mice that overexpress 

amyloid precursor protein (APP) with the Swedish double mutation and exon-9 deleted 

presenilin 1 (PS1; APP/PS1).  B. pertussis is a Gram-negative bacteria that causes whooping 

cough, a persistent and sometimes fatal disease in young children, but also an emerging 

problem in adults and older people. Recent studies have shown that the prevalence of B. 

pertussis infection is high in adults and increasing at a significant rate, especially in individuals 

more than 65 years of age (Weston, et al., 2012). Our objective was to establish whether older 

APP/PS1 mice were more susceptible to the effects of peripheral infection than younger 

animals.  Specifically, we asked whether any change in AD-like pathology was accompanied 

by infiltration of inflammatory T cells, which we have previously shown to drive 

neuroinflammation and pathology.  

 

2. Methods 

2.1 Animals 

APP/PS1 mice and wild-type (WT) littermates (4 and 10 months of age) were obtained from 

the Jackson Laboratory (USA) and bred in a specific pathogen-free unit in the Bioresources 

Unit, Trinity College Dublin. All mice were maintained in controlled conditions 

(temperature, 22°C–23°C; 12-hour light-dark cycle; food and water ad libitum) under 

veterinary supervision, and experimentation was carried out under a license granted by the 

Minister for Health and Children (Ireland) and with the appropriate ethical approval.  

2.2 B. pertussis respiratory challenge 
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Respiratory infection of male and female, WT and APP/PS1 mice was induced by aerosol 

challenge as described elsewhere (McGuirk, et al., 1998). B. pertussis Wellcome 28 was 

streaked onto Bordet-Gengou agar plates and grown at 37°C for 4 days, and bacteria were 

transferred to Stainer-Scholte liquid medium for 24 hours at 37°C. Bacteria were resuspended 

at 1.7 x 1010 colony forming units (CFU)/mL in physiological saline containing 1% casein, and 

aerosol challenge was administered over a period of 15 minutes using a nebulizer; this was 

followed by a rest period of 10 minutes before returning the mice to their cages. Infection with 

the pathogen was confirmed by performing CFU counts on the lungs of mice 3 hours and 21 

days postinfection. The lungs were aseptically removed and homogenized in 1 mL of sterile 1% 

casein on ice. Undiluted and serially diluted lung homogenate was spread onto Bordet-Gengou 

agar plates, and the CFU was established after 5 days of incubation at 37°C. 

2.3 Isolation and flow cytometry analysis on mononuclear cells from CNS tissue  

APP/PS1 mice and nontransgenic littermates were anaesthetized with sodium pentobarbital 

(40 µL) and perfused intracardially with sterile ice-cold phosphate-buffered saline (PBS) 

solution (20 mL). The brain was removed and placed in RPMI solution supplemented with 

1% penicillin-streptomycin, 1% L-glutamine and 10% fetal bovine serum (FBS; Sigma-

Aldrich). A single cell suspension was prepared by passing the tissue through a sterile, 70-

µm-pore nylon mesh filter, washed with complete RPMI solution and centrifuged at 1,200 

rpm for 5 minutes. The supernatant was removed and the remaining pellet was resuspended 

in complete RPMI (2 mL) containing collagenase D (1 mg/mL, Roche, Ireland) and DNAse 

I (10 µg/mL, Sigma-Aldrich), and incubated for 1 hour at 37oC with agitation. Cells were 

washed in complete RPMI and centrifuged at 1,200 rpm for 5 minutes. The supernatants 

were discarded and cells were resuspended in 1.088 g/mL Percoll (9 mL; Sigma-Aldrich). 

This solution was underlayed with 1.122g/mL Percoll (5 mL) and overlayed with 1.072 

g/mL Percoll (9 mL), 1.030g/mL Percoll (9 mL) and PBS (9 mL). Samples were centrifuged 



7	  
	  

at 1,250 x g for 45 minutes. Mononuclear cells were removed from the 1.088:1.072 and 

1.072:1.030-g/mL interfaces, washed twice in complete RPMI, and counted. 

Samples which were intended for intracellular staining to identify T cell subsets were 

centrifuged at 1,200 rpm for 5 minutes and cells were incubated in the presence of phorbol 

myristate acetate (PMA; 10 ng/mL; Sigma-Aldrich), ionomycin (1 µg/mL; Sigma-Aldrich), 

and brefeldin A (BFA; 5 µg/mL; Sigma-Aldrich) for 5 hours, centrifuged at 1,200 rpm for 5 

minutes, resuspended in 50 µL PBS with 1:1000 LIVE/DEAD® Fixable Aqua Dead Cell 

Stain kit (Life Technologies) for 20 minutes, washed, and resuspended in 50 µL 

fluorescence activated cell sorting (FACS) buffer containing CD16/CD32 FcγRIII (1:100) 

for 10 minutes to block low-affinity IgG receptors and thus prevent nonspecific binding of 

antibodies. Cells were prepared for intracellular staining using a cell permeabilisation kit 

(Dako, Denmark). For surface labelling, cells were incubated in 50 µL per sample FACS 

buffer, containing the appropriate antibodies, for 15 minutes at room temperature (RT) at a 

1:100 dilution. These antibodies were CD45 (eFlour® 605NC, eBioscience), CD3 (APC, 

eBioscience), CD4 (A700, eBioscience), CD8 (APC-eFluor® 780, eBioscience) and NK1.1 

(PerCPCy5.5, eBioscience). Samples were fixed using IntraStain Reagent A (50 µL/sample; 

Dako, Denmark) for 15 minutes at RT, washed twice with FACS buffer, centrifuged at 

1,200 rpm for 5 minutes and permeabilized with IntraStain Reagent B (50 µL/sample; Dako, 

Denmark) including intracellular antibodies (IFNγ; PeCy7, eBioscience and IL-17A; V450, 

BD Biosciences at 1:50 dilution) for 15 minutes at RT in the dark. The cells were washed 

twice in FACS buffer and centrifuged at 1,200 rpm for 5 minutes. The appropriate 

compensation controls and fluorescence minus one (FMO) controls were also prepared 

during this time. 

In separate FACS tubes, mononuclear cells which were not stimulated with PMA, 

ionomycin, or BFA were surface- stained only to identify macrophage and microglial cells. 
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These samples were blocked for 10 minutes with CD16/CD32 FcγRIII (1:100) to block 

nonspecific low-affinity IgG receptors which are expressed on a range of cell types 

including APCs. Samples were incubated with the cell surface antibodies for 15 minutes, 

which included CD45 (eFluor® 605NC, eBioscience), CD11b (APC-eFluor® 780, 

eBioscience), CD80 (V450, BD Bioscience), and CD68 (Alexa Fluor® 488, AbD Serotec) at 

a 1:100 dilution, washed twice in FACS buffer and centrifuged at 1,200 rpm for 5 minutes. 

Propidium iodide (PI; Sigma-Aldrich) was added (1:100) immediately before reading the 

samples and was used as a live/dead stain. The appropriate compensation controls and FMO 

controls were also prepared. 

 Flow cytometric analysis was performed on an LSR Fortessa, and data acquired 

using Summit software (Dako, Denmark). The results were analysed using FlowJo software 

(Tree Star, USA). All T cells were identified as being negative for LIVE/DEAD® Fixable 

Aqua Dead Cell Stain, CD45+, and CD3+. T helper cells were identified as 

CD45+CD3+CD4+ cells, whereas cytotoxic T cells were identified as CD45+CD3+CD8+ 

cells. NKT cells were identified as CD45+CD3+NK1.1+. Microglia were identified as being 

CD11b+CD45low cells, and macrophages were identified as CD11b+CD45high cells, which is 

consistent with previous reports (Becher and Antel, 1996,Sedgwick, et al., 1991); although a 

CD11b+CD45low/medium population of microglial cells has been observed (Dick, et al., 1997), 

we found CD45 expression to be either high or low on the CD11b+ cells. 

2.4 Preparation of tissue 

After 56 days mice were anaesthetized with sodium pentobarbital (40 µl; Euthatal, Merial 

Animal Health, UK) and perfused intracardially with ice-cold PBS (20 mL). The brains were 

rapidly removed and hemisected. A sagittal section of the brain was taken for 

immunohistochemical analysis, placed onto cork discs, covered with optimum cooling 
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temperature compound (OCT; Sakura Tissue-Tek, Netherlands), snap-frozen in isopropanol 

on dry ice and stored at -80°C. Cortical tissue was taken and snap-frozen in liquid nitrogen 

and stored at -80°C for analysis of Aβ, and cortical tissue was also snap-frozen for later 

mRNA analysis. The remaining brain tissue was used to prepare mononuclear cells for flow-

cytometric analysis as described above.  

2.5 Detection of Aβ 

Detergent-soluble and insoluble Aβ was assessed using MSD® 96-well multi-spot 4G8 Aβ 

triple ultra-sensitive assay kits according to the manufacturer’s instructions (Meso Scale 

Discovery, US).  Snap-frozen cortical tissue was homogenized in 50mmol/L NaCl (pH10) with 

1% sodium dodecyl sulphate (SDS) and centrifuged (15,000 rpm for 40 minutes at 4oC). The 

supernatant, which was used for analysis of detergent-soluble Aβ, was equalized to 5 mg/mL 

total protein and stored at -20oC. For analysis of insoluble Aβ, the pellets were incubated in 

guanidine buffer (200 µL; 5 mol/L guanidine-HCl/50 mmol/L Tris-HCl, pH 8, Sigma-Aldrich) 

for 4 hours at RT with agitation; this step enables the protein to be solubilized and denatured to 

give the monomeric form and be assessed relative to the standards that are supplied by the 

manufacturer as lyophilized peptides.  Samples were centrifuged (15,000 rpm for 30 minutes at 

4oC) and the supernatant samples were equalized to 0.1 mg/mL with guanidine buffer and 

stored at -20oC. Standards (Aβ1-38, 0-3,000 pg/mL; Aβ1-40, 0-10,000 pg/mL; Aβ1-42, 0-3,000 

pg/mL) and samples were added to the 96-well plates, incubated (2 hours, RT), washed, and 

read in a Sector Imager plate reader (Meso Scale Discovery, US) immediately after addition of 

the MSD read buffer. Aβ concentrations were calculated with reference to the standard curves 

and expressed as picograms per milliliter. 

2.6 Immunohistochemistry 
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Tissue was allowed to equilibrate to -20oC for 2 hours.  Sagittal sections (10-µm thick) were 

prepared for later staining with Congo red to assess Aβ plaque deposition using a cryostat 

(Leica, Meyer, UK), mounted on gelatine-coated glass slides (Fluka, Switzerland), allowed 

to dry for 20 minutes, and stored at -20°C for later immunohistochemical analysis.  Sections, 

which were allowed to equilibrate to room temperature for 30 minutes, were fixed in ice-

cold methanol for 5 minutes, washed in PBS, and incubated at RT for 20 minutes in 

saturated NaCl (200 mL; 80% ethanol in dH2O) supplemented with NaOH (2 mL; 1 mol/L). 

Sections were incubated in filtered Congo red solution (200 mL; 0.2% Congo red dye in 

saturated NaCl solution with 2mL NaOH; 1 mol/L) for 30 minutes and rinsed in dH2O. The 

slides were incubated in methyl green solution (1% in dH2O) for 30 seconds, washed, and 

dehydrated by dipping in 95% and then 100% ethanol. Sections were dried, incubated in 

100% xylene (3 x 5 min) and mounted using dibutyl phthalate in xylene (DPX; RA Lamb, 

UK). Slides were allowed to dry overnight, stored at RT, and later examined using an 

Olympus lx51 light microscope (Tokyo, Japan).  Micrographs were taken using an Olympus 

UCMAD3 (Japan) at x10 magnification. 

2.7 Real-time polymerase chain reaction 

Total RNA was extracted from snap-frozen cortical tissue using the NucleoSpin® RNAII 

isolation kit (Macherey-Nagel, Germany). Total RNA concentrations were determined using 

spectrophotometry, samples were equalized and cDNA synthesis was performed on 1 µg total 

RNA using a High Capacity cDNA RT kit (Applied Biosystems, Germany). Real-time 

polymerase chain reaction (PCR) was performed for the detection of CCL3 

(Mm00441258_m1), CXCL10 (Mm00445235_m1), CCL5 (Mm01302428_m1), CD11b 

(Mm00434455_m1), GFAP (Mm01253033_m1), TNFα (Mm00443258_m1), IL-1β 

(Mm00434228_m1), and IL-6 (Mm00446190_m1), using Taqman Gene Expression Assays 

(Applied Biosystems, Germany). Real-time PCR was conducted using an ABI Prism 7300 
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instrument (Applied Biosystems, Germany). A 25 µL volume was added to each well (2.5 µL 

of cDNA, 1.25 µL of each primer, 12.5 µL of SensiMixTM II Probe Mastermix (Bioline) and 7.5 

µL of nuclease free H20). 18S ribosomal RNA was the endogenous control (VIC labelled 

Taqman probe, Applied Biosystems, Germany; Assay ID 4319413E). Gene expression was 

calculated relative to the endogenous control and to the averaged young WT uninfected control 

samples giving an RQ value (2-DDCt, where Ct is the threshold cycle). 

2.8 Statistical analysis  

Statistical analysis was performed using GraphPad Prism or GB-STAT. Data were analysed 

using 2-way analysis of variance (ANOVA) (to investigate age x infection interactions) or 3-

way ANOVA (to determine age x genotype x infection interactions) followed by Bonferroni 

or Newman-Keuls post-hoc test. Data are expressed as means with standard errors of the 

mean (SEM) and deemed statistically significant when p<0.05. 

 

3. Results 

3.1 Infection induced increased T cell infiltration into the brains of APP/PS1 mice 

Young (4 months) and older (10 months) WT and APP/PS1 mice were infected with B. 

pertussis by aerosol challenge with live bacteria. Evidence of successful infection was provided 

by performing CFU counts on lung homogenates removed from groups of mice 3 hours and 21 

days after challenge. The mean CFU counts were log10 4.7 and 3.0 at 3 hours and 21 days, 

respectively, which is consistent with our previous studies (Dunne, et al., 2010,Ross, et al., 

2013). Mice were killed 56 days postinfection, 3 weeks after the pathogen is normally cleared 

(McGuirk, et al., 1998), and brain tissue was prepared for flow cytometry to assess infiltration 

of immune cells. The number of CD3+CD45+ T cells was doubled in brains of 12-month-old 
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compared with 6-month-old mice, but was significantly greater in older B. pertussis-infected 

APP/PS1 mice when compared with genotype-matched, age-matched or noninfected controls 

(**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected APP/PS1, and ##p < 0.01 vs. 

older APP/PS1 control; Fig. 1A).  Analysis of the T cell subtypes also showed that infection 

with B. pertussis caused a significant increase in the number of CD4+ and CD8+ T cells in the 

brain of older APP/PS1 mice (***p < 0.0001 and **p < 0.01; Fig. 1B, C respectively), and 

there was an age-related increase in the number of CD8+ T cells in APP/PS1 mice at 12 months 

(**p < 0.01; Fig. 1C). Intracellular cytokine staining revealed that a proportion of the brain-

infiltrating CD4+ T cells were IFNγ+ with overall significant increase in Th1-type cells in B. 

pertussis infected mice (*p < 0.05; Fig. 2A). Interestingly, there was a significant increase in 

the number of IL-17+ and IFNγ+IL-17+ CD4+ T cells in B. pertussis-infected mice (#p < 0.05 

and ##p < 0.01 vs. uninfected controls; Fig. 2B and C). Similar results were obtained for  CD8+ 

T cells, with an infection induced increase in IFNγ secreting CD8+ T cells, especially in the 

older APP/PS1 mice (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected 

APP/PS1, and #p < 0.05 vs. older APP/PS1 control; Fig. 2E). The number of infiltrating IL-17+ 

and IFNγ+IL-17+ CD8+ T cells was also enhanced in brains of infected mice (**p < 0.01 vs. 

older infected WT, ++p < 0.01 vs. young infected APP/PS1, and ##p < 0.01 vs. older APP/PS1 

control; Fig. 2F and G).   

There was also a significant increase in the number of NK1.1+CD3+CD45+ T cells in the 

brain of 12-month-old B. pertussis-infected APP/PS1 mice (**p < 0.01 vs. older infected WT, 

++p < 0.01 vs. young infected APP/PS1, and #p < 0.05 vs. older APP/PS1 control; Fig. 3A) and 

parallel significant increases in the numbers of these cells, which were IFNγ+ (**p < 0.01 vs. 

older infected WT, ++p < 0.01 vs. young infected APP/PS1, and #p < 0.05 vs. older APP/PS1 

control; Fig. 3B) and IL-17+ (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected 

APP/PS1, and ##p < 0.01 vs. older APP/PS1 control; Fig. 3C).   
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 We next examined expression of chemokines, which are chemoattractant for T cells, 

using RNA extracted from snap-frozen cortical tissue. CCL3 was significantly increased in 

APP/PS1 mice even at 6 months, and expression increased further with age, particularly in B. 

pertussis-infected APP/PS1 mice (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young 

infected APP/PS1, and ##p < 0.01 vs. older APP/PS1 control; Fig. 4A). CXCL10 was 

significantly increased in older APP/PS1 mice (**p < 0.01 vs. older WT and ++p < 0.01 vs. 

young APP/PS1; Fig. 4B) and CCL5 expression was significantly increased with infection, 

with an age x genotype interaction also evident (*p < 0.05 and **p < 0.01 respectively; Fig. 

4C). 

3.2 Increased microglial and macrophage activation in previously infected APP/PS1 

Having demonstrated that peripheral infection promoted Th1 and Th17 infiltration into the 

brain, we assessed the effect of B. pertussis infection on microglia and astrocytes, the resident 

immune cells of the CNS. Expression of CD11b mRNA, which is a marker of microglial 

activation, and GFAP mRNA, which is a marker of astroglial activation, was increased in the 

cortex of 12-month-old APP/PS1 mice as previously reported (Gallagher, et al., 

2012,Gallagher, et al., 2013), and  infection with B. pertussis significantly increased expression 

of both markers (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected APP/PS1, #p 

< 0.05 and ##p < 0.01 vs. older APP/PS1 control; Fig. 5A and B).  In addition,  the number of 

CD11b+CD45low microglia expressing CD68 was increased in tissue prepared from 12-month-

old APP/PS1 mice, and this number was significantly enhanced postinfection in the older 

APP/PS1 (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected APP/PS1, and ##p < 

0.01 vs. older APP/PS1 control; Fig. 6B).  

 We assessed the expression of CD80 on microglia and macrophages as an indicator of 

their antigen presenting capability and found that the number of CD11b+CD45low microglia 
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expressing CD80 was significantly increased in older infected APP/PS1 mice in comparison 

with older infected WT mice, with an overall genotype effect observed (**p < 0.01; Fig. 6A). 

The number of CD80+ CD11b+CD45high macrophages was also significantly increased in 

preparations from older B. pertussis-infected APP/PS1 mice (**p < 0.01 vs. older infected WT, 

++p < 0.01 vs. young infected APP/PS1 and ##p < 0.01 vs. older APP/PS1 control; Fig. 7A). 

Mirroring the changes observed in microglia, infection caused a significant increase in the 

number of CD68+ macrophages in the older APP/PS1 mice, although infection also increased 

the number of these cells in younger B. pertussis-infected APP/PS1 mice (**p < 0.01 vs. 

infected WT, ++p < 0.01 vs. young infected APP/PS1, #p < 0.05 and ##p < 0.01 vs. APP/PS1 

uninfected control; Fig. 7B). 

Activated microglia and macrophages produce inflammatory cytokines and, consistent 

with this, we found that expression of TNFα, IL-1β and IL-6 mRNA was significantly 

increased in cortical tissue prepared from older B. pertussis-infected APP/PS1 mice (**p < 0.01 

vs. older infected WT, ++p < 0.01 vs. young infected APP/PS1, and #p < 0.05 vs. older APP/PS1 

control;  Fig. 8A-C); IL-1β mRNA was also significantly increased in the older uninfected 

APP/PS1 mice (*p < 0.05 vs. older WT and ++p < 0.01 vs. young APP/PS1; Fig. 8B).  

3.3 Infection enhances Aβ accumulation in aged APP/PS1 mice 

Deposition of Aβ has been reported in APP/PS1 mice as young as 6 months of age (Jankowsky, 

et al., 2004). Consistent with this, we found Aβ-containing plaques in the hippocampus and the 

frontal cortex in cryostat sections prepared from 6-month-old mice (Fig. 9). Plaque number was 

significantly increased with age (***p < 0.001 vs. young APP/PS1) and interestingly, the 

number of Aβ containing plaques was further significantly increased in both the hippocampus 

and frontal cortex of older mice postinfection with B. pertussis (+p < 0.05, +++p < 0.001 vs. 

older APP/PS1 control; Fig. 9B and D). Analysis of insoluble Aβ40 and Aβ42  provided further 
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evidence of  age-related increases, which were exacerbated in B. pertussis-infected older 

APP/PS1 mice (**p < 0.01 vs. older infected WT, ++p < 0.01 vs. young infected APP/PS1, and 

##p < 0.01 vs. older APP/PS1 control; Fig. 10C and D). Although detergent-soluble Aβ40 and 

Aβ42 both increased in an age-related manner (**p < 0.01 vs. older infected WT and ++p < 0.01 

vs. young infected APP/PS1; Fig. 10A and B), no additional effect of infection was observed. 

These findings demonstrate that a peripheral infection of older APP/PS1 mice can enhance 

inflammatory T cell infiltration into the brain, and that this is associated the enhanced Aβ 

burden. 

 

4. Discussion 

The significant new findings of this study are that infection of mice with a common human 

pathogen can induce lasting changes in the brain of older APP/PS1 mice. Specifically a 

significant number of Th1 and Th17 cells were identified in the brains of 12 month-old 

APP/PS1 mice, after the resolution of respiratory infection, and this was accompanied by 

increases in glial activation and Aβ accumulation. These findings suggest that infection may be 

a major environmental factor in the progression of AD-like pathology.  

We report that there was a marked infiltration of T cells, NKT cells and macrophages 

into the brain of older B. pertussis-infected APP/PS1 mice. CD4+ T cells and CD8+ T cells 

were detected in the brains of both infected and uninfected, 6- and 12-month-old, WT, and 

APP/PS1 mice but the cell number was markedly enhanced in older B. pertussis-infected 

APP/PS1 mice. Although clearance of B. pertussis infection in mice typically occurs in 35 days 

(McGuirk, et al., 1998), these changes were observed 56 days after infection indicating an age- 

and genotype-related co-morbidity. The brain-infiltrating T cells were predominantly IFNγ+, 

although infection also triggered infiltration of IL-17+ T cells into the brains of mice which 
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were exposed to B. pertussis. IFNγ is a potent activator of microglia (Benveniste, et al., 

2004,Downer, et al., 2009), and transfer of IFNγ+ T cells to APP/PS1 mice promotes microglial 

activation and increases plaque burden (Browne, et al., 2013).  In vitro, Aβ-specific Th1 cells 

induce microglial activation, increasing expression of cell surface markers of activation and 

inducing release of inflammatory cytokines (McQuillan, et al., 2010). Although IL-17+ T cells 

play a pivotal role in disease pathogenesis in EAE (Mills, 2008), their role in AD is less clear 

though it has been reported that there is a skewing of T cells in AD to a Th17 phenotype 

(Saresella, et al., 2011). The present data demonstrate the presence of IL-17+ T cells in the 

brain, particularly in older B. pertussis-infected APP/PS1 mice. Like Aβ-specific Th1 cells, 

Th17 cells induce microglial activation in vitro (McQuillan, et al., 2010) and therefore it seems 

reasonable to suggest that the presence of both IL-17+ and IFNγ+ T cells combine to trigger the 

marked increase in activated microglia observed in these mice. Interestingly CD3+ cells have 

been identified in brain tissue prepared from 18-month-old, but not 6-month-old, APP/PS1 

mice (Jimenez, et al., 2008). 

An increase in CD11b+CD45highCD80+ and CD11b+CD45highCD68+ macrophages were 

also observed in brains of B. pertussis-infected older APP/PS1 mice.  It has been proposed that 

infiltrating macrophages play a role in phagocytosis of Aβ and therefore exert a protective 

effect (Town, et al., 2008). However, increased Aβ deposition paralleled macrophage number 

in the present study, suggesting that their phagocytic potential was limited despite the fact that 

expression of CD68, a lysosomal marker and proposed indicator of phagocytic function, was 

increased on macrophages. IFNγ+ NKT cells were also present in the brain of B. pertussis-

infected older APP/PS1 mice. The role of NKT cells in AD has not been addressed although 

protective functions for these cells in EAE (Mars, et al., 2008,Mayo, et al., 2012), and in the 

mutant superoxide dismutase 1 G93A (mSOD1) mouse model of amyotrophic lateral sclerosis 

(Finkelstein, et al., 2011) have been described. Overall, the significant finding is that infection 
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drives the infiltration of several IFNγ+ immune cells, particularly in older APP/PS1 mice, and 

the evidence indicates that this is associated, ultimately, with increased Aβ pathology.   

The first evidence suggesting that T cell infiltration occurred in AD was reported 25 

years ago (Rogers, et al., 1988), and since then others have confirmed this observation 

(Hartwig, 1995,McGeer, et al., 1989,Monsonego, et al., 2003,Parachikova, et al., 2007,Pirttila, 

et al., 1992,Togo, et al., 2002,Town, et al., 2005).  Interestingly these cells have been identified 

in areas of the brain where amyloid pathology is evident including the hippocampus and limbic 

regions (Rogers, et al., 1988,Togo, et al., 2002) and have been found in close apposition to 

activated microglia (Togo, et al., 2002). This suggests the existence of a causal relationship 

between T cells, microglial activation, and amyloid pathology, which is consistent with the 

current data demonstrating parallel increases in T cell infiltration, microglial activation, and 

increased Aβ accumulation.  Importantly, our recent work which shows that injection of Aβ-

specific Th1 cells into 6- to 7-month-old APP/PS1 mice induced microglial activation and 

increased Aβ deposition, (Browne, et al., 2013) substantiates this hypothesis.  

Infiltration of immune cells may result from the creation of a chemotactic gradient as a 

consequence of increased expression of chemokines in brain, and here we report that there was 

an age- and genotype-related increase in expression of CCL3, CXCL10 and CCL5 that was 

enhanced in B. pertussis-infected mice, and all 3 chemokines have established lymphocyte 

chemotactic properties (Agostini, et al., 2000,Murooka, et al., 2008,Schall, et al., 1993).  

Interestingly, increased expression of these chemokines has been reported in AD (Tripathy, et 

al., 2007,Tripathy, et al., 2010,Xia, et al., 2000), whereas increased T cell expression of CCR5 

and CXCR2 has also been reported (Liu, et al., 2010,Man, et al., 2007,Reale, et al., 2008). 

Infiltration of immune cells may also be a consequence of increased blood-brain barrier 

permeability, which we have observed in aged animals (Blau, et al., 2012) and APP/PS1 mice 
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(Minogue et al. unpublished), and which is known to occur following B. pertussis infection 

(Linthicum, et al., 1982). 

A significant decline in cognitive function has been associated with systemic infection 

in individuals with AD, and these changes have been linked with persistent increases in 

circulating inflammatory cytokines (Holmes, et al., 2009,Holmes, et al., 2003).  It is also 

recognized that the risk of developing AD is increased by infection or general ill health, and a 

particular susceptibility to infection may be conferred by the ApoE e4 allele (Dunn, et al., 

2005,Honjo, et al., 2009,Strandberg, et al., 2004,Tilvis, et al., 2004), whereas a protective effect 

of vaccination has been reported (Tyas, et al., 2001,Verreault, et al., 2001). Interestingly, the 

incidence of pertussis is increasing in developed countries, probably because of limited efficacy 

of the current vaccine, and the increase is not only evident in infants but also in adolescents and 

adults, including those more than 50 years of age (Klein, et al., 2012,McGuiness, et al., 2013). 

In the present study, the more profound inflammatory effects induced by infection of 

older APP/PS1 mice included increased expression of inflammatory cytokines as well as glial 

activation.  These changes were associated with increased concentrations of insoluble Aβ1-40 

and, albeit to a non-significant extent, Aβ1-42, and increased numbers of Congo red-stained Aβ-

containing plaques in the frontal cortex and hippocampus.  Although the factors that initiate 

inflammation in AD or models of AD are unknown, the present findings suggest that 

underlying pathology endows a susceptibility to subsequent infection and enhances pathogenic 

processes; this is broadly consistent with the finding that infection of 3xTg-AD mice with 

mouse hepatitis virus induced marked tau pathology postinfection (Sy, et al., 2011).  However 

Stahl et al. (2006) reported that intracerebral infection of Tg2576 mice with the neurotropic 

Borna disease virus resulted in a decrease in Aβ-containing plaques in hippocampus (Stahl, et 

al., 2006). Increases in microglial activation and in expression of inflammatory cytokines were 

observed, prompting the authors to suggest that an inflammatory environment might enhance 
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clearance of Aβ, which has been supported by some groups (Wilcock, et al., 2011) but not by 

others (Koenigsknecht-Talboo and Landreth, 2005,Yamamoto, et al., 2007). Indeed it has been 

shown that an inflammatory environment, such as predominates in AD, inhibits efficient 

phagocytosis (Koenigsknecht-Talboo and Landreth, 2005), whereas the interaction of microglia 

with T cells has also been shown to switch microglia from a phagocytic to an APC phenotype 

(Townsend, et al., 2005). Furthermore, IFNγ has been shown to increase production of Aβ 

fragments (Liao, et al., 2004,Sastre, et al., 2008), which is important in the present context 

because of the increased number of IFNγ+ cells in the brain of older APP/PS1 mice post 

infection. 

In conclusion, we have demonstrated that infection with a common human pathogen, 

particularly in older APP/PS1 mice, has profound and persistent effects on inflammatory 

changes in the brain. The evidence suggests that these changes are driven by infiltration of 

IFNγ+ and IL-17+ cells and result in exacerbated Aβ pathology. The data point to infection as a 

significant additional factor in the rapid progression of pathology and highlight the importance 

of vaccination or treatment of infections in elderly individuals. 
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FIGURE LEGENDS 

FIGURE 1. Infection induces T cell infiltration in the brain of older APP/PS1 mice. 

Mice were infected with B. pertussis and culled 56 days postinfection. Mononuclear cells were isolated 

from the brains of WT and APP/PS1 mice, stained with LIVE/DEAD®, and surface stained for CD45, 

CD3, CD4 and CD8. Flow cytometric analysis was performed. Results are mean absolute number of the 

indicated cells in the brain and the diagrams are sample FACS plots of (A) CD3+CD45+ T cells, (B) 

CD4+CD3+CD45+ T cells and (C) CD8+CD3+CD45+T cells, where numbers in FACS plot are 

percentage of cells positive for the indicated marker. (A) CD3+CD45+ T cells; Age x genotype x 

infection interaction *p < 0.05, F(1,43)=4.22; 3-way ANOVA. (B) CD4+CD3+CD45+ T cells; Infection 

effect ***p < 0.0001, F(1,41)=16.68; 3-way ANOVA. (C) CD8+CD3+CD45+; Age x genotype interaction 

**p < 0.01, F(1,42)=8.56 and infection effect **p < 0.01, F(1,42)=9.91; 3-way ANOVA. *p < 0.05, **p < 

0.01 in comparison to relevant genotype control; +p < 0.05, ++p < 0.01 in comparison to relevant age 

control; #p < 0.05, ##p < 0.01 in comparison to relevant infection control; Newman-Keuls post hoc. Data 

represent means ± SEM from 3 infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. 

Pertussis; FSC, Forward Scatter. 

FIGURE 2. Respiratory infection induces IFNγ+ and IL-17+ T cell infiltration in the brain of APP/PS1 

mice. 

CD4+ and CD8+ T cells were intracellularly stained for IFNγ and IL-17 and assessed by flow cytometry. 

Results are mean absolute number of the indicated cells in the brain. (A) IFNγ+CD4+; Infection effect *p 

< 0.05, F(1,41)=5.42;  3-way ANOVA. (B) IL-17+CD4+; Genotype x infection interaction *p < 0.05, 

F(1,42)=4.58; 3-way ANOVA. (C) IFNγ+IL-17+CD4+; Infection effect ***p < 0.0001, F(1,42)=38.55; 3-

way ANOVA. (E) IFNγ+CD8+; Age x genotype interaction *p < 0.05, F(1,42)=6.66;  3-way ANOVA. (F) 

IL-17+CD8+; Genotype x infection interaction *p < 0.05, F(1,42)=5.46; 3-way ANOVA. (G) IFNγ+IL-

17+CD8+; Age x genotype x infection interaction *p < 0.05, F(1,43)=4.32; 3-way ANOVA. **p < 0.01 in 

comparison to relevant genotype control; +p < 0.05, ++p < 0.01 in comparison to relevant age control; #p 

< 0.05, ##p < 0.01 in comparison to relevant infection control; Newman-Keuls post hoc. (D) Sample 
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FACS plots of IFNγ+ and IL-17+ CD4+ T cells. (H) Sample FACS plots of IFNγ+ and IL-17+ CD8+ T 

cells, numbers in FACS plot are percentage of cells positive for the indicated cytokine. Data represent 

means ± SEM from 3 infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 3. Infection increases infiltration of IFNγ+ and IL-17+ NKT cells. 

Mononuclear cells were prepared from the brain, stained with LIVE/DEAD®, and surface stained for 

CD45, NK1.1 and CD3. Cells were intracellularly stained for IFNγ and IL-17, and assessed by FACS.  

Results are the mean absolute number of the indicated cells in the brain. (A) NK1.1+CD45+CD3+ NKT 

cells; Age x genotype interaction ***p < 0.001, F(1,44)=12.96;  3-way ANOVA. (B) IFNγ+ NKT cells; 

Age x genotype interaction *p < 0.05, F(1,40)=4.56; 3-way ANOVA. (C) IL-17+ NKT cells; Age x 

genotype x infection interaction *p < 0.05, F(1,43)=6.38; 3-way ANOVA. **p < 0.01 in comparison to 

relevant genotype control; +p < 0.05, ++p < 0.01 in comparison to relevant age control; #p < 0.05, ##p < 

0.01 in comparison to relevant infection control; Newman-Keuls post hoc. (D) Sample FACS plots of 

NK1.1+ CD45+CD3+ T cells. (E) Sample FACS plots of IFNγ+ and IL-17+ NKT cells, where the numbers 

in FACS plot are percentage of cells positive for the indicated marker. Data represent means ± SEM 

from 3 infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 4. The increased chemokine expression in older APP/PS1 is exacerbated by infection. 

RNA was extracted from snap frozen cortical tissue 56 days postinfection. (A) CCL3, (B) CXCL10, and 

(C) CCL5 expression was assessed and values are expressed as relative quantities (RQ) normalized to 

the endogenous control gene, 18S, and relative to the averaged young WT uninfected control group. (A) 

Age x genotype x infection interaction **p < 0.01, F(1,40)=7.48;  3-way ANOVA. (B) Age x genotype 

interaction ***p < 0.0001, F(1,41)=20.13; 3-way ANOVA. (C) Age x genotype interaction **p < 0.01, 

F(1,41)=9.18 and infection effect *p < 0.05, F(1,41)=5.67; 3-way ANOVA. *p < 0.05, **p < 0.01 in 

comparison to relevant genotype control; +p < 0.05, ++p < 0.01 in comparison to relevant age control; ##p 

< 0.01 in comparison to relevant infection control; Newman-Keuls post hoc. Data represent means ± 

SEM from 3 infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 5. CD11b and GFAP expression is enhanced in older infected APP/PS1 mice. 
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RNA was extracted from snap-frozen cortical tissue and assessed for (A) CD11b and (B) GFAP 

expression. Values are expressed as relative quantities (RQ) normalized to the endogenous control gene, 

18S, and relative to the averaged young WT uninfected control group. (A) Age x genotype x infection 

interaction *p < 0.05, F(1,43)=4.09;  3-way ANOVA. (B) Age x genotype x infection interaction *p < 

0.05, F(1,42)=4.26;  3-way ANOVA. **p < 0.01 in comparison to relevant genotype control; ++p < 0.01 in 

comparison to relevant age control; #p < 0.05, ##p < 0.01 in comparison to relevant infection control; 

Newman-Keuls post hoc. Data represent means ± SEM from 3 infection experiments, n=6-9. 

Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 6. Increased microglial activation in APP/PS1 mice. 

Mononuclear cells were isolated from the brains of WT and APP/PS1 mice, stained with propidium 

iodide (PI), and surface stained for CD45, CD11b, CD80 and CD68 and assessed by flow cytometry. 

Results are mean absolute number of the indicated cells in the brain. (A) CD11b+CD45lowCD80+; 

Genotype effect **p < 0.01, F(1,42)=9.69;  3-way ANOVA, and sample FACS plots of 

CD11b+CD45lowCD80+ cells. (B) CD11b+CD45lowCD68+; Age x genotype x infection interaction *p < 

0.05, F(1,43)=5.53; 3-way ANOVA and sample FACS plots of CD11b+CD45lowCD68+ cells. Numbers in 

FACS plot are percentage of cells positive for the indicated marker. *p < 0.05, **p < 0.01 in 

comparison to relevant genotype control; ++p < 0.01 in comparison to relevant age control; ##p < 0.01 in 

comparison to relevant infection control; Newman-Keuls post hoc. Data represent means ± SEM from 3 

infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 7. The increased macrophage activation in APP/PS1 is exacerbated by exposure to infection. 

Mononuclear cells prepared from WT and APP/PS1 mice were stained with PI, surface stained for 

CD45, CD11b, CD80 and CD68, then assessed by flow cytometry. Results are mean absolute number of 

the indicated cells in the brain. (A) CD11b+CD45highCD80+; Age x genotype x infection interaction **p 

< 0.01, F(1,41)=10.73; 3-way ANOVA with sample FACS plots of CD11b+CD45highCD80+ cells. (B) 

CD11b+CD45highCD68+; Age x genotype interaction ***p < 0.0001, F(1,39)=50.44  and genotype x 

infection interaction ***p < 0.0001, F(1,39)=22.62; 3-way ANOVA and sample FACS plots of 
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CD11b+CD45highCD68+ cells, where numbers in FACS plot are percentage of cells positive for the 

indicated marker. **p < 0.01 in comparison to relevant genotype control; ++p < 0.01 in comparison to 

relevant age control; #p < 0.05, ##p < 0.01 in comparison to relevant infection control; Newman-Keuls 

post hoc. Data represent means ± SEM from 3 infection experiments, n=6-9. Abbreviations: Con, 

Control; B.P., B. Pertussis. 

FIGURE 8. Cytokine expression increased in older APP/PS1 mice. 

RNA was extracted from snap frozen cortical tissue and assessed for (A) TNFα, (B) IL-1β, and (C) IL-6 

expression. Values are expressed as relative quantities (RQ) normalized to the endogenous control gene, 

18S and relative to the averaged young WT uninfected control group. (A) Age x genotype x infection 

interaction *p < 0.05, F(1,40)=4.79;  3-way ANOVA. (B) Age x genotype interaction ***p < 0.001, 

F(1,41)=17.42; 3-way ANOVA. (C) Age x genotype interaction ***p < 0.001, F(1,42)=8.56 and age x 

infection interaction **p < 0.01, F(1,41)=11.12; 3-way ANOVA. *p < 0.05, **p < 0.01 in comparison to 

relevant genotype control; ++p < 0.01 in comparison to relevant age control; #p < 0.05 in comparison to 

relevant infection control; Newman-Keuls post hoc. Data represent means ± SEM from 3 infection 

experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 9. Infection increases Aβ plaque number in older APP/PS1 mice. 

Cryostat sections were stained with Congo red to assess Aβ plaques in hippocampus (A) and frontal 

cortex (C) and the average number of plaques per area of interest per mouse was recorded. (B) Mean 

number of plaques in the hippocampus; Age x infection interaction *p < 0.05, F(1,23)=4.87;  2-way 

ANOVA. (D) Mean number of plaques in the frontal cortex; Age x infection interaction ***p < 0.001, 

F(1,22)=25.5;  2-way ANOVA. ***p < 0.001 in comparison to relevant age control, +p < 0.05, +++p < 

0.001 in comparison to relevant infection control; Newman-Keuls post hoc. Data represent means ± 

SEM from 3 infection experiments, n=6-9. Abbreviations: Con, Control; B.P., B. Pertussis. 

FIGURE 10. Insoluble Aβ40 increased 56 days post infection in older APP/PS1 mice. 
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Mice were infected with B. pertussis and culled 56 days post infection. Amyloid levels were determined 

(Meso Scale Discovery, US) from snap-frozen cortical tissue. The concentrations of detergent-soluble 

Aβ40 (A) and Aβ42 (B), insoluble Aβ40 (C) and Aβ42 (D) were established with reference to the standard 

curves. (A) Age x genotype interaction ***p < 0.0001, F(1,40)=22.46;  3-way ANOVA. (B) Age x 

genotype interaction ***p < 0.0001, F(1,41)=40.32; 3-way ANOVA. (C) Age x genotype x infection 

interaction *p < 0.05, F(1,43)=4.99; 3-way ANOVA. (D) Age x genotype interaction **p < 0.01, 

F(1,42)=8.09; 3-way ANOVA. *p < 0.05, **p < 0.01 in comparison to relevant genotype control; ++p < 

0.01 in comparison to relevant age control, ##p < 0.01 in comparison to relevant infection control; 

Newman-Keuls post hoc. Data represent means ± SEM from 3 infection experiments, n=6-9. 

Abbreviations: Con, Control; B.P., B. Pertussis. 
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