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Abstract

Alzheimer’s disease (AD) pathology consists of extracellular deposits of amyloid-β peptides (Aβ) 

and intracellular neurofibrillary tangles. These pathological alterations are accompanied by a 

neuroinflammatory response consisting of increased expression of inflammatory mediators. An 

anti-inflammatory strategy designed to prevent or delay the development of AD would benefit 

from knowing when neuroinflammation appears in the transgenic models during prodromal 

disease stages relative to Aβ pathology. We investigated the expression patterns of inflammatory 

mediators in the brain of 5xFAD mice in comparison to development of Aβ deposition. Expression 

changes in inflammatory mediators and glial markers are more robust in female mice starting at 

three months of age, in contrast to males in which there is no clear trend through five months. 

Female and male 5xFAD mice also displayed an age-dependent increase in cortical Aβ deposition 

congruent with neuroinflammation. Thus, in the 5xFAD mouse model of AD, administration of an 

anti-inflammatory agent would be most efficacious when administered before three months of age.
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Introduction

Alzheimer’s disease (AD) is an increasingly prevalent, progressive neurodegenerative 

disorder that is the leading cause of dementia in the elderly. Approximately 44 million 

people suffer from dementia worldwide, and by 2050 this number is predicted to triple due 

to population aging, further exacerbating the socioeconomic burden of this neurological 

condition [1]. A definite diagnosis of AD requires post-mortem demonstration of deposition 

of amyloid-β (Aβ) peptides in senile plaques and neurofibrillary tangles (NFTs) in the brain 

parenchyma. Accompanying these hallmark pathological features are neuronal loss and a 

robust neuroinflammatory response [2].
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There is strong evidence for a direct involvement of neuroinflammatory processes in AD 

pathophysiology. First, increased numbers of inflammatory cells (microglia and astrocytes), 

especially in the immediate vicinity of Aβ deposits, and molecules such as cytokines, 

chemokines, and complement proteins are encountered in the AD brain [3]. Second, 

genetically modified mouse models have convincingly demonstrated a role for various 

inflammatory pathways in altering microglial activation and Aβ deposition including 

chemokines [4–6], nitric oxide synthase 2 [7], transforming growth factor beta (TGFβ) [8, 

9], complement [10, 11], interleukin 1 beta (IL-1β) [12], and interleukin 10 (IL-10) [13, 14]. 

Finally, genetic variants in genes encoding inflammatory molecules elevate AD risk [15–19], 

suggesting altered inflammatory responses can promote AD.

Retrospective epidemiological studies have shown marked reduction in AD risk in patient 

populations treated with non-steroidal anti-inflammatory drugs (NSAIDs) [20, 21]. 

Unfortunately, prospective clinical trials enrolling AD patients suffer from mixed success 

[22–24], with the most recent data indicating no reduction in the progression of AD [25]. 

The reasons for these discordant outcomes remain unclear. However, it is possible that in the 

prospective studies with NSAID treatment was too short in duration, as retrospective 

epidemiological studies have reported that protective effects of NSAIDs are only 

encountered in individuals who have been taking NSAIDs for more than five years [26]. 

Alternatively, NSAID treatment might have been initiated too late in the disease process to 

be effective [27].

Here we investigated the gene expression changes of multiple inflammatory analytes in AD-

relevant brain regions as a function of age during the earliest stages of congophilic Aβ 
deposition in the widely utilized 5xFAD mouse model of AD on a congenic C57BL/6 inbred 

genetic background. Previous studies have utilized 5xFAD on an F1 hybrid background [28, 

29]. To achieve desired statistical power we focused our analysis on nine inflammatory 

analytes known to be elevated in human AD brain tissue [30]. The chemokine C-X-C motif 

ligand 10 (CXCL10) was the earliest inflammatory mediator induced at three months of age, 

and this was only observed in the female brain. Transcripts of pro-inflammatory cytokines 

IL-1β, interleukin 6 (IL-6), tumor necrosis factor (TNFα) and chemokines C-C motif ligand 

2 (CCL2) and CXCL10 were significantly induced in five-month-old female 5xFAD brain 

compared to nontransgenic littermates, and COX-2 protein was elevated in five month old 

female 5xFAD mice. In contrast, only TNFα and COX-2 mRNAs showed significant 

upregulation in male 5xFAD, and this was limited to the five and four month time points, 

respectively. These findings give insight into the temporal changes in inflammatory gene 

expression during the early stages of amyloid pathology in the congenic C57BL/6 5xFAD 

mouse model of AD. Furthermore, this information can aid in the design and execution of 

pre-clinical trials in mice targeting inflammation at the earliest stages of AD progression.

Materials and Methods

Mice

All procedures and experiments concerning animals were approved by Emory University 

Institutional Animal Care and Use Committee and conformed to NIH guidelines. Mice were 

housed under a 12-hour light/dark cycle with food and water ad libitum. 5xFAD mice 
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(MMRRC stock number: 34848-JAX) [31] were originally created on a mixed B6/SJL 

genetic background. We maintain the 5xFAD line on a congenic C57BL/6 (Charles River) 

background by repeated backcrossing over ten generations. Female and male mice 

hemizygous for the transgene were used. Nontransgenic littermates (labeled as “WT” 

controls in the text and figures) were housed in the same manner as 5xFAD mice and used 

for comparison.

Tissue Processing

5xFAD mice and age-matched nontransgenic controls were deeply anesthetized with 

isoflurane and their brains rapidly removed from the cranium. The brain was immediately 

bisected through the midline, and one hemisphere was fixed for 24 hours in 4% (wt/vol) 

paraformaldehyde at 4°C for Congo red staining and immunohistochemistry. For one cohort, 

the hemi-brains minus the cerebellum were separated and frozen on dry ice for RNA 

isolation. For the other cohort, the hippocampus and cortex were dissected from the other 

half of the brain, immediately frozen on dry ice and stored at −80°C for RNA isolation.

qRT-PCR.

Total RNA from mouse hemi-brain or cortex was isolated and purified by using TRIzol 

(Invitrogen) with the PureLink RNA Mini Kit (Invitrogen). RNA concentration and purity 

were estimated by the A260 value and A260/A280 ratio, respectively. First-strand cDNA 

synthesis was performed with 1 μg of total RNA, using qScript cDNA SuperMix (Quanta 

Biosciences) in a reaction volume of 20 μL at 25°C for five minutes, then 42°C for 30 

minutes. The reaction was terminated by heating at 85°C for five minutes. Quantitative real-

time polymerase chain reaction (qRT-PCR) was performed with technical duplicates by 

using 8 μL of 50x-diluted cDNA, 0.4 μM of primers, and iQ SYBR Green Supermix (Quanta 

Biosciences), with a final volume of 20 μL, in the iQ5 Multicolor Real-Time PCR Detection 

System (Bio-Rad). Cycling conditions were as follows: 95°C for two minutes followed by 

40 cycles of 95°C for 15 seconds and then 60°C for one minute. Melting curve analysis was 

used to verify single-species PCR product. Fluorescence data were acquired at the 60°C 

step. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control 

for relative quantification (Table 1). Samples without cDNA served as the negative controls. 

We also examined efficiency of the PCR reaction by determining the Ct values for serial 

dilutions of our cDNA and plotting the resulting Ct values as a function of the negative (log 

dilution factor). Analysis of quantitative real time PCR was performed by subtracting the 

cycle threshold (Ct) value of the internal control GAPDH from the measured Ct value 

obtained from the log phase of each amplification curve of each gene of interest. The fold 

increase of each gene of interest was estimated for each 5XFAD mouse relative to the 

amount of RNA found in the control animals using the 2−ΔΔCt method [32]. All conditions 

for qRT-PCR were the same. Real time PCR primer sequences are listed in Table 1. Of the 9 

inflammatory mediators investigated, three (IL-1β, IL-6 and TNFα) are produced and 

secreted by cells involved in both innate and acquired immunity to stimulate inflammation; 

two (CCL2 and CXCL10) are chemokines that recruit cells to sites of inflammation or 

injury. Glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 

1 (Iba1) are glial markers of astrocytes and myeloid cells, respectively. Cyclooxygenase 2 
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(COX-2) is an intracellular enzyme that forms prostanoids and EP2 is a G-protein coupled 

receptor that is activated by prostaglandin E2. Both COX-2 and EP2 are immunomodulatory.

Immunohistochemistry and Congo Red Staining

The fixed brain tissue was cyroprotected in 30% sucrose in phosphate buffered saline (PBS). 

Brains were subsequently frozen in 2-methylbutane and sagittally (females) or coronally 

(males) sectioned at 30 μm using a cryostat or microtome. Immunohistochemical stains were 

performed using Vectastain Elite ABC kits (Vector Laboratories), according to a recently 

described protocol [33]. The primary antibodies used included a rabbit polyclonal antibody 

to Iba1 (Wako, 019–19741, 1:1000 dilution), a rabbit polyclonal to COX-2 (Abcam, 

ab15191; 1:1000 dilution) and a mouse monoclonal to human APP/Aβ (Biolegend, clone 

6E10, 1:1000 dilution). Congo red staining was performed according to standard laboratory 

procedures. Images were acquired on an Axioplan 2 microscope with an attached AxioCam 

MRm camera, using a 2x/0.5 air objective lens and AxioVision 4.7 software (all from Carl 

Zeiss). Every 12th section (30 μm) through the entire neocortex was assessed for Aβ load. 

Analysis was performed using the Stereologer software (Stereo Investigator 6 MBF 

Bioscience) and a motorized x-y-z stage coupled to a video microscopy system (Microfire 

color microscope camera; Optronics). Congophilic amyloid load was analyzed using the 

area fraction technique [34, 35].

Confocal stacks (1 μm) were obtained from 30 μm coronal brain sections stained to identify 

Iba1, COX-2 and APP/Aβ with a multiphoton Leica SP8 MP microscope. Stacks were 

subsequently analyzed with Imaris 6.4.0 (Bitplane). Analysis was restricted to regions that 

displayed a robust and consistent staining intensity and revealed fine details of the microglia 

processes. The surface of the cells and Aβ deposits were reconstructed using Imaris.

COX-2 Western Blot

In a separate cohort of mice cerebral cortices from five-month-old female and male 5xFAD 

mice and age- and sex-matched littermate wild-type mice were homogenized in RIPA buffer 

containing protease and phosphatase inhibitors (Thermo Scientific). Brain homogenates 

were subsequently sonicated to shear DNA and centrifuged at 14,000 × g for 30 minutes at 4 

° C to remove cell debris. The amount of total protein was measured by a Bradford protein 

assay. Total protein was separated on a gradient (4–20%) Mini-PROTEAN TGX Gel and 

electroblotted onto Polyvinylidene fluoride (PVDF) membranes (Millipore). Membranes 

were blocked for 6 h at 4 °C with Odyssey blocking solution (Li-Cor), then incubated 

overnight at 4 ° C with primary antibodies for COX-2 (1:1000, Abcam) and GAPDH 

(1:10,000, Calbiochem), followed by incubation with polyclonal IRDye secondary 

antibodies 680LT and 800CW (1:15,000, Li-Cor). The blots were imaged using a ChemiDoc 

MP Imaging System (Bio-Rad). The ratio of COX-2 to GAPDH was determined for each 

sample and the average COX-2 level for each group was compared using a Student’s t-test.

COX-2 ELISA

The same cortical homogenates utilized for Western blot analysis were examined for total 

COX-2 by ELISA (LifeSpan BioSciences) according to manufacturer’s protocol.
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Data and Statistical Analysis

Data are presented as mean ± standard error. Statistical analysis was performed using 

GraphPad Prism version 6 (GraphPad Software). Two-way ANOVA (genotype × age) was 

used for comparison of the mean ΔΔCt values between 5xFAD mice and non-transgenic, 

age- and gender-matched littermate controls at each time point with Sidak correction for 

multiple comparisons. Statistical outliers were identified by Grubb’s test and removed just 

prior to statistical analysis. The ΔΔCt values were converted to fold change for data 

presentation. For all analyses, the differences were considered to be statistically different if 

p<0.05.

Results

Expression of inflammatory genes in male and female 5xFAD mice.

The 5xFAD transgenic mouse model of AD expresses mutant human amyloid precursor 

protein (APP) harboring the Swedish (K670N, M671L), Florida (I716V), and London 

(V717I) familial Alzheimer’s disease (FAD) mutations expressed by the Thy1 promoter, as 

well as mutant human presenilin 1 (PSEN1) harboring two FAD mutations, M146L and 

L286V, also driven by the Thy1 promoter [31]. The 5xFAD mouse maintained on the 

B6/SJL genetic background begins to develop Aβ deposition at two months of age in the 

deep cortical layers and subiculum [31]. With aging, Aβ deposition is observed throughout 

the cortex, hippocampus, thalamus, brainstem, and olfactory bulb. Accompanying Aβ 
deposition is an inflammatory response typified by astrogliosis and microgliosis [31].

To determine the earliest changes in inflammatory gene expression in the 5xFAD model on a 

congenic C57BL/6 genetic background, cohorts of male and female 5xFAD mice were 

sacrificed at monthly intervals between one and five months of age inclusive. Age- and 

gender-matched, non-transgenic littermates were sacrificed in parallel, hereafter simply 

referred to as “wildtype (WT)”. Quantitative real-time PCR (qRT-PCR) was performed on 

mRNA extracted from hemi-brains (minus cerebellum).

Cytokines—In male 5xFAD mice, IL-1β mRNA levels in the brain were decreased by 

>50% at two and three months of age when compared to WT control mice, but then rose 

back to a level similar to WT controls at four and five months of age (Figure 1). The mRNA 

levels of TNFα were decreased by ~50% in 5xFAD male brains at two months of age and 

elevated by 1.8 fold over WT at five months of age. The brain levels of IL-6 in 5xFAD male 

mice were not significantly different from WT at any time point examined (Figure 1). 

Female mice showed a more vigorous inflammatory response as described below.

In female 5xFAD mice mRNA levels of IL-1β were significantly lower than WT at one 

month of age and elevated 2.4 fold over WT at the five-month time point (Figure 1). The 

mRNA levels of TNFα were elevated in female 5xFAD brain at three months of age by 1.8 

fold and at five months of age by 2.6 fold, but were similar to WT at one and four months of 

age and decreased in 5xFAD brain at two months of age (Figure 1). In contrast to male 

5xFAD wherein no change in IL-6 mRNA levels were detected, in female 5xFAD mice IL-6 

levels were only significantly different than WT at two and three months of age (Figure 1).
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Chemokines—The mRNA of chemokines, CCL2 and CXCL10, were also investigated in 

male and female 5xFAD mice as well as age- and gender-matched, non-transgenic WT. 

Hemi-brain levels of mRNA for both CCL2 and CXCL10 were not different between male 

5xFAD and WT at the time points examined (Figure 2). In female mice by contrast, CCL2 

mRNA was elevated 2.3 fold in five-month-old 5xFAD mice over WT. CXCL10 displayed 

an age-dependent increase in female 5xFAD mice. CXCL10 levels were increased 3.2 fold 

in female 5xFAD brain at three months of age, and was further elevated to 8.7 fold in five-

month-old 5xFAD compared to WT littermates (Figure 2).

Glial Markers—The level of GFAP and Iba1 mRNAs was not different in male 5xFAD 

mice compared to WT up to five months of age (Figure 3). However, significant increases 

were encountered in GFAP and Iba1 mRNA in female 5xFAD mice. GFAP mRNAs in 

5xFAD brain were increased 2.9 fold over WT at three months, 7.1 fold at four months, and 

3 fold at five months of age. There was an age-dependent increase in the mRNA of Iba1 in 

5xFAD mice. However, the elevation of Iba1 mRNA was more gradual beginning at three 

months of age and was significantly induced at five months with a maximum 2-fold 

induction (Figure 3).

COX-2 and EP2—The induction of the immediate early gene, cyclooxygenase-2 (COX-2), 

and the immunomodulatory prostanoid receptor, EP2, was evaluated in hemibrains from 

5xFAD male and female mice. COX-2 mRNA levels were increased 2-fold in males at 4 

months of age, and 1.6-fold at three months of age in females, but were not different from 

WT levels at the other time points examined (Figure 4). The EP2 levels were slightly 

suppressed in 5xFAD male brain at 2–3 months, but not different from WT mice at 4–5 

months, whereas the female 5xFAD brain mice showed slightly reduced levels at 1 month, 

and were elevated 1.6 fold in brain from three-month-old mice (Figure 4).

Assessment of inflammatory mediator mRNA levels in the cortex of female 5xFAD mice

To determine whether the changes in inflammatory gene expression were also observed in 

isolated cortex, qRT-PCR analysis was performed on mRNA extracted from cortices 

obtained from a different cohort of female mice as females consistently displayed an earlier 

and greater induction of inflammatory mediators examined over controls compared to male 

5xFAD mice (Figures 1–4). We chose to focus on the cortex as it represented the greatest 

individual tissue mass of the hemi-brain and in the 5xFAD model Aβ deposition is identified 

earliest in the deep cortical layers [31].

Cortices from cohorts of female 5xFAD and age- and gender matched non-transgenic mice 

aged to one, three, and five months of age were collected. Cortical levels of cytokines IL-1β, 

IL-6, and TNFα were elevated over WT at five months, but not at one or three months of age 

(Figure 5A–C). Cortical levels of CXCL10 were first elevated by 2.2 fold at three months of 

age and reached nearly 8 fold expression over WT at the five-month time point (Figure 5D). 

CCL2 levels were elevated about two fold in cortex from five month old 5xFAD mice, but 

CCL2 mRNA levels were indistinguishable from WT at earlier time points (Figure 5E). - 

The mRNA levels of GFAP were elevated 4-fold at the five month time point (Figure 5F), 

but the mRNA levels of Iba1 (Figure 5G), COX-2 (Figure 5H), and EP2 (Figure 5I) in 

Manji et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2020 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5xFAD cortex were not significantly different from non-transgenic WT littermates at the 

time points examined. Note that cortical levels of mRNA for all inflammatory mediators in 

female 5xFAD mice mimicked their expression patterns in the female hemi-brain, especially 

at 5-months of age.

COX-2 protein levels are elevated in the cortex of female 5xFAD mice, but not in male 
5xFAD mice

Western blot was performed using cortical homogenates from five-month-old female 5xFAD 

mice and age- and sex-matched wild type littermates to examine COX-2 protein levels. 

Elevated COX-2 protein was detected in 5xFAD mice when compared to age-matched 

littermates (Figure 6A) with the average ratio of COX-2/GAPDH over 2-fold greater in the 

5xFAD mice (Figure 6B) indicating that the presence of the 5xFAD transgene causes 

induction of COX-2 expression in cortical tissue. ELISA was performed as a secondary 

measure of the level of COX-2 in the same protein homogenates used for western blot. Like 

western blot, ELISA revealed a significantly higher level of COX-2 protein in the cortex of 

female 5xFAD mice at 5 months of age (Figure 6C). Immunohistochemistry was performed 

on brain sections from wild-type and 5xFAD mice to determine whether the increased 

COX-2 protein is associated with Aβ plaque formation. In wild-type female mice at five 

months of age COX-2 immunoreactive cells with small cell bodies and thin processes were 

observed tiled throughout subcortical brain regions, the hippocampus and cortex, however 

no Congo red staining was encountered (Figure 6D, upper panel). In contrast, age-matched 

5xFAD female mice had numerous Congo red-positive plaques throughout the cortex, and 

COX-2 immunoreactive cells were localized in close proximity to the Aβ deposits (Figure 

6D, lower panel). Non-plaque-associated COX-2 immunoreactive cells were also observed 

tiled throughout all brain regions, and these cells had nearly the same morphology as the 

COX-2-positive cells encountered in the wild-type mice. Computer-assisted image analysis 

and 3D surface reconstruction of Iba1-labeled innate immune myeloid cells were performed 

to determine whether the COX-2-immunopositive cells were myeloid cells (Figure 6E). 

COX-2 immunostaining was co-localized to cortical Iba1-positive cells that were both 

plaque-associated and non-plaque-associated (Figure 6E).

To determine if male 5xFAD mice also upregulate COX-2 in the cortex, western blot was 

performed using cortical homogenates from five-month-old male 5xFAD mice and age- wild 

type male littermates. In contrast to five-month-old female 5xFAD mice, male 5xFAD mice 

did not show elevated COX-2 protein compared to age- and sex-matched littermates (Figure 

6F). The average ratio of COX-2/GAPDH was nearly the same in male 5xFAD and non-

transgenic mice (Figure 6G).

Histological examination of cortical amyloid deposition

To examine the amyloid load in the cortex of female 5xFAD mice, brain tissue sections were 

stained for congophilic Aβ deposits with the amyloid stain, Congo red. Examination of brain 

sections from female animals sacrificed at one month of age revealed no cortical congophilic 

Aβ deposits (Figure 7A). In contrast, Congo red-positive Aβ deposits were apparent in the 

cortex from three-month-old female 5xFAD mice (Figure 7B), and the congophilic amyloid 

load was further increased at the five month time point (Figure 7C). Analysis of cortical area 
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covered by congophilic Aβ deposition as a quantitative measure revealed that dense-core Aβ 
deposition is present at three months of age and further increases from three to five months 

of age (Figure 7D).

Analysis of the amyloid burden in brain sections obtained from the cortex of male 5xFAD 

mice likewise showed no Congo red-positive plaques at one month of age (Figure 7E), 

however, Aβ deposits were observed in male 5xFAD at three (Figure 7F) and five months of 

age (Figure 7G). Quantification of the cortical area occupied by congophilic Aβ staining 

revealed a similar increasing trend of Aβ deposition in male and female 5xFAD (Figure 7H), 

although the amyloid burden was higher in female mice at each age.

Discussion

Elevated inflammation can have a profound impact on AD pathogenesis [2], and it has been 

proposed that chronic microglial activation might exacerbate Aβ plaque pathology and 

enhance the development of neurofibrillary tangles (NFTs), possibly through elevated 

expression and secretion of inflammatory mediators [36]. Thus, identifying the earliest 

inflammatory changes in a widely used mouse model of AD will be of interest for the future 

development of strategies and validation of therapeutics in preclinical mouse studies 

targeting inflammation in AD.

The 5xFAD mouse model of AD was initially created on C57BL6/SJL background and is 

widely used to study age-dependent progression in AD-like pathology [31]. Subsequently, 

the hybrid 5xFAD mouse line was backcrossed to the inbred C57BL/6 mouse strain to create 

a congenic line [37, 38]. In the current studies, the congenic 5xFAD mouse on the inbred 

C57BL/6 background was utilized. Female transgenic mouse models of AD typically have 

earlier onset of Aβ pathology than their male transgenic counterparts [39–41]. Moreover, 

behavioral deficits are also more severe in female transgenic mice [42–44]. Hormonal 

differences between males and females [45] and even hormonal levels during development 

[46] are possible reasons for sex-dependent risk of AD. Here, we performed longitudinal 

studies on male and female 5xFAD mice to determine the temporal profile of inflammatory 

mediator induction in AD-relevant brain regions. The induction of inflammatory mediators 

was determined by normalizing mRNA changes in 5xFAD mice to age- and gender-matched 

non-transgenic littermate wild-type mice at each time-point examined. Notably, our results 

reveal that female 5xFAD mice display an earlier and more robust induction of inflammatory 

mediators than male 5xFAD, which is in agreement with previous findings revealing sex 

differences in the inflammatory profile in 5xFAD mice [47].

Normal aging is typified by heightened inflammation. Elevated numbers of innate and 

adaptive immune cells in the blood and circulating cytokines are encountered in elderly 

individuals [48–51]. Elevated levels of C-reactive protein, IL-6, and IL-10 were inversely 

correlated with executive performance on neuropsychological tests [52]. Interestingly, a 

number of behavioral disorders such as clinical depression, chronic pain, and fatigue are 

over-represented by women, and there are clear differences in the immune response in men 

and women [53]. Nevertheless, it remains unclear if altered age-related inflammation is the 

critical factor in elevating AD risk in women.
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The earliest inflammatory mediator elevated in 5xFAD mice was the chemokine CXCL10. 

CXCL10 was significantly upregulated in the brain and cortex of female, but not male 

5xFAD mice beginning at 3 months (Figure 2). Notably, previous studies have reported a 

positive correlation between CXCL10 in the cerebrospinal fluid (CSF) and cognitive 

impairment in AD patients [54, 55]. In AD mouse models, expression of CXCL10 is 

encountered in close proximity to Aβ deposits [56]. Interestingly, genetic elimination of 

chemokine receptor CXCR3, the primary receptor for CXCL10, in a mouse model of AD 

reduced Aβ deposition, decreased inflammatory cytokines, and attenuated behavioral 

deficits [6], highlighting the potential beneficial effects of quenching CXCR3-CXCL10 

signaling before AD symptoms appear.

Another chemokine elevated in female 5xFAD brain, but not male 5xFAD brain, was CCL2. 

Earlier reports indicate that serum CCL2 levels are elevated in patients with mild but not 

severe AD [57], and CCL2 is elevated in cerebrospinal fluid early in disease progression 

[54], suggesting that CCL2 might be important in early AD pathogenesis, The primary 

receptor for CCL2 is CCR2, and CCR2 activation has been identified as a driver of 

peripheral monocyte recruitment to the inflamed and injured brain in multiple neurological 

conditions [33, 58]. Early reports indicated that peripheral cells were recruited to Aβ 
deposits in mouse models of the AD after irradiation and bone marrow chimerism [59]. 

However, more recent studies in a parabiosis model have failed to identify blood-borne 

immune cells surrounding Aβ deposits, arguing that innate immune cells clustering around 

Aβ deposits are derived from the brain resident microglial population [60]. Genetic ablation 

of CCR2 in AD mouse models resulted in enhanced Aβ pathology [4, 61], suggesting that 

blood-derived monocytes are recruited to the brain and are more proficient at Aβ clearance 

than brain-resident microglia, or exacerbate phagocytotic activity of resident microglia. 

However, ablation of resident microglia and repopulation of brain with peripheral monocytes 

was not sufficient to clear amyloid load [35, 62]. Taken together, these studies indicate that 

the extent and consequence of peripheral monocyte recruitment to the AD brain is not well 

understood.

The relationship between inflammatory cytokines and Aβ pathology has been examined in a 

number of studies. One of the earliest inflammatory changes in the human AD brain and 

Down’s syndrome brain is IL-1β expression by microglia and astrocytes [63]. Interestingly, 

overexpression of the pro-inflammatory cytokine IL-1β by astrocytes reduced AD plaque 

pathology in a mouse model of the disease [12]. However, overexpression of IL-1β 
exacerbated tau pathology in the 3xTgAD mouse model of AD [64], indicating a 

dichotomous role for IL-1β in the evolution of AD pathology. Moreover, administration of 

an IL-1 receptor antagonist reduced tau pathology in the hTau transgenic mouse [65]. One 

mechanism for bioactive IL-1β production is by activation of the NOD-like receptor (NLR) 

family, pyrin domain containing 3 (NLRP3) inflammasome. Inactivation of NLRP3 in an 

AD mouse model reduces IL-1β, improves the clearance of Aβ, and ameliorates plaque 

pathology, culminating in protection from spatial memory loss [66]. Thus, the role of IL-1β 
in AD pathogenesis is complex and this complexity might reflect differential action of IL-1β 
during various stages of disease progression, initially protective but then deleterious if 

chronic.
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In addition to IL-1β, the involvement of TNFα in AD has also been examined. Elevated 

TNFα is associated with the induction of acute as well as chronic inflammation [67]. TNFα 
is elevated in AD patient plasma [68]. Two functional forms of TNFα exist, soluble TNFα 
(sTNFα) and transmembrane TNFα (tmTNFα), and each has distinct bioactivities. Notably, 

specifically inhibiting sTNFα was protective in the 5xFAD mouse model, resulting in 

reduced amyloid deposition in the hippocampus, reduced trafficking of peripheral leukocytes 

to the brain, and rescued long-term potentiation (LTP), highlighting the value of targeting 

sTNFα in AD or limiting TNFα gene induction as a viable therapy [69]. Our finding that 

TNFα mRNA in the brain is increased in female 5xFAD mice at 3 and 5 months of age 

coincides with a 45% increase in cortical area covered by congophillic amyloid.

Neuronal COX-2 levels are greater in AD brain than in non-AD brain tissue [70, 71]. During 

early Braak stages the density of COX-2-positive neurons is elevated over nondemented 

controls, yet the density of COX-2 immunoreactive neurons decreases in advanced Braak 

stages [72]. Here, we demonstrate that both COX-2 and EP2 expression was elevated in the 

hemi-brains of female mice at 3-months of age when Aβ plaques are forming (Figure 7). 

Unfortunately, prospective clinical trials utilizing NSAIDs have had discordant clinical 

outcomes [22–24]. On the other hand, more specific downstream targets such as the 

prostaglandin EP2 receptor may be beneficial for reducing neuroinflammation in AD, as 

EP2 antagonism has shown to be effective at quenching brain inflammation after status 

epilepticus in rodents [73, 74]. In an epilepsy context EP2 appears to mediate most of the 

deleterious consequences of COX-2 induction [75, 76]. It will be important to investigate 

whether novel small molecule anti-inflammatory agents can reverse the expression profile of 

these inflammatory mediators in 5xFAD mice and display a disease modifying effect in AD.

Both microglia and astrocytes are encountered in close proximity to dense core amyloid 

deposits in human AD brain [3]. There is a robust age-dependent increase in brain Iba1+ 

microglia and GFAP+ astrocytes in AD mouse models [35, 77, 78]. In the current study, we 

found an age-dependent increase in both GFAP and Iba1 transcripts in female 5xFAD brain. 

The elevated levels of GFAP and Iba1 transcripts could be attributed to increased expression 

within each cellular population and/or proliferation of astrocytes and microglia, as both 

populations proliferate in AD mouse models [34].

A recent study reported elevated levels of TNFα and CD45, but not CCL2, in the midbrain 

of six-month-old 5xFAD mice of mix-gender [69]. In the cortex of these same mice, CD45, 

but not TNFα and CCL2, was significantly elevated [69]. In both brain regions the data were 

compared to two-month-old non-transgenic mice. In contrast, in the present study we 

compared gene induction in 5xFAD mice at each time point to non-transgenic littermates, 

and this could account for the discordant findings.

In conclusion, we provide evidence that CXCL10 mRNA is induced early in the cortex of 

three-month old female 5xFAD mice, and is the first inflammatory mediator induced among 

the examined targets. Moreover, female 5xFAD mice showed an earlier and greater 

induction of multiple inflammatory mediators including CXCL10, CCL2, IL-1β, and TNFα 
as well as the astroglial marker GFAP and microglial marker Iba1. Although the temporal 

appearance of amyloid plaques was similar in male and female 5xFAD mice, plaque density 
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was greater in female mice, which is associated with the different inflammatory profiles. The 

current study using the 5xFAD mouse model of AD has revealed a temporal profile of the 

evolution of inflammatory gene induction changes during the earliest stages of Aβ 
deposition in both male and female mice in comparison to age- and gender matched non-

transgenic littermate WT. These findings provide a valuable resource for future studies 

utilizing the widely used 5xFAD mouse model in the design and execution of pre-clinical 

trials designed to target inflammation at the earliest stages of AD progression.
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Figure 1: 
mRNA expression levels of pro-inflammatory genes in the hemi-brain of male and female 

5xFAD mice and wild-type littermates from 1–5 months. Data were analyzed by two-way 

ANOVA with Sidak’s multiple comparison test using ΔΔCT values. The number of mice 

analyzed in each group is noted in the bar. Data represent the mean ± SEM.
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Figure 2: 
mRNA expression of chemokines CCL2 and CXCL10 in the 5xFAD mice and wild- type 

littermates from 1–5 months of age. Two-way ANOVA with Sidak’s multiple comparison 

test using ΔΔCT values. The number of mice analyzed in each group is noted in the bar. 

Data represent the mean ± SEM.
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Figure 3: 
mRNA expression of glial cell markers in the hemi-brain of 5xFAD and non-transgenic mice 

from 1–5 months of age. Two-way ANOVA with Sidak’s multiple comparison test using 

ΔΔCT values. The number of mice analyzed in each group is noted in the bar. Data represent 

the mean ± SEM.
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Figure 4: 
mRNA expression of COX-2 and EP2 in the hemi-brain of 5xFAD and non-transgenic mice 

from 1–5 months of age. Two-way ANOVA with Sidak’s multiple comparison test using 

ΔΔCT values. The number of mice analyzed in each group is noted in the bar. Data represent 

the mean ± SEM.
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Figure 5: 
mRNA expression of inflammatory mediators and glial markers in the cortices of female 

5xFAD and non-transgenic mice at one, three, and five months of age. Two-way ANOVA 

with Sidak’s multiple comparison test using ΔΔCT values. The number of mice analyzed in 

each group is noted in the bar. Data represent the mean ± SEM.
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Figure 6. 
Cortical COX-2 levels are elevated in female, but not male, 5xFAD mice. (A) COX-2 protein 

levels in cortical homogenates of five-month-old female control wild-type and 5xFAD mice 

were measured by Western blot with GAPDH as loading control. Two representative 

samples from each genotype are shown. The images were cropped from the same blot for 

clarity. (B) Normalized band intensity of the COX-2 protein relative to that of GAPDH and 

referenced to the mean COX-2/GAPDH ratio in female wild-type (n=5) and 5xFAD (n=4) 

mice. The symbols represent each individual mouse and the horizontal line represents the 

mean value. The mean ratio was compared by a Student’s t-test. (C) ELISA revealed 

elevated COX-2 levels in cortical homogenates from five-month-old 5xFAD mice compared 

to wild-type controls. The average COX-2 levels were compared by a Student’s t-test. (D) 
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Histological examination shows COX-2-immunoreactive cells tiled throughout the cortex of 

wild-type mice (left panel). The COX-2-expressing cells were found clustered around 

congophillic Aβ deposits in 5xFAD mice aged to five months of age (right panel). COX-2-

immunoreactive cells were also observed at distance from Aβ deposits, tiled throughout the 

cortex. Scale bar = 50 μm. (E) Three-dimensional surface area reconstruction of COX-2 

(red) with Iba1-expressing cortical myeloid cells (green) in the vicinity of Aβ deposits 

(blue). The orange color represents co-localization between COX-2 (red) and Iba-1 (green) 

staining. Scale bar is 15 μm. (F) COX-2 protein levels in cortical homogenates of five-

month-old male control wild-type and 5xFAD mice were measured by Western blot with 

GAPDH as loading control. A representative sample from each genotype is shown. (G) 

Normalized band intensity of the COX-2 protein relative to that of GAPDH and referenced 

to the mean COX-2/GAPDH ratio in male wild-type (n=4) and 5xFAD (n=4) mice. The 

symbols represent each individual mouse and the horizontal line represents the mean value. 

The mean ratio was compared by a Student’s t-test.
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Figure 7. 
Age-dependent increase in cortical dense-core Aβ deposition. Cortical brain tissue sections 

from (A) one-, (B) three-, and (C) five-month-old female 5xFAD mice were stained with 

Congo red to label dense-core congophilic Aβ deposits. (D) Stereological quantification of 

congophilic Aβ deposits at one-, three-, and five-months of age revealed an age-dependent 

increase in cortical area covered by congophilic Aβ deposition. The mean area covered by 

Congo red staining in four cortical brain sections per mouse was determined. Each symbol 

represents the mean value from four non-adjacent sections per mouse (1M: n=5 mice, 3M: 

n=4 mice, and 5M: n=3 mice). Tissues from male 5xFAD mice aged to (E) one-, (F) three-, 

and (G) five-month-old were also stained with Congo red. (H) Stereological quantification 

of congophilic Aβ deposits revealed an age-dependent increase in cortical area covered by 

congophilic Aβ deposition. The mean area covered by Congo red staining in six cortical 

brain sections per mouse was determined. Each symbol represents the mean value from four 

non-adjacent sections per mouse (1M: n=5 mice, 3M: n=3 mice, and 5M: n=4 mice). One-

way ANOVA with Sidak’s multiple comparison test revealed a significant difference 

between each age, ****= p<0.0001. Scale bar is 50 μm in A, B, and C and 25 μm in E, F, 

and G.
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Table 1.

Real Time PCR mouse primer sequences. The approved human gene nomenclature symbol is in parentheses if 

different from gene name.

Genes Forward Primer (sequence 5’−3’) Reverse Primer (sequence 5’−3’)

GAPDH TGTCCGTCGTGGATCTGAC CCTGCTTCACCACCTTCTTG

COX-2 (PTGS2) ACCAACGCTGCCACAACT GGTTGGAACAGCAAGGATTT

TNF-α (TNF) TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG

IL-1β (IL1B) CAGGAAGGCAGTGTCACTCA TCCCACGAGTCACAGAGGA

CXCL10 GTGCTGCTGAGTCTGAGTGG TTGCAGGAATGATTTCAAGTTTT

CCL2 CATCCACGTGTTGGCTCA GCTGCTGGTGATCCTCTTGTA

IL-6 (IL6) AACTCCATCTGCCCTTCAGGAACA AAGGCAGTGGCTGTCAACAACATC

GFAP GACAACTTTGCACAGGACCTC ATACGCAGCCAGGTTGTTCT

Iba1 (AIF1) GGATTTGCAGGGAGGAAAAG TGGGATCATCGAGGAATTG

EP2 (PTGER2) TCTTTAGTCTGGCCACGATGCTCA GCAGGGAACAGAAGAGCAAGGAGG
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