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Abstract

Background: Beta amyloid (Aβ) peptide containing plaque aggregations in the brain are a 

hallmark of Alzheimer’s Disease (AD). However, Aβ is produced by cell types outside of the brain 

suggesting that the peptide may serve a broad physiologic purpose.

Objective: Based upon our prior work documenting expression of amyloid β precursor protein 

(APP) in intestinal epithelium we hypothesized that salivary epithelium might also express APP 

and be a source of Aβ.

Methods: To begin testing this idea, we compared human age-matched control and AD salivary 

glands to C57BL/6 wild type, AppNL–G–F, and APP/PS1 mice.

Results: Both male and female AD, AppNL–G–F, and APP/PS1 glands demonstrated robust APP 

and Aβ immunoreactivity. Female AppNL–G–F mice had significantly higher levels of pilocarpine 

stimulated Aβ 1–42 compared to both wild type and APP/PS1 mice. No differences in male 

salivary Aβ levels were detected. No significant differences in total pilocarpine stimulated saliva 

volumes were observed in any group. Both male and female AppNL–G–F but not APP/PS1 mice 

demonstrated significant differences in oral microbiome phylum and genus abundance compared 

to wild type mice. Male, but not female, APP/PS1 and AppNL–G–F mice had significantly thinner 

molar enamel compared to their wild type counterparts.

Conclusion: These data support the idea that oral microbiome changes exist during AD in 

addition to changes in salivary Aβ and oral health.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by aggregations of 

amyloid-beta protein (Aβ) in the brain, as well as associated inflammatory changes 

including activation of macrophage and microglia. Aβ is a proteolytic cleavage product of 

the larger amyloid beta precursor protein, APP (1–5). Although APP is highly expressed in 

neurons, it is a ubiquitously expressed protein likely regulating a plethora of activities (6–

13). For example, we and others have demonstrated expression of APP and secretion of Aβ 
from intestinal epithelial cells where it can be quantified from feces (8, 14, 15).

Diagnosis of AD is time-consuming and is often delayed until considerable 

neurodegeneration has occurred. Therefore, there is a clear need for sensitive, specific 

biomarkers of disease at the earliest possible stage. One possibility for diagnostic biomarker 

identification is saliva. For instance particular phospho-epitopes of tau protein are reportedly 

elevated in AD versus control saliva although there is some debate regarding changes in 

saliva levels of total tau in AD compared to controls (16–18). Similar salivary analyses of 

Aβ levels indicate an increase in Aβ 1–42 but not 1–40 in AD versus control patients (19–

21). In addition, studies of salivary metabolite profiling by mass spectrometry have also 

demonstrated similar success in differentiating AD from control individuals (22–25).

In addition to the possibility of saliva serving as a source of biomarker profiling in AD there 

appears to be pathophysiology associated with the oral cavity during disease. For example, 

reduced salivary flow and altered pH has been reported in AD patients (26). A similar study 

comparing 28 AD and 35 control individuals demonstrated a selective decrease in 

submandibular versus parotid flow rate in AD patients (27). Dysphagia and aspiration 

pneumonia are serious medical conditions for late-stage AD patients. Increased risk for 

aspiration pneumonia include dysphagia, intubation, reduced gag reflex, and periodontal 

disease (28). There is some evidence that improved oral hygiene may decrease the risk of 

aspiration pneumonia in at-risk individuals such as AD patients (29). Finally, numerous 

studies demonstrate a positive correlation between periodontal disease, tooth loss, and 

overall poor oral health with risk and severity of AD (26, 30–43).

Based upon our prior identification of APP and Aβ expression in intestinal epithelium, we 

hypothesized that a similar biology occurred in salivary gland epithelium (8, 14, 15). To test 

this idea, saliva, salivary glands, and mandibles of male and female APP/PS1, AppNL–G–F, 

and C57BL/6 wild type mice, as well as human salivary gland tissue were collected and 

analyzed. Human AD submandibular salivary glands demonstrated ductal epithelial staining 

for both Aβ and APP correlating with similar findings in the AD mouse lines. Analysis of 

saliva obtained from the mice demonstrated a significant elevation in Aβ 1–42 levels only in 

female AppNL–G–F mice with no changes in saliva production in any group. Oral 

microbiome diversity analysis demonstrated significant differences between male and 

female AppNL–G–F compared to wild type mice. Finally, male but not female APP/PS1 and 

AppNL–G–F mice demonstrated reduced enamel compared to wild type controls.
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2. MATERIALS AND METHODS

2.1 Antibodies and Reagents

Elite Vectastain ABC reagents, Vector VIP (SK-4600), biotinylated anti-rabbit (BA-1000), 

and mouse on mouse anti-mouse (MKB-2225) antibodies were purchased from Vector 

Laboratories Inc. (Burlingame, CA). APP (Y188) ab32136 rabbit monoclonal antibody that 

reacts with both mouse and human protein was purchased from Abcam Inc. (Cambridge, 

MA). Aβ anti-rabbit monoclonal antibody specific to human (8243) was obtained from Cell 

Signaling Technology Inc. (Danvers, MA).

2.2 Animals

Male and female mice were used (n=3–15). Mice used for microbiome, micro-CT analysis, 

and bacterial cultures were 5–10 months old. Immunohistochemistry and Aβ saliva ELISAs 

were performed from 10–15 month old mice. Wild type (WT) littermate control mice were 

C57BL/6. The triple mutation knock-in AppNL–G–F mice (KI:RBRC06344) were a gift from 

Drs. Takaomi C. Saido and Takashi Saito at the RIKEN Center for Brain Science, Japan 

(44). The AppNL–G–F mice have the Swedish “NL” mutation which promotes Aβ 
production, the Arctic “G” mutation promotes Aβ aggregation and reducing its degradation. 

The Iberian “F” mutation is responsible for increasing the Aβ42/Aβ40 ratio. The APP/PS1 

mice express both the human Swedish APP and ΔE9 mutations in the PS1 gene resulting in 

over expression of human APP and secretion of human Aβ. The APP−/− mice have the APP 

gene knocked out of the entire organism by the insertion of a neomycin resistance cassette 

into the promoter region and Exon 1 of the APP gene. Animal use was approved by the 

University of North Dakota Institutional Animal Care and Use Committee (UND IACUC). 

C57BL/6 mice stock number 000664, APP/PS1 (B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo) 

stock number 005864 and APP−/− (B6.129S7-APPtm1Dbo/J) stock number 004133, were all 

originally purchased from Jackson Laboratories (Bar Harbor, ME). Mice were provided food 

and water ad libitum and housed in the same room in a 12 h light/dark cycle. The 

investigation conforms to the National Research Council of the National Academies Guide 

for the Care and Use of Laboratory Animals (8th edition).

2.3 Saliva Collection for Microbiome

For colony-forming unit assays and ELISAs, male and female WT, AppNL–G–F, APP/PS1, 

and APP−/− mice were anesthetized via intraperitoneal injection with 75mg/kg ketamine 

(Henry Schein, Dublin OH) and 8mg/kg xylazine (Akorn Animal Health, Lake Forest, IL) 

and subcutaneously injected with 50μL of 0.5mg/mL of pilocarpine 151892 (MP 

Biomedicals, Santa Ana, CA) to induce salivation. Saliva drool was collected into Eppendorf 

tubes for 16 minutes from each mouse. Volume from each mouse was measured. For 

microbiome analysis, Helix buccal swabs SK-2S (Boca Scientific, Boca Raton, FL) were 

swabbed extensively along all of the surfaces inside the mouth for 1 minute. Swabs were 

placed in Helix Buccalfix stabilization buffer BFX-25 (Boca Scientific, Boca Raton, FL) and 

sent to RTL Genomics (Research and Testing Laboratory, Lubbock, TX) for 16S ribosomal 

RNA (rRNA) gene amplicons and analysis. Hypervariable regions V1 to V3 of 16S rRNA 

gene were amplified for sequencing in a reaction using HotStart Taq Master Mix Kit 

(Qiagen, Inc., Germantown, MD) with the universal primer set 27F/519R. The sequence data 
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were analyzed using a standard microbial diversity analysis pipeline, which consisted of two 

major stages, denoising and chimera detection followed by microbial diversity analysis. The 

overall alpha diversity (which is determined by both richness and evenness, the distribution 

of abundance among distinct taxa) was studied. Shannon diversity analysis was used to 

characterize the abundance and evenness of the species present in a community and was also 

used as an index of evenness in this study. The number of different species or species 

richness in each experimental group was studied using Chao index. Principal coordinates 

analysis (PCoA) was performed to assess how different oral bacterial composition was 

across genotypes/sex (beta diversity). Measures of diversity were screened for group 

differences using two-way analysis of variance (ANOVA) multiple comparisons with 

uncorrected Fisher’s LSD.

2.4 Sample Collection

Mice were euthanized and submandibular salivary glands and mandibles were collected. 

Glands were fixed in 4% paraformaldehyde for 3 days followed by cryoprotection through 

two successive incubations in 30% sucrose then serially cryosectioned.

2.5 MicroCT Analysis

The right hemimandible from each mouse was scanned using a Scanco micro CT scanner 40 

(Scanco Medical AG, Bassersdorf, Switzerland) at 55 kVp, 145 μA, integration time of 300 

ms, and 12 μm isotropic voxel resolution. The first molar was identified as the first tooth 

seen after the incisor. Quantitative 3-D analysis of the first molar was performed after the 

region of interest was contoured and analyzed with the analysis program provided by Scanco 

Medical AG. The whole tooth including the enamel, pulp and dentin was contoured and 

analyzed. The enamel was identified as the bright white portion at the top of the tooth. All 

bright white portions of the tooth were contoured excluding the pulp and dentin. The pulp 

was identified as the lighter grey matter of the tooth. The pulp was contoured excluding the 

enamel and dentin. The dentin was identified as the dark portions within the pulp. The 

dentin was contoured excluding the pulp and enamel. The space between the tooth and the 

mandible was the last to be contoured and analyzed. The microCT scanner is calibrated 

regularly using known density phantoms as recommended by the manufacture and the 

recommended guidelines for microCT scanning were used.

2.6 Bacterial Cultures

Saliva collected from each mouse was diluted 100-fold and spread onto trypticase soy agar 

containing 5% sheep blood (BA plates, BD Biosciences, MD). Plates were incubated for 24 

hours at 37°C. Total colony-forming units (CFUs) were counted and graphed.

2.7 Aβ enzyme-linked Immunosorbent Assay (ELISA)

Human Aβ 1–40 (EZHS40) and 1–42 (EZHS42) ELISA kits were purchased from 

MilliporeSigma (Burlington, MA). Saliva was centrifuged at 2,000 g for 10 min. Saliva 

ELISAs were performed according to manufacturer instructions.
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2.8 Immunohistochemistry

Fixed submandibular glands were sectioned at 10μm thickness using a Leica CM1850 

cryostat. Tissue sections were antigen retrieved using Vector citrate buffer H-3300 

(Burlingame, CA) for Aβ immunostaining. Anti-Aβ antibody was from Cell Signaling 

Technology (8243) and the anti-APP antibody was from Abcam (ab32136). Both were used 

at 1:500. Antibody binding was visualized using the Vector VIP chromogen (Vector 

Laboratories, Burlingame, CA). Images were taken using an upright Leica DM1000 

microscope and Leica DF320 digital camera system (Mannheim, Germany). Figures were 

made using Adobe Photoshop software (Adobe Systems, San Jose, CA).

2.9 Human Tissue

Paraffin-embedded submandibular gland tissue sections (10μm) from 5 male and 5 female 

AD and similar age controls were obtained from Banner Health (Sun City, AZ). The tissue 

was immunostained with anti-APP (Y188), anti-Aβ (Cell Signaling) or respective secondary 

only antibodies. Slides were antigen retrieved in 10mM Tris-1mM EDTA, pH 9, for 10min 

and rinsed with Tris-buffered saline (TBS). Antibody binding in the glands was visualized 

using the Vector VIP chromogen (Vector Laboratories, Burlingame, CA) reagent. Images 

were taken using an upright Leica DM1000 microscope and Leica DF320 digital camera 

system. Figures were made using Adobe Photoshop software.

2.10. Statistics

Data were analyzed using using GraphPad Prism version 8.0.0 for Windows (GraphPad 

Software, San Diego, California USA, www.GraphPad.com). Microbiome data was 

originally analyzed in R and further analysis used GraphPad Prism Software. Data are 

represented as mean values ±SEM. Statistical analyses were done using one-way ANOVA 

with Tukey’s post-hoc test. Differences less than p<0.05 were considered significant.

3. RESULTS

Based upon our prior efforts documenting APP expression in gastrointestinal epithelium, we 

assessed whether APP was similarly expressed in salivary gland ductal epithelium (14). 

Comparison of age-matched male and female control and AD submandibular glands 

demonstrated robust APP immunoreactivity in the ductal epithelium, as expected (Fig. 1). 

There was not clear difference in staining intensity across any of the groups. However, anti-

Aβ immunostaining demonstrated robust ductal epithelial staining in both the male and 

female AD glands compared to controls (Fig. 1). In order to validate the relevance of our 

transgenic mouse models of AD, we next immunostained submandibular glands from 

C57BL/6 wild type mice with anti-APP and Aβ antibodies to compare to the 

immunoreactivity in two different transgenic mouse models of AD, AppNL–G–F and APP/

PS1, as well as APP−/− mice. Similar to the human tissue, APP immunoreactivity localized 

primarily to ductal epithelium in both sexes and all lines with the most robust pattern of 

staining observed in the female AppNL–G–F mice (Fig. 2). However, the female APP−/− 

tissue demonstrated faint immunoreactivity suggesting some cross-reactivity exists for the 

APP immunostaining (Fig. 2). Immunostaining for AΒ in the mouse salivary glands 

demonstrated immunoreactivity similar to human AD glands with localization surrounding 
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ducts in both male and female AppNL–G–F mice (Fig. 3). APP/PS1 male mice demonstrated 

similar Aβ immunoreactivity with no recognizable staining in female APP/PS1 mice or 

either sex of wild type or APP−/− mouse glands (Fig 3).

Our prior work demonstrated the ability of intestinal epithelial cells to secrete Aβ (15). To 

ascertain whether a similar biology was relevant in the salivary glands we collected 

pilocarpine-induced saliva from wild type, AppNL–G–F, and APP/PS1 mice for quantifying 

Aβ levels. Although a human specific Aβ ELISA reagent was used, we did observe 

significant variability in detectable levels of Aβ including within wild type samples 

suggesting some species cross-reactivity or non-specificity existed (Fig. 4). Neither female 

nor male levels of Aβ 1–40 significantly differed between wild type and AppNL–G–F mice 

although levels were higher in female AppNL–G–F compared to APP/PS1 mice (Fig. 4). Male 

mice demonstrated no significant differences Aβ 1–42 levels across strains (Fig. 4). 

However, female AppNL–G–F mice demonstrated significantly elevated Aβ 1–42 levels 

compared to both wild type and APP/PS1 mice. This increase is consistent with prior 

characterization of this line with a bias towards preferential Aβ 1–42 production (44). In an 

effort to correlate the appearance of Aβ immunoreactivity and presence of Aβ in saliva with 

the function of the salivary glands, we next quantified the total volume of saliva produced 

from both sexes and all mouse lines after pilocarpine-stimulated salivation. APP−/− mice 

were included to assess whether APP expression regulated saliva production. There were no 

significant differences in saliva production in females or males compare to their respective 

wild type mice (Fig. 5).

Based upon prior work demonstrating that anti-microbial properties of Aβ (45–47), we 

assessed whether there may be differences in the oral microbiome in the mice in correlation 

with the presence of Aβ. Once again, we elected to include APP−/− mice as a negative 

control for effects due to APP expression and processing. Saliva was plated onto blood agar 

plates as a preliminary assessment of aerobic growth differences across sex and mouse line. 

Only female APP−/− mice differed from AppNL–G–F mice with significantly fewer colony-

forming units (Fig. 6).

To improve the chances of observing differences in the oral microbiomes of the mice, we 

next performed 16S rRNA sequencing from oral swabs. The alpha diversity, variance within 

the sample groups, was determined from both Shannon and Chao1 indices (Supplemental 

Fig. 1). There was not a dramatic difference in Shannon diversity among either sex 

compared to wild type controls (Supplemental Fig. 1). The richness of species estimated by 

the Chao1 also demonstrated no significant differences of any genotype compared to 

respective wild type controls (Supplemental Fig. 1). Interestingly, female APP−/− mice had 

significantly reduced species richness compare to their respective male APP−/− mice 

(Supplemental Fig. 1). Male and female mice in each genotype demonstrated remarkably 

similar microbial composition (Supplemental Fig. 2). Although wild type and APP/PS1 mice 

had very similar microbial composition, APP−/− and AppNL–G–F mice demonstrated 

dramatically different compositions from all other genotypes (Supplemental Fig. 2). 

Following up on this, a comparison of the most abundant phyla across groups revealed once 

again similarity between wild type and APP/PS1 mice of both sexes (Fig. 7). However, 

AppNL–G–F mice differed from wild type controls considerably, showing increased 
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Firmicutes and decreased Proteobacteria in both sexes compared to their respective wild type 

counterparts (Fig. 7). Male and female APP−/− mice also demonstrated uniqueness with 

significantly elevated Tenericutes compared to wild type mice (Fig. 7). Genus abundance 

comparison similarly demonstrated significantly elevated Streptococcus and decreased 

Actinobacillus in AppNL–G–F compared to wild type mice in both sexes (Fig. 8). APP−/− 

mice also demonstrated consistent differences from wild type mice with a significant 

increase in Candidatus Phytoplasma in both sexes (Fig. 8).

Since there were such significant changes in microbial diversity and abundance across the 

mouse lines, we assessed oral health by quantifying molar x-rays from each condition. 

Interestingly, both male AppNL–G–F and APP/PS1 mice demonstrated significantly reduced 

tooth enamel compared to wild type controls with no difference among females (Fig. 9).

4. DISCUSSION

We demonstrated that human and mouse salivary gland ductal epithelium express APP 

similar to our prior work examining intestinal epithelium (14). Of the two AD mouse lines, 

only the female AppNL–G–F mice demonstrated a corresponding elevation in saliva Aβ 1–42 

levels. However, in contrast to the APP/PS1 mouse line, both male and female AppNL–G–F 

mice demonstrated a significant increase in oral microbiome diversity compared to wild type 

mice. Interestingly, male but not female APP/PS1 and AppNL–G–F mice both demonstrated 

enamel thinning compared to wild type controls. These data confirm that particular AD 

mouse models can be used to model human saliva Aβ secretion albeit in a sex-selective 

fashion. In addition, our findings indicate that the oral microbiome differs between AD and 

control mice in a transgenic line dependent fashion. Collectively these findings correlate 

with numerous human findings indicating that saliva may be a source of biomarker 

discovery in AD (19–25) and extend recent reports of fecal microbiome differences between 

AD and controls to suggest similar differences may occur in the oral microbiome (48–56).

The presence of APP and Aβ immunoreactivity in the salivary glands of both mice and 

humans suggests that the salivary Aβ is a result of local production and secretion of Aβ by 

the ductal epithelium. Indeed, we have demonstrated a similar process in our prior work 

examining colonic epithelium (15). Secretion in this fashion would be analogous to similar 

well-characterized anti-microbial protein in saliva (57–59). Secretion of Aβ as one of 

numerous anti-microbial peptides in saliva (60) would be consistent with its reported ability 

to modulate bacterial growth (45–47). It is unclear whether Aβ secretion is regulated in this 

mechanism and will require future work. On the other hand, it is also possible that Aβ in 

saliva is a reflection of blood levels of the peptide and salivary secretion is a ultrafiltrate of 

blood Aβ. Additional studies to define a relationship between blood and saliva Aβ levels in 

comparison to localized salivary gland production are needed to understand the role of the 

peptide in saliva. Regardless of the method of Aβ production, at least for female AppNL–G–F 

mice, the mouse findings replicate observations from human AD patients demonstrating 

elevated Aβ 1–42 in saliva (19–21).

It is unclear why female AppNL–G–F but not APP/PS1 mice demonstrated increased salivary 

Aβ 1–42 levels or why no differences existed in male Aβ 1–42 saliva levels across the lines. 
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Our prior work comparing brain Aβ levels between demonstrated elevated Aβ 1–42 levels in 

females versus males at 6 months of age in AppNL–G–F but not APP/PS1 mice (61). This 

suggests that female mice from this line have overall elevated Aβ 1–42 levels throughout the 

body and saliva peptide levels correlate with changes in the brain. This is generally 

consistent with original reports of preferentially increased brain Aβ 1–42 production in 

AppNL–G–F mice (44). This may support the ultrafiltrate hypothesis explaining the presence 

of saliva Aβ although mechanisms of local salivary gland Aβ production cannot be 

excluded. Although it is presently unknown, it is possible that the lack of elevated Aβ levels 

in saliva of APP/PS1 mice is due to differences in the transgenic lines. Use of the 

physiologic APP mouse promoter for driving production in the knock-in AppNL–G–F mice 

may be responsible for regulating localized salivary gland production rather than saliva Aβ 
simply being an excreted source of blood peptide.

The most remarkable difference observed was the significant oral microbiome diversity 

changes observed in both male and female AppNL–G–F mice compared to wild type controls. 

Surprisingly, the APP/PS1 mice did not differ dramatically from controls. Since these 

changes did not correlate with the absence or presence of saliva Aβ, the relationship instead 

appears to be related to the particular transgenic line. Of particular interest was the 

significant increase in Streptococcus and decrease in Actinobacillus genera in AppNL–G–F 

mice compared to controls. Although the Streptococcus genera are associated with a healthy 

oral microbiome, particular species including Streptococcus mutans are important in caries 

formation due, in part, to its acidogenicity and acid tolerance (62). A particular 

Actinobacillus, Aggregatibacter (formerly Actinobacillus) actinomycetemcomitans, is a 

common periodontitis associated bacteria (63). Further work will be needed to identify the 

particular species changes in these two genera in the AppNL–G–F compared to wild type 

mice. Interestingly, Aggregatibacter actinomycetemcomitans induces toxicity of 

Streptococcus mutans in vitro correlating precisely with the inverse relationship we observed 

between these genera in AppNL–G–F mice (64). Since the bacterial changes did not correlate 

with changes in saliva Aβ across sex it is unclear why bacterial changes are characteristic of 

disease in the AppNL–G–F mice. It is intriguing to speculate that microbial changes may not 

be a reflection of altered Aβ production but instead related to the function of APP in the 

epithelium. There is a well-characterized relationship between the phenotype of intestinal 

epithelium and the growth of gut bacteria for instance, that may also apply to the oral cavity 

(65).

There was an intriguing thinning of molar enamel thickness in male but not female APP/PS1 

and AppNL–G–F mice compared to controls. Numerous human studies demonstrate a positive 

risk relationship between periodontitis and AD (26, 30, 34–36, 59) and the presence of some 

indication of decreased tooth health is generally consistent with oral cavity dysfunction in 

the AD lines. Moreover, this change in male but not female teeth was consistent for both 

APP/PS1 and AppNL–G–F mice providing a positive relationship between genetic 

predisposition for AD and tooth integrity that was sex-dependent. It is possible that older 

mice from either line would eventually have demonstrated a significant relationship between 

periodontitis and brain changes such as plaque load and gliosis and additional study is 

needed. Indeed, others have shown that oral infection of periodontitis-associated bacteria is 

capable of stimulating brain changes related to AD (66). Future work will need to compare 
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oral microbiome, microCT, and saliva changes at distinct aging time points to contrast the 

temporal relationship of changes during disease and age. This may identify any age-

associated changes in saliva Aβ production as well as any mechanistic linkage to changes in 

the oral microbiome and oral health.

CONCLUSION

We have observed a variety of sex and strain-dependent changes comparing two different 

AD mouse lines to wild type control mice when examining the oral cavity and saliva 

production. Our findings are overall consistent with the idea that Aβ is secreted in saliva, 

perhaps in a regulated, sex-selective fashion, as a biomarker of AD. In addition, oral 

microbial dysbiosis, at least in AppNL–G–F mice, Appears to be a characteristic of disease 

similar to changes that have been reported from feces.
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Fig. 1. APP and Aβ immunoreactivities were present in human submandibular salivary glands.
Submandibular gland sections from age and gender matched AD and non-demented controls 

sections were immunostained using anti-APP and Aβ antibodies. Antibody binding was 

visualized using Vector VIP as the chromogen. Representative images of 10μm sections at 

20X are shown (n=5).
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Fig. 2. Murine submandibular salivary glands displayed APP immunoreactivity.
Submandibular glands were collected from C57BL6 wild type (WT), AppNL–G–F, APP/PS1, 

and APP−/− male and female mice, fixed in 4% paraformaldehyde, and serially sectioned 

(10μm. Sections were immunostained using anti-APP antibodies. Antibody binding was 

visualized using Vector VIP as the chromogen. Representative images at 20X are shown 

from n=2–4 C57BL6 wild type (WT), AppNL–G–F, APP/PS1 mice with a male and female 

APP−/− gland used as an antibody specificity control.
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Fig. 3. Aβ immunoreactivity was observed in murine salivary glands.
Submandibular glands were collected from C57BL/6 wild type (WT), AppNL–G–F, APP/

PS1, and APP−/− male and female mice, fixed in 4% paraformaldehyde, and serially 

sectioned (10μm). Sections were immunostained using anti-Aβ antibody and antibody 

binding was visualized using Vector VIP as the chromogen. Representative images at 20X 

are shown from n=2–4 C57BL/6 wild type (WT), AppNL–G–F, APP/PS1 mice with a male 

and female APP−/− gland used as an antibody specificity control.
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Fig. 4. Soluble Aβ was detectable in AppNL–G–F saliva.
Male and female mice were anesthetized and injected with pilocarpine (0.5mg/mL) to 

induce salivation. Saliva was collected for 16 minutes from each mouse. Aβ1–40 and Aβ1–

42 ELISAs were performed to quantify levels of soluble Aβ in saliva from WT, AppNL–G–F, 

and APP/PS1 mice. Data are graphed as mean values +/− SEM, (n=9–15). Statistical 

differences were calculated by one-way ANOVA with Tukey post-hoc analysis, *p<0.05, 

**p<0.01.
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Fig. 5. WT, AppNL–G–F, APP/PS1, and APP−/− mice had comparable saliva volume.
Male and female mice were anesthetized and injected with pilocarpine (0.5mg/mL) to 

induce salivation. Saliva was collected for 16 minutes. Saliva volumes were normalized to 

the respective mouse weight in grams. Statistical differences were calculated by one-way 

ANOVA with Tukey post-hoc analysis. Data are graphed as mean values +/− SEM (n=3–7).
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Fig. 6. APP−/− mice had altered oral bacterial growth compared to AppNL–G–F mice.
Pilocarpine-stimulated saliva collected from male and female WT, AppNL–G–F, APP/PS1, 

and APP−/− mice was plated onto blood agar plates. Numbers of colonies were counted at 24 

hours and normalized per volume of saliva from each condition. Data are graphed as mean 

values +/− SEM. Statistical differences were calculated by one-way ANOVA with Tukey 

post-hoc analysis, *p<0.05 ( n=3–7).
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Fig. 7. Phyla of the oral microbiome differed between mouse lines.
Oral swabs were taken from male and female WT, AppNL–G–F, APP/PS1, and APP−/− mice 

for 16S rRNA sequencing. A heat map of the relative abundance of the 12 most common 

phyla is shown. Statistical differences were calculated using one-way ANOVA with Tukey 

post-hoc test. Data are graphed as mean values +/− SEM, n=3–7. *p < 0.05, **p < 0.01, 

***p < 0.001, ***p < 0.0001.
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Fig. 8. Several genera differences exist in the oral microbiome between the mouse lines.
Oral swabs were taken from male and female WT, AppNL–G–F, APP/PS1, and APP−/− mice 

for 16S rRNA sequencing. A heat map of the relative abundance of the 30 most abundant 

genera. Statistical differences were calculated using one-way ANOVA with Tukey post-hoc 

test, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Data are graphed as mean values 

+/− SEM, n=3–7.
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Fig. 9. Male AppNL–G–F and APP/PS1 mice had decreased tooth enamel.
The right hemimandibles from male and female WT, AppNL–G–F, APP/PS1, and APP−/− 

mice were scanned. The first molar from each mouse including the enamel, dentin, pulp, and 

the space between the tooth and mandible was contoured and analyzed. (A) Data are 

graphed as mean values +/− SEM, n=3–7. Statistical differences were calculated by one-way 

ANOVA with Tukey post-hoc analysis, *p < 0.05, **p < 0.01, ***p < 0.001. Representative 

images of a (B) molar and (C) discrete subregions for quantitation are shown.
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