
ABSTRACT

OBJECTIVES: Late-onset Alzheimer’s disease (LOAD) is the most common form of
dementia, characterized by extracellular amyloid-beta plaques and intracellular tau
tangles. Mouse models of Alzheimer’s disease have proven to be effective instruments for
investigating human pathology. However legacy transgenic overexpression models do not
effectively produce the heterogeneity observed in LOAD patients, thus hindering therapy
development. Hence, the Model Organism Development and Evaluation for Late-onset
AD (MODEL-AD) Center is developing, characterizing, and distributing novel mouse
models expressing humanized, relevant genetic risk factors. Analysis of appropriately
aged mice that phenocopy clinical disease signatures will inform further development of
next-generation models and reveal more appropriate molecular targets useful in the
treatment of LOAD. Human data sets indicate that the complexity and heterogeneity in
late-onset Alzheimer’s disease (LOAD) results from dynamic interactions between genes
and environment (“exposome”). To better model these associations, the IU/JAX/PITT
MODEL-AD Center introduces ‘LOAD3,’ a novel strain triple homozygous for humanized
APOE4, APP (amyloid beta), and MAPT (tau) alleles, to investigate inherent risk factors,
specific genotypes, molecular profiles, and well-described phenotypes known to be
altered by external variables (diets, behaviors, comorbidities, and toxicant exposures).
While high-fat/western diets have known LOAD associations, the precise molecular
mechanisms they modulate are unknown. Here we test the hypothesis that gene-by-
environment (GxE) effects exacerbate pathological cerebrovascular deficits,
neuroinflammation, disease-associated expression signatures, and behaviorial
phenotypes. Examination of these interactions will provide insight into the heterogeneity
observed in human disease and may uncover potentially modifiable mechanisms
underpinning AD pathogenesis.

METHODS: Dominant genetic risk factors of LOAD, APOEe4, APP, and MAPT, were
humanized in C57BL/6J mice producing the “LOAD3” strain. The APOE4 allele was
generated using exon replacement in B6J mice. The humanized APP allele was created
through gene editing to humanize the mouse App sequence, and humanized MAPT allele
through genome replacement to humanize the entire mouse Mapt gene (including
flanking sequencing) with the H1 haplotype of the human MAPT gene. Additionally, risk-
associated high-fat and western diet replaced normal mouse chow. An animal
phenotyping pipeline was employed to longitudinally qualify and align with
neurodegenerative disease states and phenotypes observed in human patients during the
course of aging. In vivo MRI imaging, in addition to behavior and wellness assays, were
performed, as were analyses of blood and brain tissue for risk-factor-related alterations in
neuropathology, transcriptomics, metabolomics, and proteomics. Longitudinal multi-‘omic
phenotyping, aging, and exposure to dietary risk factors of animal cohorts are in process.
Male and female LOAD3, and control mice (B6J, hAbeta.hTau), are being extensively
phenotyped at 4-, 12-, 18-, and 24 months of age.

RESULTS: Here, we present initial data from young timepoints of longitudinal aging
cohorts. LOAD3 cohort animals at 4 months-old on high-fat and western diets showed
behavioral and biometric modulations, which agree with MRI data across multiple brain
regions. Neuropathology was evaluated for LOAD-relevant phenotypes (amyloid burden,
glial activity, and neuron loss). Animals by 12 months of age do not yet present overt
pathology nor differences in cognition. Transcriptional profiling of brains revealed specific
changes in human-aligned, LOAD-related expression networks indicating mechanisms of
disease progression. Analysis of transcriptomic data revealed synergistic gene-by-diet
effects and alterations to neuronal and synaptic pathways that resemble those observed
in human Alzheimer’s disease. Continued efforts are underway to dissect the clinically-
relevant effects of sex, age, genotype, and diet in animals aged to 24 months of age.

CONCLUSIONS: The MODEL-AD consortium has established the LOAD3 mouse strain to
study the effects of genetic and environmental risk factors of LOAD. This model serves as
a platform for the incorporation of additional AD risk factors to more closely align
phenotypes in the mouse to outcomes observed in the clinic. This new mouse model and
initial phenotyping will prove valuable for mechanistic and drug testing studies. This
multidisciplinary project leverages innovative LOAD mouse models, phenotyping
pipelines, state-of-the-art elemental brain mapping, and human-aligned systems biology.
Results from these experiments will provide new mechanistic insights, clinically-relevant
biomarkers, novel therapeutic targets, and critical exposome data to inform personalized
strategies for risk reduction, disease prevention, and toxicant mitigation relevant to LOAD.

Strain (cohorts) JAX ID Resource

C57BL/6J (B6J) JR# 000664

B6J.hAbeta.hTau JR# 038908

B6J.APOE4.hAbeta.hTau (LOAD3) JR# 037778

For further information, please see:
•MODEL-AD: www.model-ad.org
• AMP-AD knowledge portal: www.ampadportal.org
• JAX AD models:  https://www.jax.org/alzheimers
• AlzForum research models: http://www.alzforum.org/research-models
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Figure 5. Example aMRI images (Coronal, Voxel Size= 125x125x250 µm3) from LOAD3CD at 4 months of age (A). Anatomical
volumetrics of lateral ventricle (B). Adjusted p-values shown by color intensity for fiber ROIs at levels 2 and 3 for anatomical
volume, AD, FA, MD, and RD metrics (C), and grey matter for anatomical volume, ICVF, ISOVF, and OD metrics (D). Only values
considered significant are highlighted by color. The means and standard deviations of RD for cbf, scwm, and eps (E), and OD for IB
and MB (F) separated by sex, comparing the LOAD3CD and the LOAD3WD groups.
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Diet Fat % Resource

Normal chow (control diet) (CD) 6%

High-fat diet (HFD) 45%

Western diet (WD) 16%

Transcription of humanized MAPT and tau isoforms in whole brain tissue of novel
LOAD3 mice at 4 months and 12 months of age compared to B6J
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Figure 2. Whole brain samples from 4- and 12-month-old B6J and LOAD3 mice analyzed by western immunoblot protein detection,
for determination of humanized allele expression (A), MAPT phosphorylation, and isoform levels (B).

Body weight and cumulative frailty index scores significantly increased in LOAD3
genotype animals provided high-fat (HFD) and western (WD) diets
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Figure 4. Cumulative frailty index assay scores of 12-month-old B6J and hAbeta.hTau animals fed normal chow (CD) versus LOAD3
cohorts provided CD, high-fat (HFD), or western (WD) diet at 2-months. Body weight, body temperature, and frailty scores plotted
in females (A) and males (B).

MRI shows diet-driven differences in brain volumetrics; western-diet decrease in radial
diffusivity (RD) of fiber tracts; increases in orientation dispersion (OD) of grey matter
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Figure 1. Whole brain samples from untreated 4- and 12-month-old B6J and LOAD3, female and male, mice analyzed by RNA-Seq
transcriptional analysis for determination of humanized MAPT allele expression and isoform levels. All samples were sequenced 150
bp paired-end, targeting 30 million read pairs per sample. Samples were concatenated to have a single file for paired-end analysis.
Reads were aligned to the reference mouse genome (version GRCm38.p6) using STAR and gene expression was quantified with
RSEM. Expression in log TPM.

Protein expression of humanized APOE4, APP, MAPT, Tau isoforms, and pTau in whole
brain tissue of novel LOAD3 mice at 4 months and 12 months of age

LOAD3 animals do not show evidence of neuropathology at 12 months of age
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Figure 3. Multiplex immunohistochemistry for targets NeuN (grey), GFAP (yellow), IBA1 (purple), Fibrin (red), CD31 (green), and
6e10 (orange; D) in cortex (A), hippocampus (B), and hemisphere (C) in 12mo LOAD3. Cell counts for NeuN (E), IBA1 (F), and GFAP
(G) at 4mo and 12mo.
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