
Figure 6. LOAD3 animals at 12-months-of-age were tested for cumulative frailty index scores (A), rotarod (C), and running wheels 
(B,D).  

Lead- and cadmium-spiked drinking water raise plasma Abeta40 and -42

Figure 4. Transcriptional profiling of whole brain tissue samples from young (4 months old) and old (24 months) C57BL/6J mice 
treated with toxic metals and compared to control water mice by RNASeq revealed differentially up-regulated and down-regulated 
genes (A), which include Alzheimer’s disease-related cadmium-driven App (B) and lead-/arsenic-quelled Vgf (C). 

Strain (cohorts) JAX ID Resource

C57BL/6J (B6J) JR# 000664

B6J.APOE4.hAbeta (hAhA) JR# 034415

B6J.hAbeta.hTau JR# 038908

B6J.APOE4.hAbeta.hTau (LOAD3e4) JR# 037778

B6J.APOE3.hAbeta.hTau (LOAD3e3) JR# 040313

Toxic metal Reagent; conc. in drinking water Resource

Vehicle (Ctrl) N/A

Arsenic (As) Arsenic trioxide; 20ppm

Cadmium (Cd) Cadmium chloride; 50ppm

Lead (Pb) Lead acetate; 200ppm

2026-A-8743-AAIC

Increased running wheel activity and rotarod assay performance observed in LOAD3e4 
animals provided cadmium-spiked drinking water at 12 months of age
A.

 

C57BL/6J animals exposed to toxic metals via drinking water produce age-related and
LOAD-relevant differential gene expression in the brain
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Pb 49 551

As 18 183

Cd 319 29
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Figure 5. Multiplex ELISA reveal concentrations of hAbeta species in plasma isolated from 4-month-old C57BL/6J (B6) and 
B6.hAPOE4.hAPP (hAhA) mice fed heavy metal drinking water. 
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Transcription of humanized MAPT and isoforms in whole brain tissue of novel LOAD3e4 
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 LOAD3e4 mice analyzed by western immunoblot protein detection, 
for determination of humanized allele expression (A), MAPT phosphorylation, and isoform levels (B). 

LOAD3e4 mice reveal genetic- and environmental-driven transcriptional changes in the 
brain, positively correlated to disease-related transcripts in human AD patients

Figure 7. RNASeq analysis of brains from 4-month-old mice treated with toxic metals revealed differentially expressed genes due to 
genotype and treatment. Volcano plots based on logFC values in treated LOAD3 females compared to sex-matched B6 and LOAD3 
on control water (A). Correlation with human gene differences, represented in AMP-AD consensus clusters appear blue, 
representing positive correlation, or red, representing negative correlation (B).
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Figure 1. Whole brain samples from untreated 4- and 12-month-old B6J and LOAD3e4, 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 LOAD3e4 mice at 4 months and 12 months of age

LOAD3e4 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. 

RESULTS

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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ABSTRACT

OBJECTIVES: Current estimates suggest that by 2050, 150 million global patients will be 
living with Alzheimer’s disease. More than 90% AD is sporadic, late-onset AD (LOAD) and 
without novel therapeutics disease burden will continue to grow. But as next-generation-
sequencing technologies evolve, human risk factors are emerging, correlated to the 
prevalence and severity of disease. Recent human datasets have revealed complexity and 
heterogeneity in LOAD result from dynamic interactions between genes and environment 
(“exposome”). While environmental heavy metals/metalloids have known LOAD 
associations, the molecular mechanisms are unknown. Thus, the “TOX-AD” consortium 
was established to investigate these exposomes in preclinical mouse models. To model 
these associations, the MODEL-AD (Model Organism Development and Evaluation for Late-
Onset Alzheimer’s Disease) Consortium is creating new platform mouse models expressing 
risk factors shown to increase disease severity in human patients. The IU/JAX/PITT MODEL-
AD Center created ‘LOAD3 (LOAD3e4),’ 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. Here, we test the contributions of heavy metal/metalloid exposure to 
the neuroinflammation, cerebrovascular deficits, AD pathology, and biometal 
dyshomeostasis observed in human LOAD patients. Examination of these interactions will 
provide insight into known human disease signatures and may uncover potentially 
modifiable mechanisms underpinning AD pathogenesis. 

METHODS: Novel mouse models expressing humanized LOAD risk alleles (APOE4, APP, 
MAPT) developed by the “MODEL-AD” consortium were provided translationally-aligned 
toxicants (arsenic, cadmium, and lead) via drinking water. 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. Exposures include both 
developmental (embryonic-4mo) and adult (4mo-18mo) regimens. Longitudinal multi-
‘omic phenotyping, aging, and exposure to environmental risk factors of animal cohorts are 
in process. Male and female LOAD3e4, and control mice (B6J, hAhA, hAbeta.hTau), are 
being extensively phenotyped at 4-, 12-, 18-, and 24 months of age. Analyses of sample-
matched brain tissue include metalomic, transcriptomic, proteomic, and metabolomic 
profiling. Further, blood and brain samples are examined for AD biomarkers and 
neuropathology. Molecular and gene expression patterns from these animals are then 
aligned with clinical data and correlated with disease signatures observed in human 
patients.

RESULTS: Here, we present initial data from young timepoints of longitudinal aging 
cohorts. Experimental mouse strains “LOAD3e4” (B6J.APOE4.hAbeta.hTau) and “LOAD3e3” 
(B6J.APOE3.hAbeta.hTau) revealed age-, sex-, and treatment-driven in vivo phenotypes at 4 
months of age. Arsenic- and cadmium-treated animals produced anxiety-like phenotypes 
assessed by open field assay. Similarly, arsenic- and cadmium-treated animals differed 
significantly in daytime/night-time running-wheel activity and rotarod-specific 
coordination compared to controls. Transcriptional signatures in brains show treatment-
driven, human-aligned, disease-related expression networks changes in young animals.  
Heavy metals accumulated in the brain and altered LOAD-relevant gene expression, 
including a decrease in Vgf and increase in App. Reduced VGF expression has been 
observed in all four independent AMP-AD studies and APP encodes amyloid precursor 
protein, from which Aβ peptides are generated.

CONCLUSIONS: This multidisciplinary project leverages innovative LOAD mouse models, 
phenotyping pipelines, state-of-the-art elemental brain mapping, and human-aligned 
systems biology. Initial results reveal treatment-specific alterations to animal behavior, 
biometrics, and molecular expression profiles at young ages. In vivo analyses of aged 
LOAD3e3 and LOAD3e4 experimental cohorts continue, followed by disease-relevant 
assessments of terminal tissues. Results from these experiments will provide new 
mechanistic insights, clinically-relevant biomarkers, novel therapeutic targets, and critical 
environmental toxicant exposure data to inform personalized strategies for risk reduction, 
disease prevention, and toxicant mitigation relevant to LOAD. 
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