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Abstract

Over 5 million Americans and 50 million individuals worldwide are living with

Alzheimer’s disease (AD). The progressive dementia associated with AD currently has

no cure. Although clinical trials in patients are ultimately required to find safe and

effective drugs, animal models of AD permit the integration of brain pathologies with

learning and memory deficits that are the first step in developing these new drugs.

The purpose of the Alzheimer’s Association Business Consortium Think Tank meet-

ing was to address the unmet need to improve the discovery and successful develop-

ment of Alzheimer’s therapies. We hypothesize that positive responses to new thera-

pies observed in validated models of AD will provide predictive evidence for positive

responses to these same therapies in AD patients. To achieve this goal, we convened a

meeting of experts to explore the current state of AD animal models, identify knowl-

edge gaps, and recommend actions for development of next-generation models with

better predictability. Among our findings, we all recognize that models reflecting only

single aspects of AD pathogenesis do not mimic AD. Models or combinations of new

models are needed that incorporate genetics with environmental interactions, timing

of disease development, heterogeneousmechanisms andpathways, comorbidities, and

other pathologies that lead to AD and related dementias. Selection of the best models

requires us to address the following: (1)which animal species, strains, andgenetic back-

grounds are most appropriate; (2) which models permit efficient use throughout the

drug development pipeline; (3) the translatability of behavioral-cognitive assays from

animals to patients; and (4) how to match potential AD therapeutics with particular

models. Best practice guidelines to improve reproducibility also need to be developed

for consistent use of these models in different research settings. To enhance transla-

tional predictability, we discuss a multi-model evaluation strategy to de-risk the suc-

cessful transition of pre-clinical drug assets to the clinic.
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1 INTRODUCTION

More than 5 million Americans and ≈50 million individuals world-

wide are living with Alzheimer’s disease (AD)–related dementia in

2020, and these numbers are projected to skyrocket due to the aging

population.1,2 Prevalence statistics highlight the urgent need for effec-

tive therapeutics. Moreover, risk factors associated with age, sex, race,

ethnicity, genetics, comorbidities, and many other factors, not only

highlight the complex nature of the disease, but also raise concerns of

how best to engage in therapeutic discovery and evaluate outcomes in

human patients. There is a great need for models that better recapit-

ulate the human condition, as well as represent the diversity and sex

of individuals living with AD. Ultimately, successful drug discovery is

strongly supported by animal models that are able to predict clinical

outcomes in human patients.

Existing AD animal models have provided important insights into

the disease. For example, the concept that amyloid beta (Aβ) toxicity
dependson thepresenceof tau illuminated anaddeddimension to anti-

tau antibodies as a therapeutic approach to AD.3,4 However, the inabil-

ity of these models to reflect the entire biology of the disease, much

less predict efficacy in clinical trials, has contributed to the high failure

rate (99.6%) of AD drugs in clinical development.5 The National Insti-

tute on Aging (NIA) is building the infrastructure to enable precision

medicine approaches to AD. This involves (1) defining disease traits

using human data with the goal of integrating data from genomic, pro-

teomic, transcriptomic, metabolomic, immunological, epigenetic, and

other such unbiased studies to build more granular molecular maps of

disease mechanisms; (2) inventing new animal models that more accu-

rately reflect the complexity and greater genetic disease diversity to

enable dynamic modeling of disease risk and resilience factors by dis-

ease stage; and (3) improving pre-clinical translation of therapeutic

efficacy testing by building a standardized and rigorous drug testing

platform, as well as matching the model to the treatment to be tested.

These models endeavor to provide translational tools for predictive

and personalized drug development.

In November 2018, the Alzheimer’s Association Business Con-

sortium convened a think tank event by bringing together experts in

the field to explore the current state of the science in animal models,

identify knowledge gaps, and recommend specific actions for the

development of next-generation AD animal models that display trans-

lational relevance by more accurately predicting outcomes in human

AD patients.

2 CURRENT STATUS OF ALZHEIMER’S DISEASE
ANIMAL MODELS

According to AlzForum, there are at least 168 AD animal models in

addition to invertebrate and non-mammalian models. Most of these

are transgenic mice that overexpress human genes involved in the pro-

duction of amyloid plaques and neurofibrillary tangles.6 Fly, worm,

and fish models have employed the same approach of overexpressing

human genes to generate aspects of plaque and tangle pathologies.7–10

Although these models have fueled much of the progress in under-

standing aspects of AD pathogenesis, their value is limited by a num-

ber of factors including the realities that most of the AD mice do not

develop neurodegeneration, the models are focused largely on familial

AD (FAD) with early onset AD (EOAD) mechanisms, the genetic back-

groundsof themouse strains havenot been standardized, and themod-

els incompletely recapitulate the human neuropathology phenotype of

typical late-onsetAlzheimer’s dementia (LOAD). These factors limit the

translatability of findings not only from one transgenic mouse strain

to another, but to the human disease condition as well. For example,

the massive and non-physiologic overexpression of genes needed to

produce pathology and symptomatology including behavioral deficits

and hyperactivity observed in mouse models relates poorly to symp-

toms seen in the majority of humans with AD. However, some newer

models do featuremore physiological levels of human amyloid proteins

with measurable levels of amyloid plaque and cerebrovascular amy-

loid pathologies, but they still lack the neurodegeneration that is key

to human AD.11–13 Other limitations of mouse models are expected

as a result of their smaller and less-developed prefrontal cortex and

a shorter lifespan that may not be useful in studying age-related neu-

rodegenerative diseases such as AD. Critically, there are also substan-

tial differences between mouse and human immune systems. Reliance

on a singular model, an under-appreciation of background strain influ-

ences, and a tendency to “anthropomorphize” outcomes in behavioral-

cognitive evaluations may model responses to disease factors that

insufficiently translate beyond the specific model utilized.14 This must

be addressed to adequately model human disease.

Other rodents including transgenic rats have also been used as ani-

malmodels ofAD.15 AlthoughADpathologydoesnotdevelopnaturally

in most rodent brains, one exception may be the aged Octodon degus,

a ground-dwelling, diurnal rodent from the upper mountain regions of

Chile.16 This rodent shares features of neurodegeneration including

production of extracellular Aβ deposits and intracellular tau, and repli-
cates other characteristics of the AD brain.17 Its utility as a transla-

tional model for drug development, however, is at a very early stage

and new data suggest that degus raised in captivity do not repro-

ducibly demonstrate the hallmarks of AD reported previously.18 Sim-

ilarly, guinea pigs are a developing animal model of AD featuring a

human-like Aβ sequence with age-dependent diffuse accumulation of

amyloid pathology.19

Canine and non-human primate models are also used to study

AD. Phylogenetically, they are more closely related to humans, both

functionally and neuroanatomically, and their larger body and brain

sizes allow for larger sampling volumes in biomarker studies. Genetic



VITEK ET AL. 3 of 12

Research in Context

1. Systematic review: TheAlzheimer’sAssociationBusiness

Consortium convened a Translational Animal Models for

Alzheimer’s Disease Think Tank meeting to assess the

state of the field and the need to provide recommenda-

tions for next-generation animal model development to

enhance therapeutic development pipelines.

2. Interpretation: Experts across academia, government,

and industry demonstrated that continued investment

and increased funding for basic and translational science

has advanced our understanding of both the strengths

and weaknesses of current animal models used for AD

drug development.

3. Future directions: This review proposes that the

advancement of new AD therapeutics requires both

new translational animal models that capture genetic

heterogeneity across populations, comorbidities. and

other pathologies that lead to AD and the use of more

than one animal model in drug-testing studies to predict

the efficacy of selected therapeutic approaches more

accurately.

heterogeneity may also better model human populations than inbred

rodent models where several species develop early AD-like features

including cognitive decline and Aβ pathology. In addition, because age

is the greatest risk factor for AD, the aging trajectory in canines and

non-human primates affords greater consideration of lifespan-related

changes than that of a rodent. However, husbandry costs are higher

for these animals, which often has resulted in pre-clinical studies uti-

lizing small group sizes, which limits the statistical power of the results.

Moreover, neurofibrillary tangles are absent in most canine and non-

human primate species, as well as most mammals. However, hyper-

phosphorylated tau has been reported in aged dogs, and cerebrospinal

fluid (CSF) levels of tau species have been used to evaluate novel ther-

apeutics targeting tauopathies.20

Aged dogs offer an advantage over non-transgenic aged rodent

species because they naturally produce Aβ, which has the identical

amino acid sequence as the human protein and results from similar

biochemical processing of the amyloid precursor protein. Moreover,

the pattern of cerebral plaque distribution parallels that of humans,

both temporally and anatomically. Aged beagles have been shown to

develop cognitive dysfunction associated with neuropathology that

resembles certain aspects of human AD-related cognitive deficits.21

In addition, diet notwithstanding, domesticated dogs are also are

exposed to environmental risk factors that are more similar to humans

than in rodent models.22 The pattern of Aβ deposition in aged dogs

correlates positively with cognitive impairment and negatively with

CSF levels of Aβ42. Although aged dogs accumulate Aβ plaques,

and show significant cortical atrophy and hippocampal cell loss with

Highlights

∙ More than 60 researchers from academia, industry, and

government were convened.

∙ The current state of models across rodent, canine, and

non-human primate species.

∙ Translational therapeutic development requires new

rational models to test efficacy.

∙ New models must capture the genetic heterogeneity

across human populations.

∙ Environmental interactions, comorbidities, and other

pathologies must bemodeled.

increasing age, they do not develop neurofibrillary tangles, although

cerebral levels of hyperphosphorylated tau are associated with behav-

ioral changes linked to brain aging and cognitive dysfunction.23–25 Of

interest, canines develop significant cerebrovascular pathology and

cerebral amyloid angiopathy, which is associated with soluble Aβ40,26

andmay represent a partial model of vascular changes associated with

AD patients. Pre-clinical studies in aged beagles have been used suc-

cessfully to predict the efficacy of someAD treatments in humans.27,28

Dogs are also easier to work with, and have a far more sophisticated

behavioral repertoire than rodents, affording more nuanced cognitive

studies. However, when planning intervention studies in the canine

model it is important to consider that they are also expensive to house,

cognitive outcome measures require weeks to months to complete,

cognitive evaluations in an experimental setting are time and labor

intensive, and comparative brain structures related to sensory per-

ception and environmental orientation differ from those in humans.

On the other hand, colonies of aged dogs that are highly trained on

cognitive tasks can be employed rapidly in studies evaluating putative

therapeutics permitting study designs that are similar to AD clinical

trials (eg, InterVivo Solutions). Moreover, parameters such as cognitive

neuroprotection can be assessed longitudinally in conjunction with

CSF and/or brain imaging end points currently used in AD clinical trials.

Non-human primates have multiple advantages as animal models

including genetic similarity to humans, a well-developed prefrontal

cortex, and development of age-related cognitive deficits in executive

function, working memory, and attention.29 Many aged non-human

primate species may develop amyloid plaques and cerebral amyloid

angiopathy (CAA) without readily observable tauopathy or neuronal

loss30; however, the extent of pathological changes varies greatly

among andwithin non-human primate species. Although apes aremost

closely related to humans and may show diffuse amyloid plaques,31

they have been largely excluded from research for ethical reasons. The

exploration of Old World monkeys such as the rhesus macaque and

the cynomogolous macaque as models of human aging and AD has

been limited by the availability of aged subjects and their inconsis-

tent presentation of AD pathology.32,33 The vervet, or African green

monkey develops amyloid pathology and tau paired-helical filaments
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in the absence of neurofibrillary tangles, as well as transcriptional,

pathological, cognitive, and behavioral signs of AD.34–36 New World

monkeys (squirrel, marmoset, tamarins) and primitivemonkeys such as

mouse lemurs have also proved useful for studying aspects of human

aging.37 Marmosets are perhaps the most well-established model,

since a robust research platform and toolbox exists for gene editing,

imaging, neuropathology studies, and neurophysiological and cogni-

tive testing.38 Lemurs develop early amyloid deposits, cerebral amyloid

angiopathy, and cerebral atrophy.39 However, as appropriate, these

animal species are rigorously protected, and access to aged subjects

is limited as are longitudinal data enabling stratification of subjects. In

this respect, the literature suggests that non-human primatesmay bet-

ter model non-pathological human aging rather than AD per se, pos-

sibly due to differences in amyloid biochemistry and absence of a full

spectrumofAD-like brain pathology. By contrast, recent datamore rel-

evant to currentADparadigms suggest that aged rhesusmacaques and

other monkeys demonstrate AD-like pathology and biomarkers that

may be relevant for evaluating novel therapeutics,33 although more

thorough investigation of AD neuropathological biomarkers would be

required if they are to be useful as models of AD.40–43

At amoregranular level, oneof themost overlooked factors in trans-

lating from an animal model to the human condition is the substantial

inter-species differences in immune response pathways.44 Different

terminology has been used to describe pro-inflammatory or classical

immune activation versus anti-inflammatory or alternative activation

of the immune system, all of which are dependent on the immune stim-

ulus causing the response. Of particular note is the immune system

control of reductive-oxidative stress and its associated redox balance,

which has been demonstrated to actively play a role in AD. One of the

main components of the redox status/oxidative stress is nitric oxide,

which is produced by the three different nitric oxide synthases across

all mammalian species. Although qualitatively similar across species,

the nitric oxide synthase 2 (NOS2) gene encoding inducible nitric oxide

synthase is not highly expressed or strongly induced in the immune

system of humans when compared to its mouse counterpart.45 In con-

trast, rodents typically produce on the order of 10-fold or higher levels

of nitric oxide than do humans.46–48 Because the quality and quantity

of oxidative stress is clearly different between mice and humans, one

of the limiting principles for translation from animals to humans is

recreation of a physiological redox balance. Colton and colleagues

at Duke have addressed this issue by first moving amyloid precursor

protein (APP) mouse models onto a NOS2 knockout background and

then adding the entire human NOS2 gene to recreate the human

redox balance in a mouse model. Unlike singular APP-overexpressing

mice, APPSwDI+/+/mNos2−/− (CVN-AD) mice expressing physio-

logical levels of APP on a NOS2 knockout background and CVN-AD

mice expressing physiological levels of APP on a humanized NOS2

background (APPSwDI(+)/(-)/HuNOS2(tg+)/(+)/mNos2(-/-)) both dis-

play significant learning and memory deficits, neuronal loss, amyloid

plaques, and neurofibrillary tangle pathologies.49 These changes

include regional brain volume changes and altered connectivity as

shown by magnetic resonance imaging (MRI).50 The dramatic shift

in pathological and behavioral phenotypes from transgenic mice on

a wild-type background to one with a humanized NOS2 background,

which now includes the full spectrum of AD pathologies, provides

important clues for development of accurate models that will enable

full translation frommodels to the human condition.

With the dominating strength of the genetic association between

apolipoprotein E (APOE) genotypes and risk of AD, inclusion of human

APOE isoforms in all animal AD models is a critical requirement to

improve translatability between these models and humans. Unlike ani-

mals, humans are the only species to express multiple isoforms of apoE

protein, which derives from a single polymorphic APOE gene. Despite

the APOE ε4 allele being carried by only 14% of the human population,

roughly half of all AD patients are APOE ε4 carriers, whereas APOE ε2
carriers (8% prevalence) are relatively protected from the disease and

tend to live to 100 years or more.51 Non-human primates, dogs, and

rodents all express single versions of apolipoprotein E that are similar,

but non-identical to the human episilon-4 APOE protein.52 The con-

tribution of apoE proteins to the development of amyloid plaque and

neurofibrillary tangle pathologies, at least inmice, is well proven by the

lack of such pathologies in APOE knockout mice. Holtzman and LaDu

have clearly shown that transgenic mice with human APOE ε4 back-

grounds demonstrate significantly increased behavioral and patho-

logical deficits that mimic the human condition.53–55 With this strong

genetic foundation in diseased humans and clear parallel influences

of APOE genotypes in AD patients and APOE-transgenic mice, new

models including humanized APOE backgroundsmay provide improve-

ments that may better define the predictability of these AD models.

This addition can be realistically exploited for AD drug development.

The promising number of animal species and transgenicmodels that

we have discussed support a place for the use of animal models to

translate therapeutic efficacy outcomes into the clinic, and ultimately

into AD patient populations. The strongest translatable drug develop-

ment association to date has been with drugs designed to lower amy-

loid/Aβ levels. Many reports and clinical trials accurately show that

anti-Aβ antibody therapies and/or secretase inhibitor therapies will

lower amyloid/Aβ levels in animals and in humans. The lack of effective-

ness of anti-amyloid therapies to slow, halt, and/or reverse cognitive

decline in AD patients, however, was unanticipated and now requires

more thoughtful evaluations of the complexities of the disease process.

On the other hand, several groups reported safety concerns with sec-

retase inhibitors,56 and lack of efficacy of anti-amyloid immunization

was also reported in aged dogs.57,58 Such findings further underscore

the importance of animal models and the use of more than one ani-

mal model not only for studies of potential efficacy, but also for stud-

ies undertaken to define safe and effective drugs for testing in human

clinical trials.

A major of the complexity in human disease results from the pres-

ence of multiple or mixed pathologies.59 Most LOAD is associated not

only with plaques and tangles, but with multiple other neurodegen-

erative pathologies including Lewy bodies60 and TDP-43 pathology.61

Moreover, various vascular pathologies such as small vessel disease

and infarcts are extraordinarily common in the aging brain and are

well known to contribute to cognitive impairment, decline, and the

threshold to dementia.62 Although commonmechanisms such asAPOE
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ε4 pathways may underlie some of the pathologic disease processes,

animal models of AD do not classically show these additional “mixed”

neurodegenerative changes. Some animal models have incorporated

the common co-occurrence of vascular disease by using hypoperfu-

sion, diabetes, hypertension, or hyperhomocysteinemia in combination

with an AD animal model. As one example, induction of diet-induced

obesity and diabetes in human mutant APP mice resulted in impaired

nitric oxide production, vascular relaxation, and raised blood pressure,

which were all corrected by treatment with a β-site amyloid precur-

sor protein–cleaving (APP-cleaving) enzyme 1 (BACE1) inhibitor.63 In

another example, chronic hypertension induced by feeding of a nitric

oxide synthase inhibitor to human APP mice resulted in hypertension,

impaired cognitive performance, enhanced cerebrovascular amyloid

deposition, and enhanced blood-brain barrier leakage, conditions fre-

quently observed in AD patients.64 One exception to this trend is the

use of naturally agedmodels such as canines andmacaques, which typ-

ically demonstrate multiple aspects of AD.65 While studies of comor-

bidities using animalmodels are important, theymust take into account

the physiological differences between species to better address the

relevance of perturbations seen in the animals to those seen in AD

patients in order to adequately design informativemodels.

3 NEXT-GENERATION AD ANIMAL MODELS

The creation of animal models that accurately predict clinical efficacy

in humanswill depend on the integration of specific humanized biologi-

cal systems into those animalmodels that result inmeasurable changes

to permit reliable testing of novel therapeutics. As discussed above,

suppression and/or activation of immune system responses underlie

the development of all diseases with human immune responses being

different from most animals.44 Similarly, distinctly different transcrip-

tional changes have been identified in several cell types in human AD

brains comparedwith those of 5XFADmice that begin to identify resis-

tive versus pathogenic responses in different species.66 APOE back-

grounds have also been demonstrated to affect AD-related outcomes

in a variety of transgenic mouse models and could likely further influ-

ence disease outcomes in higher order animals.53–55 Creating poly-

genic models on “backgrounds” in model animals that better mimic

human immunity may further enhance our ability to recreate a human

like pathologic, disease-based change. Confirmation of model reliabil-

ity will depend on comprehensive statistical analyses and the applica-

tion of single nucleus transcriptomic studies and new statistical plat-

forms to compare human and mouse data sets.67 These systems may

represent the tip of the iceberg, especially as more genes are identi-

fied in subpopulations of AD patients, and cell-type specific changes in

gene expression related to disease progression and resistance are bet-

ter defined to permit comparisons betweenmodel systems and human

subjects.

In addition to ongoing efforts in individual laboratories throughout

the world, the NIA established the Model Organism Development

& Evaluation for Late-Onset Alzheimer’s Disease (MODEL-AD) con-

sortium in 2016 with Indiana University, The Jackson Laboratory

(JAX), The University of Pittsburgh (PITT), Sage Bionetworks, and

the University of California, Irvine, to develop better in vivo models

that may accelerate the discovery and development of new therapies.

These MODEL-AD partners plan to establish a pre-clinical testing

pipeline by generating more than 50 new rodent models based on

human data sets, screening at least 30 of these models, and deeply

phenotyping at least 15 of them. MODEL-AD partners also plan

to develop a platform for modeling the disease that incorporates

prioritized genetic variants of LOAD, albeit in the rodent milieu

with corresponding inherent limitations discussed above. To further

its goals, the MODEL-AD consortium will engage other National

Institutes of Health (NIH) genetics and systems biology resources

including the Accelerating Medicines Partnership – Alzheimer’s

Disease (AMP-AD), the AD Sequencing Project (ADSP), and the AD

Neuroimaging Initiative (ADNI). AMP-AD has funded two projects: a

project focusing on tau imaging and fluid biomarkers to track disease

progression and response to treatment; and a target discovery and

pre-clinical validation project, which includes studies of genomic,

transcriptomic, proteomic, and metabolomic networks that contribute

to ADpathogenesis. Data derived fromAMP-AD are already informing

the development of novel animal models of AD as described later here.

All data from this consortium will be publicly available and all models

will be available from the JAXmouse repository without restrictions.

As a generalized approach, next-generation models of AD should

incorporate genes that are genetically linked to AD by incorporat-

ing them into platform mice that are humanized for the human Aβ
peptide sequence and human tau sequences, with all transgenes

being expressed at human-like physiological levels. By doing so, these

next-generation polygenic models may show better concordance with

human genetics and pathology. Each of these approaches may gen-

erate a more accurate disease phenotype or provide a more accu-

rate assessment of all experimental therapeutic intervention strate-

gies. As discussed below, the combination of detailed assessments

of metabolomics and proteomics in conjunction with corresponding

gene changes is essential to fully phenotype any model. As described

at the meeting, Dr. Lutz detailed novel unpublished data and rigor-

ous statistical methods that can be used to provide verification of

pathologic pathway communality, which is defined as the extent that

pathways between human disease and the animal models correlate.67

Generating these modified animal models is now feasible because of

recent advances in genome editing, particularly CRISPR/Cas technol-

ogy,whichhas dramatically reduced the timeand cost of gene targeting

and modification68 and enabled the creation of novel in vivomodels of

human disease,69 potentially making them more predictive of aspects

of AD in humans.

4 GENOMICS AND PROTEOMICS

4.1 Genomics

Genetic linkage approaches have been invaluable for identifying genes

associated with EOAD versus LOAD. In rough terms, genetic forms
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of inherited or familial AD (FAD) that are typically early onset AD (or

EOAD) represent about 1% of all AD patients, whereas all EOAD rep-

resent as much as 5% of all AD patients. On the other hand, late-onset

AD (or LOAD) represents the vast majority (>95%) of AD patients.70

Initially, genetics pointed to the central role of Aβ metabolism in the

development of FAD/EOAD.71,72 Genetic linkage studies led to the

identification of mutations in the APP, PSEN1, and PSEN2 genes as

main autosomal dominant causal factors for FAD/EOAD. In contrast,

genome-wide association studies (GWAS) have identified numerous

gene loci as risk factors falling within several potential physiological

pathways, many of which suggest inflammatory mechanisms that

increase susceptibility to LOAD. The contribution of APOE to LOAD

has estimated heritability of at least 50%.

A major objective of the field is to create new genetic models

of LOAD that exhibit the hallmark features of the disease includ-

ing progressive cognitive impairments that inform corresponding

changes in humans, amyloid and tau accumulation, immune-mediated

responses, and neuronal dysfunction and degeneration. Multiple

genetics resources and approaches in human populations exist with

the objective of identifying new genes that mediate AD susceptibil-

ity, including the International Genomics of Alzheimer’s Project (IGAP)

consortium, the ADSP, and initiatives associated with the NIA Genet-

ics of Alzheimer’s Disease Data Storage Site (NIAGADS), among oth-

ers. As new genes are identified, new models will be engineered to

strategically express combinations of gene variants associated with

AD, including those identified inhumansaspolygenic risk factors.Many

susceptibility genes that have already been identified are involved in

immune system regulation, lipid homeostasis, mitochondrial function,

cellular metabolism, maintenance of the extracellular matrix of the

plasma membrane, and synaptic signaling. Deep phenotyping of these

new models may facilitate clarification of the linkage between these

presumptive AD genes and the pathophysiology of AD,73 and identify

potential targets for drug development.

APOE is the strongest and most well-studied LOAD risk factor.74

Other novel biologic pathways identified through genetic studies that

are important in ADpathogenesis cluster around cholesterol transport

and metabolism, endocytosis, and immune mechanisms. By comparing

functional gene regulatory networks to neuropathology present in

large numbers of human brain samples, Zhang and colleagues showed

that the immune/microglia network is most strongly associated with

LOAD pathology.75 However, mouse immune pathways differ in

potentially significant processes from human immune pathways.44 For

example, CR1, a GWAS identified risk factor for human AD, differs

genetically, functionally, and in expression patterns from animals to

humans.76–78 Another significant difference is in the nitric oxide syn-

thase 2 (NOS2) gene where NOS2 knockout mice more closely mimic

human immune responses. Moreover, APP mutant mice crossed with

NOS2 knockouts have been shown to develop typical AD-like pathol-

ogy, perform poorly on cognitive tests, and show brain volume changes

and altered connectivity similar to that seen in humans with AD.79

These novel models strongly support that fidelity of modeling human

disease in animals may require mimicking the immune background

of the human brain to the degree that is possible in this inter-species

context.

4.2 Integrative proteomics for novel target
and biomarker discovery

The Accelerating Medicine Partnership AD (AMP-AD) consortium is

taking an agnostic approach to look at the AD brain proteome in up

to 2000 individuals using both a high-throughput label-free and iso-

baric tandem mass tag mass spectrometry (MS)–based approaches

across the disease continuum.80 Tissues are being obtained from sev-

eral large brain banks and longitudinal cohort studies including theBal-

timore Longitudinal Study of Aging (BLSA), Adult Changes of Thought

(ACT), Mount Sinai Brain Bank (MSBB), Banner Sun Health Research

Institute (Banner), Emory Brain Bank (Emory), University of Pennsyl-

vania (UPenn) and Mayo Brain Bank (Mayo), and the Rush Univer-

sity ROS/MAP cohort. Using systems biology approaches and pre-

dictive modeling, clusters of inter-related proteins were found to be

associated with key clinical and pathological phenotypes. Weighted

gene coexpression network analysis (WGCNA) represents one such

approach and is used to understand disease processes at a systems

level by resolving groups of proteins (ie, modules) with highly cor-

related expression profiles.81 These modules can reflect specific cell

types and functional protein complexes not always seen at the RNA

level.82 WGCNA can be used to define biological functions of modules

and correlate those to specific AD phenotypes (eg, neuropathology,

cognitive status).82–84 LOAD genetic risk factors, including APOE, have

also been shown to correlate with these modules.80,82,83,85 For exam-

ple, using samples from the BLSA study and a validation set from the

EmoryBrainBank, Seyfried et al.82 identifiedproteinmodules enriched

for LOADGWAS targets within glial cell pathways in patients with AD.

In contrast, genetic risk factors linked with schizophrenia and autism

mapped to modules associated with neuronal cell biology. These data

support an emerging hypothesis that glial dysfunction plays a causal

role in LOAD.

Moving forward, these investigators are building deeper networks

in human samples83,86–88 and mapping them to various mouse models

to assess how well mouse models reflect the underlying pathophysi-

ology in AD. For example, efforts are ongoing to investigate whether

familial AD (FAD) mouse models recapitulate some of the cellular phe-

notypes and modules (neuronal and glial) in human AD brain. These

studies are also being performed on an APOE4/TREM2*R47H LOAD

mouse model. Going further, magnetic resonance imaging (MRI) anal-

yses of APOE ε4 mice on a humanized NOS2 background (E4HN) have

also shownextensive brain shrinkage consistentwith neuronal loss and

loss of neuronal tracts associatedwith normal brain function compared

to APOE ε3mice on a humanizedNOS2 background (E3HN). Behavioral

testing confirmed thatE4HNmicewere significantly impairedon learn-

ing and memory tests compared to E3HN mice.50,89,90 These types of

deep phenotyping efforts not only validate the characteristics of each

animal model, but provide data for comparative analysis with human
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AD patients. In this regard, Lutz et al.67 presented a novel bioinfor-

matics strategy to compare genomics, transcriptomics, and proteomics

data from human AD patients with an AD animal model to help deci-

pher how strongly different AD models align with the human dis-

ease. These types of approaches will clearly guidemodel development,

biomarker development, and drug development in the Alzheimer’s

arena. Ultimately, the consortium plans to couple the results from cell-

type specific enrichment and confirm them with mass spectrometry

from neurons, astrocytes, oligodendrocyte, microglia, and endothelial

cell populations inADmodels.91–94With this complementaryapproach

to assess the impact of the AMP-AD nominated targets in pre-clinical

mouse models in a cell-type specific manner, it remains necessary to

also consider the above-mentioned distinct differences in cellular and

immune pathways that exist between humans and rodents. “Advanced”

disease in the respective species potentially represents very different

disease severity scenarios, with rodents demonstrating greater pro-

tective responses in “late rodent disease” than are seen in advanced

humanAD (ie, Refs. 95,96). Altogether, the recapitulationof humandis-

ease traits in each animal model can iteratively be combined to repre-

sent the human disease more accurately, and ultimately the value of

that model to predict responses to novel therapeutics.

5 MODERN BEHAVIORAL APPROACHES

Translating behavioral changes observed in animal models to the cog-

nitive deficits observed in humans with AD has proved to be challeng-

ing. Historical assays for assessing cognition in rodents are not read-

ily translated to human outcomes. Although the newer methodologies

discussed below have improved the correlation between behavior and

pathophysiology, the question remains as towhich, and towhat degree,

important cognitive and behavioral domains impaired in humans with

AD (eg, episodicmemory,workingmemory, short-termmemory, execu-

tive function, activities of daily living, and mood/neuropsychiatric out-

comes) have reasonable endophenotypic analogs in animal models.97

The dominant behavioral assays used inmice—fear conditioning, water

maze, and novel object recognition—all have limited face and pre-

dictive validity. More subtle behaviors like burrowing, nest construc-

tion, and hoarding may be useful alternative measures.98 On the

other hand, confounding factors like the impact of stress, hyperactiv-

ity, and/or visual impairments may be improved by careful selection

of background strains for genetically engineered mice. In fact, How-

ell and colleagues presented strategies of back-breeding transgenic

mice tomultiple background strains to exploit the resulting differences

in phenotypes that can then be traced back genetically to illuminate

novel genes and/or gene networks that control desirable traits and/or

outcomes.99,100 Of course, standardization of testing protocols across

sex, age, and genotype will continue to improve best practices with

application of principles like those in Animal Research: Reporting of

In Vivo Experiments (ARRIVE) guidelines.101 Although it may never be

possible to create a fully translatable menu of cognitive and behavioral

outcomes in animals that reflect corresponding phenotypes in humans,

it will be critical to determine the degree to which any outcomes can

map between models and humans in order for the models to be useful

in predicting outcomes from pre-clinical drug discovery efforts.

Several speakers detailed plans to emphasize pharmacokinetic and

translational pharmacodynamics in addition to behavior as a primary

screen for pre-clinical efficacy. However, improved behavioral and cog-

nitive assessment tools for characterizing animalmodels of ADare also

being created. Such assays must be robust and reliable to overcome

subtleties resulting from background strain effects and different oper-

ating environments. The clear reporting of environmental conditions

for both housing and during experimental procedures is one straight-

forward way to reduce variability of results from one laboratory to

another. These assaysmust alsobe capable of consistently demonstrat-

ing normal aging-related effects in each sex with the awareness that

the nature and/or timing of such changes may be different depending

upon the sex of the individual.102 This becomes particularly impor-

tant in light of wide-spread recognition that the female sex is a risk

factor in AD.103–105 Because mice, like humans, manifest a spectrum

of aging-related characteristics including increased vulnerability to

physiological decline, Sukoff et al.106 have proposed a composite score

with components of the Neuropsychiatric Inventory questionnaire

(NPI-Q) that captures decline in function across multiple physiological

systems through assessments of frailty, cognition, hearing, vision,

olfaction, motor, and fine motor function. Notably, recent findings

have demonstrated that composite frailty indexes that have value in

tracking normal healthy aging may also predict cognitive decline and

AD progression to dementia.107–109 Therefore, frailty may be used

as a translational biomarker to capture global sensory and motor

decline longitudinally prior to the onset of cognitive decline. These

frailty measurements allow capture of the divergence between normal

gradual progression of change through age, versus an acceleration and

increase in severity as a harbinger of disease onset.

Leahy and colleagues at PsychoGenics have developed propri-

etary platforms that incorporate high-throughput, unbiased, modern

behavioral and physiological assays with innovative computational,

machine learning, and signal-processing tools to identify novel com-

pounds that demonstrate efficacy in rodents.110 They have demon-

strated the ability of these behavioral assessment platforms to iden-

tify early and robust phenotypes in a variety of disease models includ-

ing Alzheimer’s andHuntington diseasemousemodels.111 These types

of data-intensive behavioral assessments clearly open the doorway

to similar intensive data collection in humans, which through unob-

trusive technologies can be incorporated into the home environment

or reasonably inexpensive wearables to collect data both day and

night. Alternatively, operant behavioral paradigms aimed at evaluat-

ing specific cognitive processes in rodents such as motoric versus cog-

nitive impulsivity deficits, which potentially contribute to executive

deficits and attentional processes, can be measured using tasks such

as the five-choice serial reaction time test or age-related changes in

motivation.112 Such testing that is reflective of anhedonia, provides

validated methods for evaluating subtle effects of genetic modifica-

tion or drug interventions on cognitive processes impacted across var-

ious diseases.113,114 Of course, the rigor and reproducibility of such

studies in animal models will need to be demonstrated across multiple
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laboratory groups and sufficiently validated to be informative of trans-

latable comparisons with humans.

6 TRANSLATIONAL CHALLENGES

A significant translational advantage of animal models is that

biomarker changes can be compared with brain pathology, thus

avoiding the diagnostic uncertainty in human cohorts. Although even

inbred models have been shown to yield phenotypic variations, the

careful use of the overall reduced variability in genetically homo-

geneous mouse models enables cross-sectional studies to provide

pseudo-longitudinal data.115 Studies in genetically engineered mouse

models can also provide mechanistic insight regarding biomarker

changes.

However, the small size of mice makes the analysis of CSF biomark-

ers challenging. Current commercial assays lack the sensitivity needed

for small murine samples, and available assays may not recognize ani-

mal counterparts of human proteins that are important for transla-

tional work. Despite these challenges, some mouse CSF biomarker

studies have demonstrated their usefulness in predicting biomarker

changes in humans. For example, in twoAPP transgenicmousemodels,

CSF levels of Aβ40, Aβ42, and tau mirror the temporal sequence and

magnitude of changes seen in patients with AD.116 Increases in mouse

neurofilament light chain (NfL) in CSF and blood were found to cor-

relate with the progression of neurodegenerative pathology, similar to

reported observations in humans with AD.117

The small size of the mouse brain also makes translational positron

emission tomography (PET) and MRI studies challenging, but does not

prevent the performance of these types of critical translational stud-

ies. Device manufacturers have been encouraged to develop technolo-

gies that provide adequate informative resolution for mouse and rat.

For example, head coils designed specifically for mice, longer scan-

ning times, and higher field strengths can produce extremely detailed

images for structural analysis.27,60 In addition, novel analysis routines

that provide translational relevance when evaluating animal MRI data

via similar and/or parallel clinical routines used to evaluate humanMRI

data are also required. Standardization and quality control of collec-

tion, storage, and analytic protocols as well as instrument qualification

and calibration are needed for both fluid and imagingmouse biomarker

assays. Moreover, optimization and validation of these assays will be

critical for implementation. Badea and colleagues have established

tool sets for MRI analyses and shown their usefulness in mouse mod-

els of AD.50,89 Again, part of the challenge is to develop guidelines

that show how a specific biomarker and/or image correctly predicts

a desired outcome in the human AD patient and thus validates this

approach.

By contrast, aged animal models, such as the dog or monkey,

may also demonstrate biomarker changes that model those seen in

AD. The larger size of these models enables evaluation of multi-

ple fluid biomarkers relevant to disease progression and for eval-

uating therapeutic efficacy. Moreover, imaging sequences employed

in human studies are easily transitioned to studies employing larger

species.

Designing in vivo studies to create confidence in clinical transla-

tion will require asking the right questions and selecting the model or

groups ofmodels that canbest answer those questions.14 Amethodical

and complete characterization ofmodelswill be needed to achieve this.

When appropriate models have been selected, proof-of-concept stud-

ies should be conducted first to ensure that the study design is appro-

priate and account for differences in age, sex, and litter lines as per the

ARRIVE guidelines.

7 EXPERIMENTAL/OPERATIONAL ISSUES

Some laboratories are using a systems biology approach to develop

improved models for LOAD.99,100 Because genetic context matters,

initial development of all models on at least one common C57BL/6J

background will permit transgene to transgene comparisons. Deep

phenotyping of each mouse background strain including metabolic,

behavioral, genomics, metabolomics, transcriptomics, proteomics,

imaging, electrophysiology, fluid biomarkers, and neuropathology will

be required. Furthermore, sex differences have emerged as impor-

tant considerations with respect to timing and extent of changes

(ie,95,118, and will help to define the host’s contribution to the dis-

ease in much the same way that genetic diversity exists in different

human sub-populations). To validate the combination of transgene

with background mouse strains, data from both males and females

should be analyzed separately and together, and the same assays

must be performed at multiple sites to assess the reproducibility of

inter-operator and intra-operator variability in much the same process

used to perform clinical trials at multiple sites. In addition, availability

of all mouse models through commercial vendors without the need for

licensing fees and other restrictive covenants will alleviate obstacles

that prevent researchers from academia and industry alike from using

the proper translational model for drug development.

Platform strains already completed include a humanized Aβ-knock-
in model, as well as strains with humanized APOE ε2, APOE ε3, and
APOE ε4, humanized tau, two different TREM2 variants, and strains

that express APOE4/TREM2R47H, APOE4/Aβ-KI, and APOE4/Aβ-KI
/TREM2R47H. Other strains in progress will include a humanized tau

knock-in model. Addition of genetic variants to these platform strains

with CRISPR technology, will be followed by a primary screen to select

strains relevant to LOAD for deep phenotyping and use in the pre-

clinical testing core. Even strains that are not selected based on the

primary screenmay provide useful information about different aspects

of the disease. Future models will explore not just genetic risk but

also genetic context and environmental changes. Although difficult to

compare across conditions associated with human aging and disease,

efforts to develop animalmodels are still necessary andwarranted. The

Foundational Neuroscience Center is generating models that include

age, comorbidities, andother typesofdementia toenable testingof tar-

gets in the context of multiple pathologies.
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8 CONCLUSIONS AND NEXT STEPS

The lack of success of clinical trials of disease-modifying therapies for

AD has been attributed to many possible reasons. Although one can

conclude that pre-clinical models may accurately reflect individual

pathogenic mechanisms but may not fully model human aging, disease,

and co-morbidities, new models are currently being developed to

improve the translation from animal to human. The ability of anti-

amyloid therapies to reduce brain amyloid in transgenic models and in

human patients does not address the more complex issue of whether

reducing amyloid corrects cognitive decline in Alzheimer’s patients.

This sort of issue must be addressed in human subjects, but informed

if possible using predictive pre-clinical models. Meanwhile, the aging

of the world’s population has increased the urgency of finding new

and effective treatments for AD. In the United States alone, by 2050,

the number of people with Alzheimer’s dementia may grow from over

5 million to nearly 14 million barring the development of medical

breakthroughs to prevent, slow, or cure AD {Alzheimer’s Association,

2019 #1}. Taken together, these factors have propelled efforts to

develop next-generation animal models that will more accurately

predict efficacy of experimental treatments thereby enabling the

translation of drugs from bench to bedside.

The Translational Animal Models for AD Think Tank participants

explored the promise and shortcomings of existing animal models and

key attributes needed for the next generation of animal models to be

successful. Although efforts are currently underway to develop those

models, gaps remain to be addressed in developing tools that will facil-

itate outcomes in all models to improve translation and predictive

validity.

This effort starts with recognizing that animal models that reflect

single aspects of AD pathogenesis do not mimic AD, and that multi-

ple models or combinations of new models are needed that encom-

pass the heterogeneous mechanisms and pathways, comorbidities,

and other pathologies that lead to AD and other dementias. Elu-

cidating genetic and environmental interactions along these patho-

physiological pathways could lead to novel therapeutic interventional

approaches. To maximize the usefulness of new models, phenotypes

should be interpreted in the context of the recently proposedResearch

Framework.119

Continued investment and increased funding for basic and transla-

tional science will eventually lead to new therapeutic targets, requir-

ing better and more rational models to test efficacy as accurately and

early as possible early in the research and development pipeline. No

single model will likely be able to fully recapitulate human AD, and the

choice of the best models will depend on the question being asked.14

To select optimalmodels, many issueswill need to be addressed includ-

ing: (1)which animal species, strains, and genetic backgrounds aremost

appropriate to answer specific questions; (2) how specific models can

bemost efficiently used throughout the drug development pipeline; (3)

themeaningfulness of thesemodels and behavioral-cognitive assays to

human aging and disease; and (4) and how to match potential AD ther-

apeutic approacheswith particular animalmodels. Best practice guide-

lineswill also need tobedeveloped for the consistent use of thesemod-

els in different research settings.

Finally, it is important to note that the novel murine models assess-

ing impact of genetic risk factors, both alone and in combination, will

potentially yield opportunities to elucidate and evaluate the impact

of specific risk factors related to AD subpopulations and to poten-

tial targeted therapies. However, current transgenic models incorpo-

rating high-impact mutations directly linked to heritable familial AD

havenotbeen successful,which raises concerns thatnovelmodels eval-

uating genetic risk factors that are less penetrant may not improve

the predictive validity essential to drug development. Given the imme-

diate need to develop novel disease-modifying therapeutics and the

knowledge that no model accurately recapitulates all aspects of AD,

a strategically-driven multi-model evaluation strategy incorporating

both genetic models and currently available “agnostic” aged animal

models of AD-like progression should be considered for drug develop-

ment to de-risk the transition of pre-clinical drug assets to the clinic.

ACKNOWLEDGMENTS

The authors would like to acknowledge the Alzheimer’s Associa-

tion Business Consortium and James A. Hendrix, Ph.D., for bringing

together this multi-disciplinary team in support of the ongoing discus-

sion on animal models in Alzheimer’s disease.

DECLARATION OF INTEREST

M. P. Vitek is a principal and stockholder in Cognosci, Inc. J. A. Araujo is

a shareholder of Vivocore Inc., the parent company of InterVivo Solu-

tions Inc. and CanCog Inc.; a director in all three companies; the CEO

and president of InterVivo Solutions Inc.; and an advisor to Telocyte.

M. Fossel is president of Telocyte.M.Windisch is CEO and president of

NeuroSciosGmbH. A. Rosswas a full-time employee of theAlzheimer’s

Association during the time of manuscript review. B. T. Lamb is a con-

sultant for AvroBio and Eli-Lilly. M. C. Carrillo and R. M. Edelmayer are

full-time employees of the Alzheimer’s Association. B. D. Greenberg, G.

R. Howell, S. J. Sukoff Rizzo, N. T. Seyfried, A. J. Tenner, P. R. Territo, and

L. J. Bain have no declarations of conflicts of interest.

FUNDING

The convening of the Translational Animal Models for Alzheimer’s Dis-

ease Think Tank was supported through funding from the Alzheimer’s

Association. The MODEL-AD program is supported by funding from

the National Institutes of Health, National Institute on Aging [U54

AG05434503, 1R13AG060708-01, U54AG054349]. B. T. Lamb is sup-

ported by funding from the National Institutes of Health, National

Institute on Aging [R01 AG022304, RF1 AG051495, U54 AG065181,

U54 AG054345].

REFERENCES

1. Alzheimer’s Association Alzheimer’s Association. 2020 Alzheimer’s

disease facts and figures. Alzheimers Dement. 2020;16(3):391-460.
2. Alzheimer’s Disease International. World Alzheimer’s Report 2015:

The Global Impact of Dementia. London: Alzheimer’s Disease Interna-

tional; 2015.



10 of 12 VITEK ET AL.

3. Rapoport M, Dawson HN, Binder LI, Vitek MP, Ferreira A. Tau is

essential to beta -amyloid-induced neurotoxicity. Proc Natl Acad Sci
USA. 2002;99(9):6364-6369.

4. Roberson ED, Scearce-Levie K, Palop JJ, et al. Reducing endogenous

tau ameliorates amyloid beta-induced deficits in an Alzheimer’s dis-

easemousemodel. Science. 2007;316(5825):750-754.
5. Cummings JL, Morstorf T, Zhong K. Alzheimer’s disease drug-

development pipeline: few candidates, frequent failures. Alzheimers
Res Ther. 2014;6(4):37.

6. Drummond E,Wisniewski T. Alzheimer’s disease: experimental mod-

els and reality. Acta Neuropathol. 2017;133(2):155-175.
7. Benbow SJ, Strovas TJ, Darvas M, Saxton A, Kraemer BC. Syner-

gistic toxicity between tau and amyloid drives neuronal dysfunc-

tion and neurodegeneration in transgenic C. elegans.HumMol Genet.
2020;29(3):495-505.

8. Javed I, Peng G, Xing Y, et al. Inhibition of amyloid beta toxicity in

zebrafishwith a chaperone-gold nanoparticle dual strategy.Nat Com-
mun. 2019;10(1):3780.

9. Papanikolopoulou K, Skoulakis EM. Temporally distinct phospho-

rylations differentiate Tau-dependent learning deficits and prema-

ture mortality in Drosophila. Hum Mol Genet. 2015;24(7):2065-
2077.

10. Sarantseva S, Timoshenko S, Bolshakova O, et al. Apolipoprotein E-

mimetics inhibit neurodegeneration and restore cognitive functions

in a transgenic Drosophila model of Alzheimer’s disease. PLoS One.
2009;4(12):e8191.

11. Bruce-Keller AJ, Gupta S, Knight AG, et al. Cognitive impairment in

humanized APPxPS1 mice is linked to Abeta(1-42) and NOX activa-

tion.Neurobiol Dis. 2011;44(3):317-326.
12. MurphyMP, Beckett TL, DingQ, et al. Abeta solubility and deposition

during AD progression and in APPxPS-1 knock-inmice.Neurobiol Dis.
2007;27(3):301-311.

13. Xu W, Xu F, Anderson ME, et al. Cerebral microvascular rather than

parenchymal amyloid-beta protein pathology promotes early cogni-

tive impairment in transgenic mice. J Alzheimers Dis. 2014;38(3):621-
632.

14. Fisher EMC, Bannerman DM. Mouse models of neurodegeneration:

know your question, know yourmouse. Sci Transl Med. 2019;11(493).
15. Benedikz E, Kloskowska E, Winblad B. The rat as an animal model of

Alzheimer’s disease. J Cell Mol Med. 2009;13(6):1034-1042.
16. HurleyMJ,DeaconRMJ,BeyerK, et al. The long-livedOctodondegus

as a rodent drug discovery model for Alzheimer’s and other age-

related diseases. Pharmacol Ther. 2018;188:36-44.
17. Inestrosa NC, Reyes AE, Chacon MA, et al. Human-like rodent

amyloid-beta-peptide determines Alzheimer pathology in aged wild-

typeOctodon degu.Neurobiol Aging. 2005;26(7):1023-1028.
18. Steffen J, Krohn M, Paarmann K, et al. Revisiting rodent models:

octodon degus as Alzheimer’s disease model? Acta Neuropathol Com-
mun. 2016;4(1):91.

19. Bates K, Vink R, Martins R, Harvey A. Aging, cortical injury and

Alzheimer’s disease-like pathology in the guinea pig brain. Neurobiol
Aging. 2014;35(6):1345-1351.

20. Borghys H, Dhuyvetter C, Theunis C, Van Kolen K, MerckenMH. The
Dog as a Preclinical Species for the Evaluation of Tau Antibodies. Chicago,
IL: Poster presented at:. Society for Neuroscience; 2019.

21. Cotman CW, Head E. The canine (dog) model of human aging and

disease: dietary, environmental and immunotherapy approaches. J
Alzheimers Dis. 2008;15(4):685-707.

22. Chapagain D, Range F, Huber L, Viranyi Z. Cognitive aging in dogs.

Gerontology. 2018;64(2):165-171.
23. Pugliese M, Mascort J, Mahy N, Ferrer I. Diffuse beta-amyloid

plaques and hyperphosphorylated tau are unrelated pro-

cesses in aged dogs with behavioral deficits. Acta Neuropathol.
2006;112(2):175-183.

24. Siwak-Tapp CT, Head E, Muggenburg BA, Milgram NW, Cotman

CW. Region specific neuron loss in the aged canine hippocampus is

reduced by enrichment.Neurobiol Aging. 2008;29(1):39-50.
25. Tapp PD, Siwak CT, Gao FQ, et al. Frontal lobe volume, function,

and beta-amyloid pathology in a canine model of aging. J Neurosci.
2004;24(38):8205-8213.

26. Head E. Neurobiology of the aging dog. Age (Dordr). 2011;33(3):485-
496.

27. Araujo JA, Greig NH, IngramDK, Sandin J, de Rivera C, MilgramNW.

Cholinesterase inhibitors improve both memory and complex learn-

ing in aged beagle dogs. J Alzheimers Dis. 2011;26(1):143-155.
28. Studzinski CM, Araujo JA, Milgram NW. The canine model of human

cognitive aging and dementia: pharmacological validity of the model

for assessment of human cognitive-enhancing drugs. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2005;29(3):489-498.

29. Wallace TL, Ballard TM, Glavis-Bloom C. Animal paradigms to

assess cognition with translation to humans. Handb Exp Pharmacol.
2015;228:27-57.

30. Heuer E, Rosen RF, Cintron A, Walker LC. Nonhuman primate

models of Alzheimer-like cerebral proteopathy. Curr Pharm Des.
2012;18(8):1159-1169.

31. Perez SE, Raghanti MA, Hof PR, et al. Alzheimer’s disease pathol-

ogy in the neocortex and hippocampus of thewestern lowland gorilla

(Gorilla gorilla gorilla). J Comp Neurol. 2013;521(18):4318-4338.
32. Kitt CA, Price DL, Struble RG, et al. Evidence for cholinergic neurites

in senile plaques. Science. 1984;226(4681):1443-1445.
33. Mufson EJ, Benzing WC, Cole GM, et al. Apolipoprotein E-

immunoreactivity in aged rhesus monkey cortex: colocalization

with amyloid plaques.Neurobiol Aging. 1994;15(5):621-627.
34. Cramer PE, Gentzel RC, Tanis KQ, et al. Aging African green mon-

keys manifest transcriptional, pathological, and cognitive hallmarks

of human Alzheimer’s disease.Neurobiol Aging. 2018;64:92-106.
35. Kalinin S, Willard SL, Shively CA, et al. Development of amyloid bur-

den in African Green monkeys. Neurobiol Aging. 2013;34(10):2361-
2369.

36. Latimer CS, Shively CA, Keene CD, et al. A nonhuman primate model

of early Alzheimer’s disease pathologic change: implications for dis-

ease pathogenesis. Alzheimers Dement. 2019;15(1):93-105.
37. Didier ES, MacLean AG, Mohan M, Didier PJ, Lackner AA, Kuroda

MJ. Contributions of Nonhuman Primates to Research on Aging. Vet
Pathol. 2016;53(2):277-290.

38. Rodriguez-Callejas JD, Fuchs E, Perez-Cruz C. Evidence of Tau

Hyperphosphorylation and Dystrophic Microglia in the Common

Marmoset. Front Aging Neurosci. 2016;8:315.
39. Kraska A, Dorieux O, Picq JL, et al. Age-associated cerebral atrophy

inmouse lemur primates.Neurobiol Aging. 2011;32(5):894-906.
40. Kohama SG, Rosene DL, Sherman LS. Age-related changes in human

and non-human primate white matter: from myelination distur-

bances to cognitive decline. Age (Dordr). 2012;34(5):1093-1110.
41. Phillips KA, Bales KL, Capitanio JP, et al.Why primatemodelsmatter.

Am J Primatol. 2014;76(9):801-827.
42. Rosen RF, Walker LC, Levine H. 3rd. PIB binding in aged primate

brain: enrichment of high-affinity sites in humans with Alzheimer’s

disease.Neurobiol Aging. 2011;32(2):223-234.
43. Youssef SA, Capucchio MT, Rofina JE, et al. Pathology of the aging

brain in domestic and laboratory animals, and animal models of

human neurodegenerative diseases. Vet Pathol. 2016;53(2):327-348.
44. Schneemann M, Schoeden G. Macrophage biology and immunology:

man is not amouse. J Leukoc Biol. 2007;81(3):579. discussion 80.
45. SchneemannM, Schoedon G. Species differences in macrophage NO

production are important.Nat Immunol. 2002;3(2):102.
46. Colton CA, Needham LK, BrownC, et al. APOE genotype-specific dif-

ferences in human and mouse macrophage nitric oxide production. J
Neuroimmunol. 2004;147(1-2):62-67.



VITEK ET AL. 11 of 12

47. Hoos MD, Vitek MP, Ridnour LA, et al. The impact of human and

mouse differences in NOS2 gene expression on the brain’s redox and

immune environment.Mol Neurodegener. 2014;9:50.
48. Schroder K, Irvine KM, Taylor MS, et al. Conservation and diver-

gence in Toll-like receptor 4-regulated gene expression in pri-

mary human versus mouse macrophages. Proc Natl Acad Sci U S A.
2012;109(16):E944-E953.

49. Colton CA, Wilson JG, Everhart A, et al. mNos2 deletion and human

NOS2 replacement in Alzheimer disease models. J Neuropathol Exp
Neurol. 2014;73(8):752-769.

50. Badea A, Delpratt NA, Anderson RJ, et al. Multivariate MR biomark-

ers better predict cognitive dysfunction in mouse models of

Alzheimer’s disease.Magn Reson Imaging. 2019;60:52-67.
51. Reiman EM, Arboleda-Velasquez JF, Quiroz YT, et al. Exception-

ally low likelihood of Alzheimer’s dementia in APOE2 homozy-

gotes from a 5,000-person neuropathological study. Nat Commun.
2020;11(1):667.

52. Chambers JK,UchidaK,NakayamaH.Whitemattermyelin loss in the

brains of aged dogs. Exp Gerontol. 2012;47(3):263-269.
53. Holtzman DM, Bales KR, Tenkova T, et al. Apolipoprotein E

isoform-dependent amyloid deposition and neuritic degeneration in

a mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A.
2000;97(6):2892-2897.

54. Shi Y, YamadaK, LiddelowSA, et al. ApoE4markedly exacerbates tau-

mediated neurodegeneration in amousemodel of tauopathy.Nature.
2017;549(7673):523-527.

55. Tai LM,BaluD,Avila-MunozE, et al. EFADtransgenicmice as a human

APOE relevant preclinical model of Alzheimer’s disease. J Lipid Res.
2017;58(9):1733-1755.

56. Hyde LA, McHugh NA, Chen J, et al. Studies to investigate the in

vivo therapeutic window of the gamma-secretase inhibitor N2-

[(2S)-2-(3,5-difluorophenyl)-2-hydroxyethanoyl]-N1-[(7S)-5-methyl-

6-oxo-6,7-di hydro-5H-dibenzo[b,d]azepin-7-yl]-L-alaninamide (LY

411,575) in the CRND8 mouse. J Pharmacol Exp Ther. 2006;

319(3):1133-1143.

57. Head E, Pop V, Vasilevko V, et al. A two-year study with fibril-

lar beta-amyloid (Abeta) immunization in aged canines: effects on

cognitive function and brain Abeta. J Neurosci. 2008;28(14):3555-
3566.

58. Davis PR, Giannini G, Rudolph K, et al. Abeta vaccination in combina-

tionwith behavioral enrichment in agedbeagles: effects on cognition,

Abeta, andmicrohemorrhages.Neurobiol Aging. 2017;49:86-99.
59. Bennett DA. Mixed pathologies and neural reserve: implications

of complexity for Alzheimer disease drug discovery. PLoS Med.
2017;14(3):e1002256.

60. Prokopenko I, Miyakawa G, Zheng B, et al. Alzheimer’s disease

pathology explains association between dementia with Lewy bod-

ies and APOE-epsilon4/TOMM40 long poly-T repeat allele variants.

Alzheimers Dement (N Y). 2019;5:814-824.
61. James BD,WilsonRS, Boyle PA, Trojanowski JQ, Bennett DA, Schnei-

der JA. TDP-43 stage, mixed pathologies, and clinical Alzheimer’s-

type dementia. Brain. 2016;139(11):2983-2993.
62. Kapasi A, Schneider JA. Vascular contributions to cognitive impair-

ment, clinical Alzheimer’s disease, and dementia in older persons.

Biochim Biophys Acta. 2016;1862(5):878-886.
63. Meakin PJ, Coull BM, Tuharska Z, et al. Elevated circulating amyloid

concentrations in obesity and diabetes promote vascular dysfunc-

tion. J Clin Invest. 2020.
64. Kruyer A, Soplop N, Strickland S, Norris EH. Chronic Hyperten-

sion Leads to Neurodegeneration in the TgSwDI Mouse Model of

Alzheimer’s Disease.Hypertension. 2015;66(1):175-182.
65. BraidyN, PoljakA, Jayasena T,MansourH, InestrosaNC, SachdevPS.

Accelerating Alzheimer’s research through ‘natural’ animal models.

Curr Opin Psychiatry. 2015;28(2):155-164.

66. ZhouY, SongWM,AndheyPS, et al.Humanandmouse single-nucleus

transcriptomics reveal TREM2-dependent and TREM2-independent

cellular responses in Alzheimer’s disease. Nat Med. 2020;26(1):131-
142.

67. Lutz MW, Sprague D, Chiba-Falek O. Bioinformatics strategy to

advance the interpretation of Alzheimer’s disease GWAS discov-

eries: the roads from association to causation. Alzheimers Dement.
2019;15(8):1048-1058.

68. Doudna JA, Charpentier E. Genome editing. The new frontier of

genome engineering with CRISPR-Cas9. Science. 2014;346(6213):
1258096.

69. Dow LE.Modeling disease in vivowith CRISPR/Cas9. TrendsMolMed.
2015;21(10):609-621.

70. ZhuXC, TanL,WangHF, et al. Rateof early onsetAlzheimer’s disease:

a systematic review andmeta-analysis.Ann Transl Med. 2015;3(3):38.
71. Jonsson T, Atwal JK, Steinberg S, et al. A mutation in APP protects

againstAlzheimer’s disease andage-related cognitivedecline.Nature.
2012;488(7409):96-99.

72. Karch CM, Goate AM. Alzheimer’s disease risk genes and mecha-

nisms of disease pathogenesis. Biol Psychiatry. 2015;77(1):43-51.
73. Sleegers K, Lambert JC, Bertram L, CrutsM, Amouyel P, Van Broeck-

hoven C. The pursuit of susceptibility genes for Alzheimer’s disease:

progress and prospects. Trends Genet. 2010;26(2):84-93.
74. Jarvik G, Larson EB, Goddard K, Schellenberg GD, Wijsman EM.

Influence of apolipoprotein E genotype on the transmission of

Alzheimer disease in a community-based sample. Am J Hum Genet.
1996;58(1):191-200.

75. Zhang B, Gaiteri C, Bodea LG, et al. Integrated systems approach

identifies genetic nodes and networks in late-onset Alzheimer’s dis-

ease. Cell. 2013;153(3):707-720.
76. Corneveaux JJ, Myers AJ, Allen AN, et al. Association of CR1, CLU

and PICALMwith Alzheimer’s disease in a cohort of clinically charac-

terized and neuropathologically verified individuals. Hum Mol Genet.
2010;19(16):3295-3301.

77. Fonseca MI, Chu S, Pierce AL, et al. Analysis of the putative role of

CR1 inAlzheimer’sDisease: genetic association, expressionand func-

tion. PLoS One. 2016;11(2):e0149792.
78. Jacobson AC, Weis JH. Comparative functional evolution of human

andmouse CR1 and CR2. J Immunol. 2008;181(5):2953-2959.
79. Badea A, Kane L, Anderson RJ, et al. The fornix provides multiple

biomarkers to characterize circuit disruption in a mouse model of

Alzheimer’s disease.Neuroimage. 2016;142:498-511.
80. Johnson ECB, Dammer EB, Duong DM, et al. A consensus proteomic

analysis of Alzheimer’s disease brain and cerebrospinal fluid reveals

early changes in energy metabolism associated with microglia and

astrocyte activation. bioRxiv. 2019.
81. Horvath S.WeightedNetwork Analysis: Application in Genomics and Sys-

tems Biology. New York, NY: Springer; 2011.

82. Seyfried NT, Dammer EB, Swarup V, et al. A multi-network approach

identifies protein-specific co-expression in asymptomatic and symp-

tomatic Alzheimer’s Disease. Cell Syst. 2017;4(1):60-72.e4.
83. Johnson ECB, Dammer EB, Duong DM, et al. Deep proteomic net-

work analysis of Alzheimer’s disease brain reveals alterations in RNA

binding proteins and RNA splicing associated with disease.Mol Neu-
rodegener. 2018;13(1):52.

84. Miller JA, Woltjer RL, Goodenbour JM, Horvath S, Geschwind DH.

Genes and pathways underlying regional and cell type changes in

Alzheimer’s disease.GenomeMed. 2013;5(5):48.
85. Dai J, Johnson ECB, Dammer EB, et al. Effects of APOE genotype on

brain proteomic network and cell type changes in Alzheimer’s Dis-

ease. Front Mol Neurosci. 2018;11:454.
86. Higginbotham LA, Ping L, Dammer EB, et al. Integrated proteomics

reveals brain-based cerebrospinal fluid biomarkers in asymptomatic

and symptomatic Alzheimer’s disease. BioRxiv. 2019.



12 of 12 VITEK ET AL.

87. Ping L, Duong DM, Yin L, et al. Global quantitative analysis of the

human brain proteome in Alzheimer’s and Parkinson’s Disease. Sci
Data. 2018;5:180036.

88. Yu CH, Song GS, Yhee JY, et al. Histopathological and immunohisto-

chemical comparison of the brain of human patientswithAlzheimer’s

disease and the brain of aged dogswith cognitive dysfunction. J Comp
Pathol. 2011;145(1):45-58.

89. Badea A, Ng KL, Anderson RJ, Zhang J, Miller MI, O’Brien RJ. Mag-

netic resonance imaging ofmouse brain networks plasticity following

motor learning. PLoS One. 2019;14(5):e0216596.
90. Badea A, WuW, Shuff J, et al. Identifying vulnerable brain networks

inmousemodels of genetic risk factors for late onset Alzheimer’s dis-

ease. Front Neuroinf. 2019;13.
91. Koren SA, Gillett DA, D’Alton SV, Hamm MJ, Abisambra JF. Pro-

teomic techniques to examine neuronal translational dynamics. Int J
Mol Sci. 2019;20(14).

92. Rangaraju S, Dammer EB, Raza SA, et al. Quantitative pro-

teomics of acutely-isolated mouse microglia identifies novel

immune Alzheimer’s disease-related proteins. Mol Neurodegener.
2018;13(1):34.

93. Rayaprolu S, Gao T, XiaoH, Ramesha S,Weinstock LD, Shah J, Duong

DM,Dammer EB,Webster JA, Lah JJ,Wood LB, Betarbet R, Levey AI,

SeyfriedNT, Rangaraju S. Flow-cytometricmicroglial sorting coupled

with quantitative proteomics identifies moesin as a highly-abundant

microglial protein with relevance to Alzheimer’s disease. Molecu-
lar Neurodegeneration. 2020;15(1). https://doi.org/10.1186/s13024-
020-00377-5.

94. Wang YZ, Savas JN. Uncovering discrete synaptic proteomes to

understand neurological disorders. Proteomes. 2018;6(3).
95. Mathys H, Davila-Velderrain J, Peng Z, et al. Single-cell transcrip-

tomic analysis of Alzheimer’s disease. Nature. 2019;570(7761):332-
337.

96. Srinivasan K, Friedman BA, Etxeberria A, Huntley MA, van der

Brug MP, Foreman O, Paw JS, Modrusan Z, Beach TG, Serrano GE,

HansenDV. Alzheimer’s patient brainmyeloid cells exhibit enhanced

aging and unique transcriptional activation. bioRxiv. https://doi.org/
10.1101/610345.

97. Krakauer JW, Ghazanfar AA, Gomez-Marin A, MacIver MA, Poeppel

D. Neuroscience needs behavior: correcting a reductionist bias. Neu-
ron. 2017;93(3):480-490.

98. Deacon R. Assessing burrowing, nest construction, and hoarding in

mice. J Vis Exp. 2012;59:e2607.
99. Neuner SM, Heuer SE, Huentelman MJ, O’Connell KMS, Kac-

zorowski CC. Harnessing genetic complexity to enhance translata-

bility of Alzheimer’s disease mouse models: a path toward precision

medicine.Neuron. 2019;101(3):399-411. e5.
100. Onos KD, Uyar A, Keezer KJ, et al. Enhancing face validity of mouse

models of Alzheimer’s disease with natural genetic variation. PLoS
Genet. 2019;15(5):e1008155.

101. Kilkenny C, BrowneWJ, Cuthill IC, Emerson M, Altman DG. Improv-

ing bioscience research reporting: the ARRIVE guidelines for report-

ing animal research. PLoS Biol. 2010;8(6):e1000412.
102. Rae EA, Brown RE. The problem of genotype and sex differences

in life expectancy in transgenic AD mice. Neurosci Biobehav Rev.
2015;57:238-251.

103. Lacreuse A, KimCB, RoseneDL, et al. Sex, age, and trainingmodulate

spatial memory in the rhesus monkey (Macaca mulatta). Behav Neu-
rosci. 2005;119(1):118-126.

104. ShivelyCA,BetheaCL.Cognition,mooddisorders, and sexhormones.

ILAR J. 2004;45(2):189-199.

105. TinklerGP, VoytkoML. Estrogenmodulates cognitive and cholinergic

processes in surgically menopausal monkeys. Prog Neuropsychophar-
macol Biol Psychiatry. 2005;29(3):423-431.

106. Sukoff Rizzo SJ, Anderson LC, Green TL, McGarr T, Wells G, Winter

SS. Assessing healthspan and lifespan measures in aging mice: opti-

mization of testing protocols, replicability, and rater reliability. Curr
ProtocMouse Biol. 2018;8(2):e45.

107. Kojima G, Taniguchi Y, Iliffe S, Walters K. Frailty as a predictor

of alzheimer disease, vascular dementia, and all dementia among

community-dwelling older people: a systematic review and meta-

analysis. J AmMed Dir Assoc. 2016;17(10):881-888.
108. Thibeau S, McDermott K, McFall GP, Rockwood K, Dixon RA. Frailty

effects on non-demented cognitive trajectories aremoderated by sex

and Alzheimer’s genetic risk. Alzheimers Res Ther. 2019;11(1):55.
109. Wallace LMK, Theou O, Godin J, Andrew MK, Bennett DA, Rock-

wood K. Investigation of frailty as a moderator of the relationship

between neuropathology and dementia in Alzheimer’s disease: a

cross-sectional analysis of data from the Rush Memory and Aging

Project. Lancet Neurol. 2019;18(2):177-184.
110. Alexandrov V, Brunner D, Hanania T, Leahy E. High-throughput anal-

ysis of behavior for drug discovery. Eur J Pharmacol. 2015;750:82-89.
111. Alexandrov V, Brunner D, Menalled LB, et al. Large-scale phenome

analysis defines a behavioral signature for Huntington’s disease

genotype inmice.Nat Biotechnol. 2016;34(8):838-844.
112. Higgins GA, Silenieks LB. Rodent test of attention and impulsiv-

ity: the 5-Choice serial reaction time task. Curr Protoc Pharmacol.
2017;78:5.49.1-5.49.34.

113. Higgins GA, Silenieks LB, MacMillan C, et al. Characterization of

amphetamine, methylphenidate, nicotine, and atomoxetine on mea-

sures of attention, impulsive action, and motivation in the rat: impli-

cations for translational research. Front Pharmacol. 2020;11:427.
114. Oakeshott S, Port R, Cummins-Sutphen J, et al. A mixed fixed

ratio/progressive ratio procedure reveals an apathy phenotype in the

BAC HD and the z_Q175 KI mouse models of Huntington’s disease.

PLoS Curr. 2012;4:e4f972cffe82c0.
115. Shineman DW, Basi GS, Bizon JL, et al. Accelerating drug discovery

for Alzheimer’s disease: best practices for preclinical animal studies.

Alzheimers Res Ther. 2011;3(5):28.
116. Maia LF, Kaeser SA, Reichwald J, et al. Changes in amyloid-beta and

Tau in the cerebrospinal fluid of transgenicmice overexpressing amy-

loid precursor protein. Sci Transl Med. 2013;5(194):194re2.
117. Bacioglu M, Maia LF, Preische O, et al. Neurofilament light chain in

blood and csf as marker of disease progression in mouse models and

in neurodegenerative diseases.Neuron. 2016;91(1):56-66.
118. Crotti A, Sait HR,McAvoy KM, et al. BIN1 favors the spreading of Tau

via extracellular vesicles. Sci Rep. 2019;9(1):9477.
119. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA Research

Framework: toward a biological definition of Alzheimer’s disease.

Alzheimers Dement. 2018;14(4):535-562.

How to cite this article: VitekMP, Araujo JA, Fossel M, et al.

Translational animal models for Alzheimer’s disease: An

Alzheimer’s Association Business Consortium Think Tank.

Alzheimer’s Dement. 2020;6:e12114.

https://doi.org/10.1002/trc2.12114

https://doi.org/10.1186/s13024-020-00377-5
https://doi.org/10.1186/s13024-020-00377-5
https://doi.org/10.1101/610345
https://doi.org/10.1101/610345
https://doi.org/10.1002/trc2.12114

	Translational animal models for Alzheimer’s disease: An Alzheimer’s Association Business Consortium Think Tank
	Abstract
	1 | INTRODUCTION
	2 | CURRENT STATUS OF ALZHEIMER’S DISEASE ANIMAL MODELS
	3 | NEXT-GENERATION AD ANIMAL MODELS
	4 | GENOMICS AND PROTEOMICS
	4.1 | Genomics
	4.2 | Integrative proteomics for novel target and biomarker discovery

	5 | MODERN BEHAVIORAL APPROACHES
	6 | TRANSLATIONAL CHALLENGES
	7 | EXPERIMENTAL/OPERATIONAL ISSUES
	8 | CONCLUSIONS AND NEXT STEPS
	ACKNOWLEDGMENTS
	DECLARATION OF INTEREST
	FUNDING
	REFERENCES


