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Abstract

Experimental models of Alzheimer’s disease (AD) are critical to gaining a better understanding of
pathogenesis and to assess the potential of novel therapeutic approaches. The most commonly
used experimental animal models are transgenic mice that overexpress human genes associated
with familial AD (FAD) that result in the formation of amyloid plaques. However, AD is defined
by the presence and interplay of both amyloid plaques and neurofibrillary tangle pathology. The
track record of success in AD clinical trials thus far has been very poor. In part, this high failure
rate has been related to the premature translation of highly successful results in animal models that
mirror only limited aspects of AD pathology to humans. A greater understanding of the strengths
and weakness of each of the various models and the use of more than one model to evaluate
potential therapies would help enhance the success of therapy translation from preclinical studies
to patients. In this review we summarize the pathological features and limitations of the major
experimental models of AD including transgenic mice, transgenic rats, various physiological
models of sporadic AD and /n vitro human cell culture models.

Introduction

Experimental models are essential to further understand AD pathogenesis and to perform
preclinical testing of novel therapeutics. To date, the vast majority of experimental models
are animal models, almost exclusively consisting of transgenic mice that express human
genes that result in the formation of amyloid plaques (by expression of human APPalone or
in combination with human PSENI) and neurofibrillary tangles (by expression of human
MAPT)[14, 34, 117, 172, 173]. Other models have included invertebrate animals such as
Drosophila melanogaster and Caenorhabditis elegans, as well as vertebrates such as
zebrafish; however, given these models’ greater distance from human physiology they are
less extensively used [13, 53, 104]. Since the development of the first transgenic mouse
model with substantial amyloid plaque burden in 1995[42], there has been a proliferation of
new transgenic models, each with a different phenotype of AD-associated pathology[34,
117, 173]. The development of transgenic models offered much promise about the
understanding of AD pathogenesis, allowing questions to be answered that were previously
impossible to examine in humans. Accordingly, the number of studies using AD transgenic
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models rapidly increased. However, questions have been increasingly raised about the
validity of relying on the available transgenic models, particularly in light of the very high
failure rate of clinical trials of AD therapeutics (of ~99.6%), many of which were successful
in preclinical testing using these animal models [6, 27, 139]. These results highlight the
often overlooked fact that these animal models do not have AD, they only recapitulate
specific pathological features, most commonly in a non-physiological manner designed to
allow for efficient experiments. The majority of animal models (both transgenic and
physiological models) develop only the amyloid accumulation that defines AD. This often
(but not always) results in specific memory-associated cognitive impairments. Importantly
however, these models often lack the widespread presence of other pathological features that
define AD including neuronal loss and most importantly, neurofibrillary tangle development.
This lack of additional AD associated pathology could at least partly account for the lack of
translation between preclinical and clinical trials [6], although there have also been a few
clinical trial failures for approaches not initially tested in transgenic models[69]. As such, it
is important to have a good understanding of the exact neuropathology present in each
model, particularly regarding how well this correlates with human AD, so that results can be
interpreted more accurately and the likelihood of translation to human studies can increase.
Results generated from experimental models can be exceptionally informative about specific
aspects of AD if researchers are aware of the limitations associated with each model.
Therefore, in this review we will discuss our understanding of the pathogenesis of AD and
the features and limitations of the major experimental models of AD that reflect this
pathology, including transgenic mice, transgenic rats, physiological models of sporadic AD,
invertebrate animals and /n vitro human cell culture models.

AD neuropathology

AD is a complex, multi-factorial disease, and one that appears to be unique to humans. The
age of onset, rate of progression and the development of pathology are highly variable
between patients. AD is defined in the brain by pathological accumulation of amyloid
(AP) into extracellular plaques in the brain parenchyma and in the vasculature (known as
congophilic amyloid angiopathy [CAA]), and abnormally phosphorylated tau that
accumulates intraneuronally forming neurofibrillary tangles (NFTs) [102, 136]. Pathological
aggregation of Ap and phosphorylated tau occurs in a sequential process; small numbers of
monomers first aggregate into oligomers intraneuronally, which then continue to aggregate
into the fibrils observed in amyloid plaques and NFTs [136, 144]. It is suggested that
oligomers are the most neurotoxic species in AD as levels of these species correlate much
better with cognitive symptoms than presence of plaques or NFTs [166]. Amyloid plaques
primarily consist of aggregated AB. The most abundant forms of AP are Ap1-40 and AB1-
42, but other important Ap species include Ap1-38, Ap1-43 and A with post-translational
modifications such as ABN3pE (N-terminally truncated Ap with a pyroglutamate
modification), pAp (AR with phosphorylated serine at position 8 or 26) and Ap5-x (N-
terminally truncated Ap)[144]. The presence and amount of these different A species is
important because each species has a different rate of aggregation and they preferentially
form different aggregated species, some more toxic than others. For example pAp has been
shown to promote oligomer formation and propagation, and its presence has been used in the
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biochemical staging of amyloid deposits [84, 122, 158]. AB is a cleavage product of amyloid
precursor protein (APP). APP is initially cleaved by BACE1 and then cleaved by -y-secretase
(a protease composed of presenilin-1, nicastrin, APH-1 and PEN-2) to release monomeric
AB. In AD, either increased production of Ap and/or production of more aggregation prone
species of AB (in case of FAD) or impaired clearance of Ap (in the case of sporadic AD
[SAD]) results in Ap accumulation in the brain[144]. Extensive evidence indicates this
process initially occurs intraneuronally, predominately in synapses [50, 166]. This
accumulation results in the aggregation of Ap into soluble Ap oligomers, which are
considered to be the most toxic AP species[166], which then aggregate into fibrillar amyloid
in the parenchyma (plaques) and blood vessels (CAA).

There are many environmental and genetic factors that have been shown to increase risk for
AD, but understanding the interplay between these risk factors and their individual
contribution to the etiology of AD is an ongoing process. AD is characterized as either
familial early-onset (EOAD; <5% of all AD patients, with onset at <65yrs) or sporadic late-
onset (SAD; onset >65yrs). Autosomal dominant mutations in presenilin 1, presenilin 2
(PSENIand PSENZ2) or the amyloid precursor protein (APP) account for only 5-10% of all
EOAD cases (~1% of all AD cases), leaving the cause of the majority of EOAD unexplained
[17, 52, 170]. sAD afflicts >95% of patients with AD and is related to both genetic and
environmental factors [7, 52, 74, 76](see Figure 1). Genome-wide association studies
(GWAS) have identified over 20 loci that confer increased risk for SAD, including genes
involved in innate immunity, cholesterol metabolism and synaptic/neuronal membrane
function, suggesting that the pathogenesis of SAD is quite heterogeneous [28, 52, 75]. The
strongest identified genetic risk factor for SAD is the inheritance of the apolipoprotein (apo)
E4 allele, the protein product of which influences the aggregation and clearance of brain A
[63, 115]. Rare variants of another gene that encodes the triggering receptor expressed on
myeloid cells 2 (TREM2) have been reported as a significant risk factor for SAD, with an
odds ratio similar to apoE4[162]. Familial AD (FAD) results in an earlier age of onset and
different neuropathological and clinical features compared to sAD [80, 127, 147, 156]. The
exact phenotype for individual FAD cases varies widely and depends on the mutation
present. FAD shows disproportionate subcortical AB42 accumulation, associated with
enhanced striatal tau pathology [147]. The latter may be responsible for the enhanced
prevalence of atypical clinical symptoms in FAD such as prominent myoclonus, dysarthria
and extrapyramidal symptoms [147]. In addition, FAD shows significantly different
development of associated neuropathology such as TDP-43 and argyrophilic grain disease
compared to SAD; in the ADNI sAD cohort the latter two pathologies occurred in about 20%
of subjects, while in the FAD DIAN cohort these pathologies were absent [18]. These
differences between sAD and FAD may impact the translatability of therapeutic findings in
transgenic mouse models that are largely based on over-expression of APPand PSENI
containing FAD linked mutations.

The current consensus guidelines for neuropathological evaluation of AD are ranked on
three parameters (Amyloid, Braak and CERAD staging) to obtain an “ABC” score that
quantifies both neuritic plagues and NFT pathology[65, 99]. There have been many
clinicopathological studies that have correlated amyloid plaques with cognitive deficits in
AD, with an emerging picture that the strongest correlation exists in the earliest stages of the
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disease and this association greatly weakens as NFTs and neocortical degeneration become
more widespread [9, 102, 103, 157, 160, 169]. On the other hand, numerous studies have
documented a strong link between neocortical NFTs and cognitive loss[26, 46, 48, 97, 123,
160, 169]. This data is consistent with the amyloid cascade hypothesis that suggests that AR
plaques /AB oligomers kindle widespread tau/NFT pathology, with the latter representing
the more direct cause of neuronal and synaptic loss that underlie the clinical disease[144].
However, in this scenario accumulation of Ap pathology only has a prominent role in the
preclinical and MCI stages of AD, while tau pathology is already prominent in early clinical
AD. Therefore therapeutic approaches that have been shown to be successful only in A
models of AD, would only have the possible expectation of influencing the trajectory of AD
pathology in the preclinical or MCI stages of the disease. For potential effects in established
AD, a therapy would have to be shown to reduce pathology in models of AD with both Ap
and tau pathology. A further complication is that there is extensive evidence showing medial
temporal tauopathy predates AP deposition [15, 25, 35], presumably via independent
mechanisms, highlighting the need for successful AD therapeutic approaches to directly
address tau pathology. In the past, these facts have often not been taken into account in the
translation of studies from AD models to patients [171, 172].

The clinical diagnosis of AD is currently based on decline in specific areas of cognition and
a positive result on AD biomarker assays including amyloid and/or tau PET; as well as, A
and tau levels in the CSF, which directly or indirectly reflect the changes that are used for
the neuropathological criteria for AD [8, 67, 81, 144]. Definitive diagnosis of AD still
depends on postmortem neuropathological assessment of both amyloid plaques and tau
pathology, which are present together in very few AD models.

Transgenic mouse models

The vast majority of animal models used in AD research are transgenic mice. Wild-type
mouse APP (695 isoform) has 97% sequence homology with human APP. Importantly,
sequence differences between mice and humans include 3 amino acids within the A
sequence (R5G, Y10F and H13R)[155, 174]. These differences impair Ap aggregation and
prevent the formation of amyloid plaques in wild-type mice. Therefore, expression of human
APP is necessary for the formation of amyloid plaques in mice. Initial transgenic models
expressed wild-type human APP in mice, however while these transgenic mice had
increased AP production, they failed to consistently show extensive AD associated
neuropathology [14, 34, 117, 172, 173]. In contrast, expression of human APP containing
mutations associated with FAD resulted in consistent plaque pathology and varying amounts
of consequent downstream AD-associated pathological features. Multiple transgenic strains
have been generated and the exact phenotype for each transgenic strain strongly depends on
the FAD mutation, the promoter used and the background mouse strain. Since the vast
majority of AD transgenic models have pathology that is dependent on the expression of
FAD mutations and most AD clinical trials are conducted in SAD patients, in whom AD
pathogenesis has significant distinctions from FAD, this represents one stumbling block for
the translatability of success in these models. The neuropathology and associated cognitive
impairments for the transgenic mouse strains most commonly used in AD research are
detailed in Table 1. It should be noted that the degree to which each model is characterized
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in terms of the sensitivity of the cognitive testing performed, amount of tau related
pathology and the extent of synaptic pathology (demonstrated by ultrastructural studies
and/or electrophysiology) greatly varies, making absolute comparisons between models
difficult.

Transgenic mice expressing human APP and PSEN1 with FAD mutations

The initial transgenic mouse models developed expressed APP with an individual FAD
mutation. The first example of such models was the PDAPP mouse, which expressed human
APP with the Indiana mutation (APPV717F) driven by the PDGF-B promoter, which caused
dramatic over-expression (>10-fold) of APP[42]. This resulted in pathology associated with
human AD including plaque formation in the cortex and hippocampus, CAA, gliosis,
synaptic impairment and cognitive impairment (Table 1). The generation of the Tg2576
mouse model closely followed. Tg2576 mice expressed human APP with the double
Swedish mutation (APPK67ON/ME71LY driven by the PrP promoter, which also resulted in
significant over-expression of APP (>5-fold) [62]. Tg2576 mice developed plaques in the
frontal, temporal and entorhinal cortices, hippocampus and cerebellum. In addition, CAA,
synaptic impairment, gliosis and memory impairment was also present (Table 1). APP23
mice also express APPKE7ON/METIL: these mice contrast with Tg2576 mice through
expression of the APP751 isoform driven by the Thyl promoter (in comparison to the
APP695 isoform driven by the PrP promoter expressed in Tg2576 mice)[151]. APP23 mice
have more pronounced CAA, immediately form compact plaques in comparison to the
predominantly diffuse plaques found in Tg2576 mice, and have localized neurodegeneration
that is not seen in the Tg2576 mice (Table 1;[152]). These differences are despite similar
expression levels of the APP transgene, showing that the promoter and APP isoform can
greatly influence the type and time-course of AD associated neuropathology in transgenic
models.

It was then discovered that expressing multiple FAD associated mutations at once resulted in
transgenic mice with more severe pathology that developed at a younger age. This was
observed in mice expressing multiple APP FAD mutations, such as in the J20 mouse that
expressed both the Swedish and Indiana mutations[100], or more commonly, if APP and
PSEN1 FAD mutations were expressed together (referred to as APP/PS1 transgenic mice).
Various APP/PS1 transgenic mouse models have been developed and are commonly used in
AD research. The specific phenotype of each model varies and depends on the specific FAD
mutations and the promoter used (most common models are detailed in Table 1). For
example, expression of APPKE7ON/MET1L and pS1L166P regylts in very early plaque
formation beginning at approximately 6 weeks[118], while expression of APPKE7ON/ME71L
and PS1MI46L regylts in later plaque formation at approximately 6 months[58]. The most
extreme APP/PS1 mouse model that is widely used is the 5XFAD model; these mice express
the Swedish (APPKE7ON/MET1LY 1| ondon (APPV717!) and Florida (APP!716V) APP mutations
and the PS1M146L and PS1-286V mutations [107]. The expression of five FAD mutations
results in very early intraneuronal Ap accumulation at 6 weeks, followed closely by plaque
formation at 2 months.
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Overall, the general features of transgenic mice expressing human APP, with or without
human PSENI, are robust plaque formation, particularly in brain regions typically rich in
plaques in AD such as the cortex and hippocampus. All have plaque associated gliosis,
similar to that in AD, and the majority have localized pathology associated with synaptic
impairment such as decreased long-term potentiation and decreased levels of synaptic
markers such as synaptophysin. They all have evidence of cognitive impairment, particularly
in spatial memory tasks. However, it is important to note that the timing of cognitive
impairment develops much earlier than in AD; typically coinciding with the onset of plaque
development in transgenic mice in comparison to decades after plaque development in
humans. One major limitation of these transgenic mouse models is the lack of the
widespread neurodegeneration and regional brain atrophy that occurs in AD. While there is
evidence for minor neurodegeneration in most of these mouse models, it only occurred in
very old animals and was localized to very specific brain regions. The other major limitation
of these mouse models was that while some showed evidence of localized
hyperphosphylated tau that may represent “pretangles”[107, 118, 151, 159], none developed
neurofibrillary tangles.

Transgenic mice expressing tau

Wild-type mouse tau does not develop neurofibrillary tangles. This is likely due to the
sequence differences between mouse and human tau (share only 88% sequence homology)
and the fact that adult mice only express 4R isoforms, not a mixture of 3R and 4R isoforms
that are present in humans. Importantly, expression of all 6 isoforms of human tau only
results in tangle formation in mice lacking endogenous tau, showing that endogenous mouse
tau inhibits the aggregation of human tau [2]. In contrast, NFTs readily form in transgenic
mice that express human tau containing mutations associated with FTLD; the most
commonly used models being those that express 4R tau with P301L or P301S mutations[49,
91, 92, 135, 177]. These mice develop NFTs, neurodegeneration, atrophy and motor deficits.
The necessity of these mutations for NFT development is an obvious limitation of these
transgenic mouse models, as these mutations are not associated with AD in humans and the
development of mutated tau may influence its toxicity or interaction with Ap in a way that is
not representative of what occurs in AD. Furthermore, over-expression of mutated tau results
in significant motor deficits that are not seen in AD and interfere with cognitive testing.

Transgenic mice with both plaques and tangles

A limited number of studies have reported the development of animal models that display
both plaques and tangles [10, 51, 91, 109, 121]. These models rely on concurrent expression
of mutated forms of APP, MAPT and occasionally also PSEN1 or PSEN2 to drive plaque
and tangle formation in the same model. However, the consistent and abundant expression of
both plaques and tangles has proven troublesome, and development of both plaques and
tangles is typically not observed until old age in these models. Of all of the models reported,
only the 3xTg mouse model has been widely used in AD studies and is considered the most
complete transgenic mouse model of AD pathology available[108]. 3xTg mice first develop
intraneuronal Ap at 3-4 months, followed by plaque development at approximately 6
months in the cortex and hippocampus. NFTs form at approximately 12 months, initially in
CAL and then in the cortex; however, they are much less extensive compared to AD tissue
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(see Figure 2). Mice also have minor, localized neurodegeneration, evidence of synaptic
impairment and cognitive deficits from 6 months (Table 1). However, 3xTg mice are still
limited by the production of mutated Af and tau that is not representative of that in SAD and
is highly over-expressed in a non-physiological manner. Furthermore, widespread presence
of plaques and tangles are typically not observed until old age in these mice and even then
the pathology is less then typically seen in AD (see Figure 2).

Unique transgenic mouse models useful for AD research

A number of transgenic mouse models have been developed that are particularly good at
replicating a specific pathological feature of AD. For example, the Tg-SwDI transgenic
mouse model is a particularly good model of CAA [29]. This model expresses Swedish
(APPKE7ON/MBT1LY ' Dytch (APPES93Q) and lowa (APPP694N) APP FAD mutations. The
Dutch and lowa mutations are associated with hereditary cerebral hemorrhage with
amyloidosis (HCHWA), where there is extensive CAA with more limited plaque
pathology[73]. Tg-SwDI mice develop robust accumulation of fibrillar vascular Ap and less
prominent diffuse parenchymal plaques, starting at 3 months of age [29](see Figure 2). CAA
is mainly present in capillaries, in contrast to the prominent arteriolar CAA in AD. Tg-SwDI
mice also have localized neurodegeneration of cholinergic neurons and cognitive impairment
(Table 1). Testing the ability of therapeutic approaches to reduce vascular amyloid deposits
without complication is of particular importance. In the on-going passive immunization AD
clinical trials a major complication has been vasogenic edema (or encephalitis) with/or
without hemorrhage (termed amyloid-related imaging abnormalities with edema (ARIA-E)
or with hemorrhage (ARIA-H) [116, 132, 133, 171, 172]. ARIAs are also a major issue in
the recently reported aducanumab trial (affecting 55% of patients in the high-dose and
APOEze4 carriers arm, associated with a 35% patient drop-out rate due to the development of
this side effect)[136, 145, 171]. Hence developing a therapy that is effective against CAA
without inducing vasogenic edema/encephalitis is of critical importance [116, 132, 133, 136,
144, 172]. Hence the preclinical testing of therapeutic approaches in models with extensive
CAA (which virtually all individuals with AD and about a third of aged cognitively normal
individuals have) [68, 179] and showing that it does not induce microhemorrhages is of
importance. The APP E693A-Tg model expresses the Osaka (APPES934) mutation, which
results in a unique phenotype of significantly increased expression of Af oligomers,
synaptic impairment and cognitive impairments from 8 months of age, but no plaque or tau
pathology formation [159]. This allows the opportunity to examine the pathological effects
of AP oligomers and/or the effect of therapeutics specifically on Ap oligomers, which are
thought to be the most toxic AR species[79]. The major benefit of these two mouse models
is that they replicate specific pathological features of AD more robustly than other models.
The limitation of these models is that they do not replicate all features of AD and therefore
cannot be used as a complete model of AD.

Knock-in mouse models

The most recently developed transgenic mouse models that replicate AD associated
pathology are the knock-in mice. These mice are considered to be a much more
physiological model of AD as they are designed to avoid the confounding effects of APP
over-expression present in all other transgenic mouse models by humanizing mouse Ap and
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knocking in specific APP FAD mutations. As a result, knock-in mice have the same
expression of APP and AICD as wild-type mice and APP expression occurs in a
physiological manner in the correct brain regions and cell types. Similar to other transgenic
mouse models, the timing of pathology depends on the mutations expressed. For example,
knock-in of the Swedish, London and Dutch mutations only results in the development of
plaques if bred onto a PS1M146V knock-in background [93]. In contrast, knock-in of
Swedish and Iberian mutations results in plaque development beginning at 6 months, and
gliosis, synaptic alterations and memory impairment from 18 months [129]. Additional
knock-in of the Arctic mutation into these mice results in more rapid pathology development
including plaque development beginning at 2 months that is more widespread throughout the
brain and memory impairment from 6 months [129]. While these transgenic mice represent a
significant step forward in the generation of more physiological transgenic models, it still
must be acknowledged that they are models of FAD and not SAD and that pathology only
develops after knock-in of a combination of specific multiple FAD mutations.

Transgenic rat models

A smaller number of transgenic rat models of AD have also been developed. Transgenic rats
have a number of potential advantages over transgenic mice; they are more similar to
humans in their physiological, morphological and genetic characteristics, their larger brain
makes CSF collection, electrophysiology and imaging easier and they have a richer
behavioral phenotype, making more complex behavioral testing possible [32]. Three
transgenic rat models have been well characterized in the literature [24, 90, 95] and the
specific AD associated neuropathological features of each model are outlined in Table 1.
Transgenic rats have a similar phenotype and limitations as transgenic mice; expression of
multiple FAD mutations accelerates the development of pathology. The distribution, extent
and localization of APP expression is dependent on the promoter used. All models have
robust amyloid plaque expression (albeit at lower levels than in transgenic mice) and
interestingly, TgF344-AD rats have NFTs [24], despite expression of only endogenous rat
tau, not human tau. This is likely due to the greater similarities between rat tau and human
tau, in that there are also 6 isoforms of endogenous rat tau. All rat models have some degree
of cognitive impairment; however, the degree of impairment has only been extensively
characterized in the McGill-R-Thy1-APP rats [90]. In sum, transgenic rats are potentially
useful in AD research and offer specific advantages over transgenic mice; however the
comparatively minimal use of these models means that greater characterization needs to be
done to properly determine their suitability as models of AD.

Physiological models

Two of the major limitations of transgenic rodent models is that they model FAD and not
sAD and that the pathology development in these models is typically non-physiological.
Finding a naturally occurring model of AD is appealing because they would more accurately
represent changes that occur in SAD. Multiple species naturally develop neuropathological
features similar to those seen in AD brain, and their potential as naturally occurring models
of SAD has been examined. The most commonly used species that display neuropathology
similar to AD are discussed below.
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Non-human primates

The species with the most well characterized AD neuropathological features are non-human
primates. The advantages of using non-human primates to model AD include their biological
proximity to humans, behavioral complexity, large brains that are favorable for imaging
studies or CSF collection and a natural accumulation of A that has 100% sequence
homology with human AB[16, 19, 57]. There have been relatively few AD studies that have
characterized AD pathology in great apes (chimpanzees, gorillas and orangutans) because of
their long lifespan and ethical concerns of using great apes for research studies. Great apes
accumulate A in the brain, resulting in the development of amyloid plaques and CAA in
aged animals [43, 44, 78, 112, 113, 124]. Plaques are predominantly diffuse and less
abundant than that found in human AD. Typically, great apes have more prevalent CAA,
which is more likely to contain fibrillar Ap than plaques. Despite very high sequence
homology between great ape and human tau (100% and 99.5% sequence homology between
human tau and chimpanzee or gorilla tau respectively), tauopathy is rare. Focal neurons and
glia containing phosphorylated tau have been observed in gorillas, but NFTs and tau positive
dystrophic neurites are not present [112]. Great apes are capable of forming NFTs [124], but
this is a rare event that has only been observed in one chimpanzee studied. It is likely that
the presence of additional AD associated risk factors (stroke, high cholesterol and obesity)
contributed to NFT formation in this case. Also, memory impairments appear to be mild;
appearing more similar to typical age-related memory decline, rather than the extensive
cognitive decline seen in AD[57].

Many more studies have been done using old world monkeys (e.g. rhesus monkeys,
cynomolgus monkeys, baboons and vervets). The majority of studies have used rhesus
monkeys. Again, there is 100% sequence homology between human and rhesus monkey A.
AB levels accumulate with age, reaching similar levels in the cortex to that observed in
human AD, and there is often more Ap42 than AB40 [126]. Plagues are typically found in
rhesus monkeys that are older than 25 years and they have a similar distribution that that
observed in humans; more being present in the cortex than the hippocampus [54, 56, 96,
134, 146, 150, 164, 165]. In contrast to great apes, parenchymal plaques are more prevalent
than CAA in rhesus monkeys, with CAA present in approximately one third of aged rhesus
monkeys [164, 165]. The majority of plaques are diffuse; only approximately 20% contained
fibrillar AR [134, 146]. Minor neuronal loss is observed immediately around compact
plaques; however, there is no evidence of widespread neuronal loss, even in brain regions
with a high plaque load [146]. It is noteworthy that there is considerable variation in plaque
pathology between animals. The two largest studies examining the presence of plaques in
rhesus monkeys found that approximately 40% of aged animals (25-31 years) did not have
any evidence of plaques or CAA after death of natural causes [164, 165]. However, this may
be due to death prior to plaque formation as 100% of the smaller number of very old animals
studied (33-39 years) did have plaques. Rhesus monkeys do not have tauopathy, despite a
high sequence homology between human and rhesus monkey tau. Interestingly, aged
baboons show heavy, but highly localized tauopathy in the hippocampus, which increases
with age and is observed in 90% of animals over the age of 26 years [142]. NFTs are not
observed in other brain regions, including regions containing plaques and CAA such as the
cortex. AP deposition is considered to be mild-to-moderate in baboons and there is no
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apparent relationship between plaques and tangles. A limited number of studies have also
been done examining AD associated neuropathology in vervets. Vervets live to
approximately 30 years in captivity and have evidence of AP deposition, gliosis and
neuronal dystrophy with age [72, 88, 89]. Amyloid deposition is first observed at
approximately 15 years, and appears first in the vasculature prior to parenchymal plaques.
Both diffuse and compact plaques are present and ABN3pE is present in newly developed
CAA and plaques at a ratio of approximately 1:1 with general AB [39]. Neuritic plaques can
be observed, some with phosphorylated tau immunoreactive dystrophic neurites [88]. No
NFTs are present. Similar to other non-human primates, there is considerable inter-animal
variation in the presence of pathology in vervets.

New world monkeys also naturally develop neuropathology similar to that in AD, the most
well studied being squirrel monkeys. Squirrel monkeys have extensive Ap accumulation
after 12 years of age, primarily in the form of CAA in arterioles and capillaries [22, 36, 167,
168]. The prominence of CAA in squirrel monkeys makes this model particularly
appropriate for the evaluation of whether a therapeutic approach might be associated with
ARIA as a complication in patients [140, 141]. Plaques are also present, which can be either
diffuse or compact and are typically smaller than plaques in human AD. Plaques and
capillary CAA contain both AB40 and AB42, while arteriolar CAA primarily contains AB40.
AP deposition is mostly observed in the cortex and amygdala with little deposition in the
hippocampus. A recent mass spectrometry study showed that squirrel monkeys have all
major Ap species that are present in the human brain (including AB1-40, Ap1-42, AB1-34,
AB4-40, Ap4-42, ABN3pE and oxidized AB)[125]. While squirrel monkey Ap also formed
SDS stable dimers and trimers similar to humans, these oligomers likely have a different
tertiary or quaternary structure from human species [125]. Minimal phosphorylated tau is
observed in occasional neurons, but no NFTSs are present, even in aged animals [36].

AD associated neuropathology has also been characterized in grey mouse lemurs, which
have also been used AD preclinical trials [70, 161]. The maximum lifespan of these
prosimians is 18 years in captivity. Plaques have been observed in grey mouse lemurs that
are as young as 8 years old and both diffuse and compact plaques can be observed,
predominantly in the cortex[11]. Plagues are more commonly observed than CAA and
plaques predominantly consist of AB42, while CAA consists of both Ap40 and Ap42 [98].
Grey mouse lemurs have accumulation of intraneuronal phosphorylated tau, which increases
with age, however this is predominantly observed in the cortex and not in the hippocampus
(unlike in AD) [12, 47, 83]. Cortical atrophy is observed a subpopulation of animals aged
over 3 years[31, 83], which correlates with age-associated cognitive decline[114].

In sum, non-human primates typically have age related Ap pathology, but tauopathy is rare
and/or very limited. Based on previous studies the rhesus monkey is the most practical non-
human primate model to study AD because it is so well characterized and the squirrel
monkey is the best available non-human primate model to study CAA.

Other physiological models

Other species naturally develop AD associated pathology with age, the most well
characterized examples being dogs and the guinea pig relative Octodon degu. Aged dogs
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have the same AP sequence as humans and they develop plaques and CAA starting at 8-9
years of age[137, 143, 148]. Plaques first develop in the prefrontal cortex and later in the
temporal and occipital cortices, following a similar, but not identical, pattern to humans.
However, these plaques differ from those in human AD as they are primarily diffuse, and
therefore may represent an earlier stage of plaque development. A limited number of
compact plaques are evident in a small number of aged dogs. ABN3pE is present in a
subpopulation of plaques. Other neuropathological features present in aged dogs include
cortical atrophy, declined ratio of CSF Ap42:40, increased AP oligomers, and presence of
oxidative damage and mitochondrial dysfunction [16]. NFTs are typically not observed,;
however, pretangles and possible NFTs have been observed in a very limited number of
aged, demented dogs [137, 148]. In addition, synaptosomes from demented dogs contain
increased total and phosphorylated tau than non-demented dogs, suggesting that cognitive
impairment in aged dogs may result from synaptic impairment [148]. A battery of canine-
specific cognitive tests have been developed, which show that aged dogs can develop deficits
in complex learning tasks, executive function, spatial learning and attention, and memory,
and the extent of cognitive decline has been correlated with Ap deposition in some, but not
all, studies[30]. The combination of measurable cognitive decline, AD associated
neuropathology, and 3-4 year window of pathology prior to death have resulted in aged dogs
being used in numerous preclinical therapeutic studies [30]. However, limitations include
lack of NFTs, lack of compact plaques, long lifespan and the lack of consistent pathology in
all animals.

Octodon degu have a high sequence homology with human AB (has a single amino acid
substitution). Some studies have found that Octodon degu have intracellular and
extracellular accumulation of AB, plaques at old ages, intracellular tau accumulation,
astrocytosis, synaptic changes and memory impairment that correlates with increased levels
of oligomers (reviewed in [16, 131]). However this pathology appears to be inconsistent as
other studies do report any AD associated pathology in aged animals [149].

In sum, physiological models represent the best available models of sSAD. However, there are
still scientific and practical limitations that prevent widespread use of these models. For
example, the best models have long lifespans and pathology can be variable between
individual animals, meaning that experiments can be expensive and time-consuming and
selection of animals for preclinical testing may be difficult. Furthermore, cognitive testing is
less standardized and can be difficult to do. Finally, despite greater sequence homology with
human tau, very few physiological models have evidence of tauopathy and none have
widespread presence of NFTs similar to that in AD.

Cell culture models

The use of experimental models derived from human tissue bypasses concerns associated
with confounding effects due to species differences. However, one of the major limitations
associated with generating representative adult human cell-based experimental models is the
lack of available, quality post-mortem tissue. The development of induced pluripotent stem
cells (iPSCs) addresses this limitation [153]. iPSCs have now been generated from multiple
human donor cell types including fibroblasts, blood cells and urine derived epithelial cells.
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Multiple groups have characterized iPSC lines from donor cells from FAD and sAD patients,
which show increased production of AR, particularly AB42, and tau hyperphosphorylation in
comparison to iPSCs derived from age-matched non-demented controls [66, 82, 101, 175].
Some iPSC lines also have evidence of additional AD-associated pathology such as
increased activation of GSK3p [66], increased number of large endosomes [66], and
accumulation of intraneuronal A oligomers [82].

The limitations associated with using human cell-culture models include the lack of
standardized protocols used to generate and maintain these cell lines, the potential that
epigenetic modifications present in donor cells may be maintained after reprogramming, and
the phenotype variation present in individual iPSC lines due to inter-patient variation.
Another complication is that these cell lines may have to be aged in order for an AD-
associated phenotype to develop and this can be technically difficult to achieve when using
differentiated neurons. Some of these limitations will likely be overcome as these cell lines
are more thoroughly characterized in future studies.

An additional concern is that cell culture models do not accurately represent the complex
environment that is found in the brain, which includes complex interactions between neurons
and the presence other cell types besides neurons (e.g. glia) that are likely to have a very
important role in the development of AD. This concern is being partly addressed through the
development of 3D cell culture models. These can either be produced through the use of a
scaffold (such as hydrogel or Matrigel), which allows more physiological interactions
between neurons and glia in 3 dimensions, or through scaffold-free models where cells
develop as a 3D organoid [23, 119]. It was recently shown that development of a 3D culture
of human neural stem cells transfected with APPK67ON/MB7LLVTL7I ang ps1452 jn Matrigel
scaffolding resulted in the extracellular aggregation of AB into plaques and the intracellular
aggregation of tau in dystrophic neurites and the cell soma [23, 77]. This is the first time that
plaques and tangles been replicated /n vitro.

It is important to note that the majority of these cell culture models have been generated
from FAD donor cells and it will be necessary to increase the number of SAD lines available
going forward to compare the different phenotypes between FAD and sAD. This is
important because previous studies have shown that specific FAD mutations are associated
with specific iPSC phenotypes and therefore SAD iPSC lines are likely to differ further.

Drosophila, C. Elegans and zebrafish as AD models

Invertebrate animal models (such as Drosophila, C. Elegans) and lower order animal models
(such as zebrafish) have also been used in some AD research studies. The use of such
animals in AD research is limited by the lack of genetic homology with humans due to the
much more simplified genetic make-up in these lower order animals. Furthermore, their
nervous system and behavior lack the complexity seen in humans, making comparisons with
human disease very difficult. Drosophila, C. Elegans and zebrafish have been confirmed to
express orthologues of some of the genes that are essential in AD pathology (such as APP,
PSEN1, MAPT and BACEZ1); however, the presence of these orthologues and the genetic
similarity to human genes varies between species. Overall, the sequence homology in genes
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of interest in AD is minimal between invertebrates and humans and these invertebrate
orthologues often lack regions of these genes that are important in AD pathophysiology. The
most notable example is the lack of Ap in Drosophila and C. Elegans [1, 38]. Therefore,
invertebrates cannot be considered to model AD without genetic manipulation to express
human transgenes of APP, AB and/or tau. One of the main advantages of using invertebrates
is the ease of genetic manipulation and multiple transgenic lines expressing human APP, AR
and tau have been developed for each species [1, 38, 111]. Other general advantages of using
invertebrate models include easy handling, low cost and short life span of animals. Given
these advantages, several groups have used transgenic invertebrate models in high-
throughput genetic or drug screens. For example, this approach has proven successful in
identifying modifiers of tau toxicity using Drosophila as a model [53]. However, it must be
noted that results from such studies must still be interpreted with caution and confirmed
using more relevant animal models because of the vast differences between humans and
invertebrates, most importantly the lack of conserved functional pathways and the lack of
important interactors/mediators involved in the downstream response of expressed human
genes.

Factors to consider when choosing the best model

There are many available models of AD pathology, each with their own benefits and
limitations. It is exceptionally important to acknowledge that none of the available models
replicate all features of human AD, and therefore cannot be considered to be representative
models of AD as a complete disease. However, the use of the animal models that are
currently available can provide the means to answer vital questions about AD
pathophysiology that cannot be answered using humans as long as one has very good
knowledge of the selected model and its intrinsic limitations to ensure the interpretation of
experimental results can be translated to human AD. What we believe to be the most
important factors to consider when using experimental models in AD are discussed below.

Very few models have both plaques and tangles, particularly ones that develop
physiologically. The presence of both plaques and tangles is required for diagnosis of AD
and how the complex interaction between plaques and tangles affects the development of
AD is still being determined. It is evident that crosstalk between A and tau can
significantly influence toxicity; increased Ap production results in NFT formation in FAD
and Down Syndrome, while there is also evidence to show that tau increases Ap-associated
toxicity (particularly synaptotoxcity), suggesting that the presence of both pathological
features are important to replicate the toxicity that occurs in human AD [106]. Therefore, it
is particularly important to determine the effect of a new therapeutic on both plaques and
tangles, ideally in a model that contains both so that the pathological effect of the crosstalk
between the two can be addressed.

It is difficult to interpret downstream pathological changes in animal models that have non-
physiological expression of Ap and tau. It must be considered that downstream pathology
may be artifacts that result from overexpression of APP, PS1 or tau, or from other APP
cleavage products besides Ap (eg N-APP, APP C-terminal fragments, AICD). These
additional APP cleavage products are also capable of causing toxicity independent of A
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[45, 105]. Furthermore, APP overexpression was recently suggested to be the underlying
cause of two prominent AD phenotypes, rather than a downstream response to A as was
initially suggested based on studies using transgenic mice, calling into question whether this
may also be the case for other interpreted examples of downstream AD pathology observed
in transgenic mouse models [130]. The issue of non-physiological over-expression of APP
or tau can be addressed by using knock-in mouse models, which have physiological
expression of humanized endogenous mouse proteins. The additional toxic effects of APP
cleavage products besides AP is more technically challenging to address, however the use of
viral vectors to induce expression of specific isoforms of AP in rodent brains have shown
promise and could complement the use of transgenic animal models[33, 87, 120].

It must also be considered that endogenous rodent proteins and/or protein pathways may
react differently in response to non-physiological expression of specific human proteins and
as such, downstream effects cannot be assumed to also occur in humans. The most obvious
example comes from results from animal models solely expressing human PS1 with FAD
mutations. Despite some mutations in PS1 causing the earliest onset of FAD in humans, sole
expression of human PS1 with FAD mutations doesn’t result development of plaques in
transgenic mice [138, 154], showing that the response of endogenous mouse proteins to
human PS1 is different from that in humans. Furthermore, it is likely that the lack of NFT
development in mouse models that overexpress A is due to the endogenous differences
between mouse and human tau. An elegant study supporting this hypothesis showed that
crossing the APP E693A-Tg model with wild-type human tau mice resulted in robust
formation of NFTs, which never developed in mice with endogenous mouse tau [163]. These
are just two examples of instances where the downstream effects of the human protein
expressed in transgenic mice differs from what would occur in humans because of
endogenous protein differences, supporting the concept that downstream pathological effects
(or lack thereof) should be interpreted carefully.

Endogenous species differences between rodents and humans affect the cleavage and
biochemistry of human Ap in transgenic rodents. For example, plague cores from transgenic
mice are much more soluble than those in human AD, which has been suggested to result
from the lack of A post-translational modifications in transgenic mice (such as N-terminal
degradation, isomerization, racemization, pyrogluamyl formation and oxidation) [37, 71,
85]. This is an important factor to consider as this increased solubility could contribute to
amyloid clearing drugs working much better in transgenic mice than humans. In addition,
the mouse background strain can result in altered cleavage of the APP C-terminus. For
example, transgenic mice expressing human APP on the C57BL6 background produce much
less of the CT99 and CT83 fragments that are most prominent in humans [37, 64], which
potentially complicates the translation of results from studies testing p- or y-secretase
targeting therapeutics in these transgenic mice to humans. Interestingly, species differences
also appear to influence AP biochemistry and deposition in physiological models. Despite
being biologically closest to humans, even non-human primates display important
differences in AR biochemistry. Non-human primates have similar A species in the brain as
humans, including the presence of common post-translationally modified species, however it
has been suggested that Ap may form different aggregates to humans that results in altered
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immunoreactivity to common Ap antibodies (despite sequence homology) and prevents PIB
binding[125, 126].

Transgenic animal models represent partial models of FAD and not sAD. Much more
research in humans is necessary to determine the similarities and differences between FAD
and sAD. Currently it is known that the distribution of Ap and tau accumulation is different
in FAD and sAD, with more present in subcortical regions in FAD [147]. There is also more
grey matter atrophy in subcortical regions in FAD [20], and atypical cognitive symptoms are
more likely to be present in FAD [147]. Furthermore, despite similarities between FAD and
SAD, the underlying cause of the two subtypes of AD are very different; FAD directly
resulting from AP over-expression and SAD likely resulting from multiple factors that
contribute to poor clearance of A from the brain. More studies are needed to further
elucidate the differences between sAD and FAD in humans because it is possible that the
lack of translation between preclinical studies and human studies is because of inherent
differences between FAD and sAD, suggesting that potentially these therapeutics that
worked very well in preclinical studies could be better translated in clinical trials of FAD
patients and/or Down syndrome (DS) subjects (where there is overexpression of APP)[55].
If this is the case, then it will be essential to develop new models that are more
representative of SAD, so that the effect of novel therapeutics in SAD can be tested more
accurately.

Genetic studies have identified multiple loci that convey increased risk for SAD. It will be
important for future studies to determine how these genetic risk factors contribute to AD
associated pathology, and whether this is replicated in animal models of the disease. Studies
examining the role of ApoE4, which is the strongest identified genetic risk factor linked to
SAD, have suggested that this may be more complex than first anticipated in animal models
due to species differences. Transgenic mouse studies confirmed that ApoE was necessary for
the formation of fibrillar amyloid plaques and CAA [4, 5, 41, 61], however they also
identified important differences between mouse and human ApoE. Expression of mouse
APpOE resulted in greater plaque formation than expression of human ApoE, and mouse
ApoE preferentially promoted the formation of parenchymal plaques, while human ApoE
promoted the formation of CAA [59, 60, 94]. This is further complicated by the fact that
expression of different isoforms of human ApoE in transgenic mice results in different levels
of plague and CAA burden with apoE4 expression enhancing amyloid deposition compared
to apoE3 or apoE2 [3, 21, 40, 59, 86, 178]. Ultimately, this raises the concern that other
human transgenes of interest (e.g. other loci identified in GWAS studies) may also have to
be co-expressed in AD transgenic models in order to replicate the protein interactions that
occur in AD. This is particularly important to consider when testing therapeutics that target
these interactions. The latter has been critical in the development and preclinical testing of
therapeutic approaches that target the interaction between apoE and A [110, 128, 176].

The most prevalent symptom of AD in humans is cognitive impairment. While the majority
of animal models show some degree of cognitive impairment, the type and the timing of this
impairment must be carefully considered, particularly in preclinical studies. As mentioned
above, cognitive impairment occurs at a different stage of pathology development in
transgenic mouse and rat models in comparison to humans; occurring at or before the onset
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of plague development in rodents and many decades after plaque development in humans. In
contrast, initial studies show that more physiological knock-in mouse models develop
cognitive impairment many months after plaque development [129], which is more similar
to humans. This raises the question of whether the process that mediates cognitive
impairment in transgenic animal models is the same as the one that mediates cognitive
impairment in humans.

Conclusion

Careful examination of neuropathology and cognitive impairment in multiple species,
including those closest to humans, shows that AD is a uniquely human disease. The very
poor success rate of ~99.6% with AD targeting clinical trials can in part be explained by the
premature translation of successful pathology reduction in transgenic mice to humans [6, 27,
139]. Therefore, the gold standard should be to perform research using human tissue
whenever possible. The consistent lack of translation between animal models and human
studies has resulted in the development of more human-centric approaches. Many of these
approaches are still being developed and fully characterized, however they offer great
potential. For example, initial drug screening and patient stratification for clinical trials
could be performed using human cell culture models (such as iPSCs), disease pathogenesis
could be better examined using ‘omics approaches that allow genome- or proteome-wide
screening for altered networks during disease, and expanded development of neuroimaging
approaches could provide essential information about disease progression in humans.

Animal models have the obvious advantage of providing the option to do preclinical testing
in vivo, allowing the testing of general toxicity of new therapeutics and providing a system
in which cognitive testing can be done. New knock-in mouse models are potentially more
representative and physiological models of AD; however, they still need to be further
validated in future studies. Non-human primates offer the unique advantages of greater
genetic similarity to humans and a more physiological relevant development of pathology
that better resembles that in found in SAD compared to transgenic models, but studies are
limited by availability, costs, time until onset of phenotype and the inconsistent presence of
pathology in all animals. New human cell culture models have the advantage of allowing
high-throughput screening of novel therapeutics directly using human cells; however these
models obviously cannot replace /7 vivo models for preclinical testing. Therefore, going
forward it will be necessary to perform preclinical testing in multiple animal models that
each exemplifies a unique aspect of AD pathology, until a more complete and physiological
animal model of sAD is available to ensure greater translation of preclinical results to human
clinical trials.
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Figure 1. Schematic of the major animal models of Alzheimer’s disease
Less than 1% of AD cases are early onset familial Alzheimer’s disease (EOAD) cases that

are caused by autosomal dominant mutations in APP, PSEN1 or PSEN2. However, all major
transgenic rodent models express these mutated forms of APP and PS1. The best animal
models available of SAD are non-human primates. The consistent presence of the types of
neuropathology present in each model is shown in the boxes; P: plaques; CAA; congophilic
amyloid angiopathy; T: neurofibrillary tangles. We did not consider the presence of pre-
tangle pathology in these animal models sufficient to indicate the presence of neurofibrillary
tangle pathology. As such, only 3xTg mice express all 3 pathological hallmarks of AD. The
specific types animal models included in each category are examples of the most common
animal models currently used in AD research.
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Figure 2. Neuropathological differences between humans with AD and transgenic mouse models
of AD

Fluorescent immunohistochemistry was performed on formalin-fixed paraffin embedded
brain sections using the same conditions for human and mouse tissue to highlight species
differences. Immunostaining in the human AD cortex (a, €, I, m), human AD hippocampus
(b, f, j, n), 3xTg mouse (28 months old) hippocampus and cortex (c, g, k, 0), and Tg-SwDI
mouse(16 months old) hippocampus and cortex (d, h, I, p) is shown. a—h: shows
immunohistochemistry for Ap (green; labelled using a combination of 4G8 and 6E10
antibodies) and astrocytes (red; labelled using GFAP). i—p: shows immunohistochemistry for
phosphorylated tau (green; labelled using PHF1). All sections were counterstained with
Hoechst to label nuclei. a—d and i—I show the differences in distribution of Ap, astrocytes
and phosphorylated tau at low magnification throughout the hippocampus and cortex (scale
bar for all = 200 um). e~h and m—p show the differences in morphology of plaques and

Acta Neuropathol. Author manuscript; available in PMC 2018 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Drummond and Wisniewski Page 30

neurofibrillary tangles at higher magnification (scale bar for all = 50 um) of the areas
outlined by a box in a—d and i-l. The most obvious species differences include the
preferential presence of plaques in the cortex in humans (a) in comparison to 3xTg (c) or
TgSwDI mice (d), the presence of both extensive numbers of cored and diffuse plaques in
humans (e), but not in mice (g, h), and the greater density of neurofibrillary tangles in
humans (i, j) in comparison to 3xTg mice (k). As expected, there were no neurofibrillary
tangles present in Tg-SwDI mice (1, p).
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