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Alzheimer’s disease (AD) is the most common cause of dementia, affecting 35 million people today.
The search for new treatments is made ever more urgent by prospects for increasing prevalence due to
population aging. Mouse models are one of the most important research tools for finding new treatments
for AD. Here, we review those models. We begin by briefly reviewing the AD genetics on which mouse
models are based and then consider the most common mouse models of AD, including mice transgenic

for human amyloid precursor protein (hAPP) and beta-amyloid (AB), mice expressing mutant presenilin
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genes, mice modeling tau’s role in AD, and apolipoprotein E models. The discussion highlights key features
and important differences between these mouse models. We conclude with a discussion about the role
of AD mouse models in the translational pipeline.
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1. Introduction

Alzheimer's disease (AD) is the most common cause of demen-
tia. AD affects 35 million people today and its worldwide prevalence
is expected to reach 115 million by 2050 due to aging of the pop-
ulation [130]. AD is now recognized to progress through three

7 This article is part of a Special Issue entitled ‘Mouse Models’.
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stages: preclinical, mild cognitive impairment (MCI), and demen-
tia [1,107,156]. In preclinical AD, AD biomarkers are present but
symptoms have not yet appeared [156]. In MCI, patients have
cognitive deficits but no functional impairments [1]. And in AD
dementia, a decline in two or more cognitive domains has grad-
ually progressed to the point that functioning at work or daily
activities is impaired [107]. Pathologically, AD remains diag-
nosed on the basis of protein aggregates in the brain including
amyloid plaques composed of amyloid-beta (A3) peptides and neu-
rofibrillary tangles (NFTs) composed of hyperphosphorylated tau.
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Although cholinesterase inhibitors and the NMDA receptor antag-
onist memantine provide modest symptomatic benefit, currently
there is no disease-modifying treatment for AD [138].

Mouse models are one of the most important research tools for
finding new treatments for AD. Yet many of the potential disease-
modifying treatments that have failed in clinical trials in recent
years claimed to show some promise in mouse models [104]. Thus,
it is an opportune time to evaluate the existing mouse models
of AD and their role in the translational pipeline. Since the most
important AD mouse models are based on disease-causing muta-
tions, we begin by reviewing the genetics of AD. We then consider
commonly used AD mouse models, focusing on potentially impor-
tant differences between the models. We conclude by evaluating
these models as tools for target identification and validation and as
potential tools for preclinical testing of lead compounds.

2. Genetics of AD

Genetics plays an important role in AD, and the discovery of
AD-associated genes has provided the foundation for development
of mouse models. AD-associated genes can be divided into those in
which mutations cause autosomal dominant AD and those in which
polymorphisms serve as risk factors for AD.

2.1. Autosomal dominant AD genes

Mutations in three genes cause autosomal dominant AD: amy-
loid precursor protein (APP) and the presenilin genes (PSEN1 and
PSEN2) [55,98,142,153]. Although autosomal dominant AD muta-
tions make up a small fraction of AD cases [62], its symptoms and
pathology have pronounced similarities with sporadic AD. Thus,
expressing these disease-associated genes in mice has served as
the basis for most AD mouse models.

All of the identified mutations that cause autosomal dominant
AD directly alter the production of Af through APP processing
[26,31,129,161]. APP is a type I transmembrane protein with a
large amino-terminal extracellular domain (Fig. 1). To produce
AR, this extracellular domain is first removed by [3-secretase (also
known as beta-site APP cleaving enzyme, BACE). The remaining
carboxy-terminal fragment is then cleaved within the membrane
by y-secretase, which is composed of presenilin and other compo-
nents [36,45]. y-Secretase can cleave APP at different sites, leading
to AP peptides of 40 or 42 amino acids. AB42 is more prone to
oligomerization and is more toxic than A340 [106].

APP mutations. The first gene mutation identified as a cause of
autosomal dominant AD is in the APP gene [55]. AD-causing muta-
tions in APP occur predominantly at the two cleavage sites that lead
to AP production (Fig. 1). APP mutations are named according to
the geographic location from which the affected family originated.
The K670N/M671L double mutation at the [3-secretase cleavage
site, originally found in a Swedish family, results in increased BACE
cleavage and thus increased A3 production, both A340 and AB42
[31,161]. The London (V7171), Indiana (V717F), and other muta-
tions at the y-secretase cleavage site favor production of the more
toxic AP42, relative to AB40 [26,129,161]. These mutations are
commonly used in mouse models of AD.

APP mutations within A3, such as the Dutch (E693Q) and Arctic
(E693G) mutations, increase fibrillogenesis or resistance to prote-
olysis [105,117]. The Arctic mutation has been used in AD models
[28]. The Dutch mutation results in a vascular disorder called hered-
itary cerebral hemorrhage with amyloidosis and has been used to
model that disease [99,172].

In addition to point mutations, increases in APP gene copy
number can cause AD. Duplications in the APP gene result in early-
onset AD in multiple families [19]. Because the APP gene is on

chromosome 21, patients with Down Syndrome have three copies
of the APP gene and develop AD, usually in their 40s [63]. Thus,
mice overexpressing wild-type human APP, even without muta-
tions, may serve as useful models for AD.

Presenilin mutations. Mutations in the presenilin genes are
another cause of autosomal dominant Alzheimer’s disease
[98,142,153]. The two presenilin genes encode proteins with simi-
lar function, although PSENT mutations are more severe and much
more common than PSEN2 mutations [11], and thus have been the
focus for presenilin mouse models. The presenilin genes encode the
catalytic subunit of y-secretase [36,45]. AD-associated presenilin
mutations increase the AB42/A(40 ratio [42,125,152,153]. How-
ever, presenilins have several other functions, including cleavage
of other y-secretase substrates, cell adhesion, calcium homeostasis,
transport, trafficking/localization, and apoptosis [167,173]. Some of
these functions are disrupted by presenilin mutations [9,179,181].
Thus, there is debate over whether presenilin mutations cause AD
due to a toxic gain of function that increases the AB42/AB40 ratio
or to a detrimental loss of one of presenilin’s other functions [151].

2.2. AD risk factor genes

Autosomal dominant forms of AD are quite rare. Most cases of
AD are sporadic and late onset, but several genes modulate the risk
of this more common form of the disease. The strongest risk factor
gene is APOE, encoding apolipoprotein E (apoE). There are 3 alleles
of APOE; €3 is the most common, €4 is associated with increased
risk and earlier of age of AD onset, and &2 is protective [33,46].
Although present in only about 15% of the general population, the
€4 allele occurs in 40-65% of AD cases [144]. A single copy of €4
increases AD risk 4-fold over noncarriers, and homozygosity for €4
increases the risk 9- to 15-fold [46,158]. Each copy lowers the age
of onset about 10 years [33]. Therefore, apoE4-related models are
highly relevant to late-onset AD.

ApoE4 has both A-dependent and AB-independent roles in AD.
Patients with the &4 allele have elevated brain A3 [147], decreased
AP in the CSF [160] and increased plaque deposition [147,168].
Independent of A3, apoE4 increases tau phosphorylation [60] and
induces mitochondrial dysfunction [53]. Thus, APOE models both
with and without AP may yield important clues about AD patho-
genesis.

Genes including BIN1, CLU, ABCA7, CR1, PICALM, and others have
also recently been associated with late-onset, sporadic AD through
genome-wide association studies [10,69,86,115]. All of these genes
have fairly small effects, with odds ratios around 1.15, compared
with almost 4 for APOE [http://[www.alzgene.org/]. Thus, these
genes are less likely to be the basis of robust new AD mouse models.
However, knockout and transgenic mice will likely be key tools for
learning the function of these genes, which will advance our overall
understanding of AD mechanisms and pathology.

3. Genetic mouse models of AD

There are many genetic models to choose from when studying
AD. Space limitations prevent us from considering them all. We
will focus here on important prototypes in each class, the models
that are most commonly used, and those that are available from
repositories such as the Jackson Laboratories and are thus most
easily accessible (Table 1).

Our discussion will center on issues important for evaluating
the models and their relevance to various forms of AD, interpreting
data derived from the model, and for those who may be enter-
ing the field, choosing a model for new AD studies. This includes
information on how the models were constructed and their pri-
mary AD-related phenotypes. Because different models may be
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Fig. 1. APP processing and APP mutations. AB42 is encoded by amino acids 672-713 of APP (numbered according to the longest isoform, APP770). AB is produced through
sequential cleavage by B-secretase, then y-secretase. y-Secretase can cleave at alternate sites to produce A40 or AB42. Alternative APP processing by a-secretase prevents
AP production. Common APP mutations include the Swedish mutation at the (3-secretase cleavage site and multiple named and unnamed mutations at the y-secretase

cleavage site. Intra-A3 mutations are also shown.

most appropriate for addressing different questions, no one model
should be considered the best.

It is important to emphasize that no existing mouse model
exhibits all features of AD. The ideal model of AD would develop the
full range of clinical and pathological features of AD, including cog-
nitive and behavioral deficits, amyloid plaques and neurofibrillary
tangles, gliosis, synapse loss, axonopathy, neuron loss and neu-
rodegeneration. Different mouse lines develop these phenotypes to
varying degrees and in different combinations. For example, cog-
nitive deficits and amyloid plaques are observed in almost all of

the models, neurofibrillary tangles are generally seen only when
human tau is also expressed, and neuronal loss is seen in only a few
models. This is an issue for the use of mouse models for preclini-
cal drug testing, where one would desire a model that incorporates
most features of the disease. In general, however, this is less of a
problem for studies aimed at dissecting mechanisms, when it can
helpful to isolate some phenotypes from others. In this regard, AD
mouse models are best viewed as reductionist tools for understand-
ing the effects on brain function of genes/proteins that have been
implicated in AD, and for identifying strategies to block them.

Table 1
Representative mouse models of AD.
Tg line Gene/isoform Mutation Promoter Plaques (mo) Cognitive deficits (mo) Vendor number Reference
hAPP models
PDAPP hAPP695<751,770? Ind PDGF-B 6 6 n.a. [27,41,49,73,110]
J20 hAPP695 < 751,770 Swe, Ind PDGF-B 6 4 JAX 006293 [114,126]
Tg2576 hAPP695 Swe HamPrP 9 10 Taconic 1349 [5,162,176]
APP23 hAPP751 Swe Thy1 6 CAA: 12 na. [21,91]
TgCRNDS8 hAPP695 Swe, Ind HamPrP 3 CAA: 11 3 n.a. [29,79]
TASD-41 hAPP751 Swe, Lon Thy1 3 CAA:7 6 n.a. [140]
R1.40 hAPP YACP Swe hAPP 14-15 16-17 JAX 005300 [66,93,94]
Ap Models
BRI-AB42A BRI-A42 n.a. MoPrP 3 ? JAX 007182 [106]
hAPP/PS1 models
PSAPP hAPP695 Swe HamPrP
(Tg2576xPS1) PSEN1 M146L PDGF-B 6 4 ha [4.40.67]
APPswe/PS1AE9 m/hAPP695¢ Swe MoPrP JAX
PSEN1 AE9 MoPrP 6 6 004462 [82.83,145]
5xFAD hAPP695 Swe, Lon, Flo Thy1 JAX
PSEN1 M146L,128V  Thyl 2 6 008730 (89,118,122,123]
2xKI m/hAPP¢ Swe mAPP
PSEN1 P264L mPS1 6 9-12 n.a. (25.183]
Models with hTau
TAPP hAPP695 Swe HamPrP 8-15 Motor Taconic [100]
(Tg2576x]NPL3) hTau-4RON P301L MoPrP - deficits 2469
hAPP695 Swe Thy1 AX
3xTg hTau-4RON P301L Thy1 6 45 {)0 4307 [12,120,121]
PSEN1 M146V mPS1
vhtau hTau PACY Wild-type hTau - 12 JAX 005491 [3,44,128]

This list is not comprehensive, but includes important prototypes, some commonly used models, and those that are available from repositories and thus are most easily

available.

2 APP minigene expressing all three isoforms, mostly KPI-positive APPs.
b Yeast artificial chromosome, expressing entire human APP gene, including all isoforms.

¢ Humanized mouse APP, in which three amino acids in AP are changed to the human sequence.
d P1 artificial chromosome, expressing entire human tau gene, including all isoforms (H1 haplotype).
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Fig. 2. Alternatively spliced isoforms of APP. The APP gene contains 19 exons. Exon
13ais not included in brain isoforms. Exons 7 and 8 can be alternatively spliced to
produce APP695, APP751, and APP770. APP751 and APP770 include exon 7 (orange),
which encodes a Kunitz protease inhibitor (KPI) domain. APP770 also includes exon
8 (green), which encodes an Ox-2 domain.

3.1. hAPP transgenic models

The oldest and most widely used mouse models of AD are based
on transgenic expression of human APP (hAPP). Although autoso-
mal dominant AD accounts for relatively few AD cases [62], these
mutations serve as the basis for most AD models. While this is a
caveat to working with these models, many clinicians find the sim-
ilarities between autosomal dominant and sporadic forms of AD to
be more noteworthy than their differences.

Many hAPP transgenic lines exist. In general, these lines develop
robust amyloid pathology and have memory deficits. They model
the synaptotoxicity of AD but do not typically exhibit significant
neuron loss. Among the differences between hAPP lines are the
promoters driving hAPP expression, the hAPP isoform(s) and muta-
tion(s) expressed, and the background strain. Next we consider
each of these features in more detail.

Promoters. hAPP has been expressed from numerous promoters,
most commonly those of the platelet-derived growth factor B-chain
PDGF-B, thymocyte differentiation antigen 1 (Thy-1), and prion
protein (PrP) genes. These promoters drive different levels and spa-
tial patterns of expression (Table 2). The PDGF-B promoter drives
expression mainly in the brain, across widespread regions and
selectively in neurons [143]. The Thy-1 promoter drives somewhat
higher levels of expression and is also neuron-specific [23]. Thy-1
is unique in that expression does not turn on until around postnatal
day 7, avoiding possible developmental effects. The Prp promoter
drives the strongest expression, up to 15-fold above endogenous
levels, but is less selective, expressing in both neurons and glia and
also in extraneural tissues (Table 2).

APP isoforms. The APP mRNA undergoes alternative splicing of
exons 7 and 8, resulting in three isoforms named by the number
of amino acids in the final product: APP695, APP751, and APP770.
The two longer isoforms include a Kunitz protease inhibitor (KPI)
domain, and APP770 also has an Ox-2 antigen domain of unknown
function (Fig. 2). KPI domains inhibit serine proteases, primarily
trypsin [71,88]. The KPI domain mediates certain protein-protein
interactions in KPI-positive APP isoforms, including with tumor
necrosis factor-alpha-converting enzyme, low-density lipoprotein
receptor-related protein, and Notch1 [108]. KPI-positive APP iso-
forms appear to predominate in axons during the establishment of
neural connections [113].

Evidence is accumulating that the KPI-positive isoforms may
be involved in AD pathology. In the normal brain, the ratio of
APP695:APP751:APP770is 20:10:1 [164], but with age, the propor-
tion of KPI-positive APP isoforms increases [163]. KPI-positive APP
isoforms are also more prevalent in AD brain [109]. Furthermore,
overexpressing wild-type human APP751 causes more AD-like
pathology and cognitive deficits than overexpressing wild-type
human APP695 [64]. This may be due to the fact that, KPI-positive

APP isoforms are more likely than APP695 to undergo amy-
loidogenic [3-secretase cleavage, relative to non-amyloidogenic
a-secretase cleavage [65].

Given these isoform differences, it is important to consider
the APP isoforms expressed in an AD model. Some lines have a
cDNA transgene and express a single isoform, most commonly
APP695 (Table 1). Others express multiple isoforms, either from
the entire APP gene (knock-in and YAC transgenic models) or a
hybrid minigene containing the introns around exons 7 and 8 to
allow alternative splicing (PDAPP and ]20). Interestingly, in con-
trast to the expression pattern of endogenous APP isoforms in the
normal human and mouse brain, where APP695 is most prevalent,
the PDAPP line has higher expression of the KPI-positive isoforms
that are associated with aging and AD [141].

Mutation. Different hAPP transgenic lines express different AD-
associated mutations. Some of the earliest lines have a mutation
only at the y-secretase cleavage site (e.g., PDAPP). However, most
currently used mouse lines express the K670N/M671L Swedish
double mutation at the 3-secretase cleavage site. (Recent litigation
over a patent on the Swedish mutation has created controversy
regarding these lines [95].) Some lines express only the Swedish
mutation (e.g., Tg2576), while others combine the Swedish muta-
tion with a y-secretase cleavage site mutation (e.g., TgCRND8 and
J20). Others lines add a mutation within the A3 sequence, such as
the E693G Arctic mutation [28].

Lines that do not contain FAD mutations, but model the effect
of overexpressing wild-type hAPP, have also been produced. The
163 line is related to the J20 line, but expresses wild-type hAPP at
high levels [114]. Ts65Dn mice, a model of Down syndrome with
a partial translocation of mouse chromosome 16 (homologous to
human chromosome 21) show age-related learning and memory
deficits and neurodegeneration of basal forebrain cholinergic neu-
rons [34,70,136].

Background strain. Background strain differences can strongly
modulate phenotypes in mouse models. Background refers to the
genetic makeup, apart from the transgene or gene of interest, which
varies between the different inbred strains that are commonly used.
A line’s original background strain is determined by the strain of
the fertilized egg (for transgenic lines generated by pronuclear
injection) or by the source of the ES cells (for lines generated by
homologous recombination). A mouse line can be moved onto a
different background strain by backcrossing with mice of the new
strain. After 10 generations, the line is considered congenic on the
new background. Common background strains are C57BL/6, 129,
FVB/N, and DBA.

Background strain can impact the phenotype of AD models
at several levels. First, strains vary in their levels of anxiety and
activity, and some are prone to vision and hearing issues, all of
which can affect performance on behavioral tests used to study
AD. For example, FVB/N mice have visual impairments that affect
their performance on most tasks [131]. Second, different strains
have differing susceptibility to excitotoxicity, inflammation, and
neurodegeneration, and differing learning/memory abilities. For
example, C57BL/6 mice perform better on the Morris water maze
than 129/Sv and DBA/2 strains [51,124,171]. Finally, some strains
are more susceptible to hAPP/AR effects than others [22]. For
example, crossing to a 129 strain masks cognitive deficits that are
apparent on a 129-C57BL/6 mixed background [178]. Similarly, the
TgCRNDS line has a more severe phenotype in the Morris water
maze and significantly higher plaque deposition on a 129-C57BL/6
mixed background than on a C3H-C57BL/6 mixed background [54].
Finally, the same hAPP transgene produces a more severe phe-
notype on the FVB/N background than on a mixed C57BL/6-SJL
background [74].

These background strain effects do not diminish the relevance
or reproducibility of findings in mouse models, but rather reflect
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Table 2
Characteristics of promoters commonly used in AD mouse models.

Brain expression
Promoter

Regions Cell types

Extraneural expression Timing

PDGF-B  Widespread [143]
Thy-1 Widespread [23,56]
Prp Widespread [16,169]

Neurons [143]
Neurons [23]

Neurons, astrocytes, oligodendroyctes, microglia [16]

Heart, lung (low) [143]
None, with AIVS3 modification of promoter [174]
Liver > kidney, spleen, and other organs [7]

Begins by E15 [143]
Begins P7 [23]
Begins E12.5 [7]

the fact that, as in humans, many genetic variations can affect sus-
ceptibility to AD-related dysfunction. Part of the power of mouse
models using inbred genetic backgrounds is that one can isolate
the effects of the intended manipulation from those of unknown
genetic background differences. It is noteworthy when findings are
observed on multiple genetic backgrounds, which speaks for their
robustness. However, time and cost prevent routinely performing
mouse experiments on more than one background strain.

3.2. AB transgenic models

APP transgenic mice express not only A3, but also several other
APP fragments that can be biologically active. To isolate the effects
of AR, lines directly expressing A3 have been generated. These mice
express a fusion protein between A3 and the BRI protein involved
in familial British dementia (FBD). BRI is a transmembrane protein
that is cleaved by furin and related proteases to release a peptide
called ABri that forms amyloid in FBD. Replacing the ABri sequence
with A3 produces a fusion protein that results in A secretion when
expressed in cells [102]. Transgenic mice expressing a BRI-A342
fusion protein develop amyloid pathology [106]. However, no data
about cognitive deficits have yet been published, so it is not clear
how useful these mice will be as AD models.

3.3. Presenilin and hAPP/presenilin double transgenic models

Presenilin mutations have also been used to make mouse
models for AD research. Most models are based on PSEN1 (encod-
ing presenilin 1 or PS1), the most common autosomal dominant
AD-associated gene. Transgenic lines are available expressing
single [14,30,32,38,43,78,97,125,175] or multiple [97] presenilin
mutations. Additionally, knock-in mice utilizing the endogenous
promoter have also been produced [24,47,59,116].

Singly transgenic presenilin mutant mice express increased
APR42 levels with no effect on AB40 [43]. However, they do not
develop AD pathology or cognitive deficits [37,68,75,85,92]. This
lack of phenotype is likely due to sequence differences between
mouse and human APP/AR [150]. Mouse APP differs from human
APP by 17 amino acids, 3 of which are within the A3 region (Fig. 3).
These amino-terminal differences have at least two effects on Ap.
First, the amino acid differences in mouse A3 cause less-efficient
aggregation [17]. Second, while mouse BACE cleaves hAPP to pro-
duce AB1_y, it is more likely to cleave mouse APP (mAPP) to form
AB11_x [20,76,103]. Thus, while there are examples of mouse A3
causing cognitive deficits when overproduced for long periods [87],

1 11 42
hAB | DAEFRHDSGYEVHHOKLVFFAEDVGSNKGAIIGLMVGGVVIA |
|
¢ ¢
mAB | DAEFGHDSGFEVRHOKLVFFAEDVGSNKGATIGLMVGGVVIA |
5 10 13

Fig. 3. Comparison of human and mouse AB3. Mouse AR (mAp) differs from human
AP (hAB) at positions 5, 10, and 13, which affects the aggregation properties of AB.
[B-Secretease also has a greater preference for cleavage at the ' site in mouse A,
to produce AP instead of AR _y.

for the most part human A3 appears necessary for development of
AD phenotypes in mice.

This hypothesis was tested by crossing presenilin mutant mice
with mice transgenic for either mAPP or hAPP. Presenilin mutant
mice crossed with a mouse line overexpressing mAPP have no AD
pathology or cognitive deficits [84]. On the other hand, the same
presenilin mutant mice crossed with hAPP transgenic mice have
extensive plaque deposition and behavioral deficits [145]. A pro-
totype is the PSAPP line, derived from a cross between transgenic
mice expressing the M146L presenilin mutation and the Tg2576
line of hAPP transgenic mice. This line develops A3 plaque deposi-
tion earlier than Tg2576 and has increased Af342 [40,43,82]. PSAPP
mice have deficits in the Y-maze even before plaque deposition, a
finding that separates cognitive deficits from plaque burden [67].

Today’s more commonly used hAPP/PS1 lines were created by
co-injecting the presenilin and hAPP transgenes so they breed as a
single transgene. One such line created in the laboratory of David
Borchelt combines hAPP containing the Swedish mutation and
PS1 containing the AE9 mutation (APPswe/PS1AE9 mice). These
mice develop amyloid plaques and behavioral deficits around 6-7
months of age [82]. An even more rapidly progressing line, 5XFAD,
was created by combining five AD-related mutations, including the
Swedish, Florida (I716V), and London (V7171) mutations in hAPP
and the M146L and L286V mutations in PS1 [118]. 5XFAD mice
express high levels of AB42 and develop amyloid pathology and
cognitive deficits by around 4 months [118]. In addition, the 5XFAD
line develops neuron loss, unlike most other hAPP and hAPP/PS1
models [118].

APP and presenilin mutations have also been co-expressed in
double knock-in (2xKI) mice. Here, the mouse APP gene was engi-
neered to express the Swedish mutation plus a humanized A3
sequence [135], and the presenilin gene was engineered to express
the P264L mutation associated with familial AD [155]. Neither
the APP knock-in nor PS1 knock-in lines alone develops amyloid
pathology, but 2xKI mice do [183]. 2xKI mice are not impaired on
the standard version of the Morris water maze, but have deficits
on a more challenging version of the task in which the platform is
moved once they learn its location, requiring the mice to learn its
new location [25]. One advantage of the 2xKI model is that APP is
not overexpressed; deficits arise due to increasing A3 levels, partic-
ularly AB42. A disadvantage is that the breeding strategy required
to produce mice with homozygous mutations does not produce
littermate controls; separately bred, age-matched, wild-type mice
are used instead.

3.4. Modeling the role of tau

The mouse models discussed thus far reliably recapitulate the
AP pathology of AD, but not the tau pathology. Efforts to model
neurofibrillary pathology in AD mouse models have mostly relied
on expressing transgenic human tau with mutations that cause
frontotemporal dementia (FTD) [100,120]. It is important to note,
however, that tau mutations do not cause AD, and thus it is unclear
that the mechanisms induced by tau mutations are involved in AD
pathophysiology. Therefore, we have notincluded singly transgenic
mice with FTD-associated tau mutations in this discussion of AD
mouse models, as they are better considered to be mouse models



8 A.M. Hall, E.D. Roberson / Brain Research Bulletin 88 (2012) 3-12

of FTD. Instead, we will consider lines expressing mutant human
tau in conjunction with hAPP [100,120] and then examine lines
expressing wild-type human tau [3].

The original hAPP/tau double transgenic mice, called TAPP mice,
were produced by crossing the Tg2576 line of hAPP transgenic mice
and the JNPL3 line expressing P301L human tau [100]. P301L is the
most common FTD-associated tau mutation and favors tau aggre-
gation [77,149,157]. The JNPL3 line expresses human tau under
control of the mouse PrP promoter at levels similar to endogenous
tau and develops motor and behavioral deficits [101]. AR deposi-
tion in TAPP mice is similar to the Tg2576 line, but tau pathology is
more severe than the JNPL3 line, indicating that AP can accelerate
tau pathology [13,57,100]. The utility of the TAPP line is limited by
early and significant motor deficits in the parent JNPL3 mice that
confound most learning and memory tests [101].

Combining mutant APP, PS1, and tau transgenes, the 3xTg line
takes a similar approach. hAPP with the Swedish mutation and
human tau with the P301L mutation were co-injected into embry-
onic cells homozygous for a PS1 M146V mutation, generating a
strain in which the hAPP and tau breed as a single transgene on
the mutant PS1 background. 3xTg mice develop extracellular A3
plaques before tangle pathology, as in human AD [120]. However,
the AP and tau pathologies in 3xTg mice appear to develop indepen-
dently, without a causal link, since tau pathology was unaffected
by crossing with BACE-deficient mice to eliminate A production
[177].

While the TAPP and 3xTg lines bear the caveat that they carry a
tau mutation not associated with AD, these lines provide a combi-
nation of plaque and tangle pathology that is not seen in the other
lines we have discussed. Although these lines expressing mutant
tau are widely used, lines expressing wild-type tau also exist and
may be more appropriate for studying AD mechanisms. In fact,
two different comparisons between wild-type tau transgenic and
mutant tau transgenic lines have shown that while the mutant tau
line shows more aggregation, the wild-type tau line shows earlier
neuronal dysfunction [90,111,166]. Combined with recent studies
suggesting that neurofibrillary pathology may not be critical to tau-
related neurodegeneration [35], these data suggest that studying
wild-type tau-induced neuronal dysfunction in AD models may be
very fruitful, even in the absence of significant tau aggregation. The
htau line, which expresses the entire human tau gene (including all
6 isoforms, driven by the tau promoter) on a mouse tau knockout
background, is one example [3]. These mice develop tau phosphory-
lation and aggregation, dendritic spine loss and impaired synaptic
plasticity, cognitive deficits, and cell death [2,3,39,128].

In addition to these human tau transgenic models, it is also
becoming clear that the role of tau can be studied in hAPP transgenic
mice, because endogenous tau plays an essential role in multiple
lines of hAPP mice [81,137,139]. Reducing or eliminating tau pre-
vents deficits in learning and memory [80,137,139] and synaptic
plasticity [137,154], and blocks increased susceptibility to early
mortality and neuronal overactivity in hAPP mice [80,137,139].
Thus, even though tau does not aggregate or form neurofibril-
lary tangles in hAPP mice, it is critically involved in mediating
or enabling their hAPP/AB-induced deficits. Tau acts downstream
of A3, because the protective effects of reducing tau occur with-
out changes in AP levels or aggregation [80,139]. AP also does
not induce degeneration in primary neuronal cultures from tau
knockout mice [134], suggesting that a fundamental feature of AB-
induced neuronal dysfunction may depend on tau.

3.5. ApoE models
As discussed above, the €4 allele of APOE (encoding apoE4) is the

strongest risk factor for AD. ApoE4 differs from the more common
apoE3 by a single amino acid at position 112, with arginine in apoE4

and cysteine in apoE3. The endogenous mouse apoE has arginine
at the equivalent position, but is not structurally or functionally
apoE4-like because of other sequence differences [133]. Thus, the
primary apoE models involve human isoforms. With transgenic
models, the choice of promoter is important, since apoE is primar-
ily produced in astrocytes but can be produced in neurons under
stress [180]. ApoE4 causes cognitive deficits whether expressed
from astrocyte [61] or neuronal [132] promoters, but in direct com-
parisons, lines expressing apoE4 in neurons have more adverse
effects than lines expressing apoE4 in astrocytes [18].

Given these differences, knock-in mice in which apoE is
expressed under control of the endogenous promoter and regu-
latory elements may be the most appropriate models. Both apoE3
and apoE4 knock-in mice are available. ApoE4 knock-in mice have
cognitive and synaptic plasticity impairments that are not seen in
apoE3 knock-in mice [15,58,170]. When crossed with hAPP mice,
apoE4 knock-in mice have higher plaque deposition than ApoE3
knock-in mice [8,48].

3.6. The role of mouse models in AD research

By and large, mouse models fill a unique niche in AD research.
Mice have a high degree of phylogenetic conservation with humans
in the architecture and function of the hippocampal and entorhinal
cortex circuits that mediate episodic memory and are vulnerable
in AD. They also have a similar number of genes and consider-
able chromosomal synteny with humans [112]. At the same time,
mouse models provide a system that is reductionist enough to
facilitate experimental manipulation. These facts notwithstanding,
mouse models of AD are sometimes criticized because they incom-
pletely recapitulate AD pathology or because some compounds that
appeared promising in preclinical mouse studies went on to unsuc-
cessful clinical trials. One must be aware of the limitations of any
research tool, and there are many important issues to keep in mind
in evaluating data from mouse models of AD:

There may be limitations in applying data from AD mouse models
to sporadic AD in humans, since the mice most closely model autoso-
mal dominant AD. There are certain pathophysiological differences
between autosomal dominant and sporadic AD, chiefly the fact that
one is driven primarily by Af overproduction and the other is not.
In the extreme, a treatment that acts by neutralizing the preference
of B-secretase for the Swedish mutation in hAPP might have huge
benefit in a mouse model with that mutation, but none in sporadic
AD. On the other hand, both conditions seem to be characterized
by high A levels, so treatments that reduce A or block its detri-
mental effects may be equally effective in the two conditions. The
degree to which treatments for sporadic and autosomal dominant
AD will overlapis anissue that the field in general, including clinical
researchers, will have to face as interest grows in studying auto-
somal dominant AD patients as a pool of subjects for testing AD
treatments in the presymptomatic phase of the disease [159].

AD mice might model earlier stages of the disease than the
mild—-moderate AD that has been the focus of many clinical trials. AD
mice may be a better model of the early preclinical stages of AD than
the later dementia stages [182]. This predicts that treatments effec-
tive in mouse models might have clinical benefit if administered
presymptomatically, which is increasingly a focus of AD clinical
trial design.

AD mouse models have been highly useful as a tool for target iden-
tification and validation. .. The conventional pathway for rational
drug discovery begins with target identification and validation, fol-
lowed by high-throughput screening, lead compound optimization,
preclinical testing in animal models, then clinical trials (Fig. 4).
Mouse models are well suited to the early stages of this process,
when an arsenal of approaches including genetic manipulation can
be applied to identify and validate new targets.
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Fig. 4. Roles for mouse models in the drug discovery pipeline. Mouse models have
been very useful in the “basic science” stages of target identification and validation.
Mouse models are also used for preclinical testing of lead compounds.

... but there are challenges in using mouse models for preclinical
testing of lead compounds. The other phase of the drug discovery pro-
cess in which mouse models are useful is preclinical testing (Fig. 4).
However, there are limitations in this regard, including dramatic
differences in drug metabolism, pharmacokinetics, and routes of
administration that make it difficult to compare the effectiveness
of specific compounds across species [50].

The choice of outcome measures is critical. A variety of outcome
measures is available in mouse models, including both neuropatho-
logical (e.g., plaque deposition) and functional (e.g., deficits in
learning and memory). Different outcome measures are likely to
have different predictive validity. Initial studies of AD mouse mod-
els focused on pathological outcome measures, which in general
are robust and consistent. However, pathology, particularly plaque
pathology, does not correlate with cognitive impairment in either
mouse models or AD patients [6,176]. Outcome measures such as
behavioral and electrophysiological studies that reflect function
may be more relevant and predictive of efficacy in AD. Although
more variable than pathology, functional outcomes reflect the
deficits that are most important to correct in AD. Compounds that
have proceeded to clinical trials based on effectiveness in clearing
plaques, without functional data, have not fared well in humans
with AD [52].

There is no substitute for good experimental design. Like any
experiment, preclinical mouse studies can suffer from poor repro-
ducibility due to experimental design issues, such as low numbers
of mice. These issues have haunted the ALS field, which has
witnessed several preclinical candidates that showed efficacy
in a mouse model fail when moved quickly into clinical trials
without first being independently replicated. Retesting the failed
compounds in mice after properly controlling for potential exper-
imental confounds showed no significant effects, and the positive
results in the original trials were attributed to measurement noise
[148]. There is a related issue of publication bias, such that even
very carefully performed studies with negative results may never
be published and so are not available to counterbalance a weak pos-
itive result. Better avenues for publishing negative data could help
address the problem of preclinical false positive results.

4. Conclusions

Tremendous progress in understanding AD pathophysiology has
been made in the last twenty years. While human clinical research
has contributed greatly, human subjects research is generally con-
strained by the inability to experimentally manipulate variables,
so that most conclusions are descriptive or correlational. Mouse
models, on the other hand, enable studies of causal relationships
because of the power to manipulate the system. For example,
human studies suggested that the synapse was the primary target
in AD and that synapse loss correlated most closely with cognitive
deficits [165]. The synaptic hypothesis was then directly tested in
mouse models, demonstrating that AP alters synaptic transmis-
sion and impairs synaptic plasticity, and even more importantly,
enabling detailed dissection of the molecular pathways involved to
identify new therapeutic targets [127].

There are many other examples of the power of mouse mod-
els. Our understanding that small soluble aggregates of AP and

tau play a greater role in neuronal dysfunction than the obvious
neuropathological hallmarks of AD, amyloid plaques and neurofib-
rillary tangles, is due in large part to experiments that could not
have been performed in humans, including most recently the abil-
ity to directly visualize aggregation through in vivo microscopy
[35,72,96]. Mouse models were also central in winding down bat-
tles between “baptists” and “tauists” about whether Af3 or tau was
more important, by providing experimental evidence that both are
important, with tau downstream of Af3 [119,139]. And one of the
most promising therapies now in clinical trials, AB immunother-
apy, was initially developed in mouse models [146]. Especially with
the wide variety of lines available and continuing technological
advances, there is every reason to believe that mouse models will
continue to be invaluable tools in the drug discovery pathway for
AD treatment.
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