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It has been over a decade since the first Alzheimer’s

disease (AD) transgenic mouse models were reported.

These models have enabled dramatic advances in our

understanding of the pathogenic mechanism in AD and

of potential therapeutic approaches to tackling the

inexorable clinical progression of the disease. In this

article, we discuss the current status of AD mouse

models and focus on recent work that has examined the

development of the neuropathological lesions observed

in AD (plaques and tangles). The relationship between

these lesions, neurodegeneration and development of

the clinical syndrome will be explored.
Introdution

Alzheimer’s disease (AD) is characterized clinically by
progressive memory loss that leads eventually to demen-
tia. The neuropathology of AD is characterized by
neuronal and synaptic loss, and by the development of
two lesions; the extracellular senile plaque, which is
composed mostly of amyloid formed from the amyloid b
(Ab) peptide, and the intraneuronal neurofibrillary tangle
(NFT), which is composed of hyperphosphorylated forms
of the microtubule associated protein tau (MAPT) [1].
Several genes have been implicated in Alzheimer’s disease
in humans, most notably, those encoding amlyoid bA4
precursor protein (APP) and presenilin 1 (PSEN1)
presenilin 2 (PSEN2) (Box 1). A mouse model that
recapitulates all aspects of AD has not yet been produced,
this probably reflects the limitations of using a rodent
system to reproduce a human disease process that takes
several decades and which primarily involves higher
cognitive function. Nonetheless, there are transgenic
mouse lines that offer robust and relatively faithful
reproductions of a subset of AD features.

Transgenic mice that reproduce amyloid deposition – Ab

plaques and CAA

The first mouse models that developed amyloid plaque
pathology were generated by expressing human APP
containing mutations associated with early-onset AD.
Games and colleagues [2] published the first transgenic
mouse (PDAPP) that developed amyloid plaque pathology.
PDAPP mice over-express a minigene construct encoding
APPV717F and develop robust amyloid plaque pathology
by 6–9 months of age [2]. Ashe et al. [3] published the
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Tg2576 model, which over-expresses a human APP cDNA
transgene with the K670M/N671L double mutation
(APPswe). The Tg2576 model developed amyloid plaque
pathology in an age-dependent manner and was also
shown to have correlative memory deficits by Morris
water-maze testing. Additional lines of mice expressing
mutant human APP transgenes have since been reported
that develop similar amyloid pathology and cognitive
deficits [4–6]. Crossing APP mutant mice with mice
expressing mutant PSEN1 transgenes (PSAPP mice)
dramatically accelerates amyloid deposition [7–9]
(Figure 1) owing to the increase in Ab42 production
mediated by mutations in PSEN1 [10,11]. The pathology
in these APP and PSAPP transgenic mice includes diffuse
amyloid deposits and dense cored (fibrillar) plaques that
resemble the senile plaques in human AD [2,3,8,9]. The
cored plaques in the transgenic mice are surrounded by
dystrophic neurites and are associated with increased
gliosis [12,13]. Despite the robust amyloid deposition
observed in APP and PSAPP transgenic mice, none of
these models develops widespread neuronal loss [12,14].
MAPT pathology (tangles and neuropil threads) is also
absent in mice producing APP and PSAPP alone, although
phospho-MAPT species accumulate in dystrophic neurites
surrounding cored amyloid plaques [2,3,9].

Multiple lines of APP and PSAPP mice develop age-
dependent amyloid pathology. However, there are signifi-
cant differences in the nature and location of the deposits
that largely reflect the APP mutation expressed in each
line and the resultant Ab42:Ab40 ratio. In Tg2576, the
APPswe double mutation increases the production of both
Ab40 and Ab42, and most of the amyloid load consists of
dense cored plaques with relatively few diffuse deposits
[3]. By contrast, in PDAPP mice the APPV717F mutation
selectively increases Ab42, producing a greater proportion
of diffuse plaques [2]. The extent of congophilic amyloid
angiopathy (CAA) also differs between these two models
[15]; abundant CAA was observed in Tg2576 but this was
largely absent in the brains of PDAPP mice [15].

To further investigate the amyloidogenic properties of
different Ab isoforms and of the impact of altering the
ratio of Ab42 to Ab40 in vivo, several transgenic models
have recently been produced that either produce individ-
ual Ab peptides using a fusion transgene strategy [16] or
express APP mutations, such as the Dutch (E693Q) and
Iowa mutations (D694N) associated with vascular depo-
sition of amyloid and cerebral hemorrhage [17–20].
APPDutch mice expressing APPE693Q develop progressive
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Box 1. Genes associated with Alzheimer’s disease

APP
APP maps to chromosome 21q21.3–21q22.05. Processing of APP by

b and g-secreatse generates Ab; mutations in APP either increase the

total Ab or selectively increase Ab42 levels. To date, 20 mutations in

APP have been linked to the development of AD with age of onset

from 45 to 65 years. Duplications of the APP locus have been recently

described to cause early onset AD with CAA [74]. APP mutations

represent !1% of all AD cases.

PSEN1
PSEN1 maps to chromosome 14q24.3. More than 150 reported

mutations throughout PSEN1 cause familial early onset AD. PSEN1

mutations account for w8% of familial AD cases, with an age-of-

onset of 28–50 years. Presenilins are part of the g-secretase complex

that processes APP; PS mutations generally selectively increase

Ab42 levels.

PSEN2
PSEN2 maps to chromosome 1q31-q42. PSEN2 is a homolog of

PSEN1. To date 20 mutations have been described. Mutations in

PSEN2 cause a small percentage (w1%) of familial AD.

Together mutations in PSEN1, PSEN2 and APP account for O90% of

familial autosomal dominant AD.

APOE
APOE maps to chromosome19q13.2. The E4 allele increases

susceptibility to late-onset AD, with low penetrance but a high

incidence. The E2 allele confers protection against AD.

MAPT

MAPT maps to chromosome 17q21.1. Although mutations in MAPT

do not result in AD, they can cause the related dementia, FTDP-17

(frontotemporal dementia with parkinsonism linked to chromosome

17). More than 30 MAPT mutations have been identified. MAPT is a

microtubule-associated protein and identification of mutations

demonstrated that tau dysfunction alone is sufficient to cause

neurofibrillary pathology and dementia.

For more information on mutations in AD, see the Alzheimer’s

research forum (http://www.alzforum.org/) and the Alzheimer

disease and frontotemporal dementia mutation database (http://

www.molgen.ua.ac.be/ADMutations/default.cfm?MTZ0andMLZ
0andPageZHome) maintained by Marc Cruts and Rosa Rade-

makers).

Figure 1. Mutant PSEN1 accelerates amyloid deposition in mutant APP (Tg2576)

mice. Representative sections from the entorhinal and piriform cortex of 17-month-

old aged-matched PSAPP mice, expressing (a) mutant PSEN1 and (b) mutant APP

transgenes, and Tg2576 transgenic mice expressing (c,d) mutant APP, immunos-

tained with a (a,c) pan- Ab antibody or stained with (b,d) Thio-S Tg2576 mice

develop plaque pathology from w9-12 months of age. The addition of a mutant

PSEN1 transgene markedly accelerates the amyloid pathology in Tg2576 mice,

increasing both diffuse amyloid and also the number of Thio-S positive (fibrillar)

plaques (40! magnification).
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CAA that is first seen in leptomeningeal vessels and
predominantly consists of Ab40 [18]. Only occasional
diffuse Ab deposits were detected in the parenchyma,
compact deposits were absent. Crossing the APPDutch mice
with mice expressing the mutant PSEN1G348A favors Ab42
production, thus changing the Ab42:Ab40 ratio. This
shifts amyloid pathology from the vasculature to the
parenchyma, resulting in the development of both fibrillar
and large, diffuse amyloid deposits [18].

Although the ratio of Ab42 to Ab40 influences the
nature and location of Ab deposition, traditional trans-
genic studies have not fully determined which Ab species
are responsible for initiating or seeding amyloid depo-
sition in either the parenchyma or vasculature. To address
this, mice were developed that express Ab1-40 or Ab1-42
in the absence of human APP over-expression by fusing
Ab42 and Ab40 peptide sequences to the C-terminal end of
the BRI protein [also known as integral membrane protein
2B (ITM2B)] [16]. Mutations in BRI are associated with
familial British and Danish dementias [21,22]. Cleavage
of the fused protein in BRI–Ab40 and BRI–Ab42 mice
www.sciencedirect.com
results in the efficient production and secretion of Ab40
and Ab42, respectively. BRI–Ab42 mice accumulate
insoluble Ab1-42 and develop compact amyloid plaques,
diffuse Ab deposits and extensive CAA with age [16]
(Figure 2); by contrast, BRI–Ab40 mice do not develop
overt amyloid pathology at any age. Therefore, Ab42
seems to be required to ‘seed’ both parenchymal and
vascular deposits. Although Ab42 is required to seed
amyloid deposition, altering the Ab42:Ab40 ratio by
increasing Ab40 production favors amyloid deposition in
the vasculature. The reason why the site of amyloid
deposition is influenced by the Ab42:Ab40 ratio remains
uncertain. Apolipoprotein E (ApoE) status also alters
amyloid deposition in APP transgenic mice; ApoE4
promotes CAA over parenchymal deposition [15,23,24]
and removing endogenous murine ApoE in mice expres-
sing mutant APP reduces fibrillar plaque load and CAA
[15,25,26]. As a result, it is clear that multiple factors (e.g.
the Ab42:Ab40 ratio and ApoE status) contribute to the
overall pattern of amyloid deposition in human AD.
Ab and memory deficits in APP transgenic mice – the rise

of the oligomer

Multiple lines of mutant APP and PSAPP transgenic have
been shown to develop cognitive deficits in a variety of
behavioral test paradigms, most commonly the Morris
water maze [3,27–30]. To examine the relationship
between amyloid deposition and memory function, Wes-
terman et al. [27] analyzed the age-dependent memory
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Figure 2. Ab42 but not Ab40 is necessary for pathology in transgenic mice. Mice

engineered to express individual Ab peptides (Ab42 or Ab40), through expression of

a fusion transgene (BRI-Ab), have elevated Ab42 or Ab40 levels in plasma and brain

tissue. However, only Ab42 mice develop compact and diffuse amyloid pathology.

(a) Cerebellar sections from 14 month old BRI-Ab42 mice (b) and BRI-Ab40 mice

immunostained with a pan-Ab antibody. Cored and diffuse Ab plaques were

detected in the molecular and granule cell layers of the cerebellum in BRI-Ab42

mice. No amyloid pathology was observed at any age in the brains of BRI-b40 mice.

The scale bar is 60mm.
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loss in Tg2576 in the Morris water maze. Spatial reference
memory was shown to decline progressively from 6
months of age, corresponding with the development of
detergent-insoluble aggregated Ab. Crossing Tg2576 mice
with mutant PSEN1 mice, which accelerates the rate at
which insoluble Ab is formed, also resulted in an earlier
onset of memory decline in the double transgenic offspring
[27]. These observations were consistent with Morris
water maze studies in other APP mouse lines (PDAPP,
TgCRND8 and PSAPP) that reported a correlation
between deficits in spatial reference memory and increas-
ing levels of insoluble Ab aggregates [28,29,31]. However,
analysis of Tg2576 mice over a broader age range (4–22
months) [27] failed to show any overall correlation
between memory function and levels of insoluble Ab,
although a correlation was observed within individual age
groups. These observations were interpreted as indicating
that the level of insoluble Ab is a surrogate measure for
one or more small soluble Ab assemblies that cause
memory dysfunction in Tg2576 [27]. A role for soluble Ab
assemblies in memory dysfunction was further suggested
by anti-Ab immunization studies in APP and PSAPP
mouse models. These studies demonstrated that either
active immunization with Ab or passive immunization
with anti-Ab antibodies could fully reverse memory
deficits in APP and PSAPP mice, but resulted in minimal
clearance of pre-existing amyloid plaque pathology
[29,30,32,33].

Several studies have focused on identifying small Ab
assemblies that might underlie the memory deficits in
Tg2576 and other mutant APP mouse models [34–37].
Walsh et al. [35] identified a population of stable Ab
oligomers, predominantly trimers, in the media of APP-
transfected cells that produced deficits in long-term
potentiation in rats in vivo, and further studies showed
that the same type of oligomers were sufficient to induce
memory deficits when injected into the brains of rats [36].
The memory deficits induced by Ab oligomers were
dissociated from any signs of neurodegeneration in the
treated rats indicating that, as in Tg2576, memory loss
was probably caused by reversible neuronal dysfunction.
This suggests that early cognitive decline in pre-clinical
AD might also reflect the impact of small oligomeric Ab
www.sciencedirect.com
aggregates on neuronal function and might therefore be
reversible. Recently a study by Lesne et al. [37] has gone
further, by identifying one specific 56-kDa oligomeric Ab
species that consistently correlates with memory function
in Tg2576 and also disrupts cognitive function in rats.
However, despite these successes in understanding the
molecular basis of the memory loss in the Tg2576 mouse
model, existing mutant APP and PSAPP mice lack frank
neurodegeneration and, as a result, these models probably
only reproduce the earliest stages of cognitive decline
in AD.

Neurodegeneration in APP and PSAPP mice

Unbiased, stereological neuronal counting has established
that APP and PSAPP mouse models, despite extensive
amyloid deposition in some lines, do not have widespread
neuronal loss as seen in AD [12,14,38]. In the APP23 line,
limited neuronal loss in the CA1 region of the hippo-
campus was associated with the localized impact of dense
amyloid plaques [39–41]. Similar localized neuronal loss
around thioflavin S (Thio-S)-positive amyloid plaques has
also been reported in double transgenic PSAPP mice and
in AD patients [42]. However, neurodegeneration caused
by Thio-S-positive plaques is thought to account for only
w4% of the neuronal loss in the AD brain [42].

By contrast, evidence for progressive synaptic degener-
ation and dysfunction has been reported in multiple lines
of APP and PSAPP mice, although marked variability is
observed between different models. No evidence of
synaptic degeneration, as indicated by staining for
numerous pre-synaptic markers, has been reported in
Tg2576 or PSAPP lines before robust amyloid plaque
deposition (!12 months in Tg2576) [12,38,43]. However,
recent studies have shown that in older Tg2576 mice (21–
25 months) synaptophysin immunoreactivity is reduced
only around dense cored amyloid plaques and this is
associated with electrophysiological changes indicating
abnormalities in synaptic function [44,45]. In addition, 3D
multi-photon microscopy has been used to demonstrate
altered neurite trajectory, dendritic spine loss and
thinning of dendrites in a zone around the dense cored
plaques in Tg2576 and PSAPP mice [44,46]. One of these
studies also reported dendritic breakage and axonal
abnormalities around amyloid plaques in PSAPP double
transgenic mice (4–7 months) [46]. Loss of corresponding
pre-synaptic markers also implied that the plaques
impacted pre-synaptic boutons and post-synaptic struc-
tures [44,46]. Moreover, Ab immunotherapy has also been
shown to resolve at least some of the abnormalities in
neuritic structure around plaques in Tg2576 [47]. These
data imply that dense cored amyloid plaque formation is
likely to contribute to the memory loss observed in AD and
in older Tg2576 mice. However, as described earlier,
plaque formation cannot completely account for the
memory deficits in Tg2576 and it is likely that small Ab
assemblies causing reversible neuronal dysfunction
underlie much of the memory loss in this model, especially
in younger Tg2576 mice (!15 months) that lack wide-
spread amyloid plaque pathology.

In addition to plaque-dependent synaptic loss reported
in Tg2576 and PSAPP mice [44,46], there is evidence of
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plaque-independent synaptotoxicity in other lines of APP
mice [2,6,48]. Mucke et al. [6] reported a series of models
expressing wild-type and mutant APP transgenes in
which progressive decreases in the density of synapto-
physin-immunoreactive presynaptic terminals was
observed. The density of the pre-synaptic terminals was
inversely correlated with the levels of Ab produced in
these lines but not with levels of APP produced or amyloid
plaque load. The same group has also shown impairment
in synaptic function in APP (V717F) mice through
electrophysiological recording of evoked synaptic
responses with O80% deficit in basal synaptic trans-
mission by 8–10 months [48]. More recently, Buttini et al.
[49] showed that active or passive Ab immunotherapy can
prevent the development of age-dependent synaptic
deficits in the PDAPP mice [2]. This study demonstrated
that plaque-independent synapse loss is also linked to the
accumulation of toxic Ab species.

It is currently uncertain how the synaptic degeneration
observed in the APP and PSAPP relates to the process of
neurodegeneration in human AD, and whether this
synaptic loss could be a precursor of neuronal cell death
given longer time periods than are possible in a mouse.
However, it is clear, from the absence of neuronal loss in
Box 2. Mouse models of Alzheimer’s disease

This is not an exhaustive list of all AD transgenic models available but

serves to highlight those models that are either in widespread use or

have significantly advanced our understanding of AD pathogenesis.

There are also many invertebrate models both in Drosophila

melanogaster and Caenorhabditis elegans that have proved invalu-

able to AD research.

PDAPP: First mutant APP transgenic model with robust plaque

pathology [2]. Mice express a human APP cDNA with the Indiana

mutation (APPV717F). Plaque pathology begins between 6–9 months in

hemizygous PDAPP mice. There is synapse loss but no overt cell loss

and no NFT pathology is observed. This model has been used widely

in vaccination therapy strategies.

Tg2576: Mice express mutant APPSWE under control of the hamster

prion promoter [3]. Plaque pathology is observed from 9 months of

age. These mice have cognitive deficits but no cell loss or NFT

pathology. It is one of the most widely used transgenic models.

APP23: Mice express mutant APPSWE under control of the Thy1

promoter. Prominent cerebrovascular amyloid, amyloid deposits are

observed from 6 months of age and some hippocampal neuronal loss

is associated with amyloid plaque formation [39–41].

TgCRND8: Mice express multiple APP mutations (Swedish plus

Indiana). Cognitive deficits coincide with rapid extracellular plaque

development at w3 months of age. The cognitive deficits can be

reversed by Ab vaccination therapy [29].

PSEN1M146V or PSEN1M146L (lines 6.2 and 8.9, respectively): These

models were the first demonstration in vivo that mutant PSEN1

selectively elevates Ab42. No overt plaque pathology is observed [7].

PSAPP (Tg2576!PSEN1M146L [9], PSEN1-A246ECAPPSWE [8]): Bigenic

transgenic mice, addition of the mutant PSEN1 transgene markedly

accelerated amyloid pathology compared with singly transgenic

mutant APP mice, demonstrating that the PSEN1-driven elevation of

Ab42 enhances plaque pathology.

APPDutch: Mice express APP with the Dutch mutation that causes

hereditary cerebral hemorrhage with amyloidosis–Dutch type in

humans. APPDutch mice develop severe congophilic amyloid angio-

pathy [18]. The addition of a mutant PSEN1 transgene redistributes the

amyloid pathology to the parenchyma indicating differing roles for

Ab40and Ab42 in vascular and parenchymal amyloid pathology.

BRI-Ab40 and BRI-Ab42: Mice express individual Ab isoforms

without APP over-expression [16]. Only mice expressing Ab42
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APP and PSAPP models, that physiological Ab accumu-
lation and amyloid plaque formation do not cause rapid
neuronal cell death in vivo. This in turn suggests that Ab
species are unlikely to cause widespread neuronal loss in
the absence of secondary pathological events in human
patients. This is consistent with human neuropathological
studies that show no correlation between overall levels of
amyloid deposition and clinical progression of AD. One
obvious possible explanation is that the glaring absence of
NFT formation in the APP and PSAPP models is linked to
the lack of neuronal cell loss.
Transgenic mice that reproduce MAPT pathology – a link

to neuronal cell death

To examine the role of MAPT in AD and other tauopathies,
mouse models have been developed, through expression of
MAPT mutant and wild-type transgenes, that recapitu-
late most of the features of human neurofibrillary
pathology (NFT and neuropil threads) [50–54] (see Box 2
for summaries of individual models). Transgenic mouse
lines that develop robust neurofibrillary pathology, with
both the structural and biochemical features of human
NFT, also show significant neuronal loss in affected brain
regions [50–54]. An important recent example is the
develop senile plaques and CAA, whereas BRI-Ab40 mice do not

develop plaques, suggesting that Ab42 is essential for

plaque formation.

JNPL3: Mice express 4R0N MAPT with the P301L mutation [53]. This is

the first transgenic model, with marked tangle pathology and cell loss,

demonstrating that MAPT alone can cause cellular damage and loss.

JNPL3 mice develop motor impairments with age owing to severe

pathology and motor neuron loss in the spinal cord.

TauP301S: Transgenic mice expressing the shortest isoform of 4R

MAPT with the P301S mutation [51]. Homozygous mice develop

severe paraparesis at 5–6 months of age with widespread neurofi-

brillary pathology in the brain and spinal cord and neuronal loss in the

spinal cord.

TauV337M: Low level synthesis of 4R MAPT with the V337M mutation

(1/10 endogenous mouse MAPT) driven by the promoter of platelet-

derived growth factor (PDGF) [75]. The development of neurofibrillary

pathology in these mice suggests the nature of the MAPT rather than

absolute MAPT intracellular concentrations drives pathology.

TauR406W: Mice expressing 4R human MAPT with the R406W mutation

under control of the CAMKII promoter [76]. Mice develop MAPT

inclusions in the forebrain from 18 months of age and have impaired

associative memory.

rTg4510: Inducible MAPT transgenic mice using the TET-off system

[50,77]. Abnormal MAPT pathology occurs from one month of age.

Mice have progressive NFT pathology and severe cell loss.

Cognitive deficits are evident from 2.5 months of age. Turning off

the transgene improves cognitive performance but NFT

pathology worsens.

Htau: Transgenic mice expressing human genomic MAPT only

(mouse MAPT knocked-out) [78]. htau mice accumulate hyperpho-

sphorylated MAPT from 6 months and develop Thio-S-positive NFT by

the time they are 15 months old.

TAPP (Tg2576!JNPL3): Increased MAPT forebrain pathology in TAPP

mice compared with JNPL3 suggesting mutant APP and/or Ab can

affect downstream MAPT pathology [63].

3!TgAD: Triple transgenic model expressing mutant APPSWE,

MAPTP301L on a PSEN1M146V ‘knock-in’ background (PSEN1-KI)

[68,79]. Mice develop plaques from 6 months and MAPT pathology

from the time they are 12 months old, strengthening the hypothesis

that APP or Ab can directly influence neurofibrillary pathology.
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Figure 3. Neurofibrillary pathology is associated with neuronal loss and brain atrophy in inducible mutant MAPT transgenic mice (rTg4510). At 9 months of age there is

widespread neurofibrillary pathology in rTg4510 mice in many forebrain structures, including the cortex, hippocampus, striatum and hypothalamus. Thy hypothalamus is

highlighted in (a) and enlarged in (b), to show the severe NFT pathology and massive loss of CA1 pyramidal neurons in the hippocampal formation. These sections were

immunostained with the MAPT antibody, Ab39, which specifically labels mature NFT, and were counterstained with hematoxylin. rTg4510 mice have significant forebrain

atrophy compared with non-transgenic age-matched control littermates, as shown in (c), and have significant decreases in whole brain weight from an early age.

Macroscopic photographs (c) show forebrain atrophy in a representative 10-month old Tg4510 mouse (left) compared with non-transgenic control (right). The images are at

4! and 20! magnification in (a) and (b), respectively; the scale bar in (c) is equal to 0.5 cm.
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inducible rTg4510 model [50,55], which expresses MAPT
with the FTDP-17 mutation P301L [56,57] (Figure 3). This
mouse develops massive neurodegeneration in AD-rel-
evant cortical and limbic structures to the point where
global forebrain atrophy is observed and brain weight is
significantly reduced. Furthermore, the progression of
neurofibrillary pathology and neuronal loss is also
correlated with the progression of deficits in spatial
reference memory as assessed by the Morris water maze
[50]. This and other MAPT transgenic mouse models have
therefore shown that the development of neurofibrillary
pathology and neurodegeneration are closely linked. The
results in the MAPT mice are also consistent with the long
established correlation between NFT pathology and the
progression of memory deficits in AD [58].

Importantly however, analysis of the inducible rTg4510
mice demonstrated that the formation of NFT lesions
could be dissociated from MAPT-induced neuronal loss
and memory decline (Figure 3) [50,55]. In this model,
onset of memory deficits (2.5–4 months) precedes the
development of significant NFT pathology or neuronal loss
(5.5 months). Furthermore, suppressing inducible trans-
gene expression, with doxycycline treatment, after initial
NFT formation has occurred (O4 months) did not halt the
continuing increase in NFT numbers; treated and control
mice had similar numbers of NFT, in cortex and
hippocampus, after 80% transgene suppression for 6
weeks. By contrast, transgene suppression halted the
www.sciencedirect.com
loss of neurons and enabled at least partial recovery of
spatial reference memory function. These findings
suggested that NFT formation is not directly responsible
for neurodegeneration and memory loss in rTg4510 and a
toxic intermediate MAPT species is more likely to underlie
these processes. This obviously parallels the finding that
soluble oligomeric Ab species, rather than insoluble
amyloid, drives memory loss in APP mice [27,36]. In
addition, the results imply that reversible neuronal
dysfunction, as opposed to structural neurodegeneration,
explains much of the early memory loss in rTg4510 and
suggests that memory decline in early stage AD can also
be partially reversible.

The mechanism of neuronal cell death in mouse models
that develop NFT pathology is uncertain, but most of the
data suggest that apoptosis is not the primary mechanism
of neuronal cell death [51,59], and this is consistent with
pathological findings in human tauopathies [60,61].
Recent studies in mice expressing mutant [53,59] and
wild-type [62] MAPT transgenes have implicated axonal
dysfunction and degeneration as an initiator of MAPT-
induced neuronal loss. In particular, Zhang and colleagues
[62] recently demonstrated that treatment with the
microtubule-stabilizing drug paclitaxel restored deficits
in fast axonal transport and reversed mild motor
dysfunction in a transgenic model expressing the shortest
wild-type MAPT isoform. In addition, in htau mice, which
express a PAC transgene containing the entire human
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MAPT gene and lack endogenous mouse Mapt, cortical
neuronal loss is associated with evidence of incomplete,
abnormal cell-cycle re-entry [54]. Despite these findings, it
is clear that additional studies are required to determine
how MAPT pathogenesis causes neuronal cell death in
these models and in human tauopathy. In particular, it
will be important to identify potentially toxic MAPT
species and to determine whether loss of MAPT function
has a role in the initiation of axonal dysfunction
and neurodegeneration.

Transgenic mouse models that develop amyloid plaques

and NFT

Given that mutations in APP and PSEN1 cause AD with
abundant NFT, it is unclear why mice expressing the
mutant human APP and PSEN1 transgenes fail to develop
detectable NFTs. Therefore, it is important to understand
the extent to which Ab and MAPT pathologies interact
during the development of AD.

Aggressive experimental approaches involving crosses
of mutant APP, PSEN1 and MAPT mice have helped us to
understand this interaction. Lewis and colleagues [63]
crossed mutant APP and MAPT (JNPL3) mice, and
demonstrated that the double-transgenic TAPP mice
developed enhanced limbic neurofibrillary pathology,
when compared with single transgenic littermates.
Importantly, the enhanced NFT pathology in the TAPP
mice was also associated with evidence of neuronal loss in
the entorhinal cortex. More recent studies involving a
similar cross of APP and MAPT transgenic mice yielded a
similar enhancement in MAPT pathology [64,65]. Simi-
larly, Gotz et al. [66] found that the intracranial
administration of Ab into mutant (P301L) MAPT mice
resulted in the generation of NFTs within the amygdala.
Results of these studies strongly suggested that Ab
accumulation accelerated the development of neurofibril-
lary lesions, although the exact mechanism of this
interaction was unknown. Interestingly, cross breeding
the mutant APP mice with transgenic mice over-expres-
sing mutant synuclein (A53T) have also shown enhanced
synuclein inclusion pathology, consistent with the hypoth-
esis that Ab accumulation is also linked to the Lewy body
formation pathology commonly observed in AD
patients [67].

Oddo and colleagues [68] extended these studies by
generating a triple-transgenic model (3!Tg-AD), harbor-
ing PSEN1M146V, APPswe and MAPT (P301L) transgenes.
This model accumulates intraneuronal Ab, and sube-
quently forms amyloid plaques and MAPT lesions in an
age-dependent fashion. The stage and extent of the MAPT
pathology in this line has not yet been fully determined;
however, it is clear that extracellular Ab deposition
precedes MAPT pathology by several months, suggesting
that elevated Ab enhances tauopathy development in this
model. Consistent with this observation, mice expressing
the MAPT (P301L) and mutant PSEN1 transgenes did not
develop MAPT pathology in the absence of APPswe over-
expression and Ab deposition. The 3!Tg-AD mice also
develop age-dependent synaptic dysfunction, including
long-term potentiation deficits, and memory deficits that
correlate with the accumulation of intraneuronal Ab
www.sciencedirect.com
[68,69]. An assessment of neuronal loss in these mice
has not yet been reported.

In subsequent studies, Oddo et al. [70,71] found that
injection of anti-Ab antibodies, or antibodies specific for
oligomeric forms of Ab, into the brains of 3!Tg-AD mice
led to the rapid clearance of accumulated Ab deposition
and early MAPT lesions in the cell body. The removal of
both Ab and MAPT lesions proceeded in a hierarchical,
time-dependent manner; clearance of accumulated Ab
occurred before a reduction in the MAPT pathology.
Furthermore, after clearance of the injected Ab antibody,
Ab pathology re-emerged before the appearance of MAPT
lesions. However, later stage hyperphosphorylated MAPT
(antibody AT8 and AT180 positive) lesions were resistant
to clearance by Ab immunotherapy [70]. These results
suggested the existence of reversible and irreversible
stages of MAPT pathology. The nature of this shift from
reversible to irreversible pathological stages is unclear,
but one obvious possibility is that MAPT hyperpho-
sphorylation is associated with aggregation into filaments
that renders the lesion resistant to clearance. These data
are highly reminiscent of the findings of Santa-Cruz et al.
who showed that in the rTg4510 inducible model of
tauopathy NFTs were stable and increased in number
after MAPT (P301L) transgene suppression [50].

Studies in mice expressing APP and MAPT transgenes
have provided clear evidence that Ab and MAPT interact
in the pathogenesis of AD. Moreover, the results clearly
support the hypothesis that Ab can accelerate, if not
initiate, the formation of MAPT neurofibrillary lesions.
However, the close link between NFT formation and
neuronal loss observed in multiple MAPT transgenic lines,
and in the TAPP double transgenic mice, strongly
suggests that in AD the development of pathological
MAPT species is a major pathway to neurodegeneration.

Concluding remarks – the relationship between Ab,

MAPT and neurodegeneration

A complete mouse model of AD has proven elusive,
probably because of the short lifespan of the mouse and
the nature of the relationship between Ab accumulation
and other pathological features that contribute to the
complex phenotype of AD. In particular, based on results
from APP and PSAPP mice, it seems likely that Ab
accumulation does not lead directly to neuronal cell death
in AD but usually requires the initiation of a secondary
process. This provides a simple explanation of why APP
and PSAPP mice fail to develop frank neurodegeneration
despite expressing mutant forms of APP and presenilins
that cause early-onset AD in humans and despite the
abundant amyloid deposition in many of these models
[12,14,38]. In addition, this explanation is completely
consistent with human neuropathological studies that
show no correlation between total amyloid deposition and
memory loss in AD [58].

By contrast, mice that develop robust MAPT neurofi-
brillary pathology almost inevitably develop widespread
neurodegeneration, regardless of whether the neurofibril-
lary lesions are generated through expression of a mutant
[50–53], wild-type MAPT transgenes [54] or over-
expression of a relevant MAPT kinase [72]. These results
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to neuronal cell death [36]. Ab oligomers also aggregate to form senile plaques, and these dense cored structures have been shown to cause synaptic degeneration directly

[44,46]. In addition to their direct impact on synaptic activity, soluble Ab oligomers can target MAPT pathogenesis, causing an acceleration of MAPT aggregation [63,71]. The

effects of Ab on MAPT are likely to be similar to the impact of FTDP-17-associated MAPT mutations causing an increase in unbound MAPT that is available for aggregation

[73]. Soluble MAPT can aggregate to form NFT with associated hyperphosphorylation; however, the major MAPT toxic species are unlikely to be NFT but rather earlier stage

aggregates or modified monomers, as shown in the rTg4510 mice [50]. These toxic MAPT species appear to cause reversible neuronal (perhaps synaptic) dysfunction initially;

however, the accumulation of these pathogenic MAPT species leads to neuronal loss and permanent effects on cognitive phenotype [50].
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from the transgenic mice clearly confirm the close
relationship between MAPT and neurodegeneration and
are consistent with human studies that have reported a
correlation between NFT pathology and the clinical
progression of AD [58]. However, results from TAPP
(MAPTP301L!APPswe) and the 3!Tg-AD mouse models
support the hypothesis that Ab accumulation can accel-
erate, if not initiate, the formation of neurofibrillary
pathology [63,68,70]. Thus, the transgenic mouse data
are consistent with a scheme for AD pathogenesis
(Figure 4) in which the accumulation of aggregated Ab

oligomers accelerates the parallel process of age-depen-
dent formation of MAPT pathology. However, it is the
accumulation of toxic MAPT species (again likely to be
early aggregates rather than NFT) or other secondary
pathological events (e.g. a-synucleinopathy) that initiates
www.sciencedirect.com
neurodegeneration and, by extension, accounts for most of
the clinical syndrome.
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