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Abstract

Tauopathies, characterized by the dysfunction and aggregation of the microtubule-associated
protein tau (MAPT), represent some of the most devastating neurodegenerative disorders afflicting
the elderly, including Alzheimer's disease and progressive supranuclear palsy. Here we review the
range of Maptknock-out and MAPT transgenic mouse models which have proven successful at
providing insights into the molecular mechanisms of neurodegenerative disease. In this overview
we highlight several themes, including the insights such models provide into the cellular and
molecular mechanisms of tauopathy, the direct relationship between neuropathology and
behaviour, and the use of mouse models to help provide a platform for testing novel therapies.
Mouse models have helped clarify the relationship between pathological forms of tau, cell death,
and the emergence of disease, as well as the interaction between tau and other disease-associated
molecules, such as the AR peptide. Finally, we discuss potential future MAPT genomic DNA
models to investigate the importance of alternative splicing of the MAPT locus and its role in
sporadic tauopathies.
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1. Introduction

With a rapidly ageing population in many developed countries, the study of
neurodegenerative illness and dementia is becoming increasingly important. One group of
neurodegenerative diseases, collectively referred to as tauopathies, is characterized by a
dysfunction and accumulation of the microtubule-associated protein tau in selected brain
regions. These include Alzheimer's disease (AD), progressive supranuclear palsy (PSP),
corticobasal degeneration (CBD), Pick's disease (PiD) and frontotemporal dementia with
parkinsonism linked to chromosome 17 (FTDP-17). To gain a better understanding of the
role of tau in these diseases, many knock-out and transgenic mouse models have been
developed over the past decade. The present article intends to give an overview of the
substantial insights such studies have provided so far, and to discuss improved models
which might be useful in future.
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2. The tau protein

The tau protein is widely expressed in the central nervous system, predominantly in neurons.
The microtubule-associated protein tau (MAPT) gene is located on chromosome 17921 and
consists of 16 exons spanning 135 kb (Andreadis et al., 1992). Exons 2, 3 and 10 of MAPT
pre-mRNA are alternatively spliced to produce six isoforms in the adult human brain which
differ by the presence of a 29-amino acid repeat in the amino-terminal half of the protein
(ON, 1IN or 2N) and of either three or four microtubule-binding repeats in the carboxyl-
terminal half (3R or 4R tau; Fig. 1). In the healthy human brain, tau is thought to play a
major role in microtubule stabilization and assembly. There is also evidence that the protein
might be important in signal transduction mechanisms, interactions with the actin
cytoskeleton, neurite outgrowth and stabilization during brain development (Shahani and
Brandt, 2002 for review).

One way in which tau function, and in particular its interaction with microtubules, appears
to be regulated is by phosphorylation (Geschwind, 2003). Broadly, phosphorylation appears
to reduce the affinity between tau and microtubules (Mandelkow et al., 1995), although at
certain epitopes it may also have the opposite effect (Schneider et al., 1999). In the brains of
patients suffering from a tauopathic disease, tau is found in a hyperphosphorylated state,
gradually forming aggregates of abnormal filaments, such as neurofibrillary tangles. Such
insoluble tau fragments tend to be localized in the somatodendritic compartments of cells, in
contrast to their usual localization in axons. The spatial distribution, temporal appearance
and ultrastructural morphology of tangles in the brain differs according to specific
tauopathies and even to specific disease-causing mutations. For instance, in AD,
neurofibrillary tangles consist of both twisted hyper-phosphorylated tau filaments (paired
helical filaments) and of single non-periodical tau filaments (straight filaments) (Kidd,
1963). In contrast, PSP patients and FTDP-17 patients with mutations in exon 10 tend to
display neurofibrillary tangles consisting only of straight tau filaments (Lee et al., 2001).

It is still being debated as to whether abnormal aggregates of hyperphosphorylated tau are
the cause of neurodegeneration or just a downstream-effect of other unknown pathogenic
changes. However, study of the genetics of tauopathies clearly shows that dysfunction of the
tau protein can be sufficient to cause neurodegenerative disease. At least 30 different
mutations in the MAPT locus have been identified in families suffering from FTDP-17
(Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998 and Brandt et al., 2005;
D'Souza and Schellenberg, 2005; Goedert and Jakes, 2005 for reviews). Moreover, a number
of sporadic tauopathies, in particular PSP and CBD, have been linked to haplotypespecific
sequence variations in MAPT (Baker et al., 1999; Conrad et al., 1997; Di Maria et al., 2000;
Houlden et al., 2001; Pittman et al., 2005). Thus two major MAPT haplotypes appear to
exist in the population, H1 and H2, with H1 being overrepresented in patients suffering from
PSP and CBD. The H1 haplotype shows considerable diversity, with at least three different
sub-clades having been identified, one of which (H1C) was found to be most strongly
associated with PSP (Pastor et al., 2004; Pittman et al., 2004). In addition to PSP, H1 sub-
haplotypes have been recently reported to be linked to Parkinson's disease (Fung et al.,
2006; Healy et al., 2004; Skipper et al., 2004; Zhang et al., 2005) and AD (Laws et al., 2007;
Myers et al., 2005, 2007), although the latter finding remains controversial (Mukherjee et
al., 2007).

3. Mapt—/— models

As MAPT plays such a crucial role in human brain development and function, one might
expect a Mapt-/- mouse to display a severe phenotype. Yet, neither of the two Mapt-/-
lines generated so far has been reported to show much evidence of brain dysfunction
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(Dawson et al., 2001; Harada et al., 1994). Homozygous Mapt-/— mice develop normally
and do not display any overt histological abnormalities. Some behavioural alterations have
been reported, however, namely muscle weakness on a rod walking and a wire hanging test,
as well as hyperactivity in a bright open field (Ikegami et al., 2000). Moreover, the mice
displayed impaired contextual fear conditioning when administered foot shocks in an
experimental chamber. While normal animals showed a characteristic freezing response to
the shock as well as to the chamber itself, Mapt-/— mice displayed a less severe freezing
response, both immediately after and 24 h after acquisition of the fear response. This has
been explained in terms of their increased hyperactivity rather than in terms of a memory
deficit, as Mapt-/- mice do not seem to be impaired on a Morris water maze, the classical
test of spatial working memory (Ikegami et al., 2000). Concomitant with these mild
behavioural deficits, Mapt-/— mice also show changes in neuronal maturation and
morphology. Thus, delayed maturation of hippocampal neurons was observed in primary
hippocampal cultures from Mapt-/- mice (Dawson et al., 2001), and microtubule number
and density appeared to be reduced in the cerebellum of Mapt-/- animals (Harada et al.,
1994).

The relative subtlety of the Mapt-/- phenotype is probably partly due to developmental
plasticity and redundancy associated with the different microtubule-associated proteins
present in the brain. This is supported by studies examining other proteins within the
microtubule-associated protein family in Mapt-/- mice. For instance, MAP1A protein
expression appears to be increased in some Mapt-/— animals (Dawson et al., 2001; Harada
et al., 1994), and Mapt-I- Map1B-/- double knock-out mice display a severe phenotype
which is lethal within 4 weeks after its onset (Takei et al., 2000). In addition to such
redundancy effects, it should be noted, however, that Mapt-/— mice remain rather unstudied
in the literature, making it possible that subtle deficits have as yet gone unnoticed. More
extensive behavioural tests and thorough electrophysiological investigations appear to be
lacking.

No conditional Mapt knock-out mouse model has so far been described. Conditional knock-
out lines typically carry an allele flanked by /oxPsites (a “floxed” allele) and are crossed to
a second line carrying Cre recombinase under the control of a tissue-specific promoter.
Offspring are produced with a gene knock-out targeted only to certain cells (Morozov et al.,
2003). This technique is particularly appealing since the mice do not have a widespread
allele deletion which may avoid confounding issues such as developmental compensation.

4. Tau transgenic models

4.1. Wild-type cDNA models

In contrast to Mapt-/- mice, MAPT transgenic mice have been widely generated and
studied extensively. The first MAPT transgenic models used complementary DNA (cDNA)
vectors to overexpress various human wild-type tau isoforms in the mouse brain (Brion et
al., 1999; Gotz et al., 1995; Higuchi et al., 2002; Ishihara et al., 1999, 2001; Probst et al.,
2000). All of these models resulted in hyperphosphorylation of tau, but lacked most other
neuropathological changes associated with human tauopathies. In particular, neurofibrillary
tangles were reported only in rare instances and at an advanced age (18-20 months).

4.2. cDNA models with MAPT mutations in exon 10

Given the lack of phenotype found when overexpressing wild-type MAPT in mice, the
majority of research has now focused on overexpressing some of the more than 30 known
MAPT mutations discovered in FTDP-17 patients. Most of these mutations lie within the
microtubule-binding region of MAPT, spanning exons 9-12 (Fig. 2). The study of
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transgenic mice has consequently focused on this region, and in particular on mutations
lying within exon 10 (for a summary of the most important transgenic models, cf. Table 1).

The greatest number of lines has been generated from MAPT cDNA containing the P301L
mutation. The first of that kind was the JNPL3 line, with 4R/ON tau (four-repeat, no amino-
terminal inserts) under the control of the mouse prion promoter (Arendash et al., 2004;
Lewis et al., 2000; Lin et al., 2003a,b, 2005). The mice developed neurofibrillary tangles in
the diencephalon, brainstem and cerebellar nuclei, as well as abnormal tau filaments in glial
cells. Moreover, axonal degeneration could be observed in the spinal cord, leading to
progressive loss of motor neurons and, correspondingly, a motor phenotype characterized by
impaired grasping and righting reflexes, as well as spontaneous back-paw clenching and
general motor weakness. In contrast, no clear deficits could be observed on anxiety or
cognitive tasks (Arendash et al., 2004), and neuronal apoptosis was absent (Zehr et al.,
2004). As the first well-studied model of its kind, the JNPL3 line has provided important
insights into the relationship between tau protein and disease. However, since the mice
develop such a severe phenotype in the spinal cord, leading to early morbidity, the JNPL3
line has difficulty modelling the largely cortical progression of human tauopathic diseases.

More recently, lines carrying the P301L mutation have yielded phenotypes more closely
resembling human tauopathies. However, their specific nature differs quite significantly
depending on which tau isoform and promoter was used (Table 1). For instance, pR5 mice
(4R/2N tau under the control of the mouse Thy1.2 promoter) displayed neurofibrillary
tangles predominantly in the hippocampus and cortex, and developed behavioural deficits
similar to those seen in certain tauopathies, with evidence for accelerated extinction and
impaired spatial reference memory (Pennanen et al., 2004, 2006). These P301L mice also
showed signs of mitochondrial dysfunction leading to an impairment of mitochondrial
respiration and ATP synthesis. In particular, mitochondrial complex V proteins were
reduced, just as they were in post-mortem brains of four FTDP-17 patients with the same
mutation (David et al., 2005). A very recent model introduced the P301L mutation onto the
longest tau isoform (4R/2N) under the control of the hamster prion promoter (Murakami et
al., 2006). Mice of that line (Tg23027) developed neurofibrillary tangles and glial tangle
pathology in frontotemporal areas that progressed with age and culminated in neuronal loss
and cerebral atrophy. At a behavioural level the mice showed no gross motor abnormalities,
but were impaired on a spatial memory task and a conditioned taste aversion task which
required them to associate the taste of saccharine with a transient feeling of sickness induced
by an injection of lithium chloride. On the latter task, mice with high ratios of insoluble to
soluble tau exhibited the most severe deficits. Such an excellent correlation between
pathology and behaviour is rarely found. Similarly, age-dependent tangle pathology and
neuronal loss are uncommonly found in single MAPT transgenic models. For that reason,
this model might be of particular interest to future research.

Besides the P301L mutation, two other exon 10 mutations have been studied in transgenic
mouse models, namely P301S and N297K. P301S mice (4R/ON tau under the control of the
Thy1.2 promoter) showed hyperphosphorylated tau in brain and spinal cord. The tangles
were accompanied by neuroinflammation, and resembled the aggregates found in FTDP-17.
Phenotypically, the animals displayed paraparesis, muscle weakness and developed a tremor
by five to six months of age (Allen et al., 2002; Bellucci et al., 2004). However, the P301S
mutation does not necessarily lead to such a severe motor deficit: Schinkdowski and
colleagues (Schindowski et al., 2006) created a mouse line containing two MAPT mutations,
P301S and G272V. The animals showed no motor dysfunction, but increased anxiety and
spatial memory impairments. Fittingly, extensive neurofibrillary tangle pathology was found
in the amygdala and the hippocampus. The latter area was also shown to undergo
progressive cell loss and changes in synaptic transmission by 14 months of age.
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Only one mouse model has been created so far using the N297K mutation. The mutated
transgene (4R/ON under the control of the mouse prion promoter) led to the development of
hyperphosphorylated tau in the absence of neurofibrillary tangles. The mice displayed
hyperactivity and deficits in pre-pulse inhibition and on the Morris water maze (Taniguchi et
al., 2005).

4.3. cDNA models with MAPT mutations in exons 9, 12 or 13

Outside of exon 10, MAPT transgenic research has so far focused on three FTDP-17
mutations: G272V in exon 9, V337M in exon 11 and R406W in exon 13. G272V was one of
the earliest mutations to be used for MAPT transgenic models (Gotz et al., 2001b; Lim et al.,
2001), and on its own, seems to result in hyperphosphorylated tau not only in neurons, but
also in oligodendrocytes (Gotz et al., 2001b).

The V337M mutation has been studied more extensively, with research looking not only at
brain abnormalities, but also behavioural phenotype. Thus, it has been suggested that
V337M mice (4R/2N tau under the control of the platelet-derived growth factor-beta
promoter) have difficulty associating environmental context with their present emotional
state (Tanemura et al., 2002). Mice were tested on an elevated plus maze, where open arms
confer anxiety while closed arms signal safety and tend to be preferred by normal animals.
Despite being as anxious as their non-transgenic littermates (as measured by their rate of
defecation), transgenic mice still spent an abnormal amount of time in the open arms. This
finding could not be explained in terms of a spatial memory deficit, and has therefore been
interpreted by the authors to be a problem of associating the open arms with the feeling of
anxiety. It is also one of the few instances (cf. also Pennanen et al., 2006; Taniguchi et al.,
2005) in which a behavioural phenotype found in MAPT transgenic mice is distantly
reminiscent of the disinhibition commonly observed in FTDP-17 patients. In terms of
pathology, the mice displayed a variety of abnormalities in the hippocampus, including the
presence of neurofibrillary tangles, decreases in neuronal activity in the CA region and
evidence for non-apoptotic neuronal degeneration.

The greatest number of lines from any mutation outside exon 10 was generated from the
R406W mutation in exon 13. All of the lines are based on 4R/2N tau which, however, was
put under the control of different promoters (Egashira et al., 2005; Ikeda et al., 2005;
Tatebayashi et al., 2002; Zhang et al., 2004). The resulting phenotypes were quite diverse,
but the presence of hyperphosphorylated tau and neurofibrillary tangle-like pathology was a
universal feature. In terms of behaviour, memory and motor-related deficits were reported,
just as with other MAPT transgenic mouse models. However, there was also the unusual
report of increased immobility time on a forced swimming test (Egashira et al., 2005). In
this paradigm, which has been used as a model for depression, mice are put into a small
container filled with water from which they cannot escape for several minutes. The
proportion of time the mice remain immobile as opposed to swim and try to escape is used
as an indicator of depression. Accordingly, the increased immobility (“depression”)
observed in R406W transgenic mice could be reversed by the administration of selective
serotonin re-uptake inhibitors (Egashira et al., 2005). Depression is a symptom that
commonly accompanies or precedes dementia, and may even be falsely diagnosed with the
underlying neurodegenerative disease remaining unrecognised (Karnik et al., 2006). The
R406W mouse line developed by Egashira and colleagues (Egashira et al., 2005) is the first
that could help model the relationship between depression and dementia.

4.4. cDNA models with combined mutations

The cDNA lines described in the previous two sections have yielded many interesting
insights into the development of tau pathology and the effect of MAPT mutation on
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phenotype. In addition to these studies, it has also been possible to create combined
transgenic models which can provide information about the relationship between tau and
other proteins thought to play a major role in tauopathic disease. For instance, Oddo and
colleagues (Oddo et al., 2003) developed a triple transgenic line (3xTg-AD) for the study of
AD. The mice not only carried the P301L MAPT mutation, but also mutations in two other
genes known to be associated with AD: the PS1y146yv Mutation in presenilin 1 (PS1) and the
so-called Swedish mutation (APPswe: KM670/671NL double mutation) in the amyloid
precursor protein gene (APP). 3xTg-AD mice, in contrast to single MAPT or single APP
transgenic mice, display both neurofibrillary tangles and extracellular Ap deposits in the
brain, just as observed in AD patients. Moreover, the regional distribution of tangles and Ap
deposits, as well as the progressive time course of their appearance, mirrored that found in
AD patients. Finally, the mice were shown to exhibit deficits in synaptic transmission and
synaptic plasticity in the hippocampus even before the appearance of tangle and plaque
pathology.

4.5. cDNA models with inducible promoters

Another novel and advanced transgenic model makes use of cDNA driven by an inducible
promoter. In contrast to transgenes expressed under a constitutive promoter, those expressed
under inducible promoters can be switched on and off in the adult mouse, allowing for a
more direct study of the effect of the transgene. The Tg4510 line expresses the P301L
MAPT mutation (4R/ON tau) under the control of a tet-inducible CaMKII promoter
(Ramsden et al., 2005; Santacruz et al., 2005; Spires et al., 2006). In these mice transgene
expression is mostly restricted to forebrain areas, and can be suppressed by treatment of the
animals with doxycycline. As with other P301L models, the mice developed progressive
pretangle and neurofibrillary tangle pathology with age, concomitant with neuronal cell loss.
Moreover, a behavioural phenotype could also be observed, characterized by a hunched
posture, development of hind limb dysfunction with increasing age and an increasing
impairment on the Morris water maze task. The most important findings of this model,
however, were made when transgene expression was inhibited through the administration of
doxycycline. This led to a reduction in neuronal loss, but a continuing increase in
neurofibrillary tangle load. Similarly, in terms of behaviour, the mice showed an
improvement of performance on the Morris water maze, despite unchanged neurofibrillary
tangle pathology. These results seem to suggest that neurofibrillary tangles do not
necessarily lead to cell death or behavioural problems. Indeed, even with the transgene
switched on, loss of neurons was reported to be dissociated from tangle pathology in specific
brain areas, with cell death occurring before neurofibrillary tangles in the dentate gyrus,
while neurofibrillary tangles could be observed without cell loss in the striatum.

4.6. Genomic DNA models

All MAPT transgenic models described so far employ cDNA constructs and suffer from the
fundamental problem that their phenotypic profile is highly dependent on the nature of the
promoter employed, be it tissue-specific or broadly expressed, constitutive or inducible. As a
result, the transgene is expressed in a non-physiological fashion, which can lead to general
overexpression, expression in irrelevant brain areas and expression at inappropriate times.
Promoter dependence may be one of the reasons (along with other factors such as strain
differences) that account for different transgenic lines displaying such different phenotypes
even when the same mutation is studied.

Transgenic models using genomic DNA constructs can circumvent such issues. In the case
of MAPT, there are two which have been reported so far. The entire human MAPT locus
including its endogenous promoter was introduced into a mouse as a P1-based artificial
chromosome (PAC) genomic DNA insert (Duff et al., 2000). The line thus generated
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expressed all six human tau isoforms and did not show any pathology. However, the
continuing presence of mouse Maptwas a potential confound. To create an improved model,
these mice were therefore backcrossed onto a Mapt-/- knock-out background (Andorfer et
al., 2005, 2003). The resulting animals displayed hyperphosphorylated tau, neurofibrillary
tangles and cell loss in a spatiotemporal distribution similar to that found in AD. Moreover,
ultrastructurally, the insoluble tau fragments extracted from these mice resembled the paired
helical filaments found in AD patients. It is intriguing that the presence of human wild-type
genomic DNA alone should lead to a tauopathic phenotype. Andorfer and colleagues
(Andorfer et al., 2005, 2003) suggested that it might be related to a change in tau isoform
composition also observed in these mice, away from the usual 1:1 ratio of 3R:4R tau to an
increase in 3R tau over 4R tau. This explanation is particularly interesting in light of
evidence that relative tau isoform levels may be implicated in sporadic tauopathies (Caffrey
et al., 2006; Chambers et al., 1999; Delacourte et al., 1998; Myers et al., 2007; Takanashi et
al., 2002). Specifically, the htau mice might serve as a model for Pick's disease, as patient
brains have been shown to display an abundance of 3R tau over the 4R isoforms (Delacourte
etal., 1998).

5. Discussion

By now, the sheer number and diversity of mouse models of tauopathies should be apparent.
While the findings resulting from this research are equally diverse, it is nevertheless possible
at this stage to draw some general conclusions. Mouse models have made it clear, even more
so than the study of FTPD-17 patients, that MAPT mutations alone are sufficient to cause
tauopathic disease. Beyond that, the study of mice has also yielded additional insights into
the mechanisms of that disease process, four of which stand out in particular.

Firstly, there is now good evidence that the formation of neurofibrillary tangles is
independent of cell death. Thus, Andorfer and colleagues used electron microscopy in their
human tau (htau) mice, and reported that the presence of tau filaments did not correlate with
the death of individual cells (Andorfer et al., 2005). And more recently, a conditional P301L
transgenic model has confirmed these findings (Ramsden et al., 2005; Santacruz et al., 2005;
Spires et al., 2006): suppression of the transgene by doxycycline led to a reduction in the
neuronal loss and the behavioural abnormalities observed in the transgenic animals, but left
neurofibrillary tangle load unaffected. Conversely, there is some evidence that the presence
of hyperphosphorylated tau at least is required for the onset of a phenotype. Young P301L
mice, which still possessed normal tau phosphorylation patterns, were found to be
unimpaired and indeed showed superior performance on an object recognition task
compared to non-transgenic littermates (Boekhoorn et al., 2006). Concomitantly, they also
showed increased long-term potentiation in the dentate of the hippocampus. Once those
mice had reached a certain age however, and tau hyperphosphorylation had appeared, the
pattern of results was reversed, with non-transgenic littermates outperforming their
transgenic counterparts. Thus it seems that toxicity might be caused somewhere in between
the emergence of tau hyperphosphorylation and its endpoint, the formation of neurofibrillary
tangles.

Mouse models of tauopathies have also provided some insight into the mechanisms of cell
death. At least two studies looking at two different mutations have so far reported the
conspicuous absence of neuronal apoptosis. Thus, in JNPL3 mice TUNEL-staining appeared
mainly in cells that electron microscopy indicated to be oligodendrocytes (Zehr et al., 2004).
Similarly, Tanemura and colleagues (Tanemura et al., 2002) did not observe any signs of
neuronal apoptosis in a V377M transgenic mouse line.
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In addition to deepening our understanding of how dysfunction of tau itself can cause
disease, transgenic and knock-out mice have provided some new information about the
interaction between tau and other proteins relevant to tauopathies, in particular Ap. For
instance, it has been shown that treating primary neuronal cultures of tau knock-out mice
with fibrillar Ap does not have a deleterious effect on cells, while the same treatment on
wild-type cultures results in extensive degeneration of neurons (Rapoport et al., 2002). The
authors concluded that tau might be a key component of the mechanism by which Ap exerts
toxicity on cells. Similarly, the TAPP line, generated by crossing P301L tau mice with AB-
producing Tg2576 mice, demonstrates the likelihood of a link between Ap and tau
pathology, with the former exerting an influence on the latter (Lewis et al., 2001). Thus, the
neurofibrillary tangle load in MAPT APP double transgenics was found to be increased by a
factor of seven compared to single MAPT or APPtransgenics. In contrast, plague formation
was unaffected, indicating that presence of tau lesions had no effect on Ap pathology.

Lastly, MAPT transgenic models are beginning to provide insights into the potential of new
therapeutic approaches (cf. Table 2). Zhang and colleagues (Zhang et al., 2004) found their
MAPT transgenic mice to display reduced microtubule numbers resulting in impaired fast
axonal transport. Treatment with microtubule-stabilising drugs had a beneficial effect on
both microtubule numbers and fast axonal transport, as well as reducing pathological tau
inclusions and motor deficits.

Several studies utilising transgenic models have demonstrated the promising therapeutic
potential of glycogen synthase kinase-3 (GSK-3) inhibition. Along with cyclin-dependent
kinase 5 (Cdk5), GSK-3 is one of the main kinases thought to be involved in the aberrant
phosphorylation of tau in neurodegenerative disease (e.g. Hanger et al., 1992; Mandelkow et
al., 1992). Moreover, it may also affect MAPT pre-mRNA splicing (Hernandez et al., 2004),
making it a particularly interesting candidate for the treatment of sporadic tauopathies. Most
GSK-3 inhibition studies use lithium. The chronic administration of lithium in mice
overexpressing wild-type or mutant human MAPT has been shown to reduce
hyperphosphorylation of tau (Noble et al., 2005; Perez et al., 2003) and in some cases even
to reverse tau pathology and behavioural abnormalities observed in aged mice (Engel et al.,
2006; Nakashima et al., 2005). Similar findings have also been reported in a MAPT
overexpression model in Drosophila (Mudher et al., 2004). Furthermore, it appears that the
negative effect of GSK-3 on tau phosphorylation can be modulated by Cdk5 which was
shown to act as an inhibitor of GSK-3 in a Cdk5 mouse model (Plattner et al., 2006). Cdk5
may therefore also be a promising candidate for medical intervention.

Another such candidate is the C-terminus of the Hsp70-interacting protein (CHIP) which is a
crucial catalyst for chaperone-mediated protein ubiquitination and degradation of
abnormally phosphorylated and folded tau proteins (Dickey et al., 2007b). Accordingly,
inhibition of one of the chaperones involved in this pathway (Hsp90) in htau mice (Andorfer
et al., 2003) was shown to decrease hyperphosphorylated tau levels, a process which appears
to be mediated by CHIP (Dickey et al., 2007a).

Finally, there is very recent evidence indicating that immunosuppression may have
beneficial effects on tau pathology. P301S transgenic mice have been shown to display
synapse loss and impaired synaptic function in the hippocampus that was followed by
microglial activation and neuroinflammation at an early age. Only later was the usual tau
pathology and accumulation observed, concomitant with neuronal loss and hippocampal
atrophy. Use of the immunosuppressor FK506 resulted in a decrease of abnormally
phosphorylated tau, as well as an increased lifespan (Yoshiyama et al., 2007). These
findings not only highlight a potential future therapeutic avenue, but also provide additional
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evidence that crucial pathogenic changes in tauopathies may occur well before the
accumulation of tau and the formation of neurofibrillary tangles.

6. Future models

While Mapt-I- and MAPT transgenic models have thus yielded important insights into the
development of tauopathies, many vital questions still remain unexplored. The most obvious
omission in research so far is the lack of models for any tauopathy other than AD and
FTDP-17. While it is true that neurofibrillary tangles are the hallmark of all tauopathies,
their ultrastructural composition differs significantly between the individual syndromes.
Moreover, diseases like PSP, CBD and Pick's are quite unlike AD and frontotemporal
dementia in terms of symptoms, aetiology and brain pathology as a whole. In particular PSP
and CBD tend to resemble Parkinson's disease more than Alzheimer's disease, and they lack
amyloid plaques entirely. Moreover, all three diseases have been linked to an alteration in
the splice ratio of the tau protein. Thus, in PSP and CBD, the normal 1:1 ratio of 3R to 4R
tau is changed in favour of 4R tau (Chambers et al., 1999; Takanashi et al., 2002).
Conversely, in Pick's disease, patient brains display an abundance of 3R tau (Delacourte et
al., 1998). Despite MAPT alternative splicing thus potentially playing a causal role in the
development of tauopathic disease, it has remained largely unexplored in the transgenic
literature. Most transgenic models so far employ cDNA constructs, which do not allow
realistic investigation of MAPT alternative splicing and, as discussed above, have additional
problems of promoter dependence and non-physiological expression levels. There are only
two reports so far of a genomic MAPT transgene being used to create a transgenic mouse
line (Andorfer et al., 2003; Duff et al., 2000). Despite the introduction of wild-type
MAPTDNA, the mice displayed a phenotype when backcrossed onto knock-out background.
They also showed an overall excess of 3R tau over 4R tau, and thus might serve as a model
for Pick's disease. Overall therefore, these results add support to the hypothesis that MAPT
alternative splicing may play a role in the genesis of tauopathies.

The creation of more genomic mouse lines would now be of great interest. The models
created so far by Duff, Andorfer and colleagues have demonstrated that genomic constructs
can lead to expression of both 3R and 4R tau in mice, even though adult mice — under
normal circumstances — show constitutive expression of 4R tau only. It thus appears that the
presence of c/s-splicing regulatory elements, in conjunction with conserved trans elements,
might be sufficient to mimic the splicing pattern observed in humans. However, it still
remains to be seen whether it is possible to obtain a transgenic animal in which the baseline
splice ratio of 3R to 4R tau is closer to 1:1, thus reflecting the conditions present in healthy
individuals. One could also attempt to model the most common isoform imbalance found in
tauopathies, namely that of an increase in 4R tau over 3R tau. Furthermore, to study the
effects of splicing, one might consider exploring one of the many FTDP-17 mutations that
have been found to affect MAPT alternative splicing instead of or in addition to tau
microtubule binding (e.g. N296K, AK280, S305N, exon 10 + 3).

Considering the microtubule-binding mutations, it seems that studying one mutation, and
one particular transgenic line even, in great detail may be more beneficial than generating
many new transgenic models incorporating previously unexplored mutations. The former
method is more likely to provide insights into the mechanisms of the disease-causing
process, as is exemplified by research into the JNPL3 line. With its severe motor neuron and
spinal cord phenotype it is arguably not a particularly accurate model of human FTDP-17.
Yet its in-depth study has resulted in valuable new evidence about the mechanism of cell
death associated with tauopathies (Zehr et al., 2004), as well as the deleterious influence of
neurofibrillary tangles on synaptic architecture (Katsuse et al., 2006).
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In conclusion then, study of MAPT alternative splicing and further in-depth analysis of tau
microtubule-binding mutations are likely to yield important new mouse models of
tauopathies. Thus, they might contribute to the valuable insights into disease progression,
aetiology and treatment that have already been provided by the Mapt-/- and MAPT
transgenic models to date.
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Isoform

4R/2N
4R/IN
4R/ON
3R/2N
3R/IN

3R/ON

Schematic representation of the six tau isoforms in the human CNS. Alternative splicing of
exons 2 and 3 (e2 and e3, in dark and light grey) yields isoforms with two, one or no 29-
amino acid inserts in the amino-terminal region of the protein (2N-ON). Alternative splicing
of exon 10, which codes for the second microtubule-binding repeat (r2, with black rim) in
the carboxyl-terminal part of the protein, yields isoforms with three or four microtubule-

binding repeats (3R vs. 4R tau).
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D60V p3oiL/s 19 L3ISLR  E342V G389R
RSH/L S305N/S 29 S320F/Y K369l R406W
v v v v v v v
— exonl 74; exon9 — exon 10 exon Il — exonl12 — exon 13 —
N microtubule binding region -

Fig. 2.

FTDP-17 mutations and their location along human MAPT. Only the exons in which
mutations have been reported are shown. Point mutations are indicated by the identity and
site of the amino acid change. Splice site mutations in intron 10 are indicated by their
position counting away from exon 10.
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Table 2

Potential therapeutic targets for the treatment of tauopathic disease that have been investigated via MAPT

transgenic models

Therapeutic target

Mechanism References

Microtubule transport

GSK-3 (Cdk5)

CHIP/Hsp90

Neuroinflammation

Microtubule-stabilising drugs were shown to restore microtubule numbers ~ Zhang et al. (2004)
and fast axonal transport affected by a MAPT mutant transgene

Lithium inhibition of GSK-3, responsible for aberrant phosphorylation of ~ Engel et al. (2006), Mudher et al. (2004),
tau, could be shown to reduce and sometimes reverse tau pathology Nakashima et al. (2005), Noble et al.
(2005),
Perez et al. (2003), Plattner et al. (2006)

CHIP-mediated inhibition of Hsp90 was shown to influence the pathway Dickey et al. (2007a)
involved in ubiquitination and degradation of proteins and decrease
abnormally phosphorylated tau

Use of the immunosuppressor FK506 resulted in a decrease of Yoshiyama et al. (2007)
hyperphosphorylated tau and an increased lifespan in MAPT mice that
display early neuroinflammation as a result of a mutant transgene
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