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Abstract

The microtubule-associated protein tau, abundant in neurons, has gained notoriety due to the fact that it is deposited in cells as

fibrillar lesions in numerous neurodegenerative diseases, and most notably Alzheimer’s disease. Regulation of microtubule dynamics is

the most well-recognized function of tau, but it is becoming increasingly evident that tau plays additional roles in the cell. The

functions of tau are regulated by site-specific phosphorylation events, which if dysregulated, as they are in the disease state, result in

tau dysfunction and mislocalization, which is potentially followed by tau polymerization, neuronal dysfunction and death. Given the

increasing evidence that a disruption in the normal phosphorylation state of tau plays a key role in the pathogenic events that occur in

Alzheimer’s disease and other neurodegenerative conditions, it is of crucial importance that the protein kinases and phosphatases that

regulate tau phosphorylation in vivo as well as the signaling cascades that regulate them be identified. This review focuses on recent

literature pertaining to the regulation of tau phosphorylation and function in cell culture and animal model systems, and the role that a

dysregulation of tau phosphorylation may play in the neuronal dysfunction and death that occur in neurodegenerative diseases that

have tau pathology.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tau is a family of neuronal proteins that are produced by

alternative mRNA splicing of a single gene. The most well-

defined role of tau in the cell is to promote microtubule

stability; however, it is becoming increasing evident that

tau has many other functions (for a review, see Ref. [1]).

The functions of tau are regulated by its phosphorylation

state, and tau is a champion when it comes to phospho-

rylation. The longest form of human brain tau contains 80

Ser or Thr residues and five Tyr residues, and therefore

almost 20% of the protein has the potential to be

phosphorylated. In vitro, dozens of protein kinases have

been shown to phosphorylate tau; indeed, tau maybe
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considered a buniversal phosphate acceptorQ. Although

innumerable protein kinases can phosphorylate tau in vitro,

the number that regulates the phosphorylation state of tau

in a physiologically relevant context is significantly lower.

Therefore, to limit the scope of this review, only tau

phosphorylation events that occur in situ or in vivo will be

discussed after a brief history of tau.
2. A brief history of tau

Tau was first discovered in 1975 by Weingarten et al.

[2] as a protein that co-purified with microtubules through

cycles of assembly and disassembly and was called tau for

its ability to induce tubule formation. In 1977 it was noted

that tau was a phosphoprotein [3], and in 1984 it was

demonstrated that tau in a more dephosphorylated state is

more efficient at promoting microtubule assembly [4].
ta 1739 (2005) 280–297
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Subsequent to these findings, there was only moderate

interest in tau until it was demonstrated that tau made up

the paired helical filaments (PHFs) which form the

neurofibrillary tangles (NFTs) found in Alzheimer’s

disease brain and that the tau that formed these filaments

was abnormally phosphorylated [5–7]. These findings

catapulted tau into the limelight, and studies on the

phosphorylation of tau increased exponentially. However,

interest in the mechanisms regulating tau phosphorylation

seemed to dwindle when it was discovered that mutations

in genes that affect the production of Ah (the peptide that

forms the core of the amyloid plaques that make up the

other predominant pathological lesion in Alzheimer’s

disease brain) caused familial Alzheimer’s disease [8,9].

These findings, along with others demonstrating the

toxicity and pathogenic properties of Ah (reviewed in

Ref. [10]), lead to the notion that tau pathology was not

central to the disease and therefore there was less interest

in tau and tau phosphorylation. However, the tau field was

re-energized when it was discovered that mutations in the

tau gene caused rare autosomal dominant neurodegener-

ative diseases [collectively known as frontotemporal

dementia with parkinsonism linked to chromosome 17

(FTDP-17)], in which there was pronounced tau pathology

but no amyloid pathology [11–14], and the tau in FTDP-17

brains was also abnormally phosphorylated. Further, there

was a growing list of sporadic neurodegenerative diseases

that were termed btauopathiesQ as abnormal lesions

containing phosphorylated tau were present in the brain

again without significant amyloid pathology (reviewed in

Ref. [15]). Overall, these findings clearly indicate that

alterations in tau phosphorylation and function likely play

a significant role in a variety of neurodegenerative

diseases, and therefore understanding the mechanisms that

regulate tau phosphorylation and the outcome of these

events is imperative.
3. Tau phosphorylation in non-mammalian models

Despite the renewed interest in tau phosphorylation,

function, and dysfunction, a suitable animal model that

accurately recapitulates the tau pathology and neuronal

degeneration found in human tauopathies has not been

established. While the models that have been established

may not be completely accurate in their representation of

human disease states, they do provide valuable insights into

how tau functions in normal and pathological states, and the

role that phosphorylation plays in modulating tau function.

In this section, non-mammalian models used to analyze tau

phosphorylation and function will be presented.

3.1. Tau in the worm

The simplest animal model that has been established to

examine tau function to date is the nematode Caenorhab-
ditis elegans. While these nematodes have a very primitive

nervous system (no brain!), they do possess large, easily

visible neurons, which have been mapped and provide a

good in vivo environment to examine tau localization and

function. Although it is relatively easy to manipulate C.

elegans genetically, and it has been used to study the

function of a number of neuronal proteins (reviewed in

Ref. [16]), only one recent study has utilized this model to

investigate the functions and effects of wild-type and

FTDP-17 mutant tau on neuronal function [17]. In this

study, it was demonstrated that overexpression of wild-type

or FTDP-17 mutant tau (V337M or P301L) decreased the

life span and the motility of the worms. Tau over-

expression in C. elegans also resulted in a presynaptic

deficit in cholinergic transmission. Although in this model

both wild-type and FTDP-17 mutant tau were phosphory-

lated, and over time there was an increase in insoluble tau,

there was not a clear-cut association between tau phos-

phorylation/aggregation and the functional/behavioral def-

icits [17].

3.2. Tau in the fly

Similar to C. elegans , the fruit fly (Drosophila

melanogaster) is a convenient and powerful model that

can be used to examine tau phosphorylation and function

in the context of the nervous system in an intact animal.

While the nervous system of a fly is still quite simplistic

(there is no true brain or central nervous system), it is

more complex than that of the worm. One powerful

advantage of using Drosophila is the fact that every

neuron has been mapped, both developmentally and in

relation to its connections in the adult animal [18,19]. This

provides an excellent model to determine the effects of tau

on cell migration, axon pathfinding, synaptogenesis, and

cellular function.

Drosophila express a microtubule-associated protein

(MAP) that promotes microtubule assembly and migrates

on SDS-polyacrylamide gels with an approximate molecular

weight of 85 kDa. In addition, this protein, termedDMAP-85,

is recognized by certain tau-specific antibodies [20]. Like

mammalian tau, DMAP-85 is also functionally regulated by

phosphorylation and localizes to axons of the ventral nerve

cord. These results show that tau-like proteins are present in

lower animals and perform similar functions to tau, suggest-

ing that tau function is evolutionarily important and

conserved.

Panneuronal expression of both wild-type and FTDP-17

(R406W) mutant tau significantly decreased the life span

of the flies, although expression of the R406W tau resulted

in a greater decrease in life span than wild-type tau [21].

Similar to the results of a previous study [22], the authors

found that expression of wild-type human tau caused

neurodegeneration in the tau-expressing cells. Overexpres-

sion of the tau constructs did not alter the developmental

progression of neurons or axon pathfinding. In contrast,
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aged tau transgenic flies showed increased neurodegenera-

tion compared to nontransgenic flies, with the flies

expressing R406W tau showing a more severe phenotype.

Further, phosphotau immunohistochemical staining

increased with age in both the wild-type- and R406W

tau-expressing flies, and the immunoreactivity localized to

degenerating neurons. However, no immunoblots were

shown to demonstrate increased tau phosphorylation in the

tau transgenic flies. Additionally, electron microscopic

examination of transgenic fly brains and sarkosyl insoluble

fractions revealed no neurofibrillary pathology, even in

flies expressing the R406W mutant tau [21]. Results from

this study demonstrate that overexpression of wild-type or

mutant human tau in fly neurons is sufficient to cause age-

dependent degeneration of neurons, and this neurodegen-

eration is not dependent on the formation of intracellular

tau aggregates. In this model, as in the other tau

overexpression animal models, it would be interesting to

determine if the neurodegenerative effects are specific for

tau, or if overexpression of another MAP, such as MAP-2,

also results in neuronal degeneration. These experiments

are important to validate the usefulness of tau over-

expression models to examine the mechanisms responsible

for the neuronal degeneration that occurs in the human

disease states, as increased tau expression is not a feature

of the human tauopathies.

In a subsequent study, both tau and a protein kinase that

phosphorylates tau, glycogen synthase kinase 3h (GSK3h),
were overexpressed in fly neurons [23]. As observed

previously, overexpression of wild-type human tau in

neurons resulted in an increase in apoptotic markers and

cell death. Expression of GSK3h together with tau resulted

in an enhanced toxicity. Interestingly, co-expression of tau

and GSK3h produced large intracellular tau-containing

aggregates that contained filaments, although a robust

increase in tau phosphorylation was not demonstrated

[23]. While these findings are intriguing, the increased

toxicity in response to the expression of GSK3h with tau

may not be due to an increase in phosphorylation of tau by

GSK3h, but may be due to the fact that GSK3h is a pro-

apoptotic protein (for a review, see Ref. [24]), and hence

increases the vulnerability of the neurons to the toxic effect

of tau overexpression.

Shulman and Feany [25] used a genetic screen in

Drosophila to identify unique modifiers of human tau

toxicity. Screening nearly 2300 different genes, they

identified 24 genes that enhanced or suppressed the

neuronal toxicity of tau. The majority of the identified

clones were Drosophila homologs of kinases and

phosphatases, which could directly or indirectly modulate

the phosphorylation state of tau. Some phosphatases and

kinases shown to enhance tau-induced neuronal degener-

ation are protein phosphatase (PP) 2A subunit B, center

divider kinase, and Tao1 (fly homolog of STE20-related

kinase). Kinase/phosphatase suppressors identified were

MARK/PAR-1, two CDC-25 phosphatase homologs
(string and twine), a PP1 subunit, and the phosphatidic

acid phosphatase. Interestingly, GSK3h, c-jun N-terminal

kinase (JNK), and cyclin dependent kinase-5 (cdk5), all

of which have been shown to phosphorylate tau in vitro

[26–30], were not identified by the assay as modifiers of

tau toxicity. Nonetheless, these findings suggest that

phosphorylation events play a role in regulating the

toxicity of tau when it is exogenously expressed.

3.3. Tau in the lamprey

The sea lamprey (Petromyzon marinus) is a jawless,

primitive fish with a notochord that has been used to

examine the effects of tau overexpression on neuronal

survival in an intact vertebrate animal. The lamprey has

several giant, easily identified reticulospinal neurons

[anterior bulbar cells (ABCs)], which can be made to

express human proteins by microinjecting the appropriate

mRNA, and analyzed over a time course (reviewed in Ref.

[31]). One group has exploited this model system to

examine the effects of tau expression and phosphorylation

on cellular function. In 1997, Hall et al. [32] demonstrated

that when human tau is overexpressed in lamprey ABCs, it

becomes phosphorylated and forms filamentous inclusions.

The authors showed tau localized throughout the cell,

including the soma and dendrites. When they examined the

distribution of tau phosphorylated at the PHF-1 (Ser396/404)

and Tau-1 (Thr198-Ser205) epitopes, they found it was

predominantly in the dendrites, in contrast to a primarily

axonal localization of tau as it is in human brain [1].

However, even though tau localized primarily to the

dendrites, there were filamentous tau inclusions and

evidence of degenerative changes, indicating that tau’s

toxicity is not dependent upon axonal localization. This

group went on to demonstrate that that cellular changes,

such as cytoskeletal disruption and membrane degener-

ation, are spatially and temporally correlated with the

appearance and progressive formation, of intracellular tau

straight filaments [33]. Interestingly when purified PHFs

from Alzheimer’s disease brain were injected into the

ABCs, they were dephosphorylated and proteolyzed within

2 days, indicating that there maybe a malfunction of

normal dephosphorylation and/or proteolytic mechanisms

in Alzheimer’s disease brain [34]. In a more recent study,

it was demonstrated that proprietary compounds, which

inhibit tau filament formation in vitro, also inhibited tau

filament formation in lamprey ABCs and attenuated the

degenerative changes that occur in response to tau over-

expression [35]. These data suggest that in the lamprey, tau

filaments are toxic to the cells. Overall, these studies in the

lamprey have contributed to our understanding of the

possible pathogenic outcomes of tau overexpression.

Interestingly, the lamprey was the first in vivo model of

tau filament formation [32]. Given this fact, it is

unfortunate that up to this point no other group has

used the lamprey as a model system to elucidate the
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sequence of events that eventually lead to tau filament

formation.

3.4. Tau in the zebrafish

Zebrafish (Danio rerio) have been used to elucidate

numerous aspects of development such as signaling path-

ways involved in organogenesis and embryonic patterning,

and have also provided a model for several human diseases

(reviewed in Refs. [36–38]). In spite of the well-charac-

terized biology of the zebrafish, and this model system’s

usefulness in elucidating the pathogenic underpinnings of

several human diseases, only one study has attempted to use

this model to study the tauopathies.

In 2002, Tomasiewicz et al. [39] demonstrated that the

zebrafish could be genetically engineered to overexpress

human tau resulting in the formation of filamentous

structures. Further, the exogenously expressed human tau

is phosphorylated in this in vivo model system. Interest-

ingly, in this model system, the expressed tau redistributes,

in a time-dependent manner, from the axon to the soma

where tau-positive filaments form. In contrast to some other

studies, in this model system exogenously expressed three-

repeat tau did not form inclusions or induce cytoskeletal

disruption. Finally, the authors demonstrate that expression

of tau in neurons leads to phosphorylation of tau on PHF-tau

immunoreactive sites (PHF-1), and that GSK3h is expressed

in fish brain [39]. These results establish the usefulness of

the zebrafish as a possible model system for the study of

human tauopathies.

3.5. Tau in the frog

The Xenopus laevis oocyte is another popular model

system frequently used to examine or model developmental

processes. Xenopus has also been widely used as a good

model for electrophysiological studies, due to the fact that

oocytes will express functional ion channels when the

mRNA is microinjected. However, like most other non-

mammalian model systems, Xenopus has not been fre-

quently used as a model to study tau-toxicity or tauopathy.

However, in 2002 one group published three reports, all

pertaining to tau phosphorylation and mutant tau effects

using Xenopus as the model system [40–42]. Two studies

examined the phosphorylation of exogenously expressed

tau, one with respect to protein kinase A (PKA) and GSK3h
[41] and the other in the context of mitosis [40]. Xenopus

oocytes can be induced to mature by the application of

progesterone. During prophase I, both PKA and GSK3h are

active, while induction with progesterone causes inactiva-

tion of both and activation of numerous other kinases [e.g.,

cdk2 and mitogen activated protein kinase (MAPK or

ERK2)] during meiosis I [41]. During prophase, tau

phosphorylation at the AD2 (Ser396/404) site increased in a

time-dependent manner, which was blocked by LiCl, a

GSK3h inhibitor, while induction with progesterone
increased phosphorylation at this epitope in a LiCl-

independent manner. Phosphorylation at the AT100

(Thr212/Ser214) epitope was not inhibited by LiCl, and

expression of exogenous PKA led to phosphorylation at

both the AD2 and AT100 epitopes in a LiCl-independent

(and therefore GSK3h independent) manner [40,41]. In the

context of mitosis [40], the authors examined tau phosphor-

ylation at the AD2, Tau-1, TG3 (Thr231), and AT100

epitopes. By 4 h post-progesterone induction, phosphoryla-

tion was significantly increased at all sites examined.

Injection of the phosphatase Cdc25 (which dephosphor-

ylates and activates cdc2) during prophase I did not affect

phosphorylation at the site recognized by either AD2 or

TG3 at 0 or 6 h post-injection, while AT100 phosphor-

ylation was not observed at either time point. Similar

changes in tau phosphorylation were observed in stable tau-

expressing neuroblastoma cells, indicating that the phos-

phorylation state of tau is modulated by mitotic events [40].

Given the results of these [40,41] and other studies [43,44],

it has been suggested that in Alzheimer’s disease brain

neurons may be inappropriately trying to re-enter the cell

cycle and this results in activation of mitotic kinases that can

phosphorylate tau. It has also been speculated that because

the neuron cannot re-enter the cell cycle properly, it

subsequently defaults to a cell death pathway, which

ultimately results in the death of the cell [45,46].

Xenopus oocytes have also been used as an in vivo assay

to evaluate the effects of wild-type and FTDP-17 mutant tau

on microtubule function [42]. Using human four-repeat tau,

the authors demonstrated that wild-type tau, along with

R406W and S305N mutants, inhibited oocyte maturation in

a gene dose-dependent manner, presumably due to the fact

that tau binds microtubule instability. In contrast, the P301L,

DK280, G272V, P301S, V337M, three-repeat wild-type,

and three-repeat R406W tau all had no effect on oocyte

maturation, apparently because they may not bind the

microtubules as efficiently as four-repeat tau and the

R406W and S305N mutants [42]. These studies indicate

that Xenopus oocytes may provide a unique, in vivo,

environment to monitor tau phosphorylation and tau’s

effects on microtubules.

Although tau phosphorylation and function has not been

extensively studied using non-mammalian systems as

models, much useful information has already been

obtained from the data that has been published. That is

not to say that these models are not without their problems.

For example, findings that have been reported using the

different models are not always in agreement. Further, the

data obtained using Xenopus, lamprey, C. elegans, or

zebrafish as the model system need to be further

substantiated by additional groups, as each model system

has been used by only one lab to study tau phosphorylation

and function. Despite these issues, the further development

of non-mammalian model systems should vastly improve

the knowledge base of tau function, phosphorylation, and

dysfunction.
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4. Tau phosphorylation in mammalian cell culture

models

4.1. GSK3b and tau

Mammalian cell culture systems, both clonal and

primary, have proved extremely useful in elucidating the

signaling pathways that regulate tau phosphorylation and

the effects of specific phosphorylation events on tau

function. One protein kinase that has garnered significant

attention as a btau kinaseQ is GSK3h. Early studies showed

that co-transfection of tau and GSK3h into nonneuronal

cells resulted in a robust increase in tau phosphorylation at

numerous epitopes. Further, co-expression of GSK3h with

tau significantly impaired the binding of tau to micro-

tubules (for review, see Ref. [29]). However, given the fact

that GSK3h phosphorylates numerous sites on tau,

especially in overexpression models, these studies did not

allow for the evaluation of the effects of specific phospho-

epitopes on tau function. This is an especially important

question as GSK3h phosphorylates substrates at both

unprimed Ser/Thr-Pro motifs and primed sites in which a

Ser or Thr residue, four amino acids C-terminal to the

target Ser/Thr, is phosphorylated first (for a review, see

Ref. [24]), and there is increasing evidence that most

physiologically relevant GSK3h substrates are primed

[47,48]. In tau both unprimed and primed sites are

phosphorylated by GSK3h, with Thr231 being the most

noteworthy primed epitope [49–51]. Intriguingly, it was

recently demonstrated in a co-transfection study that a

GSK3h mutant that could only phosphorylate unprimed

sites (GSK3h-R96A) [52,53] had no negative impact on

tau’s ability to bind microtubules, in comparison to wild-

type GSK3h which significantly impaired tau’s ability to

bind microtubules [54]. Further, GSK3h-R96A phosphory-

lated unprimed sites on tau more efficiently than wild-type

GSK3h, clearly indicating the importance of primed site

phosphorylation in regulating tau-microtubule interactions

[54]. Subsequent to this initial study it was demonstrated

that primed phosphorylation of tau at Thr231 by GSK3h
played a critical role in decreasing tau’s ability to both

bind and stabilize microtubules [55]. In transfected cells,

tau with Thr231 mutated to an Ala was still able to

efficiently bind microtubules after phosphorylation with

GSK3h [55]. These studies clearly indicate that although

GSK3h can phosphorylate numerous sites on tau, not all

have an impact on tau function.

GSK3hmay also play a role in regulating the degradation

of tau. Tau is likely degraded by the proteasome [56], and

proteasomal inhibition in concert with an enhancement of tau

phosphorylation results in the aggregation of tau in

oligodendroglial cells [57]. In a recent study, it was

demonstrated that phosphorylation of tau by GSK3h resulted

in binding by Hsc70 and recruitment of the E3 ligase

CHIP which subsequently resulted in tau ubiquitination.

Further, the presence of CHIP attenuated the cell death which
occurred in response to overexpression of tau and GSK3h
[58].

Given the likelihood that GSK3h plays a significant

role in regulating tau phosphorylation in vivo, it is of

critical importance to understanding the signaling pathways

that modulate the activity of GSK3h. It is well established
that phosphorylation of Ser9 on GSK3h inhibits its

activity, while phosphorylation of Tyr216 increases activity

(for a review, see Ref. [24]). Long-term treatment of cells

with insulin or IGF-1 results in Akt activation, which in

turn phosphorylates GSK3h on Ser9, decreasing activity

with the net result being a decrease in tau phosphorylation

[59,60]. Interestingly, short-term exposure of clonal cells

and primary neurons to insulin or IGF-1 results in an

increase GSK3h-mediated tau phosphorylation, possibly

due to activation of the tyrosine kinase fyn and GSK3h
tyrosine phosphorylation [60,61]. In primary neurons, the

transient activation of GSK3h by IGF-1 resulted in a

relocation of tau to the distal portion of the axon [60].

There is also data demonstrating that integrin-linked kinase

(ILK) phosphorylates GSK3h on Ser9, inhibiting activity.

In N1E-115 mouse neuroblastoma cells, inactivation of

ILK resulted in an increase in tau phosphorylation that

was ameliorated by treatment with LiCl, a GSK3 inhibitor

[62]. In PC12 cells, similar findings were reported, with

ILK inhibition resulting in increased tau phosphorylation

and decreased neurite outgrowth in a GSK3-dependent

manner [63].

Calcium has also been reported to regulate GSK3h
activity. A modest, transient increase in intracellular calcium

resulted in a prolonged increase in GSK3-dependent tau

phosphorylation. Further, the increase in GSK3h-mediated

tau phosphorylation was accompanied by an increase in the

phosphorylation of Tyr216, suggesting that the calcium

transient resulted in activation of a calcium-dependent

GSK3 phosphorylation [64]. However, recent studies from

Phillip Cohen’s lab have suggested that almost all the

tyrosine phosphorylation of GSK3h is due to autophosphor-

ylation [65], and therefore further studies are required to

determine the mechanisms that are responsible for the

increase GSK3h tyrosine phosphorylation in response to

calcium transients.

Protein complexes that bind GSK3h play a significant

role in regulating the activity and targets of GSK3h. The
best characterized of these is the canonical wnt pathway. In

the absence of a stimulus, the scaffold protein axin binds

GSK3h, h-catenin, and other proteins that facilitate the

phosphorylation and degradation of h-catenin. Wnt stim-

ulation activates dishevelled (dvl), which, in concert with

the GSK3 binding protein, frequently rearranged in

advanced T cell lymphomas (FRAT), facilitates the

dissociation of GSK3h from axin, thus decreasing h-
catenin phosphorylation, resulting in h-catenin accumula-

tion and activation (for a review, see Ref. [24]). Although

the effects of this wnt signaling complex on GSK3h-
mediated h-catenin phosphorylation are well established,
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how this complex affects the phosphorylation of other

GSK3h substrates, including tau, has not been fully

elucidated. Overexpression of dvl attenuated the increase

in GSK3h-mediated tau phosphorylation [66], although the

mechanism of action is unclear as dvl does not bind GSKh
directly [67]. In addition, although overexpression of

GSK3h did not increase phosphorylation at Ser262/356

(12E8 epitope), which was expected as this epitope is not

phosphorylated by GSK3h [68], dvl significantly

decreased 12E8 immunoreactivity to below basal [66],

suggesting that dvl may regulate tau phosphorylation

through a GSK3h-independent pathway as well. Over-

expression of FRAT appeared to attenuate GSK3h-medi-

ated tau phosphorylation of Ser396/404, and Ser residues

between 189 and 206 [69]. Given the fact that FRAT

directly interacts with GSK3h [67], these data suggest that

this interaction may play a role in modulating GSK3h-
mediated tau phosphorylation. Furthermore, the scaffolding

protein axin potently inhibits tau phosphorylation by

GSK3h, apparently by sequestering GSK3h away from

tau and into the wnt signaling complex, as axin does not

bind tau [70]. This suggests that the pool of GSK3h
recruited by axin to phosphorylate h-catenin and modulate

downstream signaling events is not readily available to

phosphorylate tau, and perhaps other GSK3h substrates

that do not interact with members of the wnt signaling

complex.

In addition to regulating the interaction of tau with

microtubules, GSK3h may play a role in the formation of

insoluble tau fibrils. This would position GSK3h as a

significant contributing factor in the development of tau

pathology both in Alzheimer’s disease and other neuro-

degenerative disorders. In COS-7 cells the expression of

GSK3h with activated JNK3 resulted in significant tau

phosphorylation and an increase in RIPA buffer insoluble

tau aggregates [71]. Although intriguing, further studies are

required to delineate the role of GSK3h in the formation of

tau filaments in neurodegenerative diseases.

4.2. Cdk5 and tau

Cdk5 is a member of the cyclin-dependent kinase

family, but is not involved in cell cycle regulation. The

activity of this kinase is highest in neurons due to the

selective expression of its regulator p35 in these cells.

Cdk5/p35 plays a predominant role in brain development

and function (for a review, see Ref. [72]). Cdk5, when

complexed with p25 (a truncated form of p35), can

phosphorylate tau at the epitopes that are similar to those

that are phosphorylated during mitosis. Therefore, it has

been suggested that Cdk5/p25 is responsible for the

bmitotic-likeQ phosphorylation of tau in Alzheimer’s

disease brain [73]. There is data to suggest that because

p25 is longer-lived than p35, Cdk5/p25 results in more

extensive and maybe dysregulated substrate phosphoryla-

tion, compared to Cdk5/p35 (for a review, see Ref. [74]).
Furthermore, p25 has been reported to be elevated in

Alzheimer’s disease brain [75,76], although these findings

are controversial [77–79]. In addition, it should be noted

that other kinases such as GSK3h can phosphorylate the

same sites on tau as cdk5/p25 or cdc2/cyclin B1 (for a

review, see Ref. [29]), and there are indications that

GSK3h may also be dysregulated in Alzheimer’s disease

brain (for a review, see Ref. [24]). Therefore, although

sites on tau that get phosphorylated during mitosis are also

phosphorylated in Alzheimer’s disease brain, whether or

not cdk5, or other members of the cyclin dependent kinase

family, directly contributes to the increase in tau phos-

phorylation remains unresolved.

4.3. Protein phosphatases and tau

In vitro, tau is readily dephosphorylated by numerous

protein phosphatases, most notably PP1, PP2A and PP2B

(for a review, see Ref. [80]). PP1 is targeted to

microtubules by tau [81] and, recently, PP5 has been

shown to dephosphorylate tau both in vitro and in situ

when overexpressed in PC12 cells [82]. Nonetheless, the

majority of studies have focused on the role of PP2A in

regulating tau phosphorylation. The predominant brain

isoform of PP2A, ABaC, binds directly to tau and is

likely a major tau phosphatase [83,84]. It is also of

interest to note that it has been hypothesized that Pin-1

regulates phosphorylation of Thr231 by selectively binding

to this site and facilitating the conversion of the pThr-Pro

motif to a trans conformation thus allowing dephosphor-

ylation of the site by the predominant Pro-directed PP2A

[51]. This is an interesting hypothesis; however, it should

be noted that phosphorylation of peptides from this

region of tau did not alter the equilibrium of cis-trans

isomers [85]. There is also data to suggest that there is

reduced binding of PP2A to tau with FTDP-17 mutations,

which could contribute to the increase in tau phosphor-

ylation that occurs in FTDP-17 cases [86].

4.4. Tyrosine phosphorylation of tau

In addition to being extensively phosphorylated on

numerous Ser and Thr residues, tau is phosphorylated on

Tyr18 [87]. The tyrosine kinase fyn binds to tau [88] and is

likely the kinase that phosphorylates Tyr18. Further, fyn

can phosphorylate GSK3, which increases its activity

resulting increased tau phosphorylation [61]. Therefore,

the binding of fyn to tau may not only be responsible for

the tyrosine phosphorylation of tau [61], but also may

facilitate the phosphorylation of tau by GSK3h by

enhancing the activity of this kinase. Treatment of cells

with Ah has been reported to result in a rapid and very

transient increase in the tyrosine phosphorylation of

cytoskeletal proteins, including tau, which is likely

mediated by fyn [89]. Intriguingly, in oligodendrocytes

the recruitment of tau and tubulin to fyn in lipid rafts
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seems to be an important early step in the process of

myelination [90]. Tyrosine phosphorylation of tau may

also play a role in pathogenic processes, as PHF pre-

parations stained with an antibody to phospho-Tyr18, and

in addition NFTs were also stained. Interestingly, neuropil

threads and dystrophic neurites were not stained with the

phospho-Tyr18 antibody, suggesting a differential role of

this phosphorylation event compared to the Ser/Thr

phosphorylation in the pathogenic process [87].

4.5. The effects of cholesterol and Reelin on tau

phosphorylation

Several epidemiological studies have found a correla-

tion between elevated cholesterol levels and an increased

risk of Alzheimer’s disease (for a review, see Ref. [91])

and the use of statins (HMG-CoA reductase inhibitors) has

been correlated with a decreased risk of dementia [92].

Further, tau hyperphosphorylation and tau pathology occur

in Niemann–Pick Type C disease (NPC), which is a

cholesterol storage disease with defects in intracellular

trafficking of exogenous cholesterol [93]. Additionally, tau

phosphorylation is increased in an NPC murine model

[94]. These findings suggest that alterations in cholesterol

metabolism may impact tau phosphorylation. However, in

cultured neurons, treatment with an HMG-CoA reductase

inhibitor, which decreases cholesterol biosynthesis, has

been reported to result in increased tau phosphorylation

[95]. In another study, inhibition of HMG-CoA reductase

also resulted in increased tau phosphorylation in rat

primary neuronal cultures, although the increases were

modest and transient [96]. Although cholesterol depletion

seems to enhance tau phosphorylation, treatment of

primary hippocampal neurons with an HMG-CoA reduc-

tase inhibitor significantly decreased Ah production

[97,98]. Therefore, in terms of Alzheimer’s disease

pathology, the effects of HMG-CoA reductase inhibitors

on tau phosphorylation and Ah production appear para-

doxical. These findings suggest that the decreased risk of

dementia in patients who use statins may be due to the

peripheral, not central, effects of the drugs, or that the

predominant effect of the inhibitors in the brain may be to

reduce Ah production.

Members of the low-density lipoprotein (LDL) recep-

tor gene family play important roles in the uptake and

metabolism of lipids. Two members of this receptor

family, the VLDL receptor and ApoER2, both bind ApoE

and the extracellular matrix-associated protein Reelin (for

a review, see Ref. [99]). Given that they are highly

homologous to the LDL receptor, it was originally

proposed that they played a role in lipoprotein metabo-

lism; however, subsequent studies indicate that they have

a significant signaling function and play crucial roles in

neural development [99]. In terms of tau phosphorylation,

it has been shown that knocking out the VLDL receptor

and ApoER2, or Reelin, results in significant increases in
tau phosphorylation [100]. This maybe due to the fact

that Reelin activates phosphatidylinositol 3-kinase (PI3K)

resulting in Akt activation and subsequently phosphor-

ylation and inactivation of GSK3h. A likely outcome of

this cascade of events would be a decrease in tau

phosphorylation [101]. Given that tau mRNA is detect-

able in the rat from embryonic day 13/14 onwards [102],

and therefore is present during Reelin-mediated neuronal

migratory events that require significant alterations in the

cytoskeleton [103], it is highly possible that Reelin-

mediated alterations in tau phosphorylation may play a

role cortical lamination.

4.6. Tau phosphorylation and neurite outgrowth

Early studies clearly demonstrated that tau plays a

significant role in axonal outgrowth and the establishment

of neuronal polarity [104,105]. Further, coordinated mod-

ulation of the phosphorylation of specific epitopes on tau

appears to be required for appropriate neurite outgrowth.

Expression of various tau constructs in insect Sf9 cells

demonstrated that phosphorylation of Ser262/356 in the

microtubule binding domains is required for the develop-

ment of cell processes, while phosphorylation of Ser/Thr-

Pro motifs in the regions that flank the microtubule

binding domains inhibits the expression of cell extensions

[106]. Further, it appears that microtubule affinity-regulat-

ing kinase (MARK) likely plays a role in the phosphor-

ylation of Ser262/356 in tau, which decreases tau’s affinity for

microtubules and thus increases the dynamics of micro-

tubules, which is required for the growth of neurites and the

development of neuronal polarity [107]. Intriguingly,

MARK was one of the proteins identified as a suppressor

of tau toxicity in a genetic screen in Drosophila [25] (see

above). In addition to MARK, GSK3h-mediated tau

phosphorylation seems to be important in regulating neurite

extension and retraction. Treatment of cells with lysophos-

phatidic acid results in activation of GSK3h, increased tau

phosphorylation and neurite retraction [108,109]. Con-

versely, activation of ILK results in Akt activation and

subsequent inhibitory phosphorylation of GSK3h and an

attenuation of tau phosphorylation. This cascade of events

plays a role in facilitating neurite outgrowth [63]. Taken

together, all these findings support the hypothesis that

increased phosphorylation of tau within the microtubule

binding domains and a concomitant decrease in phosphor-

ylation of tau in the flanking domains are required for

appropriate neurite outgrowth.

4.7. Ab-mediated tau phosphorylation

Alzheimer’s disease is characterized by the presence of

both extracellular amyloid plaques and intracellular NFTs,

and there is increasing evidence that Ah, which is the

predominant component of the amyloid plaques, affects

tau phosphorylation. Ah fibrils induce tau phosphorylation
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in rat hippocampal and human cortical neuronal cultures

[110]. Mutations in the presenilin genes cause early onset

Alzheimer’s disease (for a review, see Ref. [111]), and

presenilin 1 is one of the components of the g-secretase

complex, which is one of the proteases required for Ah
production [112]. In rat hippocampal neurons, expression

of mutant presenilin 1 exacerbated Ah-induced increases

in tau phosphorylation, concomitant with increased neu-

ritic dystrophy [113]. Treatment of tau-transfected human

neuroblastoma SH-SY5Y cells with aggregated Ah42 for 5

days resulted in a decrease in the solubility of tau and the

presence of filamentous tau. Phosphorylation of Ser422

appeared to play a role in this process, as mutation of

Ser422 to Ala prevented tau aggregation and filament

formation [114]. This finding is interesting for two

reasons. First, there is data to suggest that phosphorylation

of the C-terminal of tau significantly increases tau

filament formation in vitro. Although in this previous

study Ser396/404 were pseudophosphorylated [115], a

similar result might be expected for Ser422 phosphoryla-

tion. Second, caspase cleaves tau at Asp421/Ser422 [116],

and caspase-cleaved tau is very fibrillogenic [117] and is

present in the NFTs in Alzheimer’s disease brain [118].

Therefore, it can be suggested that phosphorylation of

Ser422 of tau may enhance caspase cleavage and thus

facilitate tau polymerization.

4.8. FTDP-17 tau phosphorylation

Numerous different mutations in the tau gene cause

FTDP-17, and almost all neuropathologically examined

FTDP-17 cases exhibit filamentous pathology containing

hyperphosphorylated tau (for a review, see Ref. [119]).

Although hyperphosphorylated tau is a characteristic of

FTDP-17 cases, expression of FTDP-17 mutant tau in cell

culture models has yielded variable results. In stably

transfected CHO cells, most of the FTDP-17 tau mutants

were phosphorylated to the same extent as wild-type tau,

except for R406W tau, which showed a pronounced

decrease in phosphorylation [120,121]. In transiently

transfected CHO, all the FTDP-17 tau mutants (V337M,

P301L and R406W) showed diminished PHF-1 immunor-

eactivity compared to wild-type tau, indicating that the

mutants were phosphorylated significantly less than the

wild-type tau at Ser396/404 [122]. Transient transfection of

human neuroblastoma SH-SY5Y cells with FTDP-17

mutant tau constructs yielded similar results, with the

phosphorylation state of the mutant tau being equal to or

less than the wild-type tau [123]. In another study, SH-

SY5Y cells were engineered to inducibly express wild-type

or FTDP-17 mutant tau. Although a 40% increase in

phosphorylation at the PHF-1 site was noted for the

V337M mutant tau compared to wild-type, phosphoryla-

tion at all other sites was significantly decreased, and for

R406W mutant tau, phosphorylation was significantly

decreased relative to wild-type tau for all epitopes
examined [124]. Therefore, there has been some difficulty

in recapitulating the increases in tau phosphorylation that

occurs in FTDP-17 brains in cell culture model systems.

However, in a recent study it was demonstrated that

R406W tau stably overexpressed in immortalized mouse

cortical cells was more highly phosphorylated than wild-

type tau at numerous epitopes and showed decreased

microtubule binding, an effect that could be reversed by

dephosphorylation. These results suggest that expression of

FTDP-17 mutant tau in the appropriate cellular context

results in increases in phosphorylation that resemble the

changes that occur in FTDP-17 brain [125].

4.9. bPseudophosphorylationQ as an approach to examining

phosphorylation effects on tau function

Mutation of Ser/Thr residues to Glu or Asp residues

has been used as an approach to mimic phosphorylation.

For example, Akt is activated by phosphorylation of

Thr308 and Ser473, and conversion of these sites to Glu

results in an Akt construct that is constitutively active

(e.g., see Ref. [126]). Further, mutation of Ser396 and

Ser404 to Glu was used to mimic the effects of phos-

phorylation of these sites on in vitro tau filament

formation [115], and conversion of specific PKA phos-

phorylation sites on tau to Asp resulted in conformational

changes similar to those observed in response to phos-

phorylation [127]. Pseudophosphorylated tau constructs

may be useful for examining the effects of site-specific

phosphorylation on tau function in cellular model systems.

The primary approach has been to co-express tau with

various protein kinases and determine functional out-

comes. However, almost all protein kinases phosphorylate

tau on more than one site, and additionally the protein

kinases phosphorylate proteins other than tau. Therefore, it

is often difficult to determine how phosphorylation of a

particular site on tau directly impacts tau function. Recent

studies have shown that expression of pseudophosphory-

lated tau results in functional impairment similar to tau

that has been phosphorylated on those sites [128,129].

Therefore, the use of pseudophosphorylated tau constructs,

in addition to studies using wild-type tau and specific

protein kinases, may help provide more information on

how the different phosphorylated epitopes on tau impact

tau function.
5. Tau in transgenic mouse models

Over the past 10 years, numerous tau mouse models have

been made, especially since the discovery of the tau

mutations that cause FTDP-17. Although overexpression

of tau often results in a phenotype, currently no model

accurately recapitulates the cellular and nervous system

pathology that occurs in the human diseases. Nonetheless,

much has been learned about the phosphorylation, function
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and dysfunction of tau from these models. Since tau

transgenic mouse models have been discussed in a review

published in 2002 [130], here we will just highlight several

recent mouse models that provide new insights into the

mechanisms that may contribute to aberrant tau phosphor-

ylation and function in the disease state.

5.1. Tau and Cdk5/p35[p25] in transgenic models

In vitro cdk5 phosphorylates tau [131,132]. For cdk5 to

be active, it must form a heterodimer with one of its

regulatory subunits: p35, p25 (the truncated carboxy-

terminus of p35), p39 or p29 (the truncated carboxy-

terminus of p39) (for a review, see Ref. [74]). Given that

these regulators are necessary for cdk5 activity, genetic

manipulation of the activity of cdk5 is usually carried out by

knocking out or overexpressing one of these regulatory

proteins. Interestingly, in terms of tau phosphorylation and

aggregation, these models have produced conflicting results.

In one model of p25 overexpression, increased phosphor-

ylation of tau was detected using immunohistochemical

techniques, although the immunoblot data did not show a

p25-induced increase in tau phosphorylation [133]. In

another mouse model of p25 overexpression, there was

widespread axonal degeneration; however, there was no

evidence of NFTs. In addition, in this study no increase in

tau phosphorylation was reported [134]. No significant

differences in tau phosphorylation at the PHF-1 epitope

(phospho-Ser396/Ser404) in cerebral cortex lysates from p35

knockout mice and p35 knockout mice expressing low

levels of a p25 transgene were observed [135], and no

increase in tau phosphorylation was observed in triple

transgenic mice overexpressing p35, CDK5 and human tau

[136]. Interestingly, mice expressing low levels of p25 in the

postnatal forebrain showed increased levels of tau, but no

increase in tau phosphorylation (although phosphorylation

of NF-M was increased) [137]. It is also of interest that in

p35 null mice where cdk5 activity is significantly decreased,

the extent of tau phosphorylation is actually increased,

which maybe due to the increase in GSK3h activity that was

observed in these mice [138]. These findings suggest that

cdk5 may not be directly phosphorylating tau in vivo.

Nonetheless, given the number of substrates that are

phosphorylated by cdk5, it is likely that cdk5 may indirectly

modulate tau phosphorylation (for a review, see Ref. [74]).

In contrast to the above papers, two very recent reports

show that p25 overexpression increases tau phosphorylation

and pathology in mouse brain. Cruz et al. [139] demon-

strated that overexpression of p25 in the postnatal mouse

brain increased tau phosphorylation and the presence of tau

in insoluble fractions. Along with these changes, affected

brain regions showed increased neuronal dysfunction and

loss and neurofibrillary pathology. Interestingly, based on

their findings, these authors speculated that cdk5/p25 may

induce neurodegeneration and increased tau phosphoryla-

tion and aggregation through independent parallel pathways
[139]. In another recent study, the extent of tau phosphor-

ylation at several epitopes in p25�P301L mutant tau double

transgenic mice was found to be greater than that observed

in the P301L tau mice. Further, the number of Gallyas

silver-stained neurons in the brainstem of the p25�P301L

mutant tau double transgenic mice was significantly greater

than in P301L mice. Interestingly the levels of active

GSK3h were increased in the double transgenic mice and

some colocalization of cdk5, active GSK3h and aggregated

tau was observed [140]. It is interesting to note that both

knocking out p35 [138] and overexpressing p25 [140] led to

increased GSK3h activity. Considering these findings, it is

tempting to speculate that it is the dysregulation of GSK3h
that directly leads to increased tau phosphorylation, rather

than cdk5. However, further studies are clearly needed to

determine the role of cdk5 in the tau pathogenic processes

given the conflicting data that have been obtained from

these different mouse models.

5.2. Tau and GSK3b in transgenic models

While much research has focused on GSK3h as a tau

kinase both in vitro and in cell culture models, transgenic

mouse studies employing GSK3h overexpression have been

limited, presumably due to a lethal phenotype associated

with GSK3h overexpression at high levels. Despite this fact,

there have been several studies that have reported GSK3h
overexpression in mouse models in a region-specific or

inducible manner. Expression of a constitutively active

GSK3h (S9A) in neonatal neurons led to a significant

decrease in overall brain weight and volume, with the

largest reduction occurring in the cerebral cortex [141].

Overexpression of GSK3h has also been shown to up- or

down-regulate the expression of numerous proteins in

neurons, including down-regulation of the 1 and h1 tubulin

subunits [142].

Recent reports have shown that conditional overexpres-

sion of GSK3h leads to increased tau phosphorylation,

decreased nuclear h-catenin, and increased neurodegenera-

tion [143,144]. As with other models, the extent of GSK3h
overexpression was modest, with an approximately 30%

increase in activity. This modest increase in activity,

however, translated into significant increases in tau phos-

phorylation at known GSK3h epitopes (e.g., AD-2/PHF-1),

with no increase seen at the 12E8 epitope [143]. This is

important, as it has been shown previously that GSK3h does

not phosphorylate the 12E8 epitope [68]. Interestingly,

despite the increases in tau phosphorylation on Alzheimer’s

disease-relevant epitopes, there was no evidence of tau

aggregation, even though there was clear evidence of

neurodegeneration [144].

In studies using tau/amyloid precursor protein (APP)

transgenic mice, activated endogenous GSK3h has been

shown to localize to degenerating neurons with filamentous

tau pathology [145], suggesting that GSK3h activity may

contribute to tau pathology. This is in contrast to previous
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studies in human tau transgenic mice or culture neurons

from tau transgenic mice, in which expression of GSK3h
increased tau phosphorylation and alleviated tau-associated

neurodegenerative changes [146,147]. In these studies,

expression of GSK3h decreased tau-microtubule interac-

tions and attenuated the axonal degeneration induced by tau

overexpression, while not decreasing the amount of

insoluble tau [146,147]. Treatment of transgenic mice that

express tau with three FTDP-17 mutations with the GSK3

inhibitor LiCl resulted in a reduction of filamentous

aggregates [148]. Although interesting, the phosphorylation

levels of tau from treated and untreated animals were not

clearly shown, so the reduction in filamentous aggregates

cannot be attributed solely to an inhibition of tau phosphor-

ylation by GSK3h, as LiCl treatment is neuroprotective

independent of its effects on tau phosphorylation [149].

5.3. Tau and other Alzheimer’s disease-relevant proteins in

transgenic models

Since the identification of proteins which are either

mutated in familial Alzheimer’s disease cases (APP,

presenilin-1/2) or show a strong genetic correlation with

Alzheimer’s disease (apoE4), numerous mouse models have

been developed in which these proteins are either overex-

pressed or knocked out. These studies have yielded

significant findings on how changes in these proteins may

lead to cellular dysfunction and cell death (reviewed in Ref.

[150]). Despite the accurate recapitulation of certain aspects

of Alzheimer’s disease in these models, there has typically

been a lack of tau pathology and neuronal death in relevant

brain areas. Recently, however, a number of groups have

made transgenic models that express more than one

Alzheimer’s disease-related protein, and in some cases have

been able to attain more Alzheimer’s disease-like pathology,

including tau pathology and neuronal death.

The presence of the ApoE4 allele is a risk factor for

sporadic Alzheimer’s disease. The ApoE4 protein itself, a

34-kDa protein of 299 amino acids, is found in Ah plaques

and associated with NFTs in Alzheimer’s disease brain. The

role of this protein in the pathogenesis of Alzheimer’s

disease is still unclear. Several recent studies have focused

on the effects of ApoE4 on tau phosphorylation and

function, and have yielded contrasting results. Mice that

express knocked-in human ApoE4 show only a minimal

increase in tau phosphorylation at Ser262 and Ser413, and a

modest decrease in Ser202/Thr205 (AT8) and Thr205 phos-

phorylation [151]. Harris et al. [152] found that transgenic

mice overexpressing C-terminal truncated human ApoE4

showed increased AT8 site phosphorylation. This group also

reported the presence of bpre-tangleQ inclusions and

polymeric tau aggregates in these ApoE4 transgenic mice,

which also exhibited neuronal degeneration in brain areas

that expressed the transgene. These results are in agreement

with cell culture studies which showed that ApoE4 increases

tau phosphorylation and GSK3h activity, and even induces
the formation of filamentous tau inclusions [153,154]. This

has led some researchers to postulate that the C-terminal

fragments of ApoE4 are sufficient to induce tau phosphor-

ylation and aggregation [152,154]. However, the extent of

tau phosphorylation in these models is relatively minor.

ApoE also seems to influence the activation of the Reelin

pathway, which modulates GSK3h activity. The absence of

ApoE in Reelin knockout mice increases GSK3h protein

levels and activity, thereby increasing tau phosphorylation

as well [155]. These authors suggest a model in which ApoE

and Reelin function as ligands in a novel signaling pathway

that works to suppress kinase activity toward tau. A model

in which ApoE4 alone leads to increased kinase activity and

tau phosphorylation changes was not proposed. Overall, the

function of ApoE4 in normal and pathogenic brain

processes remains unclear, and further studies are required.

Mouse models have been established that express either

APP or mutant APP in combination with mutant presenilin-1,

and these models have been used to examine the effects of

these proteins on endogenous tau phosphorylation. Although

in the majority of these studies there is increased tau

phosphorylation, the particular outcomes vary [156–159].

One study reported PHF-like structures in brains of mice

double transgenic for mutant APP and mutant presenilin-1

[158]. Other double transgenic APP/presenilin-1 mouse

models established on the same, or similar, genetic back-

ground show increased neuritic pathology, Ah deposition,

and tau phosphorylation, however, without the aggregation of

tau [156,157,159]. In these models the phosphorylation of

endogenous tau is increased and often seems to localize to

dystrophic neurites surrounding Ah plaques, indicating a

possible role of Ah deposition in inducing aberrant tau

phosphorylation. Presenilin-1 has also been shown to

decrease GSK3h Ser9 phosphorylation (which results in

increased GSK3h activity) and disrupt kinesin-based micro-

tubule transport [160]. This could partially account for the

increased endogenous tau phosphorylation seen in mice that

overexpress mutant presenilin-1 [160].

In mutant APP�P301L mutant tau double transgenic

mice NFTs are present in the limbic areas [161]. Interest-

ingly though, the NFTs were usually not in the vicinity of

the amyloid plaques. Further, when Ah fibrils are injected

into P301L tau mice, tau phosphorylation and aggregation

increased [162]. As in the APP�P301L mutant tau double

transgenic mice, the formation of NFTs in response to

injection of the Ah fibrils did not occur at the site of

injection, but rather at distal locations [162]. Both of these

studies clearly indicate that Ah can induce abnormal

changes in tau phosphorylation and initiate events that

result in increased tau aggregation. However, the mecha-

nisms by which Ah induces these changes in tau appear to

be independent of the amyloid plaques per se.

To more accurately model all the pathological features

of human Alzheimer’s disease brain, triple transgenic mice

have been made. These mice are transgenic for human tau

(both wild-type and FTDP-17 mutant), mutant APP, and
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mutant presenilin-1. Two separate groups have generated

triple transgenic lines; however, there are differences. The

triple transgenic mouse lines created by Oddo et al. [163]

were generated by injecting the tau and APP genes into the

embryos from mutant presenilin-1 knock-in mice, while

Boutajangout et al. [164] established their triple transgenic

mouse lines by selective breeding of three separate

transgenic lines. Further, the transgenic mice described

by Boutajangout et al. [164] express wild-type human tau

and the S751L APP mutant, as well as mutant presenilin-1

(M146L), while triple transgenic mice described by Oddo

et al. [163] express P301L mutant tau, the APPSWE double

mutant (K670M/N671L) and mutant presenilin-1

(M146V). Despite these differences between these two

triple transgenic mouse lines, the results obtained from

both lines show some similarities. In both lines, Ah
deposition was observed prior to the presence of noticeable

tau accumulation. The tau accumulation was time-depend-

ent and was also accompanied by increased phosphoryla-

t i on a t numerous ep i topes as ind i ca t ed by

immunohistochemical staining [164]. It should be pointed

out, however, that neither study demonstrated unequiv-

ocally that tau phosphorylation was increased in the triple

transgenics over wild-type animals or single tau transgenic

animals by immunoblotting, so the phosphorylation events

that occur in both of these models needs to be further

characterized. With that being said, the sequence of

pathological events seems to be fairly consistent, both

temporally and spatially. Tau aggregation was followed by

neuritic changes, neuronal dysfunction, and eventually cell

death. Interestingly, in the initial study [163], and in a follow-

up study [165], Oddo and coworkers showed that tau

pathology first appears in the hippocampus and then spreads

to the cortex, while, conversely, Ah deposition is first seen in

the cortex and then subsequently in the hippocampus,

implying a spatial disparity in the link between Ah deposition

and tau pathology. These results are similar to those observed

in the mutant APP�P301L mutant tau double transgenic

mice [161] and in the P301L mice injected with Ah fibrils

[162], in that the amyloid plaques and NFTs are not spatially

related. Overall, these findings indicate that Ah does facilitate

the processes that lead to increased tau phosphorylation, but it

is not the deposited plaques that are the causative factor.

Rather, these data suggest that the diffusible forms of Ah are

likely important players in the cascade of events that leads to

tau pathology and eventually neuronal dysfunction and death.
Fig. 1. Diagram illustrating events that may contribute to neuronal

dysfunction in Alzheimer’s disease and/or the FTDP-17 tauopathies and

the pivotal role played by alterations in tau phosphorylation. This diagram

is modified from a model originally proposed by Hardy [170].
6. Conclusions

Over the past several years, substantial progress has been

made in understanding the events that regulate tau phos-

phorylation and function. Further, there have been signifi-

cant insights into the sequelae of events that contribute to

the abnormal phosphorylation and accumulation of tau in

Alzheimer’s disease and other tau-related diseases.
Although in Alzheimer’s disease Ah likely plays a role

upstream of tau, aberrant tau phosphorylation and oligome-

rization are likely central to the disease process. Interest-

ingly, the levels of tau phosphorylated at Ser231/235 were

significantly elevated in the CSF of patients with mild

cognitive impairment (MCI) who later went on to develop

Alzheimer’s disease, compared to individuals who com-

plained of memory problems but were without identifiable

impairment by objective neuropsychological tests [166]. In

another report, which used cases from the Religious Orders

Study, NFTs and neuropil threads were significantly lower

in persons without cognitive impairment compared to those

with MCI and/or Alzheimer’s disease. Further, the presence

of NFTs was significantly correlated with decreases in

episodic memory but not other cognitive abilities [167]. In a

related study, Ghoshal et al. [168] showed that during the

progression of Alzheimer’s disease, neuropil threads pre-

cede the formation of PHFs, which in turn precede the

appearance of tau-positive neuritic plaques. Further,

increased staining with several of the tau antibodies

correlated with deficits in episodic memory tasks. These

and other findings (e.g., knocking out tau makes neurons

resistant to Ah induced toxicity [169]) strongly suggest that

alterations in tau play a key role in the pathogenesis of

Alzheimer’s disease.

A model has been proposed [170] in which abnormal Ah
production and interactions occur upstream of tau dysfunc-

tion. Further, tau pathology can also be propagated by other

pathways or by genetic alterations. In Fig. 1, a model is

shown which is based on the one originally proposed by John

Hardy in which numerous initiating events lead to changes in
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tau phosphorylation, function, and localization (Fig. 1).

Specifically, initiating events such as head trauma, genetic

variables, infections, or other environmental factors lead to

increased levels of Ah1–42 [171]. This could lead to events

such as increased kinase and protease activity, and decreased

phosphatase activity. The net result of these changes is

sequential and specific increases in tau phosphorylation,

which then leads to abnormal tau interactions and mislocal-

ization, which are key events in the pathogenic processes that

result in neuronal dysfunction and death. Fig. 2 illustrates the

proposed stepwise changes in tau phosphorylation and

function that may contribute to the demise of the cell. This

figure has been adapted from a model that was previously

proposed by Abraha et al. [115]. In normal physiological

conditions there is a balance between the phosphorylation

and dephosphorylation of tau that regulates tau’s binding to

microtubules and interactions with other specific binding

partners (Fig. 2A). It can be hypothesized that binitiatingQ
phosphorylation events in the tau pathogenic process would

disrupt the normal localization of tau, presumably its
Fig. 2. Diagram illustrating the role of tau phosphorylation in regulating tau functio

physiological conditions, there are balanced and dynamic changes in tau phospho

appropriate neuronal function. Several different protein kinases and phosphatase

particular, phosphorylation at Ser262 and Thr231/Ser235 likely play key roles in regu

keep tau–microtubule interactions tightly regulated. (B) In a pathological state, ce

specific kinases and phosphatases, which results in tau being more phosphorylated

tauQ that is not bound to microtubules. This mislocalization of tau, along with

phosphorylation events at fibrillogenic sites (e.g., Ser396/404) and/or cleavage by

These actions result in increased tau–tau interactions leading to the formation of

microtubules as well as other physiological relevant proteins, coupled with an inc

and eventually cell death. This model was modified from one that was originally
association with microtubules (Fig. 2B). Once tau is

displaced from microtubules, this would result in patholog-

ical phosphorylation at fibrillogenic sites and/or cleavage by

proteases (i.e., caspases) resulting in a decrease in tau’s

binding to its normal partners and increased tau–tau

interactions (which could be the key pathological event),

and then subsequently tau filament formation and eventually

aggregation into NFTs [115] (Fig. 2B). Themislocalization of

tau due to abnormal phosphorylation and/or cleavage is likely

to have numerous pathological ramifications. For example,

these changes in tau could disrupt microtubule transport

along the axons to the synapses, causing synaptic dysfunc-

tion. Synaptic dysfunction induced by aberrant posttransla-

tional modifications of tau could result in cognitive deficits,

which would then be exacerbated as affected neurons

progress through dysfunction to death.

In conclusion, it is readily evident that abnormal changes

in the phosphorylation state of tau play a key role in the

pathogenesis of Alzheimer’s disease and many other

neurodegenerative diseases. What remains unclear are the
n in a physiological setting (A) or in a pathological situation (B). (A) Under

rylation, which modulate tau’s interactions with microtubules allowing for

s likely work in concert to appropriately regulate tau phosphorylation. In

lating tau microtubule interactions. Normal kinase and phosphatase activities

rtain toxic insults lead to a dysregulation in the balance in the activities of

at the critical microtubule regulatory sites leading to increased levels of bfree
the stressed state of the cell, could then result in further inappropriate

caspases at Asp421, which also increases the fibrillogenic properties of tau.

oligomers and subsequently tau filaments. The decrease in tau’s binding to

rease in self-association, contributes to the impairment of neuronal function

proposed by Abraha et al. [115].
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signaling cascades and specific protein kinases and phos-

phatases that mediate these alterations in tau phosphoryla-

tion and function. What also remains to be elucidated are

the specific functional changes in tau that are responsible for

the pathological outcomes. Is it the phosphorylation-

induced deficits in microtubule binding, the increased

presence of tau fibrils, or other changes in tau localization

and binding partners? Clearly, more work is needed to fully

elucidate the role of site-specific phosphorylation in the

normal functioning of tau and how these processes are

perturbed and contribute to a pathogenic chain of events in

the disease state.
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