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Chapter 9

Tau as a biological marker of Alzheimer’s disease

ANDRE DELACOURTE*

INSERM, Lille, France

9.1. Introduction

Alzheimer’s disease (AD) physiopathology appears

today far more complicated than initially thought

when the first molecular and genetic (1984–1996)

findings suggested simple mechanisms. The physio-

pathology implies two pathological processes, neurofi-

brillary degeneration and amyloidosis, that affect

polymodal association cortices, a feature never

observed in non-human primates and difficult to

model. The molecular analyses of these lesions reveals

that tau is the basic component of the tangles (Brion

et al., 1986), while amyloid beta (Ab) peptides, cata-
bolic fragments of AbPP (Ab protein precursor) are

the basic components of amyloid plaques (Glenner

and Wong, 1984). Genetic studies have shown that

AbPP plays a central role in familial and sporadic

AD (Hardy and Higgins, 1992; Hardy and Selkoe,

2002), but the role of tau has been for a long time

understated. In fact, there is accumulating evidence

that tau is not only a specific and differential marker

of numerous degenerative disorders, but also a good

biological marker as it correlates well with cognitive

impairment and therapeutic targets.

9.2. Tau as a marker in the central
nervous system

9.2.1. Tangles are found in numerous diseases

Most neurodegenerative disorders are characterized by

specific brain lesions. These lesions were demon-

strated at the beginning of the 20th century at the his-

tological level, using different staining methods. One

of them, silver staining, used with different protocols

(Bodian, Gallyas, Bielschowsky, Palmgrem) (Yama-

moto and Hirano, 1986) has been an excellent tool to

reveal the so-called “tangles”, the markers of neurofi-

brillary degeneration. Using silver methods, neuro-

pathologists have been able to detect tangles in

different clinical entities that are now well defined,

such as Alzheimer’s disease (AD), Down syndrome

(DS) (Wisniewski et al., 1979), progressive supranuc-

lear palsy (PSP) (Jellinger et al., 1980), corticobasal

degeneration (CBD) (Ikeda et al., 1994), fronto-

temporal dementia with parkinsonism linked to chro-

mosome 17 (FTDP-17), myotonic dystrophy, subacute

sclerosing panencephalitis, post-encephalic parkinson-

ism, dementia pugilistica, Niemann-Pick disease type C

(Love et al., 1995), and Hallervorden-Spatz disease

(Mitsuyama and Seyama, 1981), to which Pick’s

disease (PiD) may be added since Pick bodies resemble

tangles in many aspects.

9.2.2. There are different types of tangles

Since tangles are found in numerous and very differ-

ent diseases, they appear as a stereotypic neuronal

response to different types of aggression, and therefore

a consequence, not a cause (Terry, 2000). However,

electron microscope observations reveal that the tan-

gles are not identical in all the disorders in which they

are found. Indeed, they are composed of bundles of

paired-helical filaments (PHF) in AD, while they are

made up of straight filaments in PSP (Tomonaga,

1977; Ghatak et al., 1980) and of random filaments

in PiD (Kato et al., 1989). These structural differences

are associated with biochemical ones that we will con-

sider later. The location of the tangles in the brain is

also a distinctive feature. The brain areas affected

and the most affected cortical layers are different in

AD compared to the Guam syndrome or PSP (Hof

et al., 1994).
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9.2.3. Tau is the basic component of tangles

The molecular era of the study of neurodegenerative

disorders started in 1984 and 1985, with the discovery

of Ab peptide as the basic component of amyloid pla-

ques (Wong et al., 1985) and microtubule-associated

protein tau as the basic component of tangles (Brion

et al., 1986; Delacourte and Defossez, 1986; Grundke-

Iqbal et al., 1986a; Kosik et al., 1986). Rapidly, it was

demonstrated with antibodies against tau proteins that

all types of tangles found in brain diseases are labeled

by antibodies against PHF or tau proteins (Joachim

et al., 1987). Why are tau proteins involved in such a

large group of neurodegenerative diseases?

9.2.4. What do we know about tau proteins?

Neurons, like all other cells, contain a cytoskeleton

made up of different types of filaments: microtubules,

neurofilaments, actin filaments. Microtubules are espe-

cially abundant in the axoplasm. They have a role in

its three-dimensional organization as well as in the

transport of cargo-vesicles from the cell body towards

the nerve endings. Cargo-vesicles contain the biologi-

cal material (proteins, enzymes) for the replacement

of aging structures and for the neuronal activity of

nerve endings.

Microtubules are labile structures that are stabilized

by tau–tubulin interactions. These interactions depend

on the phosphorylation state and on the isoforms of

the tau proteins: an increase in tau phosphorylation

favors the polymerization of microtubules. In the nor-

mal brain there are six isoforms of tau due to an alter-

native splicing of exons 2, 3 and 10 (Sergeant et al.,

2005). Three isoforms contain 3 repeated binding

domains to microtubules (3R), and the other three iso-

forms contain 4 of them (4R) in the carboxy-terminal

part of the protein. 4R tau isoforms stabilize the micro-

tubules more efficiently. Altogether tau proteins play,

indirectly, important physiological roles in controlling

microtubule stability, and therefore the intraneuronal

transport of cargo-vesicles as well as the organization

of nerve endings.

9.2.5. Tau proteins are modified in AD

It has been demonstrated, by immunohistochemical

and biochemical means, that tau proteins are modified

in AD and in many other degenerative disorders.

Abnormal phosphorylation was suggested when it was

demonstrated that tau1, a monoclonal antibody against

tau, labeled tangles better after their dephosphorylation

by alkaline phosphatase (Grundke-Iqbal et al., 1986b).

This was further corroborated by Western blotting: a

triplet of abnormal tau species, with a high molecular

mass (tau 60, 64, 68 according to their molecular

weight), were specifically detected in AD brains. After

dephosphorylation, these abnormal tau species recov-

ered their predicted mass (i.e. without phosphorylation)

between 55 and 64 kDa (Flament et al., 1989; Goedert

et al., 1995). Two-dimensional (2D) gels and mass

spectrometry analyses confirmed that AD tau are more

phosphorylated (Goedert et al., 1992; Hasegawa et al.,

1992), and therefore more acidic on 2D gels, due to

additional negative phosphate charges (Sergeant et al.,

1995). A fourth abnormal tau component was discov-

ered later on, of 72/74 kDa (Sergeant et al., 1997a).

From these results, it was concluded that abnormal

phosphorylation was responsible for the collapse of

microtubules, and was the initiator of tau aggregation.

The six tau isoforms are involved in the PHF structure

(Sergeant et al., 1997a; Goedert and Klug, 1999).

9.2.6. From tau to tauopathies: the bar-code

of tauopathies

In neurodegenerative disorders, other than AD in

which tangles are present, the comparison of tau

aggregates shows that they differ in both phosphoryla-

tion and content of tau isoforms. These differences are

the basis of the molecular classification of tauopathies

(Pasquier and Delacourte, 1998). Five classes of tauo-

pathies have been defined based on the type of tau

aggregates that constitute the “barcode” of neurode-

generative disorders (Fig. 9.1) (Sergeant et al., 2005).

9.2.6.1. Class I: a major tau triplet at 60, 64, 68

Class I is characterized by a pathological tau triplet at

60, 64 and 68 kDa and a minor pathological tau at

72 kDa (molecular mass according to the literature)

(Fig. 9.1). It is now well established that this patholo-

gical tau triplet corresponds to the aggregation of the

six tau isoforms (Goedert et al., 1992; Sergeant et al.,

1997a). The prototypical neurological disorder of

this class is AD, but it includes additional neurologi-

cal disorders such as amyotrophic lateral sclerosis

parkinsonism-dementia complex of Guam , postence-

phalitic parkinsonism, dementia pugilistica, Down’s

syndrome, Niemann-Pick disease type C, familial Brit-

ish dementia as well as some forms of fronto-temporal

dementia with parkinsonism linked to chromosome

17 (FTDP-17) (reviewed in Buee and Delacourte,

1999). This type of tauopathy is also systematically

found in the entorhinal formation of people aged over

75 years, and frequently found in addition in the hippo-

campal formation, with or without amyloid deposition

(Delacourte et al., 1999).
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9.2.6.2. Class II: a major tau doublet at 64 and

69 kDa; 4R tauopathies

The class II profile is specifically characterized by the

presence of an upper doublet of aggregated tau pro-

teins resulting from the aggregation of 4R tau isoforms

(Fig. 9.1). This pathological tau profile is observed in

progressive supranuclear palsy (PSP) (Flament et al.,

1991; Vermersch et al., 1994), corticobasal degenera-

tion (CBD) (Sergeant et al., 1999), atypical parkinson-

ism from Guadaloupe, argyrophylic grain (AGD)

(Maurage et al., 2003b) and some forms of frontotem-

poral dementia with parkinsonism linked to chromo-

some 17 (FTDP-17) (Goedert, 2005).

9.2.6.2.1. Progressive supranuclear palsy

Progressive supranuclear palsy (PSP) is a late-onset

atypical parkinsonism disorder described by Steele,

Richardson, and Olszewski in 1964 (Steele, 1994), in

which dementia is also a common feature (Litvan,

2001, 2004). Neuropathologically, PSP is character-

ized by neuronal loss, gliosis, and NFT formation.

Neurofibrillary tangles were first described in the basal

Tauopathies: 5 Classes

• Frontal lobe dementia non-AD, non-Pick (DLDH) Loss of tau protein expressionClass 0Class 0

Class 1Class 1

• Cerebral aging (indivuduals aged over 75 years)
• Alzheimer’s disease (sporadic and familial)
• ALS/parkinsonism-dementia complex of Guam
• Parkinson with dementia of Guadeloupe
• Niemann-Pick disease type C
• Postencephalitic parkinsonism
• Familial British dementia
• Dementia pugilistica
• Down’s syndrome
• FTDP-17

Tau triplet:

Tau 60, 64 and 69
Type I

Upper tau doublet:
Tau 64 and 69

• Corticobasal degeneration 
• Progressive supranuclear palsy
• FTDP-17
• Argyrophilic grain dementia

Class 2Class 2 Type II

Class 3Class 3
Lower tau doublet:

Tau 60 and 64
• Pick’s disease
• FTDP-17

Type III

Class 4Class 4 Tau 60• Myotonic dystrophy of type I and II Type IV

B

Type IIIType I Type IV

Bar code of Tauopathies

A
Type IIAggregates

Aggregated proteins:

τ 68

τ72

τ 64

τ 60

Fig. 9.1 The biochemical signatures of the tauopathies. Direct immunostaining of tau proteins from brain homogenates by the

phospho-dependent monoclonal antibody AD2, revealing the different patterns of immunopositive bands which can be com-

pared to barcodes specific to or highly suggestive of specific disorders. Classification of the tauopathies by the patterns of

tau Western blots (“barcodes”).
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ganglia, brain stem, and cerebellum (Jellinger et al.,

1980). Later on, the degenerating process was also

found in the prefrontal cortex, with the same features

as subcortical NFT (Hauw et al., 1990; Hof et al.,

1992). Glial fibrillary tangles, also called astrocytic

tufts, are thought to be quite characteristic of the dis-

ease (Bergeron et al., 1997). Biochemical studies show

that aggregated tau in PSP is widely distributed in sub-

cortical and neocortical areas, but with a major invol-

vement of the subcortico-frontal neuronal networks

(Vermersch et al., 1994).

9.2.6.2.2. Corticobasal degeneration

Corticobasal degeneration (CBD) was first described

in 1967 and referred to as corticodentatonigral degen-

eration with neuronal achromasia (Rebeiz et al.,

1968). It is a rare, sporadic and slowly progressive

late-onset neurodegenerative disorder clinically char-

acterized by cognitive disturbances and extrapyrami-

dal motor dysfunction. Dementia may occur early or

late in the course of the disease (Rinne et al., 1994).

There is a clinical and pathological overlap between

PSP and CBD (Ikeda et al., 1994; Litvan, 1997,

2001). Neuropathological examination reveals severe

glial and neuronal abnormalities. The glial pathology

consists of astrocytic plaques and numerous tau-

immunoreactive inclusions in the white matter, while

glial pathology in PSP is characterized by tufted astro-

cytes. Achromatic ballooned neurons are detected in

the cortex, brainstem, and subcortical structures as

well as neuritic changes and NFT. In both PSP and

CBD, the pathological tau profile consists essentially

of the aggregation of 4R tau isoforms (Sergeant

et al., 1999). The neocortical distribution of tau pathol-

ogy is similar in CBD and PSP (Delacourte, 2001).

9.2.6.2.3. Argyrophilic grain disease

In 1987, Braak and Braak (Braak and Braak, 1998)

reported a series of eight patients with a non-AD,

late-onset dementia. Clinically, argyrophilic grain dis-

ease (AGD) is associated with behavioral disturbances

such as personality changes, memory and cognitive

impairment (Braak and Braak, 1987) (see Ch. 48 by

Ikeda in this volume). At the neuropathological level,

AGD is characterized by the occurrence of grains

stained by the Gallyas method, a silver technique –

hence the term of argyrophilic grains (ArG). ArGs

are minute, spindle or comma-shaped, argyrophilic,

tau-immunoreactive structures distinct from neuropil

threads and predominantly located in the hippocampus

and related limbic areas (Braak and Braak, 1989). The

4R/3R ratio has been shown to be increased in AGD,

thus demonstrating that AGD is mostly a 4R tau

pathology (Togo et al., 2002; Tolnay and Clavaguera,

2004). The tau pathology affects essentially the limbic

system but, more recently, it has been shown to also

involve, in some cases, all the cerebral cortex, even

areas distant from the limbic temporal region, which

are usually spared in AGD (Maurage et al., 2003a) –

see Ch. 49 by Tolnay and Probst. As in PSP and

CBD, the two other 4R tauopathies, the subthalamic

nuclei are selectively involved by tau aggregates in

AGD patients (Mattila et al., 2002). The H1/H1 haplo-

type is more prevalent in PSP/CBD patients than in

controls or in patients with other tauopathies (Hutton,

2000). H1/H1 may also be more frequent in AGD

patients than in controls, though recent studies have

failed to establish a significant statistical difference

(Ishizawa et al., 2002; Miserez et al., 2003).

9.2.6.3. Class III: a major tau doublet at 60 and

64 kDa; 3R tauopathies

This class of tauopathy only includes Pick’s disease

(PiD). It is a rare form of neurodegenerative disorder

characterized by a progressive dementing process.

Early in the clinical course, patients show signs of

frontal disinhibition or severe apathy (Brion et al.,

1991). Neuropathologically, Pick’s disease is charac-

terized by prominent fronto-temporal lobar atrophy,

gliosis, severe neuronal loss, ballooned neurons and

the presence of neuronal inclusions called Pick bodies

(Constantinidis et al., 1974) – see Ch. 35 by Uchihara

and Tsuchiya. Pick bodies are labeled by tau antibo-

dies, with a higher density in the hippocampus than

in the neocortex (Hof et al., 1994). The laminar distri-

bution of Pick bodies is clearly different from other

tauopathies such as PSP and CBD. In the hippocam-

pus, Pick bodies are numerous in granular cell neurons

of the dentate gyrus, in CA1, subiculum and entorhinal

cortex, whereas in the neocortex they are mainly found

in layers II and VI of the temporal and frontal lobes.

Ultrastructurally, Pick bodies consist of an accumula-

tion of both random coiled and straight filaments. Bio-

chemical analysis using a quantitative Western blot

approach with phosphorylation-dependent anti-tau

antibodies has revealed that, in all cases of PiD stu-

died, a major 60- and 64-kDa pathological tau doublet

is observed in the isocortex, in the limbic areas and

in subcortical nuclei (Buée Scherrer et al., 1996;

Delacourte et al., 1996). A faint pathological tau band

is observed at 69 kDa (Sergeant et al., 1997b). The

specific pathological tau profile of PiD is due to the

aggregation of 3R tau isoforms (Delacourte et al.,

1998; de Silva et al., 2006). In addition, aggregated

tau proteins in PiD are not detected by the monoclonal

antibody 12E8 raised against the phosphorylated resi-
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due Ser262/Ser356, contrarily to what is observed in

other neurodegenerative disorders (Delacourte et al.,

1996; Probst et al., 1996). The lack of phosphorylation

at Ser262 and -356 sites is likely to be related to an

inhibition or to an absence of a particular kinase in

the neurons that degenerate in PiD (Mailliot et al.,

1998). The tauopathy in PiD, as studied by Western

blotting of samples from multiple cortical areas, pre-

ferentially involves the fronto-temporal regions, in

accordance with the clinical information and the neu-

ropathological data. In some cases, there is also a

strong involvement of the parietal cortex.

9.2.6.4. Class IV: a major tau 60

Class IV is represented by a single neurological disor-

der: type I myotonic dystrophy (MD), the commonest

form of adult-onset muscular dystrophy. It is a multisys-

temic disease affecting many systems as well as the

central nervous system (cognitive and neuropsychiatric

impairment), thus leading to a wide and variable com-

plex of symptoms (Harper and Reardon, 1992). At the

clinical level, MD includes two entities designated type

I (MD1) and type II (MD2) (Udd et al., 2003). MD1,

the commonest form, is an inherited autosomal domi-

nant disorder caused by a single gene mutation consist-

ing of an expansion of a CTG trinucleotide motif in the

3V untranslated region of the myotonic dystrophy pro-

tein kinase gene (MDPK), located on chromosome

19q (Brook et al., 1992). Neuropathological lesions,

such as neurofibrillary tangles, have been observed in

adult MD1 individuals aged over 50 (Yoshimura

et al., 1990; Vermersch et al., 1996). The tau profile

of MD1 is characterized by a strong pathological tau

band at 60 kDa and, to a lesser extent, pathological

tau components at 64 and 69 kDa. This typical tau pro-

file is associated with a reduced number of tau isoforms

expressed in the brain of individuals with MD1, at both

the protein and mRNA levels (Sergeant et al., 2001). In

addition, tau protein expression is also demonstrated to

be altered in transgenic mice with human MD1 locus

(Seznec et al., 2001). The analysis of multiple brain

regions of one genetically confirmed MD2 patient at

the age of 71 years showed some neurofibrillary degen-

erating processes. Using specific immunological probes

against the amino acid sequences corresponding to exon

2 and exon 3, the neurofibrillary lesions were shown to

be devoid of tau isoforms with N-terminal inserts (Sez-

nec et al., 2001). An altered splicing of tau character-

ized by a reduced expression of tau isoforms

containing the N-terminal inserts characterizes both

MD1 and MD2 (Maurage et al., 2005). These results

show that MDs are also tauopathies and suggest that

tau alteration is involved in the cognitive deficit that

had long been reported (Modoni et al., 2004).

9.2.6.5. A diversity of tauopathies in FTDP-17, a

familial dementia

In 1994, Wilhelmsen and colleagues described familial

cases of fronto-temporal dementia (FTD), of autoso-

mal dominant transmission, characterized by adult-

onset behavioral disturbances, frontal lobe dementia,

parkinsonism and amyotrophy. They demonstrated

a genetic linkage between this pathology, denomi-

nated disinhibition-dementia-parkinsonism amyotro-

phy complex (DDPAC), and chromosome 17q21–22

(Wilhelmsen et al., 1994). Since then, several families

sharing strong clinical and pathological features and

for which there is a linkage with chromosome

17q21–22 have been described (Wijker et al., 1996;

Bird et al., 1997; Heutink et al., 1997; Murrell et al.,

1997) and are referred to as having frontotemporal

dementia with parkinsonism linked to chromosome

17 (FTDP-17) (Foster et al., 1997). Although there is

clinical heterogeneity between and within the families

with FTDP-17, the usual symptoms include behavioral

changes, loss of frontal executive function, language

disturbances and hyperorality. Parkinsonism and amyo-

trophy are described in some families, but are not

consistent features. Neuropathologically, most brains

of FTDP-17 patients exhibit an atrophy of frontal and

temporal lobes, variable neuronal loss and gliosis,

and a superficial laminar spongiosis. In many cases,

tau proteins accumulate in neurons and glia (see

Ch. 34 by Munoz and Ferrer). Amyloid deposits are

usually absent (Foster et al., 1997; Spillantini et al.,

1997, 1998). Finding tau gene mutations in affected

individuals with FTDP-17 confirmed the role of

tau aggregation in the pathogenesis of this disorder

(Hutton et al., 1998; Spillantini et al., 1998; Grover

et al., 1999). . To date, 35 mutations have been

described in the tau gene in over 100 families (see

Ch. 33 by Pickering-Brown and Hutton). Some muta-

tions reduce the ability of tau protein to interact with

microtubules and increase its propensity to assemble

into abnormal filaments and others have their primary

effect on the RNA by disturbing the normal ratio of

3- to 4-repeat tau isoforms. All the mutations and their

potential pathological effects are described in Goedert

(2005), Sergeant et al. (2005) and Trojanowski and

Lee (2005). Transgenic models of FTDP-17 have been

developed. Mice with a mutated tau gene reproduce

some of the clinical and neuropathological features

of these diseases, confirming the causal role of tau

mutations (Klein et al., 2004; Zhang et al., 2004; Ikeda

et al., 2005).
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9.2.6.6. Tau disease without tangles: tau-less

tauopathy or type 0 tauopathy

FTD, as Pick complex (Kertesz and Munoz, 2002), is a

clinical syndrome rather than a disease. The clinical

phenotype resulting from frontotemporal degeneration

is caused by different degenerating processes, PiD or

CBD for instance. The neuropathology of some cases

of FTD lacks distinctive histopathological hallmarks,

such as NFT. In some of these cases, a huge decrease

(from 60 to 90%) of normal tau expression may be

shown by biochemical means (Zhukareva et al., 2001).

This drop in tau expression has not yet been explained.

Mutations in the progranulin gene are responsible for

FTD with ubiquitin (tau-negative) inclusions – also

called FTD-U (Baker et al., 2006; Cruts et al., 2006).

9.3. Progression of tau pathology in
Alzheimer’s disease and aging

9.3.1. The Braak stages

Using silver staining on large tissue sections, Heiko

and Eva Braak were able to describe the progressive

spreading of neurofibrillary degeneration, from the

entorhinal and hippocampal areas towards plurimodal

association cortices and finally primary areas (Braak

and Braak, 1996). Dementia is usually apparent when

a threshold of tangle density is reached in the plurimo-

dal association cortical areas, corresponding to stages

IV to VI (Braak and Braak, 1991). This staging was

incorporated in the criteria for the definite diagnosis

of AD in 1997 (Consensus_Report, 1997).

9.3.2. The spatio-temporal biochemical pathway of

tau pathology in aging and sporadic AD

The Braak stages, describing the histopathology of

AD, were corroborated with biochemical means, using

Western blot abnormal tau profile as a probe to quan-

tify neurofibrillary degeneration. In a study involving

130 cases, including 60 non-demented patients, docu-

mented clinically and pathologically, we performed

Western blots of various areas using the triplet of

abnormal tau proteins as a marker. We found that the

progression of tau pathology could be described in

ten stages, corresponding to ten brain areas that are

successively affected. Paired helical filaments (PHF)-

tau pathology was systematically found to be present

in variable amounts in the entorhinal and hippocampal

regions of non-demented patients aged over 75 years.

When tau pathology was found in other brain areas,

it appeared to progress along a sequential and hier-

archical pathway in accordance with Braak stages:

transentorhinal cortex (S1), entorhinal cortex (S2),

hippocampus (S3), anterior temporal cortex (S4),

inferior temporal cortex (S5), mid temporal cortex

(S6), polymodal association areas (prefrontal, parietal

inferior, temporal superior) (S7), unimodal areas (S8),

primary motor (S9a) or sensory (S9b, S9c) areas, and all

neocortical areas (S10) (Delacourte et al., 1999). This

progression pattern correlated with the sequence of cog-

nitive impairment: from amnesia (involvement of the

hippocampal formation) to aphasia (temporal cortex),

apraxia and agnosia (other polymodal association

areas).

9.3.3. Relationship with aging

Abnormal tau may be detected in all patients over

75 years of age at least in the entorhinal area, and fre-

quently in the hippocampal formation, suggesting that

tau pathology is inevitable in the human. A high vul-

nerability of the same areas has also been found in a

few non-human species, i.e., the baboon and rhesus

monkey (Hartig et al., 2000; Schultz et al., 2000). In

humans, neurofibrillary degeneration may be detected

in young cases (Braak and Braak, 1997). Using the

same histological approach and antibodies against spe-

cific tau phosphorylated sites such as Ser199P, we also

observed that tau pathology could be present at a

young age (Maurage et al., 2003a). Together, these

studies show that a mild tauopathy can be observed

in two out of ten patients at the second to third decade

of age. At the age of 50, as many as half of the cases

may have a small but significant entorhinal tau pathol-

ogy. The prevalence of the lesions increases with age

and they are constant at the age of 75 years, whatever

the technique used to reveal them, either histochemical

or biochemical. However, tau pathology may remain

limited, even in centenarians (personal observation).

Finding the explanation for the selective vulnerability

of the entorhinal and hippocampal areas will certainly

give clues for efficient neuroprotection (Morrison

et al., 1998).

9.3.4. The burden of tau and Ab pathology in mild

cognitive impairment

There is no clinical method to determine whether a

patient with mild cognitive impairment (MCI) has

incipient AD. A variable percentage of MCI cases will

convert to AD, but not all. We have prospectively col-

lected data on the cognitive status as well as on the

extent of tau and Ab pathology in patients with MCI

(Delacourte et al., 1999, 2002). We observed that tau

pathology, from tau stage S3 to S6, could be detected

in all 13 MCI patients from our brain bank but that

some were devoid of Ab pathology. Furthermore, all
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patients from our prospective study with mild tau

pathology did not have MCI, probably because the

tau burden in these patients was compensated by neu-

ronal plasticity. These results are in perfect agreement

with those of several groups (Guillozet et al., 2003;

Bennett et al., 2005; Markesbery et al., 2006) showing

that tau pathology is more closely related to cognitive

impairment than is Ab. These studies show that the

substrate of MCI is a tau pathology in the limbic sys-

tem. Since Ab aggregation is the inevitable correlate

of AD, the presence of Ab deposits in the brain of

MCI patients could reflect a more advanced stage

and be related to prodromal AD. Interestingly, it has

been shown that the simultaneous decrease of Ab
x-42 and increase of tau and phospho-tau in the CSF

are markers of incipient AD, in good agreement with

the neuropathological features of MCI (Blennow,

2004).

9.3.5. The dementia threshold

All our patients at stage S7 had different degrees

of cognitive impairment and a significant vascular

pathology was generally associated in those who were

fully demented. Vascular lesions lower the threshold

of AD pathology causing dementia, maybe because

they have a deleterious effect on neuronal plasticity

of the spared neurons. These observations strengthen

the idea that clinical impairment results from an imbal-

ance between a progressing degenerating process and

decreasing compensatory effects from spared neurons.

9.3.6. The mechanism of progression

of tau pathology

The progression of tau pathology in the various areas

of the cortex and in the subcortical nuclei seems to fol-

low neuronal connections from the limbic cortex to the

neocortical association areas in AD. A non-random

progression of tau pathology is observed in other

sporadic tauopathies, such as PSP, in which the brain

stem, striatum, primary motor frontal neocortical area

(Broadmann area 4), the unimodal frontal areas and

finally all neocortical and limbic areas (Sergeant

et al., 1999) are involved, although the exact sequence

is unknown. These data are compatible with a “domino

effect” in sporadic tauopathies: tau pathology first

affects a specific vulnerable neuronal population such

as layer II of the entorhinal formation in AD; or

perhaps the oculomotor nuclei for PSP. This local

tauopathy then destabilizes the connected neuronal

populations which, in turn, develop tau pathology

and destabilize the neurons to which they are con-

nected. In this way, the pathology progresses from

neuron to neuron (Delacourte, 2000). A disorganiza-

tion of the cortico-cortical circuitry has been shown

in a transgenic AßPP mouse (Delatour et al., 2004).

Improving our knowledge of the mechanism of propa-

gation of tau pathology could probably open new ther-

apeutic strategies for AD as well as for the other

sporadic tauopathies.

9.3.7. The cause of the spreading of tauopathy in

Alzheimer’s disease

Tau pathology, being linked with neurodegeneration,

is well correlated with cognitive impairment. However,

in AD, tau pathology is probably secondary. The pri-

mary factors that generate tauopathy and promote its

extension in brain areas are still unknown. AbPP dys-

function is certainly involved, since mutations of that

protein are responsible (although rarely) for full blown

familial AD. AbPP dysfunction could promote tau

pathology either through Ab neurotoxicity or through

AbPP loss of function.

9.3.7.1. Ab neurotoxicity

We have shown that Ab x-42 aggregates increase in

quantity and heterogeneity in close parallelism to the

extension of tau pathology. But, unexpectedly, there

was no spatial overlap between Ab aggregation that

was widespread and heterogeneously distributed in

cortical areas, and tau pathology progressing sequen-

tially, stereotypically, and hierarchically (Delacourte

et al., 2002). This observation suggests that APP

dysfunction has a synergetic effect on the neuron-to-

neuron propagation of tau pathology. Indeed, tau

pathology could be found in the hippocampal area

without Ab deposits, as mentioned by Braak and

Braak (1991), but when it is found in polymodal asso-

ciation areas it is systematically associated with Ab
deposits, which appear, directly or indirectly, linked

to the progression of tau pathology (Fig. 9.2). Alto-

gether, our study demonstrated that amyloid deposits

did not precede tau pathology in sporadic AD, as pos-

tulated in the amyloid cascade hypothesis (Hardy,

1992) which was developed from the observation of

familial cases.

9.3.7.1. APP loss of function

The parallelism and apparent synergy between tau

pathology and Ab aggregation point to a molecular

event linking the two degenerating processes. AbPP is

a ubiquitous protein found in all species, suggesting

a basic and important role that remains to be identified.

A neurotrophic activity for AbPP and secreted sAbPP is

often mentioned (Turner et al., 2003). A loss of function
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of AbPP rather than a gain of toxic function of Ab could

be an alternative hypothesis to explain the stimulation

of tau pathology and neurodegeneration (Fig. 9.2). The

concentration of C-terminal fragments of AbPP (Aß-

CTFs) was found to be significantly decreased during

the course of AD. This decrease was correlated with

the progression of tau pathology (Sergeant et al.,

2002). Alpha, beta, and gamma stubs (the carboxyl-

terminal fragments of AßPP cleaved by the alpha, beta

and gamma-secretases respectively). were also signifi-

cantly decreased in the brain tissue of individuals having

an inherited form of AD linked to mutations of preseni-

lin 1, showing a general defect common to familial and

sporadic forms of AD. The gamma stub, also named

AICD (AbPP intracellular domain) could play a role as

a gene regulator. Its deficit could have a deleterious

effect on gene regulation (Cao and Sudhof, 2004).

The concept of a loss of function of AßPP stimulat-

ing tau pathology led to new therapeutic strategies :

“Ab may be a planet, but AbPP is central” (Neve

and Robakis, 1998; Neve, 2001; Lee et al., 2004).

9.4. Tau as a biological marker

Tau is detected in the CSF and its concentration may

be evaluated by ELISA. Antibodies directed to phos-

phorylated epitopes may be used to assay a subset of

tau (P-tau). This analysis increases the specificity and

sensitivity of the diagnosis of AD in the range of 85%

(Hampel et al., 2004). This biomarker is used in con-

junction with Ab to increase the accuracy of the clinical

diagnosis (Wiltfang et al., 2005; Maccioni et al., 2006).

An index combining Ab, tau and phospho-tau levels

in one single value has been shown to contribute signif-

icantly to the diagnosis accuracy of AD (Hulstaert et al.,

1999). The concentration of tau in the CSF is increased

when tangles are present in the brain, but also in dis-

eases which cause massive neuronal death (such as

Creutzfeldt-Jakob disease) (Riemenschneider et al.,

2003). On the other hand, the tau concentration is not

increased in the CSF in PSP or CBD, in which the tauo-

pathy may be severe (the interested reader is referred to

Ch. 19, by Zetterberg and Blennow).
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