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A b s t r a c t

Neurofibrillary tangles are brain lesions that have been discovered at the beginning of the 20th century, using

histological silver staining. Tangles are intra-neuronal hallmarks of a degenerating process: neurofibrillary

degeneration (NFD).  The basic component involved in tangle formation is tau protein. Tangles are found in more

than 20 different neurodegenerative disorders, suggesting that NFD is a unique consequence to different types

of etiological factors. However, tangles have a morphological and biochemical signature which is disease-

specific. They are made up of different types of filaments such as paired helical filaments (PHFs) in Alzheimer’s

disease or straight filaments in progressive supranuclear palsy. Tau aggregates have a disease-specific

biochemical bar-code due to the aggregation of specific sets of tau isoforms. Tau lesions have also a disease-

specific pattern of spatio-temporal progression in the human brain which is well correlated to cognitive

impairment. At last, pathological tau mutations are at the origin of familial fronto-temporal diseases with

parkinsonism (FTDP-17). Together, these observations have generated the concept of tauopathies. Indeed, each

tauopathy is defined by a combination of clinical, neuropathological, biochemical and genetic features. Most of

them have a specific defect on tau (mutation, aberrant splicing, abnormal phosphorylation, abnormal processing,

neuronal or genotypic vulnerability), suggesting that, in fact, the etiology of most tauopathies is directly linked

to tau dysfunction. In conclusion, we observe that most dementing disorders are tauopathies and that most

demented patients have a tauopathy.

KKeeyy  wwoorrddss:: Alzheimer’s diesease, tangles, tauopathy, amyloid, neurodegeneration.

Review article

Introduction

Neurodegenerative disorders have been mostly

described and characterized at the turn of the 19th

century. Their description, based upon a

combination of clinical and neuropathological

features, is solid and will never change. In these last

25 years, molecular analysis of brain lesions and

genetic studies have brought clues on the etiological

mechanisms. From these new molecular findings

new concepts have emerged such as the

tauopathies, synucleopathies, amyloidopathies,

proteinopathies. However, from the same bulk of

hard data, different and even opposite ideas are

proposed. For example, is Alzheimer’s disease an

amyloidopathy, a tauopathy or anything else? The

good answer to this question will lead to an efficient

therapeutic approach. This article will review the

transformation of ideas around an old lesion

observed in numerous diseases: neurofibrillary

tangles.  
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Tangles are found in numerous diseases

Most neurodegenerative disorders are

characterized by specific brain lesions. These lesions

have been demonstrated at the beginning of the 20th

century at the histological level, using different

stains. One of them, the silver staining, used with

different protocols (Bodian, Gallyas, Bielschowsky,

Palmgrem) [1] was an excellent tool to reveal the so-

called ”tangles”, the markers of a degenerating

process: neurofibrillary degeneration.

Using these stains, neuropathologists have been

able to detect tangles in different clinical entities,

that are now well defined such as Alzheimer’s

disease (AD), Down syndrome (DS) [2], Pick’s disease

(PiD), Progressive supranuclear palsy (PSP) [3],

corticobasal degeneration (CBD), fronto-temporal

dementia with parkinsonism linked to chromosome

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

panencephalitis, post-encephalic parkinsonism,

dementia pugilistica, Niemann-Pick disease type C

[4], Hallenvorden-Spatz disease [5].

There are different brands of tangles 

Because tangles were found in numerous and

very different diseases, it was logical to conclude

that neurofibrillary degeneration was a unique

neuronal response to different types of aggression,

and therefore a consequence, not a cause [6]. 

However, electron microscope observations

revealed that all tangles are not the same. Indeed,

they are composed of bundles of paired-helical

filaments (PHF) in AD, while they are made up to

straight filaments in PSP [7,8] and random filaments

in PiD [9]. Biochemical studies will explain later on

these structural differences.

Tau is the basic component of tangles

The molecular area of neurodegenerative

disorders started in 1984 and 1985, with the discovery

of Aβ peptide as the basic component of amyloid

plaques [10] and microtubule associated protein tau

as the basic component of tangles [11,12,13,14].

Rapidly, using antibodies against tau proteins, it

has been demonstrated that all types of tangles found

in brain diseases were labeled by antibodies against

PHF or tau proteins [15]. From these observations the

obvious following question was: why are these tau

proteins involved in neurodegeneration?

What do we know about these tau proteins? 

Neurons, like all other cells, have a cytoskeleton

made up of different types of filaments: microtubules,

neurofilaments, actin filaments. Microtubules are

especially abundant in the axoplasm. They have a role

in the three-dimensional organization of the

axoplasm as well as in the transport of cargo-vesicles,

from the cell body towards nervous endings. Cargo-

vesicules contain the biological material (proteins,

enzymes) for the replacement of aging structures and

for the neuronal activity of nervous endings. 

Microtubules are labile structures that are

stabilized by tau-tubulin interactions. Tau has two

ways to control microtubule stability: the first one is

according to its state of phosphorylation, with an

increase of phosphorylation that favors the

depolymerization of microtubules; the second one is

via specific tau isoforms. There are 6 isoforms due to

an alternative splicing of exons 2, 3 and 10 [16].  Three

isoforms are with 3 repeated binding domains to

microtubules (3R), and 3 isoforms with 4 binding

domains (4R) in the carboxy-terminal part of the

protein. 4R tau isoforms stabilize better microtubules. 

Altogether, indirectly, tau proteins are important

proteins in that they control microtubule stability, and

therefore the intraneuronal transport of cargo-vesicles.

Tau are modified in AD

Using immunohistochemical and biochemical

means, it has been demonstrated that tau are

modified in AD and in many other degenerative

disorders.

The first dysfunction suggested was abnormal

phosphorylation, as demonstrated using tau1, a

monoclonal antibody against tau that labeled better

tangles after their dephosphorylation by alcaline

phosphatase [17]. This was further corroborated by

western blotting: a triplet of abnormal tau species,

with a higher molecular mass (tau 60, 64, 68 according

to their molecular weight), are specifically detected in

Alzheimer brains. After dephosphorylation, these

abnormal tau species recover their normal mass,

between 55 and 64 kDa [18,19]. 2D gels and mass

spectra analyses confirmed that Alzheimer tau are

more phosphorylated [20,21], and therefore more

acidic on 2D gels [22]. A fourth abnormal tau

component was discovered later on, of 74 kDa [23].

From these results, it was concluded that abnormal

phosphorylation was responsible for the collapse of
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microtubules, and was the initiator of tau

aggregation. The six tau isoforms are involved in the

PHF structure [23,24].

From tau to tauopathies: the code-bar 
of tauopathies

In neurodegenerative disorders with tangles other

than Alzheimer’s disease, comparative biochemistry

of Tau aggregates shows that they differ in both

phosphorylation and content of tau isoforms, which

enables a molecular classification of tauopathies [25]. 

Five classes of tauopathies have been defined

depending on the type of Tau aggregates that

constitute the «Bar Code» for neurodegenerative

disorders [16].

CCllaassss  II::  aa  mmaajjoorr  TTaauu  ttrriipplleett  aatt  6600,,  6644,,  6688//6699  kkDDaa

Class I is characterized by a pathological tau triplet

at 60, 64 and 69 kDa and a minor pathological tau at

72/74 kDa. It is now well established that this

pathological tau triplet corresponds to the aggregation

of the six tau isoforms [20,23]. The prototypical

neurological disorder that characterizes this class is

Alzheimer’s disease, but includes additional

neurological disorders such as amyotrophic lateral

sclerosis parkinsonism-dementia complex of Guam,

Parkinsonism with dementia of Guadeloupe,

postencephalitic parkinsonism, dementia pugislistica,

Down syndrome, Niemann-Pick disease of type C,

Familial British dementia as well as fronto-temporal

dementia with parkinsonism linked to chromosome

17 (FTDP-17) (reviewed in [26]). 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 hippocampal

formation, with or without amyloid deposition [27]. 

CCllaassss  IIII::  aa  mmaajjoorr  TTaauu  ddoouubblleett  aatt  6644  aanndd  6699  kkDDaa

aanndd  tthhee  ccoonncceepptt  ooff  44RR  ttaauuooppaatthhiieess  

The class II profile is characterized essentially by

the aggregation of 4R-Tau isoforms. This pathological

tau profile is observed in progressive supranuclear

palsy (PSP), corticobasal degeneration (CBD),

argyrophylic grain (AGD) and frontotemporal

dementia  with parkinsonism linked to chromosome

17 (FTDP-17) [28,29]. 

PPrrooggrreessssiivvee  ssuupprraannuucclleeaarr  ppaallssyy.. Progressive

supranuclear palsy (PSP) is a late-onset atypical

parkinsonism disorder described by Steele,

Richardson, and Olszewski in 1964 [30]. Dementia is

also a common feature at the end-stage of the

disease [31,32]. Neuropathologically, PSP is

characterized by neuronal loss, gliosis and NFT

formation. Neurofibrillary tangles were first described

in the basal ganglia, brain stem, and the cerebellum

[3]. Later on, the degenerating process has been

described in the perirhinal, inferior temporal and

prefrontal cortex, with the same features as the

subcortical NFT [33,34]. Glial fibrillary tangles are

also described [35]. Biochemical studies show that

aggregated tau in PSP is widely distributed in the

subcortical and neocortical areas, but with a major

involvement of the subcortico-frontal neuronal

networks [36]. 

CCoorrttiiccoobbaassaall  ddeeggeenneerraattiioonn.. Corticobasal

degeneration (CBD) was first described in 1967 and

referred to as corticodentatonigral degeneration

with neuronal achromasia [37]. It is a rare, sporadic

and slowly progressive late-onset neurodegenerative

disorder. It is clinically characterized by cognitive

disturbances and extrapyramidal motor dysfunction.

Moderate dementia emerges sometimes late in the

course of the disease [38]. There is a clinical and

pathological overlap between PSP and corticobasal

degeneration [31,39,40]. Neuropathological

examination reveals severe glial and neuronal

abnormalities. The glial pathology is constituted of

astrocytic plaques and numerous tau-immunoreactive

inclusions in the white matter while the one in PSP is

characterized by tufted plaques. Achromatic ballooned

neurons are detected in the cortex, brainstem,

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 [29]. The neocortical mapping of tau

pathology in CBD is similar to PSP [41]. 

AArrggyyrroopphhiilliicc  ggrraaiinn  ddiisseeaassee.. In 1987, Braak and

Braak [42] reported a series of eight patients with a

non-Alzheimer, late onset dementia. Clinically,

argyrophilic grain disease (AGD) fits with the clinical

spectrum that is reported: behavioural disturbances

such as personality change and emotional

imbalance, memory and cognitive impairment [43].

At the neuropathological level, AGD is characterized

by the occurrence of argyrophilic grains (ArG) on

light microscopy of the brain tissue, and therefore
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referred to as Argyrophilic Grain Dementia (AGD).

ArGs are neuronal inclusions stained by silver dyes

[42]. The diagnosis of dementia with ArGs is based

on widespread occurrence of minute, spindle or

comma-shaped, argyrophilic, tau-immunoreactive

structures distinct from neuropile threads and

predominantly located in the hippocampus and

related limbic areas [44]. The 4R/3R ratio has been

shown to be increased in AGD, thus demonstrating

that AGD is most likely a 4R-Tau pathology [45,46].

The tau pathology affects essentially the limbic

system but, more recently, the tau pathology has

been shown to extend in some cases toward all

cerebral cortex, very distant from the limbic

temporal region, in brain areas that are considered

to be spared in AGD [47]. Many features are shared

by all four repeat tauopathies. For example, like in

PSP and CBD, the subthalamic nuclei are selectively

involved by tau aggregates in AGD patients [48]. The

H1/H1 haplotype is more frequent in PSP/CBD

patients than in controls or other tauopathies [49].

H1/H1 may be more frequent in AGD patients than

in controls, though recent studies have failed to

establish statistically a significant difference [50,51].

CCllaassss  IIIIII::  aa  mmaajjoorr  TTaauu  ddoouubblleett  aatt  6600  aanndd  6644  kkDDaa

aanndd  tthhee  ccoonncceepptt  ooff  33RR  ttaauuooppaatthhiieess

This class of tauopathy includes a single

neurological disorder that is Pick’s disease (PiD).

Pick’s disease is a rare form of neurodegenerative

disorder characterized by a progressive dementing

process. Early in the clinical course, patients show

signs of frontal disinhibition [52]. Neuropathologically,

Pick’s disease is characterized by prominent fronto-

temporal lobar atrophy, gliosis, severe neuronal loss,

ballooned neurons and the presence of neuronal

inclusions called Pick bodies [53]. Pick bodies are

labeled by tau antibodies, with a higher density in

the hippocampus than in the neocortex [54]. The

laminar distribution of Pick bodies is clearly

different from other tauopathies such as PSP and

CBD. In the hippocampus, 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 accumulation of both random

coiled and straight filaments. The biochemical

analysis using a quantitative Western blot approach

with phosphorylation-dependent anti-tau antibodies

has revealed that in all cases of PiD studied, a major

60- and 64-kDa pathological Tau doublet is observed

in the isocortex, in the limbic areas and in the

subcortical nuclei [55,56]. A faint pathological tau

band is observed at 69 kDa [57]. The specific

pathological tau profile of PiD is due to the

aggregation of 3R-Tau isoforms [58]. In addition,

aggregated tau proteins in Pick’s disease are not

detected by the monoclonal antibody 12E8 raised

against the phosphorylated residue Ser262/Ser356

whereas in other neurodegenerative disorders, this

phosphorylation site is detected [56, 59]. The lack of

phosphorylation at Ser262 and -356 sites is likely to

be related to either a kinase inhibition in neurons

that degenerate in Pick’s disease or an absence of

these kinases within degenerating neurons [60]. The

biochemical mapping of tauopathy in PiD is

preferentially in the fronto-temporal regions, as

shown at the clinical and neuropathological levels.

However, some cases were observed with also a

strong involvement of the parietal cortex.

CCllaassss  IIVV::  aa  mmaajjoorr  TTaauu  6600

Class IV is also represented by a single

neurological disorder: Myotonic dystrophy of type I.

Myotonic dystrophy (DM) is the commonest form of

adult-onset muscular dystrophy. It is a multisystemic

disease affecting many systems as well as the central

nervous system (cognitive and neuropsychiatric

impairments), thus leading to a wide and variable

complex panel of symptoms [61]. At the clinical level,

DM includes two entities designated as myotonic

dystrophy of type I (DM1) and myotonic dystrophy of

type II (DM2) [62]. DM1, the commonest form of DM,

is an inherited autosomal dominant disorder caused

by a single gene mutation consisting of expansion of

a CTG trinucleotide motif in the 3’ untranslated of

the myotonic dystrophy protein kinase gene (dmpk),

located on chromosome 19q [63]. Neuropathological

lesions, such as neurofibrillary tangles, have been

observed in adult DM1 individuals aged over 50

years [64,65]. The pathological tau profile of DM1 is

characterized by a strong pathological tau band at

60 kDa and, to a lesser extent, a pathological tau

component at 64 and 69 kDa. This typical

pathological tau profile is reflected by a reduced

number of tau isoforms expressed in the brain of

individuals with DM1, both at the protein and mRNA

levels [66]. In addition, tau protein expression is also

demonstrated to be altered in transgenic with
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human DM1 locus [67]. The analysis of multiple brain

regions of one genetically confirmed DM2 patient

aged 71 years showed some neurofibrillary

degenerating processes. Using specific immunological

probes against exon 2 and exon 3 corresponding

amino acid sequences, the neurofibrillary lesions were

shown to be devoid of tau isoforms with N-terminal

inserts [66]. An altered splicing of tau characterized

by a reduced expression of tau isoforms containing

the N-terminal inserts characterizes both DM1 and

DM2. Overall, it demonstrates that the central

nervous system is affected and that DM are real

tauopathies. 

Tangles in familial diseases: FTDP-17

In 1994, Wilhelmsen and colleagues described an

autosomal dominantly inherited disease related to

familial FTD, characterized by adult-onset behavioral

disturbances, frontal lobe dementia, parkinsonism

and amyotrophy. They demonstrated a genetic linkage

between this pathology, denominated disinhibition-

dementia-parkinsonismamyotrophy complex (DDPAC),

and chromosome 17q21– 22 [68]. Since then, several

families sharing strong clinical and pathological

features and for which there is a linkage with

chromosome 17q22–22 have been described

[69,70,71,72]. They have been included in a group of

pathologies referred to as frontotemporal dementia

with parkinsonism linked to chromosome 17 (FTDP-17)

[73]. Although a clinical heterogeneity could be

described, between and within the families with FTDP-

17, the usual symptoms include behavioural changes,

loss of frontal executive functions, language deficit

and hyperorality. Parkinsonism and amyotrophy are

described in some families, but are not consistent

features. Neuropathologically, brains of FTD patients

exhibit an atrophy of the frontal and temporal lobes, a

severe neuronal cell loss, a grey and white matter

gliosis, and a superficial laminar spongiosis. One of

the main important characteristics is the filamentous

pathology affecting the neuronal cells, or both

neuronal and glial cells in some cases. The absence of

amyloid aggregates is usually established  [73,74,75]. 

For a long time, it was unclear whether the

aggregation of tau protein follows disease or

whether disease follows tau dysfunction. This was

resolved when mutations in Tau were found to cause

FTDP-17 [75,76,77]. Tau mutations always segregate

with the pathology and are not found in the control

subjects, demonstrating their pathogenic role. To

date, 35 mutations have been described in the Tau

gene in over 100 families.

Mutations observed reduce the ability of tau

protein to interact with microtubules and increase

its propensity to assemble into abnormal filaments.

The other mutations have their primary effect at the

RNA level and perturb the normal ratio of three-

repeat to four-repeat tau isoforms. All the mutations

and their potential pathological effects are

described in [16,78,79]. 

Transgenic models of FTDP-17 have been set up.

Mice with mutated tau gene reproduce well clinical

and neuropathological features of this disease

[80,81,82]. Surprisingly, transgenic mice with

overexpression of the normal human tau gene do

not reproduce a tau pathology [83,84].

Is neurofibrillary degeneration of sporadic
diseases a cause or a consequence?

In 1998, the demonstration of mutations on the

tau gene involved in the autosomic dominant form

of FTDP 17 demonstrated clearly that tau genetic

dysfunction was an etiological factor. But what

about sporadic tauopathies, and specially AD, the

most studied neurodegenerative disorder. This

disease is unique with its two types of brain lesions:

tangles and plaques. For researchers it was obvious

that determining which lesion comes first was

instrumental to determine the cause of the disease. 

aa))  AAPPPP  iiss  cceennttrraall  iinn  AADD  eettiioollooggyy.. After the

discovery of Glenner and Wong in 1984, showing

that amyloid plaques are made up of a polypeptide

of 39 to 42 amino-acids, successively named A4

then Abeta, a number of great discoveries have

shown the importance of physiological events linked

to plaques [85]. Indeed, the amyloid protein

precursor APP was characterized, as well as its gene

on chromosome 21 in 1987, by Kang et al, as well as

other teams [86]. In 1991, the discovery by John

Hardy’s team of the first mutations located on APP

gene and responsible for familial AD was a revolution

[87]. The cause of AD was known! Other mutations

on APP, located at the extremities of Aβ sequence,

reinforced the concept of Aβ as central to the

etiology, such as the Swedish mutation [88]. These

data generated the amyloid cascade hypothesis in

1992 [89] with tangle formation described as one of
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the latest consequence of neurodegeneration. Other

mutations of FAD located on presenilin 1 and 2 by St

Georges Hyslop’s team corroborated this cascade

hypothesis. Indeed, presenilin cleaves APP and PS1

mutations release more Aβ 42 species [90].  Then

transgenic mice with mutated genes on human app

and ps1, developing numerous plaques as well as a

possible cognitive impairment, corroborated the

hypothesis of John Hardy [91]. Nowadays, all scientists

agree that APP dysfunction plays a major role in AD

etiopathogenesis.

Legitimately, from the amyloid cascade hypothesis,

one can conclude that AD is a simple brain disease,

with a unique killer, the neurotoxic Aβ peptide, and a

unique and simple therapeutic target: the removal or

the neutralization of Aβ aggregates. Most of AD public

and private research has embarked on this theory. But

the cascade hypothesis that considers tangles as

byproducts coming at the last stage of the disease is

based upon a fragile argumentation.  Indeed, the

accumulation of data on neurofibrillary degeneration

have progressively changed the Alzheimer landscape

and even more, our perception of the physiopathology

of most dementing neurodegenerative disorders.

bb))  TThhee  BBrraaaakk  ssttaaggeess..  Heiko Braak is a German

neuropathologist that has observed both lesions,

plaques and tangles, at the spatio-temporal level.

Using silver staining on large tissue sections of

several thousands of brains of patients at different

stages of the pathology, he was able to see that there

is a progressive spreading of NFD, along a precise

pathway, from the entorhinal and hippocampal

formation towards polymodal association then the

primary brain regions [92]. Alzheimer dementia is

observed when a threshold of tangle density in the

association cortical areas is reached, corresponding

to stages IV to VI [93].

cc))  11999977::  aa  ppiivvoottaall  yyeeaarr..  The role of tangles to

explain Alzheimer dementia was so obvious that the

Braak stages were incorporated in the consensus

criteria for a definite diagnosis of AD in 1997 [94].

Strangely enough, the criteria for a definite diagnosis

before 1997 were simply wrong. In fact Katchaturian

[95] and CERAD criteria [96], that take only into

account the number of amyloid plaques, cannot by

themselves make a difference between infraclinical

and clinical dementia, since the number of plaques

can be very important before dementia. Furthermore,

at that time and using CERAD criteria, dementia with

Lewy bodies, that has also numerous amyloid

plaques, was diagnosed most of the time as AD, since

Lewy bodies were not easily detected. Indeed, the

detection of Lewy bodies has really been possible

with antibodies against their basic component, alpha-

synuclein, commercially available after 1997 [97].

In short, the consensus definition of AD in 1997

went back to the sound 1907 definition of Alois

Alzheimer: the disease is characterized by both

plaques and tangles, and both lesions have to be

detected in polymodal association areas in great

numbers to justify a definite diagnosis of Alzheimer

dementia [94]. 

dd))  TThhee  ssppaattiioo--tteemmppoorraall  bbiioocchheemmiiccaall  ppaatthhwwaayy  ooff

ttaauu  ppaatthhoollooggyy  iinn  aaggiinngg  aanndd  ssppoorraaddiicc  AADD.. The Braak

observations at the immunohistochemical level were

corroborated at the biochemical level, using abnormal

tau as a probe to quantify neurofibrillary

degeneration. A prospective and multidisciplinary

study of more than 200 cases, including 70 non-

demented patients was undertaken. We gathered

clinical and neuropathological data, and in parallel

studied the presence of neurofibrillary degeneration

at the biochemical level, using the triplet of abnormal

tau proteins as a marker.  In Alzheimer brains, we

observed that tau pathology always extends along 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 was always along a stereotyped,

sequential, hierarchical pathway. The progression was

categorized into ten stages according to the brain

regions affected: 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) [98]. 

ee))  LLeessssoonnss  ggiivveenn  bbyy  ttaauu  ssttaaggiinngg

11..  RReellaattiioonnsshhiipp  wwiitthh  BBrraaaakk  ssttaaggiinngg.. Together, there

is a perfect agreement on the pathway of progression

of the degenerating process described by Braak,

ranked from stage I to VI at the histochemical level,
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and our staging at the biochemical level. Surprisingly,

our biochemical approach was more precise than the

neuropathological one, in that we observed precisely

that the temporal pole was affected just after the

hippocampus and prior to the inferior temporal

cortex. This step is included in our staging. Also we

were able to distinguish a transentorhinal stage prior

to the entorhinal stage and then to the hippocampal

stage, showing that the scalpel can also make the

approach very precise.

22..  RReellaattiioonnsshhiipp  wwiitthh  aaggiinngg.. At the present time,

we have probably studied more than 500 patients

comprising non-demented patients and demented

patients with different neurodegenerative brain

diseases, with the exception of prion diseases. First

we observed that all patients aged over 75 years,

controls or those affected by a brain pathology, had

at least a tau pathology in the entorhinal formation,

and very frequently in the hippocampal formation.

Since 100% of patients have a tau pathology at the

age of 75 years, this means that tau pathology is an

inevitable degenerating process in humans. This

vulnerability to tau pathogy in the entorhinal and

hippocampal formations is also present in a few non-

human species such as the baboon or the rhesus

monkey [99,100]. Immunohistochemistry is more

sensitive than biochemistry to analyze the formation

of tau pathology in some specific subsets of neuronal

populations. Braak demonstrated that neurofibrillary

degeneration can begin very early in the human

brain. Using the same histological approach and

antibodies against specific tau phosphorylated sites

such as ser 199P, we observed similar findings [101].

Together, these studies show that a mild tauopathy is

observed in 2 patients out of 10 at the second to third

decade of age. At the age of 50 years, probably 1

patient out of 2 has a small but significant

entorhinal tau pathology. The frequency increases

with age to be constant at the age of 75 years using

either histochemical of biochemical means. 

From these results one could speculate that

entorhinal tau pathology is an age-associated

process, but in fact we think it is more a

vulnerability that is revealed during aging. Indeed,

we have been able to study the brain of non-

demented centenarians. A few of these patients

were relatively spared, with a very mild entorhinal

tauopathy, demonstrating the absence of a direct

link with aging.

33..  BBrraaiinn  lleessiioonn  bbuurrddeenn  iinn  mmiilldd  ccooggnniittiivvee

iimmppaaiirrmmeenntt  ((MMCCII)).. There is no clinical method to

determine if a patient with MCI has incipient AD.

Some will convert to AD, but not all.  Our prospective

study led us to collect all data on the cognitive status

as well as the extent of tau and Aβ pathology of

patients with MCI [98,102]. We observed that all 13

MCI patients from our brain bank had a tau

pathology, but not necessarily an Aβ pathology.

Furthermore, all patients of our prospective study

with a mild tau pathology did not have MCI, probably

because the tau burden for these patients was

compensated by neuronal plasticity. These results

are in perfect agreement with those of the Mesulam

group [103] showing that a tau pathology is more

closely related to cognitive impairment than is Aβ.

However, from our knowledge of Aβ aggregation in

AD (following chapters), we know that the presence

of Aβ deposits in the brain of MCI patients, as well as

a decrease of Aβ x-42 in the CSF [104], is the marker

of incipient AD. 

44..  TThhee  tthhrreesshhoolldd  ffoorr  ddeemmeennttiiaa.. Another interesting

point of our staging of tau pathology is the clinical

status of patients at stage 7, with a mild to moderate

tau pathology in the polymodal association areas. All

of them are cognitively impaired, but at very

different levels. Altogether, we observed that the

patients that are fully demented at stage 7 have

generally in addition a significant vascular pathology.

The logical explanation is that a vascular pathology

has an additional deleterious effect on neuronal

plasticity, that decreases the compensation effect of

the not-yet affected neuronal populations, and

therefore increases the cognitive deficit. These

observations strengthen  the idea that clinical

impairment results from an imbalance between a

progressing degenerating process and decreasing

compensatory effects from the not-yet affected

neurons. The best illustration comes from Parkinson

disease, with extra-pyramidal signs expressed only

if more than 50 to 90 % of the dopaminergic

neurons are affected.

55..  TThhee  mmeecchhaanniissmm  ooff  pprrooggrreessssiioonn  ooff  ttaauu  ppaatthhoollooggyy..

The mechanism of tauopathy spreading is likely to

open relevant therapeutic avenues in the
neuroprotection domain. From the study of AD, we
observe that this spreading is not diffuse, but on the
contrary along precise neuron-to-neuron connections,
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from the limbic structures toward the neocortical

association areas. Interestingly enough, we observe a

similar mechanism of spreading in other sporadic

tauopathies, such as progressive supranuclear palsy

(PSP). Neurodegeneration in PSP is observed first in

the brain stem, then in the striatum, to conquer after

the primary motor frontal neocortical area

(Broadmann area 4), then the unimodal frontal areas

and at last a spreading in all neocortical and limbic

areas [29].  In other words, the basic mechanism of tau

spreading in sporadic tauopathies is likely starting in a

specific vulnerable neuronal population (layer II of the

entorhinal formation in AD; occulomotor nuclei for

PSP). Then, this local tauopathy will destabilize the

connected neuronal populations that had a cross-talk

with the vulnerable area, and this degenerating

process will extend, with a domino effect,  to other

neuronal populations along a neuron-to-neuron

propagation phenomenon [105). Knowing better this

mechanism of propagation will certainly open

therapeutic strategies for AD as well as for other

sporadic tauopathies and synucleopathies.

66..  TThhee  rreellaattiioonnsshhiipp  bbeettwweeeenn  ttaauuooppaatthhyy  aanndd

aammyyllooiiddoossiiss  iinn  aaggiinngg  aanndd  ssppoorraaddiicc  AADD.. It is not

surprising that tau pathology is well correlated with

cognitive impairment, since it shows the alteration

of neurons and its extent. However, we do not know

the factors that generate tauopathy and its

extension in the brain areas. APP dysfunction is the

best candidate, as revealed by genetic studies.

Therefore, we quantified all APP metabolic products to

see a possible relationship with the different stages of

tau pathology. APP holoproteins, APP-CTFs and Aβ

species were analyzed in the different brain areas of

all our non-demented and demented patients. First,

Aβ species were studied. Insoluble Aβ-42 and -40

species were fully solubilized and quantified after their

extraction in pure formic acid. In order to simplify the

interpretation of the results, we propose the

following biochemical staging for the quantification

of either Aβ 40 or Aβ x-42 aggregates [102] – table I.

The quantities of both Aβ species were compared

to the extent of tau pathology, as well as to cognitive

impairment. Aβ x-42 aggregates were observed at the

early stages of tau pathology in non-demented

patients and all along AD pathology (Aβ x-42 stages 

1 to 4), while Aβ x-40 aggregates are markers of the

last stages of AD. During the progression of the

disease, Aβ x-42 aggregates increase in quantity and

heterogeneity (Aβ x-42 stages 4 to 10), in close

parallelism to the extension of tau pathology. But

unexpectedly, there was no spatial overlap between

Aβ aggregation that is widespread and

heterogeneously distributed in the cortical areas and

a tau pathology that is progressing sequentially,

stereotypically, and hierarchically. Hence, there is a

synergetic effect of APP dysfunction on the neuron-

to-neuron propagation of tau pathology (Figure 1).

Indeed, a tau pathology can be found in the

hippocampal area without Aβ deposits, as mentioned

by Braak [106]. In contrast, the extension of tau

pathology in the polymodal association areas was

systematically found in the presence of Aβ deposits

(Aβ. stages 4 to 10), as if these Aβ species, directly or

indirectly, were necessary to stimulate the

progression of tau pathology. Altogether, our study

clearly demonstrated that amyloid deposits do not

precede a Tau pathology in sporadic AD, as

mentioned in the amyloid cascade hypothesis

(devoted to familial AD). Interestingly enough, our

proteomic analysis of the first Aβ 42 deposits that

appear in the aging human brain and in incipient AD

are not full length Aβ 1-42, but N-truncated species. In

other words, the first Aβ. species that initiate

amyloidosis are not physiological species, but

pathological species. This was observed at the

proteomic and immunohistochemical levels. This

discovery could improve dramatically the vaccination

Tauopathies: recent insightes into old diseases

NNeeooccoorrttiiccaall  AAβ qquuaannttiiffiiccaattiioonn SSttaaggee
((µgg//gg  ooff  ttiissssuuee))

From trace to 2.5 1

2.5 to 5 2

5 to 10 3

10 to 25 4

25 to 50 5

50 to 100 6

100 to 200 7

200 to 400 8

400 to 800 9

Over 800 10

TTaabbllee  II.. Biochemical staging for the quantification

of either Aβ 40 or Aβ x-42 aggregates
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approach since we propose to use the ”pathological”

antigen to boost the immunoreaction, in order to

avoid an auto-immune reaction [107]. Also, our study

of Aβ in 4 neocortical areas showed that the first

deposits are not observed in a specific area. Generally

the occipital region is the region which is the most

prone to develop amyloid deposits. The temporal or

the frontal cortex are sometimes affected first. This

observation alone demonstrates that if there is a

neurotoxicity of Aβ species, this hypothetic

neurotoxic mechanism is certainly not working on the

neighboring neurons. Indeed, the occipital region is

always the last to degenerate in AD.

Relationship between tau pathology 
and amyloid precursor protein
dysmetabolism

The parallelism and synergy between tau and Aβ

aggregation led us to search an AβPP molecular

event linking the two degenerating processes. AβPP

is an ubiquitous protein found in all cell types of all

species, suggesting a basic and important role that

remains to be identified. A neurotrophic activity for

AβPP and secreted sAβPP is often mentioned [108].

Therefore a loss of function of AβPP rather than a gain

of toxic function of Aβ. could be also a reasonable
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FFiigg..  11..  Scenario for sporadic Alzheimer's disease. First, neurofibrillary tangles (i.e tau pathology) are age-

related but not age-dependent lesion. They appear in the entorhinal cortex of 20% of people aged 25 years.

The ratio increases at 50% at the age of 50 years to affect all people at the age of 70 years or older. This

vulnerability varies dramatically among individuals. A few nonagenarians of our study were very mildly

affected. The entorhinal cortex is a vulnerable area always affected by a tau pathology at old age.

Second, tauopathy in aging tends to spread from the vulnerable area to other connected neuronal

population, along a neuron-to-neuron propagation that resembles a chain reaction or a domino effect. This

spreading can be observed up to the temporal pole without Aβ deposition (stage 4 of tau pathology).

Third, however, the extension of tauopathy toward the polymodal association areas is only observed in the

presence of Aβ x-42 deposits, as if these aggregates, directly (neurotoxicity) or indirectly (markers of APP

dysfunction) were fueling tau spreading.

Fourth, the cognitive impairment observed in Alzheimer's disease is well explained by the brain areas that

are successively affected by tau pathology.

Five, when neuroplasticity is no more able to compensate the progressing neurodegenerative process,

clinical impairment and dementia will appear.

Sixth, tau pathology will continue its conquest of the brain, toward the primary regions and subcortical areas
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hypothesis to explain the stimulation of tau

pathology and neurodegeneration. 

Complementary to this study of Aβ species, we

found no obvious modification of APP holoprotein

in correlation with the pathology. However, AβPP-

CTFs were found to be significantly diminished

during the course of AD and well correlated with

the progression of tau pathology [109]. Beta, alpha

and gamma stubs were also significantly decreased

in the brain tissue of individuals having an

inherited form of AD linked to mutations of

presenilin 1, showing a general defect common to

familial and sporadic forms of AD. In a way, it is

ironic that many big pharmas are trying to decrease

the levels of beta stubs to decrease secondarily the

production of Aβ by inhibiting BACE, while in the

sporadic AD human brain, these fragments are not

increased but decreased, and more insoluble. An

important role of the gamma stubs (also named

AICD (APP intracellular domain) as a gene regulator

could explain its involvement in the disease, since

these fragments are dramatically reduced in AD

[110,111,112]. 

In fact these observations directly lead to other

therapeutic strategies concentrated around the

concept of a loss of function of APP stimulating tau

pathology, in good agreement with other teams

mentioning that Aβ may be a planet, but AβPP is

central [113,114,115]. From our study on tau and Aβ in

the human brain, we propose the following ”four

hit” hypothesis for a good anti-Alzheimer drug:

these drugs should increase the alpha-secretase

activity and therefore (1) increase the  production of

the potential transcription factor AICD, (2) increase

in the same mechanism the secretion of sAPP alpha,

a potentiel neurotrophic factor, and subsequently (3)

decrease the production of beta stubs and Aβ, a

potential neurotoxic, and (4), the beneficial effects

should slow down the progression of tauopathies.

Theoretically, this drug should be able to reduce or

to stop the deleterious effect of AβPP loss of

function, and therefore able to stop the burden that

fuels a tau pathology and provoke dementia in AD.

Drugs that have this property are already on the

bench [116].

An alternative relevant target would be to work

directly on tau to stop dementia, bearing in mind

that it concerns not only AD, but also 10 to 20 other

dementing disorders. 

Concluding remarks

DDiiffffeerreennttiiaall  vvuullnneerraabbiilliittyy  ooff  bbrraaiinn  aarreeaass
ttoo  nneeuurrooffiibbrriillllaarryy  ddeeggeenneerraattiioonn

Tangles are the first visual signs of  neurofibrillary

degeneration. In sporadic diseases, they always

appear first in specific brain areas, demonstrating a

focal vulnerability. As already mentioned, this

vulnerability is different for AD (entorhinal formation)

and PSP or CBD (brain stem). In addition, the type of

tauopathy is different (3R+4R in AD, 4R in PSP). We

speculated that the bar code of tauopathy in sporadic

disease could result from the degeneration of specific

subsets of neurons, that express specific sets of tau

isoforms [58]. The question is still open.

Vulnerability and sequential progression of the

pathology in brain areas is a feature of numerous

sporadic degenerative disorders. This is true not

only for tauopathies but also for synucleopathies.

For familial diseases, we note the same vulnerability

through pathogenic mutations on tau and synuclein.

This convergence between familial and sporadic

diseases on the basic components of lesions

demonstrate their etiologic role.

TTaanngglleess  aanndd  tthhee  ddiiaaggnnoossiiss  ooff  ttaauuooppaatthhiieess  

Tangles are histological hallmarks of neurofibrillary

degeneration. Theoretically, their presence could also

be detected in the CSF, to be used as “biomarkers”.

Indeed, neurons with tangles die and tangles debris

are likely released in the CSF. This is true for AD, and

the quantification of tau and P-tau is already

possible for the routine analysis. This analysis is a

help for the clinician by increasing its specificity and

sensitivity [117].

However, despite the clear difference between

3R, 4R or 3+4 R tauopathies, the tau biomarker is

not yet useful for the biological diagnosis of

diseases other than AD.

TTaanngglleess  aanndd  tthhee  ttrreeaattmmeenntt  ooff  ttaauuooppaatthhiieess

There is accumulating evidence that most

dementing disorders are tauopathies and that

Alzheimer’s disease is a real tauopathy, showing

also that most of dementing patients (more than

80%) suffer from a tauopathy. Of course, we note

that tauopathies are very heterogeneous and that

many different types of tau dysfunction lead to

dementia:  mutations on the tau gene in FTDP-17

Tauopathies: recent insightes into old diseases
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(fronto temporal dementia with Parkinsonism linked

to chromosome 17) [118], the haplotype H1H1 which

is a risk factor for PSP and CBD [119], the abnormal

tau splicing in DM1 [120], tau-less DLDH [121], and the

vulnerability of specific brain areas to a tauopathy as

observed in the entorhinal cortex and hippocampus

for AD [122], or in the brain stem nuclei for PSP and

CBD. Therefore, if tau is an excellent therapeutic

target, it remains to determine the strategy for each

disease. For AD, the more obvious and easy-to-test

target is the abnormal phosphorylation. Inhibitors of

kinases such as GSK3β. [123] or cdk5 [124] are good

candidates. Transgenic mice with tau mutations are

also at disposal (http://www.alzforum.org).

Therefore, a dynamic of drug discovery for

tauopathies has emerged. In that perspective,

scientists in the field should not forget to model the

most obvious human features of tauopathies such

as a synergy with APP dysfunction in AD or models

that reflect tau spreading in the cortical areas.
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