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TAU PROTEIN AND TAUOPATHY

MAKOTO HIGUCHI
JOHN Q. TROJANOWSKI

VIRGINIA M.-Y. LEE

TAU-POSITIVE FILAMENTOUS LESIONS IN
NEURODEGENERATIVE DISEASES

Neurofibrillary Lesions of Alzheimer’s
Disease Brains

Although the mechanisms underlying the onset and pro-
gression of Alzheimer’s disease (AD) have not been fully
elucidated, the two diagnostic neuropathologies in the AD
brain (i.e., amyloid plaques and neurofibrillary lesions) (1,
2) have been implicated mechanistically in the degeneration
of the AD brain, and they are considered to be plausible
targets for the discovery of potential therapeutic agents to
treat this common dementing disorder. AD is a genotypi-
cally and phenotypically heterogeneous disease. In spite of
this genetic heterogeneity, abundant amyloid plaques and
neurofibrillary lesions, including neurofibrillary tangles
(NFTs), neuropil threads, and plaque neurites are observed
consistently in all forms of AD, and both plaques and tan-
gles are required to establish a definite diagnosis of AD in
a patient with dementia.

Amyloid plaques are extracellular deposits of fibrils
formed by �-amyloid (A�) peptides cleaved from APP, but
A� also forms diffuse plaques that contain primarily nonfi-
brillar deposits of A� peptides. The neuritic type of amyloid
or senile plaque (SP) binds amyloid dyes such as thioflavin-
S and Congo red because of the presence of A� fibrils with
a �-pleated sheet structure. The neurofibrillary AD lesions
also contain aggregated filaments, but they are formed by
abnormally phosphorylated tau proteins that accumulate as
NFTs in neuronal perikarya and as neuropil threads or dys-
trophic neurites in dendrites and axons. However, NFTs
may be released into the extracellular space of the AD brain,
following the degeneration of tangle-bearing neurons, and
they are referred to as ‘‘ghost tangles.’’ Finally, dystrophic
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neurites are frequently associated with amyloid plaques to
form neuritic plaques.

Both amyloid plaques and neurofibrillary lesions are con-
sidered to play independent and/or interrelated roles in the
mechanisms that underlie the onset and relentless progres-
sion of brain degeneration in AD. Indeed, serveral studies
have shown that NFTs correlate with the severity of demen-
tia in AD, as do losses of synapses and neurons (10–13).
Although there is a poor correlation between these param-
eters and the concentration or distribution of amyloid de-
posits (11,13), this could reflect the turnover of these le-
sions. Furthermore, it has been reported that a small
population of AD patients show abundant NFTs but very
few amyloid plaques (14), which may signify that there is
a causal relationship between the accumulation of NFTs
and the clinical manifestations of AD.

Despite heterogeneity in the AD phenotype, the progres-
sive accumulation of NFTs follows a stereotypical pattern
as described by Braak and Braak (15), who defined six neu-
ropathologic stages of AD progression determined by the
distribution and severity of NFTs. Stage I shows NFTs and
neuropil threads confined to pre-� neurons of the transento-
rhinal cortex, and stage II shows a more remarkable involve-
ment of this area and a mild involvement of the pre-� neu-
rons in the entorhinal cortex. AD brains in stage III show
severe neurofibrillary lesions in the above-mentioned re-
gions as well as the emergence of extracellular tangles, and
extensive neurofibrillary lesions are found in the deeper lay-
ers of entorhinal and transentorhinal cortex in stage IV.
Stages III and IV are also characterized by neurofibrillary
pathology in layer I of Ammon’s horn in the hippocampus
and in subcortical nuclei. Finally, increasingly abundant
neurofibrillary lesions in isocortical association cortex define
stages V and VI.

Neurofibrillary lesions such as NFTs, neuropil threads,
and plaque neurites are argyrophilic structures, but they
are visualized most effectively using immunohistochemistry
and antibodies to phosphorylated tau proteins. In addition
to neurofibrillary tau lesions, some neurons show diffuse
perikaryal tau immunoreactivity, and this so-called ‘‘pretan-
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gle’’ tau pathology is not stained by amyloid dyes such as
thioflavin-S and Congo red, unlike NFTs and other neurofi-
brillary lesions. Thus, ‘‘pretangle’’ tau pathology may be an
early stage in the formation of NFTs prior to the accumula-
tion of abnormal tau filaments.

Tauopathies Other than AD

Neurofibrillary lesions that are positive for thioflavin-S, sil-
ver stains, and anti-tau antibodies are also observed as the
predominant brain pathology in a group of neurodegenera-
tive disorders other than AD, which are now categorized as
tauopathies (Table 94.1). Some of these diseases also show
the abundant coexistence of amyloid plaques. For example,
neurofibrillary lesions coexist with A� deposits in AD as
well as in Down syndrome (16,17), dementia pugilistica
(18), and inclusion-body myositis (19–21). Further, in
some cases of Gerstmann-Sträussler-Scheinker disease
(GSS) (22,23), Creutzfeldt-Jakob disease (24), and prion
protein cerebral amyloid angiopathy (25), neurofibrillary
lesions coexist with prion protein amyloid deposits. On the
other hand, amyotrophic lateral sclerosis/parkinsonism-de-
mentia complex (ALS/PDC) found in the Chamorro inhab-
itants of Guam and Rota in the Mariana Islands shows
abundant NFTs but very few amyloid plaques (26–29).
Moreover, neurofibrillary lesions without amyloid plaques
are observed in argyrophilic grain dementia (30,31), Pick
disease (32–34), corticobasal degeneration (CBD)

TABLE 94.1. DISEASES WITH TAU-POSITIVE
NEUROFIBRILLARY LESIONS

Diseases showing coexistence of tau and amyloid pathologies
Alzheimer’s disease
Creutzfeldt-Jakob disease
Dementia pugilistica
Down’s syndrome
Gerstmann-Sträussler-Scheinker disease
Inclusion-body myositis
Prion protein cerebral amyloid angiopathy

Diseases without distinct amyloid pathology
Amyotrophic lateral sclerosis/parkinsonism–dementia complex
Argyrophilic grain dementia
Corticobasal degeneration
Diffuse neurofibrillary tangles with calcification
Frontotemporal dementia with parkinsonism linked to 

chromosome 17
Hallevorden–Spatz diseasea

Multiple system atrophya

Niemann–Pick disease, type C
Pick’s disease
Progressive subcortical gliosis
Progressive supranuclear palsy
Subacute sclerosing panencephalitis
Tangle-predominant Alzheimer’s disease

aDiseases in which synuclein-positive lesions are the most prominent
neuropathologic feature.

(35–38), progressive supranuclear palsy (PSP) (39–41),
multiple system atrophy (MSA) (42), Niemann-Pick disease
type C (43–45), diffuse neurofibrillary tangles with calcifi-
cation (46), Hallervorden-Spatz disease (47), subacute scle-
rosing panencephalitis (48), and frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17)
(49,50). However, some of these disorders, such as MSA,
various subtypes of AD, Hallervorden-Spatz disease, and so
on also have prominent synuclein brain lesions.

The tau pathology of AD is almost limited to neurons,
whereas some other tauopathies exhibit both neuronal and
glial tau inclusions. Brains of MSA, CBD, PSP, and FTDP-
17 contain abundant tau deposits in astrocytes as well as
oligodendrocytes (50–61). On the other hand, in familial
multiple system tauopathy with presenile dementia
(MSTD), affected glial cells are primarily oligodendrocytes
(62–64).

Neurofibrillary Lesions with Aging

Abundant amyloid plaques indistinguishable from those in
AD brains have been demonstrated in the brains of elderly
individuals who are not cognitively impaired (12,65,66);
this indicates that accumulation of amyloid plaques alone
is not sufficient to cause dementia. Moreover, nondemented
elderly individuals also show sparse neurofibrillary lesions
with increasing age, but this occurs in limited brain regions
(67). Although extensive analysis by Braak and Braak has
suggested that neurofibrillary changes of Braak and Braak
stage I/II in elderly people may represent early stages of AD
pathology (68), this has yet to be proven in studies of sub-
jects who have been subjected to longitudinal cognitive test-
ing up until the time of death.

Significances of Tau Pathology in
Neurodegenerative Disorders

Aggregation of tau into neurofibrillary lesions is a neuro-
pathologic hallmark of many neurodegenerative diseases,
and these tauopathies can be subclassified with regard to
coexisting amyloid or other brain pathology, the affected
cell types and the affected CNS areas. Coexistence of tau and
amyloid pathologies in some diseases suggests an interaction
between tau and amyloid in mechanisms of brain degenera-
tion. The presence of tau lesions in the brain without amy-
loid plaques in other tauopathies indicates that these neuro-
fibrillary lesions are not mere consequences of neurotoxicity
owing to amyloid deposits, but are direct causes of neurode-
generation. Although it is likely that the diversity of affected
cell types and/or CNS regions in tauopathies will be ex-
plained more fully based on mechanistic relationships be-
tween genetic and biochemical differences among these
cells, brain regions, and diseases, the clinicopathologic, bio-
chemical, and genetic aspects of these disorders so far remain
unsettled.
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Ultrastructure of Filamentous Tau
Lesions

According to transmission electron microscopic (EM) and
immuno-EM analyses of tau filaments in various neurofi-
brillary lesions, the filamentous lesions consist of three types
of morphologies. Approximately 95% of the neurofibrillary
components in AD NFTs are paired helical filaments
(PHFs), and the rest consists of straight filaments (SFs) (69,
70). PHFs have a helical structure consisting of two ribbon-
like strands that are paired together in filaments that have
a diameter of 8 to 20 nm and a stereotypical periodicity
of 80 nm (70,71). In Down syndrome, ALS/PDC, prion
diseases with tangles, dementia with tangles only, Nieman-
Pick disease type C, and the Seattle family A FTDP-17
kindred with the V337M tau gene mutation, the filamen-
tous tau pathology is composed of fibrils that are ultrastruc-
turally indistinguishable from the PHFs in AD tangles (29,
43–45,70,72,73). Moreover, PSP and Pick disease show
tangles composed of numerous SFs and smaller numbers
of twisted tau filaments similar to PHFs (63,74). Twisted
ribbon-like tau filaments that are morphologically different
from AD PHFs and SFs are found in the tangles of the
familial MSTD FTDP-17 syndrome caused by a G to A
mutation in the intron following exon 10 of the tau gene
(64), Dutch family 1 FTDP-17 syndrome owing to the
P301L mutation in exon 10 of the tau gene (75), and CBD
(76). Unlike AD PHFs, these filaments have an irregular
periodicity of 90 to 130 nm (64).

Nonetheless, immuno-EM studies have demonstrated
that all the filamentous structures in the tangles of all of
these tauopathies are composed of aberrantly hyperphos-
phorylated tau proteins, and possess the same tau epitopes
(77–82), although the relative abundance of different
pathologic tau isoforms may vary in these tauopathies, as
discussed in the following. Currently, there seems to be no
association between ultrastructural diversity and biochemi-
cal or genetic property in tauopathies. Observation of hy-
brid filaments suggests a transition from PHF to SF.

BIOCHEMICAL FEATURES OF TAU
PROTEINS IN NORMAL AND PATHOLOGIC
CONDITIONS

Localization and Function of Tau Protein

Tau is a low molecular weight component of cytoskeletal
structures and is known as one of the microtubule-associ-
ated proteins (MAPs). Neuronal MAPs consisting of tau
and MAP2 regulate the assembly of microtubules (MTs).
Although tau and MAP2 are thought to have similar func-
tions, intracellular localization of tau largely differs from
that of MAP2. The mRNAs encoding tau proteins are ex-
pressed predominantly in neurons, where these tau proteins
are localized mostly to axons of the CNS and PNS under

normal physiologic conditions (83,84), whereas the neurofi-
brillary lesions in AD accumulate in the neuronal perikarya,
axons, and dendrites. In contrast to the axon-specific distri-
bution of tau in normal states, MAP2 has somatodendritic
localization (85,86). Although it is likely that the compart-
ment specificity of normal tau and MAP2 in neurons may
subserve functional differences such as organization of neu-
ronal polarity and spacing of intermicrotubule distances, or
other aspects of axonal and somatodendritic MT distribu-
tion and architecture (87–91), there is no direct evidence
for these different roles for tau andMAP2. Lower expression
of tau mRNA and less abundant tau protein have been
observed in astrocytes as well as in oligodendrocytes (92,93),
and this suggests that the formation of glial tau inclusions
in several neurodegenerative tauopathies results from the
aggregation of tau proteins produced in glial cells them-
selves.

It has been shown in a number of studies from many
laboratories that tau proteins play a major role in regulating
neuronal MT assembly and stability (94–96). For example,
tau proteins promote the polymerization of tubulin into
MTs (97), and tau bound to MTs help stabilize these struc-
tures in the polymerized state (98). Moreover, developing
neurons treated with antisense oligonucleotides to tau
mRNA to block expression of tau fail to extend axon-like
processes, suggesting that tau protein also functions in, or is
required for, the establishment of neuronal polarity during
development (99,100). However, mice lacking tau protein
present no major phenotypic changes initially, and the only
abnormal findings in these mice are decreased MT density
and stability in some small-caliber axons (101), but they
show motor impairments with age (102). Tau is likely to
play an essential role in the development of neurons and
even glial cells, but it is also probable that other proteins
such as MAP1A can be upregulated to partially compensate
for the loss of tau at least early in life, as indicated in the
preceding tau-knockout mouse study (101,102).

Expression of Multiple Tau Isoforms

As a consequence of alternative mRNA splicing, the single
tau gene on the long arm of chromosome 17 gives rise to
six brain tau proteins that are normally expressed in the
adult human CNS (77,103–105) (Fig. 94.1). The differ-
ences among these six brain tau isoforms result from the
presence of three (3R tau) or four (4R tau) imperfect MT
binding repeats of 31 or 32 amino acids in the carboxy-
terminal half of each of two sets of these proteins, as well
as from the presence of inserts of 29 or 58 amino acids or
no insert at all in the amino-terminal region (77,103). The
tandem repeats in the carboxy-terminal half are encoded by
exons 9, 10, 11, and 12, and the alternative splicing of exon
10 (E10) results in the generation of E10� 4R tau and
E10� 3R tau mRNAs and their corresponding 4R and 3R
tau isoforms, respectively. This consecutive repeat region



Neuropsychopharmacology: The Fifth Generation of Progress1342

FIGURE 94.1. Six human CNS tau iso-
forms produced by alternative splicing
of the tau gene. The differences among
the six isoforms are the number of MT-
binding repeat domains (black boxes)
and the number of amino-terminal in-
serts. The alternatively spliced exons,
exons 2 (E2), 3 (E3), and 10 (E10) are
indicated with gray boxes, and hatched
boxes indicate the inter-repeat se-
quences. The recombinant tau proteins
run as six bands on SDS-PAGE (left).

constitutes the MT-binding domain of each tau protein
(106,107). In each domain, binding affinity to MTs is pro-
vided by a binding element that consists of 18 amino acids
(107), but the remainder of this motif, known as the interre-
peat sequence, also may contribute to the binding of tau to
MTs. Indeed, the interrepeat sequence between MT-bind-
ing repeats 1 and 2, which is included only in 4R tau iso-
forms, has a binding affinity for MTs that is more than
twofold higher than any MT-binding repeat (108). This
may suggests that 4R tau plays a much greater role in regu-
lating the MT-binding than 3R tau, and it is possible that
3R and 4R tau have different MT-binding sites on MTs.
The function of the amino-terminal region remains unset-
tled, but this region is supposed to affect inter-MT distances
by forming a bridge between two adjacent MTs. In the
PNS, a high molecular weight tau isoform (110 kDa) with
one additional exon (exon 4A) is expressed (known as ‘‘big
tau’’) (84,110).

The alternative splicing of the six brain tau isoforms is
developementally regulated, and only the shortest tau iso-
form with three repeats and no amino-terminal inserts (i.e.
‘‘fetal tau’’ or 3R0N tau) is present in fetal human brains
(102). By analyzing fresh biopsy-derived nomal fragments
of human adult brain, it has been demonstrated that the
adult CNS contains the following tau isoforms: tau with one
amino-terminal insert (1N tau, 50%), tau with no amino-
terminal insert (0N tau, 40%) and tau with two amino-
terminal inserts (2N tau, 10%) in order of abundance. In
the same analysis, the ratio between 4R and 3R tau isoforms
has been found to be approximately 1 (111). However, it
also is known that the isoform composition of tau protein
differs among species. For example, only the three 4R tau
isoforms are known to be expressed in the adult rodent
brain, while a 3R0N or fetal tau isoform is expressed in the
developing CNS of rodents (112). Although the reasons for
this difference between the adult rodent and human brains
are not known nor is the functional consequence thereof
evident at this time, it is possible that the lack of a stem-
loop structure in the intron following E10 in rodents versus
humans may account for the failure to express 3R tau iso-
forms in the adult rodent brain.

Phosphorylation of Tau in Normal and
AD Brains

Tau is a phosphoprotein, and tau isolated from the develop-
ing and adult brain is phosphorylated at multiple sites.
PHF-tau extracted from the AD brain shows three major
bands (approximately 60, 64, and 68 kDa) and one minor
band (approximately 72 kDa) in SDS-PAGE. Enzymatic
dephosphorylation of PHF-tau in vitro using alkaline phos-
phatase changes the electrophoretic mobility of these three
bands to generate six bands that are identical to the six tau
isoforms extracted from normal human brain after dephos-
phorylation and the six recombinant human tau proteins.
This suggests that PHF-tau in AD is composed of all six
tau isoforms that are abnormally phosphorylated. Indeed,
these PHF-tau bands are detected using antibodies specific
for phosphorylated tau epitopes as well as by other phos-
phorylation-independent anti-tau antibodies.

Approximately 20 serine and threonine residues in tau,
some of which are followed by a proline, currently are
known to be sites of normal phosphorylation (113,114)
(Fig. 94.2). Although many of these sites initially were
thought to be unique to PHF-tau in AD (114), subsequent
studies summarized in the following did not confirm this.
Most of these phosphorylation sites are clustered in regions
flanking the MT-binding domains, and thus it is presumed
that the phosphorylation of these sites influences the bind-
ing of tau to MTs. In fact, the conformation of tau is
changed by phosphorylation (115), and this reduces binding
of tau to MTs (98,116–119), lowers the ability of tau to
promote MT assembly (120) and decreases the stability of
MTs (121,122). It has also been shown that PHF-tau can-
not bind to MTs (117,118), and that the binding ability
is restored after enzymatic dephosphorylation of PHF-tau
in vitro by phosphatase (118,123,124). If phosphorylation
of a certain site is unique to PHF-tau in AD, elucidation
of the mechanism for phosphorylation of such a site could
provide much information on the pathogenesis of AD.
However, the phosphorylation at multiple sites on tau is
considered to be requisite for eliminating the MT-binding
ability of PHF-tau (125). In addition, normal human fetal
tau is more phosphorylated than tau proteins extracted from
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FIGURE 94.2. Phosphorylation sites identi-
fied in human PHF-tau. The numbers are based
on those in the longest isoform with 441 amino
acid residues. The proline-oriented sites are in-
dicated with underlines.

postmortem normal adult brain, but almost all of the phos-
phorylated sites in normal fetal tau are identical to those in
PHF-tau (114,117,126), and it is known that fetal tau also
is less capable of binding to MTs than normal adult tau
(117). Furthermore, normal adult human tau isolated from
biopsy-derived brain sample is phosphorylated at most of
the known phosphorylation sites in PHF-tau, albeit to a
much lesser extent (127,128). Nevertheless, there still re-
mains a possibility that the difference between PHF-tau and
normal tau is not only the extent of phosphorylation, but
also the aberrant phosphorylation of some sites that are
unique to PHF-tau. In fact, serine212 and serine214, the
two phosphorylated residues contained in the epitope that
are required for recognition by the anti-phospho-tau anti-
body AT100/AT10 (129,130), are at least two abnormally
phosphorylated sites that are known to be unique to PHF-
tau (128). This antibody fails to recognize tau isolated from
fetal and biopsy-derived normal adult human brain (128),
and thus phosphorylation of Ser212/Ser214 appears to be
highly specific to PHF-tau in AD, but these sites also may
be phosphorylated in the abnormal tau proteins in other
tauopathies. Therefore, PHF-tau is likely to be ‘‘hyperpho-
sphorylated’’ (i.e., phosphorylated to a greater extent) as
well as ‘‘aberrantly phosphorylated’’ (i.e., phosphorylated at
unique sites).

The extent of tau phosphorylation is regulated by the
activities of phosphatases and kinases. Therefore, increased
activities of kinases and/or decreased activities of phospha-
tases could presumably lead to the hyperphosphorylation
of tau, thereby resulting in the formation of PHF-tau. Al-
though several different kinases have been demonstrated to
be capable of phosphorylating tau in vitro, the specific ki-
nases that are responsible for the phosphorylation of tau in
the living human CNS remain to be identified. Only two
kinases, glycogen synthase kinase-3� (GSK-3�) and cyclin-
dependent kinase 5 (Cdk5), have been copurified with MTs

(131,132). GSK-3 is known to phosphorylate endogenous
tau expressed in neurons (133), and it is abundant in the
brain (134). Cdk5 is normally activated by a regulatory
protein p35 (135). Cdk5 is supposed to be active in neurons
because p35 is expressed primarily in neurons (135,136).
However, a recent study has shown that a truncated form
of p35 (known as p25) accumulates in neurons of the AD
brain, and that p25 binds to Cdk5, leading to a deregulation
of this kinase (137). Accordingly, hyperactivated Cdk5 may
be caused by accumulation of p25, and this may be part of
the mechanism that causes the hyperphosphorylation of tau
in AD.

Among many phosphatases, protein phosphatase 2A
(PP2A) and 2B (PP2B or calcineurin) have been shown to
be enzymatically active in biopsy-derived human brain tis-
sue, and in vitro studies have shown that these enzymes
dephosphorylate several phospho-serine and phospho-thre-
onine residues in tau (70,124,128,129,139,140). Thus,
these phosphatases may be involved in the generation of
PHF-tau, but there has been no evidence for decreased
phosphatase activity in the AD brain, and thus roles played
by these enzymes in formation of PHF-tau are still to be
elucidated. Nonetheless, a recent study has demonstrated
reduced PP2A subunit mRNAs in the AD hippocampus
when NFTs are abundant, so it is plausible that this might
contribute to mechanisms underlying PHF-tau formation
in AD (140a).

Other Tauopathies

Immunoblot analyses of brains from patients with tauopa-
thies other than AD have demonstrated that insoluble tau
fractions are detectable using many different phosphoryla-
tion-dependent antibodies to epitopes spanning the tau
molecule, suggesting that the filamentous inclusions in these
diseases are composed of hyperphosphorylated tau similar
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FIGURE 94.3. Schematic representation of sar-
kosyl-insoluble tau bands from different tauopa-
thies before (�) and after (�) dephosphoryla-
tion. The insoluble tau composed of all six
isoforms shows three major bands (60, 64, and
68 kDa) and one minor band (72 kDa) before de-
phosphorylation. In some tauopathies, 3R tau iso-
forms are major components of the insoluble
fraction, running as two major bands (60 and 64
kDa) and one minor band (68 kDa). Tauopathies
with insoluble tau consisting of 4R tau isoforms
shows two major bands (64 and 68 kDa) and one
minor band (72 kDa).

to PHF-tau in AD. Three types of abnormal tau isoform
profiles have been found in tauopathies other than AD (Fig.
94.3). For example, similar to AD, three predominant PHF-
tau–like bands of 60, 64, and 68 kDa and one minor band
of 72 kDa are observed in Down syndrome, GSS disease,
ALS/PDC of Guam, Niemann-Pick disease type C, and
some FTDP-17 kindreds caused by certain tau mutations
(17,23,29,43,72). These bands have been shown to contain
all six tau isoforms in several studies. On the other hand,
biochemical analyses of Pick disease have shown a character-
istic pattern of tau isoform composition consisting of two
major tau bands of 60 and 64 kDa and one minor tau band
of 68 kDa (34,141). In some studies, these bands are not
positive for anti-phospho-tau antibody 12E8, which recog-
nizes an epitope in E10, but our study demonstrated weak
but specific recognition (34). Further, several studies have
indicated that these bands include only 3R tau isoforms
(142,143). The third type of abnormal tau isoform profile
is found in CBD (40,76), PSP (41), and some FTDP-17
kindreds with specific tau gene mutations (64,144), and
this profile is characterized by two major tau bands of 64
and 68 kDa as well as one minor tau band of 72 kDa.
Notably, several studies have indicated that these tau bands
predominantly consist of 4R tau isoforms (64,110,144,
145).

FRONTOTEMPORAL DEMENTIA WITH
PARKINSONISM LINKED TO CHROMOSOME
17: CAUSED BY MULTIPLE EXONIC AND
INTRONIC TAU GENE MUTATIONS

FTDP-17 is a group of familial neurodegenerative tauopa-
thies characterized by diverse but overlapping clinical and
neuropathologic features (50,60,146). According to several
reports on clinical and neuropathologic features of FTDP-

17, three major clinical syndromes have been delineated,
and albeit preliminary, they include: disinhibition-demen-
tia-parkinsonism-amyotrophy complex (DDPAC) (55,
147), pallido-ponto-nigral degeneration (PPND) (148),
and MSTD (64). However, it is important to note that
more than 20 kindreds caused by diverse tau gene muations
and variably characterized phenotypes have been reported
so far (50). Clinical characteristics of these FTDP-17 tau-
opathies variably include memory and language impair-
ments, behavioral and psychiatric abnormalities, extrapy-
ramidal signs, and motor deficits (50), each of which pre-
sumably reflects differential degeneration of specific brain
regions. However, all FTDP-17 brains from affected pa-
tients share a common neuropathology characterized by
abundant neuronal and to a lesser extent glial fibrillary le-
sions composed of hyperphosphorylated tau proteins associ-
ated with a remarkable loss of neurons in affected regions
(144,149–151).

Autosomal dominant inheritance of these FTDP-17 syn-
dromes suggested that one or more genetic mutations might
be pathogenic for these disorders, and linkage analyses
showed cosegregation of disease with a genetic locus on
chromosome 17q21-22 (49,50,60,146,152,153). Because
the pathologic hallmarks of these disorders are tau lesions
and the tau gene resides within the disease locus of chromo-
some 17, the tau gene was an obvious candidate for patho-
genic mutations in FTDP-17 kindreds. Thus, as expected,
several research groups discovered multiple tau gene muta-
tions in 1998, and these mutations were found to segregate
with FTDP-17 patients, but they were not seen in normal
individuals (151,154,155). Further studies have identified
at least 20 distinct pathogenic mutations in exons and in-
trons of the tau gene in many FTDP-17 kindreds, many
of which were identified for the first time with the identifi-
cation of a tau gene mutation. Approximately 10 missense
mutations were found in exons of the tau gene, and they
include K257T, I260V (Hutton M, personal communica-
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tion), and G272V (154) in exon 9; N279K (142), P301L
(142,152,155), P301S (156,157), and S305N (158,159) in
E10; V337M (155) in exon 12; and G389R (160) and
R406W (154) in exon 13 (numbered according to the long-
est CNS tau isoform consisting of 441 amino acids). More-
over, two silent mutations have been reported, including
L284L (159) and S305S (161) in E10 and amutation result-
ing in the deletion of single amino acid �K280 (159,167)
in E10. On the other hand, intronic tau gene mutations in
FTDP-17 kindreds are clustered around the 5′ splice site
in the intron following E10. They contain E10�3 (151),
E10�12 (163), E10�13 (164), E10�14 (145,164),
E10�16 (164,165), and E10�33 (162). The currently
known tau gene mutations in FTDP-17 kindreds are listed
in Table 94.2 and are depicted schematically in Fig. 94.4.
The increasing number of tau gene mutations that continue
to be identified suggests that FTDP-17 is likely to be more
frequent than previously recognized.

In FTDP-17, pathogenic mutations in the tau gene may
be pathogenic by one or more abnormalities in tau proteins,
and at present, two mechanisms have been proposed to me-
diate the effects of these mutations based on recent molecu-
lar and biochemical analyses (111,154,159,166). The first
mechanism involves perturbations of the alternative splicing
of E10 by mutations in E10 or around the 5′ splice site in
the intron following E10, thereby resulting in an altered
ratio of 4R tau to 3R tau proteins. The second pathogenic
mechanism directly impairs the ability of tau to bind to
MTs and to promote the polymerization and stability of
MTs.

The ratio of 4R tau to 3R tau isoforms is approximately
1 in the normal adult human brain, but an increase in the
4R/3R ratio of brain tau isoforms has been demonstrated
in brains of FTDP-17 patients with mutations clustered
around the 5′ splice site in the intron following E10 and
with E10 tau gene mutations including: N279K, L284L,
S305N, and S305S (111,154,159). The altered splicing of

FIGURE 94.4. Mutations identified
on tau gene in FTDP-17. The muta-
tion sites are depicted on the long-
est tau isoform. The alternatively
spliced inserts are indicated as gray
boxes and MT-binding repeats are
shown as black boxes. Sequences in
intron 10, which form a stem-loop
structure, are presented in lower
case.

E10 caused by these mutations results in increased levels of
E10� tau mRNA in FTDP-17 brains presumably owing
to greater E10 usage of the E10 5′ splice site as demonstrated
by exon-trapping experiments (154,159). Biochemical anal-
yses of tau extracted from autopsied brain samples of pa-
tients with PPND (N279K), DDPAC (E10�14) and
MSTD (E10�3) have shown a predominance of 4R tau
isoforms (111,145,151). It has been suggested that these
mutations affect multiple cis-acting elements that enhance
or suppress the usage of 5′ splice site of E10 (151,154,159).
A stem-loop structure consisting of sequences around the
5′ splice site in the intron following E10 is thought to in-
hibit the splicing of E10 presumably by blocking the associa-
tion of snRNA with the splice site (151,154). Accordingly,
it is postulated that these intronic mutations and the exonic
mutations S305N and S305S may cause a disruption of this
stem-loop structure (154). The S305N mutation has also
been suggested to increase the strength of the 5′ splice site
(167). However, the S305S mutation, which increases the
4R/3R ratio like the S305N mutation, has been demon-
strated to weaken the 5′ splice site (161). Another potential
regulatory element might be an exon-splicing enhancer
(ESE) or exon-splicing silencer (ESS) element within E10
adjucent to the following intron (159). The N279K muta-
tion is thought to augment the ESE and consequently cause
an increase in the 4R/3R ratio of tau isoforms because of
the fact that it raises the purine content of this purine-rich
domain (i.e., by changing TAAGAA to GAAGAA)
(168–171). This mechanistic hypothesis is supported by
the observation that the �K280 mutation, which produces
a deletion of the three adjacent purines (AAG), abolishes the
splicing of E10 into tau mRNAs (159). The silent mutation
L284L is likely to disturb the ESS (159), but it also is possi-
ble that this mutation augments the effects of the ESE.

The binding sites onMTs for 4R tau and 3R tau isoforms
have been suggested to be different (109), and increases in
the 4R/3R tau isoform ratio is likely to produce an excess
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amount of 4R tau isoforms that are not bound toMTs. This
abnormal increase of free tau may result in the formation of
insoluble tau aggregates and consequently neurodegenera-
tion.

The second hypothetical pathogenic mechanism to ac-
count for brain degeneration in FTDP-17 owing to other
tau gene mutations suggests that these mutations directly
cause deficits in the abilities of tau to bind to MTs and
promote assembly and stability of MTs. This disease mecha-
nism has been linked to several tau gene missense mutations
including: G272V, �K280, P301L, P301S, V337M
G389R, and R406W by in vitro studies (111,159,166). On
the other hand, the mutations that increase E10 splicing
do not have similar effects on the functions of tau (111,
159). Nonetheless, a loss of the binding ability of tau to
MTs may produce an increase in the levels of free tau pro-
teins in the neuronal cytoplasm, and this could promote
their fibrillogenesis. Mutant tau proteins are also likely to
accelerate the accumulation of insoluble tau filaments
within neurons. This notion has been supported by several
studies of the in vitro assembly of tau filaments, which also
demonstrated that tau filament formation is enhanced by
heparin using recombinant G272, P301L, V337M, and
R406W tau mutant proteins compared to wild-type tau
protein (172,173). Moreover, mutations in exons other
than those in E10 (i.e., V337M and R406W) promote tau
aggregation composed of all six isoforms, whereas other E10
mutations (i.e., P301L) increase 4R tau in insoluble FTDP-
17 brain fractions (111,145). Although there are prelimi-
nary data to account for the differential effects of these mu-
tations, additional studies are needed to fully elucidate how
they cause diverse FTDP-17 syndromes.

DEVELOPMENT OF EXPERIMENTAL
ANIMAL MODELS OF FILAMENTOUS TAU
PATHOLOGY

The discovery of tau gene mutations pathogenic for FTDP-
17 indicates that genetic abnormalities directly influence
the levels or functions of tau proteins, thereby resulting
in the aggregation of insoluble tau and neurodegeneration.
However, it is difficult to specify the precise underlying
mechanisms whereby these mutations cause distinct bio-
chemical, neuropathologic, and phenotypic abnormalities
in FTDP-17 syndromes that vary from patient to patient
by analyzing human cases because of the following reasons:
(a) limited sample size of kindreds with each mutation; (b)
the difficulty of conducting biochemical and pathologic
studies in early stages of the disease; and (c) the possibility
that several additional but as yet unknown environmental
and/or genetic factors might modify the biochemical and
clinicopathologic phenotype of FTDP-17. Accordingly, an-
imal models that reproduce tauopathies are required for
better understanding of the central roles played by tau ab-

normalities in neurodegenerative disorders. Such models are
also expected to be useful for assessing methods of early
diagnosis and the effectiveness of therapeutic agents for the
treatment of neurodegenerative tauopathies.

The strategies for making animal models that recapitulate
tauopathies are summarized in the following and include:

1. Selection of DNA constructs to be expressed in the CNS
of the model, and the use of cDNA or genomic DNA
tau constructs is a straightforward strategy to induce ac-
cumulations of tau in the CNS of experimental animals.
Indeed, tau cDNAs or minigenes have been used to over-
express specific tau isoform(s), and cause an imbalance
of the tau isoform profile similar to that seen in human
tauopathies. Further, animal models engineered to ex-
press human genomic tau DNA using bacterial artificial
chromosome (BAC) or a P1-derived artificial chromo-
some (PAC) containing the entire tau gene may be in-
formative for elucidating the biochemistry (including
E10 splicing) and neuropathology (including emergence
of tau deposits) in animals with and without a tau gene
mutation. Other possible strategies to generate animal
models of tauopathies are to express proteins that regu-
late the phosphorylation of tau proteins, or to express
APP, PS-1, and PS-2 in tau transgenic (Tg) animals to
investigate the interaction of these molecules with tau
to model tauopathies that show coexistence of tau and
amyloid pathologies.

2. Overexpression of tau without mutation to assess the
effects of excess tau proteins in the cytoplasm of neurons
and glia on the formation of tau aggregates. Because
animal models expressing a mutant human tau gene may
reproduce the biochemical and pathologic abnormalities
in FTDP-17, it is necessary to do this by expressing
mutations such as �K280, P301L, V337M, and
R406W, because they impair the ability of tau to bind
to MTs and promote assembly and stability of MTs.
Further, the generation of tau DNA with mutations that
alter the splicing of E10 to produce animal models would
be informative using the entire gene or minigene of
human tau. However, the phenotypes of these mutant
tau animals should be assessed in comparison with ani-
mals showing a similar expression level of wild-type
human tau.

3. Use of neuron-specific promoters including the Thy-1,
3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMG-CoA) and prion protein (PrP) promoters to gen-
erate tau pathology in neurons, whereas animals showing
glial tau pathology can be developed by using glia-spe-
cific promoters including glial fibrillary acid protein
(GFAP) promoter for astrocytes and 2′,3′-cyclin-nucleo-
tide phosphodiesterase (CNP) and myelin basic protein
(MBP) promoters for oligodendrocytes. Tg animals with
genomic DNA are generally driven by endogenous pro-
moters.
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The generation of a tau Tg mouse using a cDNA for
the longest tau isoform (T40, 4R2N tau) combined with
Thy-1 promoter was reported in 1995 (174), followed by
a study of tau Tg mice expressing the shortest tau isoform
(T44 or fetal tau, 3R0N tau) driven by the HMG-CoA
reductase promoter (175). In these studies, somatodendritic
overexpression of human tau was observed using anti-phos-
pho-tau antibodies. However, these Tg mice did not show
tau aggregates in any of the CNS regions nor other tauopa-
thy-like phenotypic changes, probably owing to the low
expression level of the transgene product. Filamentous tau
aggregates have been observed in the spinal cord and brain-
stem of tau Tg mice generated by using a transgene consist-
ing of fetal tau and the PrP promoter (176) (Fig. 94.5).
This Tg mouse showed approximately ninefold more tau
protein than the wild-type control, and thus the successful
development of tau inclusions is presumably owing to the
high expression levels of human tau. The tau aggregates in
this Tg mouse are spheroidal inclusions in proximal axons,
and they showed an increase in number with aging, consis-
tent with an age-dependent increase in the extent of tau
phosphorylation and an age-dependent decrease in the solu-
bility of overexpressed human tau. In addition, this tau Tg

FIGURE 94.5. Spheroidal tau deposits in the spinal cord of tau
Tg mice over-expressing the shortest human tau isoform. A: Low
power field of the spinal cord section of a 6-month-old Tg mouse
stained with anti-tau antibody T14. Spheroidal deposits (arrows)
are observed in axons, and somatodendritic tau stain (arrowhead)
is found in the neuron. B: Higher magnification of the spheroidal
tau deposit indicated with asterisk in (A). C: Higher magnification
of the somatodendritic tau stain shown in (A). D,E,F: Triple-la-
beled indirect immunofluorescence of the spinal cord deposit
from a 6-month-old Tg mouse. Blue, anti-tau antibody T14 and
AMCA (D); red, anti-low-molecular-mass-neurofilament (NFL) an-
tibody and Text Red (E); and green, anti-high-molecular-mass-
neurofilament (NFH) antibody and FITC (F). Note that tau is colo-
calized with neurofilaments in the spheroid deposits. Scale bar,
50 �m (A); 10 �m (B,C); and 10 �m (D,E,F).

mouse showed axonal degeneration and reduced axonal
transport as well as motor weakness. Hence, this Tg mouse
is thought to be a good model for age-related neurodegener-
ation in tauopathies, and it is useful for studying the time
course of CNS degeneration in a human tauopathy. The
spheroidal tau inclusions in these tau Tg mice have also
been shown to contain neurofilaments (NFs) and tubulin.
This colocalization of tau and NFs is found in the inclusions
of ALS/PDC spinal cord. Further studies using these tau
Tg mice crossed with NF-knockout mice could be informa-
tive by determining whether or not NFs promote the forma-
tion of tau aggregates, and whether or not tau can form
aggregates in the absence of NFs.

Tau Tg mice with the T40 transgene combined with the
Thy-1 promoter have been developed recently (177,178).
These mice exhibit spheroidal tau inclusions in axons of the
spinal cord and brainstem as well as cerebral cortex, and
the colocalization of tau and NFs has also observed in these
inclusions. Axonal degeneration and corresponding pheno-
typic changes were found in these Tg mice, and thus they
may be regarded as models of neurodegenerative tauopathies
with increased 4R tau. In addition, these 4R tau Tg mice
showed somatodendritic tau expression to a greater extent
than 3R tau Tg mice. This suggests that the difference in
affected brain areas between 4R tau and 3R tau Tg mice
as well as the effect of predominant tau isoforms on the
distribution of pathology should be analyzed by using tau
Tg mice with the same promoter and a similar expression
level of human tau.

To date, only a few genomic tau Tg mice using PAC
and BAC have been generated, and they have shown a so-
matodendritic pattern of phosphorylated tau expression
(179). Although all of the mentioned tau Tg mice have
shown a somatodendritic tau expression that resembles the
‘‘pretangles’’ in AD, none of them have developed NFTs
containing a �-pleated sheet structure that can be recog-
nized by thioflavin-S and Congo red. In fact, overexpressed
tau in the cytoplasm and processes of neurons is rather dif-
fuse and does not show a filamentous structure by EM
(179). One possible method to generate NFTs in tau Tg
mice would be to use a mutant tau gene construct to de-
crease the ability of tau to regulate MTs. Another method
would be to follow tau Tg mice showing an age-related
increase of tau pathology to vary advanced ages.

One of the major goals in developing animal models is
to generate a model for AD, which is the most common
neurodegenerative tauopathy. It seems feasible to develop
mice with human APP, PS-1, PS-2, and ApoE transgenes
to elucidate the mechanism of biochemical and clinicopath-
ologic changes caused by genetic abnormalities in AD. Tg
mice overexpressing APP with FAD mutations have shown
diffuse and neuritic A� plaques in the brain, but they have
lacked tau-positive NFTs and neuron loss (180–182).
Moreover, Tg mice with a PS-1 transgene linked to FAD
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with and without a mutant APP transgene have developed
no tau pathology (183). Taking together, these studies sug-
gest that the generation of A� plaques in mice is not suffi-
cient to model AD pathology and to elucidate interactions
between tau and A� pathologies in the pathogenesis of AD.
Thus, the generation of double Tg mouse overexpressing
tau and mutant APP, and ‘‘humanized’’ genomic tau Tg
mouse with tau-knockout mice to over-express only the six
human tau isoforms may be better strategies to develop Tg
mouse models recapitulating AD pathology.

CONCLUSION

Genetic, biochemical, and pathologic analyses have indi-
cated that tau proteins play a central role in the pathogenesis
of various neurodegenerative tauopathies, including AD.
Transgenic experiments have also shown that overexpres-
sion of tau can cause neurodegenerative tauopathies in ex-
perimental animals. However, genetic abnormalities that in-
fluence tau phosphorylation and/or functions of tau in AD
remain unsettled. The mutations on APP, PS-1, and PS-
2, polymorphism of ApoE and other yet-to-be-identified
genetic susceptibilities as well as environmental factors may
promote the dysfunction of tau in AD. Among other tau-
opathies, genetic abnormalities have been confirmed only
in FTDP-17 kindreds. The onset of PSP has been associated
with an intronic polymorphism in the tau gene (184), but
the major genetic factors that cause tau aggregation and
neurodegeneration in many tauopathies are still to be eluci-
dated.
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