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Introduction

Ordered assembly of fewer than ten proteins into
filamentous assemblies defines cases of age-
related neurodegenerative diseases, including
Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD). AP, tau, a-synuclein and TDP-43 are
the best known of these proteins. For most dis-
eases, the majority of cases are sporadic, but a
small percentage is inherited in a dominant man-
ner. Huntington’s disease and other polygluta-
mine repeat diseases form an exception because
all cases are inherited. Chronic traumatic enceph-
alopathy (CTE), by contrast, is probably always
environmentally induced. Study of dominantly
inherited forms of disease has established a caus-
ative role for ordered assembly. By extrapolation,
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it appears likely that inclusion formation is cen-
tral to neurodegeneration in all cases of disease.
Tau proteinopathies, which are characterised by
the assembly of tau protein, are the most com-
mon proteinopathies of the human nervous sys-
tem [1].

Frontotemporal dementias (FTDs), also
known as frontotemporal lobar degenerations
(FTLDs), are characterised by progressive
changes in personality and/or language loss, fol-
lowed by dementia [2]. Their neuroanatomical
substrate is degeneration of frontal and temporal
lobes of the cerebral cortex. FTDs have a genetic
component that is stronger than for most other
neurodegenerative diseases, with mutations in
MAPT, the tau gene, GRN, the progranulin gene
and C9orf72, the chromosome 9 open reading
frame 72 gene, being the most common.
Mutations in MAPT account for approximately
5% of cases of FTD, with an average age of onset
of around 50 years and a duration of disease
of approximately 10 years. Some of the clinical
and neuropathological features resulting from
MAPT mutations are reminiscent of sporadic tau
proteinopathies, including Pick’s disease (PiD),
progressive supranuclear palsy (PSP), cortico-
basal degeneration (CBD), globular glial tauopa-
thy (GGT) and chronic traumatic encephalopathy
(CTE). Identification of MAPT mutations proved
that dysfunction of tau protein is sufficient to
cause neurodegeneration and dementia. Here, we
first discuss these mutations and their effects, and
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then focus on sporadic PiD, CBD and CTE and
their filament structures.

Tau Protein and Its Isoforms

Tau is an intrinsically disordered protein, which
may have many interaction partners. It can be
divided into an amino-terminal domain, a proline-
rich (PXXP) region, the repeat domain and a
carboxy-terminal region. The amino-terminal
domain projects away from the microtubule sur-
face and is believed to interact with components
of the neuronal plasma membrane. It contains a
primate-specific sequence between residues 18
and 28. The PXXP motifs in the proline-rich
region are recognised by SH3 domain-containing
proteins of the Src family of nonreceptor tyrosine
kinases, such as Fyn [3].

The repeat region and some adjacent sequences
mediate interactions between tau and microtu-
bules. Electron cryo-microscopy (cryo-EM) has
shown that each tau repeat binds to the outer
microtubule surface and adopts an extended
structure along protofilaments, interacting with
a- and p-tubulins [4, 5]. Single-molecule tracking
revealed a kiss-and-hop mechanism, with a dwell
time of tau on individual microtubules of approx-
imately 40 ms [6, 7]. Isoform differences do not
influence this interaction. Despite these rapid
dynamics, tau promotes microtubule assembly. It
remains to be seen if microtubules are also stabi-
lised. Tau is most abundant in the labile domain
of microtubules, which has led to the suggestion
that it may not stabilise microtubules, but it may
enable them to have long labile domains [8, 9].
Less is known about the function of the carboxy-
terminal region, which may inhibit assembly into
filaments.

Despite lacking a typical low-complexity
domain, full-length tau can undergo liquid-liquid
phase separation through electrostatic and hydro-
phobic interactions [10, 11], which has been
found in conjunction with amyloid aggregation,
at least in vitro. Although liquid-liquid phase
separation and amyloid aggregation of tau are
independent processes, they may be able to influ-
ence each other.

Six tau isoforms ranging from 352 to 441
amino acids are expressed in adult human brain
from a single MAPT gene [12] (Fig. 1). They dif-
fer by the presence or absence of inserts of 29 and
58 amino acids (encoded by exons 2 and 3, with
exon 3 being only transcribed with exon 2) in the
amino-terminal half, and the inclusion, or not, of
the 31 amino acid microtubule-binding repeat,
encoded by exon 10, in the carboxy-terminal
half. Inclusion of exon 10 results in the produc-
tion of three isoforms with four repeats (4R) and
its exclusion in a further three isoforms with
three repeats (3R). The repeats comprise residues
244-368, in the numbering of the 441 amino acid
isoform. In adult human brain, similar levels of
3R and 4R tau are expressed [13]; the finding that
a correct isoform ratio is essential for preventing
neurodegeneration and dementia came as a sur-
prise. The 2 N isoforms are underrepresented in
comparison with isoforms that include exon 2 or
exclude both exons 2 and 3; 2N, 1 N and O N tau
isoforms make up 9%, 54% and 37%, respec-
tively. Big tau, which carries an additional large
exon in the amino-terminal half, is only expressed
in the peripheral nervous system.

Isoform expression is not conserved between
species. Thus, in adult mouse brain, 4R tau iso-
forms are almost exclusively present, whereas
adult chicken brain expresses 3R, 4R and 5R tau
isoforms [14]. However, the presence of one
hyperphosphorylated 3R tau isoform lacking
amino-terminal inserts is characteristic of devel-
oping vertebrates. In mice, the switch from 3R to
4R tau occurs between postnatal days 9 and 18,
with tau phosphorylation decreasing over time.
However, isoform switching and phosphorylation
are regulated differently [15]. Adult 4R tau iso-
forms are better at promoting microtubule assem-
bly and at binding to microtubules than the 3R
tau isoform expressed during development.

Tau Assemblies

Full-length tau assembles into filaments [1, 16].
Negative-stain immuno-electron microscopy
showed that antibodies specific for the N- and
C-termini of tau decorate filaments. This was not
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Fig. 1 Human brain tau isoforms. MAPT and the six tau
isoforms expressed in adult human brain. MAPT consists
of 14 exons (E). Alternative mRNA splicing of E2 (red),
E3 (green) and E10 (yellow) gives rise to six tau isoforms
(352-441 amino acids). The constitutively spliced exons
(E1,E4,ES5,E7,E9,El1, E12 and E13) are shown in blue.
E6 and E8 (violet) are not transcribed in human brain. E4a
(orange) is only expressed in the peripheral nervous sys-
tem. The repeats (R1-R4) are shown, with three isoforms

the case of antibodies directed against R3 and R4
of tau because their epitopes are occluded in the
filaments [17-19]. Together with biochemical
studies, this work established that tau filaments
consist of a core region and a fuzzy coat. Tau fila-
ments have the biophysical characteristics of
amyloid [20]. Because the region in tau that binds
to microtubules also forms the filament cores,
physiological function and pathological assem-
bly may be mutually exclusive.

Phosphorylation negatively regulates the abil-
ity of tau to interact with microtubules, and fila-
mentous tau is abnormally hyperphosphorylated
[21]. It remains to be seen if phosphorylation is
necessary and/or sufficient for the assembly of
tau into filaments. Alternatively, a change in con-
formation as part of the assembly process may
lead to tau hyperphosphorylation. Because tau is
hydrophilic, it is not surprising that unmodified
full-length protein requires cofactors, such as
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having four repeats (4R) and three isoforms with three
repeats (3R). The core sequences of tau filaments from
chronic traumatic encephalopathy (K274/S305-R379)
determined by cryo-EM are underlined (in blue); the core
sequences of tau filaments from Pick’s disease (K254-F378
of 3R tau) are underlined (in grey); and the core sequences
of tau filaments from corticobasal degeneration
(K274-E380 of 4R tau) are underlined (in cyan)

heparin, to assemble into filaments [22-25].
Cofactors other than heparin and/or post-
translational modifications may cause the assem-
bly of tau in human brain [26, 27].

Besides phosphorylation, other modifications
may also be involved. Thus, acetylation, methyl-
ation, glycation, isomerisation, O-GlcNAcylation,
nitration, sumoylation, ubiquitination and trunca-
tion of assembled tau have been described. In
particular, acetylation of lysine residues has
come to the fore in recent years. It reduces charge,
which may play a role in filament assembly of
tau. Site-specific acetylation of K280 has been
shown to enhance tau aggregation, while reduc-
ing microtubule assembly [28]. Twenty-one
lysine residues are present between residues 244
and 380 of tau.

In AD, CTE, tangle-only dementia and many
other tauopathies, all six tau isoforms are present
in disease filaments. Pick bodies of PiD are made
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of only 3R tau. In CBD, PSP, argyrophilic grain
disease (AGD), GGT and several other diseases,
4R tau isoforms make up the filaments. The mor-
phologies of tau filaments vary in the different
diseases, even when they are made of the same
isoforms.

Genetics of Microtubule-Associated
Protein Tau

The relevance of tau dysfunction for neurodegen-
eration became clear in June 1998, when domi-
nantly inherited mutations in MAPT were shown
to cause a form of frontotemporal dementia that
can be associated with parkinsonism, frontotem-
poral dementia and parkinsonism linked to chro-
mosome 17 and caused by mutations in the tau
gene (FTDP-17 T, also known as familial FTLD-
tau) [29-31]. In FTDP-17 T, abundant filamen-
tous tau inclusions are present either in nerve
cells or in both nerve cells and glial cells. Ap
deposits, a defining feature of AD, are not pres-
ent. This work established that a pathological
pathway, leading from monomeric to assembled
tau, is sufficient to cause neurodegeneration and
dementia.

Sixty-five mutations in MAPT have been iden-
tified in FTDP-17 T (Fig. 2). Filamentous inclu-
sions are composed of either 3R, 4R or 3R + 4R
tau [2]. MAPT mutations are concentrated in
exons 9-12 (encoding R1-R4) and the introns
flanking exon 10, with a smaller number of
disease-causing mutations in exon 13. Two muta-
tions (R5H and R5L) are present in exon 1 of
MAPT. Mutations can be divided into those with
a primary effect at the protein level and those
affecting the alternative messenger ribonucleic
acid (mRNA) splicing of tau pre-mRNA.

The architecture of MAPT on chromosome
17921.31 is characterised by two haplotypes as
the result of a 900 kb inversion (H1) or noninver-
sion (H2) polymorphism [32]. Inheritance of the
H1 haplotype of MAPT is a risk factor for PSP,
CBD, PD and amyotrophic lateral sclerosis
(ALS), but not for PiD [33-38]. The H2 haplo-
type is associated with increased expression of
exon 3 of MAPT in grey matter, suggesting that

inclusion of exon 3 may protect against PSP,
CBD, PD and ALS [39]. In experimental studies,
exon 3-containing tau isoforms have been found
to aggregate less than those lacking exon 3 [40].

Disease-causing mutations in MAPT have
made it possible to produce transgenic rodent
lines that form tau filaments and show neurode-
generation [41—43]. Aggregation of tau correlates
with neurodegeneration [44]. Reducing aggrega-
tion and increasing degradation of aggregates are
therefore therapeutic objectives. It has been
reported that the removal of senescent brain cells
leads to a reduction in both tau aggregates and
neurodegeneration in transgenic mice [45].

Transgenic mouse lines were also essential for
identification of the prion-like properties of
assembled tau. Aggregation of hyperphosphory-
lated tau was induced following intracerebral
injection of tau seeds from mice transgenic for
human mutant ON4R P301S tau into transgenic
mice expressing wild-type non-aggregated 2N4R
tau and, to a lesser extent, following intracerebral
injection into wild-type mice [46]. Tauopathy
then spread to connected brain regions, indicative
of seed endocytosis, seeded aggregation, intra-
cellular transport, and release of tau seeds. This
work was complemented by studies in cells [47].
It was subsequently shown that in brain extracts
from mice transgenic for human P301S tau, short
filaments had the greatest seeding activity [48].
These findings may be mechanistically related to
the observation that in the process leading to AD,
seed-competent tau inclusions first appear in
transentorhinal cortex, followed by the hippo-
campal formation and large parts of the neocor-
tex [49, 50].

Conformers of assembled tau seem to
exist that influence the pattern of spread in brain,
reminiscent of prion strains [51-53]. They may
explain the variety of human tauopathies.
Inclusions formed and spread of pathology
occurred after intracerebral injection of brain
homogenates from cases of AD, tangle-only
dementia, PSP, CBD and AGD into a mouse line
transgenic for wild-type human 4R tau and, to a
lesser extent, following intracerebral injection
into non-transgenic mice [51]. PiD, the filamen-
tous inclusions of which are made of 3R tau only,
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Fig. 2 Mutations in MAPT in FTDP-17 T. Missense, deletion and intronic mutations are dominantly inherited. Fifty-

five coding region and ten intronic mutations are shown

was an exception. However, seeds from PiD brain
induced inclusion formation and spreading in a
mouse line, expressing equal amounts of human
3R and 4R tau, in the absence of mouse tau [53].

The tau sequence and, possibly, non-tau
molecular requirements for seeded aggregation
in vivo remain to be defined. Tau assemblies
reminiscent of those in the corresponding human
diseases were observed, following the injection
of brain homogenates from patients with PSP,
CBD and AGD, which are 4R tau proteinopa-
thies [51] and PiD, a 3R tau proteinopathy [53].
Although these findings are consistent with the
existence of distinct tau aggregate conformers,
structural information is required to prove their
existence.

Neuropathological Phenotypes
of FTDP-17T

Cases of FTDP-17 T are characterised by the
presence of filamentous tau inclusions in
nerve cells or in both nerve cells and glial cells
[1, 2]. Cases with glial inclusions only have
not been described. Tau inclusions are most
abundant in hippocampal formation and cere-
bral cortex.

Inclusions similar to Pick bodies are often
observed in the brains of individuals with muta-
tions in exons 9, 11, 12 and 13 of MAPT. Similar
to sporadic PiD, inclusions associated with muta-
tions G272V in exon 9 and AK280 in exon 10 are
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made of 3R tau and are not phosphorylated at
S262 [54-56]. For other mutations, such as
G389R in exon 13, variable amounts of 4R tau
and some phosphorylation of S262 are seen in
Pick-like bodies [57] (Figs. 3 and 8). Mutation
N410H in exon 13 phenocopies the tau pathology
of CBD [58].

In the study mentioned earlier, tau deposits
are found predominantly in neurons, whereas
mutations in exon 1 and exon 10, as well as in
the introns following exon 9 and exon 10, are
associated with abundant neuronal and glia tau
inclusions [2]. Glial pathology is in the form of
coiled bodies in oligodendroglia, as well as

tufted astrocytes and astrocytic plaques reminis-
cent of PSP and CBD. Mutations in exon 10
cause the formation of inclusions made of 4R
tau; most of these mutations affect exon 10 pre-
mRNA splicing, altering the ratio of 3R/4R tau.
MAPT mutations P301L, P301S and P301T, the
primary effects of which are at the protein level,
are exceptions (Figs. 4 and 8). They continue to
be important for the generation of experimental
models of tauopathy and illustrate the clinical
and pathological heterogeneity associated with
MAPT mutations. Although most individuals
with mutations P301L and P301S develop
behavioural-variant FTD, cases of primary pro-

Fig. 3 Tau pathology in the frontal cortex of a patient
with the G389R mutation in MAPT. Pick-like bodies in
grey matter and neuropil threads in white matter are

labelled by anti-tau antibodies AT8 (a, d), RD3 (b) and
RD4 (c). More Pick-like bodies were labelled with RD3
than RD4. Scale bar, 25 pm
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Fig. 4 Tau pathology in the frontal cortex of a patient
with the P301L mutation in MAPT. Tau inclusions in
nerve cells and astrocytes are labelled by anti-tau antibod-

gressive aphasia have been described [59]. A
P301S carrier presented with corticobasal syn-
drome [60]. A P301L patient had GGT, as had
individuals with mutation P301T [59, 61]. GGT
has emerged as a common disease associated
with mutations in MAPT. Mutations in codon
301 affect only 20-25% of tau molecules, with
75-80% being wild type, arguing against a sim-
ple loss-of-function mechanism as an important
disease determinant [62].

Intronic mutations in MAPT and most muta-
tions in exon 10 affect the ratio of 3R/4R tau,
which is normally 1:1, without changing the
amount of total tau (Figs. 5, 6 and 8). For most
mutations, this results in the relative overproduc-
tion of wild-type 4R tau and its assembly into
filamentous inclusions. Tau filaments appear as
twisted ribbons or half ribbons. Although these
mutations often give rise to behavioural-variant
FTD, cases of atypical PSP have also been
described [63]. For other mutations, such as
V337M (exon 12) [64] and R406W (exon 13)
(Figs. 7 and 8) [65], tau inclusions resemble
those of AD, and filaments are made of all six
brain tau isoforms.

ies AT8 (a, b) and RD4 (c¢). These inclusions were not
labelled by RD3. Scale bar, 25 pm

Structures of Tau Filaments
from Pick’s Disease

PiD accounts for approximately 20% cases of
FTLD-tau. Behavioural-variant frontotemporal
dementia and progressive non-fluent aphasia are
its most common clinical manifestations. Arnold
Pick described the clinical picture and macro-
scopic findings in 1892 [66], and Alois Alzheimer
reported the microscopic features in 1911 [67].
The presence of tau protein in Pick bodies was
shown in 1985 [68, 69].

Nerve cell loss predominates in cerebral cor-
tex (frontal > temporal > parietal), followed by
hippocampal formation and amygdala, with sub-
cortical structures being affected to variable
extents [70]. The substantia nigra may be affected
in some cases, while the nucleus basalis of
Meynert is mostly unaffected. In frontal and ante-
rior temporal lobes, severe circumscribed (knife-
edge) atrophy is commonly seen. Microscopically,
the Pick body, which consists of assembled,
hyperphosphorylated 3R tau, is the pathogno-
monic inclusion of PiD (Fig. 9a, b) [71].
Biochemical studies have also suggested the
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Fig. 5 Tau pathology in the frontal cortex of a patient
with the IVS10 + 16 mutation in MAPT. Tau inclusions in
nerve cells and astrocytes are labelled by anti-tau antibod-

presence of 4R tau pathology. However, this
probably reflects coexisting pathologies [72] or
the presence of a MAPT mutation. Pick bodies
predominate in hippocampus and cerebral cortex.
Fewer assemblies are present in glial cells
(Fig. 9¢). The glial tau pathology of PiD consists
of ramified astrocytes and globular glial inclu-
sions in oligodendrocytes. By Western blotting,
assembled tau from PiD brain runs as a doublet
of 60 and 64 kDa, which reveals the presence of
3R tau upon dephosphorylation [73].

ies AT8 (a, ¢) and RD4 (b, d). These inclusions were not
labelled by RD3. Scale bar, 25 pm

By negative stain electron microscopy of
sarkosyl-insoluble filaments from PiD brain, we
observed narrow (Type I) and wide (Type II) tau
filaments [74]. Narrow filaments had previously
been described as straight, but they have a helical
twist with a crossover distance of approximately
1000 A and widths of 50-150 A. Wide filaments
have a similar crossover distance, but their widths
vary from 150 to 300 A. Immunogold negative-
stain electron microscopy showed that most fila-
ments are Type I, with a minority of Type II
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Fig. 6 Tau pathology in the subcortical white matter of — matter are labelled by anti-tau antibodies AT8 (a) and
the frontal lobe in a patient with the IVS10 + 16 mutation ~RD4 (b). These inclusions were not labelled by RD3.
in MAPT. Tau inclusions in oligodendrocytes in white  Scale bar, 25 pm

Fig. 7 Tau pathology in the frontal cortex of a patient with the R406W mutation in MAPT. Neurofibrillary tangles and
neuropil threads are labelled by anti-tau antibodies ATS8 (a), RD3 (b) and RD4 (c). Scale bar, 25 pm
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Fig. 8 Negative-stain electron microscopy of tau fila-
ments from cases of frontotemporal dementia and parkin-
sonism linked to chromosome 17 caused by MAPT
mutations (FTDP-17 T). (1, 2), Tau filaments from a case
with abundant Pick body-like inclusions and a G389R
mutation. (1) Straight filaments form the majority species
and (2) strongly stranded filaments are in the minority.

filaments. Filaments were not decorated by antibod-
ies specific for R1, R3 or R4 of tau, indicating that
these repeats form part of the ordered filament core.

By cryo-EM, structures of tau filaments were
determined from combined frontal and temporal
cortices of an individual with PiD (Fig. 10) [74].
The core of Type I filaments is made of a single
protofilament that consists of residues K254-F378
of 3R tau (93 amino acids), which adopt an elon-
gated, J-shaped, cross-f structure (Fig. 10a, c).
Type 1I filaments are formed by the association of
two Type I filaments at the distal tips of the J,
where they form tight contacts through van der
Waals interactions (Fig. 10b). We determined a
3.2 A resolution map of the ordered cores of Type
I filaments; the map of Type II filaments was lim-
ited to 8 A. Each protofilament comprises nine
B-strands, which are arranged into four cross-f
packing stacks and are connected by turns and
arcs. R1 provides two f-strands, and R3 and R4
three p-strands each. The stacks pack together in a

(3-5), Tau filaments from cases with neuronal and glial
inclusions and a P301L mutation or an IVS10 mutation.
(3) Narrow twisted ribbons and (4) occasional rope-like
filaments. (5) Wide twisted ribbons. (6, 7) Paired helical
and straight tau filaments as in AD are present in cases
with mutations V337M and R406W in MAPT

hairpin-like fashion: 1 against one side of 88, f2
against 7, 3 against p6 and P4 against p5. The
final strand, (39, is formed from the ten amino acids
after R4 and packs against the other side of 8.

Three regions of less well-resolved density
bordering the solvent-exposed faces of p4, f5 and
39 are apparent in Type I and Type II filaments.
They may represent less ordered, heterogeneous
and/or transiently occupied structures. The den-
sity bordering B4 is similarly located, but more
extended, than that found to interact with the side
chains of K317, T319 and K321 in tau filaments
from AD.

Unlike tau filaments of CBD, CTE and AD,
Pick body filaments are not phosphorylated at
S262 [75, 76]. The reasons for this differential
phosphorylation are unknown. The cryo-EM
structure shows that the tight turn at G261 pre-
vents phosphorylation of S262 in the ordered
core of PiD filaments, whereas phosphorylated
S262 is outside the ordered cores of tau filaments
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Fig.9 Tau pathology in
the frontal cortex of a
patient with Pick’s
disease. Tau inclusions
in nerve cells and glia in
grey matter (a, b), as
well as oligodendrocytes
in white matter (c¢)
labelled by anti-tau
antibodies ATS8 (a, ¢)
and RD3 (b). These
inclusions were not
labelled by RD4. Scale
bar, 25 pm
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Fig. 10 Structures of tau filaments from Pick’s disease.
Type I and Type II tau filaments are characteristic, with
Type I filaments forming the vast majority (a, b),
Unsharpened cryo-EM densities of Type I (a) and Type II
(b) filaments. Type I Pick filaments contain a single proto-

from CBD, CTE and AD. This may explain the
differential phosphorylation and raises the ques-
tion of whether phosphorylation at S262 may
protect against PiD.

It was not previously known why only 3R
tau, which lacks R2, is present in Pick body
filaments. The above shows that despite
sequence homology, the structure formed by
K254-K274 of R1 is inaccessible to the corre-
sponding residues from R2 (S285-S305). In
support, tau filaments extracted from the brain
of the patient with PiD used for cryo-EM
seeded the aggregation of recombinant 3R, but
not 4R, tau. Such templated misfolding may
explain the selective incorporation of 3R tau in
Pick body filaments.

filament, whereas in Type II filaments, two identical pro-
tofilaments pack against each other symmetrically through
Van der Waals interactions at the tip of the J. (¢), Schematic
view of the tau protofilament core of PiD. The observed
nine p-strands (B1-p9) are shown as arrows

Structures of Tau Filaments
from Corticobasal Degeneration

CBD typically presents as corticobasal syn-
drome, which includes cortical signs, asymmetric
apraxia, rigidity, myoclonus and alien limb phe-
nomenon. It can also present as behavioural-
variant FTD, Richardson’s syndrome and
posterior cortical atrophy [77]. In 1925, Lhermitte
et al. probably described cases of what is now
known as CBD [78]. In 1968, Rebeiz et al.
reported the disease as ‘corticonigral degenera-
tion with neuronal achromasia’ [79]. The term
CBD was introduced by Gibb et al. in 1989 [80].
The presence of tau protein in the inclusions of
CBD was shown in 1990 [81].
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Neuropathologically, CBD is characterised by
asymmetric focal cortical atrophy and depigmen-
tation of the substantia nigra. Nerve cells show
diffuse cytoplasmic tau immunoreactivity, abun-
dant neuropil threads in grey and white matter, as
well as pathognomonic astrocytic plaques,
mainly in affected cortical areas and in striatum
(Fig. 11) [82, 83]. By Western blotting, assem-
bled tau from CBD brains runs as a doublet of 64
kDa and 68 kDa, which consists of 4R tau upon
dephosphorylation [84]. In addition, two closely
related tau bands of approximately 37 kDa are
typical of CBD [85].

By negative stain electron microscopy of
sarkosyl-insoluble filaments from CBD brains,
we observed narrow (Type I) and wide (Type II)

tau filaments [86], in agreement with previous
findings [87]. Narrow filaments have a helical
twist with a crossover distance of approximately
1000 A and widths of 80-130 A. Wide filaments
have a crossover distance of approximately
1400 A and widths of 130-260 A. Immunogold
negative-stain electron microscopy showed that
Type I and Type II filaments are present in similar
amounts in some cases of CBD, with Type II fila-
ments being more abundant in others. Filaments
were not decorated by antibodies specific for R2,
R3 or R4 of tau, indicating that these repeats
form part of the ordered filament cores.
Structures of tau filaments were determined by
cryo-EM from the frontal cortex of three individu-
als with CBD (Fig. 12) [86]. The core of Type I

Fig. 11 Tau pathology in the frontal cortex of a patient
with corticobasal degeneration. Tau inclusions in nerve
cells and glia in grey matter (a, b), as well as oligodendro-

cytes in white matter (¢, d) labelled by anti-tau antibodies
AT8 (a, ¢) and RD4 (b, d). These inclusions were not
labelled by RD3. Scale bars, 25 pm
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A Type I CBD filament

B  Type II CBD filament

c CBD fold (4R Tau)

Fig. 12 Structures of tau filaments from corticobasal
degeneration. Type I and Type II tau filaments are charac-
teristic, with Type II filaments being more numerous in
some cases. (a, b), Unsharpened cryo-EM densities of
Type I (a) and Type 1I (b) filaments. Type I filaments con-
tain a single protofilament, whereas two symmetrically

filaments is made of a single protofilament that
consists of residues K274-E380 of 4R tau (107
amino acids; Fig. 12a, c¢). It encompasses the last
residue of R1; all of R2, R3 and R4; as well as 12

packed protofilaments are present in Type II filaments.
The protofilament interface is formed by anti-parallel
stacking of **KLDFKDR*, (¢), Schematic view of the
tau protofilament core of CBD. The observed 11 p-strands
(B1-P11) are shown as arrows. The central non-
proteinaceous density is shown in blue

amino acids after R4. In the core, there are 11
B-strands (B1-P11): three from R2 (f1-p3), three
from R3 (p4—p6), four from R4 (B7-P10) and one
from the sequence after R4 (B11). Each protofila-
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ment of CBD contains an additional density that
is surrounded by the density of tau protein within
a positively charged environment. The molecular
identities of this density, as well as of those pres-
ent on the outside of filament structures, remain to
be identified. It has been suggested that they may
correspond to post-translational modifications of
tau [88]. Type II filaments consist of pairs of iden-
tical protofilaments of Type I (Fig. 12b). We
obtained maps of Type I and Type II filaments at
overall resolutions of 3.2 A and 3.0 A.

The 11 B-strands of each protofilament are
connected by arcs and turns and form a four-
layered structure. The central four layers are
formed by p7, p4, 3 and p10. Strands B3 and p4
are connected by a sharp turn, whereas p7 and
10 are connected through P8 and P9, which
wrap around the turn. On the other side, B2, 5
and P6 form a three-layered structure. 2 packs
against one end of B5, and 6 packs against the
other end. The first and the last strands, 1 and
B11, pack against each other and close a hydro-
philic cavity formed by residues from (2, 3,
10, B11 and the connections between 1 and B2,
as well as between 2 and 3.

Each tau repeat contains a PGGG (proline-
glycine-glycine-glycine) motif. In the CBD fold,
that of R1 (residues 270-273) is located just out-
side the structured core. The PGGG motif of R2
(residues 301-304) forms a tight turn between 3
and P4, which is essential for the formation of the
four-layered cross-p packing. The PGGG motif
of R3 (residues 332-335) adopts an extended
conformation between 6 and 7, compensating
for the shorter lengths of these strands compared
to the opposing 4 and B5 connected by P312.
The PGGG motif of R4 (residues 364-367)
adopts a similar extended conformation, forming
part of the hydrophilic cavity.

In CBD Type II filaments, protofilaments are
related by C2 symmetry. Their interface is formed
by anti-parallel stacking of 3*KLDFKDR3*®.
Besides van der Waals interactions between the
anti-parallel side chains of K347 from each pro-
tofilament, the side chain of K347 is positioned
to form hydrogen bonds with the carboxyl group
of D348 and the backbone carbonyl of K347 on
the opposite protofilament.

CBD is characterised by abundant neuronal
and glial inclusions of 4R tau. It remains to be
determined if Type I and Type II filaments are
differentially distributed between neuronal and
glial inclusions. This notwithstanding, a single
tau protofilament is characteristic of these
inclusions.

Structures of Tau Filaments
from Chronic Traumatic
Encephalopathy

CTE is associated with repetitive head impacts or
exposure to blast waves. Described as punch-
drunk syndrome by Martland in 1928 [89] and
dementia pugilistica by Millspaugh in 1937 [90],
CTE has since been identified in former partici-
pants of other contact sports, ex-military person-
nel and after physical abuse. Critchley used the
term in a book chapter in 1949 [91]. CTE is the
best-known example of an environmentally
induced neurodegenerative disease.

Clinically, CTE is characterised by behav-
ioural, mood, cognitive and motor impairments
[92]. Initial mood and behavioural changes that
progress to marked cognitive impairment are
often seen. For this and other reasons, we decided
to include CTE in the present discussion, even
though it is not generally classified under the
umbrella of FTD. Motor impairments, including
parkinsonism and cerebellar ataxia, have been
described mostly in retired boxers.

The neuropathological concept of CTE was
emphasised by Corsellis et al. in 1973, who iden-
tified generalised cerebral atrophy and wide-
spread cortical neurofibrillary lesions in some
retired boxers [93]. Antigenic similarities
between the neurofibrillary lesions of CTE and
Alzheimer’s disease were noted in 1988 [94]; this
was followed by the description of tau inclusions
using immunohistochemistry [95]. CTE is
defined by an abundance of hyperphosphorylated
tau in neurons, astrocytes and cell processes
around small blood vessels (Figs. 13 and 14).
Together with the accumulation of tau inclusions
in cortical layers II and III [96], this distinguishes
CTE from Alzheimer’s disease and other tauopa-
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Fig. 13 Tau pathology
in the temporal cortex of
a patient (former
American football
player) with chronic
traumatic
encephalopathy. Tau
inclusions in nerve cells
and neuropil threads
labelled by anti-tau
antibody ATS. Scale bar,
25 pm

thies. By Western blotting, assembled tau from
CTE runs as major bands of 60 kDa, 64 kDa and
68 kDa, which consist of all six brain tau iso-
forms upon dephosphorylation [97].

By negative-stain electron microscopy of
sarkosyl-insoluble material from CTE brains, it
was shown that Type I tau filaments make up
about 90% of filaments [98]. They differ from tau
filaments of PiD, CBD and AD [74, 86, 99].
Widths are 20-25 nm and crossover spacings
65-80 nm. The remaining filaments (Type II)
resemble paired helical filaments of Alzheimer’s
disease; they have pronounced helical twists that
result in projected widths of 15-30 nm.

Structures of tau filaments were determined
by cryo-EM from the frontal cortex of three indi-
viduals with CTE (one former American football
player and two ex-boxers) (Fig. 15). The core of
Type I filaments is made of pairs of identical pro-
tofilaments that consist of residues K274/
S305-R379 of tau (74 amino acids) (Fig. 15a).
The protofilament structure (CTE fold) is similar
to the C-shaped Alzheimer fold [99], but it adopts
a more open conformation (Fig. 15¢). Most nota-
bly, additional density—which is not present in
the Alzheimer fold—is surrounded by the density
of tau protein within the ordered core. Analysis
of the minority Type II filaments revealed the
presence of two kinds of filament, something that

was not apparent by negative staining.
Approximately 75% of these filaments (Type II)
were composed of pairs of the same protofila-
ment as in Type I tau filaments (including the
extra density) but with a different protofilament
interface. CTE Type I and Type II filaments are
thus ultrastructural polymorphs that have differ-
ent protofilament interfaces, but a common pro-
tofilament structure. The remaining filaments
were identical to paired helical filaments of
Alzheimer’s disease. This shows that cryo-EM
was able to resolve what looked like paired heli-
cal filaments by negative staining into CTE Type
II filaments and paired helical filaments. By cryo-
EM, paired helical filaments made up 1-2% of
filaments.

Each CTE protofilament is C-shaped and con-
tains eight p-strands, five of which give rise to
two regions of anti-parallel p-sheets, with the
other three forming a P-helix. The carboxy-
terminal residues of R1 and R2 form part of the
first B-strand. R3 contributes three and R4 four
f-strands, with the final B-strand being formed by
the 11 amino acids after the end of R4; p1 and 2
pack against 8, 3 packs against 7, with 4, p5
and P6 giving rise to the C-shaped f-helix. The
CTE fold is similar to the Alzheimer fold [98,
99], with the main differences being present at
the tip of the C, where the packing of f4—p6 coin-
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Fig. 14 Tau pathology
in the temporal cortex of
a patient (ex-boxer) with
chronic traumatic
encephalopathy. Tau
inclusions in nerve cells
and glia adjacent to
small blood vessels
labelled with anti-tau
antibodies AT8 (a), RD3
(b) and RD4 (¢). Scale
bar, 25 pm
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A Type I CTE filament

B Type II CTE filament

C CTE fold (3R + 4R Tau)

321

Q[ ® €20

274/
305

379

Fig. 15 Structures of tau filaments from chronic trau-
matic encephalopathy. Type I and Type II tau filaments are
characteristic, with Type I filaments forming the vast
majority. (a, b), Unsharpened cryo-EM densities of Type
I (a) and Type II (b) filaments. The Type I filament was
resolved to 2.3 A and the Type II filament to 3.4 A. Both
filament types show identical pairs of protofilaments.
They differ in their inter-protofilament packing (ultra-

342

structural polymorphs). In CTE Type I filaments, proto-
filaments pack through an anti-parallel steric zipper
formed by residues **SLGNIH*?. The interface in CTE
Type II filaments comprises residues 3?PGGGQ**. (¢),
Schematic view of the tau protofilament core of CTE. The
observed eight B-strands (B1—f8) are shown as arrows.
The central non-proteinaceous density is shown in violet
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Fig.16 Structures of tau filament cores from human brain.
(a) Protofilament from Pick’s disease (Pick fold), a 3R
tauopathy; protofilament from corticobasal degeneration
(CBD fold), a 4R tauopathy; protofilament from chronic
traumatic encephalopathy (CTE fold), a 3R + 4R tauopa-
thy. Red arrows point to the internal densities in CBD and

CTE folds. p-Strands are marked by thick arrows (11 in the
CBD fold, 9 in the Pick fold and 8 in the CTE fold). (b),
Schematic depicting the microtubule-binding repeats (R1-
R4) of tau and the sequence after R4, with p-strands found
in the cores of tau filaments marked by thick arrows.
Colours of individual p-strands are the same in (a) and (b)
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cides with an opening up of the C-shape, and a
reversal in the orientation of residues S356 and
L357. In CTE Type I filaments, two identical pro-
tofilaments pack in a staggered manner through
an anti-parallel steric zipper formed by residues
34SLGNIH**. The interface in CTE Type II fila-
ments is also staggered and comprises the same
residues as the interface in Alzheimer’s disease—
paired helical filaments (**PGGGQ**), but a
kinked conformation reduces the number of
hydrogen bonds across the interface.

The above-mentioned findings establish CTE
as different from Alzheimer’s disease, even though
tau inclusions of both diseases are made of all six
brain isoforms. In contrast to Alzheimer’s disease,
CTE is also characterised by an abundant glial tau
pathology. The presence of a single CTE tau fold
implies that the glial and neuronal tau inclusions
are made of the same protofilament. The presence
of identical CTE tau folds in the brains of a former
American footballer and two ex-boxers establishes
the presence of the same disease.

Conclusion

Assembled tau protein has been known to form
the filamentous inclusions of a number of fronto-
temporal dementias since the 1980s. The finding
that the same protein can be found in the inclu-
sions of multiple diseases led some to conclude
that the formation of tau inclusions is an epiphe-
nomenon of little significance. The identification
of mutations in MAPT in FTDP-17 T changed all
that. To date, 65 disease-causing mutations have
been identified. Most are missense mutations, but
some change the ratio of 3R/4R tau.
Clinicopathological studies have shown links
between some mutations in MAPT and sporadic
tauopathies.

Ongoing work has shown that the structures of
tau filaments from sporadic PiD, CBD and CTE
are different. Thus, the same protein takes on dis-
tinct structures in different diseases (Fig. 16). So
far, in individuals with the same disease, be
it PiD, CBD or CTE, filament structures were
identical. It remains to be seen how the structures
of tau filaments from the brains of individuals

with MAPT mutations compare to each other and
to those from sporadic diseases.
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