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Abstract,

The tow gene has been found to be the locus of dementin with rigidity linked to chromosome 17. Exonic and

intronic mutations have been described in a number of families. Here we describe a P301S muiation in exon 10 of the tau
gene in a new family. Two members of this family were affected. One individual presented with frontotemporal dementia,
whereas his son has corticabasal degeneration, demonstrating that the same primary gene defect in tau can lead to 2 distinct
clinical phenotypes. Both individuals developed rapidly progressive disease in the third decade, Neuropathologically, the
father presanted with an extensive filamentous pathology made of hyperphosphorylated teu protein. Biochemically, recom-
binant tau protein with the P301S mutation showed a greatly reduced ability to promole microtubule assembly.
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INTRODUCTION

The question has been raised whether frontotemporal de-
mentia (FTD} and corticobasal degeneration (CBD) are dis-
tinct entities {1). An answer to this question is relevant to
the nosography of sporadic and familial diseases with focal
degeneration of the telencephalon (also referred to as lobar
atrophies). They include FTD, frontal atrophy with motor
neuron disease, progressive aphasia, CBD, progressive sub-
cortical gliosis, and thalamo-striatal dementia (2).

Symploms and gross pathology point to FTD and CBD
as separate entities. Most FTD patients suffer from emo-
tional and behavioral difficulties with intellectual and mo-
tor decline resulting in dementia and rigidity (3). Familial
FTD with parkinsonism (rigidity is often referred 1o as
parkinsonism) is linked to chromosome 17 (FTDP-17) (3—
5) and is associated with mutations in the tau gene (6-12).
Under normal conditions, tau protein promotes the assem-
bly of microtubules and binds to microtubules that are
stabilized in the process. It also makes up the cytoskeletal
pathology that underlies several neurodegenerative diseas-
es (13). In contrast to patients with FTD, CBD patients
present with a dystonic limb {most often a hand) progress-
ing to rigidity with abnormal movements and cortical sen-
sory loss. They are intellectually unaffected until the late
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stages of the disease (14}. A familial occurrence of CBD
has been reported (15). Clinical differences between FTD
and CBD have a correlate in the distribution of cerebral
atrophy, as detected by MRI during life. In FTD, gray and
white matter of the frontal and/or temporal lobes and fre-
quently the caudate nuclei are severely (sometimes asym-
metrically) affected. Atrophy in CBD is asymmetrical,
with one parietal lobe being more affected than the other,
often with adjacent frontal areas also being atrophic.

Despite these differences, FTD and CBD share a fila-
mentous cytoskeletal pathology made of hyperphosphor-
ylated tau protein within affected neurons and glial cells.
This paper reports on 2 patients, father and son, present-
ing with FTD and CBD, respectively, and carrying a
P301S mutation in exon 10 of the tau gene. This finding
demonstrates that either FTD or CBD can be caused by
the same primary gene defect.

MATERIAL AND METHODS
Pedigree

Two members (I1-1 and IIf-2) of family P (Fig. 1), who
lived in the same house and were employed at the same
nursing home, developed neurological symptoms when
in their late 20s. Members of the first generation were
healthy, as are relatives of the second and third generation
now in their 60s and 30s, respectively. Members of the
fourth generation are still below the age of onset of the
disease in [I-1 and I1I-2. All the members of this pedigree
were examined by one of us (OB).

Patients

Patient [I-1: At age 29 this patient started to complain
of depressive mood, memory loss, and difficulty concen-
trating. Two years later a neurological examination dis-
closed prasp reflex and brisk tendon reflexes, slight ri-
gidity, moderate defects of spoken expression, severe
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memory loss, and inappropriate behavior. Subsequently,
he was reportedly apathetic, indifferent, and self-neglect-
ful, while manifesting occasional visual and auditory hal-
lucinations, as well as persecutory delusions. He was di-
agnosed as schizophrenic and admitted to a nursing
home. As the disease progressed he became more and
more withdrawn, disoriented, unable to communicate,
and in the Iast year of his life he was rigid and bedridden.
Death occurred at 36 yr of age.

Patient I11-2, Son of 1I-1: At age 27 this patient became
aware of odd positioning and awkward movements of his
left hand. In 3 yr these symptoms evolved to rigidity and
dystonia with fingers kept slightly flexed. He had also
lost the ability to recognize finger position and to localize
tactile stimulation in the left hand. As the dystonic rigid-
ity progressed, the left arm was kept slightly abducted
and flexed on elbow and wrist. Voluntary movements
with this arm were lost and replaced by aimless move-
ments and myoclonic jerks. Investigation of evoked po-
tentials disclosed a slightly delayed N20 latency (21.2
ms, 18 * 2 normal) on both sides, as well as a decreased
N20-P235 component following stimulation of the left
hand (0.5 pV, 1.7 right side, 4.9 * 3.03 normal). Fur-
thermore, investigation of long loop responses to sensory
{median nerve) stimulation showed lost fong latency re-
sponses on both sides, despite normal short latencies. At
age 31 this patient described his right hand as odd. On
examination this hand was clumsy and unable to imitate
movements. Within a year the disease then progressed to
a condition characterized by generalized rigidity with the
neck kept extended, supranuclear palsies (severe dyspha-
gia and dysarthria as well as staring gaze with a loss of
conjugate eye movements), and myoclonus. At age 34
the patient is bedridden (posture in flexion at rest, de-
corticate following noxious stimulations) and dependent
on caregivers. While unable to speak, he is able to com-
municate his emotions and needs by blinking.

Neuropathology

The brain of patient II-1 was fixed in 10% formalin
and studied by conventional staining (cresyl violet, Spiel-
meyer's, Holzer’s, PAS, oil red O, Perls') of slices cut
from frozen blocks. Bodian’s silver impregnation and tau
immunocytochemistry were carried out on slices cut from
paraffin- and paraplast-embedded blocks. The following
anti-tau antibodies were used: AT8 (1:300, Innogenetics);
AT180 (1:300, Innogenetics); AT100 (1:300, Innogenet-
ics); PHFI1 (1:100, gift from P Davies); AD2 (1:500, gift
from A. Delacourte); 12E8 (1:500, gift from P. Seubert);
and Alz50 (1:100, gift from P. Davies). For ultrastructural
investigation, formalin-fixed specimens of cingular cortex
were washed in appropriate buffer, postfixed in 2.5% glu-
taraldehyde and 1% osmium tetraoxide, and embedded in
epoxy resin. Semithin sections were stained with tolui-
dine blue. Ultrathin sections were contrasted with lead

J Neuraputhe! Exp Nenrol, Vol 58, June, (999

BUGIANI ET AL

O

II
I &)
2
v
Fig. 1. The pedigree of family P.

citrate and uranyl acetate. Post-embedding taw immuno-
staining was carried out on ultrathin sections cut from 3

additional non-osmicated specimens, which were etched £

with sodium periodate. An anti-tau polyclonal antibody

A024 (1:20, Dako) was employed and revealed by goat;

anti-rabbit 1gG conjugated to colloidal gold particles
(Auroprobe GARG 10, Biocell). After immunolabeling, 2
ultrathin sections were osmicated and contrasted.

DNA Analysis

DNAs of patients II-1 and III-2 were extracted from %
paraffin-embedded blocks of brain tissue (16) and pe-
ripheral leukocytes (17), respectively. Exon 10 of the tau §
gene was amplified by PCR and sequenced directly, as
described (8). Primers from the intronic sequences flank-<
ing exon 10 (3"CGAGCAAGCAGCGGGTCC3' and
5'GTACGACTCACACCACTTCC3') were used to allow
the exon 10 and the exon-intron boundaries to be ex-
amined. In some experiments amplified DNA was di-
gested with Mspl. Digestion products were run on 4%
agarose gels and visualized by ethidium bromide staining.

Microtubule Assembly

Site-directed mutagenesis was used to change P301 to
serine in the four-repeat 412 amino acid human tau iso-
form (in the numbering of the 441 amino acid isoform
of human tau [18]) expressed from cDNA clone htaudé.
The construct was verified by DNA sequencing. Wild 2
type and mutated tau proteins were expressed in Esche-
richia coli BL21(DE3) as described (19). Tau proteins
were purified and their concentrations determined as de-
scribed (20). Purified recombinant and mutated htau4b
proteins (0.1 mg/ml, 2.3 pM) were incubated with bovine
brain tubulin (1 mg/ml, 20 pM, Cytoskeleton) in assem-
bly buffer at 37°C, as described (21). The assembly of
tubulin into microtubules was monitored over time by a
change in turbidity at 350 nm.
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Fig. 2. Patient I11-2. Two MRIs (A, B, C and D, E, F} illustrate the progression over 2 yr of the cerebral atrophy. The MRI
(A, B, C), carried out when the patient was 32-yr-old, shows: (A) atrophy of the posterior frontal and the parictal regions (open
arrows), as demonstrated by marked dilatation of the corlical sulci {right cerebral hemisphere, sagittal T1-weighted image). (B}
increased signal inlensity in the posterior frontal and the parietal cortices, more evident in the right hemisphere (left side in the
figure) than in the left hemisphere (Spin-Echo, proton density image), and (C) dilatation of the right Sylvian fissure (left side in
the figure) (Spin-Echo, proton density image). The MRI (D, E, F) shows that (D) the cortical atrophy has progressed to the
anterior frontal and the temporal regions of the right cerebral hemisphere (sagittal T1-weighled image), (E) the cerebral cortex
and subcortical while matter are involved on both sides, particularly at the frontoparietal level (Spin-Eche, proton densily image),
and (F) the dilatation of the Sylvian fissure is symmetrical (Spin-Echo, proton density image). The heads of caudate nuclei,
putamina and thalami are remarkably hyperintense in both MRIs (C, F).

-

Fig. 3. Patient 1I-1, sections from frozen blacks of one cerebral hemisphere and the midbrain fixed in formalin. A, B and C: The
frontal level, in which there is atrophy of the coriex and caudate nucleus, degeneration of the white matter (A, Spielmeyer’s), overloading
with sudanophilic lipids (B, oil red O), and subcortical fibrillary gliosis (C, Holzer’s). D and E: 'The frontotemporal level shows atrophy
of the caudate nucleus, shrinkage of mesial temporal structures and of the 2nd and 3rd temporal convolutions, shrinkage of the insula,
normal myelin staining (D, Spielmeyer’s), and lipid overloading in the internal capsule and the white matter of the cingular and temporal
convolutions (E, oil red Q). E G and H: The parieto-occipital level illustrates a normal myelin staining (E Spielmeyer’s), lipid
overloading in the white matter (G, oil red ©), and subcortical gliosis (H, Holzer's). 1 and L (oil red O): Comparison of the lipid
staining pattern of the white matter between the frontal lobe, in which a large number of scavenger cells is present (I, 270X), and the
parietal and occipital lobes, in which scavenger cells are rare (L, 270X). M (Spielmeyer’s) and N (pil red O). Degeneration of the
frontopontine tract in the basal portion of midbrain, O: Increasad iron-pigment content in he substantia nigra {Perls’).

Fig. 4. Patient II-1. A and B: A scmicircular argyrophilic inclusion in a cortical neuron and a Pick-body-like inclusion in a
neuron of the basal nucleus (Bodian's, 633}, C and D: Adjacent sections of the cerebral cortex: Anti-tau antibody ATS labels
many more neurons than anti-tau antibody PHF! (105X). E, F and G: Neurcnal immunostaining patterns. Diffuse pattern with
perinuclear enhancemeni (E, cortical neuron, AT8, 633x), diffuse pattern with enhancement next to the plasma membrane (F
cortical neuron, AT8, 633X), inclusion-body-like pattern (G, nigral neuron, PHFI, 633X). H, | and L: Glial involvemenl. A glial
plaque in the occipital cortex (H, ATS, 422X}, coiled bedies in the cerebellar white matter (E, AT8, 633X), and tufted asirocytes
in the fronta) white matter (L, AT8, 633x).
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RESULTS

Gross Neuropathology of Patient 11-1 and Comparison
with MR of Patient 111-2

The necropsy of patient II-1 confirmed an earlier pneu-
moencephalographic investigation by showing atrophy of
the brain (weight, 1,080 g) that was symmetrically dis-
tributed over the frontal and temporal lobes and over the
insula, A knife-edge atrophy of the convolutions was pre-
sent in the fronto-orbital regions. The atcophy alse in-
volved the subcortical white matier; the genu of corpus
callosum and the heads of caudate nuclei, while sparing
the rear portion of the upper temporal gyri and the Ro-
landic area.

At age 28 through 34, patient 1II-2 was investigated
by 4 MRIs. They allowed the atrophy of the brain to
be follawed over time from the right parietal and ad-
jacent frontal regions to the contralateral homologous
regions, and subsequently to the temporal and insular
regions, basal ganglia, and upper brainstem. The first
2 studies showed a slight cortical atrophy with signal
hyperintensity in proton density and T2-weighted im-
ages in the right parietal region. One year later, the
third MRI demonstrated that the parietal convelutions
and the adjacent frontal cortex were asymmetrically
shrunken (right more than left), and that signal hyper-
intensity was present in the atrophic cortex, subcortical
white matter, both neostriata, and thalami (Fig. 2A-C).
Five years after the first examination, an MRI showed
that the atrophy also involved temporal and insular re-
gions (Fig. 2D-F) and midbrain, as well as the heads
of the caudate nuclei.

Light Microscopy

Conventional staining of slices from frozen blocks
showed severe nerve cell loss, vacuolation and gliosis
in the atrophic cortex, with layers II to IV being the
most affected. Residual newrons in the inner layers were
shrunken. Demyelination, spongiosis, and gliosis were
present in the white matter of the prefrontal lobes (Fig.
3A, C) and could be followed through the midbrain
along the frontopontine tracts (Fig. 3M, N). Most de-
myelinated areas were covered with lipid-laden, PAS-
positive macrophages throughout {Fig. 3B, I). Other re-
gions were less affected (Fig. 3D, F). However, droplets
of sudanophilic lipids and gliosis were consistently pre-
sent in white matter of several gyri (cingular, angular,
temporal, and cuneatus), despite a normal myelin stain-
ing (Fig. 3E, G, H, L). Nerve cell loss and gliosis were
marked in caudate nuclei, substantia nigra, and locus
coeruleus, whereas they were mild in pallidum, puta-
men, tegmental gray, and bulbar olives. A slight cellular
gliosis was present in thalamic nuclei, in the absence of
neuronal loss. [ron-containing pigment was present in
pallidum, subthalamic nucleus, and substantia nigra

1 Newrapatlin! Exp Newrol, Vol 58, June, 1999

BUGIANI ET AL

(pars reticulata) (Fig. 30). The cerebellum appeared
normal. Silver impregnation (Bodian’s on paraplast-em-
bedded blocks) occasionally disclosed small rod-like or
semicircular inclusions in large and medium-sized neu-
rons in the most preserved cortical areas (Fig. 4A), as
well as Pick-body-like neuronal inclusions in pallidum,
basal nucleus, thalamus, substantia nigra, and tegmental
gray (Fig. 4B).

Immunocytochemistry

peojumo(

Abnormal staining for hyperphosphorylated tau wasg
much more widespread than the pathological changes;l
revealed by silver impregnation. Antibody ATS8 (spe-§"
cific for phosphoserine 202 and phosphethreonine 205
of the protein [22]), antibody AT180 (specific forg
phosphothreonine 231 [23]), and antibody AT100 (spe—m
cific for phosphothreonine 212 and phosphoserine 2148
[24]) labeled most neurons in the cerebral cortex (fol-g
lowing a fronto-occipital density gradient) (Fig. 4C),O
subcortical gray structures, brainstem, and cerebel]mc
dentate nucleus, Pathological tau staining of pyramldalo
neurons and cells with round perikarya was finely gran-s
ular and homogeneous, respectively. The staining was\
strong in either the perinuclear region or the reglorr*
next to the cell membrane (Fig. 4E, F). In cortical neu-2
ropil and subcortical structures, these antibodies (AT82
and AT180 more than AT100) also stained axons, as3
well as dispersed and clustered grains and threads (Figs
4F, H). The glial pathology was extensive and includecé
both astrocytes and oligodendrocytes. Numerous tauo-z
immunoreactive tufted astrocytes and coiled bodiess
were observed (Fig. 4H, I, L). The meshwork of im<
munolabeled cell processes was particularly dense ing
cerebral cortex, thalamus, moelecular layer of hlppmj
campus, and cerebellar dentate nucleus. This stamm%
pattern differed from that obtained with anti-tau antig
bodies PHF1 and AD2 (both specific for phosphoseriné:
396 and phosphoserine 404 [25, 26]), which only¥
stained 29%-3% of the ATS3-positive cells (Fig. 4D)§'
The immunoreactive structures had the morphology of
elongated tangles and Pick-body-like inclusions. Largeg
PHF1- and AD2-positive inclusions were observed in®
residual nigral neurons (Fig. 4G). Antibody 12ES (spe<
cific for phosphoserine 262 and/or 356 [27]) labc]cvzﬁé
some neuronal inclusions, glial cells, and neuropil
threads. Antibody Alz50, which recognizes a distinc
conformation of tau when polymerized into filaments’
(28), labeled a few Pick-body-like inclusions.

Electron Microscopy

Perikarya and cell processes contained abundant ab-
normal filamentous structures (Fig. 5A—C). These strue-
tures appeared to be either single or paired, or (most of-
ten} packed into bundles. Widths ranged from 10 nm for
single filaments to 30 nm for the thinnest bundles (Fig.
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Fig. 5. Patient 1I-1: Ulrastructure of cells from the cingular coriex fixed in formalin and postfixed in glutaraldehyde. A,
B and C: These cells exhibit intracytoplasmic abnormal filamentous structures that are either dispersed (A, bar, 400 nm) or
packed in bundles (C, bar, 400 nm), and are decorated by gold particles (B, bar, 100 nm) after immunostaining with a polyclonal
anti-tau antibody. D (bar, 100 nm}): A high magnification reveals that relatively dispersed abnormal filaments often appear
paired. E (bar, 100 om}: 10-nm gold decoration shows that the width of thinner filaments is comparable with the diameter of
gold particles.
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Fig. 6. DNA sequencing of exon 10 from genomic DNA
of Patient III-2. The arrow aims at a T nuclectide in addition
to the normal C nuclectide.

5D). These structures appeared to be straight, since no
clear-cut twisting was observed. The filaments were dec-
orated by gold particles, revealing staining with the anti-
tan polyclonal antibody A024 (Fig. 5B, E). In semithin
sections, this antibody labeled neurons, glial cells, and
their processes.

DNA Sequance Analysis

Sequencing of exon 10 and of intronic sequences
flanking exon 10 of the tau gene in patients II-1 and III-
2 identified a C to T ftransition in the first base of codon
301 (Fig. 6), which leads to a predicted proline to serine
substitution at position 301 (P301S). This substitution re-
moves an Mspl restriction site which allowed confirma-
tion of the mutation in both patients (Fig. 7). The mu-
tation was not found in 50 controls.

M 1

300bp —p
200bp —p>

100bp ——pp

BUGIANI ET AL

Microtubule Assembly

Recombinant four-repeat htaud6 with the P301S mu-
tation showed a markedly reduced ability to promote mi-
crotubule assembly, when compared with wild-type
htandé (Fig. 8B). Thus, the P3018 mutation led to an
80% reduction in the rate of microtubule assembly when
expressed as the optical density at 2 min. However, the
magnitude of the effect was smaller than for the P301L
mutation (20) (Fig. 8C).

DISCUSSION

The present findings-show that the P301S mutation in
the tau gene can cause either FTD or CBD, suggcsting%
that FTD and CBD are distinct clinical phenotypes of ag
single disease. This disease could be equated with Pick>
disease, provided that the latter is one disease entity over—
arching different lobar atrophies (1, 29).

Originally, Pick disease was regarded as a disease en-
tily with several anatomo-clinical phenotypes (i.e. frontal, 3
temporal, parietal, occipital, and striatal), depending ong
which clinical signs were present and on which cerebral®
region was the most atrophic (30). The frontal and theS
temporal phenotypes were the most common (31-33). As?
the nosography and the diagnostic criteria for Pick dis-3
ease have evolved over the years, the disease in patients
I1-1 could have been given at least 3 different diagnoscs.%
Pick disease would have been the first choice because of
the marked atrophy of the frontal and temporal lobes ando’
of the caudate nuclei, the degeneration of long assoc:la-m
tion {to the oceipital cortex) and projectien (to the pon-3
tine gray) bundles originating in frontal and temporal cor-§
tices, and the preservation of selected convolutions, in2
particular a portion of the upper temporal gyrus and thcg
Rolandic region. However, a diagnosis of Pick disease_
would have been ruled out if the presence of Pick bodiesS
had been considered a necessary morphological feature=

peojumo(
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Fig. 7. Mspl digestion products of amplified exon 10 showing a band at 222 bp in lanes 1 and 2. The marker is a 100-bp
ladder. Lane 1 is excn 10 from Patient II-1. Lane 2 is exon 10 from Patient I11-2. Lane 3 is exon 10 from a healthy individual.
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Fig. 8. Effects of the P301S mutation on the ability of four-repeat htaud6 {412 aminc acid isoform of human tau) to premote
microtubule assembly. Comparison with the P301L mutation. A: Coomassie-stained SDS-PAGE of purified recombinant htau46,
htaud46P3018S, and htav46P301L. B: Polymerisation of tubulin induced by wild-type htaud6, htaudSP301S and htaud46P301L., as
monitored over time by turbidimetry, C; Optical densities for wild-type htaud6 and the 2 mutants al 2 min (expressed as % of
wild-type Litaud6, taken as 100%). Amino acid numbering is according to the 441 amino acid isoform of human tau.

of Pick disease (34, 35). In fact, patient II-1 had only
small numbers of argyrophilic inclusions and no obvious
Pick bodies in cortical regions, particularly the hippocam-
pus. On this basis, a diagnosis of non-Alzheimer, non-
Pick frontal lobe degeneration would have been the most
iikely (36). Actually, the disease of patient 1I-1 can be
regarded as part of the spectrum of FTDP-17 dementias
(3, 5), as these dementias have been recognized as a dis-
crete entity characterized by mutations in the tau gene
with filamentous tau pathelogy in neurons and glial cells,
and frontotemporal atrophy.

In contrast to patient II-1, a diagnosis of CBD would
have been made in patient -2, based on clinical pre-
sentation (14, 37), early MRI findings, and neurophysi-
ological findings (38, 39), which indicated that the tel-
encephalic sensory and motor structures were involved
asymmetrically. The relationship between CBD and Pick
disease has been questioned, since CBD clinically mimics
the parietal phenotype of Pick disease (40, 41). However,
by neuropathological criteria, CBD and Pick disease are
considered to be distinct disease entities (35), although
coniroversial cases have been reported (42). Serial MRIs
carried out in patient 11I-2 showed that brain atrophy had
extended over the years to frontal and temporal regions
and heads of caudate nuclei, which had been affected in
patient II-1 since the beginning of the disease.

The present results suggest that it is essential for an
interpretation of genotype-phenotype correlations and of
pathological findings not to be too stringent when re-
viewing the nosography of lobar atrophies with mutations
in the tau gene. The finding that such different clinical

presentations as FTD and CBD can be associated with
the same mutation in the tau gene points to genetic back-
ground as an important factor influencing the vulnerabil-
ity of particular neurons and glial cells. In our patients it
appears to determine whether cell degeneration starts in
frontotemporal or parietal cortical areas, and along which
pathways it develops.

Additional findings also point to phenotypic hetero-
geneity when this family is compared with other FTDP-
17 families. Thus, hyperintensity of neostriatum and thal-
amus was found by MRI in patient II1-2. It is a
characteristic of Creutzfeldt-Jakob disease (43}, possibly
reflecting glial cell proliferation and overloading with ag-
gregated protein. Moreover, patient II-1 showed anti-
body-staining peculiarities that have so far not been de-
scribed. Thus, not only were there many more cells
immunoreactive with anti-tau antibody ATS8 than with an-
tibodies PHF1 or AD2, but also the ATB staining was
diffuse and granular, whereas staining with PHF1, AD2,
and AlzS0 was Pick-body-like. The heterogeneous phos-
phorylation of the abnormal tau in different cell popu-
lations might have been related to the localization or the
nature of the mutation in this family. Finally, sudano-
philic lipids and subcortical gliosis were detected in the
hemispheric white matter in patient II-1. In some areas,
they occurred in the absence of cortical arrophy or Wal-
lerian degeneration, possibly pointing to glial cell in-
volvement as the first lesion in these regions.

In adult human brain, 6 tau isoforms are produced from
a single gene by alternative mRNA splicing (13, 18).
They differ from each other by the presence or absence

J Newrapatha! Exp Newrod, Vol 38, June, 1999
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of 29- or 58-amino acid inserts located in the amino-
terminal half, and a 31-amino acid repeat located in the
C-terminal half. Inclusion of the latter, which is encoded
by exon 10 of the tau gene, criginates the 3 tau isoforms
with 4 repeats each (44). The other 3 isoforms have 3
repeats each. The repeats and some adjoining sequences
constitute the microtubule-binding domains of tau pro-
tein. The P301S mutation is located in exon 10, thus only
affecting four-repeat tau isoforms. Two other mutations
have been described in exon 10. The N279K mutation
has been reported in 2 families thus far (10, 11), whereas
the P301L mutation is much more common (6, 7, 9, 12).
Both mutations lead to the formation of twisted ribbon-
like filaments consisting predominantly of four-repeat tau
isoforms (12, 45, 46). The EM results on the P3015 mu-
tation reported here are consistent with these findings,
although twisting of the filaments has not been demon-
strated in the autopsy material thus far. It may require the
extraction of isolated dispersed filaments. The other
known mutations in #qu are either missense mutations
located outside exon 10 or intronic mutations located
close to the splice-donor site of the intron following exon
10, where they disrupt a predicted stem-loop structure {7,
B, 47). Missense mutations located outside exon 10 lead
1o a tau pathology, which cannot be distinguished from
that of Alzheimer disease (48), The intronic mutations
lead to the formation of wide twisted ribbons made of
four-repeat tau isoforms in both neurons and glial cells
(49).

The age of onset of the disease in this family with the
P3015 mutation is in the third decade, contrasting with
the much later age of onset in families with the P301L
mutation. Moreover, the total amount of tau pathology is
larger in the former than in the families with the P301L
mutation examined thus far (12, 45). The reasons for
these differences are unknown. Biochemically, recombi-
nant tau with the P301S mutation showed a reduced abil-
ity to promote microtubule assembly, although this effect
was smaller than for the P301L mutation (20). One dis-
tinguishing feature of the P301S mutation is that it cre-
ates a potential new phosphorylation site. Phosphoryla-
tion of this residue in the second microtubule-binding
domain might lead to a reduced ability of tau to promote
microtubule assembly and to bind to microtubules. This
phenomenon could significantly contribute to the early
age of onset of the disease and the widespread tau pa-
thology associated with this mutation. It also argues in
faver of a direct relationship between the age of onset
and the number of neurons and glial cells with patholog-
ical tan.
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