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A novel tau mutation, p.K317N, causes globular glial tauopathy
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Abstract Globular glial tauopathies (GGTs) are
4-repeat tauopathies neuropathologically characterized
by tau-positive, globular glial inclusions, including both
globular oligodendroglial inclusions and globular astro-
cytic inclusions. No mutations have been found in 25 of
the 30 GGT cases reported in the literature who have been
screened for mutations in microtubule associated protein
tau (MAPT). In this report, six patients with GGT (four
with subtype III and two with subtype I) were screened
for MAPT mutations. They included 4 men and 2 women
with a mean age at death of 73 years (55-83 years) and
mean age at symptomatic onset of 66 years (50-77 years).
Disease duration ranged from 5 to 14 years. All were
homozygous for the MAPT H1 haplotype. Three patients
had a positive family history of dementia, and a novel
MAPT mutation (c.951G>C, p.K317N) was identified
in one of them, a patient with subtype III. Recombinant
tau protein bearing the lysine-to-asparagine substitu-
tion at amino acid residue 317 was used to assess func-
tional significance of the variant on microtubule assembly
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and tau filament formation. Recombinant p.K317N tau
had reduced ability to promote tubulin polymerization.
Recombinant 3R and 4R tau bearing the p.K317N muta-
tion showed decreased 3R tau and increased 4R tau fila-
ment assembly. These results strongly suggest that the
p.-K317N variant is pathogenic. Sequencing of MAPT
should be considered in patients with GGT and a family
history of dementia or movement disorder. Since several
individuals in our series had a positive family history but
no MAPT mutation, genetic factors other than MAPT may
play a role in disease pathogenesis.
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Introduction

Tauopathies are a group of neurodegenerative disorders
characterized by pathologic accumulation of hyperphos-
phorylated and insoluble tau protein within neurons and
glia [32]. Tau protein is encoded by a gene (MAPT) on
chromosome 17 [37]. Mutations in MAPT cause frontotem-
poral dementia and parkinsonism linked to chromosome
17 (FTDP-17T) [19]. MAPT has 14 coding exons, and
it undergoes alternative splicing of exons 2, 3 and 10 [5].
Alternative splicing of exon 10 results in tau isoforms con-
taining either three or four imperfect and highly conserved
31-amino acid repeats in the microtubule binding domain
(3R tau and 4R tau) [5]. In normal adult human brains, 3R
and 4R tau are expressed at nearly the same level [21]. In
primary tauopathies, the ratio of 3R to 4R tau is altered.
Pick’s disease contains predominantly 3R tau [10], while
4R tau disproportionately accumulates in progressive
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supranuclear palsy (PSP), corticobasal degeneration
(CBD), and argyrophilic grain disease (AGD) [32, 45].

Primary tauopathies have variable and distinctive neu-
ronal and glial pathology with phospho-tau immunohisto-
chemistry that permits pathological classification with an
imperfect fit to clinical phenotype. Pathologic tau accumu-
lates in neurons as pretangles, neurofibrillary tangles, Pick
bodies, neuropil threads, and argyrophilic grains. Tau-posi-
tive astrocytic lesions that have disease-specificity include
astrocytic plaques of CBD and tufted astrocytes of PSP [27].
Less specific tau-positive astrocytic lesions are detected
in AGD and Pick’s disease as well as the aging brain [31].
Oligodendroglial coiled bodies, originally reported in AGD
[8], are found in many primary tauopathies [16, 50]. Unusual
globular inclusions in oligodendroglia have been described
in sporadic neurodegenerative disorders, often presenting
with progressive aphasia [36], frontal lobe dementia [7],
PSP clinical syndrome [25] or frontotemporal dementia with
motor neuron disease [3, 30]. The distinctive nature of glob-
ular oligodendroglial inclusions (GOI) has led to recogni-
tion of a new 4R tauopathy, characterized by extensive white
matter involvement, termed globular glial tauopathy (GGT)
[2]. In addition to GOI, globular astrocytic inclusions (GAI)
are also found in GGT. In some cases, GOI are accompa-
nied by coiled bodies [2, 3]. Both coiled bodies and GOI are
positive with Gallyas silver stain. GAI are gray matter astro-
cytes with globular or dot-like inclusions in their cell body
and proximal processes. Their distinctive appearance usually
permits differentiation from astrocytic plaques of CBD and
tufted astrocytes of PSP, but occasionally the distinction is
difficult [2]. Typical GAI in GGT show no (or only weak)
staining with Gallyas silver stain, while astrocytic plaques
and tufted astrocytes are strongly argyrophilic [27].

Three different clinicopathological subtypes of GGT
have been proposed by an international consensus commit-
tee after round-robin review of slides of GGT cases [2]. All
subtypes have significant degeneration of the white matter
with GOI. Subtype I is clinically characterized by fronto-
temporal dementia and neuropathologically by frontotem-
poral distribution of pathology (“FTD type”). Subtype II
cases are clinically characterized by frontotemporal demen-
tia with pyramidal and extrapyramidal features and neuro-
pathologically by predominant involvement of motor and
dorsolateral premotor cortices (“MND type”) as well as
extrapyramidal nuclei. Subtype III cases often present with
a combination of FTD and MND, including lower motor
neuron pathology in some cases, with pathology in fron-
totemporal and motor cortices, and variable subcortical or
spinal cord pathology (“FTD and MND type”). Whether the
subtypes represent distinctive entities or a spectrum of one
disease remains to be determined. Of the 30 cases included
in the consensus paper, 25 had MAPT sequencing (Supple-
mentary material in [2]) and no mutations were found.
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More than 50 different MAPT mutations have been iden-
tified to cause tauopathies (see http://www.molgen.ua.ac.
be/ADMutations). MAPT mutations have been shown to
impair microtubule assembly and axonal transport or to
promote pathological tau filament formation [9]. They
occur in exons 1, 9, 10, 11, 12, 13 and in intronic sequences
flanking exon 10, with clinical presentations including Par-
kinsonism, dementia, personality changes, language dif-
ficulties, gaze palsy, epilepsy, myoclonus and pyramidal
signs [40]. Mutations in MAPT are associated with a range
of neuropathologic phenotypes, with tau pathology pre-
dominantly in neurons (exons 9, 11, 12, 13) or in both neu-
rons and glia (exons 1, 10, introns 9 and 10), including a
report with numerous glial inclusions in a patient harboring
p-K317M mutation [51].

In this report, we review clinical and pathologic features
and results of MAPT sequencing analysis of six pathologi-
cally confirmed GGT cases from the Mayo Clinic brain bank.
A functionally significant mutation was found in one patient,
and pathogenicity was confirmed by in vitro assays of micro-
tubule assembly and tau pathologic filament formation.

Materials and methods
Subjects and samples

Brain samples from six patients with GGT were obtained
from the Mayo Clinic brain bank for neurodegenerative
disorders between August 2004 and August 2013. All met
pathologic criteria for GGT with tau immunohistochemis-
try and Gallyas silver staining, although there was patho-
logic heterogeneity [2] (see Online Resource Fig. 1). As
a crude estimate the frequency of GGT in a referral brain
bank that specializes in neurodegenerative tauopathies [23],
the six cases in this study represent <1 % of 850 primary
tauopathy cases (mostly PSP and CBD) in this time period.

Genealogical, clinical and laboratory investigations

Genealogical and clinical information were summarized from
review of available medical records, supplemented by tel-
ephone interviews of relatives of Patient 1. Patient and fam-
ily interviews, as well as collection of blood samples from
relatives, were ethically performed under an approved Mayo
Clinic Institutional Review Board protocol. Autopsies were
obtained after informed consent of the legal next-of-kin.

Genetic analysis
DNA was extracted from frozen cerebellar tissue with Gen-

tra Puregene kit (Qiagen, Venlo, Netherlands). DNA was
extracted from blood samples of two relatives of Patient 1.
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Polymerase chain reactions (PCR) were performed using
primer sets designed to flank intronic sequences of exons
0-5, 7, and 9-13/14 and labeled with unique M 13 sequences
to facilitate sequencing. Prior to sequencing, PCR prod-
ucts were purified using the AMPure system (Agencourt
Biosciences/Beckman Coulter, Brea, CA). Purified PCR
products for each exon were sequenced on both strands
using M13 primers and Big Dye Cycle Sequencing chem-
istry (Life Technologies, Carlsbad, CA). Sequence reactions
were purified with CleanSEQ (Agencourt Biosciences) and
then run on an ABI 3730x] DNA Analyzer (Applied Biosys-
tems, Foster City, CA). Sequence data were analyzed using
Sequencher 4.5 software (Gene Codes, Ann Arbor, MI).
MAPT HI1/H2 haplotype was defined by the single-nucleo-
tide polymorphism rs1052553 in MAPT exon 9.

Tissue sampling and neuropathologic assessment

The brains submitted for neuropathologic evaluation were
divided in a mid-sagittal plane with the left half fixed in
10 % formalin and the right half frozen at —80 °C. Forma-
lin-fixed tissue was sampled with standardized dissection
methods and embedded in paraffin blocks. Regions sam-
pled included frontal, temporal, parietal, motor, visual and
cingulate cortices; amygdala; two levels of hippocampus;
nucleus accumbens; lentiform nucleus; thalamus at level of
subthalamic nucleus; midbrain; pontomesencephalic junc-
tion; rostral pons; medulla; and two sections of cerebellum
including vermis and deep nuclei. Sections were evaluated
with tau immunohistochemistry as previously described
[29]. Alzheimer-type pathology was assessed with thi-
oflavin S fluorescent microscopy as previously described
[48]. Hematoxylin and eosin-stained sections were used to
evaluate neuronal loss and gliosis. White matter pathology
and tract degeneration were assessed with Luxol fast blue
for myelin and ionizing binding adapter protein 1 (IBA-1)
immunohistochemistry.

Immunohistochemistry was performed using a DAKO
Autostainer (Universal Staining System, Carpinteria, CA)
using 3,3’-diaminobenzidine as the chromogen. Antibod-
ies used for immunohistochemistry included IBA-1 (mouse
IgGl1, 1:3000; Wako Chemicals USA, Richmond, VA),
phospho-tau (CP13, mouse IgGl, 1:1000; Peter Davies,
Feinstein Institute for Medical Research, North Shore/Long
Island Jewish Health Care System), 3R and 4R tau (RD3 and
RD4, mouse IgG, Millipore, Temecula, CA), and TDP-43
(MC2085, rabbit Ig, 1:5000; Mayo Clinic, Jacksonville, FL).

A small portion of caudate nucleus from the formalin-
fixed brain of Patient 1 was processed for post-embedding
immunoelectron microscopy (IEM). The sample was post-
fixed in 4 % paraformaldehyde in 100 mM phosphate
buffer; dehydrated in 30, 50, 70, and 90 % ethanol; and
embedded in LR White resin (Polysciences, Warrington,

PA). Ultrathin sections collected on Formvar-coated nickel
grids were incubated in PHF1 (IgGl, 1:10; from Peter
Davies, Feinstein Institute for Medical Research, North
Shore/Long Island Jewish Health Care System) overnight
at 4 °C followed by species-specific secondary antibodies
conjugated with colloidal gold particles (5 or 18 nm). Sec-
tions were examined with a Philips 208S electron micro-
scope, and images were captured with a Gatan 831 Orius
digital camera (Gatan Pleasanton, CA).

Recombinant tau purification

Recombinant tau isoforms were expressed and purified as
previously described [1], including wild-type 3R tau with-
out exon 2 or 3 inserts (3RON), 4RON tau, 3RON and 4RON
with p.K317N or p.P301L. cDNA isoforms were cloned
into pET30a and expressed in competent BL21 (DE3) cells.
Overnight cultures were used to inoculate bulk media at
1:100. These were grown to an optical density (600 nm)
of 0.5 and induced by adding 0.5 mM IPTG for 2.5 h.
Cell pellets were collected, washed in PBS and stored at
—80 °C. The cells were lysed with three freeze—thaw
cycles, and tau proteins were purified by heating lysates
for 10 min at 80 °C. Tau proteins were isolated from clari-
fied supernatants with ion exchange chromatography. The
fractions containing tau proteins were dialyzed overnight
in 10 mM HEPES at pH 7.4 with two buffer changes. The
purity of the tau preparations was analyzed by SDS-poly-
acrylamide gel electrophoresis and Coomassie blue stain-
ing. Protein concentrations were determined using the BCA
protein assay kit with bovine serum albumin as a standard
(Pierce, Rockford, IL).

Microtubule assembly

Microtubule assembly with recombinant tau proteins was
performed in 96-well plates in a final volume of 100 pl.
Ice-cold tubulin at 3.0 mg/ml (60 uM) (Cytoskeleton Inc.,
Denver, CO) was added to an equal volume of 0.24 mg/ml
(6 uM) recombinant 4RON tau or 0.30 mg/ml (8 uM) 3RON
tau in assembly buffer (80 mM PIPES, 2 mM MgCl,,
0.5 mM EGTA, 1 mM GTP, pH 6.8) at 37 °C. The extent
of tubulin assembly was monitored by turbidity assay
per the manufacturer’s recommendation. The absorbance
was measured at 340 nm on SpectraMax M5 Multi-Mode
Microplate Readers (Molecular Devices, Sunnyvale, CA).
Reactions were run in triplicate, and both the rate and
extent of microtubule polymerization were assessed.

Tau filament formation

Reactions of poly-glycosaminoglycan-induced tau aggre-
gation were performed as previously described [1]. To
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assess tau filament formation, 8 uM of recombinant tau
and 0.04 mg/ml of low molecular weight heparin or dex-
tran sulfate were incubated at 37 °C (in 10 mM HEPES at
pH 7.4, 100 mM NaCl) and analyzed at 2, 20, 48 and 72 h.
Measurement of tau filament polymerization was assessed
by adsorption of 10 ul of reaction mixture onto a 400-
mesh carbon/Formvar grid (EM Sciences, Hatfield, PA) for
30 s and staining with 2 % uranyl acetate for 45 s. Elec-
tron micrographs were captured randomly from low mag-
nification fields at 3 predetermined grid coordinates using
a Philips 208S electron microscope and a Gatan digital
camera.

Measurements and quantification of tau filament length
were determined using NIH Image J (Version 1.47n). For
each sample, 6-12 images were captured and analyzed,
with respect to total number of tau filaments and lengths of
individual filaments. Total polymer mass was determined
for each image as the product of the two measurements.
Properties of tau aggregation were confirmed independently
with thioflavin S fluorescence, which provides a measure of
the cross p-sheet secondary structure. Polymerized tau fila-
ments were pelleted by ultracentrifugation at 150,000x g
for 30 min to quantitate the amount of soluble and aggre-
gated tau filaments in each fraction on SDS-PAGE.

Tau biochemical characterization

Homogenates were prepared from 150 mg of frontal cor-
tex of Patient 1, as well as sporadic GGT, and two Alzhei-
mer disease (AD), and PSP cases according to published
procedures [42]. Briefly, samples were homogenized in 6
volumes of TBS lysis buffer (50 mM Tris—HCI, 150 mM
NaCl, 1 mM PMSF, protease and phosphatase inhibitors,
pH 7.6) and centrifuged at 150,000x g at 4 °C for 15 min.
The supernatants (soluble fractions) were saved, and the
pellets were then homogenized with 3 volumes of high-salt
buffer (10 mM Tris—HCI, 800 mM NaCl, 10 % sucrose,
1 mM EGTA, 1 mM PMSF, pH 7.5). After centrifugation
at 150,000x g at 4 °C for 15 min, the resulting superna-
tants were saved, and the previous step was repeated. The
two supernatants were combined, brought to 1 % sarko-
syl, and incubated for 1 h at 37 °C. The samples were then
centrifuged at 150,000x g at 4 °C for 45 min, after which
the supernatants (sarkosyl-soluble fractions) were col-
lected, leaving the sarkosyl-insoluble pellets. These pellets
(which contain insoluble tau protein) were re-suspended in
1:4 volumes of TBS, pH 7.6, based upon their original wet
weights and used for both electron microscopy and western
blotting.

Sarkosyl-insoluble protein fractions extracted from fron-
tal cortex of all cases and human recombinant tau isoform
ladder (rPeptide, Bogart, GA) were reduced/denatured and
subjected to PAGE on 10 % Tris—glycine gels (Invitrogen
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Life Technologies, Grand Island, NY). Separated proteins
were transferred to a PVDF membrane (EMD Millipore,
Billerica, MA) and blocked in 5 % non-fat milk/TBS-T.
Immunoblotting was performed as previously described
[29] using anti-tau (human-specific, rabbit anti-E1 tau anti-
body, 1:20,000) and secondary anti-rabbit IgG (Jackson
ImmunoResearch Labs, West Grove, PA, 1:5000). Grids for
electron microscopy of extracted samples were prepared as
described above.

Results
Sequencing and association studies of MAPT

Sequence analysis of the entire coding region of the MAPT
gene in six neuropathologically confirmed GGT cases iden-
tified one novel coding mutation in exon 11, c.951G>C
predicted to lead to p.K317N substitution (Online Resource
Fig. 2) in Patient 1 and her two asymptomatic children. All
six patients with GGT, including Patient 1, were homozy-
gous for the MAPT HI1 haplotype. Genetic, clinical and
genealogical data for all cases are summarized in Table 1.

Patient 1 clinical features and family history

Patient 1 was a 69-year-old woman with a 5-year disease
course who presented initially with difficulty expressing
herself and producing the correct sounds of words, consist-
ent with primary progressive apraxia of speech [24]. Later,
she developed symptoms suggestive of PSP with vertical
gaze palsy, axial rigidity, backward falls, and apraxia of
eyelid opening. Subsequently, she developed limb apraxia
and signs of lower motor neuron disease, including mus-
cle fasciculations. There was no response to 1000 mg of
carbidopa/levodopa therapy. The clinical presentation of
Patient 1 was consistent with GGT subtype III, including
features of FTD, extrapyramidal and motor neuron disease
signs. Her five children were asymptomatic. Her mother
and maternal aunt were clinically diagnosed with Alzhei-
mer’s dementia (pedigree structure is presented in Fig. 1).
Both had disease durations <0 years, and they died at the
ages of 63 and 70 years, respectively. In neither case was
an autopsy performed to confirm the diagnosis.

Patient 1 neuropathology

The calculated brain weight was 1220 g. It had lobar atro-
phy, most marked in inferior frontal gyrus, but also affect-
ing premotor and motor cortices (Fig. 2). The parietal
lobe was affected to a lesser degree. Histologically, there
was marked neuronal loss and gliosis in affected cortices.
The subjacent white matter, especially beneath the motor
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Fig. 1 Pedigree of Family 1. Round symbols indicate women;
squares indicate men; diamonds indicate undisclosed sex; numbers
inside symbols indicate number of children; diagonal lines indicate
that the individual is deceased. The arrow indicates the proband.
Black symbols indicate individuals with dementia, or/and extrapyram-
idal and/or behavioral disorders. Asterisks indicate family members
who underwent genetic testing and are p.K317N mutation carriers

cortex, was pale, vacuolated, and gliotic with depletion of
myelinated fibers.

Tau immunohistochemistry showed many neuronal and
glial lesions (Fig. 3a), including GAI, GOI and inclusions
that resembled coiled bodies. The affected cortices had
tau-positive neuronal inclusions that resembled pretan-
gles and pleomorphic NFTs. Astrocytic lesions had dense
granular or globular inclusions in proximal cell processes
that were immunoreactive for phospho-tau (Fig. 3b) and 4R
tau (Fig. 3c). They were positive with Gallyas silver stain
(Fig. 3d, Online Resource Fig. 1). In the white matter were
many GOI and coiled bodies that had immunoreactivity
for phospho-tau (Fig. 3e) and 4R tau (Fig. 3f), and weak
staining with Gallyas silver stain (Fig. 3g, Online Resource
Fig. 1). All GAI and GOI were negative for 3R tau (not
shown). Distribution of tau pathology in Patient 1 was con-
sistent with GGT subtype I11.

Immunoelectron microscopy of GOI with phospho-tau
showed circumscribed, but non-membrane-bound, ran-
domly orientated straight filaments of about 18 nm diam-
eter that displaced cytoplasmic organelles (Fig. 3h, i). Alz-
heimer-type paired helical filaments and long periodicity
paired helical filaments were not detected.

Alzheimer-type neurofibrillary pathology assessed with
thioflavin S fluorescent microscopy was limited to NFTs
in anteromedial temporal lobe structures, consistent with
Braak NFT stage III. Neither senile plaques nor Lewy bod-
ies were identified with thioflavin S fluorescent microscopy
or a-synuclein immunohistochemistry, respectively. Mac-
roscopic examination showed decreased pigmentation in
the substantia nigra (Fig. 2) associated with mild-to-mod-
erate neuronal loss and tau-positive neuronal inclusions on
microscopic study. There was mild pathology in the cor-
ticospinal tract with Luxol fast blue and IBA-1 immuno-
histochemistry, but there were many tau-positive GOI and
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Fig. 2 Macroscopic findings in Patient 1. circumscribed cortical atro-
phy is most marked in the frontal lobe, especially the inferior frontal
gyrus and the precentral gyrus, as well as mild atrophy of frontal pole
and superior parietal lobule. There is loss of neuromelanin pigmenta-
tion in the substantia nigra (arrow), but visible pigmentation in the
locus ceruleus (arrowhead). The cerebellar peduncles showed no
unusual features

threads in the corticospinal tract and the medullary pyra-
mid. The hypoglossal nucleus had no neuronal loss or neu-
ronal inclusions. The cerebellum had pretangles in the den-
tate nucleus, but no grumose degeneration, and there was
no degeneration in the superior cerebellar peduncle.

Summary of clinicopathologic features of other GGT
cases

The five other GGT patients included 4 men and 1 woman.
Their average age at death was 73.4 years (55-83); average
disease duration 7.6 years (5—14); and average age at symp-
tomatic disease onset was 63 years (50-77). Two patients
had a positive history of dementia in first- or second-degree
relatives or both. None of the patients responded to treat-
ments with anti-dementia, antioxidants or dopaminergic
drugs. Parkinsonian signs were noted in four of the five
patients. Clinical, genealogical and genetic data are sum-
marized in Table 1.

The average calculated whole brain weight was
1156 g (1000-1260 g). Cortical atrophy affected the
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Fig. 3 Tau pathology in Patient 1. The motor cortex has numerous
GALI (a) that show immunoreactivity with phospho-tau (CP13) (b)
and 4R tau (c) with variable staining with Gallyas silver stain (d).
In the white matter are GOI and coiled bodies, which have immuno-
reactivity with phospho-tau (CP13) (e) and 4R tau (f) and variable
staining with Gallyas silver stain (g). Immunoelectron microscopy

frontal lobe in cases 1, 3, 5 and 6; with temporal lobe
atrophy notable in cases 2 and 4. There was a range of
Alzheimer-type neurofibrillary pathology (Braak stage
I-V). The patient with Braak Stage V had cortical tan-
gles with thioflavin S fluorescent microscopy, but no
amyloid deposits in blood vessels or brain parenchyma.
In Patients 2 and 4, there was severe neuronal loss and
gliosis of the subthalamic nucleus, and in Patient 3 mid-
brain atrophy was noted. The substantia nigra had vary-
ing degrees of neuronal loss in all cases, but none had
Lewy bodies. Patients 2 and 4 had marked neuronal loss
and gliosis in hippocampus, consistent with hippocam-
pal sclerosis, and both had sparse TDP-43-positive
neuronal inclusions in the anteromedial temporal lobe,
including some inclusions in white matter. Distribution
of TDP-43 pathology in these two patients corresponded
with stage II of the TDP-43 staging in AD proposed by
Josephs et al. [26]. There was no TDP-43 pathology in
frontal or precentral gyri or in the basal ganglia. None of
the other GGT cases had TDP-43 immunoreactive neu-
ronal or glial inclusions. Atrophy of the basal ganglia
and pyramidal tract degeneration were not significant
in any of the cases. Patient 2 had grains, pretangles and
ballooned neurons in the medial temporal lobe, espe-
cially the amygdala, consistent with AGD. Neuropatho-
logic data are summarized in Table 2.

Neuronal lesions, GOI, and GAI were strongly posi-
tive for phospho-tau and 4R tau, but completely negative
for 3R tau. GAI were completely negative on Gallyas
in Patient 2, Patient 3 and Patient 4; in the remaining
patients, GAI had weak or positive staining. GOI were
more consistently detected with Gallyas silver stain than
were GAI, being darkly positive in Patients 2 and 4, who

of a GOI with phospho-tau (PHF-1; arrows point to gold particles)
has circumscribed, but not membrane-bound, randomly orientated
straight filaments (open arrow heads), about 18 nm diameter, that
displace cytoplasmic organelles (h, i). Bar in a = 50 pwm; bar in
g = 20 wm (applies for b—g); bars in h = 0.5 wm; bar in j = 50 nm

had GGT subtype I with predominant GOI in white mat-
ter of temporal cortex (Online Resource Fig. 1). Patients
1, 3, 5 and 6 had GGT subtype III with GOI and GAI
distribution in the frontotemporal and motor cortex.
Anatomic distribution and severity of tau pathology as
well as staining profile of lesions are summarized in
Table 3.

Tau biochemistry and electron microscopy

Biochemical analysis was performed on sarkosyl-insolu-
ble fractions extracted from frontal cortices of Patient 1,
as well as two of the sporadic GGT patients, two patients
with AD and two patients with PSP (Fig. 4a). Immunob-
lotting with the E1 polyclonal antibody, which is specific
to human tau epitope in exon 1, demonstrated bands at
~64 and ~68 kDa, which is characteristic of 4R tauopa-
thies such as PSP [10]. Lower molecular weight bands,
consistent with tau cleavage fragments [6], were detected
in Patient 1 and the two sporadic GGT patients, as well
as in PSP. This contrasts with AD, which showed strong
bands at 60, as well as 64 and ~68 kDa. Reprobing of the
blots with the 3R tau specific antibody demonstrated that
the p.K317N MAPT carrier had no detectable 3R tau at
the 64 and 68 kDa position (data not shown). Together
the results indicate that Patient 1 and sporadic GGT and
PSP patients preferentially deposit 4R tau, confirming
the results with immunohistochemistry using 3R and 4R
specific monoclonal antibodies presented earlier (see
Table 3). Electron microscopy of the purified samples
showed sarkosyl-insoluble tau filaments from Patient 1
that were indistinguishable from those in sporadic GGT
and composed of straight filaments that were clearly
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Table 2 Neuropathological features of GGT

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Brain weight (g) 1220 1000 1260 1240 1140 1140
Cortical Inferior frontal; Superior temporal; Dorsolateral frontal;  Anterior and Superior frontal Superior frontal;
atrophy superior parietal;  dorsolateral frontal precentral medial temporal  gyrus; precentral ~ precentral
precentral
Braak stage 1 1 I 1 \Y% 1I
Thal phase 0 1 1 0 0 0
STN NL Minimal Severe Minimal Severe Minimal Minimal
SN pig Decreased Decreased Decreased N/A Decreased Decreased
SN NL Moderate Marked Moderate Marked Moderate
MTR cortex Severe None None Minimal Severe Severe
CST Mild Mild Mild
GOI G(+) G(++) G(+) G(++) G(%) G(+)
4R(+) 4R(+) 4R(+) 4R(+) 4R(+) 4R(+)
3R(—-) 3R(—) 3R(—) 3R —) 3R(—) 3R(—-)
GAI G(+) G(-) G(-) G(-) G(zx) G(+)
4R(+) 4R(+) 4R(+) 4R(+) 4R(+) 4R(+)
3R(—-) 3R(-) 3R(-) 3R(-) 3R(—-) 3R(-)
Other features Caudate atrophy ~ Hp NL (subiculum),  Midbrain atrophy Hp NL (CAl and None None
(mild) ballooned neurons Cbl dentate NL. subiculum)
GGT subtype 1 1 I 1 I 11

NFT = neurofibrillary tangles; GOI = globular oligodendroglial inclusions; GAI = globular astrocytic inclusions; 3R = immunohistochemistry
for 3R tau, 4R = immunohistochemistry for 4R tau; G = Gallyas sliver stain; STN = subthalamic nucleus; MTR = motor cortex; CST = corti-
cospinal tract; SN = substantia nigra; pig = macroscopic pigmentation; Hp = hippocampus; NL = neuronal loss; Cbl = cerebellum; 4+ = posi-

tive; = = weak or inconsistent positive; — = negative

different from paired helical filaments isolated from an
AD brain (Fig. 4b).

Effects of recombinant tau with p.K317N mutation
on microtubule assembly

Many pathogenic MAPT missense mutations lead to
decreased ability of tau protein to promote tubulin polym-
erization into microtubules. To test this with the new
MAPT mutation, recombinant p.K317N tau on either a
3RON or 4RON isoform sequences was purified (Fig. 5a)
and mixed on ice with purified tubulin and then trans-
ferred to a warm cuvette in the presence of GTP to assess
tubulin polymerization. Wild-type 3RON, 4RON, and
4RON with p.P301L mutation were used as controls. The
rate and final extent of tubulin assembly were both sig-
nificantly decreased with 3RON with p.K317N mutation
(Fig. 5b). These effects were slightly more robust with
4RON p.K317N than 3RON p.K317N, with more substan-
tial decreases in both the rate and extent of tubulin assem-
bly compared to 3RON (Fig. 5c). These results indicate
that the p.K317N MAPT mutation is likely pathogenic,
as it has a similar inhibitory effect on microtubule assem-
bly as the most common causative FTDP-17 mutation,
p-P301L.
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Effects of recombinant 3RON tau with p.K317N
mutation on filament assembly

In addition to a loss of normal function, many tau mutants
increase the aggregation properties of tau. This can be
assessed with filament pelleting by ultracentrifugation or
by fluorescence assays using thioflavin S. These assays are
complementary in that not all aggregated tau is polymer-
ized into filaments and similarly not all misfolded tau is
insoluble or filamentous. As shown in Fig. 6a, the amount
of aggregated 3RON began to accumulate within 2 h of
incubation with dextran sulfate, and by day 1, the majority
of 3RON had aggregated. At both time points, the amount
of pelletable 3RON p.K317N was significantly reduced,
representing a 43 % decrease at 2 h and a 31 % decrease
at 20 h. By 48 h essentially all the tau protein was aggre-
gated in both samples (data not shown). Similar results
were observed with thioflavin S binding as a marker for
misfolded tau. As shown in Fig. 6b, misfolded 3RON was
detected at 2 h, and the signal was increased as more of the
tau became aggregated. Again, the 3RON p.K317N mutant
had reduced tau misfolding, with a 17 % decrease at 2 h
and a 37 % decrease at 20 h compared to 3R wild-type tau.

When applicable, quantitative electron microscopy
provides a means to directly assess the polymerization
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Table 3 Severity and anatomical distribution of neuronal and glial inclusions

Region (pre)NFT

Patient:

Temporal cortex

Superior frontal
Motor cortex
Striatum

Globus pallidus

Basal nucleus
Hypothalamus
Thalamus
Subthalamic nucleus
Red nucleus
Substantia nigra
Midbrain tectum
Locus ceruleus
Pontine tegmentum

Pontine base

N

2
Medullary tegmentum .1 2
Inferior olive 0i1i{0

0
Dentate nucleus . 2i1i1 .
0 0

2

Cerebellar white matte 0:{0:0 0

0;0;{0{0;0;0

0i0i0i0i01i0

NFT = neurofibrillary tangles; GOI = globular oligodendroglial inclusions; GAI = globular astrocytic inclusions; 3 (dark shading) = frequent;
2 (gray shading) = moderate; 1 (light shading) = sparse; 0 (white shading) = not detected; — (no shading) = not available; Patient 1 (p.K317N
mutation carrier, highlighted in red, shows a similar pattern as the 5 sporadic cases)

properties of tau, and it can provide insights into the rela-
tive nucleation rates of tau proteins. Fortunately, both 3RON
and 3RON with p.K317N mutation had filaments that were
evenly dispersed with little clumping or bundling. As shown
in Fig. 6¢, the number of filaments per field was unchanged
at 2 h, but at 20 h the number of filaments was significantly
decreased by 42 % for 3RON p.K317N compared to 3RON.
Interestingly, as shown in Fig. 6d, at 2 h the total filament
length per field was significantly decreased by 29 % for
3RON p.K317N since the mutant filaments were shorter, and
at 20 h the total filament length per field was significantly
decreased by 36 % for 3RON p.K317N, though the average
filament length was statistically the same.

Effects of recombinant 4RON tau with p.K317N
mutation on filament assembly

Assessment of 4RON tau filament assembly at 2 and 20 h
demonstrated 4RON aggregated and misfolded much more
rapidly than 3RON (Online Resource Fig. 3). The 4RON
p-K317N was found to be significantly more insoluble at
2 h than 4RON WT, but at 20 h the samples were essen-
tially all polymerized and indistinguishable (Online
Resource Fig. 3a). Similar results were obtained using thi-
oflavin S binding to assess misfolding, though at 2 h there
was a small and statistically significant reduction in the
fluorescence (Online Resource Fig. 3b). As reactions with
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a AD GGT PSP

AD GGT PSP

1 2 3 45 6 7

Light Exposure

Fig. 4 Biochemical and ultrastructural analysis of sarkosyl-insoluble
tau in GGT. Comparison of insoluble tau aggregates from AD, GGT
and PSP cases indicates that Patient 1 (lane 4) has similar, but not
identical, tau isoform composition and degradation patterns as in spo-
radic GGT and PSP, but clear differences from AD. The GGT and
PSP samples have bands are 64 and 68 kDa with little of the 60 kDa

4RON were faster than 3RON, additional time points were
assessed at 1 h for 4RON, 4RON with p.K317N or p.P301L
mutations. As shown in Fig. 7a, detectable and significant
increases were still observed for 4RON p.K317N aggrega-
tion, and these were similar in magnitude to those observed
for 4RON p.P301L. Likewise, as shown in Fig. 7b, detect-
able and significant decreases were still observed for 4RON
p.K317N misfolding by thioflavin S fluorescence, but
4RON p.P301L demonstrated an increase in misfolding
compared to 4RON. Together these data suggest the 4RON
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1 2 3 45 6 7

- 68 kDa

= 64 kDa

= 60 kDa
Dark Exposure

K317N

Bar= 5 nm

band observed in AD. They also have lower molecular weight frag-
ments seen best on the dark exposure (a). Electron microscopy of
insoluble straight tau filaments (b) from Patient 1 are structurally
similar to the straight filaments from the sporadic GGT cases and
structurally distinct from paired helical filaments prepared the same
way from Alzheimer brain. (Scale bar 50 nm)

p-K317N might be increasing the filament assembly of 4R
tau since the aggregation is increased.

Analysis of the electron micrographs was used to clarify
the differences observed between the aggregation and mis-
folding data, which indicated WT tau misfolded more rap-
idly, but the newly formed assembly-competent WT mono-
mer was not as aggregation prone as the misfolded K317N
tau. As shown in representative electron micrographs in
Online Resource Fig. 4a, b, at 1 h there was a pronounced
increase in length of the filaments and total filament length
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Fig. 5 Effects of p.K317N on microtubule assembly. a Coomassie
stained recombinant wild-type 3RON (3RON-WT), 3RON p.K317N
(3R-K317N), wild-type 4RON (4RON-WT), 4RON p.K317N
(4R-K317N), and 4RON p.P301L (4R-P301L) gels show purity of
preparations used for in vitro studies. b Assembly with 3RON p.K317N
shows 20 % decrease in rate and 6 % decrease in final extent compared
to 3RON (¥*p < 0.01). ¢ Assembly with 4RON p.K317N shows 24 %
decrease in rate and 8 % decrease in final extent compared to 4RON.
The effects of the p.K317N mutation were almost as large as the 29 %
decrease in rate and 9 % decrease in extent as p.P301L tau. (*p < 0.01;
error bars at time points = standard deviations)

per field for both 4RON p.K317N and 4RON p.P301L
(not shown) tau compared to 4RON WT. As quantitated in
Fig. 7c at 1 h, there were significantly more filaments for
the 4RON p.K317N and 4RON p.P301L mutants compared
to 4RON WT, and the mutant filaments were significantly
longer (WT = 179 £ 25 nm, p.K317N = 265 £ 34 nm,
p-P301L = 215 £ 16 nm, p < 0.01). As shown in Fig. 7d,
this led to a substantial increase in the amount of tau that
assembled into filaments as represented by the total fila-
ment length per field for both the 4RON p.K317N and
4RON p.P301L tau compared to 4RON. Together these
results indicate that the p.K317N mutation accelerates tau
filament assembly in 4R tau isoforms, while decreasing it
in 3R isoforms.

Discussion

The six patients in this study met neuropathologic criteria
for GGT [2]. While GGT is usually considered a sporadic
condition, three patients had a positive family history of
dementia in first- or second-degree relatives or both, includ-
ing Patient 1 in whom we identified a MAPT mutation. This
patient carried the novel substitution p.K317N (c.951G>C
in exon 11). Functional analysis using recombinant wild-
type tau and mutant p.K317N tau on both 3RON and 4RON
isoforms demonstrated that the p.K317N reduces normal
tau function, and that the effect of this mutation on micro-
tubule polymerization was nearly as great as that seen in
the most common pathogenic MAPT mutation, p.P301L.
Furthermore, the p.K317N mutation had a strong isoform
effect on assembly properties of recombinant tau. When
expressed in the context of 3RON, the p.K317N mutation
decreased tau aggregation, misfolding, and filament assem-
bly compared to 3RON, and this is understandable as GGT
is a 4R tauopathy. In contrast, when expressed in the con-
text of 4RON, the p.K317N mutation increased tau aggrega-
tion and filament assembly. The effects of p.K317N were
nearly as large in magnitude as that observed for the patho-
genic p.P301L. The results with the thioflavin S assay high-
lighted different capabilities of tau filaments and soluble
species to bind thioflavin S. The lack of thioflavin S stain-
ing of neuronal and glial lesions in GGT, as well as other
4R tauopathies, is well known [47]. Increased aggregation
and filamentous 4R K317N tau observed with thioflavin S
fluorescence at 1 h indicated that although the wild-type
and mutant 4R tau misfolded at similar rates, the K317N
4R monomer was more assembly-competent at 1 h than
wild-type tau. Although not observed with the 3R tau, this
suggests that the mutation may affect the structure neces-
sary for 4R tau filament assembly more than that required
for thioflavin S binding. The limitation of thioflavin S bind-
ing to differentiate misfolded soluble and aggregated tau in
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Fig. 6 Effects of p.K317N on 3RON tau aggregation. Recombinant
3RON p.K317N has reduced dextran sulfate-induced aggregation
compared with 3RON at both 2 and 20 h (a). Thioflavin S fluores-
cence shows decreased misfolding of 3RON p.K317N compared with
3RON at both 2 and 20 h (b). The number of filaments observed per
field was no different at 2 h, but at 20 h there were fewer filaments

stoichiometrically equivalent amounts has been reported
previously [33, 43].

The effects of tau mutations on microtubule polymeriza-
tion are typically modest in size compared to their ability
to increase tau filament assembly [12, 28]. The p.K317N
tau mutation is directly upstream of a KXIGS motif, which
is thought to regulate microtubule polymerization through
phosphorylation by MARK kinase [34]. The lysine-to-
asparagine substitution is predicted to result in loss of
positive charge in the microtubule binding domain, which
is thought to interact electrostatically with the anionic car-
boxyl terminus of tubulin. This may explain similar effects
on microtubule polymerization when p.K317N is expressed
in either a 3R or 4R context.

The p.K317N mutation might be predicted to affect tau
misfolding required for self-assembly into tau filaments.
The in vitro studies suggest a more prominent gain of
abnormal function for 4R tau compared to 3R tau filament
assembly. This effect may also be charge-dependent since
tau is induced to assemble into filaments by anionic induc-
ers or phosphorylation, which also lowers the isoelectric
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with 3RON p.K317N compared with 3RON (c). The total filament
length (nm per field) was decreased for 3RON p.K317N compared to
3RON at both 2 and 20 h (d). (*p < 0.01; bars with black fill 3RON;
bars with gray fill 3RON p.K317N; error bars show standard devia-
tion)

point of tau. Since wild-type 4R tau assembles into fila-
ments more rapidly than 3R tau, it is not surprising that the
mutation would exert a larger gain of function on 4R tau.

The effect of the mutation on abolishing one of the pre-
dicted tau acetylation sites is unknown [11], but lysine-317
lies in the middle of the microtubule binding domain and
is <10 amino acids from the most prominent amyloido-
genic VQIVYK sequence in tau, and the mutation changes
both charge and acetylation sites [11]. Taken together, the
in vitro data strongly suggest that the p.K317N mutation
is pathogenic. Definitive proof that p.K317N is a causa-
tive mutation would come from evidence that the genetic
variant segregates with disease in Patient 1’s family. Two
of her children carry the mutation, but are both currently
asymptomatic.

Comparison of Patient 1 to FTDP-17T
To our knowledge, this is the first explicit mention of GGT

pathology in FTDP-17T. Patient 1 shared clinical, genea-
logical and neuropathologic features with sporadic GGT
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Fig. 7 Effects of 4RON p.K317N (KN), 4RON p.P301L (PL) and
4RON (WT) on aggregation. Recombinant 4RON p.K317N and
4RON p.P301L have increased dextran sulfate-induced aggrega-
tion compared with 4RON (a). Thioflavin S fluorescence shows
decreased misfolding of 4RON p.K317N compared to both 4RON

and is tentatively referred to as “GGT caused by MAPT
mutation” rather than FTDP-17T, but we admit that the dis-
tinction is largely semantic. Most descriptions of neuropa-
thology of FTDP-17T were made before nosologic separa-
tion of this disorder from other 4R tauopathies [2]. Indeed,
some of the reported pathologic and biochemical features
of FTDP-17T are not easily distinguished from GGT [19].
The current criteria of GGT emphasize differential staining
of glial lesions with Gallyas silver stains—with weak or no
staining of GAI, which contrasts with the strong staining of
astrocytic lesions in other 4R tauopathies, such as PSP and
CBD [2]. Most oligodendroglial lesions in GGT are dense
globular inclusions that are strongly positive with Gallyas,
but in a subset of cases, particularly subtype II, oligoden-
droglial lesions may be more similar to coiled bodies seen
in PSP [2, 22]. Results of Gallyas staining are frequently
missing in published reports of FTDP-17T.

A different missense mutation at the same codon
(c.950A>T; p.K317M) has been reported in 13 patients
with FTDP-17T from a founder in the Basque region
of Spain [51]. The clinical presentation of patients with
p.-K317M mutation included Parkinsonism, upper motor
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and 4RON p.P301L at 1 h (b). The number of filaments observed per
field is increased for both 4RON p.K317N and 4RON p.P301L com-
pared with 4RON (c). Increased total filament length (nm per field)
for both 4RON p.K317N and 4RON p.P301L compared to 4RON (d).
(*p <0.01, #p < 0.05; error bars show standard deviation)

neuron signs, and dysarthria. Behavioral and personality
changes were not prominent features. Lower motor neuron
signs were detected in half of them. The mean age of symp-
tomatic onset was 48 years, and the mean disease duration
was 6 years. Eight patients came to autopsy, and neuro-
pathologic findings revealed degeneration of the substantia
nigra without Lewy bodies as the most consistent finding,
followed by degeneration of corticospinal tracts, fronto-
temporal cortices, and motor neurons in anterior horns of
spinal cord. Macroscopically, four brains had no significant
atrophy, and four had atrophy in frontal lobe and less fre-
quently in temporal lobe. Immunocytochemistry showed
widespread tau pathology in neurons and glia. Oligoden-
droglial and astrocytic inclusions were abundant. Some of
the illustrated glial lesions resembled GOI and GAI (see
Figure 4 in [51]). Gallyas silver stains were not described,
and the final diagnostic classification, therefore, remains
uncertain based upon the criteria for GGT proposed by
Ahmed et al. [2]. On the other hand, biochemical analy-
sis of tau revealed two bands of ~64 and ~68 kDa consist-
ent with a 4R tauopathy and electron microscopy of the
purified sarkosyl-insoluble tau showed straight filaments
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similar to Patient 1. The similarities of our Patient 1 to in
this Basque family with p.K317M mutation suggest that
this may be the first report of GGT due to MAPT mutation.

Interestingly, clinicopathologic presentations of two
other mutations in exon 11 (p.L315R and p.S320F) were
different from Patient 1. Both mutations had Pick body-like
neuronal inclusions, which is not characteristic of GGT.
While they had extensive tau-positive astrocytic pathology,
numerous oligodendroglial coiled bodies and significant
white matter pathology were not reported [41, 49]. Unfor-
tunately, glial lesions were not characterized with Gallyas
silver stain. The biochemical profiles of both p.L315R and
p-S320F were similar to Pick’s disease, with immunoblots
showing prominent bands at ~60 and ~64 kDa rather than
~64 and ~68 kDa [32].

Although most missense mutations located outside exon
10 of MAPT are thought to lead to neuronal more than glial
tau pathology [40], the three reported mutations in exon
11—p.K317M and p.L315R, as well as our new mutation,
p-K317N—all had neuronal and glial tau pathology. In our
case, oligodendroglia and astrocytic pathology were strik-
ing, leading to the diagnosis of GGT.

Comparison of Patient 1 to other GGT patients in the
Mayo series and in the literature

Patient 1 was clinically and demographically very similar
to five sporadic GGT in our series and to GGT patients
reported in the literature. Previously reported individu-
als with GGT showed no sex differences (four women
and three men) and an age of death that ranged from 63
to 81 years (mean 76 years) [30]. The most frequent clini-
cal feature in the seven previously reported cases [30] was
behavioral changes (n = 6), followed by speech disorder
(n = 4) and upper motor neuron signs (n = 4). While ver-
tical gaze palsy, corticobasal syndrome, and parkinsonism
have not been previously emphasized in reports of GGT [2,
3], they were common in our series, possibly reflecting a
referral bias, as our brain bank is a major referral site in
North America for PSP and CBD [23]. The MAPT haplo-
type has been studied previously in GGT [3, 30], and all
individuals have been homozygous for the H1 haplotype, as
were all of our GGT cases.

Patient 1 had no significant pathologic differences from
the five sporadic GGT cases in our series or from other
GGT cases reported in the literature. The brain weights of
patients with GGT have ranged from 960 to 1300 g (mean
1112 g) [2], compared to 1000-1260 g (median 1156 g)
in our series. Macroscopically, all cases have had fronto-
temporal lobar atrophy. The defining lesions of GGT are
GOI and GAI, which are variably argyrophilic and posi-
tive for phospho-tau. Although GOI have been reported to
stain weakly for 3R [2, 16], none of our GGT cases had
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3R tau immunoreactivity, but all were intensely 4R posi-
tive. The staining profile of glial lesions with Gallyas silver
stain has been suggested to be one of the most important
histopathologic features in differentiating GGT from other
4R tauopathies [2]. On the other hand, there are several dif-
ferent protocols for Gallyas silver stains, and experience
from multicenter reliability studies clearly shows that sil-
ver staining methods are not ideal for inter-laboratory con-
sensus diagnoses [4, 13, 35]. A more specific biomarker is
needed to assist in diagnosis of GGT.

Four patients from this study, including Patient 1, had
neurodegeneration in frontotemporal cortices, includ-
ing motor cortex, with clinical presentations of FTD with
extrapyramidal signs consistent with GGT subtype III. Two
of the four had evidence of motor neuron disease. In con-
trast, Patients 2 and 4 had prominent neurodegeneration in
the temporal lobe with severe white matter degeneration,
as well as clinical presentations fitting with FTD, although
Patient 2 was reported to show some rigidity in the final
stage of disease, but no features of motor neuron disease.
These clinicopathologic findings fit with GGT subtype I.

The four previously reported patients (two women and
two men) with GGT subtype III [17, 38] all had extrapy-
ramidal features, as well as symptoms of upper and lower
motor neuron disease. Their disease duration ranged from
4 to 6 years, with age at death ranging from 44 to 76 years.
Two patients had no significant cognitive impairment [17].
Brain weights ranged from 1090 to 1310 g and all had cor-
tical atrophy in a predominantly frontotemporal distribu-
tion. Importantly, neuronal loss and gliosis was noted in
premotor and motor cortices as well as anterior horn cells
in all four cases. The glial and neuronal lesions were posi-
tive for 4R tau. MAPT haplotype, reported in one patient,
was H1 homozygous [38].

Thirteen patients have been reported with features of
GGT subtype I, including six men and seven women [3,
7, 15, 18, 20, 30, 39]. The age of death ranged from 63
to 85 years, and disease duration from over 2 to 12 years.
All presented with clinical features of FTD, with no sig-
nificant Parkinsonism or features of motor neuron disease.
Reported MAPT haplotypes included six HI homozygous
and one H1 H2 heterozygous. All had prominent neurode-
generation in temporal and frontal lobes with brain weights
ranging from 960 to 1305 g. When reported, GOI were 4R
positive and were prominent in medial temporal lobe, as
well as frontal white matter. When noted, GOI were posi-
tive with Gallyas stain [30].

Biochemical studies of Patient 1 as well as other GGT
in the Mayo Clinic series and those reported in the litera-
ture are similar to other 4R tauopathies, with species at 64
and 68 kDa on western blots of sarkosyl-insoluble brain
homogenates. Low molecular weight cleavage fragments,
which have been useful in differentiating PSP and CBD
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[6], are also present in GGT, but they have not shown a
distinctive signature [3], with GGT cases showing variable
(sometimes PSP-like) amino-terminal cleavage fragments
(see Fig. 4a).

Comparison of Mayo Clinic GGT series to 4R
tauopathies

Our six GGT cases had overlapping neuropathological fea-
tures with other 4R tauopathies. Marked neuronal loss and
gliosis in the subthalamic nucleus in two cases and mid-
brain atrophy with reduced pigmentation of the substantia
nigra are frequent in PSP. A major distinction is the mor-
phology and staining profile of glial lesions in GGT com-
pared to PSP. Astrocytic lesions in our series were negative,
or at most weakly positive, on Gallyas silver stain, while
tufted astrocytes of PSP are strongly positive with Gallyas
stains [27].

Corticospinal tract degeneration is reported in some
cases of GGT [3], and it was detected in about half of our
cases. Patient 1 had mild corticospinal tract degeneration as
assessed with myelin and microglial stains, as well as GOI
and threads in the corticospinal tract. Marked corticospinal
tract degeneration is also a feature of “atypical PSP with
corticospinal tract degeneration (PSP-CST)” [25]. PSP-
CST can have clinical presentations similar to the GGT,
especially GGT subtype II, including atypical Parkinson-
ism, vertical gaze palsy, and corticobasal syndrome [25].

Patient 6 had a clinical presentation of corticobasal syn-
drome; however, astrocytic plaques, the most specific histo-
pathologic lesion in the neuropathologic diagnosis of CBD
[14], were not present. Patient 2 had characteristic features
of AGD, an age-associated 4R tauopathy preferentially
affecting the medial temporal lobe [46]. It is increasingly
recognized that AGD may coexist with other degenerative
disorders, most often 4R tauopathies, including CBD and
PSP [44]. It remains to be determined the frequency of
argyrophilic grains in GGT.

Concluding comments

The major finding of this study is that pathologically con-
firmed GGT may be caused by MAPT mutations. Whether
one lumps such cases as FTDP-17T or splits them into a
distinct category is purely semantic. Nevertheless, sequenc-
ing of MAPT should be considered in patients with GGT if
there is a positive family history of dementia, motor neuron
disease, or parkinsonism. Given that some GGT patients
have a positive family history of neurodegenerative disease
but lack MAPT mutations, additional genetic studies are
warranted. Other genetic factors may play a role in disease
pathogenesis. Finally, although it is difficult to make firm
statements based upon small series, GGT subtype III was

more frequent than subtype I. Further studies are needed to
determine if subtype III is more likely to be associated with
MAPT mutations.
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